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Preface
The completion of this study has proved to be one of the most challenging - and difficult
- tasks of my professional life.
This report is the result of the WMO Tropical Cyclone Programme Sub-project No. 19:
Estimation of the Amount of Precipitation Associated with Tropical Cyclones Using Satellite
Data. Initially, a list of proposed Contents for this report was drawn up at an Expert Meeting on
the Subproject (Miami, FL, USA, 20-22 November 1996). Since that planning meeting some
things in the realm of satellite rainfall monitoring have moved significantly on. The most
notable of these has been the long-anticipated launch of the first Tropical Rainfall Measuring
Mission (TRMM) satellite in late 1997: TRMM has given the biggest single boost to the field of
satellite rainfall monitoring for many years.
Chapters 1 and 2 provide an overview of the subject of the report and a description of
tropical cyclone structure and intensity change as revealed by satellite data in the context of
providing diagnostic tools to researchers and forecasters. Chapters 3, 4, and 5 strongly focus,
respectively, on satellite rainfall monitoring techniques, their intercomparison and evaluation,
and their present utility in routine use to create a balanced and comprehensive whole. However,
some "flat spots" remain. For the most part these are indicative of areas calling for special
attention in the future. For example, compared with studies of the dynamics of tropical cyclones
whilst out to sea there are clear needs for more focus sed studies of tropical cyclone structure and
behaviour on and after making landfall, as well as studies of the ways in which tropical cyclone
rainfall patterns are affected by orography. Enhanced by orography, tropical cyclone rainfall
sometimes threatens life and property on a scale approaching that of wind damage and/or storm
surge damage; it deserves much closer attention than hithetio.
In bringing this document together I have had to tackle a problem which, in these days of
satellites, supercomputers, and the Internet is much more widespread and severe than in decades
past, namely that of attempting to hit a fast moving scientific target: i.e. to "freeze the action" in
a reasonably coherent and sensible way. Meanwhile, the pace of change plus the (more variable)
rate of progress, of the global communications networks themselves also have their
consequences most particularly for any wishing to use nevv data types and methods in everyday
tropical cyclone rainfall monitoring operations: use of the Internet has not yet settled into a
rnature reliable mould, either for communicating ideas, or for sharing data, or for alerting of
potentially dangerous environmental situations. The impbcations of all this are particularly clear
in Chapter 5, where in particular advice is provided on the availability of data and products
which could be of vital help to forecasters in tropical cyclone-tlu·eatened areas around the world:
that advice is generally both less extensive and less specific than I would have wished it to be.
Among the general conclusions listed in Chapter 6 are some which came as a surprise to
me when I identified them. Recommendations based on these, and other less serendipitous
findings, are listed both for the record and in the hope that they may be acted on by members of
the international community in a position to do so. I believe that the scientific knowledge, data,
research capabilities, and personal willingness all exist to secure significant further progress in
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this important area, provided that the political will is forthcoming to make this possible. Recent
media images and reports of devastating floods, dreadful landslides, serious loss of life, and very
costly damage to the hard earned property of individuals - indeed to the economies of whole
nations - resulting from tropical cyclone-related rainfall - must convince us all that money and
effort spent in this field would soon prove to be extremely well spent. Therefore, it is hoped that
this Technical Document will fall into sympathetic hands.
In respect of symbols and equations I have made no effort to standardise the usages of my
co-authors, but to retain those which will be found "in the literature" in relation to each item
which has been so excerpted and cited.
It is my pleasant duty now to thank my many co-authors, and others, for all their expert
advice and help in bringing this volume into being. All are busy people, and some in particular
deserve very special thanks. Mr R.C. Landis and Mr K. Abe of WMO's Geneva headquarters
have staunchly supported the project throughout, and I thank them for this. Last, but by no
means least, my thanks are due to Shirley A. Sparks and (my wife) Gillian M. Barrett for many
hours of painstaking work on their word-processors, and in helping to prepare camera-ready
copy for this publication. My daughter-in-law, Diane Barrett has helped with the reconciliation
of references in the text and in the list of References. We all trust that the results of our labours
will bear much good fruit.

ERIC C. BARRETT
27 August 1999
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CHAPTERl

OVERVIEW OF TROPICAL CYCLONE ESTJIMATJION OF RAINFALL BY SATELLITES
Lead Author: Prances C. Holt
Co-author: Phillip A. Arkin

1.1

INTRODUCTION

Tropical cyclones are fairly rare. Globally they average 83.7 storms per year (World
Meteorological Organisation 1993), though in some reporting areas, e.g. the tropical North Atlantic
(including the Caribbean Sea/Gulf of Mexico), the mmual number of tropical cyclone days may be as
high as 50 or even more. They are often responsible for wind and storm surge related damage. They
can also bring beneficial rains, or destructive, torrential floods to the tropical, subtropical, and
occasionally, mid-latitude regions they frequent, being responsible in some areas for quite high
percentages of the mmual average rainfall (see Figure 1.1). Tracking and forecasting tropical storm
development and movement has improved over the years, particularly through the use of satellite data.
However, the estimation of precipitation associated with these storms remains challenging primarily
because of a lack of conventional observations over the vast unpopulated ocean areas which are the
home of their genesis. This poses consequent difficulties for calibrating and validating the satellite
rainfall retrieval algoritlm1s which are often the only means available for estimating this important
parameter (see Chapter 3). Precipitation estimation is also often difficult over lm1d, particularly
because of tropical cyclone disruption of meteorological observing and reporting networks, and effects
of relief on rainfall mnounts and distributions. The patterns of precipitation depend on many factors,
including the synoptic situation, the mesoscale structure of the storm, its speed of movement, its
organisation upon landfall, and orography.
Since their development in the early 1960s, environmental satellite observations have been
recognised as critical to monitoring the weather around the globe, particularly tropical cyclones (see
Figure 1.2). Indeed, the urgent need to identify and track these potentially very damaging tropical
weather systems provided the initial impetus for the satellite program (Rao et al. 1990). Technology
has evolved significantly from those early days when Sadler (1962) used visible (VIS) TIROS images
to track a tropical cyclone for the first time. In particular, the initiation of the first fully-operational
(ESSA) satellite series in 1966 low Earth orbiters (LEOs) provided routine, twice daily, global
coverage that allowed storms to be monitored every 12 h, before the geostationm·y satellites (GEOs) of
the US, Europe, and more recently India, Japan and China began to provide forecasters nearly
continuous VIS and infrared (IR) data on storm development and movement at hourly, half-hourly, or
in some cases even more frequent intervals. Recent interest in passive microwave (PMW) image data,
albeit still only from polar orbiters, also deserves special mention, as subsequent discussions in this
document will confirm. Last, but by no means least, the deployment of active microwave (AMW:
radar) systems on satellites pioneered as recently as 1997, holds much new hope for the future of
rainfall monitoring and prediction from space.
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Figure 1.1:

The geographical distributions of the percentages of mean monthly rainfall contributed by tropical cyclones over the months of June
through November for the years 1987-89 plus 1991-98 from DMSP-SSM/I observations over the North Atlantic Ocean (top) and Pacific
Ocean (bottom). (E.Rodgers, p.c.).

Figure 1.2:

A composite image showing the passage of Hurricane Georges from the tropical
Atlantic to the Gulf Coast of the US, September 1998. (Courtesy NOAA).
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Three-day total, satellite-estimated, rainfall from Hurricane Mitch over the Caribbean
Sea and Central America, 29 October through 1 November 1998 (see Chapter 4).
(Courtesy NOAA).
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A benchmark technique to estimate tropical cyclone intensity from satellite imagery was
developed by Dvorak (1975) (see Chapter 2). This technique used VIS images to assess the strength of
storms and a decision tree and empirical model to estimate future trends. Even today the Dvorak:
technique is used to estimate tropical cyclone intensity. Extensions to the technique have been added
with the advent of increasing types of observations, e.g. Dvorak and Wright (1977) developed an IR.
version to provide more quantitative estimates of storm strength both day and night. Then Chan (1978)
and Dvorak (1984) developed rules for storm track forecasting, e.g. when recurvature might be
expected, critical to the outlook for the types of precipitation events that might ensue. Others including
Zehr (1992) have studied precursor conditions of tropical cloud clusters for West Pacific storms, and
DeMaria (1995) and Zehr (1997) have studied the use of satellite winds to define vertical shear and
vorticity fields in the storm environment as an indicator of storm trends. Also recently, high density
wind sets from geostationary satellites have been used to improve forecasts of storm tracks (Velden et
al. 1997). Related discussions of tropical storm structures and dynamics are presented in detail in
Chapter 2.
Efforts to estimate precipitation from satellite data (see Figure 1. 3) have been researched since
the late 1960s. Various techniques, relating to the whole range of time and space scales from large
scale climate episodes to short-term local flash floods, have been developed. Barrett and Martin (1981)
provide details of the bases of most of these techniques. As Chapter 3 will explain, Griffith, et al.
(1979), and Adler and Negri (1988), were among the early researchers to utilise satellite data to
estimate precipitation in tropical climates. More recently, as Chapter 4 will discuss, Arkin and Meisner
(1987), Arkin and Ardunay (1989), Barrett et al. (1994) and Adler et al. (1998) have led the evaluation
of the accuracy of global precipitation estimates from satellite data; Janowiak et al. (1991) assessed
these estimates more specifically for the tropics, and Smith et al. (1998) from tropical cyclones.
Turning to the development of operational methods for assessing severe rainstorms and possible
associated floods, the Interactive Flash Flood Analyser (IFF A) has been used operationally in the US to
estimate, at half-hour intervals, heavy precipitation amounts from large, cold-topped thunderstorm
complexes in IR images (Scofield and Oliver 1977; Scofield 1987) (see Chapters 3, 4 and 5). In 1984,
Spayd and Scofield developed an enhancement to the IFF A technique for estimating tropical storm
precipitation in nearshore and coastal areas. Like the earlier global satellite rainfall estimation schemes,
the localised IFF A (currently being transitioned to the "Auto-estimator") (Vicente 1998) is based on the
identification and evaluation of the coldest pixels in the infrared satellite data. However, it has long
been known that these approaches overestimate rainfall due to the abundance of non-precipitating
cirrus associated with convective clouds, whether these occur in isolation, or together, even in a wellorganised system. More recent work with multichannel IR. observations, e.g. the near infrared (NIR) at
3.9 ~m (Ba and Gruber 1998) shows more success in reducing the error in overestimating the areal
extent and amounts of precipitation, a promising development for the future.
As early as the late 1960s PMW observations were proposed as a viable way to measure
precipitation, measuring radiation from within cloud systems rather than from their tops. Microwave
radiometers were first flown on satellites of the USSR's Cosmos family, and continued as experimental
sensors on the research Nimbus satellites (Barrett and Martin 1981 ). Operational PMW observations
began in 1987 with the Special Sensor Microwave Imager (SSM/I) on the first Defense Meteorological
Satellite Program (DMSP) Block 5D-2 satellite, though SSM/I data have not been generally available in
real-time. Considerable effort has been given to the development of algorithms to estimate
precipitation from PMW data (see Rodgers 1981; Adler et al. 1993; Ferraro et al. 1996 amongst many
others, and Chapters 3, 4 and 5). The strength of the MW approach is that relatively long wave
radiation can penetrate cirrus and provide better assessments ofboth the areal extent of the rainfall, and
instantaneous rain rates. However, because of the sizes and antenna requirements of "WN/ instrument
payloads they have been limited so far to satellites in polar or low latitude orbits, with implications for
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the spatial and temporal coverage, and currency, of such data for operations. In late 1997, NASA and
NASDA (Japan) launched the Tropical Rainfall Measuring Mission (TRM:M) satellite into a low
latitude (35°) orbit specifically to monitor the tropical atmosphere. TRMM carries a (passive)
Microwave Imager (TMI), a Visible Infrared Scanner (VIRS), Lightning Imaging Sensor (LIS), and an
AMW Precipitation Radar (PR) that allow cross-calibration with geostationary and polar satellites. All
these instruments are supporting important new research of relevance to the theme of this Technical
Document (see especially Chapters 3 and 4). In 1998 the first of the new NOAA K-L-M satellites was
launched carrying the new Advanced Microwave Sounding Unit (AMSU), whose data will be used to
produce not only soundings, but also rain rate, precipitable water and cloud liquid water products
globally.
The cadre of satellite observations available today, and into the future (see Chapter 6), is
designed to be used both independently and together to more accurately define atmospheric moisture
content and stability, tropical storm evolution and precipitation estimation techniques. Current
operational products from these techniques, and the most recent research directions in relation to
tropical cyclones, are discussed in later chapters of this report.
1.2

LARGE-SCALE DISTRIBUTION OF TROPICAL PRECIPITATION, AND ITS RELATION
WITH TROPICAL CYCLONE DEVELOPMENT

There is a strong relationship between the distribution of tropical cyclones (see Figures 1.4(a)
and (b), and Chapter 4) and the large-scale distribution of tropical precipitation (see Chapter 4,
especially Figures 4.1 and 4.2). Outlines of the spatial and temporal distributions of tropical
precipitation, particularly over the oceans, are thus important backgrounds to the main themes of this
document. Oceanic precipitation is extremely difficult to measure by in situ or remote sensing
methods, and all attempts are subject to significant uncertainty (see. Chapter 4). Historically, the
distribution of oceanic rainfall can be, and has been, determined in several ways: through interpolation
of island and coastal rain gauges, by inference of rain rates from weather observations on ships, and most effectively - from a combination of satellite-derived estimates and other information.
The introductory and illustrative discussion that follows is based on material in several published
sources: e.g. Jaeger (1976), who used interpolated gauge observations to map oceanic precipitation;
Legates and Willmott (1990), who used estimates derived from ship observations of present weather by
Dorman and Bourke (1979, 1981). Huffman et al. (1997), in their description of a routine global
rainfall data set, were amongst the first to include estimates of errors to attempt to quantify the
uncertainty of their results.
Figures 4.1 and 4.2 show that tropical and mid-latitude precipitation, both in an annual mean
sense and through the annual cycle, tends to be spatially organised in two characteristic ways. Over the
oceans, the most prominent climatological features are band-like, with generally much greater extent in
the (approximately) east-west direction than north-south.
Examples include the Intertropical
Convergence Zones (ITCZ) over the Atlantic and Pacific Oceans, and the principal mid-latitude oceanic
storm tracks. Over land areas, the areas of heavier precipitation tend to be more isotropic, clearly
associated with the configuration of the land masses themselves. The chief of the land-associated
tropical precipitation areas are threefold, viz: the Mrican, American, and Austral-Asian, each of which
is associated to some extent with a seasonal monsoon circulation. Each tends to migrate seasonally in
association with the movement of the sun, being generally furthest to the south and east in Austral
summer and farthest to the north and west during Boreal summer. Rainfall climatologies from different
authors generally agree well over land areas, as they are all based primarily on gauge observations, with
the exceptions of hot and cold arid and semi-arid regions where gauge densities are often very low.
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Climatologies of (a) tropical cyclone origins over 20 years; and (b) tropical cyclone tracks over 3 y. (Courtesy w·.M. Gray (Colorado
State University)).

However, none of these overland areas of precipitation exhibits a clear-cut influence on tropical
cyclones, which form only over oceans, although precursor systems, e.g. African squall lines,
sometimes appear to be associated with Atlantic tropical easterly waves.
Returning to the all-important sea areas, an ITCZ is found over each of the three tropical
oceans. In the annual mean, those over the Atlantic and Pacific, are north of the equator whilst that
over the Indian Ocean is slightly south of the equator. All three exhibit seasonal migration, being
farthest north in Boreal summer. For the most part the Atlantic and Pacific ITCZs remain north of the
equator for the entire year, while that over the Indian Ocean crosses the equator and, during Boreal
summer, appears to merge with the South Asian monsoon precipitation area. One interesting departure
from this pattern is found in the eastern Pacific during the March-May season, when indications of a
weak Southern Hemisphere ITCZ are seen, giving rise temporarily and intermittently to a double
banded structure. When all sources indicate clear-cut ITCZs over each ocean, there are discrepancies
in the longitudinal location of maximum intensity.
The other oceanic rainfall features of chief interest are associated with the mid-latitude storm
tracks and the South Pacific, South Atlantic and South Indian convergence zones (SPCZ, SACZ and
SICZ respectively). The mid-latitude storm tracks are most pronounced in winter over the North
Atlantic and North Pacific Oceans. The seasonal cycle of the storm track over the Southern Ocean is
much less clear, although the rainfall products that include satellite observations indicate that the
southern Indian, Pacific and Atlantic Ocean storm tracks are found with maximum intensity in Austral
winter. The southern convergence zones, in the annual mean, are continuous with the mid-latitude
storm tracks. However, inspection of seasonal maps shows clearly that, during Austral summer, the
convergence zones completely dominate the picture, extending eastward and trending slightly
southward from the "Maritime Continent" of southwest Asia, South America and southern Africa.
During the winter season, these convergence zones disappear from the Atlantic and Indian Oceans and
the SPCZ is much abbreviated and clearly distinct from the storm track. Interestingly, roughly similar
features, which have never been named, can be seen in Boreal summer extending eastward and slightly
northward from the continental maxima in southeast Asia and Central America.
The most favoured locations for tropical stonn formation and early movement appear to be the
poleward margins of the various ITCZs. Additional controls seem to include the intensity of
precipitation, with storm formation more likely when a convergence zone is more intense; and the
latitude of the margin of the ITCZ, with storm formation limited when that location is too close to the
equator. Further investigation of these qualitative impressions is certainly needed. In particular, it is
still unclear whether the substantial interannual variability observed in the location and strength of the
convergence zones, as, for example occurs in association with El Niiio events (see Chapter 4), can
explain a significant portion of the interannual variability in tropical cyclone occurrence.
1.3

CURRENT SATELLITES AND SATELLITE INSTRUMENTATION OF SPECIAL
RELEVANCE TO TROPICAL CYCLONES

Today, satellite imagery in several spectral bands is the basis for tracking tropical storms, and
estimating and monitoring their intensities. Both IR and MW data are vital for estimating the potential
distribution and amount of rainfall associated with these storms, particularly as storms approach land,
but are still beyond land-based radar range, or in locations not covered by such radar. Thus, the
operational suite of instruments on GEOs and LEOs lend themselves well to the challenge of
forecasting rainfall from tropical systems. A list of relevant operational meteorological satellites and
instruments, as compiled by the Committee on Earth Observation Satellites (CEOS 1997) is
summarised in Table 1.1.
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TABLE 1.1
Summary of Qresent meteorological satellites of snecial relevance to tronical cyclone rainfall estimation

Satellite

Launch Date

Orbit

DMSP
Block
5D2-Fll

April 1992

Polar

INS AT

July 1993

Geostationary

GOES-8

April1994

Geostationary

GOMSN1

November 1994 Geostationary

NOAA-14

December 1994

Polar

GMS-5

March 1995

Geostationary

DMSP
Block
5D2-Fl3

April 1995

Polar

FY-2

1996

Geostationary

NOAA-15

15 May 1998

Polar

GOES-10

10 April 1997

Geostationary

DMSP
Block
5D2-F14

Aprill997

Polar

Meteosat7
TRMM

7 October 1997

Geostationary

-

November 1997 35° Inclination

Channels useful Resolution
for Rainfall
of Channels
Estimation
(kml
4 Passive Micro- 15-55 km
wave frequencies
(3 bothH& V
pol)
Visible
2km
Infrared
8km
Visible
1 km
4 Infrared
4, 8 km
1.5 km
Visible
Infrared
8km
1 km
Visible
4 Infrared
1 km
Visible
1.25 km
5 km
3 Infrared
4 Passive Micro- 15-55 km
wave frequencies
(3 bothH & V
pol)
1.25 km
Visible
3 Infrared
5 km
1 km
Visible
4 Infrared
1 km
1 km
Visible
4, 8 km
4 Infrared
4 Passive Micro- 15-55 km
wave frequencies
(3 bothH& V
pol)
Visible
2.5 km
5 km
2 Infrared
5 Microwave
2.5 km
channels
Lightning Imager 4km
Precipitation
Vertical, 18
km
Radar
Horizontal,
4.3 km

Remarks

50% coverage at
equator

Full disk, 30 min
15 min imaging
Hour/30 min
1magmg
Global coverage
(afternoon)
Hourly imaging
50% coverage at
equator

Global coverage
(morning)
15 min imaging
50% coverage at
equator

Full disk, 30 min
Tropical/subtropical coverage, 12 h
revisit cycle

New capabilities and products are also being developed in respect of observations from the
sounding (vertical profiling) systems onboard US polar-orbiting and geostationary satellites.
Information from both imagers and sounders are being used independently to produce sounding profiles
of the atmosphere and radiances, and in combination to produce maps of precipitable water, cloud
liquid water, high density winds, stability fields, skin and sea surface temperatures, etc. These are
8

valuable in forecasting and fine-tuning the atmospheric information for analysis and numerical weather
prediction particularly over relatively remote oceanic areas.
1.4

FUTURE SATELLITES OF SPECIAL RELEVANCE TO TROPICAL CYCLONES

Enhanced capabilities are being planned for the geostationary satellites operated by Japan and
Europe. For example, Japan will launch its MTSAT in 1999 with an additional IR channel (3.9 J.tm)
and improved VIS and IRresolution (1 km and 4 km respectively). Eumetsat is planning the launch of
its first new Meteosat Second Generation (MSG) satellite in mid-2000. MSG will carry a Spinning
Enhanced VIS and IR Imager (SEVIRI) capable of 1 km resolution in the VIS, and 5 km resolution
data in six thermal IR channels. MSG will also carry a sounder. Russia also hopes to launch another
geostationary spacecraft by the end of the decade. The US operational satellite program will continue
with the current geostationary satellite program with some IR imager channel changes through the next
decade.
NOAA-15, launched in 1998, is the first of a new series of polar satellites that will be used
through most of the Twenty-first Century. It will be complemented by the :METOP polar satellites
being built by Eumetsat. Efforts are currently underway in the US to converge civilian (NOAA) and
military (DMSP) polar satellite programs into a new system, the National Polar Orbiting Environmental
Satellite System (NPOESS) that will be operational into the second decade of the new century. China
has plans to launch a polar-orbiting FY-IC carrying ten IR channels.
Also, the first ofNASA's research satellites in the Earth Observing System (EOS) system will
be launched soon. The EOS-1 polar satellite will carry new instruments that will sample in a multitude
of new wavelengths. It promises greater understanding of atmospheric processes and will serve as a
test bed for future channels on operational spacecraft.
Last but by no means least, studies are under way to explore much-improved MW capabilities
from a proposed galaxy of TRM:M follow-on satellites, and possibly from geostationary satellites also
(see Chapter 6). These would provide exciting and important new capabilities for the monitoring and
estimation oftropical precipitation from tropical cyclones.
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CHAPTER2

TROPICAL CYCLONE STRUCTURE AND INTENSITY CHANGE
Lead Author: V. Mohan Karyampudi
Co-authors: J.D. Hawkins, E.B. Rodgers, R.M. Zehr, C.S. Velden, Joanne Simpson
and Somsri Huntrakul

2.1

INTRODUCTION

The purpose of this chapter is to describe the state-of-the-art knowledge and interpretation of
tropical cyclone internal structure and intensity monitoring as revealed by various satellite remote
sensors (e.g. VIS, IR and MW) in the context of providing diagnostic tools to researchers and
forecasters. Determination of tropical cyclone intensity still remains a challenging problem for
forecasters around the world due to inadequate observations and lack of accurate numerical guidance.
This problem is more acute when the storm is over the oceans, far from the reach of conventional
observations including radar and aircraft reconnaissance flights, where available. As this problem may
remain in the foreseeable future, the only alternative is to rely on satellite monitoring of storm structure
and intensity change.
Great strides have been made over the past decades with the advent of geostationary satellites,
which allowed for the continuous observation of tropical cyclones over remote parts of the globe.
Diagnostic tools such as the Dvorak technique (Dvorak 1975, 1984), which relies on the VIS and IR
imagery, remains the main tool for many forecasting centres around the world in tropical cyclone
intensity monitoring. As Chapters 3, 4 & 5 will detail, rainfall estimation in tropical cyclones has also
relied primarily on traditional IR-based techniques such as the Griffith!Woodley Technique (Griffith et
al. 1976; Woodley et al. 1980), which has limitations not only in detecting mesoscale features but also
in determining rainfall location and intensity underneath the Central Dense Overcast (CDO) region.
However, significant advances have been made over the past decade not only in the detection of
tropical cyclone internal structure but also in the estimation of rain rates with the arrival of PMW
satellites, ever since the first SSM/I (Special Sensor Microwave Imager) instrument was launched
aboard the first DMSP (Defense Meteorological Satellite Program) satellite in 1987. An important
landmark was the launch of the TRMM (Tropical Rainfall Mapping Mission) Microwave Imager (TMI)
in 1997 (Simpson et al. 1996), which provided much better resolution than the SSM/I in depicting
rainbands and rain rates (Hawkins et al. 1999).
Since latent heat release is the primary energy source to maintain and intensify tropical cyclones
(Riehl and Malkus 1961), current remote sensing focussed mainly on estimating rain distribution and its
role in tropical cyclogenesis and storm intensity change (Simpson et al. 1998). Tropical cyclone
intensity depends on many environmental factors, including sea surface temperatures (SSTs), uppertropospheric trough interactions, vertical wind-shear, eyewall replacements cycles etc. A recent report
by the US Weather Research Program Prospectus Development Team 5 (PDT5) (Marks et al. 1998)
identifies three major influences on storm intensity:
11

1.

Internal storm dynamics.

2.

Large-scale upper-atmosphere influences.

3.

Air-sea interactions.

As it is apparent that the tropical cyclone intensity involves complex physical processes and
dy~amical influences, tills chapter wiii not only review the research that has been carried out on latent
heat release and its role in intensity change but also describe other environmental factors that are
detectable from satellites. In order to familiarise the reader with basic definitions of intensity, tropical
cyclone structure and life cycles (including the Dvorak technique), an overview of tropical cyclone
research background is provided in Chapter 2.2. A comparison of tropical cyclone observations, mainly
to illustrate the advantages of PMW imagery over the traditional IR imagery, is presented in Chapter
2.3. Chapter 2.4 is an introductory summary of the research work that has been carried out on
estimating rainfall in tropical cyclones using VIS/IR, PMW and combined SSM/I and IR methods
particularly in respect of latent heat evaluation. Chapter 2. 5 examines the influence of latent heat
release and environmental influences (primarily estimated from satellites) on tropical cyclone intensity.
Finally, a brief concluding summary is provided in Chapter 2.6.
2.2

TROPICAL CYCLONE LIFE CYCLES

2.2.1

Intensity. Outer Core Winds. and Structure

Definitions
Tropical cyclone intensity is traditionally expressed as the associated maximum sustained or
estimated surface wind speed. With mature hurricanes, typhoons, and cyclones the maximum wind is
located near the centre in the eyewall. With weaker tropical cyclones the maximum wind is usually
farther from the circulation centre and its location with respect to the centre may be quite variable. The
surface wind speed is measured at a standard height of 10 m, and is given as a 1 min or 10 min average.
Peak gusts are also forecast and observed.
The minimum sea-level pressure (MSLP) is also used as an intensity measurement and is
inversely correlated with maximum surface wind speed. Observation of the MSLP is easier to obtain
than the maximum sustained wind speed, which has errors particularly from aircraft reconnaissance
observations, resulting either from extrapolation of flight level pressure or dropsondes into the eye.
Therefore, MSLP observation is a much more reliable measurement of intensity than any other variable.
Pressure/wind relationships have been obtained which relate the average maximum surface winds to
MSLP (Table 2.1 ). The intensities listed in Table 2.1 also are related as shown to operational satellitederived intensity estimates (Dvorak 1984).
There are differences among regions due to differences in the environmental broad scale
pressure. The difference between the MSLP and the tropical cyclone's outer sea-level pressure is of
course a crude measure of the pressure gradient, which is the primary forcing on the surface wind. Due
to variations in how the pressure gradient is distributed, the maximum wind/MSLP relationships are
somewhat variable (Figure 2.1). Holland (1980) shows how the radial distributions of wind and
pressure are related through the cyclostrophic wind relationship.
Another important characteristic of a tropical cyclone is its size, which is defined by the areal
extent of the circulation. The azimuthal mean radius of 35 kt (17 m s" 1) surface wind is a good
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TABLE 2.1

Conversion ofDvorak T-Numbertigiven here as Cl-numbers) to tro.lli9._~l cyclone intensity as a
maximum 1 min surface wind speed (MWS) and as a minimum sea-level pressure (rviSLP). (CI-No. ar~.d
T -No. are the same except for weakening tropical cyclones) (Dvorak 1984).

Cl
Number
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8

MWS
{Knots}
25K
25K
30K
35K
45K
55K
65K
77K
90IK
102K
115K
127K
140K
155 K
170K

MSLP
{Atlantic}

MSLP
_jNW Pacific}_

1009mb
1005mb
1000mb
994mb
987mb
979mb
970mb
960mb
948mb
935mb
921mb
906mb
890mb

1000mb
997mb
991mb
984mb
976mb
966mb
954mb
941mb
927mb
914mb
898mb
879mb
858mb

indicator ofthe size (Weatherford and Gray 1987). The size and intensity of tropical cyclones are not
well related (Figure 2.2). Intense tropical cyclones may be quite small, influencing an area of only a
few hundred kilometres in diameter or cover massive areas ofwell over 1000 km.
The three-dimensional fields of pressure, temperature, wind, water vapour, and precipitation
define the tropical cyclone stmcture. A thorough description of the tropical cyclone life cycle must
include more than just the intensity. Merrill (1984) describes tropical cyclone stmcture changes in
terms of intensity, size, and strength (Figure 2.3). Strength is defined as the average wind speed of the
entire tropical cyclone circulation, and is dominated by the outer wind circulation at 100-300 km radius
from the cyclone centre. Intensity and size changes are at times observed to occur without much
change in strength.

Observed Life Cycles: Physical Description
Tropical cyclones are warm core systems with their circulation confined to the troposphere.
This structure through the thermal wind relationship results in the strongest pressure gradient and,
therefore, the strongest winds being located near the surface. Figure 2.4 shows the characteristic
hurricane flow patterns in three dimensions related to the warm core stmcture. The horizontal wind is
given in cylindrical co-ordinates and, therefore, has radial and tangential (also referred to as azimuthal)
components. The primary circulation is the tangential wind swirling cyclonically around the central low
pressure region. With mature tropical cyclones this circulation is nearly axisymmetric. A secondary
circulation, important to maintaining the tropical cyclone, occurs in the vertical, with inflow near the
surface, saturated upward motion concentrated near the centre, and outflow in the upper troposphere.
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Plot of aircraft measurements of minimum sea-level pressure and corresponding
maximum tangential wind speed at flight level from western North Pacific tropical
1
cyclones (0.514 x knots= lm s" ) (Weatherford 1985).
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The energy source for tropical cyclones is attributed to the release of latent heat in deep
cumulonimbus convection (Palmen and Riehl1957). The primary mechanism, which provides suffici-mt
moist static energy for sustained deep convection, is evaporation from the ocean surface. The low~r
pressure associated with mature tropical cyclones and its effect on the surface moist static energy is
also likely to be a significant influence.
The tropical cyclone life cycle can be described by what we know from many years of tropical
cyclone tracking and intensity observations. The climatological record provides considerable insight
into life cycles. Tropical cyclones form over oceanic regions with sea surface temperatures greater than
26°C. In addition, pre-existing tropical disturbances with broad scale cyclonic vorticity, deep
convection, and low vertical wind shear are required (Gray 1968). Nearly 80 tropical cyclones occur
globally in an average year, each persisting for several days on the average. They form in the regions
shown in Figure 2.5. Most attain intensities with surface winds exceeding 35 m s" 1 (64 kt) (Neumann
1993), however, the intensity and length of time between formation and dissipation is quite variable.
The greatest intensity observed in terms of aircraft measurement of MSLP was 870 hPa with
Supertyphoon Tip in the western North Pacific in 1979 (Holland 1993). The surface winds (1 min
average) with that tropical cyclone and several others were estimated to exceed 80 m s- 1.
The other important life cycle characteristic of tropical cyclones is their movement. Although
extremely erratic tracks have been observed, the predominant mean motion is east-to-west at low
latitudes, followed by recurvature toward the pole and then west-to-east at higher latitudes (Figure
2.6). This coincides closely with the climatological deep layer mean wind during the tropical cyclone
season. Neumann (1993) presents an updated tropical cyclone climatology.
Tropical cyclones intensify under favourable conditions provided that they remain over warm
oceans. They are observed to weaken and dissipate due to the influences of cold sea surface, landfall,
and strong vertical wind shear.
Observed Life Cycles: Theoretical Aspects

The dynamical constraints on the changes in the tropical cyclone structure due to its own
circulation and its external forcing can be quantified through the equations of motion and
thermodynamics. Holland (1985) provided a framework for describing such constraints in terms of
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angular momentum and in fluid dynamics parameters (Rossby Number, Froude Number, and Inertial
Stability). The circulation is subdivided into five regimes, the core, the interaction envelope, outer area,
anticyclonic outflow, and boundary layer (Figure 2. 7). External forcing on the tropical cyclone is
predominantly from the surface fluxes in the boundary layer, and by the environmental forcing within
tropospheric flow in which the cyclone's circulation is embedded. The dynamics are quiet different
depending on which regime is considered.
2.2.2

Observational Studies of the Life Cycle oflntensity and Structure

Radiosonde Composites
The tropical cyclone life cycle has been portrayed by compositing radiosonde observations
according to estimated centre locations of a large sample of tropical cyclones. Those data are then
averaged on a circular grid and stratified according to intensities to portray the three dimensional
patterns of atmospheric variables (Frank 1977). The tropical cyclone life cycle of the overall circulation
is well depicted for a composite hurricane by stratifying the data according to intensity. The evolution
of the vertical profile of tangential wind is well depicted outside the inner core region by such analyses
for two intensity ranges (980- 1000 hPa: see Figure 2.8(a); and <950 hPa: see Figure 2.8(b)). The
azimuthally averaged vertical and radial profiles of the tropical cyclone's upper tropospheric warm
anomaly (Figure 2.9) have also been computed from radiosonde composites.
Aircraft Composites
Weatherford and Gray (1988) have used aircraft reconnaissance observations from US Air
Force operational flights at 700 hPa in the western North Pacific to portray tropical cyclone lire cycles
through eo mposited data analysis. Radial profiles of composite tangential wind from flight legs through
the tropical cyclone centre illustrate how the inner core wind field evolves as the tropical cyclone
intensifies (Figure 2.10). The data have been stratified according to intensity and eye characteristics.
18

600
650

900
950

~m :1

I

I

I

I

•

14

12

10

6

6

>
.
4
2

. --;-2

0

I

,........

•

•

•

I

4

6

6

10

12

14

'

RADiUS IN llt:GREES LATITUOE

RIGHT

LEFT

::103
60
100

"'""""" · 6 -

150
200
2~0

300

(b)

i

400

1.1.1

a::
=>500
Cl)
Cl)

1.1.1

:!:600
700

800

850
900
950

~m:ll

14

I

12

I

10

~
6

6

{.4I

j

4

2

0'

2

4

6

8

10

12

14

RADIUS IN llt:GREES LATITlJll£

Figure 2.8:

Radiosonde composites of tropical cyclone tangential wind speed with respect to
direction of motion from western North Pacific tropical storms and typhoons, stratified
according to two intensity ranges (a) 980-1000 hPa, (b) <950 hPa (units are m s" 1)
(Frank 1977).

19

50
100

._
)-2---:---o---

200

\

150

250 '
300
350

~d

________)

\
6

.J

4

J

-...

j

I
6~

700
7~

800
8~

900
9~

sfc:_

-

4

6

r

Figure 2.9:

(~

8

10

12

14

k:rliludel

Vertical profile of temperature anomalies from composited radiosonde observations for
western North Pacific typhoons (Frank 1977).

Tropical cyclone intensity is not well correlated with size and strength (Figure 2.2).
Weatherford and Gray (1988) used an outer core tangential wind average at radius 60 to 150 n. mi.
(111 to 278 km). Typically, the outer core winds (strength) and size continue to increase even after a
tropical cyclone's intensity begins to decrease. This characteristic and the relationship of the eye to
intensity as revealed from aircraft observations are schematically shown in Figure 2.11. Different life
cycle phases and typical life cycle time scales are also shown. However, this ideal relationship between
the eye and intensity may not truly be valid for all storms and other ocean basins.

Radar Observations
Even though radar observations of tropical cyclones date back to the mid-1940s (Maynard
1945; Wexler 1947), routine radar coverage is rarely available for a typical tropical cyclone's life cycle.
This is because the radars are mostly located on land. A few land-based radar observations have
provided estimates of storm centre locations (when an eye exists) and rainband structures when the
storm is within 200-300 km from the radar sites.
Tropical cyclones have been observed more frequently, however, with aircraft-based radars.
Aircraft Doppler radars have provided research scientists much insight regarding tropical cylcone
structure and precipitation characteristics (Jorgensen 1984; Marks 1985; Marks and Houze 1987; Black
et al. 1996). Rainfall rate estimates can be derived from radar reflectivities, and relationships have been
derived specifically for tropical cyclones (Jorgensen and Willis 1982). Another application of radar
data is to derive vectors by tracking individual rain cells and features (Muramatsu 1986). Radar
observations, particularly the time lapse radar displays and loops, are used for short-term forecasts and
nowcasts of the tropical cyclone track within about 300 km of the radar. This may at times be crucial
information for forecasters and emergency response personnel. Doppler radar observations (such as the
Next Generation Weather Radar (NEXRAD) WSR-88D (Weather Surveillance Radar-1988 Doppler)
in Guam and along the US Gulf and East Coasts) are also playing a critical role in providing not only
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reflectivities but also radial velocities, which aid in determining tropical cyclone wind centre location
and strength a few hours in advance prior to landfall (Stewart and Lyons 1996). The ability to
continuously monitor the velocity maxima within the convective rainbands, and mesocyclonic
circulations (such as the one detected by the Guam WSR-88D's mesocyclone algorithm; see Stewart
and Lyons 1996) within an approaching storm would be of great interest to forecasters.
Satellite Imagery

Studies have shown that there are relationships between geostationary IR satellite data and the
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Conceptual depiction of the tropical cyclone life cycle based on composites of aircraft
reconnaissance wind observations at or below 700 hPa and dropsonde measurements of
minimum sea level pressure, for typhoons over the western North Pacific during 19791985. Eye characteristics were observed from aircraft radar (Weatherford 1989).

tropical cyclone intensity and life cycle (Adler and Rodgers 1977; Gentry et al. 1980; Steranka et al.
1986; Zehr 1988, 1989). The energy source for tropical cyclones is attributed to the release of latent
heat in deep cumulonimbus convection (Palmen and Riehl 1957). The primary mechanism, which
provides the moist static energy for the deep convection, is evaporation from the ocean surface. The
IR images provide a rough estimate of the latent heat release through measurement of the cold cloud
top temperatures.
Time series of tropical cyclone cloud areas derived trom IR images by using a cold temperature
threshold show several characteristics (Figure 2.12). There is a diurnal variation with a cold cloud area
maximum between midnight local time and sunrise. This diurnal variation is less with IR cloud near the
tropical cyclone centre. When the diurnal variation is removed by plotting time series of the 24 h
running mean of the data, there is a general increase and decrease corresponding to the tropical
cyclone's life cycle intensity. However, the areal coverage of cold IR cloud in a circular area shows a
maximum which corresponds more closely with the rate of intensification than with the intensity itself
(Figure 2.13). This relationship may be quite variable depending on the intensity of the storm (see
Section 2.4). Additionally, weakening tropical cyclones (compared with intensifying cyclones with the
same intensity) in general, have greatly reduced cold cloud areas. Thus, convective maxima located
near the tropical cyclone centre and detected by satellite imagery, are associated with episodes of
intensity increase.
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Figure 2.13: Relationship between IR-defined cold cloud areas and tropical cyclone intensity change
The upper diagram shows the intensity given by the minimum sea level pressure
(MSLP). The bold line is the time rate of change of MSLP inverted to show maximum
rate of intensity increase (MSLP decrease) as a peak value. The bottom diagram depicts
the associated measure of cold IR cloud area with short-term variations filtered out
(deep convection only) (Zehr 1989).

IR satellite images reveal the tropical cyclone life cycle clearly when composited centre relative
average images are created according to intensity. They clearly show the tendency for deep convective
clouds to be more concentrated near the centre, and more circularly symmetric as intensity increases.
They also generally exhibit the formation of the eye in a circular central cold cloud area with increasing
intensity. Passive microwave imagery such as the SSM/I can detect the eye much earlier than the
VIS/IR (see Section 2.3.2).
2.2.3

Observational Studies ofNon-Developing Systerps and Tropical Cyclone Formation

Although many aspects of the tropical cydogenesis process remain poorly understood, much is
known about conditions, which favour the formation of tropical cyclones. Tropical cyclones form over
warm oceans with sea-surface temperatures greater than 26.5°C (Palmen 1948). Gray (1974) identified
climatological atmospheric conditions associated with cyclogenesis, using monthly mean data.
However, non-developing tropical disturbances are observed in addition to formative tropical cyclones
in those locations and during the seasons, which are climatologically favourable. McBride and Zehr
(1981) showed approximately twice as much mean low-level (900 hPa) relative vorticity in radiosonde
composites of pre-typhoon disturbances versus non-developing disturbances. Zehr (1992) proposed
that tropical cyclogenesis occurs in two stages each associated with a period of enhanced deep
convection (Figure 2.14). It typically (but not always) required two triggering mechanisms each of
which lasts only 6-12 h but are usually separated by 1-3 d during which little change occurs. The first
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Conceptual model of western North Pacific tropical cyclogenesis observ~~d with satellite
imagery. The scalloped cloud areas depict the typical deep convection cloud pattems.
The streamlines depict the typical low-level winds as deduced from all available data
including aircraft observations. The small tightly curved arrows depict the location of a
mesoscale vortex (Zehr 1992).

triggering mechanism sets up conditions necessary for the second trigger to initiate the distrubance's
beginning intensification to named status. Some of the synoptic-scale parameters that are favourable
for the genesis of a tropical storm include high low-level relative vorticity, high low-level convergence,
and low vertical wind shear in association with a prominent tropical disturbance with organised deep
cumulonimbus convection and an anticyclonic flow present in the upper troposphere at 300-600 km
radius (Gray 1998). Non-developing disturbances are observed when any one or more of those
parameters are unfavourable, and also when the magnitude of the low-level radial winds remains
weaker. Frequently, despite favourable large-scale conditions and the execution of the first trigger, the
needed second triggering of forced mass convergence to the disturbance's centre never materialises and
cyclone intensification does not proceed beyond the first stage (Gray 1998).
2.2.4

Qperajional Method (Dvorak Techni.illJll for Assigning Tropical CyclQIJe
VIS/IR Satellite Imagery
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Int~nsity

Using

Use of Satellite Irnagery in Forecasting
Satellite images are used in conjunction with other types of data to provide the tropical cyclcc;e
centre locations and track their motion. Additionally, pattern analysis techniques and cloud top
temperature information are used to estimate present intensity. A methodology developed by Dvorak
(1984) and collaborators at NOANNESDIS in the 1970s, has been widely used as an operational tool.
The original Dvorak technique was developed to allow estimates \Vith single images, either VIS or Ill,
even with poor reliability and quality. Since then, high quality animated satellite imagery on computer
workstations, and objective IR techniques have been developed which provide improved tools to refine
the Dvorak technique approach. The tracking and intensity information is a critical component of the
forecast and warning procedure. Such information can be more accurately provided by operational
aircraft reconnaissance flights for tropical cyclones which pose a threat to the US However, those
systems comprise only about 10-15% of the global total. Radar images also provide tracking and
intensity information in limited areas. Doppler radars (e.g. NEXRAD along the US Gulf and East
Coasts) have been deployed in some locations in recent years where landfalling tropical cyclones occur.
Global satellite derived tracking and intensity information are provided operationally by
NESDISs Satellite Analysis Branch and the US Air Force Weather Agency. In addition, the various
tropical cyclone warning centres around the world (Guam, Fiji, Miami, New Delhi and Reunion)
provide this information which is widely distributed and shared internationally. This information is
critical input to track forecast models. The climatology/persistence and statistical models use the data
directly. Although satellite techniques involve interpreting cloud patterns that are associated with
specific types of motion, or changes in motion, these satellite-based motion techniques, in general, have
not gained wide acceptance. Mundell (1990), for example, developed a satellite scheme based on a
relationship between inner and outer-core convection to distinguish the rapidly intensifYing storms from
those that develop at a slower rate since inner-core processes would dominate outer-core processes for
rapidly intensifYing storms. However, this scheme has not gained wide acceptance due not only to the
subjective nature of the relationship between inner and out-core convection based on limied dataset but
also due to its limitation in forecasting intensity change.
The dynamic prediction models appear to be successful in using the data for creating synthetic
observations to improve the initial vortex location and stmcture (also known as "bogussing").
Although other methods such as physical initialising or rain assimilation may use the data in dynamic
research models to improve the track and intensity predictions, they are yet to be implemented widely in
operational models (see Section 5.4 for further details). Animated satellite imagery, particularly in the
6.7 p.m (water vapour) imagery, may also be used as track forecast guidance. The tracking and
intensity information is also critical to the intensity forecast which relies on the Dvorak technique and
qualitative assessment of sea sUiface temperature and landfall influences, broad scale environmental
wind fields from both satellite imagery and numerical models. Climate/persistence and statistical
models (see next subsection) may also be used for intensity forecast guidance. Dynamical numerical
model forecasts of intensity are generally unreliable, particularly in predicting the actual intensity.
Steady progress in improving the intensity predictions has been made in recent years, however, with the
adaption oflugh resolution models such as the Geophysical Fluid Dynamics Laboratory (GFDL) model
in the US
The tropical cyclone warning process as described above, produces a forecast (out to at least 72
h) of the tropical cyclone's centre track and the intensity, which is given by the maximum sustained
surface winds. That information, along with a forecast of the radial extent of gale force(> 17 m s- 1 (34
1
kt)), and hurricane force winds (> 32 m s- (64 kt)) in various directions, are used to issue warnings to
the public. The time and severity of expected hazardous conditions with regard to damaging winds,
ocean wave heights, storm surge, and heavy rainfall, comprise the key warning information. Additional
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forecast tools are used to provide useful information, for example, on the expected storm surges, which
are based on the track and intensity forecast along with a knowledge of the local ocean floor and
coastline topography. Similarly, quantitative methods are also used in the estimation of tropical cyclone
rainfall with satellite imagery (see Chapters 3, 4 and 5 for more details), particularly in issuing local
flood forecasts where rain gauge observations are sparse, even though rainfall is difficult to measure.
The warnings may then be co-ordinated, refined and disseminated further by local authorities with
specific evacuation and preparedness actions (Sheets 1990; Guard et al. 1992).
The Dvorak Technique

The Dvorak method for estimating intensity relies on the satellite observed cloud pattern. Four
basic pattern types are used which represent a range of intensities (Figure 2.15). The measurements
made to assign the intensity depend on the pattern. For example, with the "curved band" pattern
portrays information on intensity according to the length of the deep convective cloud band spiralling
around the circulation centre. With the "shear" pattern, the deep cloud is confined to one side of the
low-level centre as depicted by the shallow cloud lines. The appearance and location of that centre
relative to the deep convection is used to assign the intensity.
For more intense tropical cyclones, greater than minimal hurricane intensity (32 m s" 1), the
"Central Dense Overcast (CDO)" or "Eye" patterns are typically observed. As the hurricane eye forms
a circular deep convective cloud, termed the central dense overcast is observed in satellite imagery
covering the eye. As intensification continues, the eye first appears in the satellite imagery and becomes
better defined. The Dvorak method uses a different approach to assign intensity with the "CDO" and
"Eye" Pattern, depending on whether VIS or IR images are used. As intensity increases, the CDO
becomes better defined, more circular, and colder. In addition, the eye becomes more distinct, more
circular, more centrally located within the CDO, and warmer, as intensity increases. With IR images
specific enhancements are used to depict specific IR TB ranges. The enhanced IR (EIR) component of
the Dvorak technique is more objective and less dependent on the analyst's qualitative assessment. A
specific IR temperature enhancement is used to define both the eye and the surrounding cold cloud.
The combination of those two measurements gives the intensity, according to a lookup table. That
approach evolved into a "digital IR." technique (Dvorak 1984), which has been evaluated and refined by
additional development work (Zehr 1988). An example depicting the application of enhanced IR
technique with a specific enhancement curve is shown in Figure 2.16, in which each image in the
sequence represents Dvorak intensity numbers ofT 1 through T8 for a tropical cyclone over the western
Atlantic (see Table 2.1 for intensity conversions).
The digital IR technique (Figure 2.17) is easily adaptable for computations on computer
workstations which display and navigate calibrated IR image data. Two measurements are made which
determine the intensity assignment with the use of a standard lookup table. The eye temperature is the
warmest IR pixel temperature in the eye. The "surrounding temperature" is defined as the warmest
pixel on a circle within the cold IR cloud around the eye. The radii used to define that circle was
originally prescribed with 55 km radius, while refinements to the technique use multi-radius
measurements. The colder the "surrounding" temperature the more intense the hurricane, and wanner
eye temperatures indicate greater intensity.
The Objective Dvorak Technique

To eliminate the subjectivity involved in the traditional Dvorak teclmique, Velden et al. (1998)
have developed a computer-based algorithm that operates objectively on digital IR information. This
technique, which is an improvement over the digital IR technique mentioned above, includes selected
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Figure 2.15: Range of intensities associated with the four basic pattern types of the Dvorak
technique. Conversion ofT-No. to maximum surface wind speed is given in Table 2.1.

"Dvorak rules", additional constraints and a time-averaging scheme. This modified version, referred to
as the Objective Dvorak Technique (ODT), is applicable to tropical cyclones that have attained tropical
storm or hurricane strength. It is now implemented operational by the NESDIS National Hurricane
Center, Miami, FL (NHC), and other typhoon warning centres.
Intensity estimates from the digital IR technique have been shown to be reliable for intensifying
tropical cyclones with an eye apparent in the IR images. An example of Hurricane Hortense ( 1996) is
shown in Figure 2.18 in comparison with the intensities given by the National Hurricane Center, which
are based primarily on aircraft reconnaissance observations (Velden et al. 1997). Improvements of the
intensity change tendencies obtained from the digital IR results are made by time averaging. A 6 h
running mean of30 min interval measurements gives an improved depiction of the intensity trend.
ODT intensity estimates of this storm during intensification and weakening were exceptionally
close to those recorded by the reconnaissance aircraft, even though the ODT method overestimated the
intensity during the storm development stage. Although the ODT method is an improvement over the
subjective Dvorak technique, it needs to be tested further since cyclone intensities based on the Dvorak
method have significant variability. There are other methods that use the PMW observations from
satellites such as the modified Dvorak technique for use with SSM/I imagery (see Section 2.5.5 for
more details). Furthermore, thermodynamic sounding retrievals from the NOAA Microwave Sounding
Unit (MSU) have been statistically related to central pressure reduction and maximum winds for
tropical cyclones in the North Atlantic (Velden 1989) and western North Pacific (Velden et al. 1991)
(see Section 2.3.5 for specific examples with the recently launched Advanced MSU instrument).
2.2.5

Statistical Techniques for Forecasting Tropical Cyclone Intensity

The first intensity-change regression model for the Atlantic region, referred to as the Statistical
Hurricane Intensity Forecast (SHIFOR), was based solely on climatology using "best track" data
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Figure 2.16: IR images of a western Atlantic tropical cyclone representing a typical appearance for
Dvorak Intensity Numbers ofT! through T8.
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Figure 2.17:

Schematic of the digital IR method of assigning tropical cyclone intensity estimates from
satellite IR data (Zehr 1988).
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Satellite estimates of intensity, given by MSLP, with the Objective Dvorak Technique,
compared with aircraft measurements for Hurricane Hortense (1995) in September
1996. Minimum Sea Level Pressure estimates are graphed by interpolating ODT values
(usually at 1-3 h intervals). Reconnaissance aircraft measurements are drawn in a similar
manner for comparison. Operational Dvorak estimates are plotted, with the symbols
indicating the tropical analysis centre responsible for the estimate. The performance
statistics for the storm (relative to aircraft validation) are indicated on the figure, in hPa.
"Sample" refers to those estimates from the ODT method and the operational tropical
analysis centres (TAC) that were considered for the statistics (Velden et al. 1997).
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(Jarvinen and Neumann 1979). Statistical forecast equations were delived using stepwise regression
analysis of past tropical cyclone track data, which includes information on intensity, date, location, and
movement. SHIFOR is one of the suites of models used by the NHC for intensity forecasts. A similar
scheme for the western North Pacific was developed by Elsberry et al. (1975), and recently updated by
Chu (1994), which is called the Statistical Typhoon Intensity Forecast model. The NHC also uses
dynamical models such as the GFDL model for official forecast guidance (see Section 5.4 for details).
Another intensity prediction model, which is competive with the SHIFOR over the Atlantic, is
the Statistical Hurricane Intensity Prediction Scheme (SIDPS). This model was specifically developed
for Atlantic tropical cyclones with numerical model analysis and forecast parameters included as input
(DeMaria and Kaplan 1994). They considered a broad range of predictors, and developed regression
equations, which include sea surface temperature, vertical shear, persistence, and relative eddy angular
momentum flux, as predictors. The amount of variance in the observed intensities explained by SHIPS
is about 40% at 24 h, which is a 10-20% improvement over official forecast and SHIFOR (Fitzpatrick
1997). An updated version of SIDPS, which contains synoptic predictors derived from global model
forecast fields, is currently used for forecast guidance at NHC in the Atlantic and eastern Pacific basins.
It can be considered as a "statistical-dynamic model" in contrast to the original version of SHIPS,
which is a "statistical-synoptic" model as it was based on initial (synoptic) analyses rather than the
forecast fields (DeMaria and Kaplan 1999). Fitzpatrick (1997) developed a similar statistical scheme
for the western North Pacific known as the Typhoon Intensity Prediction Scheme (TIPS). However,
his work also included objective data from GMS-IR satellite imagery.
2.2.6

Vertical Wind Shear and Tropical Cyclone Intensity

Chan~

A hurricane's circulation is embedded in an environmental flow. It can be shown that the deep
layer mean environmental wind is about the same as the hurricane's motion. It is well known that an
environmental wind, which has strong vertical shear, will often disrupt the intensification process and
cause tropical cyclones to weaken. In fact, vertical wind shear is often cited as one of the primary
reasons that TCs do not fully reach their maximum potential intensity (MPI). The dynmics of that
process is discussed by DeMaria (1996) and vertical wind sheara are included as predictors in the
Sl-IIPS and TIPS models. Observations of these phenomena, at times, appear to be inadequate.
Statistical intensity prediction schemes use the speed of the shear between a large area (5° latitude
radius) mean wind at two levels (200 and 850 hPa) (DeMaria and Kaplan 1994; Fitzpatrick 1995). This
measure of vertical shear does not account for directional changes and distribution of shear within the
layer. For example, Ellsberry and Jeffries (1996) showed that vertical shear may often be confined to a
relatively shallow upper layer rather than being distributed through a deep troposphere layer. A change
in the environmental shear direction with height may be diagnosed by the distribution of the hurricane's
cloud shield and also by numerical model analyses when multiple levels are analyzed. Zehr (1998)
illustrates that satellite data and numerical model analysis may be used in more innovative and
quantitative ways to improve measurements of the environment vertical shear profile. Three different
data sources have been used in a quantitative assessment of the tropical cyclone's environmental
vertical wind shear. They are:
1.

Geostationary IR imagery at high spatial and temporal resolution;

2.

Numerical model wind analyses at standard pressure levels; and

3.

High density satellite motion wind vectors.

The IR image data are used to objectively measure cloud asymmetries, and their changes with time. The
model data are analyzed as winds averaged over a large circle centred on the tropical cyclone, at
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standard pressure levels. The high density winds are analyzed in a similar manner in multiple layers
(Zehr 1998).
2.2.7

New Observing Platforms and Improvements in Methodology

Scatterometer
The Seasat, NSCAT (NASA scatterometer), and the ERS (European Remote Sensing)
scatterometer instruments aboard polar orbiting satellites have provided surface wind directions and
speed over the oceans. The scatterometers measure radar backscatter of centimetre scale capillary
waves, which allow the retrieval of ocean surface wind speed, with some ambiguity. Such data are
obtained even in cloudy areas, although they may not be reliable in heavy rain areas. Seasat data were
available for only the third quarter of 1978 (Atlas et al. 1978), whereas the NSCAT was operational
between September of 1996 and June of 1997. The data from the ERS series are only available in realtime since 1996. The Advanced Earth Observing Satellite (ADEOS) (a co-operative US/Japan research
satellite) provided data of this type in 1996-1997 prior to its failure.
A new instrument, known as the "SeaWinds", is scheduled for launch in the summer of 1999
aboard the "QuickSCAT" satellite to fill the data gap created by the loss of data from the NSCAT.
This SeaWinds instrument is a specialised MW radar that measures near-surface wind speed and
direction under all weather and cloud conditions over Earth's oceans. The SeaWinds instrument
collects data over ocean, land and ice in a continuous 1800 km wide band, covering about 90% of the
Earth's surface in one day. It will be able to make wind measurements of3 to 20 m s" 1 (or even higher
1
under certain conditions) with an accuracy of 2 m s· and direction with an accuracy of 20°. Such
scatterometer wind measurements are extremely useful for improving storm warning and monitoring as
they can aid in tropical cyclone centre fixing and outer wind analysis including in assimilation of
numerical weather prediction models.

SSMII (Special Sensor Microwave Imager) and TRMA1 (Tropical Rainfall Measuring Mission)
The SSM/I instrument with seven channels at MW frequencies and spatial resolutions in the
12.5 - 25 km range has flown on the US Air Force DMSP (Defense Meteorological Satellite Program)
series of polar orbiting platforms since the summer of 198 7. The set of PMW channels at 19, 22, 3 7
and 85 GHz within the SSM/I suite permits the sensor to see through most upper-level clouds. At 85
GHz, T8 s react strongly to ice particles and hydrometers. Therefore, this channel imagery has been
shown to be useful in giving an improved depiction of the heavy rain areas and thus a better picture of
the tropical cyclone structure than is available from geostationary satellite imagery. Scattering due to
heavy rain in TC rainbands results in dramatically reduced TBs and enables the user to map rainbands
readily, even when VISIIR imagery is totally obscured by upper-level clouds. This information can aid
in locating the centre and analysing intensity. Algorithms are also available from the SSM/I, some of
which are described in detail in Chapter 3, for surface wind speeds and rain rate estimates. The
timeliness and coverage, however, are somewhat limited.
We saw in Chapter 1 how TRMM, which was launched in late 1997, carries not only a
multichannel PMW imager (the TMI) but also a Precipitation Radar (PR), in addition to VIS and IR
sensors (VIRS) and a lightning detector (LIS) instrument in a 350 km circular orbit with a 35°
inclination angle between 35°N and 35°S. The TMI is a nine-channel PMW radiometer, which is based
upon the SSM/I but contains additional channels at 10.7 GHz with horizontal and vertical polarizations
and a frequency change of the water vapour channel from 22.235 to 21.3 GHz. The TMI provides
measurements at a higher resolution than the SSM/I, primarily due to the fact that the TRMM satellite
flies at a lower orbit than the DMSP, and not due to sensor differences (Kummerow et al. 1998).
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These high resolution measurements within the tropics are ideally suited to monitoring the distribution
of rainfall and latent heat release in tropical weather systems, particularly in tropical cyclones.
The sampling frequency of 15 h at any given point for the TRMM radiometer, however, limits
its capability in providing frequent accurate and high resolution measurements of rainfall needed to
detect severe rainfall events associated with flash floods and inner core latent heat release changes
involved in the detection of tropical cyclone intensity change (see Section 2.5 for further details).
Therefore, in order to improve the time frequency in obtaining such high resolution and accurate
measurements of tropical precipitation systems, a multi-national Global Precipitation Missin (GPM) is
proposed for launch in 2007. This will be comprised of both a TRMI\.1-like "core" satellite and a
constellation of radiometer-equipped "drones" (as detailed in Chapter 6).

Microwave Sounders
A new generation of MW sounder units was initiated in May 1998, on the NOAA series of
polar-orbiting satellites. The Advanced Microwave Sounding Unit (AMSU) has improved horizontal
and vertical resolution. The capability of MW data in the 50-60 GHz frequency range to measure the
upper level warm core of tropical cyclones has been demonstrated (Kidder et al. 1978; Velden and
Smith 1983). The magnitude and distribution of the upper level warm core is related to the surface
pressure pattern and the tropical cyclone's resultant intensity and wind field. The better resolution of
the new MW measurements will overcome some of the limitations of the MW data applications for
monitoring tropical cyclones. An example of the AMSU' s capability in detecting the warm core
structure of a tropical cyclone is shown in Section 2.3.5.
2.3

COMPARISON OF TROPICAL CYCLONE OBSERVATIONS

The potential utility of SSM/I data in tropical cyclone analysis and prediction has been
investigated by Velden et al. (1989), Aliss et al. (1992), and Rao and MacArthur (1993) among many.
Velden et al. (1989) have examined the usefulness of SSM/I 85 GHz imagery in locating the centres of
tropica.l cyclones with no apparent eyes seen in conventional VIS and IR imagery. Aliss et al. (1992)
found that the estimated SSM/I-detected cyclone centre of Hurricane Hugo (1988) and SSM/I-derived
rainfall estimates agreed well, respectively, with the NHC best track locations and raingauge reports.
Rao and MacArthur (1993) showed that the SSM/I data are useful in predicting the tropical cyclone
intensification trend since inner core (55 km box) rain rates and the Dvorak (1984) inferred 24 h
pressures correlated well, at least for one storm. The advantages ofPMW radiometers over IR. sensors
in the estimates of rainfall rates and their usefulness in predicting tropical cyclone intensity changes is
discussed further in the next section. Here, a few examples will be presented to illustrate the PMW
(SSM/I) sensor's capability in depicting TC structure where coincident VISIIR imagery presents the
analyst with few details. Also, an example from the recently launched TRMM TMI and PR instruments
(Simpson et al. 1996; Kummerow et al. 1998) are shown to exemplify TRMM' s remarkable ability in
providing unprecedented details of the tropical cyclone inner-core vertical and horizontal stmcture not
hitherto seen from any other instrument. Furthermore, tropical cyclone warm core structure as
revealed by the recently-launched first Advanced Microwave Sounding Unit (AMSU) aboard the
NOAA-15 satellite will be presented to illustrate its unique capability in estimating the tropical cyclone
intensity change.
2.3.1

General Problems in Current TroP-ical Cyclone Monitoring

Accurately monitoring tropical cyclone (TC) structure and intensity remains one of the most
difficult problems for operational tropical cyclone warning and forecast centres around the globe.
There is a large and ever··expanding population that is potentially impacted by TCs, and many decisions
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affecting public safety are made based on the expected intensity of the storm at landfall. Forecasjng
temporal changes in intensity has not improved significantly within the last 20 y (J.D. Jarrell, p ... ),
perhaps not only due to the lack of in situ data but also due to the limitations associated with ~;,e
conventional satellite data such as the VIS/IR in detecting internal TC structures. However, forecasting
temporal changes in intensity is extremely difficult, given that initial estimates are of questionable
accuracy. New tools are required if we are to make a measurable impact on advancing the state-of-theart in mapping structure and intensity change and understanding the basic underlying physical reasons
for the changes.
The best capabilities to monitor TC structure are available in the western Atlantic basin, where a
combination of aircraft reconnaissance and geostationary VIS and IR imagery can be utilized 24 h a
day. Aircraft missions are typically assigned to storms several days prior to landfall to map their tracks
and intensities as they increasingly threaten the US mainland and surrounding islands. The aircraft
penetrations are crucial in determining the current location, intensity and wind field distribution around
the TC. These data are used in near real-time by the National Hurricane Centre (NHC: Miami, FL) to
prepare warnings. Aircraft include both Air Force C-130s from the Air Force Reserve's "Hurricane
Hunters" and the two WP-3Ds and the Gulfstream high altitude jet from NOAA. The relative luxury of
6 h or 12 h aircraft TC fixes does not exist elsewhere in the tropical ocean basins, except for occasional
flights into storms near Mexico and Hawaii. Reconnaissance flights were discontinued in the western
Pacific in 1987. Thus, warning centres around the world responsible for all other tropical basins rely
exclusively on satellite remote sensing and conventional observation networks to monitor TC
characteristics.
Interpretation of VIS and IR imagery from geostationary sensors (most recently GOES-8/10,
GMS-5 and Meteosat-7) has provided the bulk of near real-time intensity information for all warning
centres. The 30 min temporal sampling, which covers the tropics well, is the dominant data set used in
determining TC structure and intensity. Intensity estimates are routinely extracted from VISIIR.
imagery by utilizing the Dvorak classification method (Dvorak 1984), described in detail in Section
2.2.4. This subjective version has been a mainstay in tropical cyclone analysis centres for over 20 y. A
more recent objective Dvorak technique (ODT) developed by Velden et al., (1998) has removed much
of the subjectivity involved and significantly reduces operator training. These factors are important to
agencies that frequently change personnel and have new satellite analysts who must be rapidly trained
for their tasks.
VIS/IR imagery has distinct limitations due to the inherent inability to see through upper-level
clouds that obscure crucial rainband and eyewall features, which analysts must view in order to
accurately classify a storm. Central dense overcasts (CDOs), cirrus outflow and blowoff from
surrounding rainbands, and mesoscale convective complexes (MCCs) often drastically reduce the ability
to see key eye, eyewall and rainband features. The inability to map this structural information directly
impacts the accuracy of the subjective Dvorak intensity classification and the confidence factor
associated with a given estimate. In addition, application of the subjective Dvorak technique is not
always straightforward, and analysts using the same imagery often derive different intensities. This
problem can be mitigated to some extent if all parties used the ODT method, which has proven to be
highly reliable when compared with values obtained from aircraft reconnaissance data.
PMW imagery from the Special Sensor Microwave/Imager (SSM/I) can alleviate many of the
inherent limitations encountered with VIS/IR imagery. Microwave imagery is particularly useful in this
rather common situation because the cloud and rain bands beneath this cirrus shield can be seen. This is
because the MW (SSM/I) frequencies are sensitive to water vapour, and liquid and solid hydrometeors,
but are insensitive to the small ice crystals which compose cirrus cloud (Glass and Felde 1990). SSM/I
imagery, when combined with an understanding of the response of the different channels to atmospheric
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conditions, is useful for the identification of tropical storm centres (Velden et al. 1989; Huntrak:ul
1992), location and extent of cloud and rain bands, and identification of regions of greatest convective
activity. The depiction of these aspects of the storm structure alone, is of considerable help in making a
subjective assessment ofthe storm's intensity. The 85 GHz frequency, in particular, is a useful tool for
characterizing tropical cyclone internal structure and circulation since it can detect ice and graupel
within the rainbands. In addition, the analysis of TBs by imagery at this frequency can be used to
identify centres of convective activity and hence the eyewall. Furthermore, the 55 GHz MW channei of
the AMSU aboard the NOAA-15 satellite can be used to detect the warm core anomaly of the tropical
cyclone centre since the storm centre will usually have the highest TB (Vel den and Bruesky 1999).
Further details are provided in Section 2.3.5 ..
2.3 .2

Internal Tropical Cyclone Structure as Revealed by SSMII Imagery

Hurricane Felix
Figure 2.19 illustrates the SSM/l's capability to depict TC structure when coincident VIS/IR
imagery presents the analyst with an indeterminate situation. An IR image from the Operational
Linescan System (OLS) sensor on the DMSP spacecraft has been mapped onto a Mercator projection,
as shown on the left-hand side of Figure 2.19, which represents the IR image for Atlantic Hurricane
Felix at 2112 UTC on 10 August 1995. Each latitude and longitude grid increment is 2°. White or
bright grey shades represent high, cold cloud-top temperatures, noticeable in the left-centre portion of
the IR image. Spiral banding is readily seen in the outer sections of Figure 2.19 along 22°N and this
banding merges into a massive convective region that is very difficult to interpret with regard to the
exact storm centre and any possible low-level circulations. This explosive centre area, commonly
referred to as the CDO, is common when storms are undergoing rapid deepening. However, the IR
image by itself can be quite misleading, since little inner-storm structure can be viewed. Additional
information is sorely needed for the satellite analyst to accurately classify Felix. A coincident SSM/I 85
GHz image ofHurricane Felix has been mapped to the same Mercator projection as theIR image, and
is shown on the right side ofFigure 2.19. This high resolution mapping uses the method ofPoe (1990)
to interpolate the 85 GHz horizontal polarization image to a map scale of several km/pixel (Hawkins et
al. 1995). Cold TBS are represented by dark grey shades and are associated with convective regions
and scattering due to rain droplets and ice particles aloft. The 85 GHz image easily locates the storm
centre, whereas the coincident IR image can only provide a rough estimate. Important storm structure
is viewed in the form of extensive rainbands leading away from the well-pronounced eye. The detail of
the structure is simply not available in the IR image or any version of enhanced IR imagery, nor in this
case would VIS imagery be of any additional benefit. More detailed information can be found in
Hawkins et al. (1998a).

Tropical Cyclone Yali
Figure 2.20 illustrates an excellent example in the Pacific basin with Tropical Cyclone Yali on
20 March 1998. TheIR image reveals an extensive CDO-type cloud configuration, a hint of an eye,
and banding features to the northeast. The IR-BD (Dvorak enhancement applied to digital IR data)
image has a massive cold-cloud shield around the storm's central position and hints at an eye-like
feature with a small warm spot. Neither the IR nor IR-BD image permits the analyst to identify the
inner storm structure, but they give a reasonable idea of the storm centre location. Figure 2.20 also
includes two images derived from the SSM/I. The first is a polarization corrected temperature (PCT)
image (see Chapter 3) that uses both the 85 GHz horizontal and vertical channels to extract those
regions that are experiencing heavy rain and have ice particles aloft. Very low TB values are the darker
shades and are due to considerable eyewall. Note the especially heavy scattering in the western portion
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Figure 2.19:

Coincident IR and SSM/I 85 GHz images of Hurricane Felix on 10 August 1995 at 2112
UTC. The images are in Mercator projection and each latitude/longitude box represents
2°. The IR image on the left reveals cold (bright) cloud tops associated with intense
convection to the left of the low level centre. The 85 GHz H-polarization T8 s on the
right identify the storm centre and large scattering (lower T8 s) associated with ice
crystals and hydrometeors on the west side of the eyewall. Note the ability to detect the
storm centre more readily in the SSM/I image. Light grey shades in IR image represent
very cold cloud tops associated with deep convection. Dark grey shades in SSM/I
image represent cold Tss due to rain and ice particle scattering.

of the eyewall. Y ali' s eye is readily apparent and the analyst has no doubt as to its location and
relationship to the internal storm structure. Additional infonnation pertaining to the rainband structure
of the northeast is contained in the PCT image, which is important in understanding possible spiral
banding changes with time that are related to re intensity.

A composite SSWI image is depicted in the lower right-hand corner of Figure 2.20. This
image was generated with the 85 GI-Iz PCT image in the red gun, 85 GHz H-pol in blue gun and 85
GH.z V -pot image in the green gun. Whereas the PCT highlights the heavy convection and scattering in
the eyewall and rain bands, the composite image reveals both the inner storm structure and the lowerlevel inflow. This inflow can often be difficult to ascertain when analysing just V1S/IR imagery.
.t\Jthough the black and white image is more difficult to interpret than a colour composite, there is a
well-defined inflow to the southwest and west of Y ali, even though there is little convection and active
rain cells fonning active rainbands.

Hurricane Opal
Hunicane Opal, which occurred on 3-5 October 1995 over the Gulf of Mexico, provides
another excellent example of SSivf!I's capability in delineating the tropical cyclone internal structure
that is not apparent in conventional imagery. Opal underwent rapid deepening and filling phases, which
were not forecast well by operational models and hence little guidance was available for hurricane
forecasters (see Marks et al. (1998) for further details on the challenges Opal posed to the operational
community). It was noted by Marks et al. (1998) that Opal's central pressure dropped from 933 to 916
hPa within a 2 h period (from 0900-1100 UTC) while the eye contracted from a radius of 30 km to
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Figure 2.20: Coincident IR (IR) and SSM/I 85 GHz images oftropical cyclone Yali in the Southern
Hemisphere on March 20, 1998 at ~2000 UTC. IR and enhanced IR (Dvorak curve)
images from the GMS-5 satellite are on the top panel, revealing a central dense overcast
(CDO). The SS:M/1 85 GHz polarization corrected temperature (PCT) image in the
lower left corner clearly maps the storm centre, eyewall structure and banding features.
Similar structural information can be found in the lower left hand multi-channel image
that combines the PCT and the 85 GHz H and V polarization channels in the red, green,
and blue guns, respectively.
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nearly 15 km. They further reported that this rapid deepening presented the hurricane specialists with a
major problem as the storm approached category 5 status within a 12 h landfall of the US coast without
any means of alerting the public.
Figure 2.21 depicts the GOES-IR images of Opal with superimposed NLDN (US National
Lightning Data Network) lightning data at four different stages of evolution of the storm as it advanced
toward the US Gulf Coast. All the four panels exhibit a thick CDO surrounding the eye which appears
to be obscured by cirrus clouds emanating from the deep eyewall convection. Cloud-to-ground
lightning strokes occur within the middle of the CDO, perhaps associated with vigorous cumulonimbus
convection within the eyewall cloud. An inward spiralling principal rainband with abundance of
lightning is seen outside the CDO area to the north and east. Although the IR imagery is barely able to
capture a convective burst at 1600 UTC on 4 October (i.e. the bottom right image), it does not reveal
the overall internal structure of the storm needed by forecasters to classify Opal.
The corresponding SSM!I 85 GHz imagery of Opal is shown in Figure 2.22, which clearly
portrays the cyclone internal structure with an inner eyewall cloud with a distinct eye, an outer eyewall
rainband. These four panels show a concentric convecting ring cycle, the appearance of which is
ubiquitous in intense hurricanes or typhoons, but which usually marks the end of an episode of
intensification (Willoughby et al. 1982).
From a careful examination ofthe SSM/I imagery (Figure 2.22), one can infer that the radius of
the outer convective rainband constricts as it moves inward and breaks up into two arcs on east and
west sides of the centre between 0028 UTC and 0336 UTC on 4 October with a central pressure of916
hPa and maximum sustained surface winds at 67 m s- 1 (Lawrence et al. 1998), just prior to the 1258
UTC SSM!I image (top left and right panels). The western arc propagates inward and replaces the
doughnut-shaped inner-eyewall convective ring by 1258 UTC on 4 October, while the eastern
convective ring maintains its shape and position (lower left panel). Note that Opal reaches its peak
intensity at 1000 UTC 4 October with a central pressure of 916 hPa and maximum sustained surface
winds of 67 ms" 1 (Lawrence et al. 1998), just prior to the 1258 UTC SSM!I image. By 1555 UTC, a
new outer concentric ring forms, which encircles the inner-core convection. Thus, the SSM/I imagery
(between 0028 and 1555 UTC) on 4 October shows one complete convective ring cycle, in which the
outer concentric rainband moves inward to replace the inner-core convection while a new outer
convective ring forms in place ofthe old one. Shapiro and Willoughby (1983) show that such eyewall
replacement (i.e. the replacement of an inner eyewall by an outer convective ring) decreases storm
intensity not only due to the blockage set-up by the outer convective ring to saturated air inflow but
also due to the subsidence induced by the secondary circulation over the inner eyewall convection.
However, Opal's intensity continued to increase, particularly within the period of0333 and 1258 UTC.
This apparent paradox (i.e. observations conflicting with the theory) can be explained by two processes:
1.

Increase in high surface moisture fluxes caused by a pocket of warm SSTs as Opal moved over
a warm oceanic eddy between 0900 and 1100 UTC on 4 October (see Marks et al. 1998; Shay
et al. 1998).

2.

Upper tropospheric forcing caused by Opal's interaction with a mid-latitude trough (Rodger et
al. 1998, Bosart et al. 1999; see below for further details)

Figure 2.23 shows the SSM/I (left panels) and enhanced IR imagery (right panels) with
superimposed lightning at about 1300 and 1600 UTC on 4 October. First of all, it is apparently clear
that even the enhanced IR imagery does not show the inner and outer convective rings shown by the
SSM!I imagery. Secondly, SSM!I imagery clearly shows that the lightning occurs within the eyewall
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Figure 2.21:

Sequence of GOES-IR images of Hurricane Opal over the Gulf of Mexico taken on 4
October 1995, respectively taken at 0046 UTC (top lett), 0345 UTC (top right), 1246
UTC (bottom left), and 1602 UTC (bottom right), with superimposed NLDN lightning
data (indicated by red-coloured plus symbols). Light grey shades in IR images represent
very cold cloud tops associated with deep convection.
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Figure 2.22: Sequence of85 GHz images ofHurricane Opal on 4 October 1995, taken respectively at
about 0028 UTC (top left), 0336 UTC (top right), 1258 UTC (bottom left), and 1555
UTC (bottom right). Light grey shades represent cold T3 s due to rain and ice particle
scattering.
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.;,

JFigmrte 2.23: SSM/I 85 GHz and IR images ofHurricane Opal on 4 October 1995 with superimposed
NLDN lightning data (indicated by red-coloured plus symbols). Colour shades from
blue to pink (with the colom bar given on the sides of each panel) in the IR imagery
represent cold cloud tops associated with deep convection.
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signature can bP used to map the distribution of organised mesoscale regions of convectively produced
large ice parti~.;1es (Mohr and Zipser 1996). Correlation of lightning with the SSM/1-detected ice
signature within the eyewall is important in explaining the possible role of intense convection on Opal's
intensification.
The· eyewalllightning outbreaks over water always occurs at the beginning of, or during times
of, intensification in moderate-to-strong hurricanes (Molinari et al. 1999). Thus, the time versus radh>:
plot of azimuthally-averaged SSM/1-derived total latent heating release (LHR), convective LHR ar '
lightning (see Figure 2.24) clearly shows the occurrence of lightning (right panel) close to the e>•centre between 0800 and 1400 UTC on 4 October, which coincides with the inner eyewall conve-;:~.rive
burst episode indicated by large latent heat release (see Rodgers et al. 1998 for a description of the
convective fraction method) as shown in the middle panel, whereas the inner and outer rainbands as
indicated by the lightning distribution remain separate from each other in agreement with the convective
rainbands seen in the SSM/1 imagery. Section 2.5.2 gives further details of the role oflatent heating on
Opal's intensification.
In summary it is clear from the three tropical cyclone (Felix, Yali and Opal) cases that PMW
imagery from the SSMII sensor, in addition to other sources of information, can provide unique views
of tropical cyclone structure. This capability is often vital to TC warning centres, since VIS and lR
data are inherently limited in the amount of detail extractable from them. Although SSM/1 data are not
available as often as geostationary VISIIR images, they can give the satellite analyst key information on
storm structure throughout a storm's lifespan. This detail can be the difference in upgrading a storm to
tropical cyclone status (cloud conditions often preclude clear views of developing systems), in
understanding eyewall replacement cycles, and in viewing shear conditions.
2.3.3. Tropical Cyclone Monitoring by SSM/1 Imagezy
The ability of SSM/1 digital data to penetrate and view TC rainband and eye structure has been
demonstrated in the previous section. However, the question is whether the SSMII can duplicate this
wealth of information at time intervals needed by the tropical cyclone warning centres. Since the
SSM/I is a polar orbiting sensor with a 1400 km swath width (Hollinger 1989) the chance that one
SSMII will pass over a given storm on one day is small but increases significantly when two operational
sensors are available (Velden 1989). An example for single TC is illustrated in Hawkins, et al. 1986(b).
Figure 2.25 is an example of how Typhoon Keith in the western Pacific was sampled by the four
SSM/Is available in 1997 (F-10, F-11, F-13, and F-14). These snapshots of 85 GHz H-pol imagery
illustrate the structural changes that can be readily viewed with PMW imagery. The lower Tas are
again related to large scattering due to rain and ice particles and appear as the darker shades of grey.
The values in white in the upper left-hand corner are the best-track intensity estimates in knots (kt).
The best-track intensities are the final estimates of 1 min maximum sustained surface-level winds made
by the Joint Typhoon Warning Centre (JTWC, Guam). The white numbers in the bottom right identify
the DMSP spacecraft and the date/time group is along the bottom of each image with time in Universal
Time Constant (UTC).
Figure 2.25(a) outlines Keith's structure from 27-31 October, 1997 with the frequency of
excellent-quality passes over Keith varying from one to five per day. Additional partial passes are
available but are not shown at this time. Each image covers a domain of -500 km on a side and has
been false-coloured to highlight rainbands, eye, eyewall, and intense convection that develops as the
· storm matures. Values in the upper left hand corner represent the best track storm intensity
interpolated to the time of the SSM/I image, while the data/time of each image are along the bottom of
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Figure 2.24: Time vs. radius plot of Opal's hourly interpolated and azimuthally averaged (annuli 1 to 4° at 55 km resolution): (left panel) SSM!Iderived total tropospheric LHR; (centre panel) convective portion ofLHR.; and (right panel) NLDN lightning strokes within each hour.

Figure 2.25(a): A time series of85 GHz H-pol images for super Typhoon Keith, 27-31 October 1997.

Figure 2.25(b): A time series of 85 GHz H-pol images for Super Typhoon Keith, 1-6 November 1997.
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each frame. Note the time evolution of development readily seen by these PMW images. The first
snapshot on 27 October shows the beginning stages of Keith while it is a tropical depression with
maximum winds near 25 kt. The convection is disorganized in various dusters and a centre is hard to
find. Convection increases significantly on 28. October. Banding becomes much more organized and
then appears to weaken on the last image of the day. Imagery fi·om 29 October reveals that the
intensification has resumed, as heavy convection (large scattering) begins and a broad centre is readily
apparent. This logical process of structural events is followed on 30 October with the central area
shrinking in size and heavy convection wrapping around the centre. The five images on 31 October
illustrate how the bands continue to completely wrap the eye with heavy convection, while the outer
banks weaken.
Keith's estimated sustained winds are now> 130 kt and the storm has attained Super Typhoon
status. Note that at all times after tropical storm intensity is reached, the structure of rainbands is
clearly seen and the process of wrapping the bands to form the eyewall can be viewed by even the
untrained human interpreter. Other colour and/or grey-shade tables could be used to highlight these
features, but the important point is the ability to depict storm structure and dynamics through the
intensification process.
Figure 2.25(b) is the 15-panel time series that follows Figure 2.25(a). Sequence readily shows
the evolution of concentric eyewalls, dissipation of inner eyewall and the process of where the outer
eyewall becomes the main feature. This process occurs twice during a 2 d time span and highlights the
inner structural changes that can be observed with PMW data, but rarely in VISIIR imagery. On 1
November there is a large cin:~ulation with a small intense eye completely surrounded by convection.
Images on 2 November are similar, but there is less heavy convection and there is the appearance of a
secondary rainband at the end of the day. The seven superb images from 3 November represent a
classic example of an eyewall cycle. An outer band forms and becomes the dominant circulation centre,
cutting off inflow to the inner eye. Once inflow is shut down, the hmer eye collapses and the outer eye
begins to strengthen and shrink to replace the previous inner eyewaU. At the end of the day, a new
secondary band starts to form. 4 November imagery indicates that the second band continues the
eyewall replacement cycle as the inner eyewall weakens and the second one begins to dominate. This
strengthening is followed on 5 November by the collapse ofthe inner eyewall.
Imagery from 6 November indicates significantly reduced convection on the northwest and west
sides of the storm, due primarily to shear. The 85 GHz imagery is especially useful for detection of
shear from the lack of deep convection or decrease in activt) convection (precipitation) signatures since
shear impacts convection and the distribution of ice particles aloft (Hawkins et al. 1998a). The shear is
best detectable from the looping of SSM/I imagery. As hydrometeors and ice particles scatter PMW
radiation at 85 GHz, the absence of such signatures on one sode of the storm is indicative of shear,
though, dry are intrusions can also cause a decrease in convection, which are more prevalent in the
western Atlantic and western Pacific later in the season. Therefore, it is necessary to view the 85 GHz
SS.M/I imagery in conjunction with SSM!I-derived integrated precipitable water fields to isolate shear
signatures. These facts can be used by satellite analysts to assist in their interpretation of nighttime IR
images, since shear in the IR can only be detected at the outflow layer and not underneath the cirrus
cloud deck (refer to Section 2.2.6 for use ofiR. in vertical shear detection).
2.3.4

Internal Tropical Cyclone Structure as Revealed by TRMM Instruments

The Truvllvf satellite captured the birth and intensification of Super Typhoon Paka over the
central Pacific. Paka, which was sampled for more than three weeks with 19 overpasses by TRM:M
became a supertyphoon (sustained 1 min wind speed >130 kt or 67 m s" 1) at 1200 UTC 14 December
(see Simpson et al. 1998 for further details). Figure 2.26 illustrates the clear advantages of the TW
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and PR instruments in capturing the horizontal and vertical structure of a convective burst that may
have played a key role in the intensification of Paka. This figure shows the GMS image including 'he
overlays of the TRMM PR and the TRMM TMI 85 GHz channel close to 0530 UTC 10 December
1997, that is at the beginning of the first convective burst. The cross-section through the eye shows the
profile of an early deep burst on the western side of the eye, where the GMS imagery reveals a circular
cold-top cloud with a minimum Ta of -180 K (see Halverson et al. 1998 for further details).
According to Simpson et al. (1998), the PR and TMI 85 GHz channels revealed the existence of a
nearly mature (hurricane) rain pattern at this time. The combination of a convective burst with intense
rain within the inner core of Paka prior to or at the time of rapid deepening is in agreement with the
study by Rodgers et al. (1998). which is further discussed later in this section. Since Simpson et al.
also emphasise the utility of frequent PMW imagery in detecting such convective bursts as indicators of
tropical cyclone intensification, it may be worth mentioning their arguments here. The following
paragraph is excerpted from their article:

"Of all oceans where tropical cyclones develop, only the Atlantic has aircraft reconnaissance
to provide forecasters with central pressure, maximum wind intensity, and existence of an eye. In the
other basins, forecasters must rely mainly on sparse synoptic data and pattern recognition from
satellite products to assess current strength and cloud organization. Since the IR patterns of cloud
tops show only the exhaust products of the storm heat engine, they can often be misleading,
particularly in the early stages of cyclone intensification. In the GMS IR image of Paka at 0532 UTC
10 December (upper left panel) Paka appears immature, with little likelihood of rapid intensification.
From GMS, an eye with characteristic organization of typhoon clouds is not seen until 0000 UTC on
11 December (not shown). Both the PR and TMI make it obvious that Paka was near typhoon
(hurricane) strength and deepening rapidly 18 h earlier. If Paka had been approaching a populated
coast, hours of precious warning time could be gained if TMI overpasses could be made as often as
every 1-3 h. It should be pointed out that high-resolution sensors are necessary. A cluster of 24
smallplatforms each with TMI capability would permit hourly overpasses, and eight would permit an
overpass every 3 h. This type of remote sensing of tropical cyclones would also help to fill data gaps
between routine reconnaissance flights into Atlantic hurricanes."
The dream of 3 h overpasses might materialise with the proposed launch of a family of TRMMlike satellites in the year 2007 under the GPM plan (see Chapter 6).

2.3.5

Tropical Cyclone Warm Core Structure as Revealed by the AMSU-NOAA Instrument

The recently launched NOAA-15 satellite with its AMSU instrument observed the warm core
structure of Hurricane Georges over the Gulf of Mexico in September of 1998 (see Velden and
Brueske (1999) for further details). Figure 2.27 shows the time series of George's warm core signature
as revealed by the 54.94 GHz microwave channel of the AMSU instrument. A footprint resolution of
50 km was able to resolve the peak warming profiles in the TC eye region. Because of the existence of
a physical relationship between the magnitude of the satellite-depicted warm temperature anomaly and
the surface pressure (based on the assumption of hydrostatic balance), the intensity of the warm
anomaly correlated well with the observed surface pressure (obtained from reconnaissance reports).
Furthermore, vertical temperature profiles within the TC eye region can be derived from a
methodology developed by NOAAINESDIS from multiple AMSU channel information. The process
takes the limb corrected TB and applies a radiative transfer algorithm and a linear regression operator
(based on a large ensemble of rocketsonde profiles) to relate the Ta to temperature profiles. Finally an
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(Upper left) GMS IR image at 0532 UTC, 10 December 1997. The coldest IR
temperature (at this 4 km by 4 km resolution is 179 K (Upper right) TRMM
precipitation radar (PR) image 0535 UTC superimposed on GMS image. Note eye
within the coldest portion of GMS image, which showed no eye. (Lower left) TRNIM
Microwave Imager (TMI) 85-GHz channel superimposed on GMS image. Wider swath
of TMI shows cloud pattern of nearly mature tropical cyclone. (Lower right) Cross
section of TRMM-PR from A to B shown in upper-right PR image (Simpson et al.
1998).
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Figure 2.27: Time series of images from the AMSU-A 55 GHz MW channel during Hurricane Georges. The dark shades indicate warm brightness
temperatures (BT) associated with the storm's upper-tropospheric core region. The storm surface pressure at the time of each overpass
is given (from aircraft reconnaissance), along with the maximum BT value in the storm core. Note the good correlation between the
strength of the upper-level core warming as depicted by the AMSU and the surface pressure (Velden and Brueske 1999).

adjustment is applied to account for the bias between actual and computed T BS. The adjustment is
computed from comparisons with collocated radiosonde data. Although the AMSU radiances will be
attenuated by heavy precipitation-hydrometeors, one advantage of the MW retrievals is their cloudpenetrating ability, which allows them to profile the warm core anomaly associated with the TC eye.
To illustrate this unique capability, an example of the AMSU-retrieved vertical temperature profile
cross-section of Hurricane Bonnie on 25 August 1998 is shown in Figure 2.28. The latitudinal crosssection figure clearly reveals the strong warm anomaly in the upper levels extending down into the eye
region of Bonnie. The cooling at lower levels in the eyewall region is attibuted to precipitation
attenuation that has not been accounted for. Note that the thermal structure depicted in the cross
section is very similar to that of the analysis of Hurricane Inez of 1966 by Merrill ( 1991 ), which
included an adaptation of aircraft data analysis by Hawkins and Imbembo (1976). Therefore, this type
of information will be useful for operational centres to monitor TC evolution by correlating the thermal
anomaly strength with sea level pressure in the storm to develop an intensity estimation algorithm that
can complement the aircraft measurements (where available) and the existing Dvorak IR-based
technique.
2.4

RAINFALL DISTRIBUTION
LATENT HEATING

2.4.1

Introduction

AND

ASYMMETRIC

CONVECTIVE/STRATIFOR.J.\1

Satellite-derived rain estimation in tropical cyclones is essential not only in understanding the
relationship between intensity change and latent heat release but also in flood forecasting, since heavy
rainfall rates over a large area can cause catastrophic floods such as those that occurred in Nicaragua
and Honduras from Hurricane Mitch (1998) recently (see Chapter 4), when the total estimated rain
amounts ranged from 50 to 75", most of it falling within a 2 d period. One station reported 25" ofrain
in just 6 h. In such destructive events, satellite rain estimates remains the only means to understand the
severity of floods, particularly in remote mountainous terrain such as in Central America where the rain
gauge observations are sparse. Therefore, this section will examine the relationship between tropical
cyclone intensity change and the evolution of tropical cyclone rainfall characteristics (i.e. horizontal and
vertical distribution of latent heat, convective and stratified rainfall processes that generate latent heat,
and spatial distribution of total latent heat, rain rate, and rainfall). Details of methods for obtaining
rainfall estimates from tropical cyclones are the subject of later chapters, and will not be described at
this juncture. Suffice it to say for the present that almost all research studies of relations between
tropical cyclone structure, intensity and rainfall have involved rainfall retrieval from MW data, whether
used by itself, or in conjunction with IR data, rather than from VIS and/or IR data. The reason for this
is that the shorter wavelength radiation is unable to reveal internal structural characteristics of cloud
systems, many of which become evident in MW channel data.
Many satellite PMW radiometers and TB:rain rate algorithms have been developed for
estimating global rainfall characteristics (see Adler et al. 1996), but only a few of these radiometers and
algorithms were used for estimating rainfall characteristics in tropical cyclones. The earlier satellite
radiometers such as the horizontally polarised single frequency (19.35 GHz) Nimbus-5 Electrically
Scanning Microwave Radiometer (ESI\1R-5), which operated at low frequencies were specifically
deployed to estimate tropical cyclone rainfall characteristics. Later satellite MW sensors containing
multi-frequencies that measured radiances both in the low and high ends of the spectrum (i.e. 10.7 85.5 GHz) were used in tropical cyclone rain estimates. The higher frequencies improved the IFOVs
and decreased the contamination caused by the surface background. Examples of the later sensors used
in estimates of tropical cyclone rain rates are the SSWI observing at 19.35, 37.0, 85.5 GHz frequencies
and the T.Rl\1M satellite's TMI at 5.0, 10.7, 19.35, 37.0, and 90.0 GHz frequencies. The tropical
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Hurricane Bonnie
25 August 1998
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Figure 2.28: Illustration of the NOAA-15 satellite Advanced Microwave Sounding Unit (AMSU)
products during Hunicane Bonnie. The upper-level warm core of .Bonnie is evident in
the 55 GHz channel Tss (lower right). For comparison, the AVHRR IR-window image
is also given (upper right). A vertical cross section of the thermal anomaly derived from
AMSU-A multichannel temperature retrievals is shown in the bottom left (Velden and
Brueske 1999).

cyclone T8 :rain rate algorithms that were developed for these sensors are briefly mentioned in the
following sections, but detailed further in Chapter 3 ofthis manual.
2.4.2

Tropical Cyclone Rainfall Structure Estimated from the Early (ES.MR-5) PMW Radiometer

The first attempt to relate tropical cyclone intensity changes to the evolution of satellite-derived
tropical cyclone rainfall characteristics was made by utilizing the low MW frequency ESMR-5
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observations of the Latent Heat Release (LHR) distribution in Typhoon Nora (1973) over the western
North Pacific (Adler and Rodgers 1977). In this study, LHR was derived by integrating the rain rates
within a circular area of 444 km radius centred on Nora's centre. The rain rate was obtained from a
radiative transfer emission model that related the horizontal polarized 19.3 5 GHz radiance to rain rate
and the freezing level (Wilheit et al. 1977). A freezing level of 5 km was chosen for this study since it
was consistent with the average measured freezing levels found in other western North Pacific tropical
cyclones. The model results were consistent with radar-derived rain rates.
ESMR-5 derived LHR observations were obtained at six times during the period between 29
September and 5 October 1973. During this time Nora intensified from a tropical depression to a
typhoon of approximately 60 m s·t, while the LHR increased from 2.7 x 10 14 to 8.8 x 10 14W (see Figure
2.29). At the same time, the precipitation area increased from 18 to 52 x 104 km2, while the fi:actional
area of precipitation increased from 32% to 81%, and the LHR (per unit area) increased from 1.1 to 1.8
x 103 (W m"2). These ESMR-5 observations of this single tropical cyclone suggested a positive
correlation between tropical cyclone intensity changes and variations in tropical cyclone rainfall
characteristics.
Using the same ESMR-5 radiometer data, a more significant analysis of tropical cyclone rainfall
characteristics and intensity change relationships was obtained by Rodgers and Adler (1981 ), who
examined 21 North Pacific tropical cyclones during 1973-1975. LHRs were again estimated using the
method presented by Adler and Rodgers (1977). However, LHR and other rainfall characteristics were
computed for circular areas of 111, 222, 333, and 444 km radii from the centre of the tropical cyclone's
circulation and at freezing levels of 4.5 and 5 km.
Results from this study suggested that tropical cyclone intensification was related to the:

1.

Increase in the LHR within a circular area of 444 km radius centred on the tropical cyclone's
centre of circulation.

2.

The increase in the relative contribution of the heavier rain rates (> 5 mm h" 1) to the total
tropical cyclone rainfall.

3.

The decrease in the radius of maximum rain rate from the tropical cyclone's centre.

4.

A tendency for the rainfall to concentrate toward the centre during intensification.

It also appeared from these tropical cyclone rain rate observations that by monitoring the trend
of increasing LHR the first indication of intensification may be obtained 1-2 d prior to the tropical
cyclone reaching storm stage (Vmax > 16 m s·\ often prior to the first reconnaissance aircraft
observation. This is illustrated in Figure 2 30, which shows the LHR value for each tropical cyclone
observation relative to the time when it was first named (e.g. storm stage) (heavy straight vertical line).
The solid line is a quadratic fit to the data given by:

LHR = 1.8947 + 0.00086 h + 0.00018 h 2

(3.1)

where LHR is latent heat release in 10 14 W and h is hours beginning at day -0.5 and continuing
consecutively to day +5.0. The correlation coefficient was found to be 0.73 with an average error
estimate in the LHR of2.08 x 10 14 W. The quadratic cuiVe in Figure 2.30 suggested that the increase
in storm LHR began two days prior to the time the storm was named. This indicated that the increase
in LHR might precede tropical cyclone intensification. This again supports the finding that the
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Conditional Instability of the Second Kind (CISK) mechanism may not be important in tropical cyclone
genesis, but is important for the intensification process. After the tropical cyclone becomes named,
LHR was seen to continue to increase with time even though there were only a few observations.
Therefore, it was suggested from this sample ofwestem Pacific tropical cyclones that ESMR-5-derived
LHR observations could be used to help detect tropical cyclone LHR and intensification studies that the
lag time is inversely related to the tropical cyclone's lower tropospheric inertial stability (Baik et al.
1993). Therefore, the more intense the system becomes, the greater the inertial stability and the smaller
the lag time, which may explain the tendency for the rainfall to concentrate toward the centre during
intensification.
2.4.3

Tropical Cyclone Rainfall Structure Derived from SSM/I and TMI Instruments

The Ts:rain rate algorithms, first developed from the SSMJI observations, were based on the
combined emission and scattering and scattering alone. NASA' s Second Version of the Goddard
Scattering (GSCAT-2) algorithm (see Chapter 3) utilizes a single SSM/I frequency to estimate rain
rates (Adler et al. 1993). On the other hand, both the Navy's Calibrated and Validated (CAL/VAL)
algorithm (Berg et al. 1988) and NASA's Goddard Profile (GPROF) algorithm (Kummerow and Giglio

52

WESTERN PACIFIC TR9PICAL CYCLONES
12.0
11.0
~·10.0
"'!
0
..-

w

9.0
8.0

Cl)

<l:
w
w

....J

a:
1<l:.

w

I

1-

z

·w

1-

<t:

. ....J

2.0

.

-6

Figure 2.30:

•
. -5

•

I

I

-4

-3

•®
-2

•

I

-1

0

•
+1

+2

+3

+4

+5

+6
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represents the time the tropical cyclone reached storm stage and the negative (positive)
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(>32 m s" 1). Circled triangles and dots indicate small storms. The solid line is a
quadratic fit to the data (Rodgers and Adler 1981).

1993) take advantage of the SSMJI's multifrequency observations to estimate rainfall charactedstics.
The GPROF algodthm, although developed initially for SSM/I observations, is modified for the
TRMM' s TMI observations. These algorithms are all discussed further in Chapter 3.

Studies Based on the US Navy's CAL!VAL Algorithm
The CALNAL algorithm, which was the first operational multifrequency SSM/I-based
algorithm, uses a statistical regression between the SSM/I Tas and rain rates obtained from the
collocated Darwin (Australia) and Kwajalein (Marshall Islands) radars (Hollinger 1991; Olson 1989).
Because the algorithm was based on averaged radar-derived rain rates, no high-intensity rain rates were
included in the collocated data set. Therefore the CALNAL algorithm usually underestimated the
heavier rain amounts that occur in tropical cyclones.
Some of the earlier attempts to relate tropical cyclone rainfall characteristics from the SSM/Is to
tropical cyclone intensity change using the CALNAL algorithm were made by Aliss et al. (1992) on
Hurricane Hugo (1989) and by Aliss et al. (1993) on Hurricane Florence (1988). The results of the
Hurricane Hugo case (Aliss et al. 1992) were consistent with those of Adler and Rodgers (1977) and
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Rodgers and Adler (1981). For example, as Hugo intensified the (DMSP F-8) SSM/I-derived rain rates
1
and the percent of area of rain rates greater than 5 mm h" 1 and 25 mm h" within a circular area of 1A4
km radius from Hugo's centre increased. Also, the percentage of the 85.5 GHz T3 s less than 220 K (an
index for deep convection) within the inner core region (i.e. circular area of radii of Ill km from
Hugo's centre) increased (Figure 2.31). Furthermore, the heaviest averaged rain rates for circular areas
of 60, 111, 222, 333, and 444 km radius from the centre of Hugo's circulation tended to shift inwards
as Hugo intensified.
The results of the Hurricane Florence case (Aliss et al. 1993) were similar to those from
Hurricane Hugo except for the fact that Florence was a much weaker system. The six S SM/I-derived
rain rate observations within a circular area of 111 km centred on Florence's centre of circulation
showed a strong relationship with the system's intensity change. A standard Student's-t test was
conducted to determine the correlation between the average rain rate and minimum pressure. A
correlation coefficient of 0.93 was found significant at the 2% level. A strong correlation was also
observed with the total LHR within a circular area at the radius of 444 km. Additionally, an increase in
the concentration and areal coverage of heavier rain rates near the centre was observed.
Another tropical cyclone rain rate study was carried out by Rao and MacArthur (1994) using
the CALNAL TB:rain rate algorithm. Their statistical study was based on rain rates obtained from 12
we~tem North Pacific tropical cyclones in 1987. The SSMJI-derived rain rates were averaged within a
primary square area of 888 km on a side centred on the tropical cyclone centre of circulation. Within
the primary square area, rain rates were also averaged for smaller box areas.
Again, the results from this study were somewhat consistent with the earlier studies mentioned
above. Statistical examination of these 12 western North Pacific tropical cyclones revealed an inverse
relationship between volume rain rates within boxes of various sizes and 24 h future pressure.
Correlation was -0.68 for a box of 444 km, -0.38 for a box of66 km, and 0.10 for a box of888 km (see
Figure 2.32). This indicated that the greatest correlations between tropical cyclone intensity change
and volume rain rates occurred in the rainfall nearest to the centre of circulation.

Studies Based on NASA 's GSCAT (Version 2) Algorithm
The scattering based Goddard Scattering algorithm (GSCAT) was first developed for ocean
surfaces by Adler et al. (1993). The algorithm (see Chapter 3) only used the horizontal polarized 85
GHz and dual polarized 37 GHz channels. The 37 GHz channel defined the rain regions, while the 85
GHz defined the rain intensity. The rain:no-rain ocean criteria and the rain rates were based on the
T3 :rain rate relationship developed from a cloud model (Adler et al. 1981). The advantage of this
algorithm was that the technique used the highest frequency channel that had the greatest IFOV.
However, the original GSCAT algorithm was found to underestimate the rain rates by nearly a factor of
two. Because of this underestimation, rain rates were arbitrarily increased by a factor of two over
ocean regions. For this reason the modified GSCAT algorithm was called the Version Two GSCAT
(GSCAT-2) algorithm.
There were at least four studies that utilized the GSCAT-2 algorithm to examine the
relationship between tropical cyclone rainfall characteristics and intensity change. The first study
(Rodgers et al. 1994a) related the spatial and temporal changes of 18 western North Atlantic tropical
cyclone precipitation characteristics to the system intensity changes for tropical cyclones at different
stages of intensity. Figure 2.33 shows a scatterplot and the best fit between the 12 h change in the
tropical cyclones LHR integrated for a circular area with radius of Ill km centred on the system's
centre of circulation and the 12 h change intensity. The best correlations are found with the tropical
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)

Scatter diagram of rain volumes rates within 444 km box and 24 h central pressures.
Linear fit P = -1.3 R +1017.4 (R is in cubic millimetres per hour). The sample size is 27
and the standard error is 18.8 mb (hPa). The two parallel lines are drawn at a vertical
distance of 18.8mb (hPa) from the regression line (Rao and MacArthur 1994).

cyclones of hurricane intensity. These DMSP F-8 SSM/I observations were then combined with the
results from a tropical cyclone numerical model that examined the role of inner-core diabatic heating in
subsequent tropical cyclone intensity changes.
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A series of numerical experiments were carried out to substantiate the statistical results by
quantitatively evaluating the intensity response of tropical cyclones at different stages of development
for a given enhancement of inner-core diabatic heating. The Navy Research Laboratory (NRL) threedimensional limited-area model was used to simulate the generic depression and hurricane. The
artificially enhanced inner-core latent heating in the simulated depression was introduced starting from
the 60 h integration time step of the controlled experiment by multiplying the moisture divergence field
by a factor of 1.2 within an area 222 x 222 km centred on the tropical cyclone's centre. The difference
in LHR between the controlled and artificially enhanced simulated depression was then archived for
every time step and grid point. The artificially enhanced hurricane was then generated by adding the
archived diabatic heating rate differences for the depressions to those of the controlled hurricane after
the 60 h integration. Thus, the enhancements in the inner-core latent heating depression and hurricane
cases were kept identical. Figure 2.34 suggests that the artificial enhancement of the moisture
divergence fields reduced the central pressure of the depression by only 2 hP a; while the hurricane had
a more significant response of 12 hPa pressure fall. Therefore, the combined statistical and numerical
results suggested that for a given enhancement in the inner-core diabatic heating, the stronger tropical
cyclones would intensify more than the weaker systems due to the increase in their lower and middle
tropospheric inertial stability (Baik 1993).
The second study (Rodgers et al. 1994b) related the DMSP F-8 SS:MJI-derived spatial and
temporal changes in precipitation parameters in three North Atlantic hurricanes (occurred in 1989) to
their intensity changes. In addition, analyses from a barotropic hurricane forecast model and the
European Centre for Medium Range Weather Forecasting (ECMWF) model were used to examine the
relationship between the evolution of rainfall characteristics in these tropical cyclones and external
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Figure 2.34: The difference between diabatic
heating delta Q and minimum
central · pressure delta P for the
simulated controlled and enhanced
(a) depression and (b) hurricane
40-90
h
after
initialization
(Rodgers et al. 1994a).

forcing parameters (i.e. mean climatological SSTs; vertical wind shear; water vapour flux; and upper
troposphere eddy relative angular momentum flux convergence (ERFC)).
The analyses revealed that the SSM/I observations were able to delineate and monitor
convective ring cycles similar to those observed from land-based and aircraft radars and in situ
measurements. Tropical cyclone intensification was observed to occur when these convective rings
propagated into the inner core of these systems (within 111 km of the centre) and when the rain
rates/LHR increased (see Figure 2.35). Tropical cyclone weakening was observed to occur when these
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inner-core convective rings dissipated. Further, the inward propagation of the outer convective rings
coincided with the dissipation of the inner convective rings when they came within 55 km of the inner
radius (Willoughby et al. 1982; Willoughby 1988; Willoughby 1990). Finally, the region of warm SSTs
1
(>26°C) and low vertical wind shear (<5 m s" ), convective rings outside the region of strong lower
tropospheric inertial stability could be enhanced by strong surges of tropospheric moisture, while
convective rings inside the region of strong lower-tropospheric inertial stability could be enhanced by
upper tropospheric ERFC.
The purpose of the third study (Rodgers and Pierce, 1995a) was very similar to the study by
Rodgers et al. (1994b), except for the fact that this study was based on two SSMJI satellites (i.e. the
DMSP F-10 and F-11) to derive tropical cyclone rainfall characteristics. Furthermore, this study
examined only one tropical cyclone (Typhoon Bobbie, 1992) and used only the analyses from the
ECMWF model. Unfortunately there were no SSMJI observations during Bobbie's intensification
stage. Results in using more frequent SSM/I observations were also consistent with those of the earlier
paper in that:

1.

The SSM/I observations were able to detect and monitor Bobbie's convective rainband cycles
(Willoughby et al. 1982; Willoughby 1988; Willoughby 1990).

2.

The evolution of Bobbie's intensity coincided with the SSM/I-observed convective rainband
cycles.

3.

In response to warm SSTs (<26°C) and weak vertical wind shear (<lOm s" 1), the enhancement
of the precipitation in Bobbie's inner-core convective rainbands coincided with the inward
convergence of upper-tropospheric ERFC, while the initiation ofBobbie's outer-core(> 111 km
from the system's centre) convective rainbands appeared to coincide with the large horizontal
moisture convergence.

4.

The dissipation of rain in the inner-core (<111 km from the system's centre) convective
rainbands appeared to be associated with the inward propagation of newly formed outer
convective rainbands, strong vertical wind shear (>10 m s" 1), and cool SSTs (<26°C).

Finally, the fourth study (Rodgers and Pierce 1995b), which examined 162 western North
Pacific tropical cyclones from 1987-1992, related the tropical cyclone spatial and temporal variation of
the (DMSP F-8, F-10, and F-11) SSWI-derived rainfall parameters to changes in tropical cyclone
intensity. Results from this study suggested that the changes in the tropical cyclone inner-core rain rate
and LHR helped to initiate and maintain periods of tropical cyclone intensification and that the cyclones
become more intense. A statistical study was performed that related the 12 h change of LHR within a
circular area of radius 111 km from the centre of the tropical cyclone centre to 12 h change in intensity.
Results were somewhat consistent with those of the North Atlantic tropical cyclone study by Rodgers
et al. (1994a). However, at typhoon stage there was little correlation between the 12 h changes in
intensity and LHR. The inconsistency that was found between the hurricane and the typhoon's
correlation may be attributed to the difference in sample size and/or due to the fact that the SSMII
dataset of the westem North Pacific typhoons contained more storms that were either in steady state or
beginning to weaken during the 12 h time interval. Perhaps there were more SSM/I-observed western
North Pacific typhoons than western North Atlantic hurricanes that were adversely affected by
decreasing SSTs and increasing vertical wind shear.
The statistical study of a number of tropical cyclones was performed by Rodgers and Pierce
(1995b) to relate the time evolution of the tropical cyclone inner-core LHR and intensity change.
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Figure 2.36 delineates the evolution of tropical cyclone Dan's (1992) 3 h maximum wind change and
the mean inner-core diabatic heating every 3 h during the tropical cyclone's lifetime. This figure clearly
demonstrates that the enhancement in Dan's inner-core LHR corresponded reasonably well with the
periods of increasing maximum winds. However, the correlation coefficient between the time series
was found to be no more than 0.34. The correlation improves slightly (0.41) when Dan is at storm
stage and greater. There is little if any correlation between the trend in Dan's outer core LHR and
intensity change. Cross-correlation analysis was also performed on other 1992 western North Pacific
tropical cyclones. The correlation coefficient varied from nearly 0. 00 to greater than 0. 70 with an
average correlation coefficient of 0.33. The tropical cyclones with the poorest correlations were those
in which the trends in inner-core LHR were poorly defined due to the lack of SSMJI observations. The
average correlation coefficient for these tropical cyclones at stonn stage and greater increased to 0.41.
These correlations, however, further improved when the change in the maximum winds lagged the
inner-core diabatic heating for the weaker systems. Again, there is little, if any correlation between the
trend in the other tropical cyclone's outer-core LHR and intensity change.
Although the sample size was small, it was evident from the year-1992 tropical cyclones that the
variation in the inner-core LHR was large throughout their lifetime and that large increases in their
mean inner-core LHR, at least for some of the cases, appeared to initiate and maintain periods of
intensification. It was also apparent that the intensity of these tropical cyclones was more responsive to
these periods of enhanced inner-core LHR when these systems were at storm stage and greater because
of their increasing tropospheric inertial stability (Baik et al. 1993).
Another study that related the SS:M/I-derived tropical cyclone rainfall characteristics to intensity
change was undertaken by Cecil and Zipser (1998). This study related the tropical cyclone intensity
change to the DMSP SS:WI-derived 85 GHz Polarization Corrected Temperature (PCT) (Spencer et
59

al. 1989) and the Optical Transient Detector (OTD) (Goodman et al. 1996) lightning observations of
various western and eastern North Pacific and western North Pacific tropical cyclones. The SSM/I 85
GHz T ss and the OTD were used to indirectly monitor large updrafts in tropical cyclone convection.
The strength of the convective updrafts is related to the amount and size of supercooled rain droplets,
the amount of riming, and, therefore the amount and size of the graupel. The 8 5 GHz radiance scatter
from these cloud parameters are the prime cloud constituents for the production of lightning. Results
indicated that increasing ice scattering signature was found to correspond mostly with increasing
tropical cyclone intensity. The correlation was greater for the intensifYing western North Atlantic and
eastern North Pacific systems. The lightning observations, however, revealed no clear relationships
between the intensity and spatial distributions of the electrical activity and tropical cyclone intensity
change, since the visit time of the DMSP was limited, and because lightning on the average does not
originate in the eye wall region (the region that main~ains the tropical cyclone intensity) due to weak
vertical motion.
Studies Based on NASA 's Goddard Profile (GPROF) Algorithm
Rodgers et al. (1998) used the DMSP F-10, F-11 and F-13 SSM/I satellite data and the GPROF
algorithm (see Chapter 3.4.4) to relate tropical cyclone rainfall characteristics (i.e. rain rate, convective
rain fraction, total LHR, and latent heat profiles) to intensity changes in Hurricane Opal (1995) over the
Gulf ofMexico. The SSM/I-derived rainfall characteristics were based on using the estimated expected
value of the "Bayesian" method developed by Kummerow et al. (1996) and Olson et al. (1996). The
rainfall parameters were retrieved at a horizontal resolution of 12.5 by 12.5 km. The convective rain
fraction was also calculated, which is the fraction of the surface rain rate associated with significant
1
cloud updrafts and downdrafts (i.e. [w] >1 m s" ). The LHR at a given level is the net energy release
per unit volume of air due to hydrometeor phase change average over a 12.5 by 12.5 km domain.
Further details of results from this study are given later.
Although there have not yet been any conclusive tropical cyclone results using the TMI from
the TRNfM satellite, some preliminary studies are in progress, including those described by Halverson
et al. (1999) and Rodgers et al. (1999). Others are being undertaken to compare rain rates from the
TMI and PR Future efforts will increase the number of PMW observation of tropical rainfall
characteristics by combining the TRMM flown TMI (Simpson et al. 1988) observations with those
derived from the DMSP-SSM/I. The GPROF algorithm that has been employed to estimate tropical
cyclone rainfall characteristics from SSM/I will also be used to estimate rainfall characteristics from the
TMI observations. The only differences between retrieving rainfall characteristics from the TMI sensor
as compared to the SSM/I sensors is that the IFOV of the TMI is better (DMSP has a higher orbit).
Also since TRMM is not in polar orbit, it is able to observe a given region between 3 5°N and S latitude
at any time of the day and, therefore eliminate the biasing caused by the diurnal variation of tropical
cyclone rainfall.
2.4.4

Combined IR and PMW Approaches

In these methods, PMW observations from the polar orbiting satellite are combined with the
geosynchronous IR observations for the purpose of assimilating rain rate into numerical models or for
constructing mesoscale spatial and temporal analyses of tropical cyclone rain rates. They take
advantages of the PMW measurements (i.e. accuracy of rainfall rates) with advantages of the
geosynchronous IR measurements (i.e. the availability of frequent observations). Although there may
be other methods in combining SSMJI and IR rain rates, only two methods will be described here.

An early method which combines the PMW with the IR measurements was developed by
Manobianco et al. (1994) for assimilating continuous rain rates into a numerical model simulations of
60

an extratropical cyclone (see Section 3.6.3). Later, tllis method was applied to Hurricane Florence
(1988) by Karyampudi et. al. (1993, 1998), who used both the GOES-IR and the DMSP-SSM/I
measurements including the multichannel (SSM/I) GPROF algorithm developed by Kummerow and
Giglio (1994) to obtain continuous rainfall rates (over ocean areas only). The technique was designed
to use the GOES-IR data to fill in the tropical cyclone's precipitation structure at short intervals (every
half hour) in between infrequent SSM/I observation times (available at ~0033 UTC, 9 September 1988
and ~~ 1151 UTC, 9 September 1988 for the Florence case) within the domain of the S Sl\1/I image.
The synthesized SSM/I-IR technique used by Karyampudi et al. (1993) consists of the following
steps:
1.

Select the area from the 0033 UTC, 9 September SSM/I image where the rain rates~ 1 mm h- 1.

2.

Count the number of SSM/I pixels within this area with rain rates

3.

Choose a threshold Ta from theIR data at 0035 UTC, 9 September such that the sum ofpixels
at or below that Ts is less than or equal to the pixel count from the S SM/I data corresponding
to the rain rates ::; 1 mm h" 1.

4.

Repeat steps ( 1) - (3) for the -1151 UTC, 9 September IR image. The discrete S SM/I rain
rates at -003 3 UTC and -1151, 9 September are plotted as a function of IR temperatures (open
circles and squares in Figure 2.37).

s 1 mm h"1.

The equations of the best-fit logaritlunic curves (dashed curves in Figure 2. 37) were then used
to calculate rain rates from IR Tss. Since the IR data area available every 30 min between the two
SSM/I orbits, the coefficients for the best-fit curves at the intermediate times were computed by linear
interpolation. Furthermore, the IR-derived rain rates at all intermediate times are limited to be greater
(less) than or equal to the minimum (maximum) SSWI-derived rain rates given by the dashed lines in
Figure 2.37.
Since the calibration of IR and SSM/I data was performed only where SS:M/I data were
available, theIR-derived estimates of rain were computed within the area of SSMJI data. Furthermore,
the SSM/I and IR rain estimates were temporally weighted such that:

Ps

= PSSM11X W

+ PJR (1-w)

(3.2)

where w varies linearly from 0 and 1 over a 12 h period between SSM/I observations, PsSM/1 is
the SS:M/1 rain rates and PIR is the IR rain rate. The blending of the IR and SSM/I data allows the
retention of the SSM/I data at the time of an SSWI overpass and provides a smooth temporal
transition to the IR rain rates constrained by the SSM/I measurements. Although the combined method
produces smooth rain patterns, the fact that there was a weak physical relationship between IR
measurements and rain rate still remains an inherent limitation. In addition, Kummerow and Giglio
(1994) indicated that the SSM/I-derived rain rates were only accurate to within 25% based upon radar
observations at Darwin, Australia.
This combined SSM/I and GOES IR-derived rain rate technique was applied by Karyampudi et
al. (1998) to assimilate continuous rain rates available at 30 min interval into a mesoscale numerical
model to simulate the rapid development of Hurricane Florence (1988). This study also used the
Omega Dropwindsonde Data (ODW) observations, collected by the NOAA/Hurricane Research
Division (HRD), Miami, FL, to initialize the model. In order to apply this technique to the Florence
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case, a few minor revisions were made. First, a change was made in the numerical model to replace
latent heating scaling with convective rainfall in the Kuo scheme (Kuo 1974) in areas where both the
model-predicted and the satellite-derived rainfall coincide. Second, a change was made to specify a
heating profile in deep convective regions where there was satellite-derived rainfall but no modelgenerated rainfall. The final change was made to restore the original Kuo heating distribution function
in lieu of the fixed heating profile specified in the mesoscale numerical model.
Realistic development of Florence was obtained when continuous rain rates were compared
with the simulation that used only the SSM/I-derived rainfall rates. Results using the ODW
measurement together with combined PMW and IR-derived rain rates to assimilate the mesoscale
numerical model revealed that the development and motion ofFlorence during the first 12 h was more
consistent with observations using the modified Kuo-Anthes cumulus parameterization scheme than
with the Betts-~filler scheme (1986). These findings were also found during the latter half of the
simulation ofFlorence. The modified Kuo-Anthes scheme with the enhanced initial condition also gave
the smallest track and intensity errors at 24 h among all assimilation runs, with predicted central
pressure and rainfall pattern that agreed closely with the observations.
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In a second method, which has been developed by Turk at NRL (Turk et al. 1998), for research
and operational applications (see Section 3.6.3), the basic idea is that as the geostationary data are
processed in real time, a statistical history of the geostationary and SSM/I data is constantly updated (in
a background process) with the newly arrived SSM/I data. Upon receipt of a new SSMJI pass, this
background process works by locating a time and space-coincident geostationary pass, and then eoregistering these data onto the SSJMJ1 sensor co-ordinates. The geostationary Tss are averaged to the
resolution of the SSM/I data sampling (about 25-30 km) prior to this coregistration step. For each of
the coincident geostationary-SSM/1 passes, all pixels with zero or greater SSM/I rain rate are stored in
a data file alongside the corresponding IR TBS, the geolocation, and the surface type. Each file name is
internally tagged with the data and time of the overpass every 3 h. The last 24 h of these combined
statistical datasets are gathered.
Every 3 h an update cycle starts and locates the most recent 24 h of past coincident data.
Separate histograms of the IR temperatures and the associated rain rate is built in 15° global boxes.
The boxes are spaces 5° apart, so that they overlap geographically and assure that the histograms
transition smoothly from one box to the next. The boxes assure that the characteristics are captured for
each type of rainfall. The probability matching method (P:MM) described by Barrett et al. (1994)
involves the probability distrbution functions (PDF) of the MW-based rain rate and the geostationary IR
TBs, respectively. For each rain rate bin, PDF is matched to the IR temperature PDF while working
from the warm end ofTns on upwards. The first pair to be matched is therefore the zero-rain rate IR
threshold for this 15°. Generally, the number of eo-located points contained in each 15° box using the
5
3
24 h look-back time ranges from over 10 within the tropics to 10 above and below ± 40° latitude.
Lastly, a file is produced that contains all lookup tables for the 15° boxes, which relates the 1R
temperature to the MW-based rain rate.
The production of instantaneous rain rates involves a relatively straightforward scan of the
above-mentioned global lookup tables that relate IR TBS to the histogram-matched MW-based rain
rate. Multihour rain accumulations are computed by an explicit time-integration of successive
instantaneous rain rate images. A well-known drawback of any IR geostationary-type approach to
rainfall estimation is the presence of high, non-raining clouds such as cirrus clouds (Bauer et al. 1998).
To address this effect, two types of screens are currently used in a cascade configuration, a split
window difference test (10 and 12 IJ.m channels since the current GOES and GMS satellites possess this
capability), and also a previous-time IR temperature difference.
2.5

TROPICAL CYCLONE INTENSITY- LATENT HEAT RELEASE AND
ENVIRONMENTAL INFLUENCES

2.5.1

Tropical Cyclone Intensity Problem

It has long been known that latent heat release is the primary energy source driving the tropical cyclone
circulation (Malkus and Riehl 1960). Current research into methods of determining intensity has been
directed towards many aspects of latent heat release (LHR) and its role in tropical cyclogenesis, storm
intensification, and rainfall distribution. The present subsection of this chapter will attempt to
summarize the more recent efforts in this area but, first of all, will briefly review the various methods of
assessing intensity.

The most reliable measure of tropical cyclone intensity is, as pointed out earlier, central pressure
Central pressure values are routinely estimated for all tropical cyclones whenever direct measurements
are not available, as is generally' the case. These values are carefully validated by post-analysis using
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both conventional and satellite data. For example, the maximum surface wind in a tropical cyclone can
be derived from the central pressure using the following formula developed by Fletcher (1955):

Vmax =A (Pn- Pc) 0' 5

(3.3)

where Vmax is the maximum wind speed in knots (kt), Pn and Po are the pressures in hecto Pascal (hPa)
along the periphery and the centre of the storm respectively, and A is a constant. Different values have
been assigned to A by researchers in the different tropical cyclone basins.
Conventional observations, whether surface or upper-air, are an important component of the
tropical cyclone observational system (Elsberry 1987). Unfortunately, large parts of the world's tropical
cyclone regions consist of ocean areas from which there are few reports. Despite the drawbacks
inherent in their coverage, conventional observations (which include ship reports, automatic weather
stations, fixed and drifting buoys and reports from commercial aircraft) remain a most valuable source
of information on the structure of the atmosphere both in and around a tropical cyclone and careful
analysis of the data helps in assessing its intensity. Some individual parameters, such as sea surface
temperature, may also contribute more directly towards an understanding of storm strength. One
particular parameter that determines the upper limit of tropical cyclone intensity is the Maximum
Potential Intensity (MPI), which is primarily a function of the SST and the thermodynamic state
(Emanuell988; Holland 1997). However, the vast majority of storm intensities do not reach the MPI
due to inhibiting features such as wind shear etc.
Very few observations are available within the eye and area of maximum winds since they cover
a small area. Observations from anywhere within the circulation are helpful but alone reveal little about
intensity (Weatherford and Gray 1988) since the area of most destructive winds are confined to a
narrow region of the eyewall.
Aerial reconnaissance flights constitute a unique source of information that is unobtainable by
any other way by making direct measurements of central pressure and maximum wind speed. They also
provide ground truth for radar- or satellite··derived estimates. Unfortunately, the very high cost of such
flights has led to a situation in which they are now only available in the Atlantic hurricane basin. On the
other hand, the increased availability of satellite data, especially MW observations from SSM/I, to some
extent compensates for the loss of aerial reconnaissance.
Radar observations can provide both qualitative and quantitative pointers to the intensity of a
particular tropical cyclone (WMO 1984). A qualitative estimate of intensity can be made from the
general appearance of echoes on the radar screen, particularly the PPI. Temporal changes of eye
diameter generally indicates changes in intensity such that a decrease of eye diameter over a number of
hours indicate an increase in the intensity of the cyclone (e.g. Bell 1975; Raghavan 1985). Other
researchers (e.g. Meighen 1985) find that the relationship is much less simple. Estimating the intensity
of a tropical cyclone from eye size alone is difficult since there is a very little correlation between the
tropical cyclone intensity and the size or the strength as pointed in Section 2.2.2.
Zhou (1985) defined intensity as the maximum wind force (m s" 1) near the typhoon centre,
which could be determined by summing up eight contributory weighting factors in accordance with the
radar echo features. Various parameters observed by radars, such as band width and length, number of
bands, eyewall width and diameter, have been correlated with intensity. For example, the presence of
concentric eyewalls (or double-eye structure) generally suggest that the storm is near its maximum
intensity (Jordan and Schatzle 1961; Willoughby et al. 1982). It must, in any case, be noted that the
contribution of radar data to estimating intensity or other features of a tropical cyclone can only be
assess_ed when the storm is within 200-300 km of a radar station.
64

The lack of conventional meteorological observations over most of the areas where tropical
cyclones develop and transit has led to the development of techniques for the estimation. of intensity
from satellite observations. For example, Steranka et al. (1986) reported that IR measurements of
cloud canopy temperatures within 222 km radius of the tropical cyclone centres over the Atlantic
Ocean basin can be used as valuable indicators of the strength and distribution of the stonn's inner
convection, and hence the future intensification. However, the most widely used technique to estimate
the intensity from satellite observations is that ofDvorak (1975, 1984), described earlier in this chapter.
His technique can be used with VIS or IR data, the procedures and rules being the same for both;
however, newer methods have been designed for use with VIS, enhanced IR and digital IR data.
In another part of this subsection the possible use of PMW imagery for intensity estimates
through a Dvorak pattern recognition system is presented. Some experimental results are reported
indicating that the system could be applied to MW imagery with a fair to good degree of success.
Other attempts to estimate typhoon intensity fi:om observations obtained by a NOAA polar orbiting
satellite Microwave Sounding Unit (MSU) were reported by Velden and Merrill (1990). This method
statistically correlates the magnitude of the satellite-observed upper-level warm core with surface
intensity. The statistically-derived relationships, adjusted to better reflect a typical western North
Pacific tropical cyclone intensity distribution, yielded standard errors of approximately 11 hPa and 13 kt
for surface pressure and maximum wind respectively. The most recent version of this method has been
applied to the AMSU measurements of Hurricanes Georges and Bonnie over the Atlantic by Vel den
and Brueske (1998) as shown in Section 2.3.5.
A method to better estimate the horizontal thermal structure of the upper-level warm anomaly
from the AMSU instrument is being developed by Velden and Brueske (1998). This algorithm
explicitly models the interaction of the anomaly structure with the antenna gain pattern and scan
geometry in order to make adjustments to the raw AMSU radiances since the actual peak TC wanning
occurs over an area smaller than the footprint viewed by the AMSU sensor. This method copes better
with inter-storm and inter-basin variability and may be the only way in which intensity estimates from
MW sounders are possible without ground truth from aircraft also being available.
2.5.2

Intensity- Latent Heat Release and Environmental Influences

The release of latent heat in deep convective cells provides the available potential energy
necessary to maintain and intensify tropical cyclones (Palmen and Riehl 1957; RieW and Malkus 1961).
An idealised explanation for the tropical cyclone intensification is that the eyewall convection causes a
diabatic warming within the eye through compensating subsidence (Malkus 1958), which
hydrostatically lowers the central pressure, increases the surface pressure gradient, strengthens the
secondary circulation, and creates potential energy through the import of moisture and momentum into
the system and mass out the system. The cyclone spinup process occurs only through mass balancing
of the in-up-and-out radial circulation (Gray and Shea 1973; Gray 1979), which is necessary for
increasing surface energy flux that will enhance the release of latent heating and cumulus cloud
buoyancy. The potential intensity of the tropical cyclone increases as the surface energy flux and the
SSTs increase (Miller 1958; Malkus and Riehl 1960; Emanuel 1986). Thus the spatial distribution and
intensity of tropical cyclone precipitation has a large influence on the intensification and maintenance of
the system.
The SSWI, first flown on the DMSP F-8 satellite in 1987 with its advantages described earlier
in Section 2.3.2, has provided researchers and, more recently, forecasters with an improved source of
data for their investigations and, in particular, for the estimation of rainfall. The SS.rvr/I with its radarlike view of tropical cyclones gives excellent depiction of the mesoscale patterns (Huntrakul 1992,
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1995) including accurate rainfall distribution within these storms compared to theIR-based methods as
mentioned in Section 2.4. However, the single SSM/I (F-8 DMSP) satellite was generally only able to
observe a tropical cyclone once a day, or twice a day at best, and hence frequently missed observations
over a two day period (Rodgers and Pierce 1995a). However, using a single (DMSP F-8) and two
(DMSP F-10 and F-11) SSMJI satellite observations, respectively, Rodgers et al. (1994b) and Rodgers
and Pierce (1995a) have demonstrated that SSM/I observations were frequent enough not only to

monitor the evolution of the tropical cyclone precipitation distribution but also to relate the changes in
inner-core latent heat release (LHR.) to intensity changes. They also found out that SSMJI data can
help monitor the CRB cycle that is important in the intensification and weakening of tropical cyclones.
Taking advantage of the abundance of data from the DMSP F-10, F-11 and F-13, which were
launched, respectively, in 1991, 1992 and 1995, Rodgers et al (1998) carried out a study of the
satellite-derived LHR and environmental influences in Hurricane Opal (1995). This study builds on the
earlier results from Typhoon Bobbie (see Section 2.4.2) for a summary of results) and is of sufficient
importance to merit consideration here in some detail due to the serious forecasting problem that Opal
posed to the operational community as pointed out in Section 2.5.2. This study not only examined the
evolution of Opal using more frequent SSMJI observations but also utilized a more advanced algorithm
to estimate the hurricanes total (i.e. combined convective and stratiform) rainfall and LHR including
vertical distribution of LHR and the fractional contribution of convective precipitation to LHR. By
providing additional information on the location and height of the maximum latent heating, the
algorithm yielded further insight into the tropical cyclone intensification process. In contrast to the
Bobbie study, the Opal study not only included the mature and rapid decay stages but also the rapidly
intensifying stage, which was not forecast well in real time as pointed out in Section 2.5.2. Most
importantly, the study is perhaps unique in using satellite-derived vertical profiles of latent heating
distribution to infer the dynamics of convective bursts and their role in intensification. Another study
by Bosart et al. (1999) examined the environmental influences on the rapid intensification of Hurricane
Opal. A summary of results from both these studies will be provided below.

Satellite-derived Latent Heat Distribution in Hurricane Opal
Hurricane Opal was the fifteenth Atlantic tropical cyclone during the prolific 1995 season. It
formed from an easterly wave that moved westward off the north coast of the Yucatan peninsula over
the Gulf of Campeche on 1 October (Figure 2.38). It quickly intensified to tropical storm stage as it
drifted westward, with slow intensification continuing until hurricane strength was reached at about
1200 UTC, 2 October.
The ECMWF 500-mb (hPa) geopotential height analysis (Figure 2.39) suggests that Opal began
to interact with a diffiuent mid-tropospheric trough (i.e., a trough that has an upper-level jet located
upstream from the base of its axis) with an axis that reached the western Gulf of Mexico at 0000 UTC,
3 October. In response, Opal recurved northeastward (Figure 2.38), later merging with the trough
circulation as it moved into the Gulf of Mexico. At that time, it accelerated and intensified rapidly to a
category 4 hurricane (Saffir-Simpson scale (Simpson 1976)). Rapid intensification continued for nearly
24 h. Opal weakened to category 3 12 h before landfall at about 2200 UTC, 4 October east of
Pensacola Beach, FL, where it caused extensive damage.
In order to examine the influence of inner-core LHR including convective ring cycles on
Hurricane Opal's intensity change, Rodgers et al. ( 1998) integrated the total LHR estimated from
SSM/I observations over a cylindrical volume with a radius of 55 km (see Section 2.5.2 for more
details). Since no SSM!l observations were available during Opal's early development (i.e. 2-3
October), total LHR during later stage of rapid development between 3 and 5 October was presented
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Figure 2.38: Track of Hurricane Opal over the period 27 September-5 October 1995. Storm position
indicated every 6 h by the open triangles. Storm central pressure (hPa) is indicated at
selected time periods. Warm-core eddy (WCE) outlined in grey (Bosart et al. 1999).

by interpolating the SSM/I observations (i.e. a total of 14 observations from the F-10, F-11, and F-13
satellites) to every 3 h using a spline fit. In order to obtain confidence in the interpolated 3 h LHR in
accurately representing the convective ring cycles, they compared them with the hourly GOES-IR
(window channel) blackbody temperatures (TBBS) averaged over the same eyewall region. They found
good agreement in the occurrence of convective burst episodes between these two independent data
sets and concluded that the interpolated SSM/I-derived LHR. estimates are reliable enough to infer
Opal's intensity change.
The total LHR curve (Figure 2.40) indicates at least two periods (at about 0000 and 1200 UTC
4 October) when the total LHR reached a maximum in the eyewall region. It also suggests that Opal's
minimum pressure decreased after the two episodes of elevated eyewall total LHR. between 1500 UTC
3 and 1200 UTC, 4 October (i.e. by as much as 50 hpa in the 21 h). It is hypothesized that these
episodes caused rapid intensification on 4 October. As Opal intensified, there appears to be greater
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Figure 2.39: ECMWF analysis of the North American 500-mb (hPa) geopotential heights (m) at 0000
and 1200 UTC for 3-4 October 1995. The dot represents Opal's best track position at
the given times (Rodgers et al. 1998).

intensity response with reduced lag time (between increased LHR and decreased central pressure),
perhaps due to an increase in the low- to mid-tropospheric inertial stability (Baik et al. 1993). The
reduced response time of Opal's minimum pressure to increases in latent heating is consistent with the
earlier numerical (Shubert and Hack 1982; Shapiro and Willoughby 1982; Hack and Shubert 1986; van
Delden 1989) and observational studies (Rodgers et all994a,b; Rodgers and Pierce 1995a,b). Figure
2.40 also indicates that the second episode dissipated prior to Opal's landfall, initiating its weakening.
Using the convective-stratiform technique of Churchill and Houze (1984), Rodgers et al. (1998)
further decomposed the eyewall total LHR into convective and stratiform portions and found that the
two elevated LHR episodes at ~0000 and ~ 1200 UTC, 4 October (noted in Figure 2.40) were mostly
dominated by convective processes in the eyewall region (Figure 2.41). The highest convective
contribution was found to be approximately 70%, which is consistent with those derived from airborne
radar in earlier hurricane studies (Marks 1985; Marks and Houze 1987). These two elevated LHR
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episodes were referred to as convective bursts since they were dominated by convective LHR than at
other times.
In order to understand the role of these two convective bursts on Opal's rapid intensification,
Rodgers et al. (1998) further examined the SSMII-derived total LHR in the eyewall region as a
function of height during the nine SSMII observation periods. These vertical LHR profiles, shown in
Figure 2.42, suggest that more net LHR. was generated during the two convective bursts (2345 UTC, 3
October and 1216 UTC, 4 October), particularly in the mid- to upper-troposphere (i.e. above 3 km),
than other times mainly from convective diabatic heating processes as relatively insignificant
contribution from evaporative cooling occurred in the lower troposphere (below 3 km) from stratiform
rain processes. They also indicate a greater amount of heating at upper tropospheric levels (above 5
km), possibly in response to the enhanced generation of latent heat above the freezing level due to ice
microphysical processes. Enhanced LHR above the freezing level, in turn, generates vigorous updrafts
through greater eyewall buoyancy. Eyewall buoyancy must be sufficient to compensate for the loss of
eyewall cyclonic momentum due to both frictional dissipation at the surface and export at upper
tropospheric levels (Fitzpatrick 1996). The occurrence of increased latent heating at higher levels in
satellite observations is consistent with the numerical study by Lord et al. (1984), who showed that ice
processes contribute significantly to eyewall buoyancy and hence to tropical cyclone intensification.
Figure 2.43 shows plan views of Opal's vertically integrated LHR at 0409 and 1630 UTC, 3
October and at 0337 and 1558 UTC, 4 October. The initial distribution ofLHR (panels (a) and (b)) is
relatively broad and asymmetric, but by 0337 UTC, 4 October (panel (c)) the storm became more
compact, with evidence of spiral bands and heating concentrated in the inner-core. Later, at 1558
UTC, 4 October (panel (d)), heavy bands of precipitation/latent heating extended further from the
storm centre and over land. Therefore, from examining both the vertical and horizontal distributions of
latent heating, one can infer that the greater the amount of latent heating released at higher levels close
to the eye centre, the more likely it can intensify the system due to greater eyewall buoyancy and
compensating subsidence arising from secondary circulation and higher inertial stability.
To further examine the role of convective burst cycles on Opal's intensity change, Rodgers et
al. (1998) plotted the vertically integrated and azimuthally averaged LHR over eight annuli (each 55
km in width) extending from the centre out to 444 km (4°) as a function of time between 3 and 5
October. The average LHR values in each annulus are interpolated to 3 h intervals and are presented in
time-radius format in Figure 2.44. Although the LHR is averaged over large areas, the temporal
evolution of Opal's LHR at 3 h intervals during 3-5 October suggests two possible large-scale CRBs
(large values ofLHR) marked by thick dashed lines 1 and 2. The first CRB was initiated approximately
110 km from the centre at 1500 UTC, 3 October (when the central pressure was about 969 hPa) and
propagated inward before dissipating at about 1800 UTC, 4 October. This CRB appeared to aid in
initiating the first eyewall convective burst at 0000 UTC, 4 October with the central pressure
decreasing to 957 hPa.
The second CRB, which first appeared 275 km from the centre at approximately 0600 UTC, 4
October, propagated inward to within 110 km of the centre by 1500 UTC, 4 October. It appeared to
have a significant influence in dissipating the first CRB when it came within approximately 100 km.
Early studies by Willoughby et al (1982) and Willoughby (1988, 1990) suggest that the subsidence and
reduced inward flux of moisture caused by an outer CRB may result in the dissipation of an earlier
inner-core CRB. This interaction most likely caused the second CRB to dissipate the first. The second
convective burst, at 1200 UTC, 4 October, did not appear to be caused by the second CRB, but was
more likely caused by external forcing (such as SSTs, upper atmosphere influences etc.; see the
following sub-section). However, the second CRB dissipated prior to landfall.
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Figure 2.42: Vertical distribution (km) of SSM/1-derived azimuthally averaged LHR (8° C d" 1) for
Opal's eyewall region at nine SSMJl observation times between 3 and 5 October 1995.
Positive latent heating rates are shaded (Rodgers et al. 1998).
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Figure 2.43: Plan view of the SSM/I-derived vertically integrated tropospheric LHR (kW m" 2) for
tropical cyclone Opal at approximately (a) 0409 and (b) 1630 UTC, 3 October and at (c)
0337 UTC, and (d) 1558 UTC, 4 October 1995. The centre of Opal is denoted by a
hurricane symbol. The white background delineated SSM!I observed rain-free regions
and the continuous light grey shade delineates regions not observed by SSM/I. Contour
2
intervals of LHR are 2 kW m· , and shaded regions delineate LHR greater than 1 kW
m· 2 (Rodgers et al. 1998).

Comparing the region of elevated total LHR associated with the CRB cycle to Opal's minimum
pressure, it is evident that pressure decreases only when the total LHR. in the eyewall region increases.
The magnitude of total LHR outside the eyewall has little influence on intensity. The figure clearly
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Figure 2.44: Time vs radius plot of Opal's 3 h interpolated SSM/I-derived azimuthally averaged
(annuli 1 to 8 (55 km width)) total tropospheric LHR (kW m"2) and minimum central
pressure (mb) for the period of 2100 UTC, 2 October to 1200 UTC, 5 October 1995.
Contour intervals ofLHR are 2 kW m-2 and shaded regions delineate LHR greater than 2
kW m·2 . The heavy dashed lines (lines 1 and 2) denote the axes of greatest latent heat
release. The heavy dashed-dotted line represents the approximate time of Opal's landfall
(Rodgers et al. 1998).
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shows that before the development of the first CRB, Opal was in a steady state with an insignificant
change in intensity. From the time the first CRB reached the eyewall at 2100 UTC, 3 October until its
dissipation at ~ 1200 UTC, 4 October, central pressure decreased by 50 hPa. In the absence of the first
CRB after 1200 UTC, 4 October, Opal weakened slowly prior to landfall. These results are consistent
with the eyewall total LHR-minimum pressure time series ofFigure 2.40. Thus, it appears that Opal's
rapid intensification occurred on 4 October when the enhanced eyewall total LHR also increased in
response to the two convective bursts. LHR enhancement may have been caused partly by the inward
propagation of the first CRB in which approximately 70% of the total LHR was convective as it
occurred at higher levels close to the eyewall. This implies that buoyancy and upward vertical motion
in Opal's eyewall region were large. These observations support the hypothesis that rapid intensification
occurs when the diabatic heating is released close to the centre of circulation at higher levels.
The relationship between Opal's CRB cycles and its intensity is consistent with the mechanisms
proposed by Willoughby et a! (1982) and Willoughby (1988, 1990). Similar relationships were
deduced from SSM/I rain rate observations in three 1989 western North Atlantic hurricanes (Rodgers
et a! 1994b) and one in the western North Pacific (Rodgers and Pierce 1995a). In the next section,
large-scale external forcing mechanisms that may have helped to enhance, maintain, and dissipate the
CRBs and convective bursts are examined. Some of these forcing mechanisms, which are similar to
those used in NOAA1s Statistical Hurricane Intensity Prediction Scheme (SHIPS) (DeMaria and Kaplan
1994) are the SSTs, vertical wind shear, and eddy relative angular momentum flux convergence
(ERFC) etc.

Environmental Influences: Sea Surface and Tropopause Temperatures
Rodgers et al. (1998) note that Hurricane Opal encountered very warm SSTs (>29.5°C) over the Gulf
of Mexico on 3 October (Figure 2.45). Although the SSTs in Figure 2.45, derived from large-scale
NCEP analysis, appear to decrease during the second convective burst episode on 4 October, fine
resolution AVHRR imagery and TOPEX/POSEIDON analysis of sea height anomaly shown by Bosart
et al. (1999) suggest that Opal interacted with a deep-layer oceanic warm-core eddy (WCE) between
0300 UTC and 1000 UTC, 4 October over the northern Gulf(see Figure 2.38) during the occurrence of
the second convective burst episode as Opal reaches its maximum intensity of 916 hPa at 1000 UTC.
However, as Opal moved north towards the Gulf coast on 5 October, SSTs declined to approximately
28°C.
The potential for the occurrence of deep convection and hence the rapid intensification of Opal
may have also been aided by presence of lower tropopause temperatures (estimated from ECMWF
analysis) within the eyewall region during 3-4 October (Rodgers et al. 1998). Prior to landfall at about
2200 UTC, 4 October, temperatures were less than 193 K, almost 6° colder than the tropical mean
tropopause temperature. Eyewall tropopause temperatures increased by approximately 3° thereafter.
These low tropopause temperatures, combined with the high SSTs, and a humid mid- and lower
troposphere (derived from the ECMWF analyses and discussed later) appeared to have contributed to
Opal becoming an intense category 4 hurricane.

Environmental Influences: Upper-tropospheric Trough Interaction and Vertical Wind Shear.
As mentioned earlier, Opal interacted with a diffluent 500 mb (hPa) trough that entered Texas at 0000
UTC, 3 October (Figure 2.39). The ECMWF analysis reveals an upper-level jet stream entering the
base of the trough at 0000 UTC, 4 October, causing it to amplify and merge with Opal. Subsequently,
the tropical cyclone intensified as the combined system accelerated northeastward. Using high
resolution layer-mean (300-200 hPa) wind vectors derived from high den~ity GOES water vapour
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2.45: Opal's 3 h interpolated SSM/1-derived volume-integrated tropospheric LHR (1013 W)
within Opal's eyewall region (solid line) and the 12 h interval averaged mean sea surface
temperatures COC) (dashed line) that Opal encountered between 0000 UTC, 3 October
to 1200 UTC, 5 October (Rodgers et al. 1998).

(WV) motions of Opal environment, Bosart et al. (1999) estimated the divergence and 6 h layer-mean
divergence change to support the contention that a trough-jet-hurricane interaction played an important
role in the rapid intensification of Opal. Based on these analyses, they showed that as Opal interacted
with a midlatitude trough, a significant increase in the magnitude and equatorward extension of the
divergence core occurred beginning from 1200 UTC, 3 October to 0000 UTC, 4 October. This
divergence is shown to precede convective growth in the eyewall and the onset of rapid intensification
as can be seen in Figure 2.46. Note that the convective growth in the figure is represented by deep
convective parameter (DCP) estimated by the number of warmer WV pixels (pixel count) relative to
collocated IRW pixels between 24 and 144 km radius from the storm centre following the method of
Velden and Olander (1998).
Rodgers et al. computed the time evolution of the 500 km by 500 km area averaged vertical
wind shear around Opal by taking the magnitude of the difference between the mean wind vectors at
the 850 and 200mb (hPa) levels from ECMWF wind analyses. They found that the vertical wind shear
was approximately 15 m s- 1 prior to 1200 UTC 3 October (Figure 2.47). However, as Opal moved
farther northward into the base of the trough on 4 October, the shear increased to 26 m s· 1 before
landfall. These values are substantially larger than the threshold values of 8.5 to 12.5 m s· 1 threshold
values estimated to be necessary to inhibit tropical cyclone intensification (Fitzpatrick 1996; Zehr
1992). The wind shear in Opal also exceeded that observed during most ofFlorence's (1988) lifetime.
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Figure 2.47: Opal's 3 h interpolated SSM/I-derived volume-integrated tropospheric LHR (1013 W)
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1200 UTC, 5 October (Rodgers et al. 1998).
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1

Nevertheless, the large values of up to 25 m s· before 1200 UTC on 4 October appeared to have had
little influence on the convective bursts or CRBs (Figure 2.47). One reason Opal continued to intensify
despite large vertical wind shear may be due to the fact that the environmental vertical wind shear (i.e.
the wind shear without the storm circulation) appears to be small, as noted by Bosart et al. (1999), who
estimated the environmental vertical wind shear averaged over a 500 km radius centred on Opal
between 850 and 250 hPa levels using ECMWF, NCEP and RF analysis (see Figure 2.48). Although
the shear values in the coarser resolution NCEP analysis are higher than in the other two analyses, the
1
shear in the ECMWF analysis is a minimum ( ~ 1 m s" ) at 0000 UTC when Opal is intensifying rapidly
1
and is still small (~3 m s" ) at 1200 UTC just after Opal starts to weaken. Therefore, the environmental
vertical wind shear, if not the total vertical wind shear, appears to favour the occurrence of CRBs.

Environmental Influences: Environmental Flow/Storm Interactions
Another indicator of storm-·environmental flow interaction is the Eliassen's (1952) balanced
vortex (BV) equation solution computed in storm-relative coordinates (Molinari and Vollaro 1989,
1990). Bosart et al. (1999) estimated the azimuthally averaged (over 0-600 km radius) BV outflow at
200 hPa for the period 0000 UTC, 3 October and 0000 UTC, 5 October (using both ECM\.VF and
NCEP analyses) and found that the largest BV outflow peak from the EC~·NF analysis (1.5 and 2.3 m
s· 1,respectively, at 1200 UTC, 3 October and 0000 UTC, 4 October) coincides with the rapid
intensification phase of Opal (Figure 2.49). These findings suggest that the early intensification phase
of Opal (associated with the first CRB noted in Figure 2.40) is most likely influenced by the
environmental flow/storm interaction processes.

Environmental Influences: Tropospheric Moisture Distribution.
Two of the physical processes that have been shown to influence tropical cyclone Lill-t within
regions of weak lower tropospheric inertial stability are surface evaporation (Frank 1977) and strong
horizontal surges oflow level horizontal water vapour flux (Ooyama 1964; Chamey and Eliassen 1964;
JVlolinari and Skubis 1985; Lee 1986). In their study Rodgers et al (1998), eKamined the mean
tropospheric hmizontal moisture flux (Hl\1F) to ascertain the effect of inward fluxes ofwater vapour on
precipitation within the inner-core and outer-core region CRBs. The evolution of the azimuthal
distribution at 850 hPa (the level of maximum flux) was also calculated fi·om the ECMWF analyses in
order to determine the time variation oflower tropospheric asymmetries.
The spatial distribution of the total precipitable water (TPW) observed from SS11JI and derived
from the ECMVVF analyses (integral of mixing ratio with height) at approximately 0000 and 1200 UTC,
4 October 1995 are shown in Figures 2.50 and 2.51 respectively. The figures show that both synoptic"·
scale TPW fields are generally similar. However, there are subtle small-scale differences caused by
differences in time and resolution of the products, or the lack of moisture measurements used in the
ECMWF analyses over the Gulf of Mexico, or the inability of SSM/I to observe TPW over land and in
areas of rain. Nevertheless, as the analyzed TPW is consistent with the observed large~scale features
over the Gulf of Mexico, the mean tropospheric and 850 mb (hP a) IIMF derived from the ECMWF
analyses are used to determine what influence the distribution of TPW surrounding Opal had in
initiating and maintaining the system's CRBs.
Most evident from the ECMWF analyses is the moist troposphere surrounding Opal and a dry
region entering the western Gulf of Mexico. The ECMWF analyses of the vertical motion patterns
within the trough suggest that the dry region was generated by descending motion west of the trough
axis. The EC:N1WF-derived 850 and 500 mb (hPa) streamline analyses suggest that the dry region
intruded cyclonically around the western and southern regions of Opal. Detailed SSWI TPW figures
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Figure 2.48: Time series of computed 850-200 hPa wind shear (m s" 1) centred over the 850 hPa grid
point with the highest cyclonic vorticity (Opal) for the period 0000 UTC, 1-5 October
1995. Shear computed from the ECMWF, NCEP, and RF analyses is shown by the
solid, dashed, and dashed-dotted lines, respectively. Heavy dashed line denotes aircraftmeasured central pressure (hPa) in Opal (Bosart et al. 1999).
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Figm·e 2.49: 200 hPa azimuthally averaged balanced vortex outflow (m s" 1) for the period 0000 UTC,
1-5 October 1995 for the ECMWF (NCEP) analyses as shown by the solid (dashed)
curve. Central pressure (hPa) in Opal is shown dotted (Bosart et al. 1999).
78

0028 UTC 4 OCT 1995 SS M/I DERIVED TPW (mm)

0000 UTC 4 OCT 1995 ECMWF DERIVED TPW (mm)

Figure 2.50: The SSM/I-observed (left panel) and ECMWF-derived (right panel) environmental total
precipitable water (TPW, mm) at approximately 0000 UTC 4 October. Shaded intervals
are 5 mm. Black regions in the left panel represent raining areas that the TPW cannot
derive from S SM/I. The 222 km radius circle in the left panel centred on Opal represents
the hurricane's approximate circulation circumference. Large white dots indicate Opal's
centre (Rodgers et a/.1998).
1200 UTC 4 OCT 1995 ECMWF DERIVED TPW (mm)

1258 UTC 4 OCT 1995 SSM/I DERIVED TP'vV (mm)

Figure 2.51: The same as Figure 2.50 but for approximately 1200 UTC, 4 October.
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Figure 2.52: Surface wind analysis for Hurricane Opal at 2140 UTC, 4 October; ·isotachs (m s" 1) are
shown for marine exposure over water and open-terrain exposure over land at 10 m
height. Radar reflectivity data (dBZ) are shown for the Elgin AFB WSR-88D (Powell
and Houston 1998).

indicate an intrusion of dry air from the southwest to within 222 km of Opal's centre at approximately
1200 UTC, 4 October (see circle in figures). It will be shown that this helped to terminate the second
convective burst (1200 UTC, 4 October) through erosion of the LHR in the southern half of Opal prior
to landfall. At landfall (Figure 2.52) most of the active convection was associated with the remnants of
the northern eyewall; both airborne and WSR-88D radar indicated that no strong convection was
evident to define the southern half of the eye (Powell and Houston 1998).
The evolution of the azimuthal distribution of the 850mb (hPa) horizontal moisture flux (HMF)
at a radius of 333 km from Opal's centre from 0000 UTC, 2 to 1200 UTC, 5 October is illustrated in
Figure 2.53. It is evident that the dry air seen to the southwest (Figures 2.50 and 2.51) was entrained
into the southwest sector of Opal's outer circulation statting about 1200 UTC on 4 October and that
sector became progressively drier with time. This dry air intrusion, combined with the strong vertical
wind shear, warmer tropopause temperatures, and cooler SSTs, may have aided in the termination of
Opal's second CRB cycle. At the same time, the eastern half of Opal's outer circulation became
increasingly moist, which helped to maintain the convective growth in the eastern sector (Figure 2.43).
However, the net moisture flux at the 850 mb (hPa) level, particularly in the northeastern sector,
continued to increase with time with maximum values greater than 1100 g kg" 1 m s· 1 occurring at 1200
UTC, 5 October. Examination of the 850 mb (hPa) I-IMF at the radius of 333 km revealed that the
increase in moisture flux before landfall at 2200 UTC, 4 October was mainly due to the translation of
the system and not to net influx of moisture.
Indeed, analysis of NOAA airborne Doppler measurements of the radial (relative to the storm)
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Figure 2.53: The azimuthal-time change (1200 UTC, 1 October to 1200 UTC, 5 October 1995) of
Opal's 850-mb (hPa) horizontal moisture flux (50 g kg 1 m s" 1 contours) across
cylindrical surface 333 km from Opal's centre. Water vapour flux is calculated in a
Lagrangian reference frame. Dark shaded regions denote the inward flux of water
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velocity component of Hurricane Opal, 1800 UTC, 4 October 1995 (Powell and
Houston 1998).
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velocity component by Powell and Houston (1998) shows the influence of motion on the radial wind
field and indicates that the effect of the cold front/mid-latitude trough was to cause Opal to become
embedded in a background flow from the southwest to northeast (Figure 2.54). This flow increased
with height such that it was strongest at the 3 km level and well in excess of the storm motion. The
effect of this type of flow would be to reinforce hurricane winds on the east side and diminish them on
the west side
To ascertain what influence the outer core region tropospheric HMF had in initiating and
maintaining Opal's CRBs, the evolution ofHMF at a radius of333 km is compared in Figure 2.55 with
the evolution of the integrated LHR within an annular volume with inner and outer radii of 165 and 222
km, respectively. The HMF in the figure undergoes a nearly 23% increase (3.1 to 3.8 x 108 kg s" 1) from
1200 UTC, 3 to 0000 UTC, 4 October. These values are a factor of almost three times those found at
a similar radius surrounding Florence. Subsequently, HMF values decreased to a minimum of2.5 x 108
kg s" 1 during landfall at 2200 UTC 4 October.
Comparing the HMF values with the volume-integrated LHR during the CRB cycles (Figure
2.40), it is clear that their initiation follows a high influx of water vapour. However, as the HMF
analyses and SSMJI observations are infrequent and do not always coincide, it is not possible to
establish a cause and effect relationship between Opal's HMF and the initiation of the CRB cycles.
2.5.3

Tropical Cyclone Intensity Estimates with Passive Microwave Observations

Most tropical cyclone forecasters are familiar with the Dvorak technique (1975, 1984),
described in detail in Section 2.2.4, which empirically relates cloud features seen on satellite imagery to
central pressure (and hence maximum windspeed). The system produces reasonable estimates of
intensity although the lack of ground truth data means that a proper evaluation is not always possible.
The analysis techniques all use cloud feature measurements and rules based on a model of tropical
cyclone development to arrive at the current and future intensity of a tropical cyclone. The model
describes tropical cyclone development in terms of day by day changes in the cloud pattern of the storm
and its environment. It contains cloud pattern descriptions at each stage of development and
information on how they change with time.
The SSM/I 85 GHz imagery reveals important TC structure that is highly correlated with storm
intensity. The question is how to extract intensity estimates in a quantitative manner, whether via a
manual or automated method. One could derive a Dvorak-like pattern recognition rule base and apply
it to SSM/I 85 GHz images in an operational setting and achieve reasonable results, as described below
under the "Manual Method" developed by the Thai Meteorological Department. However, one of the
lessons learned with the application of Dvorak technique to VIS/IR data is that subjective differences
and inconsistencies arise even among highly trained analysts. Thus, the goal of the NRL group has
been to focus on automated techniques that provide an accurate and stable answer over a wide range of
conditions. This technique, named the "Automated Method" is described further below.

Manual Method
The potential advantages of SSM/I over VIS/IR imagery have led Huntrakul (1992) to consider
to what extent the .Dvorak method could be applied to predict ascertain various tropical cyclone
features such as intensity. Whereas the VIS/IR imagery used by Dvorak shows the cloud structure and
pattern descriptions including changes at each stage of development of the storm as viewed from above
(see Figure 2.56, which is an example of the most common type of "curved ban.d" cloud pattern
recognition used by Dvorak's technique), SSM/I imagery depicts areas of rain through measurement of
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TABLE 2.2
Comparison ofGMS-IR and SSM/I T-numbers estimated from Dvorak's model (1984) (Huntrakul
1992).

CARY
(Aug 1987)
Dateffime
T-no

UTC

GMS SSM/I

GAY
(Oct/N ov 1989)
Dateffime T-oo

KELLY
(Oct 1987)
Dateffime T-oo

urc

GMS

SS M/I

urc

ONGOLE
(Oct 1987)
Dateffime T-oo

GMS SSM/I

urc

GMS SSM/I

18/2200

3.5

4

28/1100

0.5

-

13/1000

4.5

4.5

14/0000

1.5

1

19/1100

4.5

4.5

31/0000

-

-

13/2100

5

5

14/1300

2

2

19/2200

4.5

5

31/2300

1.5

1.5

14/1000

5.5

5.5

15/0000

2.5

2.5

20/1100

5

5

1/2300

2.5

3.5

14/2100

6

5

15/1200

3.5

-0

21/2300

4.5

(4.5)

2/1200

4

4

15/0900

6.5*

5

15/1300

3

3

22.2100

5*

(3.5)

2/2200

-

5

15/2100

6*

(4.5)

2212300

4*

2

3/1200

5.5

5.5

23/0000

4

-

4/1200

4.5

5

23/1200

3.5*

1.5

7/1300

6.5

6.5

9/0100

-

4

Notes:

*
()

weakening stage
incomplete data

hydrometeor Tss within the clouds. In spite of these differences there is a large degree of similarity, in
which they represent the storm circulation and structure, at least when the cirrus cloud shield does not
obscure the cloud structure in IR images. To test the feasibility of applying Dvorak pattern recognition
to SSM/I imagery, an attempt was made as described below, using the cloud features to arrive at a Tnumber intensity in more or less the same way as analyzing GMS-IR images.
The data used in the exercise were the GMS-IR and DMSP F-8 SSM/I imagery for four
selected tropical cyclones (Cary, Gay, Kelly and Ongole) over the North Indian Ocean and North
Western Pacific basin areas (Table 2.2). Individual sets of images were prepared with care to match the
SSM/I image times as closely as possible to the GMS-IR which was used as the "reference" set in
obtaining T -numbers. To ensure the validity of the exercise, an experienced meteorologist made
completely independent assessments of the GMS-IR imagery to assign T-numbers. These results were
not compared until the completion of a separate exercise to assess intensity from SSWI imagery in
terms of T -numbers. The exercise brought forth some interesting results. As an example, IR and
SSM/I images for Typhoon Gay on 3 November 1989 are shown in Figure 2.57.
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(a)

(b)

Figure 2.57:

Satellite imagery of Typhoon Gay, 3 November 1989: (a) SSMII-derived rainfall (mm

hr- 1), 1138 UTC; and (b) GMS-IR, 1200 UTC (Huntrakull992).
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The SSM/I-derived rain image gives a strikingly clear picture of a compact, very intense circular
storm with a very small eye (diameter 14 km). The associated rain areas extend over a circular area
with a diameter of 150-200 km; heavy rain is confined to the eyewall area but, in general, the rainfall is
of moderate intensity or even light in outer areas. The extremely compact structure of the typhoon
gives an impression of great strength and the maximum wind speed at this time is estimated to be 100
kt.
The dominant feature of the GMS-IR image is of a much larger storm embedded in an even
larger area of cloud cover spread over most of the image. A closer examination reveals a number of
features such as the very cold cloud top temperatures surrounding the eye (i.e. within the CDO), and
warm temperatures within the eye itself with a steep temperature gradient between the eye and the
eyewall.
The IR image of Gay at its full strength shows double outflow channels to the northeast and
southwest that are indicative of a mature and active storm. However, one should note that much of the
structural detail seen in the SSM/I image is obscured by clouds in the corresponding GMS image. But
even ifthe SSM/I shows some advantage in depicting inner-core structural details, our comparison has
shown that GMS-IR imagery, apart from its frequent availability, still provides other valuable
information. These two sources of data are complementary, and therefore, there are obvious
advantages in the utilization of both for operational purposes.
Although the complete (both SSM/I and GMS-IR) image sets covered 30 dates and times,
concurrent imagery was not always available, which reduced the possible comparisons to 24 occasions
only. On 13 ofthose 24 occasions (54.17%) the T-numbers assigned to SSM/I images were identical
to the independently assessed GMS-IR results. On another four occasions (16.67%) the difference was
only half a T -number, no more than the subjective difference one might expect to find when two
analysts examine the same image (5 kt at minimum tropical storm strength, 12 kt at minimum typhoon
intensity). Thus approximately 71% of the comparisons effectively produced the same result. Five
pairs of images (21%) resulted in T-number differences greater than 1 (1.5 or 2) and an attempt was
made to determine the reasons for these larger differences.

All five cases occurred during the weakening stages of Typhoons Cary and Kelly. The Cary
differences occurred over a 24 h period for which GMS produced four images and SSJVJ!I produced
three. At that time Cary was making landfall with the eye apparently having just crossed the Vietnam
coastline, the GMS-IR image at 12 UTC, 22 August 1987 was rated T5 but in SSM/I at T3.5.
Although still vigorous, Cary could be classified T4.5 rather a T5 due to the partial coverage by the
SSl\1/I image, which caused some uncertainty in the intensity estimation. Subsequent differences likely
stem from the previous underestimate of the partial SSM/I image with possibly slight overestimates
from the GMS imagery.
T-number differences in Kelly occurred at 09 and 21 UTC, 15 October 1987, the last two image
sets examined for this storm. For each of these times, the SSM/I T-number is 1.5 lower than the GMSIR. Once again the SSM/I images covered half or less of the storm area, making a realistic assessment
of storm intensity doubtfuL However, it is assumed that the GMS T-numbers, in general, are correct.
These SSl\1/I problems occurred mainly because only one satellite was in orbit in 1987. Current
availability of three or more satellites and complete overpasses undoubtedly reduces these problems, as
would the proposed GPM (see Chapter 6).
Although the sample used in the above exercise was small, the results appeared to be
encouraging. They suggest that SSM/I imagery could be used to rate tropical cyclone intensity,
especially when the cirrus outflow in IR imagery obscures the eye and large parts of the inner-core area.
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TABLE 2.J
Con·elation of reference maximum wind with T-number maximum winds deri'{.ed from GMS-IR (WTir}
and SS:M/I (W Tmw) imagery for the four storms (Huntrakul 1922}

Storm

Complete data
WTmwWTir

CARY

0.59

0.97

GAY

0.96

0.82

KELLY

0.88

-0.28

ONGOLE

0.96

0.99

Partial data"'
WTmw
WTir

Remarks

0.10

0.87

*Excluding images over land

0.78

0.02

*Excluding incomplete images

It might make judgement of intensity easier and more accurate. However, further testing of this
technique on a large number of storms is needed. One should note that the largest errors occurred when
the tropical cyclones examined in the exercise were either in the weakening stage or already weakened.
This fact requires further examination to see whether SS:M/I tends to overrate the weakening process or
whether, in reality, it is providing a faster indication of this process.
The Dvorak system T -numbers relate to intensity in terms of both central pressure of the storm
and its maximum wind. It should be noted that the pressure equivalent for a given intensity is not the
same for Atlantic and northwest Pacific storms, the latter being lower for a given T -number or wind
speed (Dvorak 1984; Shewchuck and Weir 1980).
As part of the exercise reported above, an additional attempt to determine the validity of
intensity estimates for the four individual storms (i.e. Cary, Gay, Kelly and Ongole) was made by
comparing the GMS and SSM/I results with a "reference" maximum wind, which was taken from the
maximum wind speeds reported respectively by Guam, Hong Kong, the Thai Meteorological
Department (TMD), or the Indian Meteorological Department (IMD). Correlation coefficients were
calculated between the winds found from each of the imagery sets and the reference wind speeds. The
results are given in Table 2.3.
As the table shows, for Gay and Ongole the correlation is very high (between 0.82 and 0.99),
for both GMS-IR and SSM/I images. For Cary the GMS correlation is much lower at 0.59 even
though it is high (0.97) for SSM/I. The lower GMS correlation may possibly be explained, at least in
part, by Cary' s long overland track during which the GMS-extracted T -numbers gave a substantially
higher intensity than SSWAII over the last 24 h. It has also been known that the Dvorak technique has a
tendency to overrate storm intensity over land areas. The SSWI correlation coefficient for Kelly was
the only serious discrepancy found in this comparison, giving a negative result (-0.28). This poor result
is most likely the consequence of poor SSMJI coverage at 09 and 21 UTC on 15 October 1987 when
the edge of the satellite swath caused the effective loss of information essential to the application of the
system diagnostic process. If the comparison is limited to the earlier four images, three of which gave
wind speeds exactly the same as those derived from the GMS images, the result is little better (0.02)
but still not in line with the other cases obtained in this exercise. It must also, of course, be recognized
that the reference winds cannot be expected to be of absolute accuracy. They are believed to be the
best estimates obtainable after careful post-storm scrutiny of all available sources of information but
they remain, as they must in the great majority of cases, estimates only.
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The second part of the exercise produced mostly satisfactory results from the use of SSM/I
imagery as a gauge of intensity. Only for Kelly they seem to have failed, largely because the images
provide no more than partial cover of critical areas of the storm. Despite the failure of one case out of
four, encouraging results justify further investigation of the method used in this exercise. In this
context, it should be pointed out that the potential of using pattern recognition of MW data was
recognized by the Fourth WMO/CAS/ICSU International Workshop on Tropical Cyclones. The
Workshop drew attention to the need to calibrate or recalibrate the Dvorak intensity analysis technique,
and all pressure-wind relationships, in all tropical cyclone basins. It further recommended the
development of alternative diagnostic tools to Dvorak technique such as using pattern recognition in
the MW data.
Automated Method

In seconds the human eye can evaluate the obvious and also the subtle patterns contained within
the 85 GHz images and extract important information. The NRL group effort has been to find an
automated means by which to analyze these patterns and correlate them with TC intensity. May et al.
(1997) describes NRL's basic approach of incorporating a neural network that uses Empirical
Orthogonal Functions (EOFs) to represent the 85 GHz SSMJI images and estimate TC intensities. The
hypothesis is that the EOFs will contain sufficient pattern information to train a neural network that is
provided with an extensive set of dependent SSM/I images containing TCs.
The data set includes TCs in both the Atlantic and Pacific basins, ranging in strength from
tropical depressions to super-typhoons and/or category 5 hurricanes. Over 900 TC passes are currently
used to train the neural network and approximately 50 cases are saved to form an independent
verification data set. Care has been used to select a data set that is representative of all TCs that occur,
but it is by no means optimal when one considers the variety of storm types available.
Early neural network attempts resulted in poor TC intensity results. Root mean square (RMS)
errors for estimating the maximum sustained surface wind speeds were near 25 kts. This high error
value was decreased marginally as the data base was increased in size and diversity, but it remained
unacceptably high. The next step was to supply the neural network with some a priori intensity
information via the use of previous intensity data. Both 12 and 6 hold best-track intensity values from
NHC and JTWC were incorporated. Results improved dramatically, as noted by Hawkins et al. (1996),
with RMS errors falling below 10 kts. The important lesson learned from this study was the fact that
the neural network's performance improved once it had some idea of the storm's intensity. It also
improved upon the old values and beat persistence over both 6 and 12 h, indicating the SSM/I data
were indeed contributing to the final intensity value.
Since best-track intensities are never available in a near real-time setting, NRL changed the
focus to look at individual storms during their entire lifetime. Typhoon Keith (described earlier in
Section 2.3.3) is used to explain the incorporated scenario, which can be visualized in Figure 2.58. The
beginning stages of Typhoon Keith (tropical depression status) would be expected to contain winds
near 30 kt. The neural network is supplied an estimate for the first SSM/I image that covers this
developing TC. The neural network is then executed and an estimate for maximum sustained winds is
created using the SSM/I EOFs. The first intensity value is then plotted in Figure 2.58 and compared
with the best-track values produced by JTWC.
The second SSM/I image covering Keith is then supplied to the network, alon~ with the
intensity estimate from the first image and the time difference between the two images. This process
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Figure 2.58: Time series of intensity estimates from a neural network algorithm for Super Typhoon
Keith. The neural network algorithm uses EOFs from a training set of ~1,000 85 GHz
H-pol images to estimate intensities (solid line with square sybols) and best track
intensitites (solid line with plus symbols) at the time of each SSM/I image. The neural
network is then applied to the independent Keith data, image by image. Output from the
previous image is available to the next neural network application and shows promise in
extracting quantitative intensity information.

serves to indicate the general intensity of the storm to the neural network. The SS:MJI EOFs and the
previous intensity are then run via the neural network and a new intensity value valid at the time of the
second SSM/I image is produced. This new intensity is plotted on Figure 2.58 at the proper time
location. This process is repeated for each SSWI overpass for Keith, which intensifies and then
weakens over the course of time.
A key factor is the input of a realistic first-guess in the form of the previous image's neural
network intensity estimate. This process is akin to the Dvorak method's use of previous intensity
values and specific rules to ensure that the estimates of the analyst do not radically deviate over short
time periods. This restriction generally creates a smooth increase in intensity with time as the storm
strengthens and tends to damp out what might appear to be temporary flare-ups in strength over
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several-hour timeframes. This methodology has both positive and negative aspects, but has typically
fared well with time.
Figure 2.58 reveals that the current neural network configuration performs quite well in
capturing the general trend ofKeith's intensity. However, for' this particular storm, the neural network
has a tendency to underestimate intensity as the storm strengthens, and to overestimate intensity as the
storm weakens. Additional tests will be made withholding other storms from the training set and then
applying the neural network to a new independent storm to verify these results. Rules can be built into
the system, much like the Dvorak restrictions, that could serve if needed as a post-processor, to assist
the neural network in refining the correct intensity estimate.
These results, using a neural network without the knowledge benefit of best-track storm
intensities, are encouraging and will be tested further by the NRL group with enhanced data sets and
different neural network configurations. Also, they plan to look closely at the possible addition of using
image segmentation and feature selection as noted in joint efforts with Bankert and Tag {1997).
2.6

SUMMARY AND DISCUSSION

Satellite remote sensing remains the only means to continuously monitor tropical cyclone
genesis and intensity change over data-void oceanic regions. The advent of PMW satellites over the
past decade has significantly improved the detection of internal rain band structure and the estimation of
rain rates in tropical cyclones compared with the traditional VIS/IR remote sensors. A brief overview
of conventional and satellite observational studies of tropical cyclone structure and intensity, including a
brief description of the well-known Dvorak technique, as well as the objective Dvorak technique, has
been provided in order to familiarise the researchers and forecasters on tropical cyclone life cycles.
Tropical cyclone observations (of tropical cyclones Felix, Yali and Opal) obtained from different
sensors were compared to illustrate the advantages of PNIW imagery over the traditional IR imagery.
An example of Hurricane Paka illustrated by Simpson et al. (1998) was shown to exemplify the
unprecedented details of tropical stonn structure provided by the recently launched TRMM satellite.

A detailed review of the previous and present state of research in rain rate estimates derived
from various algorithms was made to examine the relationship between the tropical cyclone intensity
change and the evolution of tropical cyclone rainfall characteristics. Although PMW satellite (such as
the SSM/l) observations were infi·equent compared to geostationary VIS/IR observations, a few studies
have consistently exhibited their superior capability in delineating the inner-core latent heat release and
its role in intensification and maintenance of tropical cyclones. In particular, a summary of a research
study conducted by Rodgers et al. (1998) on Hurricane Opal (1995), which caused serious forecasting
problems to the US operational community, was provided to exemplify the utility of multiple PMW
(DMSP F-10, F-11 and F-13) SSM/I satellites in monitoring the convective rain band cycles as they
appeared to influence Opal's rapid intensification to a category 4 storm within a short period of 12 h.
SSM/I observations of Opal were shown to be frequent enough to resolve the synoptic scale evolution
of the eyewall convective bursts and CRB cycles, which were attributed to the rapid decrease in
minimum pressure, and hence its intensification. Although other environmental influences such as the
SSTs and upper tropospheric trough interactions may have played a role in Opal intensification (Bosart
et al. 1999), the observational study by Rodgers et al (1998) clearly demonstrates the importance of
monitoring the inner and outer-core CRB cycles including the vertical and spatial distribution of LHR
within the eyewall, either by airborne or spaceborne radiometers/radars.
Since most tropical forecasters are familiar with the Dvorak pattern recognition technique,
which has been primarily applied to the VIS/IR imagery, an overview of two different methods (a
manual method developed at the Thai Meteorological Department and an automated method developed
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at NRL), with examples of the Dvorak technique application to PM'N imagery such as the SSMII, was
included. These attempts, even though preliminary, clearly demonstrate that a modified Dvorak
technique may have some advantages when applied to the PMW imagery in predicting various tropical
cyclone features such as intensity. On the other hand, the objective Dvorak technique, which eliminates
the subjectivity involved in intensity estimates from VISIIR imagery, appears more readily acceptable
for operational applications due to the availability of frequent observations. However, it is essential to
determine the spatial and vertical distribution of LHR from PMW satellites, pa1ticularly the inner-core
LH:R, in a tropical cyclone to understand and predict intensity change in a quantitative manner. It is
more important if the remotely sensed LHR observations can resolve the CRB and eyewall convective
burst cycles. In this respect, a sufficient number of PMW satellites such as the TRMl\1 with high
resolution capability are necessary to provide a continuous monitoring of tropical cyclone intensity
change. This dream might become reality with the proposed launch of a family of TRMM-!ike satellites
in the year 2007 under the international Global Precipitation Mission (see Chapter 6). Such frequent
MW observations, perhaps in combination with the IR data, should also be assimilated into hurricane
prediction models to alleviate the hurricane intensity prediction problem, as discussed in Chapter 5.
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CHAPTER3

SATELLITE RAINFALL ESTIMATION: PRINCIPLES AND "BENCHMARK"
TECHNIQUES
Lead Author: E. C. Barrett
Co-authors: G. Huffman, J. Janowiak, T. Kurino, R. Meneghini, W.S. Olson,
RA. Scofield, and J. Turk

3 .l

INTRODUCTION

3 .1.1

General Scene-setting

Precipitation - in all its forms - is a vital but rare, and highly variable yet poorly-monitored,
environmental parameter. Over land it is the ultimate source of the water required by all plants and
animals for life itself It is also a prerequisite for many kinds of industry, commerce, transportation and
recreation. Thus, too little precipitation can have serious consequences for many aspects of human life,
activity and economy. However, too much precipitation can cause severe disruption to services,
damage to property, and even death to humans and/or livestock. In the meantime, over water
precipitation is of less obvious and direct significance. However, it is of great importance as the major
source of energy for driving the circulation of the atmosphere because (as Chapter 2 explains and
exemplifies), the changes in the phase ofwater from solid or liquid to vapour and back again permit the
release and storage of latent heat, and total oceanic precipitation easily exceeds that of continental
rainfall. Precipitation is also of great importance over both land and oceans because it is responsible for
the removal of much particulate matter from the atmosphere, and for the deposition of this and included
gases. Thus it plays a key role - though one which is still far from adequately understood - in
Earth/atmosphere geochemical processes and their effects on global climate and its related changes.
With respect to rainfall from tropical cyclones, it is recognised that in some overland regions
this is beneficial, or even vital, in that it provides a significant proportion of the water requirement for
both agricultural and domestic use. However, because of its characteristically high intensity, especially
where enhanced by orographic effects, rainfall from landfalling tropical cyclones is more often
hazardous, and not infrequently disruptive, highly damaging or even disaster-provoking.
Since the late 1960s a bewildering array of satellite rainfall algorithms has spmng up. Many of
these have either not been applied to tropical cyclones or their environments, or for different reasons
would not be applicable to them. However, in this Chapter, after a summary of the general principles
on which satellite rainfall techniques are based (Section 3 .2), several techniques must be described (in
Sections 3. 3, 3 .4 and 3. 5) in order to illustrate and explain the history of satellite rainfall estimation,
and/or to describe the methods of greatest operational value or promise in respect of tropical cyclones
at this time. The list provided will be broadly, though not always strictly, chronological with respect to
the dates at which the techniques first appeared. It includes many of the "benchmark" algorithms which
have been developed, plus those which are the operational or potentially operational leaders, in their
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groups today. The performances and results of those of greatest use for monitoring tropical cyclone
rainfall will then be discussed in Chapters 4 and 5. Increasingly the following account the principles
outlined and the techniques described will be seen to have relevance to rainfall from tropical cyclones.
3.1.2 Problems of Surface-based Rainfall Measurement
F..ainfall is a notoriously difficult parameter to evaluate, first and foremost because of its high
spatial and temporal variability. Although most locations on the Earth's surface experience
precipitation some time in the course of any one year, and some locations on more days than not,
instantaneous precipitation is a rare phenomenon. The area of the globe covered at any one time by
falling precipitation has been estimated from surface evidence as being probably below 1% (Barrett and
Martin 1981 ), and "typically occurs only a very small fraction of the time over any given location. ..."
(Theon 1992), though satellite-based studies increasingly suggest that the true frequency of occurrence
may be a few percentage points higher then earlier thought, at maybe even about 3-4% in the spatial
domain. Meanwhile, at any one instant, as measured by (essentially point location) rain gauges,
precipitation intensities around the globe range from zero to> 125 mm h- 1.
Further complicating the measurement problem, rainfall can vary by orders· of magnitude of
intensity in both space and time over distances of no more than tens of metres, and in a matter of
minutes or even seconds. Simultaneously, towards the low end of the rain rate spectrum, gradients of
intensity can be quite shallow, and it is often difficult for any surface-based spatial analysis whether
"objective" (i.e. gauge network or radar based) or even "subjective" (i.e. visual observation based) to
determine rain:no-rain boundaries simply and with confidence.
For global weather forecasting purposes rainfall is measured by rain gauges, some of whose
data are circulated in near real-time via the Global Telecommunication System (GTS) of the World
Meteorological Organisation (WMO). For climate analysis purposes supplementary rain gauge
networks containing several times more gauges are operated in most countries, though typically these
are managed by more than one (and perhaps even several) environmental monitoring agencies within
any one country, this often causing severe problems when attempts are made to collect data for "best
possible" rainfall studies.
As if all this were not difficult enough, still further problems are encountered by anyone seeking
to use rain gauge data to evaluate rainfall over wide regions and/or the globe as a whole. These include
the following (Barrett and Beaumont 1994):
1.

There are many different rain gauge types.

2.

Different classes or families of rain gauges record rainfall for widely different periods of time,
ranging from very short intervals (even as short as seconds) in the case of some "hydrographs"
(continuously-recording rain gauges), up to very long intervals (even as long as months or seasons)
in the case of some "accumulating" precipitation gauges.

3.

The shapes and sizes of raindrops or other precipitation particles and their behaviour in the vicinity
of rain gauges, and in relation to local surface conditions, are many and varied.

4.

Deficiencies in rainfall station management and data quality control are commonplace, also
seriously affecting both the rainfall data supply and its subsequent utility.
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5.

Of special significance in the present context, it may not be possible to obtain "real-time" data
related to tropical cyclone rainfall because of storm disruption of gauges, radar or supporting
infrastructures.

Rainfall radars - designedly better able to reveal continuous pictures of the spatial distribution of
rainfall than the average gauge network - for the most part provide data used qualitatively, and locally
or regionally, for very short-term forecasting ("nowcasting") activities and related research. Collier
(1989) has concluded that there are still "... few examples of (radar) systems which produce
quantitative (precipitation) data operationally" and that important "... sources of error in radar
measurements arise from the characteristics of the precipitation particularly in the verticaf'.
Proportionately more rainfall radars are located in middle latitudes than in the tropics.
In summary, it has been memorably claimed by a leading authority on hydrometry (R. Herschy,
pc.; see Herschy 1997) that if all the currently operational rain gauges in the world were placed side by
side they would cover only the area of an average-sized soccer pitch. If we extend this analogy, it
seems likely that if all the rain gauges from which data are reported regularly via the GTS network were
placed side by side they would cover approximately half the penalty area of such a pitch, and that the
proportion of the globe covered by weather radar would be about the same proportion as the centre
circle is to the soccer pitch as a whole.
Clearly such rain gauge and radar densities are not nearly adequate either for global rainfall
monitoring - even when quite sophisticated statistical or mathematical procedures are applied to the
resulting scatters of point or local area data in order to extrapolate from them across intervening
"conventional data remote" regions, and so provide spatially-complete inventories of this key variable or for regional rainfall monitoring in areas most affected by intense tropical storms and tropical
cyclones.
In view of the above, it is not surprising that the global distribution of rainfall - even at the
larger scales - is still poorly known. Theon (1992) summarised the situation by saying: "It is
remarkable that as important as rain is to us, we really do not know its geographical distribution to
within a factor of two over much of the Earth." Knowledge of even the general geographical
distribution of rainfall within the tropics has been particularly poor because oceans strongly
predominate in this zone, and because most of the land areas here are occupied by less developed
countries. Yet it is between 30°N and 30°S of the equator that most tropical cyclones live out their
entire lives, and approximately two-thirds of all global precipitation occurs.
Rainfall in the tropical cyclone zone is known to vary over very broad spectra of time and space
scales, as summarised in Table 3.1. Rasmusson and Arkin (1992) concluded that: "Continuous global
monitoring of this variability is a challenging task. Surface-based observations are totally inadequate
for estimating rainfall over the ocean areas of the tropics, where surface observations are essentially
non-existent except for potentially nonrepresentative island stations, and over most of the continental
areas as well." Making the problem of variability much worse, especially where mountainous landfalls
are involved, both the temporal and spatial variations of rainfall may approach - and often establish new global record levels.
Thus, estimation and prediction of rainfall from tropical cyclones represents one of the biggest
scientific challenges in the whole field of tropical cyclone meteorology and climatology, not least
because it involves the upper extremities of the statistical distributions of rainfall rates, totals and
variabilities.
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TABLE 3.1
Time-space scales oftropical rainfall variability (Rasmusson and Arkin 1992).
Phenomenological Feature
Individual Rainstorms

Diurnal Cycle
Cloud Cluster
Intraseasonal
(Madden-Julian Oscillation)
Annual Cycle
ENSO Cycle

Time Scale
Hours
1 day
Days
30-60 Days

SJ.!atial Scale
5km
Global
300km
2,000 km

1 year
2-4 years

Glob ala
2,000 kmb
5,000 kmb
2,000 kmb

• Zonal Scale
Meridional Scale

b

3.2
3 .2 .1

SATELLITE RAINFALL MONITORING
Introduction

Whilst satellite remote sensing of rainfall has not yet been able to make good all the deficiencies
in our knowledge of tropical rainfall as a whole, or from tropical cyclones in particular, unquestionably
it has begun to answer questions previously unanswered, and promises to be even more informative and
operationally helpful in the future.
In the review that follows, first the more useful satellites and sensors are described, and second
the physical principles on which rainfall retrieval algorithms may be based are summarised. In
subsequent sections the techniques which have proved most significant historically in the present
context are then exemplified and discussed.
3.2.2

Satellites and Sensors

We have seen that surface-based observations of precipitation rely on measurements of
hydrometeors falling, or fallen, from the bases of clouds, using radar and rain gauges respectively. By
contrast, satellite-based estimates of rain depend more on characteristics of the clouds themselves
and/or the larger hydrometeors within them. This is unavoidable, for satellite systems view the
atmosphere not from the bottom upwards - the more direct, and intrinsically more logical basis for
rainfall measurement - but from the top downwards. All satellite-based rainfall monitoring methods to
a greater or lesser degree suffer from problems arising from this difference of viewpoint. However,
these methods simultaneously benefit from the areal completeness of satellite imagery, at least within
the boundaries of each swath or scene, and from the breadth of coverage of the satellite imagery over
the globe as a whole.
Historically, satellite meteorology may be said to have begun in April 1960 along with the
launch of the first Television and InfraRed Observation Satellite (TIROS-I) designed primarily for
global weather monitoring. Since then many "environmental" satellites have been operated for such
purposes, providing relatively low spatial resolution data (mostly between 0.5 km and 50 km) on the
Earth's surface), relatively frequently (mostly between 30 min and 3 d intervals between successive
images of given locations) of the Earth's surface. Through the same period great advances have been
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made both in the capacities of the satellite "buses" available to carry Earth-observing instrument
payloads into space, and in the capabilities of instruments to provide data of the types, qualities and
quantities required by precipitation information end-users.
As briefly summarised in Chapters 1 and 2, three types of electromagnetic radiation from the
target have proven particularly valuable for the estimation of rainfall from environmental satellites,
namely VIS, (thermal) IR and MW radiation. To the satellite meteorologist VIS includes shortwave
radiation (sunlight) reflected back towards space from the tops of clouds mostly within the 0.4-0.7 IJ.m
region of the electromagnetic spectrum; characteristically the spatial resolution of such data is from
about 0.5-2.5 J..lffi. Thermal IRis longer wavelength radiation, mostly measured within the 10.6-12.6
J..lm region, the result of absorption of some incoming solar radiation by the Earth and its atmosphere
plus radiation subsequently re-emitted therefrom towards space as heat energy; spatial resolutions of IR
data are characteristically similar to those of VIS data. MW is even longer wavelength energy, re~
emitted or reflected towards space, and mainly exploited for rainfall measurements between
wavelengths of about 0.3-3 cm (frequencies ranging from 90-10 GHz); here the spatial resolutions of
sensors are lower than with either the VIS or the IR, mostly from about 10-50 km. The principal
reason for the relatively poor spatial resolutions of the MW sensors is not the signal-to-noise ratio, as
might be supposed, but diffraction. In this case there is a modest additional decrease in resolution
owing to the time-integration of the received power .
. The best spatial resolution cited above for an environmental satellite sensor (0.5 km) relates to a
VIS system (part of the Operational Line Scan (OLS) sensor on current US Defense Meteorological
Satellite Program (DMSP) spacecraft), whilst the lowest (about 50 km) relates to a MW sensor (the
19.35 GHz channel on the DMSP-SSM/I (Special Sensor Microwave Imager instrument) (see Figure
3.1). VIS and lR data are obtainable from both high-orbiting geostationary satellites {"GEOs") and
low-orbiting Earth satellites ("LEOs"). The former are capable of providing very frequent information
(every few minutes in some cases) from fixed positions in relation to the Earth, centred on the equator.
Meanwhile, since the latter orbit the Earth many times a day, each of these satellites is able to provide
at best two good observations of any point on the surface during that period. For -any particular
application the frequency of coverage of the target, the spatial resolution of the data, and the type of
spectral information provided, are all co-equally important. For rainfall monitoring, the physical
characteristics and behaviour of cloud particles (including raindrops), the structures and life-cycles of
rain cells, and the nature and influence of local precipitation enhancement processes (e. g. convergence,
and orography), are important too.
Although most satellite rainfall monitoring to date has been based on "passive" remote sensing
of the target, i.e. on the collection and measurement of radiation naturally reflected or emitted from the
target, it is also possible to use "active" remote sensing for this application, i.e. in respect of radiation
artificially generated and propagated towards the target. The first active microwave (AMW) system for
rainfall assessment from satellites is the rainfall radar on the recently-launched (1997) joint Japanese/US
Tropical Rainfall Measuring Mission (TRMM) satellite (see Table 3 .2). This satellite is providing a
substantial stimulus to satellite rainfall monitoring not only because of its rainfall radar, but because of
the relative ease with which it is possible to intercom pare and combine ( colocated) data from its
Precipitation Radar (PR), PMW (TMI), VIS and lR (VIRS) imaging systems. Further into the future,
the science would surely benefit from the availability of data from further channels between the present
(thermal) IR and MW channels and from PMW sensors conceptualised for possible installation on
geostationary satellites (see Chapter 6). Alternatively or additionally, availability of P:NrvV data from a
family of LEOs is highly desirable, for this would very usefully supplement VIS and/or IR data in the
monitoring of rainfall from convective clouds in the tropics, and help pinpoint rain areas under the more
extensive cirrus canopies - key tasks in respect of tropical cyclones, as the next section will confirm and
explain.
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The DMSP Block 5D-2 satellite and scan geometry of its SSM/I passive microwave
imager. Dual polarization is provided for three of the four wave frequencies (19, 37 and
85 GHz), giving seven channels of data in all. Note that only the first (F8) Block 5D-2
carried a backward-scanning SSM/I as shown; on subsequent satellites in this series the
SSM/I has pointed forwards, in the direction of satellite motion (after Hollinger et al.
1990).

Finally, it may be remarked that satellite profiling spectrometers or "sounders" - whereby
information is obtained simultaneously from a number of levels in individual columns of the atmosphere
- may also become attractive sources of data for possible use in rainfall monitoring methods. For
example, the atmospheric columns inspected by the new Advanced Microwave Sounding Unit (AMSU)
A and B spectrometers are only about 40 km across, and from AMSU-B will for the first time provide
data from contiguous columns of the atmosphere. Thus, from their data it should be possible to
generate instantaneous rainfall maps, albeit of rather low spatial resolutions, and for which partial beam
(or "footprint") filling problems will therefore be greater than are found with (imaging) data sets of
higher spatial resolutions.
3 .2.3

Satellite Rainfall Algorithms: Principles and Problems

General Considerations
Most satellite rainfall monitoring methods seek to:
1.

Identify areas of probable precipitation, through recognition of the most likely rain:no-rain
boundaries (sometimes referred to as "screening" for no-rain areas).
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TABLE3.2
Main characteristics of TRMM sensors (Courtesy. NASNNASDA).
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2.

Evaluate associated rain rates (sometimes referred to as "rain rate conversion").

3.

Combine (1) and (2) through time where estimates of total accumulated rainfall are required.
This is most reliable where the satellite data collection return period is shortest, i.e. from GEOs
rather than from LEOs.

In order to achieve reliable results, analyses are often made of the satellite data initially using
surface (rain gauge and/or radar) data for algorithm "calibration". Often the results will later be
com.pared with independent sets of surface data for algorithm "validation" or "verification". Although,
in the early days of satellite rainfall monitoring, suggestions were made concerning the possibility of a
related "end of the rain gauge", problems facing satellite rainfall researchers are considerable, and in
some respects may be even virtually insuperable. Therefore, as we will go on to see later in this
chapter, the object of present day research is less dramatic, involving the blending of perhaps even
several different types of data from both satellite and non-satellite sources into final "best possible"
rainfall products. Such activity in respect to multiple-source algorithms is expected to increase further
in the foreseeable future.
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VISIIR Principles
The physical principles on which VIS/IR satellite rainfall algorithms are based, through which
·they are possible, and yet by which they are also limited, may be summarised as follows (Barrett and
Martin 1981):
1.

In the VIS region of the spectrum the basic physical premise is that cloud brightness is an
indicator of cloud thickness, and this in turn is an indicator of rainfall. Unfortunately these
relationships are neither simple nor constant: for example, because by no means all bright clouds
precipitate.

2.

In the (thermal) IR, the basic physical premise is that cloud top temperature is a function of
cloud top height, and that higher and colder cloud tops evidence the thicker clouds, which are
the more likely to rain. Whilst this set of relationships is more often true than that in (1 ),
unfortunately not all cold clouds precipitate, nor does rain always fall only from cold clouds.

Early work involving the basic relationships in (1) and (2) above secured useful progress (see
e.g. Lethbridge 1967; Barrett 1970; Follansbee 1973 and 1976). However, a further quite early
discovery in respect of both (1) and (2) was that the radiance thresholds needed to optimally
discriminate rainfall areas and intensities in the VIS and/or IR vary markedly from one situation (area,
weather type) to another (see Wylie 1979).
Attempts to combine the different yet complementary evidences of VIS and IR data were then
made with considerable success (e.g. by Lovejoy and Austin 1979), but virtually insoluble practical
problems confront such methods because sunlight-dependent VIS data are available for only part of the
24 h day. The attraction of the "bispectral" approach is that by using VIS and IR data together it is
possible to screen out (at least some) of the non-raining clouds which are cold but not highly reflective
(e.g. thin cirrus), plus those which are non-raining, reflective but warm (e.g. low/middle level
stratocumulus). The "RAINSAT JI'' system developed for operational use by the Canadian State of
Quebec is an operational method of this type for use in middle latitudes, using radar observations for
on-going calibration (Bellon et al. 1992).
Unfortunately, the problems related to the incomplete diurnal coverage in the VIS region of the
spectrum (due to the inability of VIS systems to function suitably during hours of darkness) has ensured
that most of the more widely used satellite rainfall algorithms are based on IR data only, in conjunction
with one or more types of surface data. We turn now to examine this group of techniques.
In the IR domain, increasingly more sophisticated approaches have been developed to
supplement the basic pixel temperature/cloud height information, e.g. through analyses of cold cloud
growth rates (see Griffith et al. 1978; Negri et al. 1984), cold cloud duration (see Milford and Dugdale
1990), and cloud top textural information to help discriminate between cirrus (which rains gently or not
at all) and convective tower clouds (which may rain very heavily) (see Adler and Negri 1988). Key
components of more complex IR techniques in operational use at the present time therefore include
some or all of the following (Barrett 1993):
1.

A cold cloud identifier (to distinguish rain from no-rain areas), based on the probability that
colder clouds are more likely to rain than warmer clouds.

2.

Cold cloud (or rain cloud) duration (usually assessed in terms of the numbers of cold cloud
slots per geographic location per day), based on the understanding that the longer the duration
of rain cloud locally the more the rain which is likely to fall.
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3.

Cold cloud type discrimination (commonly using some kind of texture discriminator), based on
the expectation that, for example, rough textured cumulonimbus clouds are likely to produce
more rain than smoother textured cirriform clouds.

4.

Background fields (e.g. terrain models and/or climate fields) to adjust initial satellite-only
estimates. They are necessary because probably precipitating clouds over humid and/or hilly
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Meteorological (weather) reports (e.g. daily rainfall observations from GTS stations), and
products (e.g. vertical profiles) for if these are available they provide opportunities to calibrate
the satellite terrain/climate "initial" estimates on the basis of actual weather.

6.

Model outputs (from numerical weather prediction models), particularly if the aim of the
exercise is not monitoring but forecasting rainfall.

One of the first operational algorithms to incorporate several of these elements is the "B4"
technique (see Section 3.3.2). This has been used since 1992 to generate daily and longer period
rainfall estimates for tropical regions including West Africa, East Africa, South America and Southeast
Asia (Barrett and Beaumont 1993). A further facility in this case is that of "back calibration" using
fuller surface data sets than were available in real-time (see Bellerby and Barrett 1993); by this means
improved estimates can be generated retrospectively from the same satellite inputs, e.g. for improved
long-term rainfall inventories and related climatological, hydrological and agricultural modelling, if and
when additional in situ data sets become available after the near real-time operation has run its course
for a particular period.

Whilst most operational or quasi-operational techniques today are automatic (or "objective"),
analyst intervention may still be vef'J valuable if more varied meteorological contextual information is to
be invoked, e.g. for special applications such as tropical ston11 monitoring and flash flood forecasting.
This is for the important reason that most VISIIR techniques have been designed to work best for
"nom1al" rainfall situations, i.e. were not designed for application to weather extremes like tropical
cyclones. Therefore, an expert analyst may still be needed to operate to best advantage the US
Weather Bureau's current IFFA (Interactive Flash Flood Analysis) system (see Scofield 1987, Section
3.3.2 and Chapters 4 and 5). This was designed for monitoring and predicting sh01t-term, highly
localised, rain events.
At the other extreme, where very large areas are involved over longer periods of time, e.g.
when broad regional or even global rainfall estimates are required for general climatological or
hydrological modelling purposes, relatively simple techniques of satellite rainfall monitoring may work
quite well, e.g. the geostationary-based GOES Precipitation Index (GPI) of Arkin and Meisner (1978).
This is based on the application of a single rain:no-rain temperature threshold (235 K) to monthly
histograms ofiR temperatures for 2.5° latitude by 2.5° longitude grid swaths, generally between 4.0°N400S of the equator. The histograms are used to determine fractional coverages of cold (rain) clouds,
and this information is converted into totals of estimated rainfall using a single rain rate factor, 3 mm
1
h- . Selected by the WMO's Global Precipitation Climatology Project (GPCP) in the mid-1980s for
application without modification through the 1986-1995 time period (see Section 3.3.1 and Chapter 4),
GPI results conclusively confirm that IR techniques are most successful for convective (short-lived
thunderstorm) regimes, and least successful where thick cirrus is frequent, or where layered clouds
predominate, and over very cold cloud surfaces. Clearly, for better and more complete global rainfall
inventories, more sophisticated methods, along with information from additional spectral regions are
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required. The PMW, and more recently AMW data and techniques, have promised much in the last
names regards.

PMW Principles
We have seen that rainfall indications derived from VIS and/or IR images can be no better than
physically indirect. Fortunately, PM'# data provide physically more direct evidences of hydrometeors.
Foremost amongst the PMW systems which provide these data have been the Electrically Scanning
Microwave Radiometer (ESMR) and Scanning Multichannel Microwave Radiometer (SMMR)
instruments of the Nimbus Research and Development ("R&D") family between November 1972 and
late 1987 and, since July 1987, the Special Sensor Microwave Imager (SSMII) instruments on the
USAF-DMSP Block 5D-2 family of satellites. The SSMII in particular has stimulated a big upsurge of
interest in satellite rainfall monitoring in the PMW, and the WetNet Project ofNASA (see Dodge et al.
1995) has been in the forefront of this. For a more detailed discussion ofPMW rainfall monitoring than
the summary below, see Wilheit et al. (1995), Smith et al. (1992) and Smith, Kummerow and Mugnai
(1994).
Although rainfall is a parameter whose monitoring was expected to be significantly improved by
the SSMII, the spatial resolutions of its PMW sensors have been relatively low compared with those of
most VIS and IR sensors, at best about 15 km by 13 km in the case of the 85 GHz channel (see Figure
3.1) This limits the use to which these PMW data can be put, for partial beam-filling by rain clouds
becomes increasingly significant above spatial resolutions of a few square kilometres. It must also be
noted that such sensors have flown only on low-Earth arbiters, and their swath widths have supported
less than two imaging overpasses per day below about 55° latitude (SSMII). This, however, is much
better than in the case of the long-operating Nimbus-7 SMMR, where power sharing between this
instrument and the Coastal Zone Colour Scanner (CZCS) unfortunately ensured that most areas on the
globe were imaged only once every 3 d. However, the past and present uses of the PMW data for
rainfall measurement have been more climatological than meteorological, although there is now
increasing interest in the synergistic use of VIS and IR and PMW data, where the latter are specially
useful for initialising models and/or calibrating (especially geostationary-based) VIS and/or IR rainfall
algorithms (see Adler, Huffman and Keehn 1994, and Section 3.6).
Just as VIS and IR rainfall algorithms are possible because the atmosphere is relatively
transparent to upwelling radiation in those spectral regions, so a number of frequency-related
atmospheric windows are found in the MW region of the spectrum. Of particular value for rainfall
monitoring are those just below 20 GHz, between 30-40 GHz, and around 90 GHz. Based on radiation
measurements in these regions a growing range of different types of PMW rainfall measurement
techniques is being developed. All are underpinned by the physical understanding that, at PMW
frequencies, the observed brightness temperatures (T8 s) are a function of the emissivity and the
blackbody temperatures (T88 s) of the cloud constituents and their backgrounds. It is advantageous to
observe clouds over a low emissivity water background, for the radiation at MW frequencies essentially
penetrates small water droplets and ice crystal in clouds, and hence makes it possible to detect the large
rain drops and graupel through increased PMW-observed Tss over (radiometrically relatively cold) sea
surfaces (Kidder and Yonder Haar 1977). Over land - as we shall see later - the situation is more
complex, and most PMW algorithms rely on the reductions ofTss by scattering from rain drops and ice
crystals over (radiometrically relatively warm) land surfaces. Figure 3.2 summarises T8 : rain rate
relationships at the dual-polarised SSM/I frequencies, and indicates that the 19 and 3 7 GHz channels
are the most useful for rainfall retrievals over oceans, and the 85 GHz channels over land. The main
properties ofMW frequencies for observing rain drops at frequencies between 18 and 85 GHz include
the following:
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Large ice crystals essentially scatter MW radiation.
1.

Liquid droplets mainly absorb MW radiation, but can scatter some of it.

2.

Intensifying rain rates or increasing MW frequencies increase the absorption and scattering of
cloud constituents.

3.

Ice scatters more radiation than liquid droplets at a given MW frequency.

4.

Small ice crystal associated with cirrus clouds are essentially transparent at the viable MW
frequencies.

Because of these properties, the PMW spectrum can be divided into three parts: the first for
frequencies below 22 GHz, where the transfer of MW radiation is mainly by absorption and the ice
above the rainfall layer is nearly transparent; the second for frequencies between 22 and 60 GHz, where
both scattering and absorption are important; and the third for frequencies above 60 GHz, where
scattering dominates absorption and the rain layer below the ice layer cannot be seen. Therefore,
precipitation measurements at the lower MW frequencies are the more physically related to rainfall,
even though water vapour and oxygen absorb 1-.1W radiation, and may interfere with rainfall estimation.
On account of the above, two basic, though somewhat overlapping, families of approaches have
been used to detect rain using the PMW. The first, and currently more widely used, group of
approaches uses real observations and a theoretical basis to derive relationships (often through
regression analysis) between combinations of MW channels and rain rates. We may refer to these as
"empirical algorithms''. Members of the second major group of approaches are often termed "physical
algorithms'' because they are more directly underpinned by physical theory. Both groups are further
described below (see also Sections 3.4.1 and 3.4.2).
Empirical PMW Algorithms

Simple emission-based empirical techniques for rainfall detection have been used successfully
over oceanic regions. Relationships have been developed from radiative transfer models linking the T8 s
of selected channels or combinations of channels with rain rates (e.g. Grody and F erraro 1992; Wilheit
et (ll. 1990). Although results from such techniques are directly related to rain over water, they are
severely limited in their use over land where emissivities are higher and more variable. Emissivities
over land are known to be influenced by many factors, including soil type, moisture content, vegetation,
the presence of condensation, and snow and ice (see Kidd 1988; and Grody and Ferraro 1992).
In order to monitor rainfall over land with confidence emission from raindrops must be
eschewed. Instead, the scattering properties of ice particles associated with precipitation are exploited:
ice particles scatter energy out of the incident radiation (either upwelling radiation, or cold downwelling
cosmic radiation) with negligible absorption or emission. In defining the degree of depression of a T8
due to scattering, the scattering cross-section is the single most important parameter. This is a function
ofthe radiation wavelength. For the SSM/I, the 85 GHz channel is the most sensitive to scattering by
ice pruticles in raining clouds.
One of the simplest and most widely used bases for overland PMW rainfall algorithms is that of
the "frequency difference", i.e. the difference between Tss at different MW frequencies, for the same
polarisation (for example V37-V85). This forms the basis of almost all regression-based (empirical)
land algorithms. The rationale behind its use was outlined by Grody (1984): basically one frequency is
used to isolate the particular influence of scattering on another frequency. Research using Nimbus-7
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SM1v!R data confirmed that it was possible to detect rainfall from the decreases in Tss of the 3 7 GHz
channel compared with Tss oflower frequencies (F erraro et al. 1986; Spencer 1984).
The arrival of the SSM/I sensor and its 85 GHz channel increased the scope for rainfall
detection especially over land, and many of the new algorithms using SSM/I data have used radars to
provide calibration and/or validation data. For example Olson et al. (1989) and Hollinger (1991} have
used radar measurements and muitichannei PM\V observations to form the bases of multiple regression
relationships to derive rainfall over land surfaces.
A rather different technique for rainfall detection over land was developed by Spencer et al.
(1989), involving "polarisation corrected temperatures"' (PCT). This approach has the advantage that
it can be used over land and ocean simultaneously. The PCT is based on the assumption that the
surface emissivities for vertical and horizontal polarisation are highly correlated and that a rain rate
relationship for both can be derived objectively from the radiative transfer equation. There is evidence
that for best results both the polarisation-corrected temperatures and the threshold of the rain: no-rain
boundaries should be varied both temporally and spatially, e.g. in respect of latitude, regional climate,
and synoptic weather. The PCT approach has the capability, if properly tuned, to provide rain
information over land, sea, and mixed surface types via a uniform approach. However, information on
rain intensity is presently still limited to qualitative assessment because the structure of the precipitating
system determines the algorithm to rainrate relationship ..
Meanwhile, the arrival of the SSM/I sensor has also stimulated increased efforts to detect and
measure rainfall based on frequency differencing, but additional problems have become evident with
such an approach, particularly the misclassification as rain of some land surfaces, including sand, snow
and ice - which, like rain, scatter MW radiation. Such misclassification can be serious especially over
longer time periods, for even low instantaneous "false rain" rates can produce large totals of rain when
aggregated up, since "false rain" signals from these types of surfaces are highly recurrent (Kniveton
1994). An attempt to correct for such anomalous signals was made by Fiore and Grody (1990), who
introduced a "Scattering Index" based on the 19, 22 and 85 GHz channels to determine precipitation.
In this case, various combinations of channels are included in a decision tree form to identify "false
rain" signals from surfaces such as those covered by snow, glacial ice, old sea ice and desert sand. A
detailed discussion of this type of problem is provided by Ferraro, Grody and Marks (1994) (see also
Section 3.4.1).

Physical PMW Algorithms
The second general class of PMW rainfall algorithms uses cloud models and structures to
generate inputs into radiative transfer models that then relate simulated TBs to simulated rain rates.
These are then compared with real measurements to ascertain the real rain rates (e.g. Mugnai et al.
1992). Such "physical" algorithms are also called "inversion type algorithms" as they generate what is
thought to be occuiTing, then compare the results with the real world situation. They are characterised
by high degrees of microphysical sophistication of their cloud models and structures (e.g. Smith et al.
1992) as they seek to provide realistic inputs to the total rain estimate from different types of
hydrometeors at different levels in the clouds (see Figure 3.3), although some new attempts are being
made to simplify the microphysical assumptions. They are also characterised in some cases by large
computational requirements especially where broad-area, real-time, estimates are involved. At the
moment this group of techniques is largely experimental, and its purer forms are not yet suitable for
global applications. However, considerable success is being achieved with methods designed to
compare PMW multichannel radiances with models of the vertical structure of precipitation: GPROF
(see Section 3.4.2) is the leading technique of this kind.
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The basic principle of inversion-type rainfall algorithms: radiation measured in different
passive MW channels emanates from different levels in the clouds, and thus from
different types of water particles which may contribute to precipitation fi·om their bases
(after Mugnai et al. 1992; from Barrett and Beaumont 1994).

We now turn our attention to specific algorithms, based on VIS and/or IR data (Section 3.3),
PMW data (Section 3.4), AMW techniques (Section 3.5) and finally multisource data sets (Section
3.5).
3.3

VIS AND/OR IR-BASED RAINFALL ESTIMATION TECHNIQUES

3.3.1

Climatological Time Scales

The Bristol Cloud Indexing Method
Probably the first attempts to derive regional rainfall information from satellite data were those
of Barrett (1970, 1971), whose manual method was based on simplified cloud charts (satellite
nephanalyses), applied to the "tropical Far East". The basic assumption was that:
R

=

j(c, i(S))

(3.1)

where R is rainfall accumulated over a period of one month at regular grid intersections (or
within grid squares); c is cloud area; and i is a cloud type index, evaluated differently for different
categories of clouds on the combined base of their assumed probabilities and relative intensities of rain
(see Table 3.3). It was soon recognised that the values of these indices would vaty from region to
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TABLE3.3
Rainfall probabilities and intensities related to dominant nephanalysis cloud type ea~_,_
(Barrett 1971).

region, and even from one weather type to another. At first a synoptic weighting factor, Sw, was used
to account for the heavier rains associated with better organised ("synoptically significant") cloud
systems. Originally the ranks and values of cloud indices were based on "meteorological expectations"~
however, as more experience was gained with the method, regional patterns began to emerge. These
led to the formulation of a "global set" of regressions (later deployed as a computer look-up table)
whereby the rainfall coefficients emerging from the right-hand side of Equation 3.1 could be
transformed most appropriately into monthly or daily rainfall estimates through a :flexible calibration
procedure involving rainfall measurements from climatological stations in the same or analogous (nonpolar) regions of the world (Barrett 1980a; 1980b).
Although originally designed, and for a decade implemented, as a manual method, in the early 1980s
this approach was modified for use on interactive image processing systems, initially for the US
AgRISTARS (Agriculture and Resource Inventory Surveys Through Aerospace Remote Sensing)
Project (Moses and Barrett 1986). Subsequently it was applied to significant rainfall cases in many
areas of the world based either on NO AA-AVHRR or geostationary satellite data. Case studies
included several Arabian Sea tropical cyclones making landfall over the Sultanate of Oman (Barrett and
Power 1985; Barrett et al. 1989a & b, and Barrett et al. 1989). In its most developed form the Bristol
Method relied on the skill of the interpreter to identity areas of significant cloud (guided by weather
station reports superimposed on theIR cloud imagery), and to advect these between images separated
by perhaps several hours in time. The computer then translated the contoured cloud type/cloud duration
fields into rainfall estimates using not only sets of "morphoclimatic weights" (expressions of the effects
of surface topography and climate on local rainfall), but also synoptic weighting factors based on
observed relationships between the cloud characteristics and rain gauge-reported rainfall (to select the
most appropriate regression for each pixel). Hence, the Bristol Cloud Indexing Method increasingly
became appropriate to both climatological (long-term) and meteorological (short-term) needs. The
"B4" Technique described later is an objective development of this method.

The GOES Precipitation Index (GP!) and Recent Derivatives
Unquestionably the most widely-used climatological method for estimating rainfall fTom IR
satellite data over the tropics and sub-tropics has been that described originally by Richards and Arkin
(1981). This has been automatically applied to geostationary data streams by the WMO's Global
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Precipitation Climatology Project (GPCP) since the mid-1980s as the basis for the first long-tenn,
systematic, monitoring of low-latitude rainfall over both land and oceans around the globe (see Secti:m
3.6.2). Based on the finding of Arkin (1979) that a very high correlation existed between observed
rainfall and the fractional coverage of high (cold) cloud (<23 5K) over the GARP Atlantic Tropical
Experiment (GATE) region, Richards and Arkin determined that the highest correlation between these
parameters at the 2.5° lat/long resolution. Using this information, they developed an estimation method
in whose key regression relationship GATE radar-observed rainfall was the predicted, and the fractional
coverage of cold cloud (the ratio of pixels colder than 235K to the total number of pixels in a 2.5°
latllong area) was the predictor. The procedure yielded this estimation equation:

R = (3 mm h"1)

* (frac) x (h)

(3.2)

where R is the rainfall estimate in millimetres, frac is the fractional coverage of cloud top
temperatures <235K for the desired 2.5° lat/long region, and h is the number of hours in the
observation period.
Subsequent studies (see, for example, Arkin et al. 1989, Joyce and Arkin 1994, and the work of
the Bristol group (see Section 3.3.2, "B4")) have confirmed the expectations that- at least in some
areas and seasons of the year - other cold cloud thresholds are more appropriate than 23 5K, and that
1
the use of a fixed conditional rain rate of 3 mm h" has been a fact "certainly responsible at least in
part for the systematic overestimate (from the GPI) noted for tropical land areas by Arkin and
Meisner (1987) and for the spatially varying bias found by Arkin (1988)" (Arkin, Joyce and Janowiak
1994). In some regions (e.g. parts of East and West Africa) optimum rain:no-rain IR threshold
temperatures are now known to vary seasonally by as much as 50 K, and geographically by values as
large as this over only a few hundred kilometres (Dewhurst et al. 1996).
In order to account better for the global variability of rainfall regimes, and in search of other
improvements in performance, several multisource modifications to the GPI have been proposed (cf.
other multisource techniques in Section 3.6). Of these, two deserve special mention:
1.

The Adjusted GP! (AGPI) of Adler and Negri (1993) which employs an SS:M:/I MW-based
adjustment ratio to modify GPI monthly rainfall estimates. Specifically the ratio (ra) for each
grid is:

VM

(3.3)

Ta= -V
MIR

where VM is the total monthly rainfall estimate for a grid using a MW technique, and VMJR
represents total monthly rainfall estimates from the GPI using the IR data most closely
coincident with the MW observations. A monthly estimate for each grid square is then derived
by applying the adjustment ratio to GPI estimates calculated with the full hourly IR data.
Smoothing is then applied using a 5 by 5 grid box moving average window, and it is
recommended that the ratio be restricted to the range 0.2 to 2.0 to prevent unreasonably large
departures from unity.
2.

The Universally Adjusted GP! (UAGPI) of Xu et al. (p.c.), an even more recent derivative
which specifically modifies both the IR. rain: no-rain threshold temperature and the rain rate. In
essence, the UAGPI forces the number of IR-estimated rain pixels to approach that of groundobserved rain pixels (cf. "B4"), or MW rain pixels over a month-long period by adjusting the IR
temperature threshold, and then adjusting the rain rate values (see Figure 3.4).
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3.3.2

Flow diagram for the UAGPI (Xu et al. p.c.).

Short Time Scales and Instantaneous Rain Rates

The Griffith/Woodley Technique (GWT)
This was designed as a pioneering approach to the "objective" estimation of rainfall from
geostationary cloud imagery for short time periods (days or less), through consideration of the lifehistories of individual rain cells (Griffith et al. 1976). Shortly afterwards a modification was published
to demonstrate the value of such an approach to the estimation and prediction of rainfall from tropical
cyclones (Griffith et al. 1978).
At the core of the technique were empirical relationships between the temporal histories of
satellite-determined VIS cloud areas and gauge/radar measured rainfall (see Figure 3.5(a)), originally
evaluated over southern Florida. These revealed that radar rain echo areas reach their maxima earlier
than related VIS and IR imaged clouds. When IR digital data became available these relationships were
redefined as functions of cloud-top temperature (see Figure 3.5(b)). The following summary of the
GWT is based on the paper by Negri, Adler and Wetzel (1984):
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In brief, the steps necessary in the GWT to produce a rain depth (Dy) across an array of grid
squares (i, j) are as follows:
1.

From a sequence of VIS or IR images, identify and compute the area (Ac) of every entity
bounded by a 253 K isotherm.

2.

Determine successive values of Ac for each entity until terminated by a cloud split, merger,
mingle (simultaneous split and merger), or until it is lost through evaporation. Entities (clouds)
resulting from such interactions are considered new entities.

3.

Determine the maximum areal extent (Am) of the entity and use it to normalise each observation
of Ac during the lifetime of the entity.

4.

Use the curves presented in Figure 3.5(b) to determine the fractional area containing
precipitation (A/Am), where Ae is the inferred radar rain echo area. Enter the ordinate of Figure
3.5(b) based onfirst, the value of Am (which indicates which curve to use), second, the value of
A/Am and third, the sign of Mci!J.t where !J.t is the interval between satellite images (typically 30
min). The empirical relationships in Figure 3. 5(b) were based on 281 observations of radar
echoes and IR defined clouds over southern Florida (Griffith et al. 1978). From this point, IRonly relationships will be described.

5.

Use the right-hand side of Figure 3.5(b) to determine the fraction A/Ae(max) and note whether
the slope of the regression curve is increasing, decreasing or zero. Enter the ordinate of Figure
3.6 and determine the rain rate(!). This relationship was derived from digitised WSR-57 radar
data from Miami (Woodley et al. 1980; Griffith et al. 1980). The singular point at 20.7 mm h" 1
in Figure 3. 6 is for echoes at their maximum echo area.

6.

Compute the term

1: 3 a;b; for each entity at each time where a; is the fraction of Ac between

253 and 225 K, a2 is the fraction of Ac between 224 and 202K, a3 is the fraction of Ac less than
201 K. The empirically derived coefficients b1, b2, b3, are 1.00, 2.19 and 3.24 respectively.
This temperature weighting term would be 1.0 (3.24) for a cloud composed entirely ofpixels at
253 K, and is designed to increase the rain volume for colder clouds. The coefficients,
empirically derived, were first applied to the VIS brightness contours in tropical cyclones
(Griffith et al. 1976). The IR coefficients are described in the Appendix of Griffith et al.
(1978).
7.

Compute the rain volume (Rv) for each entity at each time:

Rv = I

[.1_] Am ~ a;b;!J.t.
Am

(3.4)

i+l

The Am terms in the above equation do not cancel because the term in brackets is derived as a
dimensionless ratio.
8.

Apportion half the rain volume to the coldest 10% of the cloud entity area, and the remaining
half to the next warmest 40% of the cloud. For the GATE data, rainfall was apportioned to the
whole cloud (Woodley et al. 1980). For estimation over the US High Plains rain was
apportioned to the inferred echo area, typically 6% of the cloud area (Griffith et al. 1981). For
tropical systems, a "10-50/40-50" apportionment has been used (Augustine et al. 1981 ). Within
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TABLE 3.4
Satellite estimated daily average hurricane rain rate and rain 12otential a .(Griffith et al. 1978).

Name
storm
Agnes
Fifi
Caroline
Anita
Carmen
Dottie
Eloise
Babe
Debbie
Ernmie
Edith
Celia
a

of

Year

Period of
estimate

Total daily rain
volume (10 11 m3)

Average rain
rate (mm day- 1)

Total storm rate
potential (mm)

1972
1974
1975
1977
1974
1976
1975
1977
1969
1976
1971
1970

4
5

0.97
1.18
0.09
0.25
0.45
0.8
0.12
0.29
0.24
0.31
0.23
0.25

128
109
53
46
116
48
60
42
70
50
70
39

393
232
150
150
124
124
118
81
73
62
57
34

2

2
4
2
5
2
4
2
4
4

Estimated from VIS images through 1975, IR thereafter.

these 10% and 50% areas the rain is apportioned based on the summation of a parameter b, which
varies with cloud top temperature.
Subsequently, several modifications were made to the basic GWT scheme for use in other
regions, e.g. for use over the GATE area (Woodley et al. 1980). In their modification for rainfall
estimation from tropical storms and tropical cyclones, based on the recognition that tropical storms may
generate copious rain, yet show no growth of the anvil/canopy, Griffith (1978) used an upward
adjustment of rainfall according to the fraction of the cloud which was above designated secondary
cloud brightness or temperature thresholds.
Griffith et al. (1978) also recognised that an estimate of average rain rate, together with
information on expected storm size, speed, and position, raised the possibility of forecasting total
rainfall for (coastal) points in the path of a tropical cyclone - a pioneering application of a satellite
rainfall prediction scheme. Griffith et al. (1978) represented the total rain potential for a station in the
path of a tropical storm as:

(3.5)

R = (8/v)<R>

where 8is the width of the storm along its path relative to the station, vis storm speed, and <R>
is storm-averaged rainfall rate. When applied retrospectively to a dozen tropical cyclones (Table 3.4),
the index correctly indicated highest rain potentials for the flood hurricanes Agnes and Fifi, and lowest
potentials for the dry hurricanes Celia and Edith (Griffith et al. 1978).
As subsequent sections and chapters will confirm this approach has strongly influenced all
subsequent satellite schemes for forecasting rainfall from landfalling tropical cyclones.
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The Negri-Adler!Wetzel Technique (NA WI), and the Convective- Stratiform Technique (CST)
It is appropriate to consider these together, for both originated from the same laboratory (at
NASA's Goddard Space Flight Center), and are closely related to one another.

A critical and independent examination of the Griffith/Woodley Teclmique was undertaken by
Negri, Adler and Wetzel (1984), who concluded that it was: "unnecessarily complicated for use in
estimating daily rainfalf', and had a significant drawback in estimating rainfall for shorter periods in
that "it requires a sequence of imagery before estimating the rain at the first image." Those authors
proceeded to demonstrate that a simplification ofthe Griffith/Woodley Technique, commonly known as
the NAWT, could approximate its results. The NAWT assigns rain rates to cloudy pixels on an imageby-image bias without the need to compute the rate of change of (individual) cloud areas. The
potentially raining clouds are defined as colder than 253 K, with rain rates of 8 mm h- 1 assigned to the
coldest 10% of the (convective regime) cloud tops, 2 mm h" 1 to the 40% next coldest, and zero rain to
the remainder.
Subsequent research, partly in conjunction with near-synchronous DMSP SSM/I data, led to
variations in the rain:no-rain IR threshold temperatures, and the realisation that much of the rain rate
variation in convective regimes stems from differences in the rainfall behaviour of convective tower
clouds and their associated cirrus anvils. By then Adler et al. (1988) had defined a related approach
called the "Convective-Stratiforrn Technique" (CST) to more effectively account for anviVtower
contrasts. This defines potential thunderstorms by locating minima in the IR temperature field. Cirrus
is screened by means of an empirical relationship that suggests that, at intermediate temperatures (215235 K), thunderstorms will have a tighter gradient about the minimum point than will cirrus. This
gradient is referred to as the "slope parameter". Different rain rates are applied to the convectional and
stratiform cloud areas. Tested first over Florida, modifications to the basic CST necessitated by
differing meteorological conditions in other regions are exemplified by its use over Japan (Negri and
Adler 1993):
1.

The cirrus/thunderstorm discrimination was redefined using the 85 GHz scattering signature to
classify the minima into raining and non-raining points, as shown in Figure 3. 7(b ), in comparison
with the NAWT applied to the same data set (Figure 3.7(a)).

2.

The threshold temperature for storms was lowered to 23 5 K.

3.

An automated adjustment to the cloud model-assigned rain rate and rain area for points defined
as convective cells was included. This compensates for a lower tropopause when compared
with the technique's derivation over summertime Florida. This adjustment, computed directly
from the distribution of cloud-top temperature, amounts to about a 10% increase in rain rate,
and about a 25% increase in rain area, when the satellite-determined tropopause temperature is
221 K.

4.

All minima with a slope parameter less than 1.5 K were eliminated. This was to remove
nonconvective features appearing in the anvils of mature thunderstorms which have an IR
temperature relative minimum but no scattering signature in the MW data, indicating that they
are not convective elements, but rather perturbations in the anvil top.

Statistical evaluations of the CST in the Japanese region indicated good performance over the
open ocean, but a failure to detect orographically enhanced rain maxima along the coast of Japan.
Subsequently the CST has been used widely in overland rainfall estimation in the tropics.

113

~.r-----r---~r----.----~----~----~--~-.

~.r---~~---r----------~--------~r-~---,

~.

IS.

J.

8
15.

~
......

UJ

1I

f

Q..

!0.

1T

N

0

vl
10.

~
~

~
5.

!IOD:cca:c

c

CLOUD AREA

Figure 3.7:

erc_~r'E~'
c

c€

ccc
c
c ~ccc cc c c c
c
lcCE~ e'EE c c ~ TcCc c Ec
c!c
er c eel
~c
c~ c_
c c cc<-_r
~~
f T er T
"
ccCCc~
TT ,c rf
cT c ~
c ~ EcEC cc ;; c c
T ~T \CriT
~ T I CC
T T
•t
TT t C
CC
CC C
rr
r
P:c
E
c
~

~

ic

m

1000.

100.

T C

c€

CT

o.~~--~~~~~~--~~~--~----~----190.
T
210. T
220.
230.
2\0.
250~
250.

c

o. ~~..oe-.o.e-~--~~:---~--""7-:::::-....
10000.
10.

T c

Ce

c c cc
c c eT
ccc;ccccr
c 'c
c
cc c c

TEMPERATURE (Kl

(P!XE~Sl

Empirically-derived discrimination between convective clouds and cirrus clouds over
Japan for the NAWT (a), and CST (b). SSM/I 85.5 GHz data were subjectively used to
stratify the data into thunderstorms (T) and cirrus (C). In (a) the ordinate is the
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ordinate is the difference between the average of the temperatures of the immediate
neighbours of the minimum temperature point and the temperature of this point itself,
while the abscissa is the temperature of the minimum point. (Negri and Adler 1993).

"B4" (the Bristol/Barrett, Beaumont, Bellerby) Technique

This IR-based technique, designed ab initio in the early 1990s to take account of lessons
learned in VIS/IR satellite rainfall monitoring to that point, has been applied continuously in near realtime by the Centre for Remote Sensing, University of Bristol for crop prediction and hydrological
purposes since March 1992 (Barrett 1993). "B4" was the first operational, objective, IR-based,
technique to recognise that all the basic parameters (rain:no-rain boundaries; rain cloud durations; rain
rates; and the effects of terrain and climate) are by nature continuously variable through both space and
time, and as far as possible - given present knowledge and input data set characteristics - should be
treated accordingly (see Todd et al. 1995; Dewhurst et al. 1996) Thus, the "B4" method was designed
to provide greater realism in its rainfall estimates than earlier objective IR techniques had managed,
effected through better treatments of the high spatial and temporal variabilities implicit not only in
rainfall itself, but even more fundamentally in the clouds responsible for it. In "B4":
R

=

f

(3.6)

(Cr. RCv, Mcu, Sw)

where, for each pixel, R is accumulated rainfall, Cr is cloud top temperature, RC0 is probablyprecipitating (i.e. rain) cloud duration, Mcu is a morphoclimatically-determined rain rate (usually the
mean rainfall per selected unit period of time), and Sw is synoptically-reported rainfall (usually
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accumulated by rain gauges, but alternatively the instantaneous rain rate from SSMJI or radar). Figure
3. 8 presents the technique in diagrammatic form.
When applied on a 24 h basis, the morphoclimatic weighting fields are mean rainfall per rain day
pixel arrays derived from climatological data sets: these evidence even quite local effects of terrain and
climate on clouds reckoned to be raining on the basis of continually updated relationships between rain
gauge-reported raira.fall and cloud-top temperatures. This updating process is normally undertaken
every 15 or 20 d, but may be every 10 d during periods of significant seasonal variation, e.g. a change
from the dmrunance of one air mass to another. Rain gauge data may then be used to provide "synoptic
weather related" adjustments to the initial rainfall estimates computed from the satellite cloud
infom1ation and the morphodimatic "background fields".
In practice, the technique has been applied routinely at or near the full resolution of the satellite
data to 24 h rainfall monitoring since the early 1990s over broad areas of West Africa, South A.>nerica,
and Southeast Asia, and in a research mode to additional areas of East and Northeast Mrica (Barrett et
al. 1996). Generally, geostationary satellite IR imagery have been used every 2 h, plus Global
Telecommunication System (GTS) reported rainfall, as the key inputs. However, "B4" also retrieves
instantaneous rain fields, and is currently being developed for multisource use with SS:M/I data to help
calibrate rain rates where rain gauge networks are inadequate, including ocean areas. T~is will facilitate
its application in respect of tropical cyclone rainfall, whether over land or over water.

Sco.field/0/iver and IFFA Techniques
Whilst these techniques are members of one family of satellite rainfall monitoring techniques
originating in NOAAINESDIS as long ago as 1977, they are best considered last in this VISIIR
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category both because they have continued to be actively developed to the present day, and because
they still provide arguably the most appropriate IR-based methods for operational application to
tropical cyclones- despite, or because of, their strong interactive and/or training elements which suit
them for use in respect of a variety of extreme weather situations.
The foundations of this important family of related methods were lain by Scofield and Oliver
(1977) through their pioneering attempt to estimate and predict rainfall and, if possible, forecast flash
floods associated with severe convective storms. These are some of the most difficult yet potentially
significant weather situations to threaten life and property over the continent of US. As originally
configured, the Scofield/Oliver method involved manual analyses of VIS and IR imagery based on these
premises:

1.

Precipitation is favoured by high cloud brightness (low cloud-top temperature).

2.

Heavy rainfall is favoured by cold cloud-top temperatures, and growth and merging of tower
clouds~ light rainfall is favoured by shrinking and warming clouds.

3.

Rainfall is concentrated on the up shear side of an anvil.

In the Scofield/Oliver approach a rainfall estimate is made by answering a series of questions organised as a decision tree - for some particular location in a satellite picture sequence. Basically
these are: Is the cloud convective? Is the cloud cold? Is the calibration (station) under the active
part of the cloud, i.e. that part of the cloud which is coldest, has the tightest gradient, contains towers,
or shows texture? Is the cloud growing? And: Are there overshooting tops, merging cumulonimbi, or
merging convective cloud lines?
Significant rainfall is predicted only if the first three of these questions are answered
affirmatively. The fourth and fifth questions then address the estimation of this rainfall according to
four additive terms: one involving both minimum cloud top temperature and growth of the coldest
contour, and one term each for overshooting tops, merging thunderstorms, and merging convective
cloud lines.
The assignment of particular rainfall rates to categories of cloud top temperature, growth,
position, texture and relationships with other convective systems were based originally on standard
gauge measurements of convective rainfall over the central US for one summer season. These were
adjusted by physical reasoning, and later, experience. The scheme as a whole is appropriate to
tropical/subtropical summer conditions, with the tropopause between -60 and -66°C.
1

The 48 possible estimated rain rates range from Trace to 17.8 cm h" (7" h"\ The distribution
1
is variable. Precision is highest just above 0, 2.54, 5.08 and 7.62 cm h- (0, 1, 2, and 3" h" 1 respectively.
Only three rates are greater than 10.16 cm h- 1 (4" h" 1).
Subsequently, in the light of further experience, and the demands of other potentially very
threatening weather situations, Scofield and his eo-workers defined a whole range of similar schemes,
all very reliant on the meteorological knowledge and skill of the satellite image interpretation. They
cover:
1.

Summer convective storms.

2.

Winter mid-latitude cyclonic (snow producing) storms.
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3.

Warm-top convective storms (from which heavy rains may fall despite an absence of the very
cold cloud top temperatures characteristically associated with very heavy rainfall).

4.

Tropical cyclones.

In view of the principal focus of this Technical Document, further discussion will be of the last
of these alone. The tropical cyclone version of the Scofield/Oliver Technique assigns rainfall rates to
tropical cyclone clouds featured in geostationary VIS and IR images; it yields a rainfall potential of the
cyclone prior to landfall, and provides hourly rainfall estimates during landfall (Spayd and Scofield,
1984; see also Sections 4.3.2 and 5.5.2). These steps are followed:
Step 1:

Identification of a tropical cyclone.

Step 2a:

Identification and location of the principal satellite-obsen,ed cloud features in
the tropical cyclone, including its eye, Wall Cloud (WC), Central Dense
Overcast (CDO), Outer Banding Area (OBA), and Embedded Convective Tops
(ECT) of particularly cold clouds. Anticyclonic cirrus often masks some at least
of these features.

Step 2b:

Comparison of two consecutive images 1 h apart, and construction of isolines on
the later image to enclose the WC, CDO, convective cloud bands in the OBA,
and ECTs embedded in those convective bands. Areas of rapid change are also
identified.

Step 3:

Assignment of rainfall estimates to the features identified and analysed in Step
2b, according to the categories in Table 3.5 Cloud features diminishing in size,
or becoming warmer, are assigned the lower rainfall rates, as are those
associated with offshore flow and downslope components. Those which are
growing or becoming colder are assigned the higher rates, as are features in
areas of onshore flow with upslope components. In the OBA, the first rainband
from the CBO in the flow is assigned more rainfall than the others. Cold and
warm topped ECTs in these bands are evaluated using guidelines for the Scofield
et al. "Summer Convective" and "Warm-top Convective" schemes respectively
(schemes (1) and (3) above).

Step 4:

Computation of the rainfall potential of the tropical cyclone before landfall.
This is achieved by measuring the diameters of the different rain rate regions
down the direction of motion of the storm, and in cm~ unction with the storm's
speed of motion. The latter is established from GEO satellite images 3 h or 6 h
apart, using the following relationship:
Reno Deno + Rwe Dwe + RosA DosA + REeT DEer

Rainfall Potential
V

(3.7)

where Reoo, Rwe, RosA. and REe are rainfall rates (R) of the CDO and WC areas,
and significant bands in the OBA, and ECTs, respectively; and Deoo, Dwe, DosA,
and DEer are diameters (D) of the rainfall rates from each of these features in the
direction of motion, and V is the speed of the tropical cyclone.
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TABLE3.5
Computation of rainfall estimates for tropical cyclones comparing two consecutive geostationary
images. The rainfall accumulations underlined are the values normally used (Spayd and Scofield 1984).

Estimates for the CDO Area and Wall Cloud
CDO (a 50 n mile radius either side of the cloud
system centre; this radius can be modified by the
IR and VIS):

Rainfall Accumulations
(inches per hour)

3

0.50-1.00-2.002

Outer edge ofthe CDO:

0.01-0.05-0.10

Wall cloud (20 n mi either side of the eye or
cloud system centre):

3

1.00-2.00-3.00

Notes
1.
2.
3.

The colder the canopy temperature in the IR, and the brighter and more
textured the canopy is in the VIS, the higher the rainfall estimate.
Colder and brighter features analysed within the CDO should be given
higher rainfall estimates.
Cloud tops that are becoming warmer should have lower rainfall estimates.

Estimates for the OBA

Rainfall Accumulations
,{!nches per hour)

Outer Banding Area:

0.10-0.30-0.50

Area of cold convective cloud tops embedded
in the convective cloud bands3 :
The first band from the CDO located in the
onshore flow 2 :

0.50-1.00-2.00

Growing, becoming colder, or remaining.
the same4:

0.25-1.00-4.00 5

Decreasing in area4 :

0.10-0.50-1.00

Becoming warmer4:

0.05-0.20-0.50

Notes
1.

The colder the canopy temperature in theIR and the brighter and more
textured the canopy is in the VIS, the higher the rainfall estimate.

2.

Only considered when the OBA is moving onshore.

3.

These estimates are obtained from the convective technique for estimating
rainfall from convective systems.

4.

These categories are determined from the changes observed in the thunderstorm anvil in two consecutive pictures.

5.

The more rapid the convective cloud tops grow and/or become colder,
the higher the estimate.

118

NOAA' s use of the Scofield/Oliver techniques for routine high-intensity rainfall estimation and
flood forecasting over the US mainland was initiated on an experimental basis in 1978, and became fully
operational in the mid-1980s. Deploying an expert analyst/machine mix, this has become known as the
Interactive Flash Flood Analyser (IFFA). Due to the considerable time needed to process and interpret
the input images and all significant collateral data, and to compute the required rainfall products, the
meteorologist deploying the IFF A has been able to process only one extreme precipitation event at a
time. For occasions involving several such situations simultaneously, a faster, fully-automated, rainfall
estimation technique and processing system is required. At the time of writing the Auto-estimator (see
Sections 3.6.3, 4.3.3 and 5.5.2) is in its final stages ofpre-operational development, and is expected to
replace IFFA shortly as the routine NOAAJNESDIS methodology.
3.4

PMW TECHNIQUES

3. 4.1

E}.llpirical Algorithms

The CALIVAL Algorithm
The physical basis of the present DMSP CALNAL algorithm (Hollinger et al. 1987) stems
from some limited radiative transfer modelling experiments which showed an exponential decrease of
upwelling Ts with increasing rain rate at 85.5 GHz (see Figure 3.2). For emission-based measurements
over oceans, the form is much more complicated. Nevertheless, the form chosen for the regression
equation is:
7

R

=

(exp a 0 + J;a;Tbi} - c

(3.8}

i=l

where the rainfall rate R (mm h" 1), is a function of the seven collocated SSMII T8 s, with
coefficients, a;, which are determined by regressing the TBs against 1n(R + c) where c is a parameter.
The coefficients were generated separately for land and ocean giving:
R 1andmm h 1) = exp(3.29717- 0.01290 Tv85 + 0.00877 TH85)- 8.0

(3.9)

and

Rocean(mm h' 1) = exp(3.06231- 0.00056036 Tv85 + 0.0029478 TH85
-0.0018119 Tv37- 0.00750 Tv19)- 8.0

(3.10)

Ocean rainfall observations from Kwajalein Atoll, and both land and ocean radar data from
Darwin, Australia were used to quantify the basic parameters. Rainfall rates were derived using Z =
6
200Rl. within 220 km of the radar sites and were interpolated to a 5 km grid and subsequently
averaged over 625 km2 areas corresponding with the SSM/I observations.
In this way, a total of 342 collocated observations were generated over land and 1365 over
ocean. Nearly all of these area-averaged rain rates were less than 6 mm h- 1. An independent test of the
regression formulae showed a best fit with observed rainfall rates with a value of 8.0 mm h" 1 for the
parameter c.
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In practice the data are screened for no-rain areas to detennine which pixels will be processed
to estimate rainfall intensity. The screening logic uses the Hughes negative polarisation test to screen
for bad data. The McFarland and Neale (1991) test, a set of empirically-derived rules that use
thresholds of several linear combinations of the SSM/I TBs and a previously generated land surface
classification map, is applied to detennine the presence of rain over land. Observations within 75 km of
a coastline are not processed.

Grody!Ferraro Algorithm
The objectives of the NOAAINESDIS or Grody/Ferraro algorithm are to retrieve in real-time
global rainfall over both land and ocean backgrounds, for operational uses. To meet this objective and
to provide land/water continuity, a scattering-based procedure has been developed.
In most precipitation systems, the rain layer extends above the freezing level, and as such,
contains a mixture of water and ice particles. The size and density of these ice particles will vary as a
function of the cloud microphysics and vertical velocities. The SSMJI measurements at 85 GHz are
depressed by scattering ifthe ice particles increase in size to around 0.3 mm. Grody (1991) developed
a Scattering Index (SI) which is a measure of the TB depression at 85 GHz due to the presence of ice.
The SI was developed on a data set of land and ocean surfaces with little or no scattering. (Reflection
from a dielectric interface as described by the Fresnel relations is not considered as scattering for this
purpose). Care must be taken to remove other scattering media, especially snow, multiyear sea-ice, and
desert. These non-raining features are removed in a decision-tree process (Grody 1991), as shown by
Figure 3.9.
The SI is given by:

SI= 256.17K- 0.375 Tvl9- 0.200 Tv22 + 0.00237 (Tv22/- Ty&5

(3.11)

A value of 10 K or higher corresponds to rain rates of 1 mm h" 1 or greater globally. The
algorithm was calibrated using coincident radar data, primarily from the Japanese AMeDAS data set
used in the GPCP AIP-1 intercomparison (see Chapter 4.5). The resulting calibration for rain rates in
1

mm h" is (1.65

+ 0.289 SI).

NASA 's GSCAT Algorithm
The Goddard Scattering Algorithm "GSCAT", and its improved version, GSCAT2, are based
on principles originally described by Adler et al. (1993).

1.

SS:M/I Tss are quality controlled, and the low resolution channels bilinearly interpolated to the
high resolution (85 GHz) pixel locations to take maximum advantage of detail in the
horizontally-polarised 85 GHz values.

2.

Screening for non~precipitating pixels is undertaken using all channels, including tests for cold
oceans, cold land/ice surfaces and desert sand, land water interfaces, and coastal zones (because
of the different radiation properties of land and sea). GSCAT2 explicitly identifies as
"ambiguous" those combinations ofTs values that are sometimes associated with precipitation
in validation data, but which at other times are associated with precipitation-free cold smface
areas. Pixels found to have such combinations are tagged as ambiguous, are provisionally
assigned a precipitation rate, and considered candidates for possible selection at a later stage.
Thus, the user should have more confidence in pixels not labelled in this way. Where possible
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Step I

If 450.2 + 0.506 * VI9- 1.847 * V22
+ 0.00637 * V22 ** 2- V85 > 10.0

No
Non-scattering

Yes
Precipitation
over the ocean

Step 2

No
Step 3

I

If V22 > 257 and
V22 < 158.0 + 0.49 * V85

I

Yes
Snow

Yes

Step 4

t

Sand

No

Precipitation over land

Figure 3.9:

Flow diagram showing steps in the Grody decision-tree process to isolate rain over
land. (After Grody 1991).

the order of the various screening tests is optimised, e.g. they are applied in descending order of
global significance.
3.

Unmasked and ambiguous pixels are then subjected to a simple scattering relation to provide
estimates of precipitation rates. Originally (in GSCAT), the relationship of Adler et al. (1991)
was adopted as follows, based on radiative transfer modelling with the results of a squall line
simulation:

RR =

r

[Tthresh-

TB(85H)] *4.188'

1

TB 5Tcutoff

lo

(3.12)

TB >Tcutoff
1

where RR is the rain rate (in mm hr' ), I'thresh is the zero rain rate TB(85H), and Tcutoff is
1
the TB(85H) that yields a 1 mm hr' rain rate. The constants I'thresh and Tcutof!Were originally
given the values 251 K and 24 7 K (Adler et al. 1994), but the "final" values were set at 262 K
and. 260 K respectively for water and possible sea-ice surface types, and 257 K and 253 K for
land and coastal surface types.
A limited vertification ofEqn. 3.11 over land using the Global Precipitation Climatology Centre
(1992) rain gauge analyses, and over ocean using the Morrissey and Greene (1991) collection of
tropical Pacific atoll rain gauge data for June and July 1989, resulted in the following rain rate:TB
relationships:
RR water

RR/and
RRice
RRcoast

=RRx2.0
=RR
=RR x2.0
=RR X 1.5

where the subscript refers to surface type. The possible sea-ice surface type is given the same
rain rate as the water surface type, since the instantaneous surface type will be some combination of ice
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and water. The coastal surface type is given a rain rate halfway between the water and land surface
type values, so as to provide a somewhat smooth transition between the two.
One important issue in post-processing is the fate of "ambiguous" pixels. A defensible scheme
has not yet been developed for accepting or deleting the ambiguous pixel precipitation rates in an
instantaneous scene. However, at the monthly timescale a threshold of 2-% for the combined fractional
coverage by ambiguous and cold smface pixels seems to control most of the }1Jgh-precipitation
artefacts, yet retains as many grid boxes as possible. In general the number of ambiguous pixels
encountered in tropical storm scenes is very small.
3 .4.2

Physical Algorithms

GPROF Algorithm

In 1996, a general methodology for retrieving rainfall rates and the vertical structure of
precipitation from MW radiometer and/or radar measurements was developed at the Mesoscale
Atmospheric Processes Branch ofNASA's Goddard Space Flight Center (GSFC) (Kummerow et al.
1996; Olson et al. 1996). Since its inception, the Goddard Profiling Algorithm, or GPROF, has been
successfully applied to satellite MW observations from the Special Sensor Microwave/Imager (SSMII)
and the TRMM Microwave Imager (TMI) (see Figure 3 .1 0). It is currently one of the operational
algorithms resident at the TRMM Science Data and Information System. GPROF-TMI precipitation
products are available from the Distributed Active Archive Center (DAAC) at GSFC. A variant of
GPROF has been applied to coincident TRMM TMI and Precipitation Radar data, as well as different
combinations of aircraft-based MW radiometer and radar observations.
GPROF is based upon a Bayesian technique similar to contemporary precipitation algorithms
developed by Pierdicca et al. (1996) and Haddad et al. (1997). First, cloud resolving model
simulations, coupled with a radiative transfer code, are used to generate a large database of simulated
precipitation vertical profiles and corresponding MW radiances. The database of simulated radiances
serves as a kind of "reference library" with which actual sensor-observed radiances can be compared.
Given a set of multichannel radiance observations from a particular sensor, the entire library of
simulated radiances is scanned. The "retrieved" profile is composited from those profiles in the
database which correspond with simulated radiances consistent with the observed radiances.
Formally, the GPROF estimate of surface rainfall rate, E[R], is given by:
exp {- 0.5 (Tss(Rk)- Tsol (Srs + Ors)-1 (Tss (R,J- Tso) + C}
E[R] = L. Rk - - - - - - - - - - - - - - - - k

(3.20)

~

N
where Tss (R,J is a vector of simulated radiances corresponding with the model surface rainfall rate Rk;
Tso is a vector of sensor observed radiances; Srs and Ors are error covariance matrices of the simulated
and observed MW radiances, respectively; C is a constraint term; and fr is a normalisation factor. The
summation is over all simulated profiles/radiances in the supporting model database. The exponential
weighting each value of RK in the database is the conditional probability that that particular value of rain
rate is the observed rain rate, given the set of observed radiances T80 . As the simulated radiances
deviate (in the mean-square sense) from the observed radiances, the weighting factor decreases. The
influence of a particular channel in the weighting factor in inversely proportional to the combined
simulation and observation error variance of that channel. In practice, only the variance terms along the
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(a)

•h'\\\

lhfi\\

(b)

Figure 3.10: Examples of horizontal and vertical rain rate products from the TRl'viM-PR, for Tropical
Cyclone Pam, 1802 UTC, 8 December 1997: (a) cross-section of rain at 2 km height
superimposed on the GOES-IR image for 1800 UTC; and vertical profile along section
AB in (b). (Courtesty NASA).
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diagonal of the matrices Sr8 and Ora are retained. The a priori probability that Rk is the observed rain
rate, regardless of the observations, is represented by the relative frequency of occurrence of the value
of rain rate in the supporting database.
An investigation by Olson et al. (1999) demonstrated that improved estimates of precipitation
and its vertical structure could be obtained by including an additional constraint term C, which
represents the deviation between the simulated and observed area! convective rain fraction within the
sensor footprint. The convective rain fraction can be estimated from high-frequency (85 GHz channel)
polarisation and/or texture information from the PMW sensor.
GPROF differs from most of the rain algorithms previously described in that it is both physically
based, and explicitly accounts for the statistical uncertainties of the sensor simulations and observations.
The algorithm is ideally suited to the MW radiometer rain estimation problem, since only limited
information regarding radiance-sensitive cloud and precipitation parameters can be obtained from the
typical set of ~ 10 MW channel observations available.
This implies that constraints on
cloud/precipitation horizontal and vertical structure, particle type, phase and size distribution etc. must
be introduced to obtain a specific rain rate estimate. The cloud model simulations that are the basis of
GPROF supply this structural and microphysical information, while in direct physical inversion
techniques the applied constraints may not be physically consistent. Another advantage of GPROF
over iterative physical inversion methods is its computational efficiency. All radiative calculations are
performed prior to the implementation of the algorithm, and the algorithm is non-iterative, making it
well-suited to operational settings. On the other hand, proper rain estimates fi·om GPROF require that
the supporting database includes the full spectrum of precipitation profiles which may be encountered
by the radiometer; otherwise, in some situations the algorithm might "select" a profile in the database
which is not very compatible with the observations.
Another attribute of GPROF, and Bayesian algorithms in general, is that an estimate of the
random error of the retrieved rain rate may be obtained, by evaluating:
(3.14)

V[R] = E[(R- E[RJ/J

where E[j is the operator defined in (3.13). V[R] may be interpreted as the error variance of the
estimate of R due to the lack of specific information in the sensor channels; i.e. even if the sensor
observations are noise-free, there will be some random error in the estimate of R since the observed
cloud/precipitation structure and microphysics has many degrees of freedom, and there are only a finite
number of sensor observations of this structure and microphysics. Computationally, V[R] can be
evaluated in the same time it takes to evaluate E[R].
Using V[R], the estimated random error of individual, instantaneous, estimates of rainfall rate
are approximately 100% of the retrieved rain rate, based upon a set of TMI observations of
Supertyphoon Paka. Since individual GPROF rain estimates represent the average rain rate over 10 km
by 10 km areas, area-averaging of individual estimates can still yield useful rain information while
reducing the random error. Systematic errors are more difficult to quantify, but intercomparison of
TMI and PR estimates of rain rate suggest biases on the order of 25% over ocean and 15% over land
(S. Yang, p. c.).
GPROF estimates of surface rain rates and convective rain percentages from SSM/I and TMI
observations of Hurricane Bonnie at 0911 UTC on 25 August 1998 are shown in Figure 4.20.
Operational estimates of rain rate and Convective/Stratiform Technique rain classification based upon
coincident observations of the PR are also shown for comparison. Allowing for the differences in
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resolution between the rain estimates in intensity and distribution, convective rain is clearly identified in
the outer rainband ofBonnie.
3.5

ACTIVE MICROWAVE TECHNIQUES

The TRMM-PR Rainfall Retrieval Technique
The TRMM Precipitation Radar (PR) operates solely at the 13.8 GHz frequency. This being a
moderately attenuating frequency, one of the major objectives of any PR rainfall retrieval method is to
estimate and correct for the path attenuation. Since the PR is not only a single wavelength system, but
also a single-polarisation, non-Doppler radar, few methods for rainfall retrieval are available from which
to choose. These include the Hitschfeld-Bordan (HB) method (Hitschfeld and Bordan 1954), the
Surface Reference Technique (SRT) (Meneghini et al. 1983), a hybrid of HB and SRT (Iguchi and
Meneghini 1994; Iguchi et al. 1998), and the "mirror image" technique (Liao et al. 1999).
The current PR rainfall algorithm (designated 2a-25 in TRJ\1M nomendative: see Figure 3.11)
uses the hybrid of the HB and SRT methods both to correct for attenuation and to derive an estimate of
the range profile of the radar reflectivity factor, dBZ. The rain rate is then calculated from the dBZ
profile, plus an appropriate Z:R relationship, where R is the rainfall rate in mm h" 1 (see Collier 1989).
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The TRMM algorithm also includes surface clutter rejection and a provision for attempted correction of
effects of non-uniform beam-filling.
The input data to 2a-25 are therefore the measured radar reflectivity factors, dBZm (derived
from the radar retum power without attenuation correction), and an estimate of path attenuation via the
SRT, along with an assessment of the reliability or accuracy of this estimate. In practice, the PR
method first defines the processing region, hsing only the data between the rain top and the lowest
height above the surface that is free from surface clutter. The bright-band height and the climatological
freezing height are used to define the regions 9fliquid, sold, and mixed phase hydrometeors. The initial
values of the k:Z and Z:R relations are defined· accordingly, where k is the attenuation coefficient in dB
-1
k m.
The attenuation correction is based primarily on the SR.T, which assumes that the decrease in
the apparent surface cross-section is caused by the propagation loss in rain. The coefficient cc in the
k= ccZ!b relationship is adjusted so that the path-integrated attenuation (PIA), estimated from the HB
method, matches that obtained from the SRT. This "alpha-adjustment" method assumes that the
discrepancy between the PIA estimates from the SRT and the HB can be attributed to an inappropriate
choice of cc or equivalently, an inappropriate choice of the rain drop size distribution. There are other
ways, however, to use the path attenuation information provided by the SRT: either by adjusting the
radar constant (Meneghini et al. 1983) or by using the SRT path attenuation as a final value in the
solution to the HB equation (Marzoug and Amayenc 1994).
To avoid inaccuracies in the attenuation correction when the SRT is unreliable, a hybrid of the
SRT and Hitschfeld-Bordan method is used (Iguchi and Meneghini 1994; Iguchi et al. 1998).
Generally, when the rain rate is low, the path attenuation determined from the HB method is weighted
more heavily than the SRT, which tends to have a large relative error at these rain rates. When the rain
rate is moderate or high, the SRT estimate of path attenuation is normally given more weight than the
HB method, therefore avoiding the instabilities that usually occur in the HB estimate when the path
attenuation is large.
Finally, it should be noted that today's TRMM-PR rain retrieval method will probably not be
the last: as with PMW rainfall estimation, AMW techniques are under constant review, and
improvements are always being sought.
3.6

COMBINED SATELLITE TECHNIQUES

3.6.1

Introduction

Retrospectively, it is astonishing that for so long (approximately the first 25 years of research in
this field), satellite rainfall estimation techniques were almost all single or two-channel techniques, and
single-satellite methods. Although considerable attention was paid quite early to the benefits of VIS/IR
bispectral techniques, most notably by Lovejoy and Austin (1979), until the mid-1990s few other
notable attempts were made to simultaneously capitalise on the more promising attributes of data from
different regions of the electromagnetic spectrum. Somewhat similarly, it is surprising that until quite
recently calibration and validation data have usually been drawn from very limited - often one or at
most two different - sources, rather than from all those which might be appropriate and helpful.
In contrast, "new generation" multispectral and multisource techniques are now beginning to
dominate the research scene. Exemplified below, these are both the most promising in a pragmatic
sense, yet the least developed in a historic sense. However, along with GPROF and allied techniques
they are important pointers for the fhture, though all may pose problems for would-be operational users
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because they are relatively demanding in terms of input data, and computational requirements. For the
foreseeable future they might be beyond the reach of all but a small number of particularly wellendowed processing centres, especially if implementation in near real-time is envisaged. Implications of
this are discussed in Chapter 6.

3.6.2 Climatological Time Scales
The Merged GPCP Method
As part of the WMO's Global Precipitation Climatology Project (GPCP), in recent years
increasing efforts have been made to move on from the GPI, which formed the original basis for the
GPCP's praiseworthy endeavours to generate quasi-global climatological rainfall sets from satellite
data. Thus, recent attempts have been made to develop a product which capitalises on several types of
data simultaneously for better overall performance. The merger technique outlined in Figure 3 .12 is
that ofHuffman et al. 1997 (see also Section 3.3.1).
As shown in Figure 3.12, MW rainfall estimates are approximately time- and space-matched
with GEO-IR observations to derive a MW/IR calibration ratio for each grid box (Adler et al. 1993).
In the present case the "matched" GPI is found by computing it from a month of 3 h GEO-IR data
closest in time to the nominal SSM/I overpass time. The ratio is controlled to prevent unstable
answers, and is smoothly filled in regions where SSM/I data are missing but GEO-IR are available.
Alternately, in regions of light precipitation an additive adjustment is computed, namely the difference
between smoothed SSM/I and GPI values when the SSMJI is greater, and zero otherwise. In regions
lacking GEO-IR data, such as the Indian Ocean sector, the GEO-IR contained in the GPCP merged IR
dataset is adjusted using a smoothly varying interpolation of the MW/GEO-IR. adjustment ratio. The
spatially varying arrays of adjustment coefficients are then applied to the full set of GPI estimates,
producing the adjusted GPI (AGPI) precipitation field (see Section 3.3.1), which has the sampling of
the geosynchronous data and the bias of the instantaneous MW estimates. Verification with rain gauge
analyses over water and land, and subjective examinations of the resulting maps and zonally averaged
fields, have indicated that known biases in the GPI over water in the subtropics and over land are
reduced using this adjustment .approach, and that the AGPI estimates are superior to either the MW or
the GPI estimates alone (Adler et al. 1993, 1994).
The resulting multisatellite (MS) estimate is formed from the three satellite sources: AGPI
estimates where available (40°N-S), the weighted combination of the MW estimate and the MWadjusted low-·orbit IR elsewhere in the 40°N-S belt, and the MW estimate outside 40°N-S. The
combination weights are the inverse error variances of the respective estimates. Such a weighted
combination of MW and MW-adjusted low-orbit IR estimates is performed because the low-orbit lR
does not have sufficient sampling to warrant the adjustment scheme used for the GEO-IR.
Meanwhile, the satellite/gauge (SG) estimate is computed in two steps. First, for each grid box:
over land the multisatellite estimate is multiplied by the ratio of the large-scale (five grid boxes by five
grid boxes) average gauge analysis to the large-scale average of the multisatellite estimate.
Alternatively, in low-precipitation areas the difference in the large-scale averages is added to the
multisatellite value when the averaged gauge values exceeds the averaged multisatellite value. This
keeps the bias of the SG close to the (presumably small) bias for the gauge analysis on a regional scale,
even while allowing the multisatellite estimate to provide important local detail. Second, the gaugeadjusted multisatellite estimate and the gauge analysis are combined with inverse-error-variance
weighting. The resulting precipitation products allow users with different requirements to choose
different products, each of which has an associated error estimate
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Figure 3.12: Flow diagram for the Merged GPCP method (Huffman et al. 1997).
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The CPC Merged Analysis ofPrecipitation (CMAP)

The increasing need for accurate quantitative documentation of global precipitation led Xie and
Arkin (1997) to construct rainfall analyses by merging seven categories of information with different
characteristics in a new dataset which the authors have named "CMAP". Their results cover the globe
for monthly and pentad precipitation on a 2.5° lat/long grid. The following products were selected to
ranrar.C'I.o.n+ oo.J""h;
.. ,+- ru~+ n-nt""'l ;n th;CI f"na.t"n·n
al
r;th.t"V''·
"".PI \.l~ ~.u.. ""'a."'J.! ~npu" '"'"'"e5 v.1 y .ua. ~.u.., 111\,11 0 111g u1go,.1uuu..
.1

1.
2.
3.
4.
5.
6.
5.

....

The gauge-based monthly analysis produced by the Global Precipitation Climatology Centre
(GPCP; Rudolf et al. 1994).
TheIR-based GPI (Arkin and Meisner 1987).
The Outgoing Longwave Radiation (OLR)-based OPI (Xie and Arkin 1997).
The MSU-based Spencer (Spencer 1993).
The SSMII scattering-based NOAAINESDIS (SCT) (Grody 1991; Ferraro et al. 1994, 1996).
The SSMII emission-based Chang (EMS) (Wilheit et al. 1991).
Modelled precipitation distributions from the NCEP-NCAR reanalysis (MDL) (Kalnay et al.
1996).

A two-step approach is used to reduce the random error, and to remove the bias, inherent in the
individual data sources (Figure 3.13). First, the satellite estimates and the re-analysis precipitation
fields are combined linearly through the Maximum Likelihood Estimation method, in which the
weighting coefficients are inversely proportional to the individual error variance. The output of the first
step is then blended with the gauge observations using the method of Reynolds (1988), in which the
first step output and the gauge data are used to define the "shape" and the magnitude of the
precipitation fields, respectively.
Examinations have shown no discontinuity during the period covered despite the different data
sources used for different subperiods. Comparisons of CMAP results with those from the merged
analysis of Huffman et al. (1997) reveal remarkable agreements over the global land areas and over
tropical and subtropical oceanic areas, with differences observed over extratropical oceanic areas (see
also Section 4.2.5).
3.6.3

Short Time Scales and Instantaneous Rain Rates

The GOES Multispectral Rainfall Algorithm (GMSRA)

This relatively recent multispectral geostationary technique (Ba and Gruber 1998) seeks to
compute rainfall R from cloud top temperature (Tc) through the relationship:
R(Tc) = Pb(Tc)

*RRmean (Tc)

(3.15)

where Pb is the probability, and RRmean the mean rain rate, associated with rainy clouds
extending to that level. A cloud growth rate and a correction factor accounting for available moisture
are used to adjust the rainfall estimated by this equation in a manner similar to Vicente et al. (1998).
In practice the GMSRA first screens out non-raining clouds. Since infonnation derived from
the IR window channel indicates primarily the height of cloud tops, other sources of guidance are
needed to identifY cloud type. Thus, in addition to IR, the VIS, NIR and WV channels are used to
better identify potentially raining clouds. The screening of non-precipitating cirrus is obtained using a
gradient temperature (Adler and Mack 1984). The NIR channel (3.9 J..tm) is used during the daytime to
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Figure 3.13: Flow diagram for the CMAP merging algorithm. (After Xie and Arkin 1997).

derive the effective radius of cloud droplets near their tops. It has been shown (Rosenfeld and Gutman
1994) that precipitation areas are well correlated with areas of cloud tops having an effective drop
radius larger than 14 J..Lm. The difference between GOES channel 4 (11 j..tm) and channel 3 (6.7 j..tm)
measurements is used to identifY overshooting cumulonimbus clouds that fail the gradient screening
test.
During daytime, potentially precipitating clouds are classified as those having at least 0.40 in
visible reflectance, a gradient temperature greater than a predetermined threshold, and a cloud particle
effective radius equal to, or greater than, 15 j..tm. The retrieved rainfall is based on assigning the
probability of rain and mean rain rates in groups of 10 K. For each temperature, band the probability of
rain, and the mean rain rate, within that group are computed as:

P(T) =(number of raining pixels in Ts group)l(number of cloudy pixels)
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Rmean = }; (rainfall rates in T8 group)l(number of raining pixels)

(3.17)

The P(T) is the probability of rain associated with cloud top temperature. Collocated radar and
GOES measurements from over the continental United States were used to obtain P(T) and RRmean (see
. Figure 3.14). The maximum rain rate allowed by the model is 40 mm h" 1. Routine statistical
evaluations over the US indicate that the GMSRA compares quite well with radar data particularly in
light rain areas. However, in very intense rain, it generally underestimates the rainfall, and may
underestimate rainfall in strong disturbances (see Chapter 4.3.3). For present purposes, the GMSRA
may be improved by performing a separate calibration for rainfall associated with tropical cyclones.
The Manobianco et al. Technique
In order to assimilate rain rate data into numerical models, or construct mesoscale spatial and
temporal analyses of tropical cyclone rain rate, observations from the polar orbiting PMW sensors were
combined with geosynchronous satellite IR data. Later, this approach was applied to Hurricane
Florence (1988) by Karyampudi et al. (1998) based on the multifrequency GPROF algorithm (see
above), supplemented by GOES IR data to complete analyses of the precipitation structure at short
intervals between the SS.M/I observation times and in the domain of the SSM/I image. The method
combines the two data sources following these steps:
1.

Determining the total number of SS:M/I pixels where the rain rate is greater 1 mm h" 1 in the
latest S S.MII image.

2.

Within this SSM/I area, generating cumulative sums of the number of (the latest image) SSWI
pixels greater than discrete (integer) precipitation rates and cumulative sums of the number of
IR pixels colder than discrete (integer) IR TBs.

3.

For each whole number SSM/I-derived rain rate from 1 mm h" 1 to the maximum rain rate,
choosing a threshold TB from the IR data such that the sum of pixels at or before that T 8 most
closely matches the cumulative pixel count from the SSM/I data.

4.

Repeating steps (1)-(3) using the earlier SSM/I observations. The discrete SSM/I rain rates at
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Figure 3.15: Application of the Manobianco et al. Technique to rainfall estimation early in January
1989. The discrete SSMII rain rates at 2330 UTC, 1 January and 0930 UTC, 4 January,
1989 are plotted as a function ofTI TBs (solid circles). The dashed curves represent the
logarithmic equations that are the best fit to the rain rate versus TB data at each time.
The solid lines delineate the upper and lower bounds for the IR-derived rain rates at the
intermediate times. (Manobianco et al. 1994).

the later and earlier observational time are plotted as a function of IR TB (i.e. solid circles in
Figure 3 .15). The equation of the best fit logarithmic curves (i.e. the dashed line in Figure 3 .15)
was used to calculate the rain rates from the IR TBs. Since the IR data were available
operationally every 30 min between the two SSM/I observations, the coefficients for the best fit
curves at the intermediate times were limited to be greater (less) than, or equal to, the minimum
(maximum) SSM/I-derived rain rates given by the solid lines in Figure 3 .15.
At the intermediate times between the SSM/I passes, the IR rain rates were also compared
within representative SSM/I swaths (i.e. ~ 1400 km) determined by linearly interpolating the
approximate boundaries of the SSWI observations. The SSM/I and IR rain rates during the
intermediate observation times were temporally weighted such that

Ps =PSSM/lxwi + PIR(J-wi)

(3.18)

where wi varies linearly from 1 and 0 over a 2 h period between SSM/I observations. The
blending of the IR and SSM/I data allowed the SSM/I data to be used at the time of the SS:MJI
overpass and provided a smooth temporal transition in the rain rates derived from the SSM/I and
GOES IR data.
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Although the combined method produces smooth rain patterns, the fact that there is a weak physical
relationship between IR measurements and rain rate still remains an inherent limitation. However,
Kummerow and Giglio (1994) indicated that the SSM/I-derived rain rates were accurate to within 25%
based upon Darwin, Australia radar observations.

The Kurino Technique
Various VIS and/or IR-based satellite rainfall estimation techniques have been developed in
Japan, and until recently one of these (Osano et al. 1988) was operationally employed to monitor and
forecast rain from North Pacific typhoons. The new, more broadly-based, Kurino Technique (Kurino
1997) may become its operational successor in the Japan Meteorological Agency (JMA).
GMS-5 became the operational Japanese geosynchronous satellite at 140°E on 21 June 1995. It
has produced high temporal resolution imagery every hour in the IR with a spatial resolution of 5 km at
the sub-satellite point from its VIS and IR Spin Scan Radiometer (VISSR). This records through a
water vapour (WV) channel (6.7 J.!m), and two split window IR channels (11 J.!m and 12 !J.m).
Geographically matched 6 h (00, 06, 12 and 18 UTC) observation datasets of GMS-5 TBs from
the 6. 7 ~!m, 11 J.!m and 12 !J.m channels, and a composite digital radar dataset over Okinawa Islands and
surrounding oceanic regions (120-l35°E, 20-35°N) with 0.05° grid resolution during the smnmer
season (21 July-20 September 1995), were prepared. The radar data were obtained by Kurino from
JMA's operational weather radar network and converted to rain rates (mm h"1) from digitised echo
intensities for 16 levels. A total of 248 cases were used in the preparation of these statistics. No
compensation was made for the time lag between satellite and radar observations.
The GMS-5 IR data for TBll, TBn-12 and TB 11-6.7 were compared pixel by pixel with the radar
data (see Figures 3.16 and 3.17). At first, "rain" and "no·-rain" frequencies (Nr and Nnr), and the total
rain rate (tRR), were calculated as functions of the three variables for each pixel of the GMS-5 IR.
imagery and the radar data. For the construction of the histograms of Nr, Nnr and tRR, denoted as
"3D histograms", TBu was divided into 26 classes from 20.0°C to -lOS.ooc in every 2.5°C, TBn-12 was
divided into 21 classes from -10.0°C to 28.0°C in every 2.0°C. Matrices of probability of rain (PoR)
and mean rain rate (mRR), denoted as "3D matrices", were calculated from the 3D histograms, where
the input variables consisted of the same TB11, TBll-12 and TBu-6.7 as the 3D histograms. Statistical
characteristics derived from the 3D matrices are as follows:

1.

PoR generally increases with Tsu-12 decreases, and with Ts 11 decreases.

2.

Relatively high values (larger than or equal to 40%) ofPoRs appear in the region ofTs 11 • 12 less
than 3.0°, and Tsu colder than or equal to -55.0°C. High PoRs (more than 10 mm h" 1) appear
where TBu- 12 is less than or equal to -1.0° even in the warmer Tsu up to 10.0°C.

3.

PoR generally increases with TBu-6.7 decreases. Relatively high PoR values (more than 55%)
appear in the region ofTBu-6.1less than or equal to 0.0°, and TBu colder than -30.0°C.

4.

There is no clear relationship for mRR in the 2D matrix of Tsn and Tml-6.7· However, the
1
higher mRR (greater than 10.0 mm h" ) corresponds to the cooler TB 11 (less than --60.0°C) and
the smaller Tsu-6. 7 (less than 10.0° with some exceptions).
The results were compiled by Kurino in the form of 2D matrices, where the input variables are
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consistent of(TBll-12) and (TBll, TB11-12, TBu-6.7). Based on the findings, an empirical rainfall estimation
algorithm (denoted as "3D LUT") using the 3D matrices of mRR and PoR was developed. The
following equation was used for estimating rainfall:

RR

=

mRR(Tsu, Tsn-12, Tsii-6.7) *PoR(Tsu, Ts11-12, Tsn-6.7)

(3.19)

Inevitably when applied to instantaneous rainfall, the method produces some artificial rain areas,
especially those with a weak rain rate of as much as 1.0 mm h- 1 . This problem can be contained by
adopting a suitable cut-off rain rate value to eliminate it. Initial validation was undertaken with hourly
data from tropical cyclone Ryan. The method captured peak rainfalls and accumulated rainfall with
better agreement than the GPI and CST in respect of both cases of heavy rain and moderate rain. The
Kurino Technique is continuing to undergo in-house development in the Japan Meteorological Agency,
(JMA) using TRMM-PR data as a validation reference set with a view to its possible operational use
(combined with SS:M/I data) to extend estimates of tropical cyclone rainfall beyond the limit of JMA's
radar rainfall coverage.
The Auto-estimator

From the same research group in NOAAINESDIS as IFF A an automatic precipitation
estimation technique (called the "Auto-estimator") is being developed for use with GOES-8/9/10 data
(Vicente et al. 1998). This algorithm has been used experimentally by NOAA over the US and South
America for estimation of rainfall rates from convective systems during flash flood situations since late
1995. Recently the Auto-estimator was used by the US National Weather Service (NWS) during six
weeks in August/September 1998 in operational mode. Characteristics of the Auto-estimator include
(Figure 3.18):
(a)

10.7 ~tm rain rate cmve (derived from the collocation of around 7000 pixels of IR cloud top
temperatures with corresponding radar rainfall estimates.

(b)

A moisture adjustment factor based on the PW x RH from the ET A model.

(c)

A growth rate.

(d)

A gradient factor (to help eliminate cirrus debris.

(e)

A parallax correction.

(f)

An ability by SAB meteorologists to adjust rain rate curve for individual precipitation systems
(warm and cold tops) based on equilibrium level temperature, experience, radar/rain gauges, and
an orographlc adjustment obtained by multiplying the low level wind speed normal to the
mountain by the elevation change (slope of terrain).

The Auto-Estimator is designed to provide in real time the following precipitation estimates
over the continental US and surrounding areas (see Section 4.3.3):

1.
2.
3.
4.
5.

Instantaneous rainfall.
Average hourly rainfall rate.
Three hourly rainfall accumulation.
Six hourly accumulations.
24 hour (ending at 1200 UTC) rainfall accumulation.
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Figure 3.18: Flow diagram for the Auto-estimator technique. (Courtesy NOAAINESDIS).

Initially the Auto-estimator computes rainfall rates based on a nonlinear, power-law regression
relationship between cloud-top temperature (10.7 J.!m Tss) and radar-derived rainfall estimates. The
use of a power-law relation between cloud-top temperature and precipitation rates was suggested by
the study ofGagin et al. (1985) and was used previously by Martin et al. (1990) and Goodman et al.
(1994). Next, the Auto-estimator uses NCEP Eta Model-generated relative humidity (RH) and
precipitable water (PW) to analyse the environmental moisture, and scale the rainfall amounts
accordingly. The use of twice-a-day rawinsonde-derived PW and RH for this purpose was originally
proposed by Wylie (1979) and Scofield and Oliver (1980). Finally, two additional tests are used to
screen non-raining pixels. First, based on the work of Woodley et al. (1972), rain is assumed to be
associated with growing clouds exhibiting overshooting tops. Consecutive half hourly satellite IR
images are used to indicate vertically growing and decaying cloud systems. Second, in the absence of
consecutive IR images one half-hour apart, a finite difference analysis of the cloud-top temperature on a
single IR image is used as a gradient correction factor. This factor identifies overshooting tops and
warm core sinking areas within the cloud system. The application of spatial gradient analyses to
remove thin, nonprecipitating cirrus cloud was used previously by Adler and Negri (1988) in the
development of the Convective Stratiform Technique.
Currently, the Auto-estimator uses half hourly 4 km by 4 km IR data to compute real time 1 h
estimates and 3 h totals every half hour, 6 h totals every hour and 24 h totals once a day. The 1 h
estimates and 24 h totals have been archived since September 1996 for sub-synoptic and mesoscale
analyses. The Auto-estimator takes into account orography and wind information and adopts cloud top
satellite parallax corrections for better location and estimation of the heavy precipitation cores in the
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cloud system. It can be manually adjusted for warm top convections. The purpose of the technique is
to replace the more established, but time-consuming Interactive Flash Flood Analyser technique (IFF A,
Section 3.3.2) which, as we have seen, has been in operational use by NOANNWS since the early
1980s.

The Turk et al. Procedure
This experimental combined geostationary-SSM/I instantaneous rain rate technique (J. Turk et
al., p.c.) capitalises upon the availability of near real-time SSM/I data and GEO imager data over a
region of interest. While combining GEO IR and polar-orbiting MW data is not a new concept, the
manner in which these data are processed in real-time as new datasets arrive is unique. The procedure
works with any of the current operational GEO images (e.g. GOES, GMS or Meteosat) to which the
US Naval Research Laboratory (NRL), Monterey, CA has access, as well as to near real-time SSM/I
data. The abundance of SSM/I data is key to the inner workings of the technique, since it is important
to collect as many space and time eo-located GEO and SSM/I pixels in a relatively short period of time.
The core of the technique is a statistical probability matching relation derived between rain rates
from an existing SSMJI algorithm and T8 s from GEO imagers. This relationship is dynamically updated
as new SSM/I data arrive. NRL, Monterey receives these MW data via the US Navy's Fleet Numerical
Meteorology and Oceanography Center (FNMOC) within several hours of the orbit completion time,
and the timeliness of these data is another key to the viability of the technique.
In practice, upon receipt of a new SSM/I pass the probability matching process locates a time
and space-coincident GEO image, and then eo-registers the data onto a common map projection. The
map projection for the statistical collection is a 0.25° per pixel rectangular grid, extending 50° to each
of the four sides of the GEO satellite subpoint. The GEO IR Tss are averaged to the resolution of the
SSM/I data sampling (about 25-39 km) prior to this coregistration step. For each of the coincident
GEO-SSM/I passes (referred to as "hits"), all pixels with zero or greater SSM/I rain rate are stored in a
datafile alongside the corresponding IR Tss, the geolocations, and the surface types. Since the SS:M/I
over-land rain algorithm is different from the over-ocean algorithm, these files of statistics are stored in
separate databases for each of the four GEO sensors, and each file name is internally tagged with the
date and time of the overpass. The last 24 h of these combined statistical datasets are always updated
and kept online for fast chronological searching, as in a computer background process.
When a GEO pass arrives, the appropriate database for this GEO sensor is consulted for the
most recent set of statistics, and the pixels that fall within the latitude and longitude area of interest are
extracted. Given the differences in the nature of precipitation between the tropics, the mid-latitudes,
and other distinct regions, and also the consideration of the rain ev~lutionary stage from place to place,
the statistics are separated into smaller sub regions inside of the map projection of interest. Use of a 15°
subregion works well for regions up to about 40°N, where looking back 24 h in time gives about 2000
GEO-SSM/I statistics near the equator and about 8000 at higher latitudes near 40°N. Within each
subregion a histogram matching is performed between the histogram of the SSM/I rain rates and the
GEO IR T8 s. The resultant Ts rainfall relationship assures a smooth and mono tonically increasing rain
rate as T 8 decreases, as depicted in the examples below.
In Figure 3.19 the scatterplots show the individual colocated IR. temperature and SSMJI rain
rate points for three different regions between 21-24 February 1998. Only points with IR TBs colder
than 273 K are used. Especially for longer time periods, there is a general trend for higher rain rates as
T8 s decrease, but fitting a curve to these points would not produce the expected exponential-style
rising curve. Note, however, that 1 d plots capture the rain in one stage of its evolution, and not at
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Figure 3.19: Histogram-adjusted microwave rain rate vs. IR Ts relationships for three 15° regions
centred on: (a) Central Africa; (b) USA west coast off of California; and (c)
northeastern South America. Each of the four line types refer to the 0000 UTC update
of the histogram relationship between 21-24 February 1998. Panel (d) displays the zero
rain rate: IR Ts threshold for each of these three regions at three-hourly intervals
beginning on 21 February 1998 at 0000 UTC (Turk et al. p.c.).

several stages as the longer time periods do. Hence, the histogram-matched curve is more
representative of the nature of this rain and its manifestation in the IR temperatures than are 3 d or
longer period curves.
The histogram-matched relationships, including the zero rain rate points, provide a means to
statistically characterise the dataset and account for the predominance of zero-rain rate points. The first
step is to work from the warm to cold Tss and locate Tss that exactly match the cumulative
distributions of the TB and R histograms (their probability distribution). By continuing this process, the
net result is a probability-matched Ts :R relation over the entire range of rain rates captured in the past
statistics.
For example, as a tropical cyclone matures and then eventually decays, the corresponding GEO
rain rates "follow" to a large extent the pattern of the SSM/I rain rate. The histogram matching
provides a dynamic means upon which to follow any rain rate trends that are reflected in the SSM/I
derived rain rates. Currently the operational US Navy NOAA algorithm of Grody!Ferraro, is used for
this: it has separate algorithms for land and ocean as well as scattering- and emission-based rain rate
components (the emission component seems to capture the rain rates less than 2 mm h" 1). For overland
rain rates, the SSM/I only captures convective rain over land where there is significant ice scattering.
Hence near a coastline, the past statistics will contain a mixture of over ocean and overland rain rates
from the SSMII. Also, over regions where the surface heats up during the day, e.g. the deserts of
northern Mexico, this widely fluctuating "background" IR temperature associates more of the zero rain
rate points with warmer IR temperatures, and as a result the matched Ts rainfall relationship tends to
have a longer "tail" towards warmer Ts values, and assigns light rain to regions that are not raining, At
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present, the warmest TB bin in the histogram is cut off at 273 K, as a result of which some of the very
lightest rain rates are not captured in regions where the SSM/I suggests that it is raining.
Another unique feature of the histogram matching is that the zero rain rate:IR temperature
threshold falls out as part of the histogram, and need not be set arbitrarily. The zero rain rate:IR
threshold reflects the nature of the IR cloud top temperatures, while the underlying rain rate is by
nature indirect and dynarriic. ~vfeanwhile, the SS:rv'".JI data are sun-synchronous, and by nature of their
orbital pattern provide data at given times near local sunrise and sunset. This may limit the
performance of the method at other times of day and night. Research on this, and other multisource
methods, continues.

139

Oti

CHAPTER4

RESULTS OF THE APPLICATION OF SATELLITE TECHNIQUES TO THE ESTIMATION
OF TROPICAL RAINFALL
Lead Author: A Gruber
Co-authors: E. C. Barrett, Elizabeth Ebert, RR. Ferraro, G. Huffman, Somsri Huntrakul, E. Rodgers
and P. Xie

4.1

INTRODUCTION

This chapter seeks to be evocative rather than exhaustive in respect of its coverage. In Chapters
2 and 3 examples have been given of many satellite rainfall estimation techniques of relevance to
tropical cyclone monitoring. To provide a compendium of rainfall estimation results from all, or even
many, of the techniques previously described would be far beyond the scope and purpose of this
Technical Document. However, it is appropriate to provide more systematic examples of the presently
more important techniques in respect of tropical cyclones, particularly to give guidance in relation to
the types and levels of rainfall information now obtainable for them at both climatological and
mesoscales. It is also appropriate to debate recent evaluations of the relative merits of those techniques
which have been, or are, among the more widely and/or routinely applied, or which seem to promise
most for future research or operational use. Thus, Section 4.2 will address climatological scales,
Section 4.3 tropical cyclone and mesoscales, Section 4.4 fundamental questions concerning the
evaluation of results from the use of satellite techniques for tropical cyclone rainfall estimation, and
Section 4.5 a summary of the outcomes of international algorithm intercomparison projects. For
further results from techniques discussed in this document the reader is directed to the collected
References at the end of the volume.

4.2

CLIMATOLOGICAL SCALES

4.2.1

Introduction

We have seen that convective precipitation in the tropics, with its attendant release of latent
heat, is one of the major forcing mechanisms of the general circulation. Large-scale anomalies in
tropical precipitation are closely associated with global scale circulation anomalies (Rasmusson and
Carpenter 1983). Careful monitoring of variations in tropical precipitation is, therefore, of major
importance in attempting to diagnose the global climate system. Knowledge of the actual precipitation
over large areas is a major factor in recognising climate events of societal significance for many
disciplines such as meteorology, hydrology, agriculture, energy, transportation and recreation.
Knowledge of extremes of precipitation is critical for the estimation and prediction of floods and
droughts.
Such information is also potentially important for initialisation of surface conditions in General
Circulation Models (GCMs) used to simulate the global climate (Mintz 1981) and analysis of
divergence ofthe wind field used for numerical weather prediction (Julian 1984).
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As we have seen earlier, estimating average rainfall over large areas is challenging. The
traditional method using rain gauges is generally inadequate for the small spatial scales of the
convective rainfall regimes that dominate large parts of the globe (Hudlow 1979). A dense network of
rain gauges is needed to accurately estimate areally averaged precipitation. Such networks are not
practical at least in oceanic or remote land regions.
It follows that, prior to the advent of meteorological satellites, attempts to compile global
precipitation climatologies could scarcely expect to achieve much accuracy. Eighty percent of the
global surface contained no measurements other than those from a handful of moving ships, from which
the observations were subject to a multiplicity of errors. Even the remaining 20% of land areas, though
in some places adequately covered by networks of rain gauges, was not exempt from the very real
difficulties associated with the measurement of precipitation. A brief survey of early efforts to meet this
need is given below, followed by results of newer remote sensing techniques.

4.2.2 Early Precipitation Climatologies
Perhaps surprisingly, the earliest precipitation climatologies were, compiled in the late
nineteenth century. Those ofLoomis in 1882 and Supan in 1898 may have been the first, and were
followed by a number of other attempts in the pre-satellite era. Inevitably, the paucity of data obliged
their authors to use their knowledge of climatological processes to infer precipitation amounts over
data-sparse areas. The resulting maps of global precipitation therefore incorporate the subjective
interpretations and biases of their compilers (Legates 1993).
In more recent times the improved availability of land station observations has permitted
teiTestrial climatologies to be based upon actual data, rather than on visual interpolation of isohyetal
maps. Grid point estimates are produced by objectively-based interpolation procedures. These
methods take into account the sphericity of the Earth to avoid the errors to which cartesian-based
interpolation procedures are subject. Legates (1993) reviewed most recent global precipitation
climatologies so as to evaluate their relative merits. Reasonably reliable terrestrial climatologies can
now be produced from conventional data, though oceanic and polar estimates are still uncertain and call
for further research.
4.2.3

More Recent Techniques

Apart from land-based rain gauges, indirect estimates of precipitation can be made through
digital radar rain observations and satellite observations, principally IR and PMW imagery (see Chapter
3). Each ofthe various techniques has advantages as well as shortcomings. The merits of rain gauges
have already been discussed above. Digital weather radar typically observes a relatively large area
(radius of 200-300 km) but is subject to numerous complicating factors, and calibration using rain
gauge data is necessary. Efforts to combine radar and rain gauge observations on a regional scale have
been reasonably successful in a number of countries such as Japan (Takemura et al. 1984) and the
United Kingdom (Browning 1979; Conway 1987), but these cover only small areas of the globe.
Numerous methods for the estimation of precipitation from space have been developed over the
last three decades. Excellent summaries of the methods are available (i.e. Martin and Scherer 1973;
Barrett and Martin 1981 ), as well as the special requirements for estimating climatic-scale precipitation
(Arkin and Ardanay 1989), and the modern climate diagnostic techniques using satellite data (Gruber
and Arkin 1992). It must be remembered that satellite IR data have the best combination of resolution
and coverage in space and time, but the indirect nature of the relationship of the observations to
precipitation has limited the success of the empirically-based IR techniques to regimes dominated by
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moist environments and deep convection. Satellite MW data, especially from the SSMJI provide more
direct information on precipitation, but with relatively poor resolution in space and poor sampling in
time. Some further information on single sensor-based rainfall results is given below.
4.2.4

Single Sensor-based Estimates of Tropical Rainfall on Climatological Scales
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By far the most widely used single-sensor technique has been the GOES Precipitation Index
(GPI) technique described in Section 3.3 .1, which estimates area mean precipitation from the fractional
coverage of clouds in IR images using an empirical linear relation obtained from satellite and radar
observations during GATE (Arkin 1979; Richards and Ark:in 1981). The GPI had been derived
operationally since 1982 from US geostationary satellites and for the global tropics by the Global
Precipitation Climatology Project (GPCP) since 1986. As described below the resulting rainfall
distributions reveal many important aspects of rainfall features, especially over the tropical oceans
(Meisner and Arkin 1987; Shin et al. 1990; Janowiak and Arkin 1991; Arkin and Janowiak 1991;
Janowiak 1992).
Estimates very similar to the GPI have been used experimentally to initialise numerical weather
prediction models (Puri and Miller 1990; Mathur et al. 1992), and the GPI is used at the National
Centres for Environmental Prediction (NCEP) in the evaluation of operational forecast model
modifications (Kalnay et al. 1993). However, the GPI application to areas outside the GATE region is
subject to several uncertainties. The threshold temperature used to define cold clouds, and the
proportional constant used to convert to rainfall, are likely to vary in space and time, and even the
linear relationship between rainfall and fractional coverage itself must be confirmed. This has been
undertaken by Arkin and Meisner (1987) and Arkin (1988) for the United States, and by Morrissey and
Greene (1993) for the various climatic regions in the tropical Pacific Ocean. These studies seem to
confirm that the rainfall:cold cloud relationship is valid in regions other than that of its development
dataset but also illustrate the need for further detailed studies of the spatial and temporal characteristics
of that relationship in order to determine the possibility of correcting the errors (Arkin and Xie 1994).
Although the GPI is good at estimating area mean precipitation associated with deep
convection, it is incapable of detecting precipitation from clouds with warm tops and tends to
misclassify thick citTIJS as precipitating cloud. Overall, the GPI estimates present excellent distribution
patterns of large-scale precipitation, with modest biases over tropical oceanic areas and significant
positive biases over tropical and sub-tropical land areas (Janowiak 1992; Arkin and Xie 1994; Arkin et
al. 1994; Xie and Arkin 1995; Adler et al. 1996). The GPI estimates are produced routinely by the
GPCP (A. Gruber, p.c. 1999) and are currently available from 40°N to 40°S over both land and ocean
for the period from 1986 onward.
Microwave Techniques

The passive SSM/1 was first launched in June 1987, followed by several more operational
SSMJI instruments. SSWI measures the thermal emitted radiation from the Earth's surface and
atmosphere at four frequencies, viz. 19.4, 22.2, 37.0 and 85.5 GHz. The 22 GHz channel provides
polarisation only in the vertical, while the remaining channels are dual polarised. These measurements
can be used to retrieve numerous atmospheric and surface parameters simultaneously (Bollinger 1991)
and are available to the US Navy and Air Force and NOAAJNESDIS in near real-time. Recent
activities at the NESDIS Office of Research and Applications (ORA) have produced widely-used
climate-scale products of rainfall, snow cover and sea ice extent, oceanic cloud liquid water, and water
vapour (Ferraro et al. 1994a) derived from SSMJI measurements over an eight-year period (1987143

1994) averaged to a 1o lat x P long grid from 60°S to 60°N. The SSWI is attractive for the
development of a long time series of geophysical parameters because of the instrument's high stability
and the ability for radiation at these frequencies to penetrate cirrus clouds and atmospheric dust.
The description of climate must include estimates of variability as well as estimates of mean
quantities. Ferraro et al. (1996) have demonstrated the utility of the SSMII-derived products to
describe seasonai mean ciimatologies over the 8 y period and to monitor and diagnose regional climatic
fluctuations by examining the spatial and temporal variability. SSM/1 datasets offer a unique
opportunity to study the mean state and annual cycles of these variables, as well as the coupling
between them.
Sounding Instrument Techniques
The TIROS Operational Vertical Sounders (TOVS), consisting of three sounding instruments,
viz. the High Resolution Infrared Sounder 2 (HIRS 2); Microwave Sounding Unit (MSU); and
Stratospheric Sounding Unit (SSU), were designed primarily to produce global fields of the threedimensional temperature and moisture structures of the atmosphere for the initialisation of general
circulation models, to improve forecast skill (Smith et al. 1979). TOVS was first launched on TIROSN in 1978 and similar instrumentation has flown on operational satellites to the present day.
Spencer's (1993) unique effort to estimate oceanic rainfall from the observations of the MSU
stems from an effort to observe the vertical distribution of temperature, and it has been extensively used
to monitor interannual variations in tropospheric temperature. Spencer's precipitation index is based on
the anomalous temperature elevation in MSU channel 1 (50.3 GHz) where warming is mainly due to
thermal emission by cloud and rain water. This index is then calibrated using rainfall observations from
132 coastal and island rain gauges around the globe.
The spatial distribution of the index, however, exhibits two major systematic differences from
estimates based on the GPI and the SSM/I. The Pacific ITCZ is characterised by a precipitation
maximum over the eastern Pacific in the Spencer estimates, while it has its maximum over the westem
Pacific warm pool coupled with a minimum over the central Pacific, in the GPI and most SS:MII-based
estimates (Janowiak et al. 1995; Adler et al. 1996). In addition, the mid-latitude storm tracks are much
stronger in the Spencer estimates. No firm conclusions regarding the relative quantitative accuracies of
the various estimates can be made because of the lack of direct precipitation measurements over ocean
areas (see Section 4.4). However, without some adjustment these systematic differences between the
MSU and the other sources would result in an undesirable temporal discontinuity in the merged analysis
which will be described later. Adjustments to the various sources are therefore needed to ensure that
spatial or temporal discontinuities do not degrade the utility of the merged analysis (Xie and Arkin
1997).
MSU and HIRS 2 data have also been used in the nine-year (1985-1993) TOVS Pathfinder Path
A Dataset, sponsored by NASAJNOAA. This dataset contains global fields of surface and atmospheric
parameters, including precipitation estimates, and is particularly suitable for climate studies because
surface, atmospheric, cloud, and radiative parameters are all produced simultaneously in an internally
consistent manner. Hence, statistical relationships between them will not be impaired by the
heterogeneity inherent in data from different sources. The products are on a 1o x 1o lat/long grid and
stored on 1 d, 5 d, and monthly mean bases.
Sussk.ind et al. (1997) developed an algorithm to estimate precipitation rate globally based on
an empirical relationship between collocated rain gauge measurements and a function of sounderretrieved cloud-top temperature, fractional cloud cover, and relative humidity profiles (Sussk.ind and
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Pfaendtner 1989). Comparison with the GPCP satellite-gauge precipitation product (Huffman et al.
1997) reveals some degree of fidelity in the distribution of the precipitation field and interannual
differences. However, TOVS appears to underestimate the ITCZ precipitation and recent algorithm
intercomparisons (PIP-3) show that TOVS suffers serious biases. A description of the results of the
GPCP is given below.
The Pathfinder Path A Dataset is readily available from the Goddard Space Flig.ht
Center!Distributed Active Archive Center for use by the scientific community to facilitate further
validation and scientific studies. A web page (http://faster.gsfc.nasa.gov/srt.html) describes the data
formats, availability, and direct access for all parameters.
4.2.5

Combined Products of Tropical Rainfall at Climatological Scales

So far our consideration of methods of obtaining global analyses of precipitation has been
limited to single sensor-based techniques. Despite the increasing requirements for high-quality
precipitation datasets from both the meteorological and hydrological communities, accurate quantitative
documentation of global precipitation remains one of the major challenges of scientists working on
technique development and dataset construction, principally because of the large spatial and temporal
variability in precipitation and because of the lack of a comprehensive observing system (WMO World
Climate Research Programme 1993).
The limitations inherent in the individual sources of large-scale precipitation have led to efforts
to combine them so as to take advantage of the strengths of each to produce the best possible analysis
(gridded field) of global precipitation (Xie and Arkin 1997). This section describes efforts, and results
of efforts, made in the WCRP's GPCP, and in the merged analysis of precipitation produced by Xie and
Arkin (1997) under the title of CMAP (NOAA Climate Prediction Center (CPC) Merged Analysis of
Precipitation). These may be the most reliable global rainfall datasets yet prepared (see Section 3.5.2).

The Global Precipitation Climatology Project (GPCP)
In recent years considerable efforts have been made to combine different sources of
precipitation data suc.h as, for example, those described in the GPCP Version 1b Combined
Precipitation Dataset, a global, monthly dataset covering the period July 1987 to December 1995 and
on 2'12° x 2'12° lat/long global grids (see Section 3.6.2). This is a merged analysis of estimates from
low-orbit satellite MW data, geosynchronous orbit satellite IR data, and rain gauge observations. The
GPCP also provides estimates of the random error of the merged estimates as well ss errors for the
individual components. In Version 1c, some errors are corrected, without appreciably changing the
large-scale climatology.
Time and space-averaged Version 1b combined satellite-gauge (hereafter SG) fields show fair
agreement with standard climatologies, for example yielding a global annual average precipitation rate
of2.5 mm d- 1, which corresponds remarkably well with previous climatological estimates. On seasonal
and regional scales systematic differences start to appear. Validation over land shows that the Version
1b multi satellite combination provides useful information, but the addition of even a few gauges greatly
improves the estimate.
Huffman et al. (1997) have given the following examples of the products, and some preliminary
research results describing the spatial and temporal variability in the SG, comparing them with longterm means published by Jaeger (1976, hereafter J76) and Legates and Willmott (1990, hereafter LW)
and comparing the interannual variability in precipitation associated with the El Nino-Southern
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Oscillation (ENSO) during the 8.5 y period with that described in studies based on historical gauge
observations.
In summarising the rainfall distribution under the following headings, a common practice is
adopted throughout this section, viz.: Northern Hemisphere (NH); Winter/Southern Hemisphere (SH);
Summer is defined as the months of December, January and February (DJF); the NH spring/SH autumn
(fall) as ?-~arch, April and May (W~; the 1--lli surnmer/SH winter as June, July and August (JJ1\.); and
the NH autumn (fall)/SH spring as September, October and November (SON).
1.

Annual Means. The top panel in Figure 4.1 shows the SG precipitation averaged over the years
1988-1995, while the middle and bottom panels of the figure contain the J76 and LW
climatologies for comparison. The SG shows the expected main features, with maxima in the
tropics in the ITCZ over the Atlantic, Pacific, and Indian Oceans; in the SPCZ; and over tropical
Africa and South America. Dry zones in the eastern parts of the subtropical oceans are evident.
In the mid-latitudes, the storm tracks across the Northern Hemisphere oceans are very distinct.
In the Southern Hemisphere the circumpolar storm track is weaker, with its maxima southeast
of Africa and South America, and a poleward extension of the SPCZ over the South Pacific
Ocean. Dry areas over North Africa, western North America, and Australia are well defined.
The general distribution of precipitation in the SG is similar to the two conventional
climatologies, but with significant differences in detail. We should expect this, given the
different analysis techniques and resolutions (5° and 0.5° lat/long grids for J76 and LW,
respectively) for these two climatologies and their reliance on many years of sparse ship data
over oceans. In the SG, the Pacific ITCZ is narrower from north to south, with higher peak
values than in J76. The SG exhibits a broad local maximum in the eastern Pacific ITCZ, while
J76 does not and LW exhibits higher values. An intercomparison of various satellite-derived
precipitation estimates by Janowiak et al. (1995) showed that there are large differences among
the satellite-based estimates in this region, apparently related to frequent precipitation not
associated with deep convection, and varying abilities of the satellite techniques to correctly
estimate the precipitation under this condition. However, better validation data are required to
establish the true climatology in this area. West of the date line, the SG maximum in the ITCZ
is more distinct than that in J76 but somewhat weaker than in LW. However, the differences
are not as large as in the eastern Pacific. In the SPCZ, the maximum in the SG is weaker than in
either climatology.
The Northern Hemisphere storm tracks in the SG are more intense than in either climatology.
In J76, peak amounts in the Pacific Ocean storm track are found in a broad maximum oriented
parallel to the west coast of northern North America. In the SG, this is a more distinctly narrow
coastal/orographic feature. Similarly, the broad maximum extending westward from southern
South America in J76 is not evident in the SG. In LW, both these features are intermediate
between the SG and J76 depictions. In the SG, the midlatitude storm track in the Southern
Hemisphere exhibits local maxima to the south and east of Africa and South America that are
not found in the climatologies.

2.

Seasonal Means. Maps of the eight-year seasonal means based on the SG are shown in Figure
4.2. The ITCZ over the Pacific and Atlantic is strongest in the JJA and SON periods with a
very strong maximum in the eastern Pacific Ocean in JJA. The Pacific ITCZ is the weakest in
DJF and has a noticeable double structure in MAM, although the northern branch is still
significantly stronger. The southeast Asian monsoon is evident, with maximum intensity in JJA
and oceanic rainfall eastward during SON, and reaches northern Australia in DJF. However,
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Eight-year (1988-95) annual-mean precipitation in mm d" 1 for SG (top), Jaeger
climatology (J76; middle), and Legates-Willmott climatology (LW; bottom). For each
grid box, the J76 and LW averages only have contributions for months that have SG
data. Blacked-out areas denote regions with no estimate (Huffman et al. 1997).
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Eight-year (1998-95) seasonal-mean precipitation in mm d" for SG. Blacked-out areas
denote regions with no estimate (Huffman et al. 1997).
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The North Pacific and North Atlantic storm tracks are present in all seasons but have their
greatest eastward extent in SON and DJF. An axis of enhanced precipitation appears to
connect the storm tracks to the low-latitude maxima over Central America and southeast Asia in
the warm seasons. In southern mid-latitudes, the storm track is most clearly defined in JJA,
with peak intensities in this season in the three oceanic maxima southeast of Mrica, in the midPacific, and southeast of South America.
Pronounced minima in precipitation are observed over the subtropical oceans and western
subtropical continents in all seasons. The oceanic minima are strongest and most extensive
during the summer season, while the continental minima exhibit movements that are related to
the north-south seasonal migration of the tropical continental maxima.
The SG seasonal means exhibit good qualitative agreement with J76 over land but not over the
oceans. Figure 4.3 shows the differences between JJA and DJF for both the SG and J76.
Overland, the patterns of seasonal change are remarkably consistent, with even minor features
such as the DJF maximum over the US Gulf Coast in agreement. Over the ocean, only the very
largest scale features - such as the winter maximum in mid-latitudes - agree and even those
exhibit some inconsistencies, as the western North Pacific. A substantial difference is seen with
the eastern Pacific ITCZ, where the pronounced JJA maximum in the SG is not seen in J76,
which in fact shows a DJF maximum in part of this region.
3.

Time Series. The zonally averaged precipitation in the belt 60°N-S during the 8.5 y period
(Figure 4.4) exhibits a pronounced annual cycle in the tropics and subtropics but only modest
interannual variability. Heaviest precipitation (zonal averages >8 mm d- 1) is found near 10°N in
the late boreal (NH) summer. This feature is part of a belt of maxima that reaches its farthest
northward extent about September and extends farthest southward, past 15°S, in March.
Rasmusson and Arkin (1993) described this pattern using only IR-·based estimates, finding the
latitudinal extremes in August and February. The apparent continuity between the summer
maxima in each hemisphere in Figure 4.5 was not found by Rasmusson and Arkin except during
the 1986-87 warm episode.
1

The subtropical dry zones (precipitation <2 mm d- ), centred near latitude 20° in each
hemisphere, are driest during winter. During late summer in each hemisphere when the
migrating tropical maximum is near its poleward extreme, a band of heavier precipitation
extends to mid-latitudes. A band of heavier amounts is also found centred near latitude 40° in
each hemisphere throughout the year. In the No11hern Hemisphere, extensions of this heavy
band to higher latitudes are seen in late summer and fall, but annual and interannual variability in
intensity is small. In the Southern Hemisphere, no such extension to higher latitudes is visible.
However, a modest annual cycle, with maximum values exceeding 4 mm d- 1 in midwinter, and
some interannual variability, can be seen.
4.

The ENSO Phenomenon. One of the most important prospective uses of any analysis of global
precipitation is to examine and understand interarmual changes in the distribution of large-scale
precipitation and its relationship to variations in the general circulation. It has long been clear
that a significant portion of the interannual variability in the large-scale atmospheric circulation
is associated with the ENSO phenomenon (Bjerknes 1969; Arkin 1982). ENSO-related
changes in global precipitation as inferred from rain gauge observations have been presented by
Ropelewski and Halpert (1987, 1989, 1996), and Janowiak and Arkin (1991). Arkin et al.
(1994) have described the ENSO signal in precipitation changes associated with changes in the
state of ENSO during the period of analysis, and compared them with those that occurred
during previous episodes.
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Blacked-out areas denote regions with no estimates (Huffman et al. 1997).
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The period covered by the GPCP analysis was characterised by a warm episode that began in
late 1986, followed by a cold episode during 1988-89, and a warm episode during 1991-93
(Arkin et al. 1994; Kousky 1987). The latter was most pronounced during the DJF seasons of
1991/92 and 1992/93, and less clear during the JJA seasons (Kousky 1993; Mo and Wang
1994).
Figure 4.5 shows the difference in precipitation between a warm episode DJF (1991/92) and a
cold episode DJF (1988/89). Large differences are found across the equatorial Pacific Ocean,
extending into the mid-latitudes of the southern Pacific and across the "Maritime Continent"
into the Indian Ocean. Amounts are greater during the warm episode in the Central Pacific and
the east Pacific ITCZ, and less farther west. The SPCZ appears to be displaced toward the
north and east during the warm episode. Coherent-appearing features of lesser amplitude can
be seen elsewhere: greater amounts during the warm episode over the subtropical southern
Indian Ocean, at the North American terminus of the North Pacific storm track, over the US
Gulf Coast, and over portions of Argentina and Uruguay; and lesser amounts during the warm
episode over southern Africa and the adjacent Indian Ocean, the central North Pacific, and
finally as equatorial South America and the adjacent Atlantic Ocean.
There is good agreement between the SG patterns and those found in composite studies using
gauges (Ropelewski and Halpert 1987, 1989, 1996; Schneider and Rudolf 1994) and featuring
anomalous low-level convergence (Rasmusson and Carpenter 1982; Schneider and Fleer 1989).
Any differences presumably result from limitations in data coverage (gauge studies) or
representativeness (convergence studies) and from the comparison of composites to individual
pairs of episodes. The similarity of the present results to these independent analyses gives us
confidence that the GPCP combined dataset is accurately identifying the principal manifestations
of interannual variability in precipitation during the period, at least qualitatively. The results
also provide interesting new information on oceanic precipitation variability and its relationship
to variability over land.
Huffman et al. (1997) consider that four major themes are likely for future releases of the GPCP
combination. Extension to earlier periods that lack SSWI data is needed to fulfil the mandate
to start in 1986. Error estimation needs to be improved and refined. A whole dass of users
would benefit from globally complete fields. A research version is already in development,
based on the use of estimates of precipitation from four-dimensional data assimilation models.
It is considered that new satellites such as the Tropical Rainfall Measurement Mission (TRMM)
hold great promise for refining the calibrations of the SSMJI and GPCP estimates (see also
Chapters 2, 3 and 5).
The GPCP Versions la and le Combined Precipitation Datasets (2.5° lat by 2.5° long) are
archived at World Data Center A (WDC-A), and datasets may be obtained by contacting the Center at
NCDC, Federal Building, 151 Patton Ave., Asheville, NC28801-5001, or by Internet access to WDC-A
home page (URL http://www.ncdc.noauov/wdcamet.html#GPCP). As indicated earlier, a web site
has been developed to provide access to the various research products of GPCP and associated
visualisation. Its address is http://rsd.nasa.gov/912/gpcp.

CPC Merged Analysis of Precipitation (CMAP)
Construction of the CMAP global dataset (Chapter 3.6.2, and Figure 4.6) permits the spatial
and temporal variability of global precipitation to be investigated for a 17 y period and its comparison
with the long-term means of Jaeger (1976) and Legates and Willmott (1990), already done for GPCP
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(see above). Figures 4. 7 - 4.11 present the spatial distributions of the mean precipitation as obtained
from the 17 y CMAP (top), and from the long-term means of 176 (middle) and LW (bottom) for the
entire year as well as for the four DJF, MAM, JJA, and SON seasons. Table 4.1 shows the
precipitation amounts averaged over land, the oceans, and the globe. (Xie and Arkin 1997).
In general, the 17 y mean of the CMAP is in good agreement with those of 176 and LW,
especially over land areas. The annual mean precipitation over the entire global is 2.69 mm d-\
compared with 2.66/2.82 mm d" 1 in 176/LW. All three datasets exhibit similar large-scale distribution
patterns for the annual mean precipitation (Figure 4.7), with rainbands associated with the ITCZ, the
SPCZ, the mid-latitude oceanic storm tracks, and the tropical continental maxima. A gap in the ITCZ
is observed over the central Pacific in the long-term mean of LW and, although not as distinct, in
CMAP as well, while the long-term mean of 176 exhibits broader and smoother distributions for the
rainbands. Major differences are observed over the eastern Pacific where only satellite·-derived
estimates are available. Heavy rainfall, greater than 10 mm d" 1, is observed in LW, while values in J76
are approximately half that. In CMAP, a well-defined ITCZ with peak values roughly midway between
176 and LW is observed.

TABLE 4.1
1

Mean Qrecigitation (mm d" ) from three recent sources (Xie & Arkin 1997).
Area

DJF

MAM

JJA

SON

Annual

CMAP
(All sources)

Land
Ocean
Globe

1.76
2.99
2.64

1.82
3.01
2.67

2.07
3.07
2.79

1.80
3.01
2.67

1.86
3.02
2.69

Jaeger (1976)

Land
Ocean
Globe

1.83
3.00
2.67

1.82
2.81
2.53

2.39
2.98
2.81

2.01
2.86
2.62

2.01
2.91
2.66

Legates and

Land
Ocean
Globe

1.85
3.67
3.16

1.89
2.51
2.33

2.22
2.85
2.67

1.90
3.57
3.10

1.97
3.15
2.82

Sources

Willmott (1990)
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Figure 4.8: As in Figure 4. 7 except for the
December-February (DJF) mean
precipitation (Xie and Arkin 1997).

Significant seasonal variations in global precipitation are observed in CMAP. During DJF
(Figure 4.8), the SPCZ is strong and the ITCZ is relatively weak over the central and eastern Pacific.
The midlatitude storm tracks are connected with the ITCZ in the Southern Hemisphere, while they are
more separated in the Northern Hemisphere. The SPCZ becomes weaker and the ITCZ intensifies over
the western Pacific warm pool during MAM (Figure 4.9). During JJA (Figure 4.10), the SPCZ is at its
weakest while the ITCZ is strong over both the eastern and western Pacific, with a slight relative
minimum observed over its central part. The precipitation distribution for the SON period (Figure
4.11) is characterised by the SPCZ recovering its strength and by a moderate ITCZ with abundant
precipitation over the central Pacific. Similar behaviour is observed in J76 and LW, except that the
seasonal variations of the ITCZ over the central and eastern Pacific are quite different in both phase and
amplitude. Generally speaking, J76 tends to exhibit lower precipitation for all seasons over the eastern
Pacific, while LW gives much larger values.
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As in Figure 4.7 except for the
March-May
(MAM)
mean
precipitation (Xie and Arkin
1997).

Figure 4.10: As in Figure 4.7 except for the
June-August
(JJA)
mean
precipitation (Xie and Arkin
1997).

CMAP is also used to examine the interannual variability of the ENSO phenomenon. Figure
4.12 shows the time series of the SST anomaly over the Niiio 3 area (5° - 5°N; 150° - 90°W) and a
time-latitude cross section of precipitation averaged over the Pacific sector (140°E - 60°W). A
significant annual cycle is observed that is clearly modified by the SST anomaly. The magnitude of the
precipitation becomes larger, and the distribution extends farther south when the SST is warmer than
average, while the precipitation becomes weaker in general when the SST anomalies are negative.
As the time-latitude cross-section in Figure 4.12 does not reveal the east-west variation in
precipitation, spatial distributions are composited for warm and cold ENSO episodes, and their
differences investigated. To define an ENSO episode, a rather simple and objective approach was
adopted in which a cold/warm ENSO episode was declared for a season if the SST anomaly over the
Niiio 3 area was <-0.5°C/>0.5°C for the period. The classification based on this method results in three
to six ENSO events for each 3 mon period during the 17 y. Figure 4.13 shows the distribution of the
difference observed during the warm and cold conditions (warm minus cold) for the four seasons.
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During DJF, warm episodes are characterised by more precipitation over the central Pacific,
southeastern South America, the extreme northeastern Pacific and adjacent coastal regions of North
America, and over a belt extending from the eastern Pacific across the Gulf of Mexico and well into the
Atlantic; and by less precipitation over the western Pacific, the central Pacific away from the tropics,
Amazonia, and South Africa. During MAM, in addition to the variation associated with the Pacific
ITCZ that exhibits similar patterns as during DJF, the Atlantic ITCZ is more intense and farther north
than normal during warm episodes. During JJA, there is more precipitation all the way across the
Pacific and less precipitation over most of the southeast Asian monsoon area during warm episodes.
The storm tracks over the northwestern Pacific are farther north than during cold episodes, bringing
more precipitation over Japan and its adjacent oceanic areas during warm episodes. During SON, the
SPCZ is displaced markedly toward the northeast relative to cold episodes, and the Pacific ITCZ is
again stronger during warm conditions. Although based on a relatively short dataset that includes only
three to six events, the composite difference maps presented here provide us with a more spatially
complete and systematic picture of the EN SO-related interannual variability in large-scale precipitation
over the globe than has been possible in the past. Most variations shown here are in general agreement
with previous studies by Ropelewski and Halpert (1987, 1989), which were based on historical station
observations. However, the results shown in Figure 4.13 enable us to see more of the full spatial
character of the coherent ENSO-related variability over the globe, even though the short period of
record makes statistical significance difficult to assess.
In their conclusions Xie and Arkin ( 1997) report that investigation showed no apparent
systematic differences in spatial disturbances or discontinuities in time series in the CMAP dataset
despite the different data sources used for the different periods. Verification of the CMAP with a
nearby independent gauge dataset confirmed its high quality over land areas. Comparison with the
merged analysis of Huffman et al. (1997) reported above showed close agreement between the two
datasets over land and over tropical and subtropical ocean areas, while significant differences were
found over the extratropical oceans. More studies are now necessary and possible in respect of
contributions of tropical cyclone rainfall to the global totals (see Chapter 1), and the influences of largescale climate variations on those patterns.
4.3

TROPICAL CYCLONE AND MESOSCALES

4.3.1

Introduction

Continuing the thrust of Chapter 3 and Section 4.2 we recall that, historically, the commonest
types of data used to estimate tropical cyclone rainfall characteristics (i.e. rainfall amounts, rain rate,
latent heat, volumetric rainfall, and total rain potential (a function of the expected tropical cyclone
averaged rain rate, size, speed, and position) from satellites have been the VIS and/or IR, and PMW
data. Here, selected examples will be given of the applications of these data types to the retrieval of
rainfall estimates from tropical cyclones.
The case studies discussed in this section will only emphasise rainfall characteristics (usually in
the horizontal domain) as they pertain to tropical cyclone structure, intensity, and motion, for the
relationships between tropical cyclone intensity change and changes in the satellite-derived tropical
cyclone rainfall characteristics have already been discussed in Chapter 2. Emphasis will be placed also
on the apparent strengths and weaknesses of techniques for the operational monitoring of rainfall from
tropical cyclones (see also Sections 4.4 and 4.5, and Chapter 5).
4.3 .2

Visible and Infrared-based Case Studies
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shading) (Xie and Arkin 1997).

Although there have been many VIS and IR techniques to remotely acquire rainfall
characteristics from satellites, only two of these, and their derivatives, have been employed widely to
estimate rainfall characteristics in tropical cyclones. These are the life-history technique of Griffith and
Woodley (Griffith et al. 1976; Woodley et al. 1980), and the cloud model technique developed by
Scofield and Oliver (Scofield and Oliver 1977) (see Section 3.3.2). Both techniques were constructed
to use VIS and IR images jointly, but were later modified to use IR images alone. The frequent day
and night lR observations from geostationary satellites reduce the measured rainfall ambiguities
inherent in the VIS technique which had to assume that there was no diurnal oscillation of the tropical
cyclone's outer Central Dense Overcast (CDO) and that interpolation of night-time rainfall from the
day-time visible-derived rainfall.

The Grifjith!Woodley Technique
To estimate tropical cyclone rainfall from VIS and IR sensors on geosynchronous satellites, a
modification of the original Griffith!Woodley Technique was used (see Section 3.3.2). The original
Griffith/Woodley technique was developed to estimate rainfall for diurnally varying Florida convective
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cells. This algorithm was adjusted so that tropical cyclone rainfall could be estimated for the less
varying large CDO area that contained many convective cells at different stages of development. The
modification consists of an increased adjustment of tropical cyclone rainfall according to the fraction of
the CDO above a designated CDO visible brightness or TB. As we saw earlier, in their modified
algorithm volumetric rainfall was chosen to be a function of:
1.
2.
3.
4.
5.
6.

Rain rate (related to the trend of radar echo growth in the area of measurements).
Radar echo area.
The time difference between subsequent satellite images.
The fraction of the cloud system covered by each brightness or TB contour.
An empirically derived rainfall weighting factor related to cloud brightness or TB·
The fraction of each brightness or TB contour in the verification area.

Verifications of the Griffith/Woodley VIS rainfall estimation technique as applied to tropical
cyclones were first attempted with Hurricanes Agnes (1972) and Fifi (1974). Later, verification of the
GOES VISIIR rainfall technique was undertaken for Hurricane Belle (1976). Visible images were used
to estimate daytime rainfall and to interpolate nighttime rainfall, whereas the IR images permitted
continuous daily rainfall estimation. Mean rainfall measurements from rain gauges were used to verify
the satellite-estimated tropical cyclone rainfall. Results indicated that errors varied from a 29%
underestimation to a 74% overestimation of satellite rainfall as compared with mean rainfall
measurements obtained from rainfall gauges during the individual days.
The VIS technique
overestimated the rainfall on average by nearly 20% more than the IR technique, since the
instantaneous field-of-view (IFOV) ofthe interpolated night-time visible image of the CDO was greater
than that of the actual IR nighttime image of the CDO.

TABLE 4.2
Mean rain rate comparisons for mature storms (mm h" 1). (Adapted from Rodgers and Adler 1981).

Radius of area covered (km)

Rodgers and Adler
(Western Pacific typhoons)*
Hughes (1952)
(composite)
Palmen and Riehl (1957)
(composite)
Miller (1958)
(composite)
Riehl and Malkus ( 1961)
(Daisy, 1958)
Miller (1962)
(Helene, 19 58)
Hawkins and Rubsam (1968)
(Hilda, 1964)
Frank (1977)
(composite)

111

222

333

444

4.2

3.4

2.4

1.9

14.0

4.5

2.1

1.2

-

5.3

-

4.6

1.8

3.9

2.2

13.6
13.9
6.3
-

* Average of 12 observations.
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Attempts using the Gri:ffith/Woodley algorithm (Gri:ffith et al. 1978) were then made to verify
the satellite estimated averaged rainfall characteristics in the path of a tropical cyclone. Daily rainfall
was estimated from the VIS and IR images oftropical cyclones over the western North Atlantic from
1970-1975. After 1975, daily tropical cyclone rainfall was estimated from IR images only.
Results indicated that there was great variability in the total tropical cyclone rainfall estimations
from system to system. Nevertheless, the approach correctly identified tropical cyclones with low and
high rainfall potentials, and the satellite-derived total tropical cyclone rain rate estimates were generally
consistent with those obtained from rain gauges, PMW measurements, and budget studies (see Table
4.2). Good bases had been lain for the first operational methods which, as the next section confirms,
soon followed.

NOAA 's Scofield/Oliver, IFFA, and Auto-estimator Techniques
Another important type of satellite method for estimating rainfall remotely from
geosynchronous satellite VIS and IR sensors has been that developed by Scofield and Oliver (1977).
Recapping briefly, this method relies on enhanced half-hourly geosynchronous VIS and IR data, a
decision tree to assign a rain rate to a particular point at the time of the satellite image (see Chapter
3.3.2). The technique was designed to determine quantitative estimates of heavy rainfall from potential
flash flood producing, slow-moving, thunderstorms. Although the method was initially subjective, it
later became partly automated (Spayd 1981) and then adapted to tropical cyclones (Spayd and Scofield
1984) during the early 1980s. The Auto-estimator (see Section 3.6.3) is the latest derivative.
To verify their earliest satellite-derived tropical cyclone rainfall estimates Scofield and Oliver
(1977) applied their subjective technique to tropical cyclone Dottie which moved across Charleston,
South Carolina on 20-21 August, 1976. Half-hourly isohyetal analyses from GOES satellite VIS and
IR images were produced between 1200 UTC, 20 August to 1200 UTC, 21 August, and used to derive
graphically the 6 h and 24 h rainfall totals. Gauge analyses indicated that the 6 h satellite-derived
rainfall amounts were less than those observed at the surface (while agreeing to witliin 0.15"), while the
24 h satellite-derived rainfall analyses proportionately compared more favourably with the surface
observation (agreeing to within 0.5").
Scofield and Oliver also applied their subjective rainfall technique to Hurricane Alien dming
landfall on 9 August, 1980. Results indicated that the 24 h rainfall amounts within the region affected
by Alien were comparable with surface rain gauge observations, and that the location of maximum
rainfall had been correctly forecast. Later, Spayd (1981) estimated Hurricane Alien's 24 h rainfall using
a partly automated version of the original Scofield and Oliver (1977) algorithm. Results from this
exercise indicated that this method improved the forecaster's ability to accurately apply the technique
(see Figures 4.14(a) and (b)). The reasons for the improved accuracy were that:
1.
2.

3.
4.

The area for drawing isohyets was enlarged.
Visible data, real-time surface data, analysed meteorological fields, upper atmospheric
obser-Vations, and radar data could be overlain on the IR imagery.
The half-hour rainfall amounts could be automatically summed into rainfall total files.
There was better Earth-location accuracy.

As Chapter 3 indicated, further development of the Scofield/Oliver technique led to NOAA's
operational IR-based method JFF A. Verification of this has been undertaken systematically over
several years. Table 4.3 presents results from all kinds of severe weather situations for 24 h IFF A
estimates vs. rain gauge measurements for the four most recently completed years. Table 4.4 gives a
recent short-term intercomparison with US NEXRAD radar rainfall estimates.
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TABLE 4.3
Verification statistics for operational IFFA technique 24 h estimates of rainfall for the summers of 1995
through 1998. (Courtesy NOAA).
Year

Bias (in)

1995
1996
1997
1998

-0.86
-1.74
0.32
0.61

RMSE (in)
2.58
2.90
1.41
1.25

Correlation
Coefficient
0.45
0.42
0.67
0.61

(for >5")
(for >5")
(for>2")
(for >2")

TABLE 4.4
Intercomparison of 1-3 h rainfall estimates from IFF A and the Auto-estimator techniques and
NEXRAD radar data from 15 May to 15 June 1999. (Courtesy NOAA).
Cold Top Convection

(a)
Algorithm

Scale (km)

Cases

Bias (mm)

RMSE (mm)

IFFA
Auto-estimator

12
12

27
25

2.9
7.6

11.0
13.3

Correlation
Coefficient
0.48
0.31

Warm Top Convection

(b)
Algorithm

Scale (km)

Cases

Bias (mm)

RMSE(mm)

IFFA
Auto-estimator

12
12

8
9

0.7
-1.0

7.3
6.7

Correlation
Coefficient
0.41
0.35

As Chapter 3 explained, the Scofield/Oliver and IFF A technique line has recently been
developed a stage further through the Auto-estimator, designed for normal use in an objective mode,
embracing additional types of input and operationally applicable not to one high-intensity rain situation
at a time but to the entire zone from 50°N - 48°S. IFFA computations involve a lot of "manual"
drawing of estimated isohyets and this procedure becomes very labour intensive. Due to the
manual/interactive nature of the IFF A methodology, precipitation estimates cover limited areas for
limited periods of time, and can take a significant amount of time to produce. In order to improve the
spatial and temporal coverage of satellite-based precipitation estimates while improving timeliness,
NESDIS/ORA developed the quasi-automatic precipitation estimation technique called the AutoEstimator. Although the Auto-estimator has not yet replaced IFF A as the operational IR-based method
in NOAAINESDIS, it has been run alongside IFF A for many months, and comparative statistics are
being compiled for the performance of both these (and other experimental) techniques against US
NEXRAD radar estimates of rainfall from extreme situations. Table 4.4 presents such statistics for part
of the US summer of 1999. Understandably the results are generally less good than those presented for
the longer unit time period of Table 4.3. More pertinently in the present context, the statistics in Table
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Figure 4.14: (a) 24 h real-time satellite-derived rainfall estimates for Hurricane Alien (in inches); and
(b) 24 h rain gauge observed rainfall (in inches); both for the period ending 200 UTC, 11
August 1980 (Spayd 1981).
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4.4 suggest that the objective method currently lags the interactive method modestly in terms of local
performance: refinement of the Auto-estimator as more experience is gained with it may be expected at
least to close this gap.
4.3.3

A Comparative Study of Rainfall from Hurricane Mitch using Multisource and Passive
Microwave Methods

Mitch may prove to have been one of the most devastating tropical cyclones ever to affect the
western hemisphere. Heavy rains over Central America from 28 October to 1 November 1998 caused
widespread flooding and mud slides over Nicaragua and Honduras resulting in thousands of deaths and
missing persons. Newspaper reports indicated entire towns being swept away, destruction of and
severe damage to national economies and infra-structure, and widespread disease in the aftermath of
the storm. News reports suggested that as much as 1300 mm of rain fell. However, in view of the
widespread damage to in situ observation networks it is difficult - even after the event - to determine
the actual amounts and distribution of rainfall with any degree of confidence. Hence, other means of
determining the rainfall associated with Mitch are needed. This knowledge is vital for diagnosing and
understanding the evolution of this disaster and for developing new mitigation strategies for future
tropical cyclone events.
The purpose of this study (Ferraro et al., in press) was to examine the distribution and amounts
of rainfall associated with Mitch through the use of three satellite remote sensing techniques, viz:

1.

The Grody/Ferraro technique (see Chapter 3 .4.1) based on polar-orbiting PMW data (see
Figure 4.15).

2.

The Auto-estimator (see above, and 5.5.2) based on geostationary IR data plus selected outputs
from a regional numerical weather prediction model (see Figure 4.16).

3.

The GOES Multispectral Rainfall Algorithm (GMSRA: see Chapter 3.6.3), based on
geostationary VIS, NIR, WV and IR channel data (see Figure 4.17).

All three techniques have been developed in the NOAAJNESDIS Office of Research and
Application (ORA), Camp Springs, MD, and feature among the few from which near real-time
estimates of rainfall from tropical cyclones are generated routinely, and are being made available to the
wider user community via the Internet (see Chapter 5)

Meteorological Aspects ofMitch
Hurricane Mitch was the strongest October hurricane ever recorded in the Atlantic basin. Mitch
also possessed the fourth lowest pressure recorded in an Atlantic hurricane this century. This intense
tropical cyclone formed over the southwestern Caribbean Sea from a tropical wave about 580 km south
of Kingston, Jamaica late on 21 October 1998. Sea surface temperatures were in excess of 28°C and
an upper level ridge was present from the Gulf of Mexico northward to the east-central United States.
These conditions were ideal for further development of the vortex, and caused it to commence a slow
west-northwest movement. At its peak on 26 October, its minimum pressure was 905 mb and
maximum winds were estimated to be 80 m s· 1, a category 5 hurricane. After passing over Swan Island,
Mitch gradually weakened and moved west southwest to lie just off the north coast of Honduras on 27
October. This movement was in response to the intensifying upper level ridge over the Gulf of Mexico.
The centre of the hurricane meandered near the north coast of Honduras from late on 27 October
through 29 October before making landfall during the morning of 29 October, about 110 km east of La
Ceiba with 45 m s· 1 winds. The hurricane moved southward over Honduras weakening to a tropical
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storm, early on 30 October. From 30-31 October the storm moved slowly over Honduras and
Guatemala and weakened to a depression. Mitch dissipated somewhat near the Guatemala/southeast
Mexican border on 1 November. The rerrmants continued to produce locally heavy rainfall over
portions of Central America and eastern Mexico for the next several days. On 4 November Mitch
became involved with a rather intense trough moving through the Gulf of Mexico, and was
reinvigorated. As a result, the storm moved rapidly northeastward, reaching northeast Florida by 5
November and moved over the Atlantic Ocean by 6 November, finally to make a further landfall (in
downgraded form, but still able to deposit significant rains) over the northern British Isles in midNovember.
When Mitch was approaching Honduras from the east, the synoptic pattern (south of a strong
ridge) favoured a vigorous and mature hurricane. During this stage, Mitch possessed a rainfall pattern
typical of mature tropical cyclones: heavy rains associated with the wall cloud, CDO area and OCBs
(Spayd and Scofield 1984). However, the devastating rainfall in northwest Nicaragua resulted from an
unusual concentration of events and circumstances:
1.

The large-area intense cyclonic circulation associated with Mitch, producing a persistent low
level southwesterly flow across the eastern regions of Nicaragua, Honduras and El Salvador.

2.

The slow movement ofMitch.

3.

Orography, causing persistent upslope flow from the Pacific.

4.

Mesoscale interactions with Mitch's OCBs.

Satellite precipitation estimates (Figures 4.15-4. 17) showed the heaviest amounts of rainfall for
29 October- 1 November occurring over northwest Nicaragua while Mitch was still off the north coast
of Honduras. At this time a strong low-level southwesterly flow (associated with Mitch's broad
circulation) was funnelling moisture from the tropical Pacific into Nicaragua, Honduras and El
Salvador. A persistent low level cyclonic circulation was embedded in this southwesterly flow over
northwest Nicaragua. This cyclonic circulation enhanced the upward vertical motion and helped to
transport moist air up the slopes of nearby mountains. All of this resulted in copious amounts of rainfall
over western portions of Nicaragua and Honduras while Mitch was still off the northern coast of
Honduras. Satellite estimates showed that the heaviest rainfall occurred on 30 October when outer
convective bands from Mitch interacted and merged with the orographically produced convection
(discussed above) already present over northwest Nicaragua. As can be seen from the satellite rainfall
estimates, heavy rains and resulting devastation also occurred in neighbouring countries. Figures 4.144.17 show the instantaneous rainfall derived from each technique for one overpass on each day during
the 3 d period, plus the 3 d total rainfall estimates.
On 29 October, the rainfall associated with the centre of Mitch along the northern Honduras
coast is apparent in all three techniques. The Auto-estimator suggests daily rainfall as high as 400 mm,
the GMSRA up to 250 mm, and the SSM/I instantaneous rain rates as high as 20 mm h" 1 near the centre
of the storm. In addition, all three techniques indicate a more intense region of rain along the west
coast of Nicaragua, and this is the area that received the most severe flooding. The Auto-estimator
indicates 24 rainfall in excess of 500 mm and the GMSRA in excess of 300 mm. By 30 October rainfall
associated with the centre of Mitch had moved southwestward and was not as intense, and this is
indicated by all three rainfall methods. On this day, the heaviest rainfall again occurred in Nicaragua.
The Auto-estimator shows daily rainfall up to 600 mm, the GMSRA over 300 mm, and the SSM/I
shows rain rates of over 30 mm h" 1. By 31 October the rainfall from the southern most feature was
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Figure 4.18

Hourly rainfall rates (mm h" 1), averaged over a 48 km grid, from 0000 UTC, 29 October
to 0000 UTC, 1 November 1998 for the west coast of Nicaragua (12.0°N, 89.0°W) (a);
and the north coast ofHonduras (15.8°N, 85.5°W) (b). (Courtesy NOAA).
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now the predominant rainfall signature in Central America, but was weaker than the previous day,
although a large area of heavy rain is noted by both the GMSRA and Auto-estimator. Accumulations
of the 3 d totals indicate that the heaviest rains occurred over Nicaragua, and ranged from 800 mm
from the GMSRA, 1100 mm from the SSM/I, and nearly 1400 mm from the Auto-estimator. All three
methods show that the maximum occurred in the area near Managua, Nicaragua. It should be noted
that the SSMII totals were based on only seven overpasses and so are likely to be biased.
To further investigate the temporal variability of the rainfall, hourly estimates from the Autoestimator and GMSRA were computed for two regions of interest. The first area is centred on the west
coast of Nicaragua, where the most severe flooding occurred, and the second area is along the north
coast ofHonduras, where the centre ofMitch made landfall. These are shown in Figure 4.18. The
estimates are computed for a grid size of 48 km by 48 km. Superimposed on the graphs are the values
derived from the SSMII overpasses at their time of observation.
The region along the west coast of Nicaragua experienced almost continuous rainfall for 72 h.
This is indicated in both the Auto-estimator and GMSRA, with the major difference being the
magnitude of the rainfall, which is significantly higher in the Auto-estimator. Another major difference
arises from the different manners in which the Auto-estimator and GSMRA calculate the growth factor.
Also, during the daytime, the GMSRA utilises VIS and NIR channels in its calculations. It is also
apparent from both estimates that there is a diurnal cycle in the rainfall (note the maximum in rainfall at
around 0300-0500 UTC each day, during the local evening). The SSM/I estimates appear to follow
more closely to the GMSRA estimates, except at 39 h where it is closer to the Auto-estimator. Perhaps
this indicates that the Auto-estimator rain rate relationship works better than the GMSRA in intense
convective rain situations.
The rainfall along the northern Honduras coast indicates that the rainfall may have been as
intense as in the other region, but an important difference is that it did not persist for as long. During
the first 12 h period, the Auto-estimator again shows much higher rainfall rates than the GMSRA.
However, during the next 36 h, the GMSRA and Auto-estimator show rainfall estimates that are
essentially the same. The SSMII estimates are consistent with those from both the GMSRA and Autoestimator.

Discussion ofResults from Mitch
How much rain actually fell in Honduras and Nicaragua? The satellite estimates indicate
maximum rainfall anywhere between 800 and 1400 mm in Nicaragua, and between 350 and 500 mm in
Honduras. Experience with the attributes of these satellite estimates over the past several years lead to
the following interpretation of the results:
1.

The devastating flooding in Nicaragua was caused by persistent rainfall for nearly 72 h, while
the region closest to the centre of the storm received very heavy rainfall, but for a much shorter
duration.

2.

The spatial patterns (both areal extent, and regions of local maximum/minimum) of the
estimated rainfall for the 3 d period are fairly consistent in all three rainfall methods, with the
major differences being in the rainfall magnitudes.

3.

The "training" data set used to calibrate the techniques is a likely major cause of the rainfall
magnitude differences.
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4.

Given the tendency for the Auto-estimator to overestimate rain in slow moving, intense
convective storms, and the GMSRA to underestimate intense convective rain amounts, the true
rainfall probably lies somewhere between the two estimates, perhaps closer to the ss:M/1
estimate for the storm total, despite its limited temporal sampling. Also, the areal extent of the
excessive rainfall depicted by the Auto-estimator is probably due to the "stationary" nature of
the rain system.

5.

The GMSRA appears to perform the best of the three methods in estimating the "warm top"
convection rainfall associated with a decaying tropical system.

6.

The SSM/I estimates are the most physically based but are limited by the temporal sampling.
However, they at least offer a means to quality-control or "tune" the more frequent GOES VIS
and IR. retrievals.

As the next section will explore in some detail, the quantitative validation of satellite-based
estimates is very difficult and has always plagued the satellite rainfall community (e.g. Smith et al.
1998). The problem stems from both a lack of reliable surface rainfall information over large portions
of the world and obtaining a better understanding of the error attributes of the surface measurements.
This latter problem is being alleviated somewhat through the use of error analysis on both the satellite
and surface measurements (e.g. rain gauge, radar, etc). Despite the fact that the satellite estimates
presented above vary by as much as a factor or two, all indicate significant totals of rain from Mitch and
it is encouraging that all three techniques depict similar regions of maximum rainfall. Finally, it is clear
that the temporal variabilities of the rainfall in the two regions most affected by Mitch were vastly
different and ultimately led to different flooding conditions.
Together, these findings confirm that satellite estimates can be invaluable for national
governments to monitor the evolution of potential flooding disasters and to develop new mitigation
strategies for future tropical cyclone events.
4.3.4

Other Passive Microwave-based Case Studies

As explained earlier, clouds remotely measured in the VIS and IR wavelengths are opaque and
rainfall must be estimated from either the brightness and/or the temperatures of the cloud tops. On the
other hand, clouds contain large droplets and ice, and these are weakly observed at the Prvi.VV
frequencies. At PMW fi·equencies, the observed TBs are a function of the emissivity of the cloud
constituents and their TBs. Nevertheless, the advantages of observing clouds over water at some P~1W
frequencies are that such radiation penetrates clouds, and indicates at least the larger rain drops and ice
particles (Kidder and Yonder Haar 1977).
Because naturally-omitted PMW radiation relates more directly to hydrometeors within clouds
than does VIS and IR radiation, much recent effort has focussed on the design and development of
PMW-based rainfall retrieval algorithms - indeed many more have been tested than were described in
Chapter 3. While numerous studies have attempted to evaluate the performance of one, two, or even
several PMW rainfall algorithms, the most comprehensive assessments of this family of techniques have
been the three Algorithm Intercomparison Projects (AlPs) of GPCP, and the three Precipitation
Intercomparison Projects (PIPs) of NASA's "WetNet" research programmes.
Since these
intercomparison campaigns will be described and discussed in Section 4.5, results ofPIP-2's findings in
respect of no fewer than 20 PMW algorithms for five tropical cyclones - involving most of the
"benchmark" methods described in Chapter 3, plus many others- will be reserved until the end of this
chapter.
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4.3.5

Early TRMM Views of Tropical Cyclone Rainfall

Introduction
We have seen how the Tropical Rainfall Measuring Mission (TRMM), launched on 28
November 1997, was the first satellite observatory designed specifically and solely to measure
precipitation and related cloud and lightning parameters, using a combination of VIS, IR, PMW and
AMW sensors (see Figure 4.19). From its relatively low oblique Earth orbit, TRM.M has provided
excellent coverage of several Atlantic and Pacific tropical cyclones - indeed more than had been
originally expected. However, TRMM has also provided such a wealth of new data, including new
types of data, that most effort to date has been applied to the interpretation of TRMM' s products, and
the evidence they have provided for features previously unknown or little understood. Some of the
early findings have been summarised already in Chapter 2. Thus, little effort has yet been directed
towards in-depth quantitative evaluation of TRMM-based parameter retrieval algorithms. However,
interesting and confidence-building results are accumulating, two of which may be described here. The
first relates to simultaneous retrievals of rainfall and cloud information from TRMM' s TMI and PR, and
DMSP's SSM/I, while the second involves a unique TRMM overpass sampling four tropical cyclones
or storms at different stages of development. Both are illustrated and discussed below.
In the first (Figure 4.20), maps are shown for both rain rates (left hand column) and
convective/stratiform rainfall type percentages (right hand column) for Bonnie over the tropical Atlantic
on 25 August 1998. In the rain rate products for the SSM/I and TMI, and the 2a25 technique for the
PR, the effect of sensor resolving power is evident, the PR revealing much more detail than the TMI,
which in turn provides some more detail than the SSMII. However, each of these three sensors in turn
provides broader data swaths, Meanwhile, greater differences are apparent in the cloud type products,
most of all between the AMW display compared with the two PMW displays, largely in response to the
different aspects of clouds measured by these two different families of instruments.
The second type of result from TRMM which is of interest in the present context involves rain
rate patterns from tropical storms and cyclones in different stages of their life-cycles, as discussed
below.

TRMM Captures Four Tropical Cyclones in 30 min
Although the Tropical Rainfall Measuring Mission (TRMM) satellite observatory was primarily
designed for climate-scale rainfall studies, precipitation imagery derived from the TRMM Microwave
Imager (TMI) and Precipitation Radar (PR) has proven useful for studying the structure of individual
storms. On 2 September 1998 TRMM encountered four tropical cyclones during part of one Earth
orbit, all within an interval of 30 min. Displayed in Figure 4. 21 (a) is a composite of the TMI estimates
of surface rainfall rates in the four storms. The TRMM observatory captures the hurricanes in different
environments and in different stages of life. The following are synopses of the observations, in
sequence. The rainfall retrieval method used to prepare these products ia NASA's GPROF (see
Section 3.4.2).

Danielle (0802 UTC)
Danielle was spawned by a tropical wave moving off the west coast of Africa. By 24 August it
was recognised as a tropical depression; it then quickly developed to tropical storms and finally
hurricane, status by 1500 UTC on 25 August, about 1000 n mi east of the Leeward Islands. After
attaining an initial estimated wind speed of 105 mph on 26 August, the storm encountered moderate
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Figure 4.19: Tropical Cyclone Pam over the South Pacific, 8 December 1997 - the second day of
TRMM's PR operation. Despite the distinctive spiralifonn cloud vortex apparent in the
companion GOES-IR images in (left centre), the non-symmetric rainfall pattern about
the eye as seen by both the PR (overlain in (left centre), and cross-sectioned in (centre))
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vertical wind shear and then cooler ocean waters which may have contributed to a gradual weakening
over several days (Pasch 1999b). Danielle reintensified on 31 August, and maintained a maximum wind
speed near 100 mph until2 September.
The TMI (Figure 4.21(b)) and PR (Figure 4.22) precipitation patterns from Danielle show
concentric bands to the northeast of its centre of circulation. By the time of the overpass, Danielle had
recurved and was accelerating towards the northeast, yet the rainband structure observed by TRMM is
fairly "classical" for tropical cyclones. The roughly radial cross-section of PR reflectivities (Figure
4.22) also shows convective cells in the rainbands closer to the centre of circulation. At greater
distances from the centre stratiform precipitation dominates and there is evidence of a melting layer
(bright band) of radar reflectivity near 4 km altitude.
Earl (0756 UTC)

Tropical Storm Earl originated in the southwest Gulf of Mexico on 31 August, and moved
generally to the north and northeast. It is estimated to have become a tropical storm 1200 UTC on 2
September, while centred about 125 n mi south-southeast of New Orleans, Louisiana. Earl never
exhibited a classical tropical cyclone appearance, its deepest convection being confined to the eastern
quadrants of the circulation, and aircraft reconnaissance indicating a very asymmetric wind field with
the strongest winds displaced well to the east and southeast ofthe centre (Mayfield 1998).
The TRMM overpass of Earl occurred only a few hours before the storm attained tropical
cyclone status. Even at this stage the best track location ofEarl's centre was 276°N, 904°W, which is
to the west ofthe precipitation observed by the TMI (Figure 4.21(c)). Although intense convective
rains are seen close to the reported centre, no eyewall is observed. This is consistent with the aircraft
reconnaissance, which never reported an eyewall. The storm made landfall early on 3 September near
Panama City, Florida with winds near 80 mph, resulting in three deaths and an estimated $79 m in
damages (Pasch 1999a).
Howard (0746 UTC)

This Pacific hurricane was spawned from a tropical wave that could be traced back from the
west coast of Africa on 7 August (Mayfield 1998). Tropical Storm Howard reached hurricane intensity
on 21 August off the west coast ofMexico, then moved west-northwest and intensified to a category 4
tropical cyclone (145 mph sustained winds) on 25 August. It eventually weakened to tropical storm
strength on 28 August and the TRMM observatory captured remnants of the storm later on 2
September (Figure 4.21(d)). The PR (Figure 4.22) reveals a weak band of stratiform rain embedded
convective elements.
Isis (0751 UTC)

A minimal Pacific tropical cyclone, Isis was short-lived but had a serious human impact on
coastal Mexico and the southern tip of Baja California. Isis reached tropical storm strength on 1
September and tropical cyclone intensity the next day, with maximum winds of 75 mph. It made
landfall on mainland Mexico near Los Mochis shortly thereafter, killing eight people and destroying
hundreds of homes (Avila and Guiney 1999). The TMI captures a rainband of Tropical Storm Isis with
intense convective precipitation along a southwest-northeast oriented line, and mostly stratiform
precipitation to the east of the line (Figure 4.21(e)). A vertical cross-section of PR reflectivity along
the convective line indicates several convective towers, some reaching 15 km in altitude (Figure 4.22).

174

%c

mm/hr

30

100

24

80

18

60

12

40

.\!..... ~-------- :,,,:.~ ~-----:---·-··· :bR

6

"'

0
-78

-76

-78

-74

Rainrate (TMI)
' .... '""'3) .....
·:· ....... ·:· ....... .......
-~-

36
~

v·
: : : :34
~--------~---······J·~-------~---------~
1

mm/hr

-76

-74

ll

20

'

'

'

-72

'

---~------J24

-70

0

-68

%c

CS (TMI)

--<;:----··:··----·-·:··------·:····--·-·P 6 1oo

30

'

'

'

24

80

18

60

12c

40

6

20

0

0

'
'

'
'

...... ;128

:

~,.---:

'

'

~..............................................
:
:
:
:
..:126

~.V

I

""'-'

I

I

0

I

'

'

'

'

~----~l ........ :. ........:. ....... .! ........ Ji24

-78

-76

,

/

(/1

-74

-72

-70

-68

Rainrate (PR)

...... ,......... ,.........,........., 36

:

:

:

:

I

I

I

I

' ........ :... ------~- ........:..... ---~134

'

I

I

0

1

'

•

I

0

I

0

I

I

I

I

0

0

I

I

t

'

'

'

'

'

'

I

I

I

'··

__;__ :_; _______ J32

'132

:; -~-~ .. - : .. ~
. ~ ·--~ :.-

·:

.

·~

-~ :~~-· )_··__.. __ )130
'
''
.''
'

'

••••,•••••••

'
'

~------78

'
'

-74

-72

-70

.:

':

':

I

0

0

I

I

~-

'

'

'

'

I

0

I

':
I

~.---- -~ ... ---- -~- ... --- ..:.. -.-.-. -~- .... --- Ji24

________________ j_ _______ .:_ _______

-76

1

'
... -------------------·---·--------"--···----':26

!"

'
'

jl24
-68

I

-~:---~~--.--.. --.- ... -!-----.-. .-...... ~128
:
.

. \!
I

'

~- \1_ .... ........ ....... -~- .. _. ___ .L .. _____ ir26
~

__:r3o

-78

-76

-74

-72

-70

-68

Figure 4.20: Rainrates (left), and cloud types (right) for tropical cyclone Bonnie, over the North
Atlantic on 25 August 1998. In the SSMJI and TMI cloud type panels % cover by
convective clouds (as distinct from stratiform clouds) are shown; in the PR panel 2 (red)
represents convective rain pixels, and 1 (green) stratiform rain pixels. (Courtesy
NASA).
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Figure 4.21: TRMM-TMI captures rainfall patterns associated with four tropical cyclones and related
systems on one overpass. Orbit 4391, 2 September 1998 (a); and enlargements of
Danielle (b); Earl (c); Ho ward (d); and Isis (e). (Courtesy NASA).
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Summary and Conclusions
These TRMM observations of four hurricanes on 2 September 1998 exemplify the diversity of
precipitation structures in tropical cyclones that have been observed by satellite and radar over the past
few decades. Infrequent sampling by TRMM is the primary obstacle to effective use of the TMI or PR
observations in mesoscale studies. However, as an adjunct to mesoscale atmospheric model
simulations, the TRMM data should be useful as either initial or validation data (see Chapters 3 and 5).
Knowledge of the precipitation distributions in these storms is beneficial because surface rain is an
indicator of the net latent heating in the atmosphere. The primary mesoscale response to latent
(diabatic) heating is vertical motion (Mapes and Houze 1995), and in tropical cyclones latent heating
associated with convective clouds helps to drive upward motion in the eyewall and rainbands. The
synergy of numerical models and satellite wind and cloud/precipitation information may be a powerful
combination for diagnosing and predicting the processes leading to tropical cyclone intensification (see
Chapter 5).
4.4

ACCURACY AND VERIFICATION OF SATELLITE RAINFALL ESTIMATES

4.4.1

Introduction

To properly take advantage of the excellent spatial and temporal resolution of rainfall estimates
from satellites, whatever their scale, it is necessary to understand the accuracies and limitations of these
estimates. The errors associated with satellite rainfall estimates arise from several factors including the
spatial and temporal resolution of the satellite observations, the spectral interval of measurement (i.e.
VIS, IR, or MW), the size of the sensor's instantaneous field of view (IFOV), and the ability of any
algorithm to both detect the presence of rainfall and estimate the rain rate from the radiance
measurements. The sampling error may be investigated theoretically, while the algorithm accuracy is
more difficult to determine. The overall accuracy for various satellite rainfall estimates is generally
determined through comparison with other independent measurements of rainfall from instruments such
as rain gauges and radar. However, these are themselves imperfect estimates. Therefore, the notion of
"validation" or "verification" involves intercomparison with independent estimates that are believed to
be of greater accuracy and reliability.
We have noted in passing that in the last decade there have been a number of organised
experiments that have attempted to determine the accuracy of satellite rainfall estimates. The Global
Precipitation Climatology Project (GPCP) conducted three Algorithm Intercomparison Projects (AlPs)
to study the ability of IR and PMW algorithms to estimate monthly, daily, and instantaneous rainfall.
These experiments took advantage of limited high-quality gauge/radar validation datasets and
attempted to quantify the accuracies of the algorithms. A parallel series of three experiments, the
WetNet Precipitation Intercomparison Projects (PIPs), focused mainly on PMW satellite algorithms and
assessed the merits of the algorithms relative to each other, and to a far more extensive (and arguably
better quality) validation dataset than was used in the AlPs. The results of these projects will be further
discussed later in this section.
4.4.2

Standards for Measuring Accuracy

Verification Against Independent Data
The accuracy of a satellite rainfall estimate is usually assessed by intercomparison with other
independent observations. This is not a simple matter because of the inherently high variability of
rainfall in time and space. No measurement system yet exists that can perfectly capture both the
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TABLE 4.5
Summary of rainfall observing s~stems.
Type

Accuracy

Rain gauge

High

Spatial
resolution
Point
1-2 km

Temporal
resolution
Milliseconds daily
5-15 minutes

Radar

Good

PMW

Geostationary
VIS/IR

Spatial extent Comments

Global

Good

12-50 km

Hours

Global

Moderate

1-5 km

30-60 minutes

Global

Global

Restricted mainly to land
areas.
Best quality when locally
calibrated using gauges.
Senses emission and/or
scattering from hydrometeors.
Cloud top properties
indirectly related to rainfall.

temporal and spatial variability of rain on the scales of interest to most users. Nevertheless, if the
uncertainties in the independent rainfall observations are understood, then the uncertainties in the
satellite estimates themselves can be quantified much more precisely. Table 4.5 lists the attributes of
the most commonly used rainfall observing systems which are significant in the present context.
Despite the inadequacies of existing rainfall observations, they have proven extremely useful in
validating satellite estimates, particularly when different types of observations are combined. Gauge
networks and climatologies are most often used to validate climate-scale satellite rainfall estimates.
Short-period satellite rainfall estimates are usually validated using radar, models, and to some extent
other satellite estimates.
It should be note that many satellite rainfall algorithms have been empirically calibrated using
surface observations from gauges and radars and thus the issues of calibration and validation are inextricably linked. Inaccuracies in the measurements used for calibration and validation will translate not
only into uncertainties in the validation results, but also errors in the formulations of the algorithms
themselves.
1.

Rain gauges provide the only direct measurements of the accumulated rainfall at a point. The
point accuracy of this type of observation depends on the particular instrument and
meteorological situation, and is generally quite high, with mean error of the order of 10% or
less for one-minute rainfall (Nystenns 1998). However, measurements from rain gauges suffer
from problems of representativeness as the horizontal spacing of these point measurements is
generally inadequate to resolve the finer scale detail of the rainfall field. The density of gauges
may be quite high in heavily populated parts of the globe (> 100 gauges per 100 km 2 in Great
Britain, for example), yet gauges are practically non-existent over the oceans, deserts and polar
regions. The Global Precipitation Climatology Centre (GPCC), which collects daily and
monthly rain gauge observations for use in the Global Precipitation Climatology Project
(GPCP), reports that, for its near real-time "monitoring product", 6000-7000 gauge
measurements are received via the GTS but over half the global 2.5° resolution grid boxes
contain no gauges at all, 17% have no more than a single gauge, and only 12% contain four or
more gauges (WCRP 1998).
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Figure 4.23: Estimated error of GPCC 2.5°-resolution gauge-based rainfall estimates (after Xie and
Arkin 1995).

In validating satellite rainfall estimates, gauge measurements are most useful when averaged
over large space and time scales. Xie and Arkin (1995) investigated the random error of gaugederived monthly rainfall estimates in 2.5° lat/long grid boxes as a function of the number of
gauges in the grid box. Figure 4.23 shows that the estimated error of GPCC gauge-based
monthly 2.5° resolution rainfall totals is 30% when only one gauge is present in the grid box,
20% for three gauges, and 10% for six gauges. Xie and Arkin used these gauge observations to
validate 8 y of satellite rainfall estimates. They noted that for grid squares in the tropical
western Pacific, where gauges located on atolls measure rainfall assumed to be representative of
open ocean conditions (Morrissey et al. 1995), the apparent quality of the satellite estimates
improved as the number of gauges in a grid square increased. This illustrates the necessity of
good quality validation data in drawing valid conclusions about the quality of satellite rainfall
estimates. The monthly GPCC global gauge analyses have been used to validate satellite rainfall
estimates in the PIP-1 and PIP-3 experiments (Barrett et al. 1994; Adler 1997).
2.

Radar observations are another commonly used source of validation data for satellite rainfall
estimates. Radar data have excellent spatial and temporal resolutions (typically orders of a few
km and tens of min respectively) and a horizontal extent of a few hundred km radius for each
radar site. Because radar measures rainfall indirectly via the backscattering of direct MW
radiation from hydrometeors, an additional step is needed to convert the backscattered signal
into rainfall estimates. This introduces uncertainty into the retrieval. Recurring problems
plaguing radar observations include anomalous propagation, ground clutter, bright band
contamination, attenuation of the MW signal in heavy rain, and digitisation of received power.
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3.

Significant data massaging must be done before the radar data can be used for verifying satellite
estimates (Short et al. 1997; Conner and Petty 1998), and only data measured within about 100
km of the radar are reliable enough to be used for quantitative rainfall estimates (Barrett and
Kidd 1990). Even when the above problems are eliminated, conversion of the reflectivity
measurement, Z, into a rain rate, R, requires significant assumptions about the droplet size
distribution via the application of an appropriate Z:R relationship. The measurement of specific
differential propagation phase, KDP, from polarimetric radar largely overcomes this difficulty, at
least for moderate and high rain rates (Doviak and Zrnic 1993), but very few radars presently
have this capability.
Fortunately, good techniques exist for blending radar data with rain gauges to remove most of
the bias (e.g. Krajewski 1987; Creutin et al. 1988). When locally calibrated using rain gauge
observations, radar data can provide an extremely useful source of validation data. Radar data
were used to validate satellite rainfall estimates over land in the AIP-1, AIP-2, and PIP-2
experiments, as well as in the studies of Vicente et al. (1998), Conner and Petty (1998), and
others. Where local gauge measurements are unavailable or insufficiently reliable, such as over
open water, the radar rainfall estimates may be subject to unknown biases. This has led to
uncertainties in validating oceanic rain rates in most of the large intercomparison projects.
Smith et al. (1998) believe that the over-water radar observations in PIP-2 may have been
biased low by a factor of two, although the land-based radar observations showed no obvious
bias.

3.

Rainfall climatologies are useful validation tools in that they can indicate whether satellite
rainfall estimates are "in the ballpark". As we have seen earlier in this chapter, two ofthe most
frequently used rainfall climatologies are those of Jaeger (1983) and Legates and Willmott
(1990), both of whom analysed gauge reports over land, and shipboard present-weather reports
over the sea, to produce global maps of monthly accumulated precipitation. The accuracy of
these analyses is high for gauge-dense areas over land but lower over the oceans due to the
difficulties in converting present-weather reports into accumulation rainfall estimates. Indeed,
one of the aims of the GPCP is the production of more accurate climatologies of oceanic rainfall
from satellite observations. For example, Janowiak et al. (1995) and Adler (1997) have
suggested that satellite rainfall estimates may be more credible than the Legates and Willmott
(1990) climatology in the tropical eastern Pacific.
Woodruff et al. (1987) have compiled shipboard weather observations into the Comprehensive
Ocean-Atmosphere Data Set (COADS). Petty (1995) used the present-weather codes in the
CO ADS data to analyse the spatial and temporal patterns of rainfall frequency for various types
of precipitation over the oceans. This analysis was then used as validation for precipitation
frequency estimates derived from satellite observations (Petty 1997; Adler 1997). The average
number of monthly ship reports was about 35,000, mainly located in the shipping lanes of the
North Atlantic and North Pacific. Although impossible to validate, the derived rainfall frequency
is expected to be quite accurate in these regions, while lower reliability is associated with
derived rain frequency in the Southern Hemisphere, particularly at high southern latitudes.
Uncertainties in the rain frequency analysis arise from several factors, including rnisclassification
of precipitation type by inadequately trained observers, a possible fair weather bias relating to
the tendency of ships to avoid foul weather, a day/night bias relating to the tendency of night··
time observations to be both less frequent and less reliable, and mislocation of reports (Petty
1995).

4.

Models that compute rain rate as a function of observed or simulated cloud variables can be
used as calibration or validation for satellite algorithms. Some examples include the coupled
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cloud-radiative transfer models of Smith et al. (1994), Kummerow and Giglio (1994), and
Tesmer and Wilheit (1988). Models give the investigator the flexibility to activate/deactivate
various physical processes and adjust parameters to gain an understanding of which factors are
important in influencing rain rate. As pointed out by Kidd et al. (1998) models have the
advantage of being able to simulate high-intensity events which are difficult to observe. In
general, model-generated rain rates are bound by poor observations and understanding of drop
size distribution, as well as assumptions regarding vertical and horizontal cloud structure.
However, the accuracies of model rain rates can be quite high when cloud properties are wellobserved or retrieved from aircraft observations (e.g. Marzano et al. 1994), and there are
certainly many cases where cloud model rain rates are superior to those estimated from
conventional surface observations (Tesmer and Wilheit 1998; Smith et al. 1998).
I

5.

Other satellite estimates may be used for calibration and validation in situations where radar and
gauge observations are poor or non-existent, and the other satellite estimates are presumed to
have greater accuracy. As will be elaborated later, PMW estimates of instantaneous rainfall are
generally much more accurate than those produced by IR algorithms, and are used in many
algorithms for performing local calibration and validation of rain rates from geostationary
satellites (Adler et al. 1993; Sheu et al. 1995; Xu et al. 1998). Merged IR and PMW rainfall
estimates over the ocean have been used as validation for rainfall estimated from International
Satellite Cloud Climatology Project (ISCCP) data (Huffman et al. 1997) and Outgoing
Longwave Radiation (OLR) data (Xie and Arkin 1998).
In the PIP-2 experiment (see Smith et al. 1998), which focused on instantaneous rain rates from
PMW observations, it was felt by many participants that the quality of the (primarily radar)
validation data was so low as to render them of questionable use, especially over open water.
After careful screening of raining pixels, all-algorithm composite rain maps were constructed
and used as a standard for intercomparison of the individual algorithms (see Section 4.5)

Measures ofAccuracy
The term "accuracy" has many aspects, and different users may be interested in satellite
estimates which optimise different measures of accuracy. For example, climate researchers may be
interested in unbiased monthly estimates of rainfall on a large scale for monitoring climate change or
validating climate model simulations. Forecasters and hydrologists working in a weather service office
need to know the location and amount of maximum hourly or daily precipitation, and therefore
distinguishing the correct pattern of rainfall is critical.
Several issues must be addressed when measuring the accuracy of satellite rainfall algorithms:
1.
2.
3.
4.

Are raining pixels correctly distinguished from non-raining pixels?
Are the patterns of rainfall correctly represented in space and time?
Do the satellite estimates represent the true range of rain rates for the period of interest?
How are the estimates biased?

A number of statistics, as well as maps, time series, scatterplots, and histograms of rain rates,
are commonly used to assess the accuracy of algorithms. The statistics themselves can also be
presented as maps and time series to further explore the space and time variability of algorithms
accuracy
Categorical statistics are frequently used to measure the ability of an algorithm to correctly
distinguish raining from non-raining pixels. These derive from a 2 by 2 contingency table of rain:no182

rain and include such statistics as the probability of detection, false alarm ratio, and Heidke Skill Score.
(For definitions of these statistics see Wilks 1995). The correlation coefficient measures an algorithm's
ability to correctly represent the spatial and/or temporal patterns of rainfall. This is usually computed in
conjunction with a linear regression of the estimates on the independent validation data, which reveals
whether the algorithm represents the true range of rainfall values. The difference (or ratio) between the
estimated and validation rainfall measures the bias of the estimates. The root mean square (RMS) error
is often used as a bulk measure of an algorithm's accuracy as it incorporates both the bias and the
correlation.
Numerous additional statistics have been included in various satellite rainfall verification studies;
the above-mentioned validation statistics have been computed in all of the major intercomparison
projects.
4.4.3

Estimation ofErrors

The errors associated with satellite rainfall estimates are a combination of errors due to
incomplete sampling and due to imperfect conversion of the obsetved quantity, usually the T8 :to rain
rate relationship. This can be written as:
0"2
t

=

(]"2
11

+ (]"2a

(4.1)

where O"t is the total error, os is the sampling error, and aa is the algorithm error. While
knowledge of the total error is necessary for appropriate usage of satellite rainfall estimates, knowledge
of the relative error contributions from sampling and Ta:R conversion is useful in assessing the potential
improvements to be gained by increasing the sampling or improving the accuracy of the algorithm.
Most validation studies have computed only the estimated total error, which further includes a
component of"apparent error" associated with uncertainties in the validation data. This means that·the
true accuracies of the satellite estimates are somewhat greater than those reported in the
intercomparison experiments simply because the validation data include sampling and measurement
en·ors. The following discussion briefly describes some recent studies that have attempted to
characterise the sampling and algorithm errors.

Sampling Errors
Sampling errors arise when discreet measurements or samples are combined to derive a space
and/or time averaged value of a quantity. In satellite rainfall estimation, most studies of sampling error
have focused on the errors associated with monthly gridded rainfall accumulations (North and
Nakamoto 1989; Bell and Kundu 1996; Li et al. 1998, to name a few). The random sampling error
depends on the following factors (Li et al. 1998):

1.
2.
3.

The variance of the instantaneous areal rain rates.
The temporal correlation ofthe rainfall.
The length ofthe sampling period and the number of samples obtained during that period.

Sampling error may also contain a component of bias, for example, if the satellite overpasses do
not adequately resolve the mean diurnal cycle. This is of particular concern when estimating tropical
rainfall which may have a pronounced diurnal variation (e.g. Chen and Houze 1997).
Bell and Kunda ( 1996) found that in the absence of any significant temporal correlation between
samples (such as occurs for tropical rainfall observed by TRMM or a single SSM/I satellite), the
183

relative random sampling error was proportional to the square root of the sampling interval .md
inversely proportional to the square root of the average rain rate, i.e:

a,

( At ) Y2

-oc--

<R>

AT<R>

(4.2)

where At is the sampling interval, <R> is the mean monthly area average rainfall, A is the area
of the grid box and T is the period of sampling (i.e., one month). This dependence of the relative
sampling error on the square root of the mean rain rate was also shown by A. Chang (p.c.) using GPCP
data. As the sampling interval is decreased the temporal correlation between samples becomes nonnegligible and the sampling error is somewhat greater than predicted by (4.2).

Algorithm Error
It is possible to estimate oa, the component of error due to an algorithm's conversion ofTB to
rain rate, by validating instantaneous rain rates, in which case there is no sampling error. The AlPs
used this direct approach to estimate algorithm error; the results will be presented in Section 4. 5. In
practice the surface observations are usually not accurate enough to enable the algorithm error to be
reliably estimated in this manner.
Li et al. (1998) demonstrated an approach for estimating algorithm error that takes into account
the contribution to the total error from the validation data itself. From an ensemble of 170 radar-SSM/1
matchups from the AIP-3 dataset they calculated the mean and variance of the difference between the
satellite and radar data averaged onto SSM/I IFOVs. The differences between the two fields must be
due to errors in the satellite estimates, the radar estimates, or both. Without additional information it is
not possible to uniquely separate the two, but they tested three possibilities:
Case 1: Perfect radar estimates.
Case 2: Radar and satellite having similar bias and random error.
Case 3: Radar estimates contain bias, while satellite estimates are unbiased but contain random
error.
Case 3 was thought to be the most realistic scenario. The sampling algorithm, and total error
for monthly rainfall in a 2.5° box, are shown in Figure 4.24 for the NOAAINESDIS scattering
algorithm described by Ferraro et al. (1996). For frequent sampling the total error is dominated by the
algorithm error. The sampling error contributes increasingly to the total error as Lit is increased.
Finally, algorithm error can be studied by simulating satellite-observed Tss using a cloud model
and radiative transfer equations. An effort is underway (T. Wilheit p.c.) to develop a system to directly
model the uncertainties due to beamfilling (nonlinear dependence of TB on rain coverage in a satellite
IFOV), brightba.nd effects (enhanced reflectivity in the cloud melting layer), cloud microphysics, and
cloud structure. The error model will be checked for consistency against airborne radar data.

Total Random Error
The total error is the sum of the bias error and the random error. The bias error can, in
principle, be determined by calculating the difference between the estimated and "true" rainfall,
averaged over a sufficiently large dataset. For example, North et al. (1994) found that when comparing
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a satellite estimate with a point estimate (i.e. a single gauge) the bias could be determined accurately
after about 60 match-ups.
Huffinan (1997) showed that the instantaneous total random error a r,p can be represented as:
O"r,i

{H

-1

)Y2

--oc--

<R>

p

{4.3)

and the space-time averaged random error is:
O"r

--oc

<R>

I ( H -~ )Y2

JN

{4.4)

p
I

where p is the frequency of non-zero precipitation, Nj is the effective number of independent samples,
and H is the non-dimensional second moment of the instantaneous rain rate probability distribution,
found to have an approximate value of 1. 5.
Figure 4.25 shows the total error in 2.5° grid boxes computed by Hu:ffinan (1997) for two
algorithms used in the GPCP, the NOAA SSMII scattering algorithm (Ferraro et al. 1996) and an
SSMII-adjusted IR algorithm known as the Adjusted GOES Precipitation Index (AGPI; Adler et al.
1993). The values of p and Nj were estimated from the high-quality rain gauge analysis produced by
the GPCP' s Surface Reference Data Center (SRDC). The relative errors decrease rapidly with
increasing rain rate, as expected from sampling theory. The geostationary estimates have much lower
total random errors than the SSMII estimates as a result of superior sampling.
Efforts to Reduce Error

Several ways of reducing error have been investigated, including:
1.

Composite Analyses. Barrett et al. {1994) and Smith et al. (1998) noted that different satellite
algorithms performed better in different seasons and regions. This prompted an investigation
into methods for constructing a composite algorithm whereby each region of the globe would
use the estimate from the single algorithm that was determined to have the "best" performance
according to PIP-I results (Kniveton et al. 1994, 1997). Kniveton et al. {1997) tested three
procedures for segmenting the globe into uniform regions with:
Similar spatial variability.
Similar temporal variability.
Similar surface properties.
Figure 4.26 shows a box-and-whiskers plot of validation statistics for ten rainfall estimates
(eight SSM/I algorithms plus the GPI and the ECMWF model) of global rainfall in 2.5° grid
boxes during October 1987. The statistics for the three composite estimates are shown by the
symbols. The composites clearly outperform the individual algorithms, with the composite
based on segmentation by spatial variability showing the highest accuracy according to most
measures.

2.

Optimal Weighting.

This approach blends independent rainfall estimates using weighted
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averaging, where the weights are inversely proportional to the expected random error. As
outlined by Xie and Arkin (1996), for a set ofN independent estimates, R 1, R 2, RN, with errors
that are random, unbiased, and normally-distributed, the combined maximum likelihood
estimate is given by:

R=;Ew;R;

(4.5)

and the weights are given by:

(a/);
W1=

L(u/);

(4.6)

The expected error variance is:
A2=

u

1
(4.7)

2
L(~1

which is smaller than the individual component error variances. In practice the errors are
neither unbiased nor normally distributed; nevertheless this approach has been shown to greatly
reduce the error in merged global precipitation estimates. Two widely available satellite-gauge
rainfall climatologies discussed earlier, viz. the GPCP product (Huffman et al. 1997), and the
NOAA Climate Precipitation Center (CPC) merged product (Xie and Arkin, 1996), are
produced using optimal weighting.
The GPCP rainfall product is created using the modified "satellite-gauge-model" (SGM)
technique described by Huffman et al. (1997). The three satellite components are the AGPI
geostationary estimates (Adler et al. 1993, 1994), the NASA/GSFC SSM/I emission estimates
(Wilheit et al. 1991) and NOAA SSMJI scattering estimates (Ferraro et al. 1996). These are
first combined using weights that are inversely proportional to the etTor variance estimated
according to (4.4). The multi-satellite estimate is then multiplied by the ratio of GPCC and
satellite estimates to remove the bias where possible. (In low rain areas the difference is added
to the multi--satellite estimate). Finally, the gauge-adjusted satellite estimate is combined with
the GPCC gauge analysis using inverse-error-variance weighting.
Xie and Arkin (1996) merged rainfall estimates from the same data sources as above, with the
addition ofECMWF model precipitation fields, but used a slightly different merging procedure.
Similar to Huffman et al. (1997) they first combine the satellite and model estimates with
inverse-error-variance weighting, where the local error variance is estimated as the mean square
difference between gauge and bias-corrected satellite estimates. The blending with the gauges
was accomplished using "Reynolds blending" (Reynolds 1988), which essentially uses the gauge
data to anchor the analysis where gauges are present, and the gradients in the combined
satellite-model analysis to define the field between gauges.
The reduction in error associated with merging by optimal weighting is illustrated in Figure 4.27
for various steps in production of GPCP monthly rainfall estimates (Huffman et al. 1997). In
this case the verification was performed against the SRDC high quality gauge analyses. Similar
error reductions for steps in the Xie and Arkin (1996) merging algorithm are shown in Figure
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4.28, where verification was conducted against a randomly selected 25% of GPCC grid boxes
that were withheld from the analysis. In all cases the errors were reduced and the correlations
improved by combining two or more independent estimates. As expected, blending with the
gauge data further improves the analysis.
3.

Adaptive Tuning. In this approach the parameters of one satellite rainfall algorithm are tuned
"on the fly" against more accurate estimates from another source. The aim is to combine the
superior sampling characteristics of one instrument with the superior retrieval capabilities of
another instrument. Typically the coefficients of the GPI or some other geostationary algorithm
are tuned using matching SSM!I estimates (Adler et al. 1993, 1994; Xu et al. 1998), or radar
and gauge data (Hsu et al. 1997). In these algorithms the use of geostationary data reduces the
sampling error while the use of the SSM/I or surface data reduces the bias component of the
algorithm error.
For monthly rainfall estimation, the Adjusted GPI technique of Adler et al. (1993, 1994) uses
the IR-SSM/I match-ups to adjust the conditional rain rate of the GPI technique. The
Universally Adjusted GPI (UAGPI) of Xu et al. (1998) allows both the cloud temperature
threshold and the conditional rain rate to vary. Both of these algorithms produced improved
estimates of rainfall over Japan when compared with the GPI estimates. The neural network
technique ofHsu et al. (1997) adjusts the relationship between IR Tas and rain rate whenever a
new match-up is encountered, with significant improvements in both instantaneous and monthly
rain rates.

4.5

RESULTS OF ALGORITHM INTERCOMPARISON CAMPAIGNS

4.5.1

General Introduction

In the 1990s, six major international satellite rainfall algorithm intercompm:ison projects were
organised to study the effects of input data type and algorithm design on satellite (and other) rainfall
retrieval methods. These experiments, summarised in Table 4.6, evolved a common protocol. In
general:
1.

A satellite dataset was made available to potential participants, which included several
established, operationally-oriented, groups as well as smaller groups from universities and
research centres worldwide.

2.

Each group produced rainfall estimates using their particular algorithm(s) and returned their
estimates to a central location for validation and intercomparison.

3.

The validation dataset was then sent to all groups.

4.

After some months of data processing a workshop was held to discuss the results.

The three GPCP Algorithm Intercomparison Projects (AlPs) attempted to validate satellite
rainfall estimates using local high-quality datasets. AIP-1 considered extratropical summertime rainfall
over Japan, AIP-2 examined algorithm performance for precipitation over Western Europe during
winter and spring, and AIP-3 evaluated tropical oceanic rainfall estimates during the TOGA-COARE
experiment. Meanwhile, the three WetNet Precipitation Intercomparison Projects (PIPs) took a more
global view, with PIP-1 and PIP-3 intercomparing monthly estimates over the globe and PIP-2
examining the estimation of instantaneous rainfall for a variety of climatic regimes. PIP-2 differed
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TABLE 4.6

Description of major intercomparison experiments.
(a)
ExEeriment Location
Japan and surrounding
AIP-1
waters
Western Europe
AIP-2
Tropical western
AIP-3
Pacific Ocean
Global
PIP-1
Various Locations
PIP-2
Global
PIP-3

-

Date
June-August 1989

Referenc~

Lee et al. (1991)
Arkin and Xie (1994)
February-March 1991
Allam et al. (1993)
November 1992-February 1993 Ebert (1996); Ebert and
Man ton ( 1998)
August-November 1987
Barrett et al. (1994)
Various dates
Smith et al. (1995, 1998)
Adler (1997)
Julx_)991-Jul:l 1993
(b)

Experiment

AIP-1
AIP-2

AIP-3
PIP-1
PIP-2
PIP-3

Temporal
resolution of
satellite data
Operational radar-rain Geo, 1 h
SSM/I, 12 h
gauge composite
Geo, 1 h
Operational radar,
SSM/I, 6 h
gauges
AVHRR., 6 h
Geo, 1 h
2 research radars
SSM/I, 6 h
Geo, 3 h
Gauges
SSM/I, 12 h
Various (radar, aircraft
radar, gauges)
Geo, 3 h
Gauges
SSM/I, 6 h
Source of validation
data

Spatial resolution
of estimates
1.25°
1.25°

0.50°
2.25°

Temporal resolution
of estimates
Monthly, daily,
instantaneous
Monthly, daily,
instantaneous
Monthly, daily,
instantaneous
monthly

SSM/I pixel (12-25 Instantaneous
km)
Monthly
2.25°

philosophically from the other experiments with its goal being to understand how much and why MW
algorithms differ from each other. Determination of the true accuracy of individual algorithms was
considered an impossible task in PIP-2, given the level of error in the surface reference data. However,
its results are of special interest in the present context because they include studies of several tropical
cyclones.
The intercomparison experiments evaluated a large number of satellite rainfall algorithms,
mainly using IR and VIS geostationary data, or SS:M!I data, but also including Advanced Very High
Resolution Radiometer (AVHRR), Microwave Sounding Unit (MSU), and TIROS Operational Vertical
Sounder (TOVS) data from NOAA polar orbiting satellites. Some of the experiments also embraced
quantitative precipitation forecasts from numerical weather prediction models. PIP-3 was the first
major experiment to intercompare satellite rainfall products that were merged with rain gauge analyses.
Ebert et al. (1996) and Petty and Krajewski (1996) have reviewed the results of several of the
experiments. Here we update those reviews, first summarising broad area climate results of AlP and
PIP experiments in the contents of estimated bias, RMSE, and correlation with the observations for
191

various climate regimes, then considering results of PIP-2 in respect of instantaneous rainfall with
special reference to tropical cyclone case studies, both qualitatively and quantitatively examined.
4.5.2 Regional and Global Climate Intercomparisons
In this case the algorithms are segregated by type, i.e. geostationary algorithms (including those
that merge IR and SSM/I data), and SSM/I algorithms. Recent PIP-3 results for selected algorithms
whose estimates are widely available are highlighted. Monthly and instantaneous estimates are treated
separately.
Monthly Rainfall
The validation of monthly satellite rainfall estimates has received far greater attention than have
instantaneous estimates, not least because the sampling errors in both the satellite data and the
validation data are much smaller, making the validation more valid. Figure 4.29 shows the validation
statistics for monthly rainfall estimates over tropical ocean, tropical land, extratropical ocean, and
extratropicalland, for geostationary and SSMII algorithms separately.
Over tropical oceans the satellite estimates appear to be biased high during AIP-3, and low
during PIP-I and PIP-3. Barrett et al. (1994) suggested that low bias may result from the inability of
most algorithms to resolve the highest tropical rain rates. These bias results should be viewed with
some caution since the gauge validation dataset is quite spatially limited and the radar data used in AIP3 could not be directly adjusted using rain gauges (Short et al. 1997). The ratio of estimated to
observed rainfall over the tropical land clusters around unity, suggesting that monthly estimates are
fairly unbiased over tropical land. RMS errors in the tropics are of similar magnitudes to the mean rain
rates in AIP-3 and PIP-I, and roughly half the mean rain rate in PIP-3. Whether this is due mainly to
improvement in algorithms, or to the different validation periods used by PIP-1 and PIP-3 is uncertain.
The correlation coefficient between estimates and observations is quite high, ~0.70 to 0.85, over
tropical land and ocean. The geostationary estimates tend to have slightly greater correlation
coefficients than the SSM/I estimates, which is attributable to better sampling. IN AIP-3 the MWadjusted IR algorithms had the highest correlation coefficients of all the algorithms tested.
Satellite algorithms performed less wen· outside the tropics, with the most noticeable difference
seen in the lower correlation coefficients. In AIP-2 many IR algorithms had essentially no correlation
with the observations, reflecting the difficulty of estimating mid-latitude precipitation from satellites
during winter. By contrast, the 12 mon PIP-3 validation over extratropical land is particularly
encouraging, with significantly lower RMS errors than in PIP-I, and correlation coefficients for both
the GPI and SSM/I algorithms of -0.50- 0.65.
PIP-3 produced the most extensive validation of satellite estimated monthly rainfall to date.
Table 4. 7 gives validation statistics for eight "quasi-standard" estimates, including the GPI (Richards
and Arkin, 1981), the NOAA SSM/I scattering algorithm (Ferraro et al. 1996), the NASA/GSFC
SSM/I emission algorithm (Wilheit et al. 1991), TOVS estimates (Susskind et al. 1997), MSU
estimates (Spencer, 1993), the GPCP multi-satellite product, and the GPCP and NOAA CPC merged
products (Huffman et al. 1997; Xie and Arkin, 1996). In general, the bias and RMS errors are lower,
and the correlation coefficients higher, than those of the experimental algorithms (Adler 1997). The
GPI is the most accurate of the single-instrument algorithms in the tropics but fares worse than the
others in the extratropics, where TOVS estimates correlated well with observations. As expected, the
blending of three satellite estimates into a multi-satellite product reduced the errors in all regions.
Further merging of satellite and gauge analyses yielded extremely accurate monthly rainfall estimates,
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especially over land. The NOAA CPC merged product (CMAP) outperformed the GPCP merged
product, particularly over the tropical ocean. This may be due to differing specifications of the
component error variances and differences in the method of blending, although it is believed that the
former included the atoll gauge data, whereas the GPCP did not.
The PIP-3 results represent composite statistics over 12 mon in 1992. Figure 4.30 shows the
time series of monthly validation statistics for six quasi-standard algorithms over land between 30°600N. The biases of the GPI and SSM/I algorithms are seasonally dependent, with higher errors in
winter and spring when GPI estimates are too high and SSM/I estimates are too low. These estimates
are both nearly unbiased in summer when convective precipitation is the dominant type. The
correlation coefficients are correspondingly greater in summer and autumn than in winter and spring.
The TOVS algorithm shows no marked seasonal dependence in its validation statistics and clearly
outperforms the other satellite-only products during winter. However, it underestimated the rainfall in
all months. The incorporation of gauge data in the GPCP and NOAA CPC merged products removes
almost all of the seasonally-dependent bias. In the latter case this may reflect dependence on long-term
climagology, which is very stable.
The monthly precipitation frequency over the oceans estimated by several SSM/I algorithms has
been compared for PIP-1 and PIP-3 with COADS data (Petty 1997; Adler 1997). Results indicate that
although there is large variability among algorithms at all latitudes, they generally reproduce the known
patterns of high rainfall in the Intertropical Convergence Zone, reduced rainfall in the sub-tropics and
increased rainfall in mid-latitudes. Most algorithms seem to underestimate rain frequency in both the
subtropical high pressure belts and in middle and high latitudes. If so, this may be due to the difficulties
in detecting rainfall in shallow convection, where cloud size is small and there may be no ice signature
at cloud top levels, and in the low rain rate stratiform clouds characteristic of higher latitudes. In
contrast, the TOVS, MSU and GPI estimates showed excessively frequent rainfall at all latitudes (Adler
1997).

Instantaneous Rainfall Intercomparisons
Determining the accuracy of satellite estimates of instantaneous rainfall (as required for many
tropical cyclone applications) is far more difficult than for monthly rainfall because of the large
uncertainties in the validation data. All three AIPs, as well as PIP-2, used radar observations as a
source of validation data, with varying levels of confidence. Even the highest quality radar data, the
TOGA-COARE estimates provided by Short et al. (1997), were not directly calibrated against rain
gauges and are thus likely to contain bias, even though the rainfall patterns are believed to be well
resolved. The radar data used in PIP-2 were of variable quality, so much so that Smith et al. (1998)
performed a parallel validation against an all-algorithm composite. We therefore emphasise that the
validation statistics reported here give only a rough indication of true algorithm error.
Figure 4.31 shows validation statistics for estimates of instantaneous rainfall. In this figure the
PIP-·2 results represent composite statistics for different categories of algorithms (see Table 4 of Smith
et al. 1998) validated against radar data, and therefore appear less variable than would be expected for
a plot of individual algorithm validation statistics. As with the monthly values, there is a large spread
among algorithms in the bias and RMS errors. The instantaneous correlation coefficients are lower,
and the normalised RMS errors several times greater, than their monthly values. The apparent high bias
and RMS errors of PIP-2 algorithms over water is partially a result of an estimated 2-to-1 bias in the
radar validation data- the true algorithm errors are almost certainly lower. The correlation coefficients
for instantaneous rainfall are substantially higher for the SSM/I algorithms than for the geostationary
algorithms (-0.70 versus ~0.50 in .AIP-3), reflecting the more physical nature of PMW estimates
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TABLE 4.7
12-monthly: statistics from the PIP-3 exneriment. Estimates containing gauge data are nrinted in italics.
Tropical Ocean

Tropical Land

Extratropical Lane

Est./Ob
RMS/obs.

Correlation

Est./Ohs.

RMS/obs.

Correlation

Est./Obs.

RMS/obs.

Correlation

0.70

0.42

0.80

0.65

0.26

0.78

1.25

0.51

0.81

1.45

0.37

0.53

s.

\!;)

TOYS

0.66

0.54

0.77

MSU

0.84

0.43

0.78

GPI

0.98

0.41

0.80

GSFC SSM/1 emission

0.91

0.45

0.74

NOAA SSM/1 scattering

0.76

0.52

0.73

1.08

0.56

0.70

0.74

0.39

0.57

GPCP Multi-satellite

0.87

0.43

0.77

0.94

0.36

0.82

0.82

0.32

0.63

GPCPmerged

0.87

0.43

0.77

0.97

0.18

0.95

1.01

0.12

0.93

NOAA CPC merged

0.98

0.37

0.83

0.98

0.16

0.97

0.96

0.07

0.98
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compared with IR estimates. The mid-latitude GPI instantaneous rain rates in the AIP-1 experiment
had bias and RMS errors of comparable magnitude to the SSMJI algorithms, but significantly lower
correlations with the observations.
Smith et al. (1995, 1998), recognising that the rainfall estimation problem could be broken
down into two parts viz. rain detection (screening), and conversion of Tss to rain rates, argued that
many of the differences in the original SSM/I rainfall estimates as supplied to the validation team were
due to different screening procedures. Variation in the ways SSM/I algorithms detected light rain rates
had little effect on area-averaged rainfall estimates, but nonetheless had a large impact on the validation
statistics, especially over land. To isolate the differences in algorithm Ts:rain rate conversion, a
common screening algorithm (Ferraro et al. 1998) was applied to all algorithms to remove most of the
interalgorithm differences relating to rain detection.
Another factor influencing the differences between the algorithms was the range of rain rates,
especially the value for the low rain rate cutoff, and the maximum rain rate allowed, by each algorithm.
Optimal agreement between algorithms was found when a 1 mm h- 1 low-rain rate cutoff was imposed.
Conner and.Petty (1998) have taken this concept further, defining a "maximum potential skill" in terms
oflow-rain rate cutoff.
Algorithms were grouped into the following categories according to the method used to
generate the results, viz:
1.
2.
3.
4.

Statistical rain map.
Statistical-physical rain map.
Physical rain map.
Physical profile algorithm.

The first two types comprise algorithms which are empirically calibrated using surface
measurements, while the last two types are based on radiative transfer modelling with some type of
specified cloud structure. Although it was anticipated that such a grouping would reveal relative
strengths and weaknesses ofthe various solution approaches, PIP-2 results suggested that no particular
type of algorithm stood out as clearly superior to the others. As in PIPs-1 and 2 at least, the individual
algorithms that perfonned best over ocean were not the same as those that performed best over land.
Differences between statistical and physical algorithms were noticeable for convective systems and
tropical cyclones over water, but negligible for larger scale stratus and mid-latitude cyclones. Smith et
al. (1998) conjectured that these differences might be due to different methods of handling the
beamfilling correction. Over the ocean there were systematic differences between scattering, emission,
and mixed scatteting!emission algorithms (i.e. the selection of SSM/I channels used in the retrieval).
4.5.3

Tropical Cyclone Intercomparisons

Turning more specifically to PIP-2 findings in relation to tropical cyclones, Table 4.8 lists the
full range of synoptic weather cases selected for study in PIP-2 (Smith et al. 1998). Of the 28, five
focused on tropical cyclones, viz. Andrew (9), Thelma (20), Gilbert (21 ), Hugo (22) and Oliver (28).
Non-satellite validation data were available from ground-based, S-band, radar for Andrew and Hugo;
airborne C-band radar for Gilbert and Oliver; and none for Thelma. However, the validation data
themselves suffer from intrinsic uncertainties, especially in representing the intensity of rainfall, and
were used in PIP-2 mainly "to help consider how well algorithms differentiate befu!een raining and
non-raining areas, and to help evaluate how the (satellite) algorithms perform in retrieving both the
average rain rate over the validation sectors and the pixel-to-pixel variability" (Smith et al. 1998).
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TABLE 4.8
List of 27 PIP-2 cases in which columns indicate name(s) of case provider(s). case name.._month-year of
event, satellite source. type of background (L for land; 0 for ocean: L/0 for both). type of validation
data provided (see text). and number of overpasses (total of 118). Case numbering goes to 28;
however. case 7 does not exist because its data could not be processed (Smith et al. 19981

Providers

Case Name

Monthyear

DMSP
Sat.

L/0

Validation

1

J.Alishouse

Central FL Cbs

Nov87

uo

GrndRad S

1

2

J.Alishouse

OK squall line

Nov87

L

GrndRad S

1

3

J.Alishouse

MD andPA Cbs

Jul92

L/0

None

1

4

E.Barrett/C.Kidd/
D.Kniveton

UK "Great Storm"

Oct87

FB
FB
FJJ
F8

uo

GrndRad S

7

5

E.Barrett/C.Kidd/0.
Kniveton

UK Midlat. Depression

Aug92

Fll

uo

GrndRad S

7

6

E.Barrett/C.Kidd/
D.Kniveton

UK Midlat. Flood

Nov-Dec 92

Fll

L/0

GrndRad S

8

8

J.Turk/S.Goodman

CaPE experiment Cb

Aug91

L

CP-2Rad

1

9

S. Goodman/R.Ferraro

Hurricane Andrew

Aug92

L/0

GrndRad S

11

10

N.Grody

Offshore CA storms

Feb 92

L/0

None

3

11

N.Grody

Winter nor'easter

Dec 92

uo

None

5

L/0

GrndRad C

6

L/0

GrndRad C

5

L

LD Gage

1

L/0

LD Gage

1

0

GrndRad S

1

Case
#

I#
Overasses

18

G.Petty

North Atlantic cyclone

19

G.Petty

Taiwan stratiform

Nov87

20

E. Smith/X.Xiang

Supertyphoon Thelma

Jul87

21

E.Smith/J.Lamm

Hurricane Gilbert

Sep88

22

E. Smith/J.Lamm

Hurricane Hugo

Sep 89

23

R.Spencer/F.LaFontaine

Southern United States
squall line

Nov87

FJO
FJ0/11
Fll
FJ0/11
F8
FB
F8
FJJ
Fll
Fll
F8
F8
F8
F8
FB
FB

24

R.Spencer/F.LaFontaine

SE United States warm
front

Feb 88

FB

L/0

LD Gage

3

25

E.Smith/J.Lamm

Mei-Yu floods

Jun-Jul 91

L/0

MD Gage

13

26

E. Smith/J.Lamm

HAPEX Sahel

Aug92

L

HD Gage

5

27

E.Zipser/T. Wilheit

TOGACOAREI

Dec 92

0

A/CRad

2

28

E.Zipser/T. Wilheit

TOGA COARE II
(Oliver)

Feb 93

FB/10
Fll
FJ0/11
FJJ

L/0

A/CRad

5

12

C.Kummerow/R..Adler

Darwin I

Feb 88

13

C.Kummerow/R..Adler

Darwin II

Mar88

14

A.Mugnai/F.Marzano

Valtelina flood (alpine)

Aug87

15

A.Mugnai/F.Marzano

Genova flood

Sep 92

16

W.Olsen

Kwajalein I

Aug92

17

W.Olsen

Kwajalein II

Aug92
Nov87
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0

GrndRad S

1

L/0

GrndRad S

4

L/0

GrndRad S

6

0

None

7

L/0

A/CRad

7

L/0

GrndRad S

3

L/0

LD Gage

3

The results from the algorithms listed in Table 4.8 may be summarised, first qualitatively, then
quantitatively.

Qualitative Results from PIP-2 for Tropical Cyclones
Figure 4.32 exemplifies PIP-2 instantaneous rainfall retrievals by PMW methods in respect of
tropical cyclone Oliver over the western South Pacific on 7 February 1993. It is structured as follows:
1.

The first 20 panels show results from individual algorithms.

2.

The last seven panels show results aggregated for algorithms of different types, viz:
StatRM:
Q-PhysRM:
PhysRM:
PhysPR:
Stat:
Phys:

All:

statistical algorithm giving rainmap type results.
quasi-physical algorithm using rainmap type results.
physical algorithm giving rainmap type results.
physical algorithm giving profile type results.
statistical type algorithms.
physical type algorithms.
all the above.

Two important features are apparent in the individual results. First, the differences in the rain
area coverages pertaining to differences in how the various algorithms detect light rain. For example,
in Figure 4.32 compare the BRIS result with the MSFC result, which demonstrates that although both
algorithms t~end to agree on the focal point of the storm, the BRIS algorithm generates an extensive
light rain background, whereas the MSFC algorithm generates almost no light rain background. Since
both these algorithms calculate the oceanic rain rate magnitudes from scattering- type methods based
on the 85 GHz channels, the rain area coverage contrasts arises from differences in how the rain
detection (screening) is carried out. Other examples of rain area coverage differences are also evident.
The second major feature of the individual algorithm results are that there are differences in the
maximum rain rates in the focal regions of the storms, beating on how the different algotithms convert
TBs to rain rates from different mixes of channel inputs, different calibration procedures, different
microphysical underpinnings, and different radiative transfer assumptions. For example, compare the
CALNAL result to the GSCAT result, particularly along the main north-south and east-west aligned
feeder bands, as well as in and around the cyclone eyewall where the most intense rain rates occur.
Whereas the GSCAT algorithm generates maximum rain rates exceeding 24 mm h" 1, the maximum
values from CALN AL do not exceed 12 mm h- 1, or less than half the GSCAT maximum. This is
related to a known weakness with the CALN AL algorithm, whose radar training dataset did not
contain a sufficient frequency of high rain rates. By the same token, the GSCAT algorithm, whose rain
rates are derived from the 85 GHz horizontally polarised TBs, is consistently on the high end of the
scale vis-d-vis the ocean algorithm group composites. This, by itself, does not denote an accuracy
problem with the GSCAT results since the composite results are only a relative measure to gauge the
dispersion of the individual algorithms and not an absolute calibration reference. However, it does
denote that maximum intensity differences are inherent to these intercomparisons, an issue of algorithm
design that needs further examination.
It is also worthwhile to examine the different group composite panels, because there are
differences in these panels that relate both to the method of solution and to the mix of screening
procedures used for the individual algorithms within the different solution method categories. This is
best described by the rain area coverage differences evident between the statistical rain map composites
(STAT RM map in Figure 4.32) and the quasi-physical rain map composite (Q-PHYS RM map in
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Figure 4.32: PIP-2 rain rate maps for Typhoon Oliver: (a) for nine individual algorithms (above); (b)
for nine further individual algorithms; (c) for two further individual algorithms, plus
seven algorithm composites (see Table 4.8, and Smith et al. 1998).

Figure 4.32). Note that although both of these solution methods are statistical in nature, because the
former group of algorithms uses straightforward empirically formulated regression schemes applied to
ground measurements and the latter group makes final empirical calibrations of physically formulated
algorithms with ground measurements, there are differences in the rain-area coverages. This is
independent of the fact that this case is a warm-core tropical cyclone. Part of this is because the
regressions intrinsic to the STAT RM algorithms are designed to pass through zero rain rate at the
TB:rain rate conversion stage, whereas a number of the remaining algorithms do not produce
continuous rain rates through zero. Note that when the STAT RM and Q-PHYS RM groups are
combined (STAT), the associated rain area coverages agree well with the composite of the two
physically based composites (PHYS).
In conclusion, it can be said that the differences and similarities between composites have more
to do with how specific features of screening methods used by the various algorithms in different
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groups tend to impose their individual signatures on the composites (differences that tend to disappear
as the smaller groups are combined into larger groups), while the individual screening impacts on rain
area coverages become more randomised in the composite maps. By contrast, unlike the results from
individual algorithms, it is not evident from PIP-2 that there are systematic differences in the maximum
rain rates within the different solution methods from case to case. Thus there is no qualitative evidence
that physical methods are superior to empirical methods, the subject of discussion in Kidd et al. (1998).

Quantitative Results from PIP-2for Tropical Cyclones
Results from all the over-water areas (those from which PMW rainfall estimates are both the
more reliable, and the most valuable for tropical cyclone forecasting), and for tropical cyclone and nontropical cyclone cases together, can be summarised as follows:
1.

The percentages of pixels processed vary from algorithm to algorithm depending on how
individual algorithms detect bad data, and impose coastal masks to avoid land contamination.

202

Case
28

~ ~'\ 'e,\""" J~ ~'\ 'e,\""" J~ ~'\ 'e,\"""
~

~-

r

10S

1SS

20S

ss

L_

1SS

20S

~~~~===~~~~~====~~~;;;=-~=====~ss

165E

165E

Figure 4.32(c).

2.

3.

4.

Algorithms differ considerably (as Figure 4.32 shows) in respect of the numbers of pixels in
which rain is identified largely because of the different screening levels used to determine areas
of rain.
Considerable differences are found between average rain rates obtained by different algorithms,
due partly to (2), but also to different rain rate conversion scales.
When a common screening level is applied to all algorithms, differences in performance from
algorithm to algorithm decrease markedly.

Meanwhile, the greater problems posed SSM/I rainfall algorithms by land compared with ocean
background surfaces are evident in Figure 4.33, which presents rain area results from all PIP-2
algorithms when screened in a common way at the low end of the rain rate scale, aggregated for all
tropical cyclone cases. With three notable exceptions on the low side, all the other algorithms perform
within about 10% of one another over water (Figure 4.33, left), but only up to 40% of one another
over land (Figure 4.33, right) when, once again, three most extreme performances are removed.
203

Tropical Cyclones Ocean
~

100

u

40

·;;

20

~

0

r

:~

····l::::r::t···t::::i---·r:t::i::::l:::+·+·-t::::l:::r::j:::t::r::::t::::l::::
i ___ i

:

~

~

0

Tropical Cyclones Land
100

'

.

.

:~

40
20

;;~~REi~H~S~§!~~~~~~
~~<~~
~~~~~~
~
~~~o
zu

~:l

-

0

~~i~~Ei~B~S~~i~~~~~~
~~z<
~
~~~~~~
~
~~~o
u

t::::3

~

Figure 4.33: Percentage rain area coverage for tropical cyclones assessed by individual algorithms in
PIP-2, divided into over water (left) and over land (right) categories. (After Smith et al.
1998).

From the above results, and many more obtained by the PIP-2 team, several main conclusions
were reached. With the present application to tropical cyclones in mind, they may be interpreted as
follows:

1.

Many SSMII rainfall algorithms are performing credibly in estimating rainfall from satellite data
sources - arguably more so over water than any other type of broad-area rainfall retrieval
approach.

2.

Agreement should be sought on rain:no-rain thresholding, or on the rain rate below which
PMW estimates cannot be safely made, noting that for tropical cyclone applications areas of
very light rain are relatively unimportant compared with the higher rain-rate areas.

3.

Agreement is more urgently needed on rain rate retrieval scales, especially toward the higher
intensity ends of the scales, and the rain rate maxima which individual algorithms will permit.

4.

There is evidence that the relative performances of some algorithms are currently quite different
over land or over water, and for application to different types of weather systems. Thus, the
best for tropical cyclones may be neither the best for other specific types of weather systems,
nor the best over all.

5.

If the performance of PMW algorithms selected for application to tropical cyclones is to be
significantly improved, better calibration and validation datasets are needed urgently.

6.

PIP-type studies are valuable in that they offer algorithm developers a rare mix of competition
and collaboration via exchanges ofviews and information; they offer, too, the best forum yet for
subjecting to serious scientific scrutiny and debate previously unsubstantiated claims, e.g. that
GCM models have superseded the need for rainfall measurement, at least on a regional or global
scale (Hastenrath 1990).

4.6

TROPICAL RAINFALL MEASURING MISSION (TRMM)

As noted earlier, the Tropical Rainfall Measuring Mission (TRMM) satellite was launched in
November 1997, carrying a Precipitation Radar (PR) in addition to the TRMM Microwave Imager
(TMI) and Visible-Infrared Scanner (VIRS), all viewing the same scene, albeit with different swaths.
Designed with a precessing orbit, the TRMM satellite views all parts of the diurnal cycle during
each month. For the first time a spaceborne active radar system can provide reliable instantaneous
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rainfall estimates which can be used to adjust the PMW estimates over a much wider swath. However,
ground radar validation of TRMM rainfall estimates is still provisional; it will be some time yet before
TRMM may be viewed as the "flying rain gauge" some have claimed it to be.
Offiine, the fine resolution of the PR provides valuable information regarding correcting for
beam-filling in the coarser TMI observations, which can also be applied to other PM\V observations.
Relationships between coincident PR:TMI rain rates and IR radiances will be used to improve the
algorithms relating rain to IR TBs under varying meteorological conditions. Bauer et al. (1998) suggest
that the VISIIR observations may be used for cloud classification to specify regime-dependent rainfall
retrieval method using multispectral data. TRMM monthly rainfall estimates are expected to have an
accuracy of about 10% for a 5° by so grid box (Bell and Kunda 1996), with little or no bias. Once
available for a sufficiently long time period, these data will be very useful for validating and calibrating
existing SSMII and IR algorithms to reduce their biases, at least in tropical latitudes, and for tropical
weather systems including tropical cyclones.
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CHAPTERS

OPERATIONAL TROPICAL CYCLONE RAINFALL NOWCASTING
AND FORECASTING USING SATELLITE DATA
Lead Author: R.A. Scofield
Co-authors: E.C. Barrett, C. Burr, V.M. Karyampudi, S.J. Kusselson and G. Vicente

5.1

INTRODUCTION

If estimating rainfall associated with tropical cyclones is difficult, forecasting it is even more
so. To set the scene for the newer research and operational possibilities outlined in this Chapter it is
appropriate initially to excerpt relevant passages from the World Meteorological Organisation's
"Global Guide to Tropical Cyclone Forecasting" (Report No.TCP-31, published in 1993), for this
provided advice on rainfall forecasting, as on other related topics, "for quick reference in operational
conditions". For low-cost, analyst-driven, situations this advice is still relevant today. Thus Section
5.2 below is the bulk of Section 2.6 ("Rainfall") from that WMO publication, lightly edited here to
bring it up to date, but not amended in respect of its basic scientific content. Subsequent sections in
this Chapter have been written to amplify the processes affecting high-intensity rainfall and its
forecasting in the tropics (Section 5.3); then to review the science in respect of numerical weather
prediction model initiation and data assimilation, with special reference to satellite rainfall monitoring
(Section 5.4); and last but not least to indicate the range of satellite-related rainfall products from
major forecasting centres, and currently available via the Internet for potential end-users wishing to
access them (Section 5.5).

5.2

ADVICE PROVIDED BY THE WMO "GLOBAL GUIDE TO TROPICAL CYCLONE
FORECASTING"

5.2.1

General Considerations

Tropical cyclones contain extremely warm, moist air, cover an area of up to one million square
kilometres, and move relatively slowly. Hence, they are capable of producing very heavy rain.
Especially difficult forecast situations arise when a cyclone is moving inland and redeveloping as a
flood depression, or during extratropical transformation, when a new, hybrid system may rapidly
develop and produce heavy rain.
Quantitative prediction of tropical cyclone rainfall is very difficult for three reasons:
I.

Rainfall itself is difficult to measure accurately, which hinders both operational analysis of
rainfall and the development of improved forecasting aids.
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2.

Current errors in track prediction mean that accurate rainfall estimates cannot necessarily be
transformed into precise predictions, this being especially a problem when a cyclone is moving
near regions of significant orography.

3.

Interactions between tropical cyclones and other weather systems are themselves complicated
and poorly understood, so that heavy rains in areas of large-scale ascent and high humidity are
difficult to predict.

4.

Even within clearly defined threat areas, mesoscale processes, which are poorly understood and
difficult to monitor, may determine the distribution of heavy rainfall.

As with other aspects of tropical cyclone structure forecasting, operational numerical models
generally lack the resolution and physical processes to predict rainfall accurately and explicitly, but they
are rapidly being improved. They may be especially useful in determining threat areas in complicated
situations.
Research on tropical cyclone rainfall has mostly involved intensive examination of case studies.
Improvements in forecasting ability, especially of regional peculiarities, would be well served by the
development of a simple archive of the relevant synoptic features and resulting rainfall for a wide
variety of cases. Were this available, forecasters would be able to classify each new situation within the
range of typical patterns and perhaps make a more accurate prediction of the heavy rain threat area.
5.2.2

Rainfall Measurement

Rainfall is very difficult to measure accurately, especially for small areas, heavy rain, and short
periods of time. Three methods are commonly used:

Rain gauges are very simple and direct. Unfortunately, convective rainfall is extremely variable in the
horizontal, so a rain gauge network must be very dense. Otherwise a local extreme can be
misinterpreted as the amount for an entire region. High winds such as found in tropical cyclones may
also cause turbulence around the gauge and lessen its catch unless special shielding is used. Rain gauge
networks are of most value in providing the ground truth, however limited, for indirect radar and
satellite estimates.
Radar can continuously cover a 200 km radius circle over all conditions, unless blocked by terrain. It is
less prone to sampling problems than gauges because of its continuous spatial coverage and implicit
averaging over an area determined by the pulse length and beamwidth. Radar measures the strength of
radio pulses scattered back to the radar by precipitation particles, which is related to their size and type
(rain, snow, hail) by a rather complex equation. The size and type of particles is in turn related to rain
rate by a less clearly known relationship, based on empirical Z:R relationships determined by comparing
radar and rain gauge measurements. The relationship varies according to the radar and type of weather
system.
Satellite imagery can be used to estimate rainfall by empirical relationships based on the shape, texture
and (IR) blackbody temperature of the tops of clouds. Although the relationships are not fully
accurate, the large area and frequent time coverage make this a useful initial estimate of tropical
cyclone rainfall over the ocean.
Satellite MW measurements use either radiometers measuring upwelling MW radiation, or active
"radars" in space, which work on the same principle as ground-based radars. Several systems are
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currently being tested and show significant promise for quantitative determination of tropical cyclone
rainfall. Their operational use is inadequately developed and tested at this stage.

5.2.3

Rainfall Analysis and Forecasting

Because of the meteorological complexity, measurement limitations, and lack of objective aids,
analysis and forecasting of heavy rain associated with tropical cyclones can at best be indicative of
likely outcomes. A suggested mode of operation is to first classify the situation as "uncomplicated" or
"complicated".
"Uncomplicated" situations satisfy the following conditions:
1.

The tropical cyclone is relatively well developed.

2.

The tropical cyclone is a day or less from landfall and is moving rapidly enough such that its
precipitating region will pass over a given point completely within a day or less.

3.

There are no topographic features within the path of the tropical cyclone which are significant
enough to appreciably alter the rainfall.

4.

There are no significant nearby weather systems, including frontal zones, jet streams or upperlevel cut-off lows, which are likely to interact with the tropical cyclone during its passage
inland.

Unfortunately, the majority of forecast situations near landfall involve rapid changes in the
character and structure ofthe precipitation as the systems move inland and interact with orography and
other weather systems. Simple extrapolation procedures will not work very well, and the situations are
therefore "complicated". About the best the forecaster can do in advance is identify a general threat
area based on the locations of each tropical cyclone and its surrounding weather systems. The actual
locations of heavy rain must then be identified as the event proceeds in order to identi(y areas which are
accumulating dangerous amounts of rainfall. In the absence of dominating terrain, mesoscale processes
such as the development of new convective cells at the merger of old convective outflow boundaries
generally determine where the heavy rain actually falls within the threat area. If these mesoscale
focusing mechanisms are quasi-stationary, extremely heavy rain may fall, even if the individual
convective elements are moving relatively quickly.
5.2.4 Uncomplicated Situations
Under these conditions, a reasonable precipitation forecast can be made by estimating the
present spatial distribution of rainfall rates within the tropical cyclone and assuming that they will
persist throughout its passage over a given point. A technique for making such forecasts using
geostationary satellite imagery is summarised in Figure 5. 1 and a simple example is shown in Figure 5.2
following (Spayd and Scofield 1984). Note that the rainfall rates vary by a factor of five or more for a
given region of the satellite signature (precipitation class). It is therefore not necessary to be precise in
calculations in order to get an estimate well within the uncertainty of the technique. The dominant
factors are concerned with the translation speed of the tropical cyclone, the size of the region of active
precipitation, and the overall character of the satellite signature (expanding and cooling or contacting
the warming).
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STEP 1. Identify and sketch the outlines of the following satellite imagery features and the storm
centre onto a piece of glass of clear plastic placed over the current storm position on a
tracking map.
Wall Cloud (WC): the area within 40 km of the outer edge of the eye or the cloud system
centre if no eye is present. Omit regions with no high cloud, even if within 40 km.
Central Dense Overcast (CDO): as defined by Dvorak (1975, 1984).
Leading Edge Band (LEB): the first convective band on the front of the storm.
Outer Band Areas (OBA): the edge of all other outer convective cloud regions.
Embedded Cloud Tops (ECT): overshooting tops or extremely cold areas within the OBA.
STEP 2. Move the overlay along the forecast track and note the length of time each rainfall region
affects the forecast location(s) in the "Elapsed Time" column. Refer to comments in text for
assigning times when Embedded Cloud Tops (CT) are present.

Region
WC
CDO
LEB
OBA
ECT

Elapsed Time (h)
-

-

Rate (mm h" 1)
Rainfall (mm)
a b c d e
- 25 50 75 - 10 25 50 - 10 25 50 - 5 10 15 5 10 25 50 100
TOTAL

STEP 3. Determine the rain rate for each region, for areas that will affect the point:
more than 6 h after analysis time, use the average rate (c) for that precipitation category.
Within 6 h of analysis time, use the higher rain rates for those which are expanding,
becoming colder, or are highly textured in visible, and the lower rates for those which
are diminishing or warming.
Note that the range of rates for ECTs varies from the OBA minimum to 100 mm h" 1.
STEP 4. Multiply the elapsed time by the selected rate, enter the result in the rainfall column, then
sum to arrive at the predicted rainfall for the location.

Figure 5.1:

Determining rainfall rates for an "uncomplicated" situation, following Spayd and
Scofield (1984). This technique is illustrated in Figure 5.2. It should not be applied for
periods longer than 24 h (WMO 1993).
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The example in Figure 5.2 is included to indicate the method of making time and distar.ce
calculations. The example uses average rain rates for all regions and does not have a leading-edge band
(LEB) or embedded cloud tops (ECTs). Total rainfall in LEB and ECT regions can be very significant,
especially if a band is oriented roughly parallel to the topical cyclone motion. In this case one region
may be affected by the entire length of the cloud band. Because the actual locations of ECTs vary, it is
acceptable to use a percent-coverage approach. For example, the passage of an outer band area 200
km wide at a speed of 5 m s·1 (10 kt, 20 km h" 1) with embedded cloud tops covering 10% of its area
would result in an expected exposure of9 h ofOBA outer band area and 1 h ofECT.
5.2.5

Complicated Situations

The task in complicated rainfall situations is twofold: first, to determine in advance of onset the
general areas where heavy rain is probable; and, second, to monitor the event as it develops for areas
accumulating dangerous precipitation totals. As an aid to the first task, a checklist is provided in Figure
5.3, together with some typical synoptic-scale patterns associated with mid-latitude flash floods in
Figures 5.4 (a)-(c) (adapted from Maddox et al. 1979).
Similar configurations to those in Figure 5.4 (a)-(c) occur for tropical cyclones in subtropical
latitudes with complicated rainfall situations. The general threat area is between the upstream 500 hPa
trough and the downstream ridge, in the vicinity of the 850 hPa low-level jet and the cool (downstream)
side of any low-level frontal zones (even weak ones) or convergence lines. Surface boundaries are an
especially important factor in localising the heavy rain. Such boundaries do not have to be synopticscale fronts; it is quite common that an area of heavy convection will move away but leave a pool of
cool air and weak high pressure at the surface. The boundary between this cool region and the warm,
moist air flowing into the large-scale system is a preferred area for repeated convective development,
with each episode renewing the boundary for the next. Such a situation is shown in Figure 5.4 (d).
The series of composite charts for the remains of Hurricane Agnes (Figures 5.5 (a)-(c))
illustrate some of the ingredients of a complicated situation involving a tropical cyclone remnant,
orography, and pre-existent upper-level waves and low-level frontal boundaries. At 1200 UTC, 20
June (Figure 5.5 (a)), the centre of the remnants of dissipating Agnes was just onshore near 32°N,
84°W. A 500 hPa trough extended north-north-westward from the centre with a 500 hPa ridge along
75°W. Within the general threat area defined by the trough and ridge, other features were highly
dispersed. The 200 hP a jet was well to the north and surface boundaries and warm advection regions
were near the north and east edges of the map.
By 21 June (Figure 5.5 (b)), Agnes had moved north-eastward along the coast and dissipated
further. The frontal zone had advanced from the west, warm-air advection had developed over a large
area to the northeast of Agnes's centre, and the 500 hPa ridge and 200 hPa jet had redeveloped and
rotated counter-clockwise, bringing nearly all of the heavy rain factors together in the region between
35°-40°N and 77°-83°W. Heavy rain was falling in the areas marked with the four-dot symbols.
By 22 June (Figure 5.5 (c)) the region of juxtaposed heavy rain threat factors had shifted
northward by about 5° lat, associated with the movement of the transformed and slightly rejuvenated
Agnes. The southern end of the heavy rain area was determined by the 500 hPa trough axis (westward
from Agnes' s centre) and a transition from warm to cold air advection.
Figure 5. 6 shows patterns and amounts for rainfall accumulation obtained using the technique
desctibed. The separate area of heavy rain near 42°N, 80°W was apparently associated with the
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Determining threat areas: Heavy rain threat areas should be revised at least every I2 h. Threat areas
can change. New threat areas can develop.
This procedure requires a set of composite charts prepared as described in Figure 5. 4. The heavy rain
threat area for the time (analysis or prognosis) covered by the composite chart is defined as the
intersection of areas defined by surface and 850, 500, and 200 hP a features as listed below:

Satellite: The threat area always includes areas of current heavy convection.
Surface: The upstream edge of the threat area (relative to the surface flow) is one or more of
the following: the edge of the coastal plain or beginning of terrain gradient; a frontal boundary;
an outflow boundary from previous convection; or the upstream end of a surface convergence
zone. The downstream edge is the 15°C isodrosotherm, or a mountain ridge line (beginning of
downslope flow).
Tropical Cyclone Track: Add to the threat area the area along the forecast tropical cyclone
track and extending outward to the width ofthe current central dense overcast (CDO).
850 hP a: The threat area is a corridor I 00-200 km on either side of where the low-level jet
crosses the surface threat area.
500 hPa: The threat area is beneath and upstream of the upper ridge and bounded to the west
by the trough or upper low centre.
200 hPa: Threat areas are in regions of jet streak divergence (left-front and: right-rear of speed
maxima in the northern hemisphere) and streamline diffluence.
The more of the above features present in a region, the greater the threat of heavy rain. The surface
features should receive the maximum emphasis.
Monito_rin~

the Event: Use the rainfall rates for OBA and ECT from Figure 5.1 to estimate rainfall
rates every 1-2 h or as often as imagery is available. Be especially alert for small, rapidly expanding
cells as they typically produce much higher rain rates than large, impressive cloud shields which are
often mostly stratiform. Maintain a single map with positions of active cells form each estimate as this
will indicate:
I.
2.

Figure 5.3:

Where large accumulations are probably occurring.
Preferred areas of redevelopment which, in conjunction with surface analyses, can help
refine the threat areas.

Forecasting and monitoring rainfall during a complicated situation. This is intended to
be an example of how a real case appears in a composite chart sequence. Variability is
the rule, and considerable work remains to be done to pool the experiences of
forecasters in different basins by making case summaries available using common
symbology and notation (WMO 1993).
213

b)

a)

!k

I
I

I

IS'

\

c)

d)
IS

Figure 5.4:

Typical patterns associated with mid-latitude flash floods (a)-( c) (adapted from Maddox
et al. 1979), and with the remnants of Hurricane Agnes approaching the baroclinic
westerlies (d) (adapted from Carr and Bosart 1978; from WMO 1993).

214

(a)

35

I

1

81

(b)

~1~d
-

II D

0
75

j

,I

70

I

65

SI

I

'lO

\

85

I

(c)
Surface Features -- black
cold

l_(!>_Luk
statioll.l:IY
lJ!>!ack
thunderstorm

1-

con .. ergence
line
(black)

Tropic.1l
cyclone center

J_iliac!Q_

Regions of
(green)

.1

I

I

I

Surf:ace dew
70

._.1

65

point contours

I

(15, 20. and
25 "C i.!;_reen)

.. ...

VI )UII<1\WI::I

Ridge Axis

(blue)
Region of

h~htfalls

lro£2~phere

v•

u;:u

w/rnaximum

Region of cold
air ldv~tion
{blue L,pen
circles)

Figure 5.5:

oo

gokt

I
Trough Axis

as for 500 hPa

rudge Axis

as for 500 hPa

__j

-

=o:tion and
low doud tines

0
0
0

a

Satellile features __ !!reen
,

Jl'

(.100· JOO hPa) ·:J!l!!Eie

~

Low level jet
(red)

-

-

~

Cyclonic
Vorticity
Advection
(CV A) or

Jetstream

--

--I'VV'

Trough Axis
(blue)

,~

~25

,..2.:!V ll.t'"".l 1 I JV\.1 HI

••••
• •••

500 hPa -- blue

\SillJV

upslope now

·~I"""'
~0
·175

...

~

cemcrs {bl.lck)

I

I

•

filled circles)

~-----Q 9

pressure

I

65

I

"'

Region of

~

Other low

85

70

75

advection (red

~--------...---------...

!J!>lackl

I

()

y--1 warm air

I__,.

outflow
boundary

'lO

"""'d

(d)
_iliack
warm

ssI

81

--;4

j

J

j

i

a~
~,l'

0

oo 0

Composite charts for the remnants of Agnes: (a) at 1200 UTC, 20 June 1972; (b) at
1200 UTC, 21 June 1972; and (c) at 1200 UTC, 22 June 1972, using the symbology in
(d). (After WMO 1993).
215

.'.

..

/: __........r··"'-----~·

: ---b_1 __ .__
.,, ~ _..A~/
I

I

I

o

I

t

.

I

... ,

o

o

I

\

'

.!

'•

.
l

I

I

------.t. . ------v'
75

Figure 5.6:

30d

Three-hourly isohyets (mm) centred on 1200 UTC, 21 June 1972 (left) and 12 UTC, 22
June 1972 (right) during the extratropical transformation of Hurricane Agnes. These
times coincide with the composite analyses in Figures 5.5(a) and 5.5(c) respectively.
Note the complex pattern and extreme spatial variability of rainfall (DiMego and Bosart
1982).

northern portion of the advancing trough in the westerlies. The overall distribution of heavy rain
relative to the trough and tropical cyclone remnant resembles the schematic in Figure 5.4 (d).
5.3.

PROCESSES AFFECTING HIGH INTENSITY RAINFALL

Progressing from the WMO's (1993) "Global Guide to Tropical Cyclone Forecasting' to
other, more recent findings, heavy rainfall, and the damaging flash floods which sometimes ensue
particularly in the tropics, are now recognised to be often concatenating events from the global scale,
through the synoptic scale, to the mesoscale and finally to the local scale (see Figure 5. 7; Chappell and
Scofield 1992). Thus it is necessary for us to proceed to consider in sequence recent findings
concerning the multiscale nature of heavy tropical rainfall; some environmental factors which affect
precipitation efficiency; lifting mechanisms; and some mesoscale to local scale features which affect
rainfall intensity, duration, and feedback processes. These influence the design of algorithms,
conceptual models and interpretation techniques used - or which could be used - to nowcast and
forecast rainfall from tropical cyclones, not only within the tropics themselves, but also in mid-latitudes
where interactions between decaying tropical cyclones and/or tropical cyclone-related features and
other weather systems and environments may also result in very heavy rainfall and damaging or even
disastrous flooding. Therefore, the following section is partly related to mid-latitudes (tropical cyclone
reception and dissipation areas), and partly to lower latitudes (tropical cyclone genesis areas).
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5.3.1

The Multi-scale Nature ofHeayy Rainfall

Global to synoptic scale interactions affecting tropical cyclone formation involve growing
concentrations of moisture and energy, particularly within certain areas of the tropics where tropical
cyclone starter mechanisms are found, including locally abundant surface moisture and upper
troposphere conditions conducive to tropical cyclone development. Synoptic to mesoscale interactions
then determine where and when heavy rain will be initiated, e.g. through the presence of lifting
mechanisms. Finally the local (storm) scale determines how much rainfall has already occurred, and
how this may be expected to propagate in the short term future with respect to its location, intensity
and duration.
In turn, the rainfall systems themselves prompt feedback processes which modify the local and
synoptic environments. Flash flood-producing rainstorms generally extend over a few hours, where
mesoscale processes have attained a nearly steady state condition. These result in a tenuous balance in
which mesoscale boundaries - often intensified by surface conditions including land/sea boundaries and
orographic features - conspire to produce congruent trajectories of rain cells, often resulting in
pulsating rains of high intensity. Vertical wind shear changes associated with the movement of a
tropical cyclone over a coastline disturb and ultimately terminate the heavy rains.
Since geostationary satellites (e.g. GOES, Meteosat and GMS) have the unique ability to
observe the atmosphere and its cloud cover from the global down to the local scale, frequently, and at
high spatial resolution. These satellites are at the very heart of heavy rainfall analysis and forecasting.
Also, they are ideally suited to diagnosing the multiscale aspects of rainfall, and associated scale
interactions.
5.3.2

Environmental Conditions Affecting Precipitation Efficiency

Precipitation Efficiency (PE) is defined as the ratio of the total rainfall to the total condensation.
Similar definitions of PE have been used by Weisman and Klemp (1982) and Ferrier et al. (1996).
Meanwhile, Doswell (1993) and Fankhauser (1988) have noted that if the environment is dry,
entrainment cools rising air parcels, resulting in evaporation that reduces the buoyancy and upward
vertical motion. Thus, dry environmental air results in a reduction of the PE. Vertical wind shear often
produces entrainment and reduces PE, especially if the environmental air is dry. Thus, some parameters
related to PE are high Precipitable Water (PW) and Relative Humidity (RH) values, and weak wind
shear. The 6.7 J.l.m water vapour (WV) imagery (e.g. from GOES) is an excellent source of data for
determining flow fields that are associated with various intensities of vertical wind shear and upward
vertical motion, and for locating middle to upper tropospheric moist areas (e.g. surges and plumes) and
dry areas.
Another factor that increases PE is the depth of the cloud with a temperature warmer than 0°C.
Such wam1-based clouds enhance the collision-coalescence process (and thus the PE) by increasing the
residence time of droplets in clouds. Satellite and forecast model-derived products of PW and RH are
extremely useful for describing the environmental moisture conditions which are transporting moisture
(or dry air) into a storm, or are acting as precursors, preparing the environment for heavy precipitation.
Therefore, valuable information about the PE of a particular environment can be obtained from satellite
WV imagery and PW!RH products. Low level flow fields can be used with these PW/RH products to
obtain some idea of the low level moisture transport and flux. Increasingly in regions invaded by
tropical cyclones, features in the WV imagery are being combined with the PW and RH products for
the production of quantitative precipitation forecasts (QPFs).
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6. 7 J.Un Water Vapour Plumes
GOES 6. 7 J..lm WV evidence has been used over the years to monitor surges of moisture from.
the tropics known as water vapour plumes (WVPs) (Thiao et al. 1993, 1995). After studying three
seasons of data (May-October), Thiao et al. (1993, 1995) determined that WVPs were present in 88%
of the extreme rainfall events (125 mm or more within a 24 h period); 129 events were used in this
study over North America, 83% originating from the tropics, while 17% were subtropical or polar.
WVPs are often parallel with the 300 n:tb flow, and usually originate from the Intertropical
Convergence Zone (ITCZ) and extend polewards over nearby continents. An example of a WVP is
depicted in Figure 5.8. This illustration shows a cyclonic circulation (at C) and an accompanying front
(from F-T) moving towards the east coast of the USA on 18 October 1996. Tropical Storm Lilly, with
an abundance of high level moisture, is located over the tropical Atlantic Ocean at L. Over the next
couple of days the cyclonic circulation and accompanying front are seen to interact with Lilly as
indicated by the transport of high level moisture (W-L) from the tropical storm into the cyclonic
circulation over western New York State (at C). Over the New England area (near W), devastating
flash floods were prompted by 600-1200 mm of rain.
In addition to depicting middle to upper level moisture, the 6. 7 J..lm WV imagery is now being
used to detect middle-upper level flow fields, and lifting mechanisms such as jet streams/streaks and
cyclonic circulation/lobes. The exact reason why the WVP would be associated with extreme rainfall
events is unclear. Some ideas are that the plumes enhance precipitation through cloud seeding, and/or
make the environment (at middle to upper levels) more efficient. More than likely, the WVP is a result
of a specific synoptic pattern where the plume evolves in the western portion of an upper level ridge
and in the front side (eastern portion) of a trough. Synoptically, the back side of a ridge also favours a
southerly flow of low-level moist, unstable air. As the air moves northward a coupling can occur
between the moist, unstable air and lifting mechanisms. This creates conditions that are favourable for
the initiation of heavy precipitation producing Mesoscale Convective Systems (MCSs). In comparable
mid-latitude locations around the world the back side of a ridge is often associated with moist and
unstable flow.
Additional information from the Thiao (1993, 1995) studies indicated that 84% of the events
were closely aligned with 850 to 700 mb equivalent potential temperature (theta-e) ridge axes
(discussed later). Many of these events possessed low-level wind maximum from a southerly direction.
Such a wind direction was associated with a transport of warm, moist, unstable air from the subtropics.
With respect to the middle to upper levels (representative of the 6. 7 1-1m WV channel), Thiao showed
that the 300 mb jet maximum played a major role in initiating storms which produced heavy
precipitation. These results are similar to those of Uccellini and Johnson (1979). Seventy seven
percent of the events were associated with a double jet streak structure configuration which, if coupled
with a lower-tropospheric jet maximum, was shown to destabilise the atmosphere (Junker et al. 1990;
Corfidi et al. 1990; and Funk 1991 ). This jet streak configuration contributes to the development of a
low-level wind maximum at the entrance region of the streak. A transport of moist, unstable air results,
and this can lead to the initiation of heavy precipitation-producing MC Ss. Some of these double jet
streak structures were the result ofMCSs modifying the environment to produce a mesoscale-produced
jet streak to the north of the convective system.
Although Thiao's study showed that WVP and upper level jet streaks appeared to be related to
many of the extremely heavy rainfall events over North America, 12% of these events did not have a
well defined WVP. On a few occasions, there was no obvious jet streak (300 mb) at the time of the
extreme precipitation event. Thus, differential temperature advection and/or low-level advection of
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warm, moist, unstable air were additional contributing factors for destabilising the atmosphere and
creating conditions favourable for the development of the MC Ss that produced extreme precipitation
events. Low-level moisture is readily detectable in the PW products, and will be discussed in the next
section.

Precipitable Water Vapour Plumes
Even mid-latitude flash floods and heavy rainfall do not always occur with WVPs. In addition,
it needs to be stressed that WVPs only indicate the presence of middle to upper level moisture. In
order to analyse the depth of the moisture, total precipitable water (PW) must be measured. High
values of PW and instability are often collocated and become antecedent conditions prior to the
development of heavy rainfall and flash floods. Often, these high values of PW appear as plumes, areas
or surges of moisture. When PW plumes become aligned with equivalent potential temperature (thetae) ridge axes and a lifting mechanism is present, heavy precipitation often occurs (Scofield and
Achutuni 1996; Scofield et al. 1998a, Scofield et al. 1998b). Such was the case when moisture from
Tropical Storm Lilly (discussed above) was transported into a cyclonic circulation over New England.
A PW plume (P-L) can be seen in Figure 5.9, transporting low level moisture over New England where,
as discussed above, devastating floods resulted. In this case, the WVP PW plume, theta-e ridge axis,
and the low level jet were all generally collocated as Figures 5.1 0( a) and (b) illustrate.
Theta-e is a conservative meteorological parameter that combines temperature and moisture
into a single quantity whose vertical distribution is related to convective instability. As a result, theta-e
gives an indication of the vertical distribution of the Convective Available Potential Energy (CAPE),
which is representative of the convective instability in the troposphere. High theta-e values correspond
to areas of high moisture and/or temperature, and therefore represent favoured regions for the initiation
ofthunderstorms (Shi Jiang and Scofield 1987; and Xie and Scofield 1989).
Scofield and Robinson (1990, 1992) developed a conceptual model of WVP, PW plumes and
low-level theta-e connections (see Figure 5.11) over the USA (reversed for the Southern Hemisphere).
The schematic shows a tropical WVP (depicted by the dotted area) and consists of mid to upper level
moisture that often extends northward from the subtropics and tropics. A theta-e ridge axis, at 850 to
700 mb, is depicted by dashed lines and the tongue of deep layer moisture is shown by the solid line.
Note that, in this conceptual model, the low level theta-e ridge axis is typically located in the western
portion of the WVP, and the tongue of deep layer moisture (PW plume) is positioned to the east of the
theta-e ridge axis. Jet streaks, short waves and other forcing mechanisms with their associated upward
vertical motion fields are often observed near the back edge (western portion) of the tropical WVP.
Sometimes vortices are embedded within the plume itself and produce enough lift to result in flash
flood-producing :NlCSs. The northern part of the WVP is often where the low-level forcing (theta-e
ridge axis and warm air advection) becomes coupled with upper level forcing mechanisms Get streaks)
creating favourable conditions for development ofMCSs.
A typical scenario over North America is that MCSs tend to develop along the ridge axis of
theta-e or its gradients (areas of positive theta-e advection). Often these developing MCSs are severe,
and produce tornadoes, hail, and strong winds. As these MCSs propagate to the east, the environment
becomes more efficient with the presence of the PW plume (associated with deep moisture). As a
result, the MCSs tend to produce heavier rainfall and flash floods. These WVP and PW plumes can be
present 1 or 2 d before a heavy rain event and serve to pre-condition the environment for flooding.
Precipitable Water plumes are most detectable in satellite-derived products of PW.
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Figure 5.9:

Precipitable water product from the DMSP-SSM/I for 21 October 1996, over North America and the North Atlantic Ocean.
(Courtesy NOAA).

Figure 5.10(a): Chart of 850mb winds for 0000 UTC, 20 October 1996 (see Figure 5.9 and 5.10(b)).

I
1\

)

Figure 5.10b: Chart of 850 mb theta-e (inK) for 0000 UTC, 20 October 1996 (see Figures 5.9 and
5.10(a)). (Both courtesyNOAA).
223

NORTH

EAST

WEST
Water vapor )[6':j~;::~}'
(6.1) Plume ··.:;~~-··:'·
/-)

Low-Level /
/
8e Ridge Axis / /

Precipitable / )
Water Plume / '

SOUTH

Figure 5.11: A conceptual model of tropical water vapour and precipitable water plumes, and their
theta-e connection (Scofild and Robinson 1990).

include PW measurements from the DMSP-SSM/I instrument, and GOES sounder and image products.
SSM/I-derived PW is computed from the TBs of three vertically-polarised channels, viz: 19.35, 22.235,
and 37.0 GHz (Alishouse et al. 1990). Accuracy of the SS.M/I-derived PW, as determined by Ferraro
et al. (1996), is around 10%. Since these frequencies are not sensitive to non-precipitating clouds, PW
can be computed over both clouds and clear areas. However, SSM/I-derived PW is limited to ocean
areas, and is currently available for only approximately four times per day for a given location.
Meanwhile, GOES-derived moisture profiles are computed over both land and water using the sounder
and imager channels (Hayden 1988). Accuracies range from 5-10% when compared with rawinsonde
data (Rabin et al. 1991). GOES PW products- favoured for timely qualitative tracking of moisture
gradients and trends - are produced hourly. Since these GOES channels are also sensitive to clouds,
PW analyses are limited to regions determined to be cloud free.
In order to take advantage of the relative strengths of both the polar and geostationary
satellites, a composited PW experimental product has been developed, available four times per day
(Scofield et al. 1995, 1996). Since SSM/I is considered a higher quality product compared with the
GOES PW products, the microwave PW is used first in the compositing process. If MW data are not
available, the GOES PW is employed. When either of these satellite products are not available, PWs
from NCEP's numerical forecast model (ETA, or A VN) are used. This method is followed for the
entire PW analysis system whether it be over water, land or coastlines. The second product utilises
SSM/I and AVN model data and is designed for medium-range heavy precipitation forecasting and
covers the northern hemisphere between 70°W and 170°W. Again, AVN model-derived 700 mb winds
are superimposed.
Another useful product is the ETA model-derived PW times RH (mean layer relative humidity).
This product is used to help diagnose the precipitation efficiency of the environment and to adjust the
precipitation from the GOES Auto-estimator (see Chapters 3, 4 and 5)- an automatically-implemented
algorithm designed to estimate heavy precipitation from convective systems (Vicente et al. 1998).
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5.3.3

Lifting Mechanisms (Synoptic Scale to Mesoscale)

Lifting mechanisms are often called "short waves" and are the features in the atmosphere that
produce upward vertical motion leading to clouds and precipitation. (Scofield and Achutuni 1996, and
Thiao et al. 1995). Such features on the synoptic scale are listed in Figure 5.7 and are usually best
detected in the 6. 7 J.!m WV imagery. Cyclonic circulations are key signatures in the satellite imagery
which are associated with heavy precipitation. These circulations may or may not be connected with a
WVP. Cyclonic circulations are readily identified in the WV imagery. Not only can heavy precipitation
occur within the core of the cyclonic circulation but also along vorticity lobes and short waves that
often rotate around the centre of the circulation, producing elongated (north-south) areas of upward
vertical motion. Precipitation systems develop when these lobes intersect a low-level theta-e ridge axis.
In middle latitudes short waves are also depicted by trackable dark areas in the 6. 7 !lffi WV imagery
which generally move along the jet stream. These short waves can be associated with mid-level, cold
air advection, jet streaks (which can appear cyclonically curved), positive vorticity advection, trough
axes, and meso-alpha waves. Jet streaks can also appear as streaks of cirrus that are anticyclonically
curved.
5.3.4 Precipitation Intensity, Duration and Feedback Processes (Mesoscale to Storm Scale)

Precipitation Intensity
Whether or not heavy precipitation and flash floods will occur in any location is generally
determined on the mesoscale to local scale. On the mesoscale, lR (10.7 ~-tm and 3.9 Jl.m), VIS and WV
(6.7 f.J.m) imagery may be used to locate boundaries and short waves that may initiate, focus, and
maintain heavy precipitation. Terrain features such as orographic uplift have the same effect of
anchoring, intensifying, and prolonging the precipitation. On the storm scale, the intensity, movement,
and propagation of precipitation systems (e.g. rain cells) is used to detetmine how much, when, and
where the heavy precipitation is going to move during the next 0-3 h (a "nowcasting" time-frame).
Feedback processes, from the local scale to the synoptic scale, are also extremely important and will be
discussed later. High resolution IR (10.7 IJ.m) and VIS images are the principal data sets which the
forecaster may use in this diagnosis.
GOES IR and VIS data are able to reveal signatures or features within convective systems,
tropical cyclones, and extratropical cyclones associated with high precipitation intensities. However, as
noted several times before, resulting precipitation estimates from geostationary data are extremely
useful for analysing heavy precipitation associated with mesoscale structures embedded within all such
systems. Useful instruments onboard polar-orbiting satellites include the DMSP-SS::M/I and NOAAK's AM:SU. As we have seen previously MW-derived estimates are more physically/directly related to
precipitation than those from VIS and lR (Ferraro et al. 1995, 1996, 1997). However, these
polarisation-derived estimates are much less frequent than the geostationary, and have lower spatial
resolutions. We have also seen previously that, over water, MW measurements (from SSM/I and
AMSU) of precipitation are mainly emission-based, where liquid precipitation causes TB increases over
a radiometrically cold ocean background. Emission-based estimates are more direct measures of how
much rainfall is reaching the ground compared with scattering-based techniques. Scattering-based
techniques can be used over land and water and are based on the principle that precipitation (cold er
than the freezing level) causes TB decreases over a radiometrically warm land background. The
following briefly summarises some rainfall features in the GOES data that are associated with
precipitation intensity (with an emphasis on heavy rainfall); these features are used in many of the high
precipitation intensity/mesoscale satellite precipitation algorithms discussed in previous chapters, and in
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the section which then follows. Special contributions from the MW for application to high intensity
precipitation events will be briefly covered also.
Precipitation Duration and Feedback Processes

When and where high-intensity systems may move in nowcasting contexts is determined
through understanding storm propagation (Chappell 1986). Rain cell propagation is a function of
movement and development. To study this there is still no better source of data than the high
resolution VIS and IR to detect boundaries (e.g. outflow) along which storms will regenerate and
propagate (Purdom 1976). In addition, the 4 km resolution GEO IR is essential for detecting small
convective cells (often not yet detectable by radar) upwind of larger cells. These developing cells
indicate that destabilisation is occurring upwind, and with the proper wind trajectory may be advecting
moist, unstable air into the upwind portion of the storm. If this is the case, these small cells will merge
with the storm, resulting in a quasi-stationary and back-building flash-flood producing precipitation
system. Various MCS storm propagation models have been developed They include:
1.
2.
3.
4.
5.
6.

Forward.
Regenerative.
Backbuilding.
Quasi-stationary.
Forward moving meso-beta.
Supercell.

Propagation characteristics ofMCSs have been presented by Shi Jiang and Scofield (1987) and
Xie and Scofield (1989). Aspects ofthese may be applicable both to tropical cyclones themselves and
mid-latitude environments invaded by tropical cyclones.
Numerical forecast models are not yet capable of resolving feedback processes from the storm
scale to the synoptic scale. As shown in Figure 5. 7, high resolution VIS and IR images are principal
sources of data for diagnosing mesoscale-induced phenomena that modify the environment.
Storms such as MCSs can produce changes in the circulation, temperature and moisture fields
of their environments over distances of hundreds of miles (160 km or more) (Maddox, et al. 1979,
1981 ), and tropical cyclones over even longer distances. Manifestations of this feedback process from
the storm scale to the other scales are:
1.
2.
3.

Outflow boundaries being produced by the cold dome of air and the mesohigh at low levels.
A vortex produced at mid-levels.
Anticyclone outflow aloft that can produce jet streaks to the northwest ofthe MCS.

The accompanying precipitation dampens the soil, and the resulting evaporation increases the
PW and RH. The wetness of the soil (surface) due to heavy precipitation is extremely useful as an
antecedent condition for flash flood guidance. The value of this antecedent information is two-fold: for
detecting wet surface conditions from which evaporation may significantly increase the PW and RH,
and for locating areas that are extremely wet or have standing water, and in which any additional
precipitation will produce flooding conditions. A Soil (surface) Wetness Index has been derived from
SSM/I data (Achutuni and Scofield 1996, 1997, 1998). The NOAA Soil Wetness Index is obtained
from (85H GHz minus 19H GHz); an example is shown in Figure 5.12 (see also below).
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Figure 5.12: NOAA's Soil Wetness Index averaged over 5 d ending on 7 August 1998, showing areas of flooding occurring over China (C),
Bangladesh (B), and India (I). (Courtesty NOAA).

Floods over Southeast Asia: July to August 1998
Although the case illustrated is not tropical cyclone related, use of the Soil (Surface) Wetness
Index can be exemplified appropriately by reference to the rather extensive wet to flooded ground
conditions occurring over southeast Asia in early August 1998. As mentioned above, surface wetness
conditions are important because heavy precipitation falling upon soil that is saturated, can lead to flash
floods. Such was the case in July and August 1998, when torrential rains lashed central and eastern
China for weeks, pushing rivers and lakes to their highest levels since 1954 and triggering devastating
flash floods which killed more than 2000 people. The Soil Wetness Index product in Figure 5.12
illustrates a Southeast Asian sector taken from a global product; the Index is displayed for a 5 d period,
ending on 7 August 1998. The Index points to flooding/standing water conditions in China (at C),
Bangladesh (at B), and India (at I). Additional wet surface conditions are detected over Korea, Japan,
and Pakistan. This Index is now being used by NOAA to monitor flooding on a global basis, including
events related to tropical cyclones.
In summary, on the storm scale, precipitation systems can produce feedback processes that
affect the environmental circulation, temperature and moisture fields in such a way that flooding may
occur where a particular high-intensity event alone would not have such an extreme result. Satellite
data can help diagnose sensitive situations, forecast and nowcast related rainfall events, and map and
monitor floodings where this is widespread.
5.3.5

Landfall Effects on Tropical Cyclone Rainfall

From the point of view of the weather or hydrological forecaster, as from that of local
community, regional or national government, officers and international aid agencies alike, the most
delicate question in respect of tropical cyclone rainfall is how this may be enhanced by the shape and
form of the land in relation to the organisation of the storm, when the storm makes landfall (Spayd and
Scofield 1984). Consequently, this issue merits a section of its own.
In the first instance, knowing the rainfall characteristics of an approaching tropical cyclone
while still offshore is vital. As we have seen previously, careful inspection of the associated cloud
systems can help in this respect. Normally, a tropical storm has a sharply-defined comma configuration,
with cyclonically-spiralling cloud bands encircling the eye or cloud system centre. If a central warm
spot or eye is not evident in IR imagery, the cloud system centre is likely to be located near the
counter-clockwise extremity of the comma-shaped cloud pattern seen with most tropical cyclones.
Heaviest rain is expected from the wall cloud around the eye, and is often associated with very cold
temperature signatures in the IR, and very bright areas in contemporaneous VIS images.
Meanwhile, the CDO area - the dense overcast mass around the wall cloud - may also contain
high-intensity rain cells, as may the OBA, which consists of perhaps several convective cloud bands
extending for several hundred kilometres in towards the central features, characteristically separated
from one another by clear areas - though much may be obscured by anticyclonic outflows of cirrus
aloft. An even greater complication for rainfall forecasting is that the rain cells and bands are now
known to be very changeable: the disposition of the highest intensity rain areas is extremely dynamic,
affected by the age, stage, size, disposition and location of a storm. In a nowcasting or forecasting
context, the following analyses are undertaken:

1.

Rainfall estimates (for hourly periods) are computed by comparing images 1 h apart,
constructing isolines around the relevant cloud features in the later image, and generating
rainfall values for the isolines, as explained in greater detail in Chapters 3.3.2 and 5.5.2.
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2.

Rainfall potential is estimated jointly from the diameters of the rainfall rates along the direction
of motion, and the speed of movement of the system. These features are best assessed from
images 3-6 h apart. Up or down adjustments are made to rainfall potential forecasts in
anticipation of expected trends in the rain areas, their diameters, and the cyclone's rate of
motion.

3.

Where available, MW-derived instantaneous rainfall fields from SSM/I and AMSU are used to
confirm or adjust the original estimates.

4.

Adjustments to the rainfall potential are then essential to allow for topographical and
environmental influences after landfall is made.

The need to evaluate the effects of landfall on tropical cyclones has long been obvious: world
record short-duration/high intensity rainfalls have accompanied landfalling tropical cyclones. Recently,
the extreme damage and loss of life accompanying Hurricane Mitch in 1998, first over a number of
Caribbean islands, then (even more seriously) over parts of the Central American isthmus have brought
such issues into the sharpest possible focus (see Chapter 4), although full analyses of the effects of
orography on its rainfall patterns are still awaited. In the present context, the earlier case of Hurricane
Gilbert between 16-18 September 1988, suffice to introduce and illustrate key points.
Hurricane Gilbert was one the most intense tropical cyclones ever observed over the Atlantic
Ocean (Figure 5.13). From 8-16 September 1988, Gilbert churned across the Caribbean, Yucatan and
Gulf of Mexico to its final landfall over northeastern Mexico. An example from the VIS imagery of
that period (Figure 5.13(a)) shows Hurricane Gilbert approaching the Yucatan Peninsula on 14
September 1988. The tropical cyclone rainfall potential (TRaP) scheme of Spayd and Scofield (1984)
was used by the USWB's Satellite Applications Branch (SAB) meteorologists (see Section 5.5.2 to
estirnate a potential rainfall of around 540 mm (21. 5") that could be produced from Gilbert after landfall
over Mexico. Unofficial observations indicated that up to 345 mm of rain occurred in the Monterey,
MX area. From the devastation that took place with respect to both properiy loss and deaths, locally
higher rainfall amounts probably occurred. Satellite images showed the progression ofthe stonn across
northeast Mexico. As Gilbert crossed from water to land, the cloud features changed from cold cloud
tops surrounding a well-defined eye over the water to an area of warmer cloud tops with a disorganised
centre over land. From 16-18 September 1988, SAB meteorologists operationally sent 3 h satellitederived rainfall estimates to the NWS River Forecast Center at Fort Worth, TX along with a number of
satellite precipitation massages to other forecast offices in southern Texas.
Subsequent studies have indicated that SAB satellite-derived rainfall estimate patterns were
generally good for a 48 h period (Figure 5.13(b)), when compared with observed amounts (Figure
5.12(c)). However, estimated amounts were much lower than observed reports.
Unfortunately, there were no observed reports inland from the Mexican coast (along 25°N to
99.5°W) where Gilbert's convective bands and heavy rain-producing eye wall crossed from sea to land.
Maximum rainfall estimates of230 mm and 191 mm were computed for this area. Previous evaluation
papers on convective systems and hurricanes had suggested that tropical cyclone estimates had been
very good along the path of a storm crossing from the coast into flat terrain. In this case of Hurricane
Gilbert, the largest underestimation of rainfall occurred over the mountainous region of northeastern
Mexico near 25.5°N and 100°W (Monterey, MX area). Maximum satellite-derived estimates were 183
mm compared with a report of 345 mm and an isolated "unofficial" report of 520 mm. Here, the major
source of underestimation was the steep, sharply sloping terrain. In contrast, rainfall estimates were
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Figure 5.13: Hurricane Gilbert: (a) over Yucatan, 1400 UTC, 14 September 19988; (b)
NOAAINESDIS Satellite Analyses Brance (SAB) rainfall estimates from 1200 UTC,
16-18 September 1988; (c) unofficial observed rainfall totals for the same period as (b),
and (d) SAB estimates after orographic adjustment. (Courtesy, NOAA).

generally better over the lower and middle Rio Grande Valley of Texas and Mexico (as far west as
101 °W) mainly because the terrain there is flatter and more gently sloping. The IFF A technique was
originally designed for estimating rainfall over flat terrain.
The underestimation of rainfall due to the effects of terrain has since led to the incorporation of
an m·ographic enhancement/adjustment factor developed by Urbanski (1982). This takes account of an
adjustment factor to increase precipitation efficiency estimates as atmospheric moisture contents
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TABLE 5.1

The tropical cyclone rainfall orographic adjustment factors of Sco:field (1987), viz. W =
sur[ace/8501700 wind speed *slope ofterrain
Wind (m s" 1)

SJoEe

-0.12

-0.06

0.00

0.06

0.12

0

1.0

1.0

1.0

1.0

1.0

5

0.4

0.7

1.0

1.1

1.4

10

0.2

0.4

1.0

0.4

2.0

15

0.2

0.2

1.0

1.7

2.6

20

0.2

0.2

1.0

2.3

3.8

25

0.2

0.2

1.0

2.6

4.4

increase, and calculated evaporation of condensate diminishes, e.g. as a tropical cyclone approaches. It
also entails an orographically-enhanced vertical velocity factor by multiplying the observed 700 mb
wind (V) times the terrain height gradient (del H) along the direction of V. The 700 mb wind field is
used to represent V because many of the hourly precipitation repOiiing surface stations are above the
850 mb level. Orographically-induced vertical velocities were initially computed for over 100 cases. A
relationship was then derived empirically to relate orographica!ly-induced vertical velocities to the
amount the Interactive Flash Flood Analyser (IFF A: Scofield 1987): precipitation estimates must be
increased to account for rainfall enhancement under up-slope conditions. This orographic adjustment is
shown in Table 5.1, along with results for Gilbert in Figure 5.13 (d).
5.4

NUMERICAL WEATHER PREDICTION MODEL INITIALISATION AND DATA
ASSIMILATION

5. 4.1 Introduction
We turn next from forecasting where there is "an analyst in the loop" to situations and
procedures where weather prediction is attempted more objectively. Here, because latent heat release
is the primary energy source in the maintenance and intensification of tropical cyclones (R.iehl and
Malkus 1961 ), the lack of accurate initial conditions, as well as improper evolution of convective
heating in numerical models, often leads to inaccurate sirnulations of the tropical cyclone circulation
and rainfall evolution. The former problem is more serious over data sparse oceanic regions where lack
of conventional observations results in an ill-defined cyclonic circulation in the initial conditions.
Meanwhile the latter problem largely depends upon the parameterisation of physical processes involving
the hydrological cycle. These deficiencies, which often result in tropical cyclone track and intensity
errors in numerical prediction models, are often referred to as the "spinup" problem (e.g. Tiedke et al.
1988; Krishnamurti et al. 1988).
Satellite rainfall data have now been used for initialisation as well as assimilation in tropical
cyclone forecasting studies to alleviate the spinup problem both in the global and limited-area models.
As precipitation cannot be ingested directly because it is a non-prognostic model variable, various
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methods have been proposed for using the satellite for both those purposes. In global models, diabatic
normal mode initialisation (NMI; Puri and Miller 1990), cumulus initialisation (Donner 1988) and
physical initialisation (Krishnamurti et al. 1984) procedures were used to obtain improved predictions
of tropical cyclones. On the other hand, there are a number of limited-area prediction studies in which
satellite data were applied through either dynamic initialisation (e.g. Fiorino and Warner 1981;
Molinarie 1982; Davidson and Puri 1992; Raymond et al. 1995; Kasahara et al. 1996) or rain
assimilation methods (e.g. Mathur 1995; Shi et al. 1996; Peng and Chang 1996, 1997; Karyampudi et
al. 1998a, b; Tsutsui et al. 1998). A brief summary of this work is given below, including some
remarks on the utility of rain assimilation in mitigating the tropical cyclone intensity prediction problem.
5.4.2

Global Model Applications

Diabatic Initialisation
Although a few studies have been carried out on tropical cyclone prediction with global models
(e.g. Bengtsson et al. 1982; Heckely et al. 1987; Krishnamurti et al. 1989), further improvements in
global forecasting of tropical cyclones have resulted from the assimilation of quantitative satellite data.
Following the successful use of outgoing longwave radiation (OLR) by Krishnamurti et al. (1984) in
alleviating the spinup problem in tropical cyclogenesis, Puri and Miller (1990) utilised OLR data
obtained from the NOAA-9 satellite as a proxy for diabatic heating rates in the ECMWF's diabatic
NNll initialisation of tropical cyclone simulations. They found that the satellite-derived heating rates, in
conjunction with moisture adjustment based on the same data, reduced the spinup problem associated
with tropical cyclones in the northern Australian region. Later, Fox-Rabinovitz and Gross (1993)
proposed a diabatic dynamic initialisation, which yields balanced initial conditions by first integrating
the adiabatic version of the Goddard Laboratory for Atmospheres (GLA) model backward, followed by
forward diabatic model integration with the assimilation of conventional and satellite data retrievals.
They found that this scheme is better in removing the initial spinup effect and in improving the tropical
structure than the implicit nonlinear, normal mode, initialisation method. This particular method was
applied by Peng and Chang (1996) to study the impact of SS:M/I-retrieved rainfall rates on the
numerical prediction of a tropical cyclone in a limited-area model (described later in this section).

Cumulus Initialisation
In order to alleviate the spinup problem in global models, Donner (1988) proposed a scheme
referred to as "cumulus initialisation", in which the temperature and moisture fields are adjusted with
the aid of a cumulus parameterisation scheme to yield model precipitation rates close to the "observed"
rate when large-scale vertical motions are favourable to cumulus convection. Donner and Rasch (1989)
further demonstrated the effectiveness of the cumulus initialisation scheme to ameliorate the
precipitation spinup in the NCAR global model. Kasahara et al. (1994) later extended this method to
include the adjustment of both the divergence and moisture fields to produce the initial convective
precipitation rate close to the "observed", while limiting Donner's method of temperature adjustment to
the boundary layer only. The cumulus initialisation method has been applied by Kasahara et al. (1996)
in combination with the diabatic initialisation procedure, and with the use of satellite precipitation
estimates, for the prediction of typhoons within the context of studying the sensitivity of three cumulus
parameterisation schemes in a tropical cyclone model (see below).

Physical Initialisation
The concept of "physical initialisation" was first introduced by Krishnamurti et al. (1984) to
improve precipitation forecasts in the tropics generated by the Florida State University (FSU) global
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spectral model, in contrast to dynamical initialisation, which suppresses gravity wave noise in global
models. The "physical initialisation" uses reverse algorithms consistent with the physics of the
numerical model and modifies the initial state via the assimilation of "observed" tropical rain rate
analyses (based on satellite and rain gauge data). It also renders a thermodynamic consistency between
the humidity variable, the surface fluxes, rainfall distributions, diabatic heating and clouds.
Subsequently, Krishnamurti et al. (1988, 1991) adjusted vorticity, divergence, surface pressure, and
specific humidity fields toward the initial analyses using a Newtonian relaxation procedure during the
preintegration period (24 or 48 h). The precipitation forecasts during the Newtonian relaxation are
based on a humidity field that is obtained by applying a "reverse-Kuo" algorithm using "observed"
(interpolated) precipitation rates.
Krishnamurti et al. (1993) further applied their physical initialisation method using rain
estimations derived from OLR over land and the SSM/I over oceans to obtain improved forecasts of
three tropical cyclones (i.e. Gerald, Freda and Holly) over the Western Pacific Ocean. They found that
the improved initialisation contributed to an improvement in the predicated structure of the typhoons,
including enhancement of the divergent inflow in the lower troposphere and of the divergent outflow in
the upper troposphere. Furthermore, they attributed the success of model assimilation forecasts to
improved rainfall estimates obtained from SSWI data, which improved the sea level pressure, wind and
rainfall fields in 5 d forecasts.
Aonashi et al. (1997) have developed a physical initialisation method for the economical
prognostic Arakawa-Schubert scheme (EP AS), which employs a variational approach to minimise the
difference between the first guess and the initialisation model variables, subject to the constraints on
precipitation areas and precipitation rates. To examine the impact of the physical initialisation method
on the forecasts of Typhoon Wait, they performed forecast experiments with the Japan Spectral Model
(JSM), developed by JMA by using the observed precipitation rates derived from the JMA operational
hourly precipitation analysis instead of the satellite-derived precipitation rates. Nevertheless, their
results suggested that the physical initialisation method ameliorated the spinup problem in precipitation
forecasts in the first hour, and reduced the positional error of the precipitation forecasts during the first
few hours.
5.4.3

Limited-Area Model Applications

Dynamic Initialisation
Although Hoke and Anthes (1977) were the first investigators to employ dynamic initialisation
(DI) by nudging in the prediction of tropical cyclones (Anthes 1974), Fiorino and Warner (1981)
incorporated satellite-derived rainfall rates obtained from the Adler and Rodgers (1977) rain estimation
technique into the dynamic initialisation of a mesoscale hurricane model. They used the threedimensional asymmetric hurricane model of Anthes (1972) to assess the impact ofbogussed storm data,
surface winds, satellite-estimated rainfall rates, and a high resolution surface pressure analysis in the
dynamic initialisation of model forecasts of track and intensity. They performed a 12 h DI, where the
latent heat release due to convection was based upon satellite estimates of rainfall rate. They showed
that DI improved forecasts of storm intensity (in terms of surface pressure) and precipitation compared
the simulation made with static initialisation. However, no significant improvement was found in the
track forecast of Hurricane Eloise. They also used surface wind reports obtained from land-based
stations, buoys, and ships to mimic their not-yet-launched Seasat-A satellite winds to enhance the initial
conditions, and found no appreciable impact on Hurricane Eloise forecasts.

233

Molinari (1982) assimilated continuous heating rates derived from airborne radar and satellite
IR T8 s for Hurricane Anita (1977) into a 3D primitive equation model via dynamic initialisation during
a 12 h pre-forecast integration period. He found that the specified heating forced the model wind and
mass fields toward the observed initial state and produced improved 12 and 24 h forecasts of both track
and intensity compared with a control model run. His results also indicated that the location and
pattern of the heating are more important in determining storm track and intensity than the absolute
magnitude of the heating.
To predict Australian tropical weather, Davidson and Puri (1992) utilised a diabatic dynamical
nudging scheme in the limited-area tropical prediction model of the Bureau of Meteorology Research
Centre (BMRC). They not only nudged the model during the pre-integration time (12 or 24 h prior to
the initial time) to a target analysis but also assimilated convective latent heating determined from 6 h
satellite-observed cloud top temperatures, while optionally inserting tropical cyclones via bogus wind
observations into the initial conditions (see Figure 5.14). They evaluated the diabatic nudging system in
real-time forecasting during the southern summer of 1990/91. From their prediction results for tropical
cyclones Joy and Russ, they found that the diabatic nudging system gave encouraging results in shortterm predictions of both tropical cyclone behaviour and rainfall events. This was particularly true of the
amount, and of the accurate prediction, of tropical rainfall during the first 24 h, as well as in the
reduction of spurious rainfall maxima compared with the predictions given by the model without
diabatic nudging. The diabatic, dynamical nudging scheme ofDavidson and Puri is currently being used
for initialisation of the BMRC high-resolution tropical cyclone prediction system (Davidson and Weber
1999).
Raymont et al. (1995) tested diabatic initialisation, diabatic forcing, and liquid water
assimilation in a semi-implicit hydrostatic regional model containing explicit representations of gridscale cloud water and rainwater. They utilised SSM/I radiance data in the physical retrieval of threedimentional distributions of precipitation and latent heating rates in conjunction with diabatic
initialisation to improve forecasts of Tropical Storm Emily (1987) over the Atlantic Ocean. The 14 h
forecast of Emily' s development indicated that the tropical storm becomes well developed with
improved rainfall rates, vorticity and divergence fields when SSJ\f/I-retrieved diabatic heating rates
were used at prescribed levels. The forecast also yielded improved (integrated) atmospheric
precipitation water contents which compared favourably with coincident SSWI estimates (Figures
5.15(a) and 5.15(b)).
Kasahara et al. (1996) examined the diabatic and moisture initialisation procedures with the use
of satellite-derived precipitation estimates in the augmented version of the Pennsylvania State
University/NCAR mesoscale model (MM4) for the prediction of Typhoons Ed and Flo in the western
Pacific during the SPECTRUM (Special Experiment Concerning Typhoon Recurvature and Unusual
Movement) experiment of September 1990. The precipitation rates used in the estimates of
condensation rates were derived from hourly IR data obtained from the Japanese GMS satellites. These
condensation heating rates - including radiative heating rates calculated from model initial fields - were
then used as a diabatic heat source in the NMI algorithm, whereas the adjustment of the moisture field
was achieved through a cumulus initialisation procedure involving the inversion of three cumulus
parameterisation schemes, viz. the Kuo-Anthes scheme (the Kuo 1974; Anthes 1977), the relaxed
Arakawa-Schubert scheme (Moorthi and Suarez 1992); and Hack scheme (Hack 1994). From the
results Kasahara et al. found that although the combined diabatic and cumulus initialisation ameliorates
precipitation spinup, the sensitivity of precipitation rate to moisture variation is very much dependent
upon the cumulus parameterisation scheme.
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DYNAMIC NUDGING OF THE BMRC TROPICAL
PREDICTION MODEL USING SATELLITE-DEFINED
CONVECTIVE HEAT SOURCES AND A CYCLONE
BOGUS
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Figure 5.14: Schematic illustration of the overall strategy of diabatic, dynamical nudging (Davidson
and Puri 1992).

Following the Kasahara et al. (1996) study, Tsutsui et al. (1998) have also conducted numerical
experiments with a Japanese regional atmospheric model to test its suitability in predicting TCs
(Typhoons Ed and Flo). The Tsutsui et al. study focussed on two aspects, first, the impact of data
initialisation, and second, the sensitivity of TC forecasts to the choice of two cumulus parameterisations
(i.e. the Kuo scheme and the relaxed Arakawa-Schubert scheme (RAS)). Although the diabatic and
cumulus initialisation procedures were similar to those ofKasahara et al,. Tsutsui et al. showed that the
positive impact of initialisation is greatest in the TC genesis case, and found that both the hourly IR rain
rate reproducibility and the intensity prediction of developing typhoons are superior with the RAS
scheme than with the Kuo scheme. On the other hand, Tstutsui et al. noted that the Kuo scheme
scored better in mean displacement errors than the RAS scheme.
Rain Assimilation
Mathur (1995) used a reverse Kuo scheme in a regional tropical storm model, i.e. the NMC's
Quasi-Lagrangian Model (QLM) to test the assimilation of rainfall through nudging Krishnamurti et al.
1988, 1991; Mathur 1992 on the prediction of Tropical Storm Bob (1991 ). They assimilated only the
model-generated rainfall instead of satellite-derived rainfall. However, their results with the improved
rain assimilation scheme, which includes the total rainfall instead of only the convective rain as used in
the Mathur et al. (1992) study, showed that the nudging of total rainfall in place of only the convective
rain in the reverse procedure, and the inclusion of non-convective rain, improved the temperature, wind
field and distribution of the condensational heating rate.
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a

b

Figure 5.15: (a) Integral rain water (*10 kg m·\ valid at 0000 UTC, 22 September 1987, from

BMRC' s 14 h forecast; and (b) retrieved estimates of the integrated precipitating liquid
and ice (*10 kg m"2) from SSM/I radiance data. Contour interval is every 0.5 kg m- 2 .
(Raymond et al. 1995).
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Shi et al. (1996) performed numerical simulations of Hurricane Florence (1988) with the US
Naval Research Laboratory's (NRL) limited-area model. They assessed the impact of Omega
dropwindsonde (ODW)-enhanced initial data and the assimilation of SSM/I-derived rain rates within a
pre-integration period of 12 h. They found that both the ODW-enhanced initial conditions and the
assimilation of the SSM/I rain rates significantly reduced the forecast errors of Florence. The
assimilation of SSM/I rain rates reduced the 24 h forecast errors in the landfall location and time by
43% and 5 h, respectively, whereas the 24 h minimum sea-level pressure (SLP), and maximum surface
wind speed forecasts, were improved respectively by 5 mb and 10 m s· 1. However, they reported that
the benefit of assimilating rain was limited when the initial conditions were enhanced by the ODW data,
and vice versa, since the best forecast was obtained when both of these procedures were utilised.
Peng and Chang (1996) assimilated the SSM/I-retrieved rain rates into a limited-area prediction
model using a reverse Kuo scheme to improve the initial analysis and forecast of Typhoon Flo (1990),
which was observed during the Tropical Cyclone Motion Experiment (TCM) in 1990. They tested two
different assimilation methods, first, the backward-dynamic initialisation method ofFox-Rabinovitz and
Gross (1993) described above in Section 5.4.1, and second, the data assimilation by relaxation. In the
first method, the SSM/I rain rates derived from the CALNAL algorithm (Hollinger 1989; refer to
Chapter 3 for details) were incorporated into the diabatic forward integration over a 6 h period. In the
second method, the SSM/I rain rates assimilated during a 6 h period prior to the initial time. For the
five cases they tested during the life time of Flo, they found that the assimilation of retrieved rain rates
reduced the average 48 h forecast tract error from 23 9 km in the control run to 81 km in the
assimilation simulations. They also found that the assimilation of SSM/I rain rates reduced the spinup
problem by increasing both the initial moisture amount near the storm centre and improving the initial
intensity of the storm.
Later, Peng and Chang (1997) further extended their earlier study by testing the sensitivity of
Typhoon Flo to rainfall inferred from IR cloud-top TBs, since the SSM/I data coverage may not be
sufficient for providing continuous rainfall rates for operational numerical weather prediction
requirements. They applied the Manobianco et al. (1994) continuous rain algorithm (see Section 2.4.3)
to obtain the rainfall rates for assimilation and found that assimilating IR rain rates produced a positive
impact on both the track and intensity forecasts of Typhoon Flo, similar to their previous results which
utilised SSM/I rain data. This particular study emphasises the utility of assimilating rain rates to
improve tropical cyclone forecasts in an operational setting.
Karyampudi et al. (1998a) have applied a modified version of Manobianco et al. (1994) rain
assimilation scheme to Hurricane Florence (1988) development by performing sensitivity simulations
with ODW-enhanced initial conditions, rain assimilation and cumulus parameterisation schemes using
the Pennsylvania State University/NCAR mesoscale model (MMS) model. Their technique basically
scales the model-generated latent heating by a factor proportional to the difference between the satellite
and model-generated rain rates. Karyampudi et al. have performed rain assimilation using continuous
rain rates derived from the combined SSM/I and IR technique ofManobianco et al. (1994) over a 12 h
period (specifically, satellite-derived rain rates were assimilated between 0000 UTC to 1200 UTC,
September 1988).
Results of these sensitivity simulations suggest that the rain assimilation alone, without
enhanced initial conditions, yields a positive impact similar to that given by the ODW-enhanced initial
conditions with the Kuo-Anthes scheme (see Figure 5.16(a-e)). This figure clearly shows that both the
rain assimilation (panels C and D) and enhanced initial conditions (panels E and F) simulations yield a
far superior simulation of Florence than the control simulation (panels. A and B), as both these
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Figure 5.16: Model-predicated mean sea level pressure (mb) and total rainfall rates (mm h" ; scale
given at the side of each panel) for Hurricane Florence (1988) at 12 hand 24 h ofMM5
model integration (valid at 1200 UTC, 9 September 1988, and 0000 UTC, 10
September 1988, respectively) with the Kuo-Anthes cumulus parameterisation scheme:
Panels (a) and (b) from control simulation; Panels (c) and (d) from rain assimilation
simulation; and Panels (e) and (f) from ODW-enhanced initial conditions simulation.
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simulations give predictions of pressure and rainfall fields much closer to the observed fields (not
shown). Both the rain assimilation and the enhanced initial simulations yield a similar intensity of
Florence at the end of 24 h, even though the location of Florence from the rain assimilation run lags
behind that of the enhanced initial condition run, particularly at 12 h. Despite the initial position error
given by the rain assimilation method, the rain assimilation without enhanced initial conditions yields
intensity and location errors comparable with the enhanced initial conditions run near the end of the
simulation. Furthermore, the intensity and spatial distribution of rainfall rates at the end of 24 h given
by the rain assimilation run is in better agreement with the SSMJI-derived rainfall field (not shown) than
either the control or the enhanced initial conditions run. In fact, the rainfall fields at the end of 12 hand
24 h in the rain assimilation run appear identical to those from the SSMJI-derived rain rate fields. This
particular result shows that the rain assimilation not only improves the tropical cyclone intensity
prediction but also the rainfall prediction. However, the best simulation in terms of predicting central
pressure for Florence is obtained when both the enhanced initial conditions and rain assimilation are
combined, in agreement with the study by Shi et al. (1996).
Karyampudi et al. (1998b) subsequently improved their modified scheme by replacing the
specified parabolic heating profiles, which have plagued many tropical rain assimilation studies in the
past (e.g. Fiorino and Warner 1981; Molinari 1982) with the satellite-derived vertical latent heating
profiles derived by Rodgers et al. (1998) (discussed previously in Section 2.5.2). They performed
sensitivity simulations of Hurricane Opal by running the model with and without specified parabolic
heating profiles (i.e. by replacing the parabolic heating profile with the satellite-derived vertical heating
profiles). Both the SSMJI-derived rainfall rates and vertical latent heating profiles, which were digitally
interpolated from four satellite overpasses following the technique of Alexander et al. (1998), were
assimilated into the model within the first 24 h and 48 h simulations. The 48 h intensity forecasts from
the control, and the two sensitivity simulations, are shown in Figure 5.17 including the observed central
pressure from the best track data. Both the rain assimilation simulations (identified by SSMJI
assimilation as a finely dashed line) and the SSMJI-Q1 assimilation (a variably dashed line) yield far
superior simulations of Opal compared with the control run (indicated by the strongly dashed line).
However, the SSMJI-Q1 simulation (i.e. the simulation with the satellite-derived vertical latent heating
profiles) gives a slightly more intense central pressure, particularly during the later part of assimilation
(i.e. between 1200 UTC on 3 October and 0000 UTC, 4 October) compared with the run using the
specified parabolic heating profile. Note that neither of the simulations captures the secondary rapid
pressure fall between 0600 UTC and 1200 UTC on 4 October, perhaps due to the coarse resolution of
40km.
5.4.4

Concluding Remarks

It is clear from the literature that the use of satellite data such as OLR, precipitable water and
precipitation rates, whether in the initialisation or assimilation procedures of both global models and
regional models, significantly impacts on tropical cyclone track and intensity predictions. Recent
numerical hurricane prediction studies have shown that enhanced initial conditions obtained from either
bogussed-vortex (Kurihara et al. 1993) or dropwindsonde (ODW) data (Tuleya and Lord 1997)
improve hurricane track prediction significantly but intensity prediction only marginally. However,
many of these initialisation techniques appear to improve the hurricane track forecasts rather than the
intensity forecasts.
Tropical cyclone intensity prediction remains a major problem in operational hurricane
prediction models (Elsberry et al. 1992; Marks et al. 1998). In fact, the GFDL model performance in
the forecast of storm intensity was not yet at a satisfactory level for the 1995 hurricane season
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Figure 5.17: Time series plot of central mean sea level pressure (mb) from the best track and model
simulations of Hurricane Opal beginning from 0000 UTC, 3 October, to 0000 UTC, 5
October 1995 (Karyampuki et al. 1998b).

(Kurihara et al. 1998). Nevertheless, progress is being made in applying other types of initialisation
methods (such as four-dimensional variational assimilation) and observations (such as satellite winds).
For example, four-dimensional variational assimilation (4D-V AR) is being used at various operational
centres to improve the moisture analysis by incorporating the SSMJI total precipitable water (Thepaut
1994) and precipitation data (Zupanski and Mesinger 1995; Tsuyuki 1997). In a similar way, a
variational initialisation scheme is being used to improve the initial structure of tropical cyclones in
numerical models in place of idealised (or bogussed) vortices in order to overcome the inconsistency
between an artificial vortex and the properties ofthe prediction model (e.g. Zou and Xiao 1999). Other
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methods have also been proposed to initialise the model with high density winds derived from IR cloud
drift winds and water vapour wind vectors derived from high resolution multispectral GOES-8 data
(e.g. Velden et al. 1998; Hoggatt et al. 1999). The variational initialisation has shown skill in
improving the intensity of one Atlantic case, whereas the satellite-derived wind assimilation improved
tropical cyclone position errors (from a few 1995 Atlantic hurricane cases) when assimilated into the
Navy Operational Global Atmospheric Prediction System (NOGAPS) model (Goerss et al. 1998).
Although these initialisation methods, which include high resolution hurricane model
predictions, may help to alleviate the intensity prediction problem to some extent, there appears to be a
need for the assimilation of satellite-derived rainfall/moisture to adequately address the tropical cyclone
intensity prediction problem. This is because tropical cyclone intensification in numerical models relies
not only on better initial conditions, but also on accurate treatment of latent heat processes (see
Chapter 2 on the relationship between amount of latent heating release and tropical cyclone
intensification). Because rain assimilation does not, by itself, correct the improper specification of the
initial vortex in the model initialisation problem, a combination of variational initialisation including all
of the available observations (such as in situ observations, satellite winds etc.) and rain assimilation
might help to mitigate the tropical cyclone intensity problem.
Previous work has shown that a combination of enhanced initial conditions and rain assimilation
gives the best impact on tropical cyclone intensity and track forecasts. Moreover, rain assimilation
studies have consistently shown that, by alleviatiating the rainfall spinup problem, better predictions of
rainfall amount and location can be obtained from rain assimilation forecasts, which greatly improve
tropical cyclone flood forecasting. In this respect, it should be mentioned that continuous rain
monitoring techniques (such as the combined SSM/1 and GOES-IR rain technique, or the combined
SSM/1, IR and lightning technique tested by Alexander et al. (1999) for a rapidly developing
extratropical cyclone) hold great promise in providing the frequent rain and moisture observations
needed for rain or diabatic assimilation in operational prediction models.
Such efforts should be continued in the future with both the research and operational models,
since rainfall hydrometeor and vertical latent heating profiles derived from high resolution PMW
satellites such as TRMM: are providing mesoscale details that can be assimilated into high resolution
mesoscale models. The accuracy and time fi·equency of such high resolution rain observations could be
much improved for assimilation within the next few years, given the launch of a family of TRMM-type
satellites, as proposed under the Global Precipitation Mission mentioned in Chapter 2 and described
more fully in Chapter 6.
5.5

SATELLITE RAINFALL ESTIMATES AND RELATED PRODUCTS AVAILABLE VIA
THE INTERNET FOR TROPICAL CYCLONE NOWCASTING AND SHORT-RANGE
FORECASTING

5. 5.1

Introduction

From the earlier chapters and sections of this Technical Document it will have become evident
that much effort has been expended in recent years not only in the general study of tropical cyclones,
but also in the specific problem of the evaluation of rainfall from tropical cyclones using satellite data.
Somewhat surprisingly, however, the number, range, and sophistication of techniques currently being
used to generate routine or genuinely operational rainfall estimates using satellite data are very limited.
It is appropriate, prior to the summary conclusions and recommendations of this study in Chapter 6 to
list today's most readily accessible, near real-time, sources of satellite estimates of tropical cyclone
rainfall. Two related facts are quite striking, viz.:
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1.

All such estimates are currently US-generated.

2.

With the notable exception of Japan, in all other countries (including developed countries)
which are significantly affected by tropical cyclones, the use of satellite data to improve rainfall
estimation and forecasting seems to have been at best sporadic, relatively informal, or even
rudimentary.

Implications of these facts are discussed, amongst other things, in Chapter 6. Meanwhile,
today's operational satellite rainfall products of value in the present context, and available via the
Internet, are available from the following sources:
5.5.2

NOAAINESDIS. Camp Springs. MD

Accessible via NOAA's Satellite Services Division homepage, http://www.ssd.noaa.gov/ (under
Operational Products and Services, "Tropical Cyclonic" and "Precipitation" sections), and the Office of
Research and Applications homepage http://orbit-net.nesdis.noaa.gov/arad/htlffi'html, near-real time
estimates of rainfall potential and actual satellite estimates of rainfall from tropical cyclones for Puerto
Rico and continental United States landfalling storms are available as follows:
1.

Passive microwave-based forecasts of rainfall expected over land, based on the DMSP-SSMII,
or NOAA-15's Advanced Microwave Sounding Unit (AMSU), and generated by the
Grody/Ferraro algorithm (see Chapter 3.4.2 and 4.3.3).
Since 1992, the Satellite Analysis Branch (SAB) of the National Environmental Satellite, Data
and Information Service (NESDIS) has experimentally used the operational DMSP's SSM/I rain
rate product to produce a rainfall potential for tropical disturbances expected to make landfall
within 24 h. This experimental rainfall potential uses the objective operational SS:M!I or AMSU
rain rates to produce an areal extent of rain and average rain rate through the storm in its
direction of motion (see Figure 5.18). The speed of the tropical disturbance, and any
modification of the rainfall potential based on the latest geostationary satellite imagery trends,
are incorporated into the calculations and results in the final Tropical Rainfall Potential (TRaP).
In determining the TRaP for a tropical disturbance, the analyst follows a rainfall potential
formula simplified from the NESDIS Operational Tropical Rainfall Estimation Technique of
1
Scofield and Spayd (1984), viz. Ravg*D*Y , where Ravg is the average rain rate through a line
along the direction of motion of the cyclone; D is the distance of that line (across the rain area
of the storm in its direction of motion); and V is the actual speed of the tropical cyclone that can
be measured using consecutive satellite images 3 h to 6 h apart (see Sections 3.3.2 and 4.3.2).
If significant changes in intensity and/or speed are noted between the time of the MW pass over
the storm and the time the TRaP is produced, an adjustment of the TRaP can be made based on
the latest half-hourly geostationary satellite trends. This process is exemplified in Figure 5.18
with reference to Hurricane Georges as it approached the Gulf of Mexico coastal area of the
US.
In the case of the 1503 UTC 27 September 1998 DMSP-SSM/I pass over Hurricane Georges
(Figure 5.18), the SABINESDIS/NOAA analyst drew a line A through the digital rain rate
(hundredths of an inch per hour) image in the direction of motion ofthe storm. Each digital rain
rate represents the average MW rain rate (Grody-Ferraro algorithm) over a 13 by 15 km area.
1
Line A resulted in an average rain rate (Ravg) of 0.39 11 h" 1 (10 mm h" ), the distance (D) of the
1
line was 5.3° lat (588.8 km); and the speed CV) of the storm was 6 knots (10.8 km h" ) with an
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1

anticipated slowing to 4 knots (7.2 km h" ). Two TRaPs were performed using the latest MW
rain rates, one based on the current speed of 6 knots (10.8 km h" 1) resulting in a rainfall
potential of21.0" (525 mm) and the other based on an anticipated slowing to 4 knots (7.2 km h"
1
), resulting in maximum rainfall potential of 31.3" (783 mm) for landfall centred along the Gulf
of Mexico coast from southeastern Mississippi to southern Alabama and northwestern Florida
of the US.
In such a case, where a tropical disturbance is expected to make landfall over the Puerto Rico or
the continental US coast, a Satellite Precipitation Estimate (SPENES) message can be sent out,
e.g. as shown in Figure 5.19 at 1810 UTC on 27 September (15-18 h before landfall), alerting
National Weather Service (NWS) Weather Forecast Offices (WFOs) of the experimental rainfall
potential and the start of manually-derived satellite-based estimates by SAB/NESDIS/NOAA
for this tropical cyclone expected to affect the US. For all other western hemisphere tropical
disturbances (that do not make landfall over the US or Puerto Rico), only a TRaP is performed.
Consult http://www.ssd.noaa.gov/SAB/TROP/trap-w.html for the experimental tropical rainfall
potential. Note that the TRaP does not include orographic effects, and is primarily a rainfall
potential for the area where the tropical disturbance is expected to cross land. TraPs are
accessible via the Internet by typing http:/www.ssd.noaa.gov/ and clicking on "Operational
Products and Services", then going to the "Tropical Cyclone" secton and clicking on Tropical
Rainfall Estimates (TRaP). For TRaPs performed in the eastern hemisphere, consult Internet
address http://www.ssd.noaa.gov/SAB/ TROP/trap-e.html.
2.

Geostationary IR-based estimates of actual rainfall from tropical cyclones over land (and other
potential flash-flood producing situations) generated by the IFFA approach (see Chapters 3.3.2,
4.3.2, 4.3.3 and 5.2.).
These have been prepared since the early 1980s by NOAA's Satellite Applications Branch
(SAB) to provide Quantitative Precipitation Estimates (QPEs) over the continental US
(CONUS) and Puerto Rico (see Figure 5.20). SAB provides these estimates on an operational
basis primarily to US National Weather Service (NWS) users. Half-hourly estimates and
outlooks C'Nowcasts") are relayed to field forecasters and River Forecast Centers via both the
Automation of Field Operations and Services (AFOS) network and a new communication
system, the Advance Weather Interactive Processing System (AWIPS). At the time of writing,
GOES-derived products from the IFF A workstation are incorporated into text messages (Figure
5.19) and are also made available, e.g. for Hurricane Georges (Figure 5.20(a)), as graphical
products (see Figures 5.20(b)). Note that, although the example given covers a longer period,
IFFA GOES-derived rainfall estimates can be performed manually by the satellite analyst every
half-hour when necessary. Operational satellite precipitation estimate messages and graphical
products are available via the Internet at http:www.ssd.noaa.gov/ and then clicking on
"Operational Products and Services", then going to the "Precipitation" section.
In the case of the examples given, the SPENES was transmitted for Hurricane Georges at 1810
UTC on 27 September 1998 to alert NWS Forecast Offices of the commencement of IFFA
satellite-derived rainfall estimates for that tropical cyclone. Figure 5. 21 depicts the storm totals
of satellite-derived rainfall estimates for Hurricane Georges over a period of 76 hours. The
maximum rainfall estimated by IFFA was 29.0" (725 mm). Unfortunately, official (in situ) maps
of observed rainfall amounts from Hurricane Georges are not available. However, the Monthly
Global Tropical Cyclone Summary for September 1998, produced by G. Padgett
(garyp@ALAWEB.com) reported that the major impact of Georges in the Gulf of Mexico
coastal region was flooding due to its storm surge and incredibly heavy rain. The heaviest
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Figure 5.19: Operational Satellite Precipitation Estimate (SPENES) message in respect of the
expected landfall of Hurricane Georges along the Gulf Coast of the US, dated 1810
UTC, 27 September 1998. (Courtesy NOAA).
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Figure 5.20: Operational images and rainfall products for Hurricane Georges, southem US/northem Gulf of Mexico, September 1998: (a) an
enhanced GOES-IR image, 0315 UTC, 28 September (top left); (b) operational 6 h IFFA rainfall estimate ending 1115 UTC, 29
September (top right); (c) 24 h experimental GMSRA rainfall estimate ending 1200 UTC 28 September (bottom leftO; (d)
experimental24 h Auto-estimator rainfall product ending 1200 UTC 28 September (bottom right). (Courtesy NOAA).
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Figure 5.21: Operational storm total, IFFA-derived, for Hurricane Georges, southern US, from 1215 UTC, 27 September to 1615 UTC 30
September, 1998. (Courtesy NOAA).

rainfall amounts were reported over north-western Florida and southern Alabama. Amounts in
excess of 500 mm (20.0") were common. An observer near the small town of Opp, Alabama
recorded 750 mm (30.0") for the storm total, which compared favourably with the TRaP from
the PMW described above. This summary also reported that many streams in the region
experienced some of the worst flooding seen in many years.
3.

Multisource (geostationary IR!riumerical model/orography based) estimates of rainfall over land
areas of North. South and Central America between 50°N & 48°S using the Auto-estimator
technique (described and exemplified in Chapters 3.5.3 and 4.3.3).
These estimates include instantaneous rain rates, average hourly estimates and accumulations
every 3 h, 6 hand 24 h (see Figure 5.20(d)). Running continuously since February 1997, the
technique is designed for application to flash flood watches and warnings, heavy precipitation
forecasting, and initialisation of numerical weather prediction and hydrological models. The
rainfall estimates are provided in GIF images for the US area and in GIF and digital array forms
at a spatial resolution of 4 km for areas and weather situations threatening to prompt high
intensity rainfall and flash floods. The experimental Auto-estimator product can be seen on the
Internet under http://orbit-net.nesdis.noaa.gov/arad/ht/ffi'auto.html.
The Auto-estimator is
expected to replace the IFF A technique as SAB 's operational method for cold cloud top
convection in the future (possibly by June 2000).

4.

Multispectral geostationary VIS, IR and split-window IR based estimates of rainfall over land or
water using the GMSRA algorithm ofBa and Gruber (1998) (see Chapters 3.5.3 and 4.3.3).
These estimates are initially made at the GOES IR resolution of 4 km, and hourly by averaging
three instantaneous rain rates computed every 30 min (for the beginning, middle, and end of
each hour). At present these experimental products are being prepared over the US and coastal
areas of Central America for hourly, 6h and 24h products and can be viewed on the Internet
under http://orbit-net.nesdis.noaa.gov/aradlht/ffi'gmsra.html. Examples are shown in Chapter
4.3.3 and Figure 5.20(c).

Note that, of the above methods and products, (1) and (2) are presently produced operationally
by SABINESDIS/NOAA, though the TRaP technique is experimental. Products in (3) and (4) are also
real time but presently experimental, prepared by ORAJNESDIS/NOAA. Note, too, that the system by
which all of these are being made available to the wider user community is an evolving system, now
undergoing reorganisation and development. Thus, both existing new potential users should determine
the precise status and areas of coverage of the product range through exploration of the homepage
specified at the beginning of Section 5.5.2.
Last but not least, it should be noted that, via access to the Internet, a new range of SSM/I or
NOAA-15 AMSU-based, TRaPs for the western hemisphere (http://www.ssd.noaa.gov/SABrrROP/
trap-w.html), and eastern Hemisphere (http://www.ssd.noaa.gov/SAB/TROP/trap-e.html) and movie
loops (under http://www.ssd.noaa.gov, and clicking on "Operational Products and Services", then
going to the "Tropical" section and clicking on "Realtime Satellite Imagery- Geostationary and Polar")
are now available covering the entire world. This will be of special interest and value to tropical
cyclone forecasters worldwide who have not previously had access to PMW images, and for whom
even low resolution images of rainfall, wind speed, precipitable water and water vapour, and images
from the 85 GHz channel for SSWI, and the 89 GHz channel for AMSU, could be very valuable to
help assess the rain intensity potential of newly-threatening tropical cyclones, even when they are far
from land.
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5.5.3

US Nayy. Monterey. CA

1.

The Turk et al. (1998) multisource method (see Chapter 3.5.3), which combines data from
geostationary IR, polar-orbiting (DMSP-SS:M!I ) PrvfW, and T:RM11 PMW sources is presently
"experimental", posted on the web in near real-time, within 1-2 h of receipt of all the necessary
input data.
The products,·· which can be accessed via http://www.nrlmry.navy.milturk/georain.html, cover most of the globe (excluding hjgh latitude zones, due to the limitations
of GEO satellites). It should be noted that, although the method has been used to assimilate
rain into numerical models via physical initialisation for tropical cyclone cases with good results,
it has not yet been validated for tropical cyclone rain rates (J.Hawkins, p.c.).

2.

Operational products from the Grody/Ferraro method (see Chapters 3.4.2 and 3.3.3) are
generated operationally by the US Naval Fleet Numerical Meteorological and Oceanographic
Center (FNMOC) in Monterey, CA, are accessible via the Thr:MOC homepage,
http://www.fuoc.navy.mil/. They are updated every 12 h.

5.5.4

The US National Weather Service's Tropical Prediction Center (TPC). Miami. FL

The TPC's National Hurricane Forecasting Center has a primary responsibility for monitoring,
forecasting and analysing all tropical cyclones and other significant tropical storms and depressions in
the Atlantic and Eastern Pacific regions (from 0°-50°N and 10°E-140°W). It seeks to issue advisories
and warnings every 6 h to US territories likely to be affected by such storms, and to signal likely
maximum amounts of rainfall, rather than complete fields of estimates as in the cases of
NOANNESDIS and the US Navy.
Also, at the 1984 WMO Region IV meeting the US agreed to provide rainfall estimates for
tropical disturbances to the countries of the Caribbean, Central America and Mexico. In practice, the
rainfall estimates are presented and transmitted for three sub-regions, namely the eastern, central and
western Caribbean. The western Caribbean includes Central America, and both the Atlantic and Pacific
coasts ofMexico.
In the preparation of its rainfall advisories, the National Hurricane Center takes account the
following types of analytical results or information:
1.

Its own assessments of selected weather systems, based on a modified version of the
Woodley/Griffith technique to retrieve estimates of total expected rainfall down the paths of
their motion. Four images, each 6 h apart, are used as inputs each day in this fully automated
system. The technique is executed whenever a moving, convectively active disturbance exists
and is forecast to affect the Caribbean or Mexico within 36 h. The programme is also run for
systems affecting the US and Bermuda but in these cases the output is retained internally and
used for guidance purposes. The meteorological events on which the programme should be run
include, but are not limited to, tropical cyclones, tropical waves, tropical disturbances, and
upper level lows. A rainfall distribution is also given and depicts rainfall amounts within 4 ° left
and right of the system centre in 1o increments looking downstream.

2.

Assessments obtained from NOANNESDIS's SAB (see above), based on both geostationary
IR over land (IFFA and the Auto-estimator) and polar-orbiting Pl\AW (the Grody/Ferraro
technique) over water.
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3.

The GFDL numerical weather prediction model of the Geophysical Fluid Dynamics Laboratory,
Princeton, NJ, an operational, high-resolution, nested weather forecasting model which does not
use satellite data for initialisation (Kurihara et al. 1985).

4.

Weather radar data from the US NEXRAD system, for diagnostic uses.

5.

TR.M:M: data analyses, available in near real-time via the Internet.

6.

Expert assessments of the likely effects of orography on storms soon to make landfall, aided by
Geographic Information Systems (GIS), which also help in the development of appropriate
response scenarios where and when significant threats to human life and property are likely.

Figure 5.22 is a recent example of satellite tropical disturbance rainfall estimates from the TPC.
Rainfall estimates from this source can be accessed on the Internet on the TPC homepage via
http://www.nhc.noaa.gov/ by clicking on "Marine and Aviation Products", then scrolling down to the
"Satellite Rainfall Estimates" section and then clicking onto the geographical area required, i.e. Eastern
Caribbean, Central Caribbean or the Western Caribbean/Mexico. The Eastern Caribbean covers the
domain from 40°W to 67°W; the Central Caribbean from 67°W to 80°W; and the Western
Caribbean/Mexico from 80°W to 120°W. The Mexican area thus includes both the Atlantic and Pacific
coasts. Ifthe·user clicks onto one of these areas and the response is "Not found", this indicates that no
product is currently available.
5.5.5

NASA's Goddard Space Flight Center. Greenbelt, MD

While the purpose of this Center is research not operations, from time to time data and/or
related products of potential interest and value to the international community of operational
environmental scientists are made routinely available. In the present context it is appropriate to make
special reference to the TRMM Web site, which carries a 3 d mini-archive of full-resolution data from
the Tivfi and VIRS sensors, and also from the PR (with the exception of its vertical profile data, which
are provided at a reduced resolution). This data set - unusually in relation to a relatively young
research satellite - is up-dated within 3 h of the acquisition of new data. For details of how to become
an authorised user, for tools to use the data, and associated documentation, access website
http://lake.nascom.nasa.gov/data/dataset!TRMM.
5.5.6

The Japan Meteorological Agency

It is appropriate to note that, until recently, the JMA made operational use of multichannel
geostationary satellite data in the preparation of rainfall estimates from tropical cyclones, using the
method of Bosano et al. (1984) (see Chapter 3.5.3) to complement the geographic coverage of the
AMeDAS blended rain gauge/radar rainfall products. However, operational output of this product
ceased in March 1999. Research is under way using rnultisource satellite data (GMS, DMSP and/or
TRM1vt: etc.) to develop a replacement operational technique. The approach of Kurino (see Chapter
3.5.3) is a candidate, but at the time of writing no technique provides routinely available products via
the Internet.
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Figure 5.22: An example of an operational satellite rainfall estimate advisory from the USWB's
National Hurricane Forecasting Center, TPC, Miami, FL for a tropical wave over the
Caribbean, 1215 UTC, 8 June 1998. (Courtesy USWB).
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CHAPTER6

CONCLUSIONS AND RECOMMENDATIONS
Author: E. C. Barrett

6.1

CONCLUSIONS

Several significant conclusions emerge from this review of recent work relevant to estimating
the amounts of rainfall likely to be associated with tropical cyclones using satellite data, and from the
position statements set out in the preceding chapters of this Technical Document. These include the
following:
1.

Tropical cyclones are dynamic systems capable of inflicting severe damage to coastal zones
either directly or indirectly. High intensity rainfall can add to the effects of cyclone-enhanced
coastal waves and tides, and/or prompt inland flash floods. These hazardous and disastrous
effects are potentially most dangerous and damaging in low-lying, and mountainous, coastal
zones respectively.

2.

In most tropical and sub-tropical continental and island coastal zones neither existing onshore,
nor offshore, ground-based observing systems are adequate to monitor in either space or time
the rapidly-changing rainfall patterns associated with these extreme weather systems. Nor can
present-day short-term weather forecasting models or procedures cope adequately with these
very hazardous situations.

3.

After 30 y of largely uncoordinated research in this field, satellite rainfall monitoring provides,
or could provide, considerable extra information of value in regard to tropical cyclones, both in
respect of general climatological conditions, and the rainfall structure and development of
particular storms. In respect of individual stonns, obtaining accurate estimates of rainfall is
impmiant for nowcasting, because flash floods can cause more devastation than winds.
However, much remains to be achieved, especially in relation to rainfall estimation over land;
short-period changes in tropical cyclone rainfall patterns over both land and water; and tropical
cyclone rainfall forecasting.

4.

Without observable rainfall rates for initial conditions, global or rnesoscale numerical models
cannot begin to produce accurate rainfall accumulation forecasts. Even if their convective
parameterisation schemes were perfect, which they are not, initial conditions are crucial for a
good forecast. Currently, global models poorly predict convective events in the Tropics.
Although specialised or mesoscale-type models do predict tropical cyclone tracks fairly well up
to three days, their intensity forecasts have little skill. The assimilation of rainfalVmoisture in
tropical cyclone prediction models appears to improve intensity prediction, since tropical
cyclone intensity depends largely on the accurate treatment of latent heating processes because,
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even in the larger-scale models, these are treated by cumullus parameterisation schemes lacking
necessary details for the treatment of subgrid-scale moist convective processes.
5.

Even if peak rainfall rates are adequately observed and properly forecast, in the case of the
rainfall hazard the accumulation of rainfall may represent the more serious threat to life and
property. Furthermore, to assess the potential for flash flooding, mudslides and flooding, it is
necessary to know the environmental conditions under which the rainfall event is occurring.
This requires complete knowledge of the current hydrological cycle, including the effects of
orography, soil and vegetation conditions, soil saturation and river flow, on the land surface.

6.

Present operational weather satellite systems are restricted insofar as their suitability for
monitoring highly dynamic vortices and their associated rainfall in low latitudes is concerned.
Microwave (whether PMW or AMW) image data relate more directly and therefore reliably to
tropical cyclone inner-core structures, including those of rainfall, than IR (which relates to cloud
top temperatures), and even more so in relation to VIS imagery (which relates to cloud top
reflectivities, and to these only during daylight hours). However, MW image data are at present
only available every few hours at best, rather than many times per day which is desirable. Also,
PMW data have not been generally available to the global user community in real-time or near
real time. Unless actions are taken to rectifY this, the use of PMW data for tropical cyclone
monitoring and forecasting generally will continue to be restricted.

7.

Most satellite rainfall algorithms until recently have been single-sensor methods, calibrated only
by limited, historic data sets. Logic decrees that, at least until more frequent and better spatial
resolution MW satellite data become available, the development and use of more widely based
methods, frequently recalibrated by surface-based data, should be emphasised.

8.

The new research satellite, TRMM, is providing very valuable new information, especially by
virtue of its Precipitation Radar, but is designedly unsuited to the demands of operational
monitoring and forecasting. The development of a family of TRMM-type satellites could very
beneficially complement existing operational satellites in regard to the preparation of timely
tropical cyclone advisories and warnings.

6.2

RECOMMENDATIONS

6.2.1

General Recommendations

Stemming from the above general conclusions, and the more detailed, specific material
presented in the earlier chapters of this volume, a range of recommendations can be made for possible
future scientific programmes, satellite sensor systems, and associated technology transfer and training.
These are to:

1.

More closely follow and understand the four-dimensional sequences of rainfall intensity changes
through the life cycles oftropical cyclones.

2.

Further develop multisensor, multisatellite, and multisource techniques involving both remotely
sensed and in situ data and analytical methods, digital terrain modelling, and numerical weather
modelling and forecasting to estimate and predict more accurately the amounts of rain expected
from tropical cyclones over water, and over different types and conditions of land surfaces.

3.

Improve meteorological and hydrological forecasting techniques, following the findings of (1)
and (2) above.
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4.

Implement new operational rainfall and hydrological monitoring and forecasting techniques in
such a way as to make the products available as, when, and where necessary, world wide, for
the purposes of mitigating the human impact of these severe tropical weather systems and their
associated effects. At least for some end-users it is important that the products are available
both as images and as digital rain rate arrays, without overlays, to permit and facilitate use of
the satellite rainfall estimates in flexible conjunction with other data sets; and to

5.

Develop suitable mechanisms to ensure and effect progress on recommendations (1) through (4)
through agreements among the international bodies with mandates in related fields.

6.2.2

Recommendations for Scientific Programme

Satellite rainfall monitoring technique development of value to tropical cyclone monitoring and
forecasting will remain piecemeal unless and until tropical cyclone-specific research programmes are
begun, with strong objectives, and an agreed agenda, e.g. through a TCP-CAS.
As an immediate, though essentially interim, measure a proposal in the WMO (1993) "Global
Guide to Tropical Cyclone Forecasting" would be worth addressing: Specifically (see Section 5.2) it
was suggested that, "Improvements in forecasting ability, especially of regional peculiarities [of
tropical cyclones], would be well served by the development of a simple archive of the relevant
synoptic features and resulting rainfall for a wide variety of cases. Were this available, forecasters
would be able to classify each new situation within the range of typical patterns and perhaps make a
more accurate prediction of the heavy rainfall threat area. " Such a catalogue would indeed seem
likely to be useful, at least in areas not affected by special factors, and for tropical cyclones thought to
be relatively typical.
More broadly and fundamentally, though, the nature and significance of the scientific and
practical problems associated with monitoring and forecasting rainfall from tropical cyclones are of
such orders as to deserve a focussed programme of practical measures, plus more fundamental and
physically-based research, as set out below::

1.

It is increasingly believed by end-users that the advance of satellite-based rainfall monitoring
techniques justifies reductions in rain gauge networks. However, this is generally not the case,
because the satellite techniques require calibration and recalibration, and many of the existing
real-time reporting gauge networks themselves are inadequate, whether used alone, or in
conjunction with satellite data. Thus, hydrometric network design should be undertaken bearing
in mind the particularly exacting demands of extreme weather systems, and the respective
strengths of gauges, satellites and (where available) rainfall radar, in some cases perhaps even
augmenting the present surface observing networks.

2.

Much has been learned from the six major rainfall algorithm intercomparison projects
undertaken to date. However, with the exceptions ofthe general climatological findings ofPIPs
1 & 3, and the tropical cyclone related results of a limited number of cases in PIP-2 (see Section
4.5.3), findings of these projects have been of less value in the present context than an
Such an
intercomparison project dealing solely with tropical cyclones could be.
intercomparison, if well organised (e.g. as a Tropical Cyclone Project (TCP) sub-project),
would bring together and focus the minds of scientists most active in this field, and could be
designed in such a way as to facilitate co-operation in the development of optimal methods.
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3.

Primary attention in the mid-term future should be applied to the development of operational
techniques based primarily on AMW and PMW data, for these have the more physically direct
relationships with hydrometeors in clouds. However, data from all significant sources should be
invoked, and the best long-term future methods are likely to be those which have the flexibility
to maximise the value of different combinations of data types and availabilities in all relevant
regions of the world.

4.

To secure best results, a programme should be set up, and appropriately resourced, for tropical
cyclone rainfall research co-ordination, and for the funding of project elements which would
otherwise not proceed.

6.2.3

Recommendations for Future Satellite/Sensor Systems

Ultimately both the nature of research into the use of satellites for estimating and predicting
rainfall from tropical cyclones, and the quality of the performance of resulting operational methods,
depend heavily on the types and characteristics of the appropriate data available from satellite/sensor
systems.
Recognising that MW satellite data - whether active or passive - are much more directly
informative of rainfall than IR and/or VIS systems, especially over otherwise relatively data-remote
ocean areas, one or other (or preferably both) of the following two developments would provide
enormous fillips in the present context, namely:

1.

Deployment of PMW sensors on geostationary platforms, provided that the information
therefrom was of adequate resolution not only temporally, but also spatially and spectrally. If
this were possible the utility of PMW data would be greatly enhanced, promoting this type of
approach to a foremost position in satellite rainfall estimation and forecasting operations.

2.

Development of the TRMM-type of low-orbiting satellite concept to provide much more
frequent coverage of the tropics and sub-tropics through PMW and AMW (Precipitation Radar)
sensors than is possible from TRMM and other present low-orbiting satellites.

In respect of (1) above, proposals have been made by Savage, Smith and Mugnai (1995) for
PMW sensors to be flown on geostationary platforms, even perhaps on GEO communications satellites,
observing in the 118, 140, 183 and 215 GHz regions of the electromagnetic spectrum (see Figure 6.1).
Of these the first and third are WV absorption (profiling) regions, and the second and foUith are WV
absorption (imaging) "windows". Spatial resolutions of these channels have been calculated as 46.0,
38.6, 29.7 and 25.3 km respectively, with a look-angle at 30° from the subpoint of a 3 m antenna.
Different antenna designs might secure valuable improvements on such performance.
Meanwhile, in respect of (2) above, proposals have recently been made for a galaxy of TR11Mtype satellites under the code-name "Global Precipitation Mission"' (GPM). This is conceived (C.
Kummerow, p.c.) as being comprised of:

1.

A "core" satellite in a non-sun synchronous, 450 km high, 70° inclination, orbit providing about
4 km horizontal resolution, and 250 m vertical resolution from a dual-frequency radar,
supported by a rnultifrequency radiometer.

2.

Eight small, inexpensive, "constellation" satellites (or "drones") in sun-synchronous polar orbits
at c. 600 km altitudes, equipped with PMW radiometers only.
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Figure 6.1:

Atmospheric gas absorption spectrum at the ground in various humidity conditions
indicated by specific humidity values. Absorption for a 10 mm!hr rain is also indicated.
(After Lhermitte 1988).

One of the identified principal objectives of the GPM system (see Figure 6.2) is to: "Monitor
severe weather/tropical cyclones on a global basis"_. The purpose of the core satellite would be to
provide better knowledge and understanding of the horizontal and vertical structure of rainfall and its
microphysical elements, and to provide training for the constellation radiometers, whose sampling
would be sufficient to reduce the uncertainties in estimates of short-term rainfall to acceptable levels
(approximately 10% for daily rainfall accumulation). Compared with TR.J.\1JVf, the GPM would also
extend reliable information retrieval to higher latitudes (c.70° instead of c.35°N & S). It would also
improve retrievals of lower rain rates by virtue of observing not only at 14 GHz as the TRMM-PR is
doing so successfully, but also at 3 5 GHz to permit direct determination of mean rain drop sizes.
Addition of a Doppler capability would further help quantify relationships between storm structures,
lightning, and the release of latent heat. The orbital inclination of the main satellite would be about 65 °
in order to suit a wide range of latitudes, while the drones would be polar and sun-synchronous to
ensure that the orbits cross often enough for the core satellite to act as a continuing calibration standard
for the constellation satellites.
Either or both of these schemes would be highly advantageous for tropical cyclone rainfall
monitoring and forecasting. However, neither is assured - though initial responses to the GPM have
been encouraging - and either would necessitate several years of planning and development before
becoming an operational reality. If and when one or both types of schemes become firmly planned,
steps should be taken in advance to ensure ready accessibility ofthe new data sets around the world.
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The relationship between the "Core" satellite and its "Constellation" satellites in the
proposed Global Precipitation Mission. (Courtesy NASA).

Recommendations for Technology Transfer and Training

In the wider worlds of satellite remote sensing technique implementation and product
assimilation, three phases have become apparent since the first operational weather satellite family,
ESSA, was inaugurated in 1966. Together- curiously and unexpectedly- they take some aspects of
research and operations "full circle":
1.

At first, full sets of satellite data were available to a small number of major control and analysis
centres, and partial sets by direct read-out to simpler, local, receiving stations. Most were used
qualitatively. Helpful but often generalised new information was obtained on tropical cyclones,
e.g. their presence or absence, general cycles of development and dissipation, and their paths of
motion. Derived information was broadcast via radio, telex, or weather facsimile networks.
During the first decade and a half after 1966, rainfall information from satellite sources was
beginning to be examined in tropical cyclone research programmes, but the results had little
impact on everyday monitoring and forecasting operations.

2.

From the early 1980s to the mid-1990s, advances in computer technology and tropical cyclone
science were such that weather satellite data analysis and interpretation became increasingly
"distributed" activities, through which many countries, regions within countries, and even many
individual public authorities and institutions, increasingly acquired their own full-resolution data
collection and processing systems, and generated their own satellite products for local use.
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During the same period legions of satellite rainfall algorithms were developed - many differing
from others in relatively minor ways, and with small difference in overall performance.
3.

From the mid-1990s onwards there has been an accelerating trend towards more complex
rainfall monitoring methods, especially involving the combination of (large sets of) data
simultaneously from several sources, not all of which have been accessible in real-time or near
real-time to all would-be users (see Chapter 3). One clear example of this involves the SS'tvf!I,
whose data, more than ten years after the launch of the first DMSP Block-502 satellite in 1987,
are still not available quickly enough to most users for locally-improved rainfall monitoring or
forecasting operations. In some other cases, commercialisation-induced encryption of satellite
data (e.g. from Meteosat) has had its own negative effect on the availability of satellite data for
operational uses.
Thus, a recentralisation of data processing and product generation
opportunity and effort has taken place alongside a great upsurge in the use of the Internet for
rapid infom1ation sharing, including the distribution of satellite-based products, reminiscent of
phase 1 (above). At one and the same time, satellite analytical techniques (e.g. for satellite
rainfall monitoring) are by now considerably more sophisticated than in that earlier phase.
While some of the modern data sets they require (e.g. from TRMM) are speedily available via
the Internet, other ingredients valuable or even vital for today's satellite rainfall monitoring and
forecasting techniques are not.

In the light of (3) above, today's technology transfer and training opportunities and needs are
arguably quite different from those even only five or ten years ago. Since few centres around the world
now have the resources to research, develop and implement the kinds of sophisticated techniques best
able to provide the most useful types of information on rainfall from tropical cyclones, and very few
now enjoy appropriate access to the increasingly many and varied types of satellite and surface data
such sophisticated techniques demand as inputs, the following global strategy for related technology
transfer and training would seem necessary:

1.

The identification, and development of resources in a small number of (regional?) centres in
which the monitoring and forecasting of rainfall from tropical cyclones would be concentrated,
using the best available methods, and most - if not all - suitable data types.
The
Regional/Specialized Meteorological Centres (RSMCs) in La Reunion, Miami, Nadi (Fiji), New
Delhi and Tokyo, which have existing responsibilities within the WWW for tropical cyclone
monitoring and forecasting in the five oceanic basins affected by these storms, would be obvious
candidates in this regard.

2.

From the regional centres, products (digital, image or map, and textual) would be made quickly
and generally available via the Internet for use by all interested operational meteorological
services.

3.

Training would entail explanations of the data types used to prepare the products; the science
and algorithms used to produce them; the design and meanings of the products (including their
strengths, weaknesses, and error characteristics); and discussions of associated problems both
globally and more locally.

4.

Feedback would be organised both to the focused research programme, and the regional
operational centres, seeking to further focus the science, and refine the monitoring and
forecasting methods being used in the main and regional centres. This should particularly
address and resolve issues of importance regionally or locally, i.e. aspects of tropical cyclone
structure and behaviour which are more characteristic of some area(s) than others, and locallysignificant surface effects on tropical cyclone rainfall, e.g. abrupt relieffeatures.
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In these ways better organised progress towards tropical cyclone rainfall monitoring and
forecasting should be possible than has been achieved hitherto. Finally, it must be stressed that,
knowledge of the current hydrological cycle is crucial for saving lives and protecting property. Even if
current convective rain rates were perfectly known, and perfect forecasts of rainfall events could be
made, but the resulting accumulations of rainfall could not be appropriately integrated into the current
hydrological cycle, the citizenry could not be warned of actions to take to save lives and protect
property. And this must be the ultimate objective of the appliance of science in this increasingly
strategic field.
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