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1.

INTRODUCTION AND SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

1.1

Introduction

Notable climatic anomalies have occurred over the last several years.
The recent 1982-83 El-Nino/Southern Oscillation, one of the strongest in the
century, was associated with significant economic disruption through prolonged
wet periods and floods in some areas 'and severe drought in others - economic
impact has been estimated at 10-20 billion dollars. Measurements taken over a
period of time, on a global basis, enable the construction of the history of
climate, and studies on climate trends, climate variability and the
interactive processes which are involved in causing such changes. The
understanding of these processes is vital to formulating the physical
mathematical description of the climate system in numerical models which are
used in forecasting the future state of the climate system.
Further progress in understanding and modelling short-term "climate
variations" on time scale of months to years, as well as monitoring climate
changes, depend upon the availability of on-going climate records. Amongst
those, precipitation data have high priority (possibly even highest priority).
Reliable and representative precipitation data are required for:
•

Climate system monitoring: the detection of significant anomalies
and climate change (e.g. CO 2 effects); analysis of climate
system fluctuations and relationships which may provide insights
into the persistent drought in Africa (for example);

•

Climate model verification:

•

Climate model initialization.

Tropical convective precipitation is of particular importance to
estimate mid-tropospheric diabatic heating which is a major forcing mechanism
of the general circulation of the atmosphere.
For climate model
initialization/verification and for large-scale monitoring and diagnostic
studies, area averaged precipitation values are required on a monthly basis in
the form of global grid fields. However, for weather forecasting (inclUding
extended or medium-range forecasting) daily precipitation data are also
necessary. Generally, accuracy and network density requirements are more
stringent for daily precipitation fields. To achieve true global coverage,
remote sensing techniques (e.g. satellite) complemented by sufficient ground
truth measurements is likely to be the only practical solution. It should be
noted that since approximately 70% of the world's surface is oceanic, it is
vital that ocean precipitation be estimated with equal accuracy as that for
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land areas. Thus it would be important to dev1.se means of calibrating
satellite derived estimates for this purpose. Over land areas, while the
opportunity exists to deploy rain gauge stations, the density required to
accurately measure area average precipitation may well preclude relying on
surface networks as the only source of precipitation data. I t is expected
that satellite, or other remote sensing techniques will have to be used over
land areas as well. The calibration (of satellite data) is, of course, easier
to achieve if high density networks can be deployed over selected target areas.
Climate models attempt to simulate the present climate and various
disturbed climates such as: enhanced C02 climate, ice age climate. It is
important that verification data is available to ensure that the models are
properly simulating the present climate. The necessary information includes
long period mean monthly precipitation and run-off. Long period monthly
variability statistics are also necessary. Information over ocean areas is as
important as over land.
Further, in order to derive useful weather forecasts from
deterministic forecast models for periods up to a month or so, soil moisture
data are needed. In the absence of a global measuring network, estimates of
soil moisture could be derived from knOWledge of daily precipitation over the
previous month or so, taken together with measured atmospheric conditions such
as humidity, temperature, and wind. The spatial scales of precipitation are
also important because evaporation is, for example, different for the two rain
cases of 2 mm of uniform precipitation over a region compared to 10 mm over
20% of the area, even though the averages are the same. Thus there is a need
for daily data for the development and verification of models. Given daily
precipitation, one can ensure that the statistics of daily precipitation
events are correct, as well as the monthly means.
To assess existing techniques for obtaining representative grid (areal
average) values of precipitation to globally quantify atmospheric latent heat
release, which is a major driving mechanism of the atmospheric circulation, an
expert meeting was organized by the World Climate Data Programme (WCDP), from
17 to 19 October 1984, at the National Center for Atmospheric Research (NCAR),
Boulder, Colorado, U.S.A. The list of participants is contained in Appendix 1
and the agenda of the meeting in Appendix 2. The following were reviewed:
Measuring techniques that took into account the high spatial variability of
precipitation over land, and methods to estimate precipitation over oceanic
areas:
precipitation observing systems, space/time sampling, error and
accuracy. Also covered are the results of experiments conducted with high
density rain gauge networks, intercalibration and intercomparison studies
related to deriving space based (satellite) estimates of precipitation, and
different techniques which use satellite radiance fields to estimate
precipitation.

•
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1.2

summary of Conclusions

•

Climate modelling requires a better knowledge of diabatic processes
than weather modelling. The flrst example is precipitation which
is important for its effects on agriculture and as an internal
variable aEfecting the atmospheric energy cycle.

•

For changes from a month to a decade, the required accuracy for
climate system variables is usually that sufficient to cause a
1.OGc change j n monthly mean regional (500 km grid) surface
temperature. The regional heat flux anomaly necessary to produce
such a change is assumed to be 10 w/m 2 .

•

Global average precipitation rates are about 1 m/year corresponding
to a latent heat release rate of 80 w/m2 .

•

For the measurement of regional (500 km grid) precipitation on a
monthly basis, an average error (or preferably one sigma error) of
about 1.0 cm/month or 12.5% would be equivalent to 10 w/m 2 .

•

Measurement requirements for corresponding data are: surface
radiation budget to within 10 w/m2 ; sensible and latent heat
flux terms to within 10 w/m2 ; evapotranspiration to within
1.0 cm/month.

•

Most statements of requirements note that the above requirements
can be reduced somewhat if necessary. Thus, the requirements for
10 w/m2 might be relaxed to 25 w/m2 as a basic requirement.

•

Land-based gauges: Approximately 3500 surface synoptic stations
globally exchange data via the WWW's GTS; about 7000-8000 station
data are regionally exchanged. National networks (not exchanged)
include about 40,000 climatological stations and 140,000
precipitation (only) stations.

•

Surface-based radar measurements of precipitation exist, but (a)
the network is not global and (b) they require a knowledge of Z
(effective reflectivity) - R (rainfall rate) relationships. The
calibration of radars require a high density raingauge network.

•

Space-based systems (satellites): A variety of techniques exists,
some simple and some rather complicated. Many are in experimental
stages of evolution. However, satellite estimation techniques are
considered the most promising for true global coverage
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.

•

The correlation of rainfall amounts for two raingauges separated by
various distances gives insight into what the sampling problems are
to determine area mean precipitation with a given accuracy. For a
selected site (Valdai, U.S.S.R., for example), for summer, the
correlation dropped to 0.6 at a site 50 km away (for 24 hourly
precipitation), Le. that a raingauge at one site can explain only
36% of the rainfall variance at a site 50 km away. For monthly
precipitation, the correlation drops to 0.6 at a site about 110 km
away: and for seasonal, more than 300 km away.

•

For a test area (approximately 410 km grid box) in Texas, U.S.A.
with a high dennity raingauge network (165 stations provided ground
truth) sampling error statistics for monthly precipitation were as
follows:
Average % rainfall error (mean absolute error divided by mean
precipitation) for a given number of stations
Number of
stations
115
95
61
29

14

Winter
(Average rain: 6.45 cm)
3%
3%
3%
7%
10%

Summer
(Average rain: 5.05 cm)
4%
5%
7%
12%
18%

•

For a 410 km grid box about 14 stations would achieve a. 1.0 cm
monthly error in precipitation in summer: errors in winter are
lower. This is equivalent to about 20 stations per 500 km grid box
to achieve a 1.0 cm/mo error (equivalent to a 10 w/m2 error in
latent heat release).

•

The basic requirement of sensing heat flux to an accuracy of 25 w/m2
or precipitation to an accuracy of 30% or 3.0 cm per month would be
met with a station density of about 5 stations per 500 km grid box.
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•

Based on the accuracy requirements for the measurement of monthly,
areal (500 km grid) average precipitation and sensitivity
experiments for land areas, a surface-based network with a density
of about 5 stations per 250,000 sg.km (500 km grid) would meet the
basic (degraded) accuracy requirement of 25 w/m 2 for the
measurement of diabatic heating; a network of 20 stations per
250, 000 s9. km would meet the desired accuracy requirement of
10 w/m 2 .

•

For the measurement of ocean-precipitation satellite remote sensing
techniquns are required and are the most promising. With the use
of satellite derived measurements, the network requirements from
land areas are also expected to be less stringent e.g. a network of
10-15 stations per 500 km grid box is expected to suffice to meet
the 10 w/m2 criteria.

•

For data exchange purposes (CLTMAT) a network density of 10
stat ions per 250,000 sq. km appears to be an achievable compromise
which would meet requirements (= 10-15 w/m 2 accuracy in
diabatic heating); about 15 stations per 500 km grid is preferable.

•

The number of stations required for land areas (excluding totally
arid. or barren areas, some islands, and Greenland and the
Antarctic) are as follows:
Number of densely located stations
Land
area
10 6 km 2
N. America
S. America
Europe
Asia
Africa
Australia

24.3
17 .9
10.5
44.5
30.4
1.6
135.2

Area for
dense stns.
10 6 km2
18.2
17 .0
10.2
37.8
26.0
6.0
115.2

10 stns.l
500 km
grid
730
680
410
1520
1040
240
6920

15 stns.1
500 km
grid
1090
1020
620
2210
1560
360
4620

Several techniques ranging from fairly simple (bulk statistics
schemes) to very sophisticated (cloud tracking schemes) exist. A few
salient points which have been obtained from recent intercomparison
and intercaUbration studies, which provide information on the
performance of satellite-precipitation estimation follow:
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•

Bulk Statistics methods (e.g. GOES Precipitation Index, GPI), the
simplest of the satellite estimation techniques, use the
statistical properties of cloudiness in the boxes or areas in which
precipitation is to be estimated. The statistics which have been
used are mean temperature, spatial variance and fractional
coverage.
Over land areas, the spatial correlation between
estimated (GPI) and observed monthly rainfall is about 0.7 to 0.8
during summer, but much less (O. 4 to 0.6) during winter.
Correlations with open ocean, tropical convective rainfall (using
G~TE* data) were good ~ 0.8 to 0.9 for ClOtld height thresholds of
7 - 13 km.

•

Isolated Cloud Schemes utilize the full spatial resolution of the
imagery but ignore inherent temporal information (e.g. cloud growth
information) which is incorporated tn the life history schemes or
cloud tracking schemes. Rainfall is essentially inferred from a
single satellite image once clouds have been identified and
isolated. Generally, the schemes have been applied to summer time
convection. The performance of the scheme degraded when applied to
autumn and winter systems.

•

Cloud Tracking or Life History Schemes focus on the smallest space
and time scale of convection. Most techniques identify clouds from
geostationary satellite images, and track the clouds with time
through a sequence of images. The Convective Infrared Satellite
Technique (CIST) is an example of a computer-automated method that
has been applied in a research mode to a number of locations of
varying time and space scales. The most extensive statistics on
error assessments and sampling requirements exist from this
technique:
- The correlation between high density surface station measurements
and CIST satellite estimates increase as the period of
accumulation increases and as the area over which the
accumulation is made increases. The smallest correlation (~ 0)
is for one satellite pixel over 1/2 hour and the largest (~
1.0) is for 6-hourly accumulations over an area of approximately
10,000 sq.km.
- For 6-hourly rainfall accumulations, for a basin of ~ 10,000
sq.km, satellite estimates were equivalent to a density of one
raingauge per 2300 sq. km. For a smaller basin (~ 2000 sq. km)
the satellite estimates had errors equivalent to one gauge per
1100 sq. km. Note: The number of stations per 500 km grid box
(250,OOO sq. km) which correspond to the above station densities
are approximately 110 stations per 500 km grid and 230 stations
per 500 km grid, an order of magnitude of more than the station
density required to estimate diabatic latent heat release to
within 10 w/m2 .

* GATE - Global Atmospheric Research Programme (GARP) Atlantic Tropical Experiment
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- Detailed error estimates have not yet been made for other
geographic locations, but accuracy assessments of CIST
techniques have been made for a number of applications over
both oceans and land areas and for mid-latitude as well as
tropical regions during the convective season. I t was found
that: the empirical rainfall relationships derived in the
sUb-tropics can be applied with no change over tropical
oceans, but must be corrected for moisture differences in the
mid-latitudes.
- sensitivitiy experiments indicate that l2-hourly imagery input
into a 1He history technique may provide adequate temporal
resolution to compute monthly rainfall for coarse grids.

1.3

•

Over areas where U is difficult to measure rainfall by both
surface stations and satellite techniques, such as mountainous or
otherwise inaccessible areas, river runofF is a valuable indicator
of rainfall that has fallen over a watershed. Over a long period
for a given basin, runoff is equal to the precipitation minus
evaporation.
A model is required to help estimate
evapotranspiration over the basin:
complicating factors are
leakage under the river, human water diversions and seasonal
storage of some of the precipitation as snowpack.

•

Numerical weather forecast models are getting better at forecasting
such fields as temperature, stability, area averaged vertical
motion, lower and upper tropospheric precipitation and to a certain
extent, non-convective precipitation. Thus, in the future, model
results may be a useful complement to satellite estimation
techniques particularly for non-convective extratropical
precipitation at which satellite techniques are the weakest.

•

To obtain global grid fields of precipitation, and to overcome
inherent problems (either logistics, resources or techni.cal
problems) associated with anyone of the possible observing system
to estimate precipitation, it is anticipated that hybrid schemes
which utilize data from both surface-based and space-based
platforms are the most Ukely candidates for operational use.

Summary of Recommendations

•

Ground truth data sets: Co-located surface based data should be
obtained for times and places for which satellite estimates are
available;
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•

Long-term statistics: The degree to which 10-15 year data sets (of
estimated large-scale rainfall) represent the mean and inter-annual
variabIlity of the annual cycle in planetary scale convective
rai.nfall should be investigated;

•

Space/time sampling: The effects of space/time sampling should be
investigated for at least the bulk statistical estimation scheme.
Temporal sampling should range from hourly to daily; spatial
sampling at the pixel level ranging from 100% to 6%;

•

Hybrid sChemes: A minimum satellite/raingauge based system should
be developed initially for co-operative regions, and later in
others.

•

Intercalibration: Parallel comparisons should be made between
TIlmS-N and Geostationary satellite rainfall estimates;

•

Field experiments: Field experiments should be conducted to better
calibrate satellite data in various places (e.g. oceans,
winter-time in mid-latitude);

•

Intercomparison: Comparisons made between numerical model outputs
and other areal estimates of rainfall (raingauge, satellite).

•

Data exchange: Monthly CLlMAT data from at least 10 (preferably
15) stations per 250,000 sq.km should be exchanged vi.a GTS. The
exchange of daily precipitation data should also be improved to at
least the same resolution as the monthly exchange;

•

Remote location stations: Particular care should be taken to
collect data from stations on island atols, lighthouses off
windward coasts and selected stations on mountain slopes;

•

Time-series: Data from an improved CLlMAT station network should
be collected for the longest possible periods.· Together with
precipitation data, T max, T min and sunshine duration should also
be collected;

•

Spatial averaging: Procedures should be developed to optimally
choose from stations in an area in order to prepare representative
monthly area-averaged values;

•

Stream flow: Monthly stream flow of major rivers should be
collected to provide indirect estimates of precipitation.

•
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2.

PREC1PITATlON DATA ACCURACY REQU1RgMENTS

The reasoning used to arrive at the accuracy requirements for climate
variables is sununarized in the following (extract from WCP-19: Planning
Guidance for the World Climate Data System, by Roy L. Jenne, February 1982):
"The required accuracy depends on whether the parameter to be
measured is a boundary condition or a diagnostic quantity. For
boundary conditions (external variables) the required accuracy is
either (1) that estimated to lead to a 1/4 a change of some
important: internal variable, i f the physics il> sufficiently well
understood, or (2) a 1/4 a Ghange of the external variable itself.
For changes from a month to a decade, the required accuracy is usually
that sufficient to cause a 1.0°C change in monthly mean regiona 1
surface temperature. The regional (500 km) surface heat flux anomaly
necessary to produce such a change is assumed to be 10 w/m2 ; even
though such a flux is 2.5 times larger than that needed to produce a
1°C temperature change over one month in a motionless atmosphere. The
additional heating, which is needed to offset horizontal dispersion by
winds, is consistent with numerical results of Charney et al. (1975,
1977) showing the effects of surface heat flux anomalies on regional
temperatures, pressures and precipitation.
The criterion for an absolute measurement may be unnecessarily
stringent because a relative measurement is equally valuable. An
example is precipitation, for which relative measurement is valuable
for monitoring changes in the geographic distribution of precipitation
patterns.
Climate modelling requires a better knowledge of diabatic processes
than does weather modelling. The first example is precipitation,
which is important to current cUmate for its effect on agriculture
and to month to decade climate as an internal variable affecting the
atmospheric energy cycle. Globally, average precipitation rates are
about 1 m/yr (Sellers, 1965, p. 84), corresponding to latent heat
release at a rate of 80 w/m2 • variations of precipitation are large
at all time scales. A regional monthly mean determination to 10% is
therefore desirable."
In summary, the requirements for precipitation and other related
variables can be stated in terms of the need to estimate diabatic latent heat
release (of 80 w/m2 with an error of approximately 12.5%) as follows:
•

Latent heat release of 80 w/m 2 is equivalent to about 9.0 cm of
precipitation a month;

•

An error of 12.5% is about 1.0 cm per month which is equivalent to
10 w/m2 • This is also equivalent to a 1.0°C change in monthly
regional surface temperature; OR

•

An average error (or preferably one sigma error) of about
1.0 cm/month for 500 km regions is equivalent to 10 w/m2 •
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Measurement requirements for corresponding data are:
•

Surface radiation budget to within 10 w/m 2 ; sensible and latent
heat Eluxterms to witM.n 10 w/m2 ; evapotranspiration to within
1.0 cm per month.

Most statements of requirements note that the above requirements can
also be reduced somewhat lE necessary. Thus, the 10 w/m2 might be relaxed
to 25 w/m2 as a basic requirement. (This history of requirements is further
detailed in WCP-19). Also, while emphasis is placed on accuracy requirements
on a monthly basis, there are many purposes for which weekly, daily, or more
frequent precipitation data is necessary. The precipitation requirements for
FOOE* level TIc data were stated as 50% accuracy for daily mean rainfall
within 250 km grid boxes. This is a more severe requirement than that given
above as of a 1.0 cm error for monthly 500 km data.
Mintz (1981) reviewed the present status of estimates of long period
precipitation. There is still a problem in the availability of gridded global
fields of long period mean monthly precipitation, and little, i f any,
information about long period monthly variability that can be readily used by
climate modellers.
3.

PRECIPITATTONOBSERVING SYSTEMS

precipitation, especially areal average precipitation can be estimated
through a variety of observing systems and measuring techniques.
Traditionally, measurements have been made with surface-based rain gauges.
Representative areal average estimates, however, are not simple to obtain even
over land areas i f relatively high density networks are not available or i f
data are inaccessible. Time series of data from low-density networks (global)
are still useful, however, for large-scale monitoring purposes. There are,
however, sacrifices to be made in terms of absolute error and
representativeness. Due to oceanic areas covering approximately 70% of the
earth's surface, reliance on satellite remote sensing methods becomes almost
mandatory, particularly for estimating latent heat release. On a global basis
accurate land surface estimates alone would be meaningless.
Some of the difficulties associated with gauge measurement of areally
averaged rainfall might be circumvented by the use of remotely sensed
information. Single sensors can supply estimates of rainfall over very large
areas and for areas where positioning raingauges would be impractical.
Discussion of such techniques can be organized in several ways. In this
report two such divisions are considered: direct and indirect measurements,
and land-based and space-based measurements.
While the lat ter is se lE
explanatory, the former should be defined.
Direct remotely sensed
measurements of rainfall are defined as those in which information concerning
the distribution of precipitation sized droplets is measured , while indirect
measurements are those in which information concerning some by-product of the
precipitation process is used. Examples of direct sensors include weather
radars and microwave radiometers, while indirect sensors include stream flow
gauges and infrared radiometers.

* FOOl!: - First GARP Global Experiment.
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3.1

Land Surface Rainqauqe Measurements

The World Meteorological Organization (WHO) coordinates the operation
of the synoptic network (under the World Weather Watch) of approximately
3500 surface stations which measure precipitation and other parameters such as
pressure, temperature, wind, humidity, cloud cover, weather and visibUity.
These data are globally exchanged. More data (from approximately 7000 to 8000
stations) are regionally exchanged.
In addition there are about
40,000 climatological stations (measuring at least precipitation and
temperature); and about 140,000 precipitation (-only) stations most of which
are operated by the Agricultural and Hydrological Services in countries.
Due to the seasonal and spatial variability of convective systems, the
accurate measurement of precipitation (i.e. representative areal averages)
poses a special problem, unlike temperature which is considerably more·
spatially homogeneous. Generally very high density surface networks are
required. Errors are substantially higher for daily precipitation estimates
than monthly or seasonal values. There are also problems associated with the
measurement of precipitation with raingauges due to wind and exposure
(ref. WCP-75: Measurement of Rainfall by L. Berkofsky, 1983). Point measures
(e.g. with raingauges) assume that the measurement represents a certain space
around it. Thus, ideally, the network should be able to resolve single cloud
cells. In mountainous areas sharp gradients further complicate the problem.
Given the fact that such high density networks are not available on the global
exchange system (or for most part even nationally, in a reasonable time
frame-work), other methods need to be used to obtain precipitation fields.
Further, the substantial precipitation over oceanic areas needs to be
estimated if the data are used for monitoring, diagnostic and climate
modelling studies. This forces a certain reliance on remote sensing
technology or numerical model estimates.
3.2

Surface-based Radar Measurements

Weather radar measurements of rainfall represents another "direct"
measurement of rainfall through remotely sensing the distribution of
precipitation sized droplets. Radar measurements pre-suppose a knowledge of
Z (effective reflectivity) and R (rainfall rate) relationships. Ideally, the
calibration of a radar requires a high density raingauge network. Radars
calibrated over experimental high density networks can be located at other
sites, but with the implied assumption that the characterist ics of
precipitation (space/time distribution) are similar (or in fact the same) as
that of the calibration network site.
3.3

Space-based Systems

Space-based measurements (from satellites) are, in principle, the
optimum manner in which areally averaged precipitation can be measured.
Active precipitation estimating techniques use radar which, for example, emit
radiation and sense reflected energy, while passive techniques utilize
radiometers which measure terrestrial and atmospheric radiation in spectral
bands in which rain drops and droplets have observable effects. For both
there is yet no universal concensus in terms of accuracy. The potential of
true global fields however, may be realized in the future using both
geostationary and polar orbiting satellites. It should be noted, however,
that there would still be a need for adequate surface-based ground-truth
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measurements to monitor and calibrate satellite-based retrievals due to the
latter being susceptible to changes in atmospheric composition; Le. dust and
aerosol, and contaminant gases. Volcanic eruptions which inject aerosols and
gases into the stratosphere can blur satellite estimates of surface parameters
for several years.
3.4

Summary of Direct and Indirect Remote Sensing Techniques for
Precipitation Estimates

The following Table summarizes the merits/demerits of direct and
indirect remote sensing techniques:
TABLE 1
Sensor or type
of technique
(1)

Advantages

Disadvantages

ACTIVE AND PASSIVE REMOTE SENSING TECHNIQUES

(A)

ACTIVE (sensors which emit radiation and detect the reflection from
rain-sized droplets)

(i)

Land-based radar
Widely used by both
Meteorological and
research services

(ii) Space-based
No instruments specially
for meteorological
purposes have yet been
used
(B)

PASSIVE (sensors which
detect the signature of
rain-sized droplets in
terrestrial radiation)

Continuous space/time
coverage; real-time
visual representation
of precipitation,
storm systems and
turbulence

Limited range;
not practical as sole
component of global
monitoring system

Experiments which will use space-borne radar
as one component of a hybrid system, are in
the planning stage

Results still
experimental

Results still
experimental

NOTES:
Ref. 1 (B)
Wilheit et al. developed a technique for estimating rain rate over
the ocean.
Rodgers used polarized 37 GHz measurements to estimate rain rate over
land.
Spencer used a variety of frequencies from SMMR to identify raining
areas over land and water.
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TABLE 1

(Continued)

Advantages

Sensor or type
of technique

Disadvantages

(2) INDIRECT REMOTE SENSING TECHNIQUES
Cloud tracking techniques (make use of the
detailed temporal evolution of the fine scale
features)

Appears to provide
increased accuracy,
particularly in interactive mode. Can be
applied to small
irregUlar regions

Extremely expensive;
Difficult to automate;
Applicable only to
tropical/warm season
convection

(B)

Cloud isolation techniques (makes use of the
spatial detail within
each estimation box)

Less expensive;
Easier to automate;
Can be applied to
relatively small
regions

still expensive;
Somewhat degraded
accuracy;
Restricted to
tropical/warm season
convection

(C)

Aggregate statistical
techniques (uses only
the statistical properties of the clouds within each estimation box)

Inexpensive;
Easy to automate

Less accurate (by
unknown amount);
Applicable only to large
areas ( > l04km2 );
Useful
only
for
tropical/warm
season
convective rainfall

Ref. 2 (A)
Griffith and Woodley (NOAA)
Stout, Martin and Sikdar, (U. of Wisconsin)
Scofield, Spayd and Moses (NESDIS)

Identified clouds in
geostationary satellite
imagery & tracked them
in time through a
sequence of images

Ref. 2 (B)
Griffith et al.: Cloud life history scheme
waters et al. & Negri et al.: Inferred rainfall from single images
once clouds had been identified.
Ref. 2 (C)
Highly reflective clouds - Kilonsky and Ramage, Garcia - determined
areas covered by thick cloud in visible imagery;
Outgoing longwave radiation - Arkin, Lau - used either the mean flux
or the frequency of flux below a threshold over the area;
Spatial variability - Murakami (Japan) - used the spatial variance
over the area as an index to the amount of convective activity;
Fractional coverage - Arkin, Richards and Arkin - used the fraction
of the estimation area covered by cloud colder than a threshold;
Cloud indexing - Barrett - used the type and frequency of cloud over
the estimation area.
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4.

SURFACE-BASED PRECIPITATION MEASUREMENTS

Surface-based precipitation measurements are made with either
raingauge networks or radar. The latter (radar) systems are too few tn number
to provide global or even regional coverage. Consequently, emphasis is placed
in this section on precipitation station measurements.
4.1.

Land surface station Precipitation Measurements

Land surface precipation measurements include those obtained from WMO
accepted instrumentation or equivalent on time scales of hourly (or less),
daily or monthly (Le. storage) periods. In addition to supporting the
requirements of basic operational meteorology, precipitation data are
essential for climate research and diagnostics, planning for human and animal
consumption, agricultural needs, proper water resources development as well as
in various disciplines inclUding hydrology.
Currently, approximately 140,000 observations of precipitation are
taken on a worldwide basis*. Of these 3,500 are exchanged on a real-time
basis and available on the global telecommunications network.
Most
measurements are land-borne and this has lead to the urgent need for estimates
by radar where possible, but mostly by satellite.
4.1.1
Less than hourly time scale measurements are occasionally taken for
highly specialized research or special purpose applications, but globally
represent a minute portion of the total measurements made. On the other hand,
hourly measurements are increasing somewhat as benefits to flood forecasting
and other special needs become more evident. Hourly measurements may be
summed for specific periods to suit particular needs, such as the calibration
of weather radar and satellite sensors (e.g. Augustine et a1. 1981; Woodley et
al., 1975).
Monthly estimates of precipitation have many useful applications to
the general pUblic, agricultural, hydrological, as well as climatological and
numerical model needs. However, monthly values would be insufficient for many
special applications, such as the detection of the effects of cloud treatment
in weather modification projects (e.g. Grant and Mielke, 1967).

* NOTE:

Precipitation data from this entire network are essentially
unavailable on an international/global basis.
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The correlation of rainfall amounts for two raingauges separated by
various distances gives insight into what the sampling problems will be to
determine area mean precipitation with a given accuracy. Figs. 1 and 2 from
WMO No. 324 show these correlations for a selection of time periods and
locations. Where, for example, the correlation has dropped to 0.5 at a site
50 km away, this means that a rain gauge at one site can explain only 25% of
the rainfall variance at the site 50 km away. Fig. -3 shows how well a single
station at the centre of regions (up to 71 km on a side) will measure the
average precipitation for the region.
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(Monthly precip.)
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o
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100
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200
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Fig. 1 - Spatial correlation of precipitation totals for various time intervals
(Valdai, U.S.S.R., summer period) from data supplied by M.V. Guscina
and others (1967). (From WMO No. 324: Fig. 1-1.1(1».

- 16 r

l.0

,

Valdai, winter

\~. ~,--~\.
.. "
Illinois, USA
'y..
"~ Far East,

---

0.8

t5

H

I-

« 0.6
1LJ

.....I

.'
\',.

Ck::
Ck::

0

u

...........

'\' .~

0.4

.

••

--

1

\

O. 2

USSR

". Ukraine,
•
Hungary·
50
100

Valdai, USSR (Summer)

'------"'9-----.----__
---~
150
200

o

km
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Fig. 3 - Standard deviation (as a percentage of the mean total) of the error
of determining mean precipitation amount over an area on the basis of
data from stations situated at its centre using figures provided by
M.V. Guscina and others (1967), Va1dai, summer period. (From WMO
No. 324; Fig. 1-1-1(6».
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4.1.3
A number oE estimates have been made of time and space scale
reguirements Eor the measurement of precipitation for various purposes.
Idealized space/time resolution requirements estimates by Kreitzberg (1978)
for cumulus to synoptic scales are:
•

SYNOPTIC SCALE: 6--hourly data;
160 km spacing (max. spacing
needed 40 km). A 160 km spacing translates to approximately 10
stations per 250,000 sq. km;

•

MESO SCALE:

•

SMALL SCALE:

•

CUMULUS-SCALE:

3-hourly data;

80 km spacing;

l-hourly data;

(max: 20 km);

40 km spacing;

15 minute data;

(max: 5 km);

10 km spacing;

(max: 1 km).

Estimates (Erom WMO No. 168) for hydrological purposes are indicated
in Table 2. As indicated, the grid requirements will vary depending upon the
application. Certain requirements, such as in weather modification, require
relatively dense networks. While the analysis oE precipitation measurement
requirements for weather modification is not the intent of this review,
various observational and statistical studies conducted Eor weather
modification provide insight into the types of networks required. silverman
et a1. (1981) studied the use of rectangular grids for estimation of
precipitation variability in a single elliptical raincel1.
Estimation
procedures usually assume that a point measurement is representative of some
area surrounding the sensor. They used numerically integrated values which
were produced by a harmonic model for the ground truth part of the study.

TABLE 2
Recommended Minimum station Densities for Hydrology
(from WMO No. 168)
Region Type
Flat
Mountains/island
Arid and polar

Range oE Norms
(K.m2 per stn)

Range of Norms
tolerated

600 - 900
100 - 250
1500 - 10,000

900 - 3000
250 - 1000

Examples of precipitation station densities
No. of stations
USA
Mexico
UK

India

10,000
2,450
6,870
4,920

km 2 /station
940
804
36
700
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Precipitation summed from subgrid values for each of various
individual grid schemes was compared with the ground--truth set where certain
ra1ncell characteristics were altered, such as the rainfall gradient. Results
obtained indicated that the coefficient of variation was primarily a function
of the number of gauges per raincell and to a secondary degree a function of
the spatial precipitation gradient.
Silverman et al. (1981) employed their results to assess the relative
contribution of: the sampling variance of networks and the natural variabi.lity
of rainfall to experimental unit sample size requirements to detect a 25%
increase in precipitation. For a set of rainfall characteristics from data
from the Bureau of Reclamation's HIPLEX (High Plains Cooperative Programme
Experiment), sampling variance accounted for approximately 10% of the total
sample size requirement with gauge density of at least a mean of four gauges
per storm (80 km 2 per gauge). The network sampling variance contribution to
sample size requirements is impacted significantly by gauge densities less
than one per storm or sUbstantially lower natural precipitation variabilities.
Gabriel (1981) looked at the variability of rainfall estimates from
r a ince lls as we 11, but wi t h randomly located gauges. He emp loyed a uniform
probability distribution to position the gauges. The approach by Gabriel led
to more general applications than the Silverman et al. (1981) procedure. As a
result, Gabriel found greater variability, except when few gauges were
employed.
Mielke et al. (1982) studied the use of a multiple-response
permutation procedure to detect small precipitation differences in the order
of 15-30% with daily precipitation on a gauge network with density near one
per 25 km2 . The study dealt with wintertime mountain (Colorado Rocky
Mountains) precipitation, which was essentially a study of the water
equivalent of snowfall in the region. The procedures developed by Mielke et
al. (1982) incorporated the Use of covariates to explain a portion of the
precipitation variance 1n the area of interest. The Silverman et al. (1981)
and Gabriel (1981) studies both suggested that covariates capable of
explaining some of the variance would be required to allow the duration of
weather modification experiments to practical time periods. Even with the use
of covariates which may explain from 50 to 80% of the variance in
precipitation, there remains the need for very sensitive statistical
procedures to detect the small difference that may occur from cloud seeding.
Mielke et al. (1982), Elliot et al. (1978) and Grant and Mielke (1967)
have discussed the substantial variability of wintertime mountain
precipitation in mid-latitude regions.
probably 70 to 90% of mountain
precipitation occurs as snowfall, and of that approximately 80% is caused by
orographic effects. The orographic influence is caused by the condensation of
moisture due to the forced lifting of the moist layer up the slope. As a
consequence, there is a marked increase in snowfall with elevation and with
orientation to the moist air flow. A reduction in precipitation is evident on
the lee side of barriers, due to the evaporative losses by descent of the air
stream. The slope of barriers is also likely to influence the amount of
precipitation, but not in simple terms, since steep slopes may lead to greater
funneling of air flow around barriers. Thus, orographic influences are

- 19 -

super-imposed on the variability, due to larger--scale effects. AdditionallY
and significantly, there are the local problems of catchment of snowfall for
estimation of precipitation amount. The catchment problems may introduce
substantial variability to measurements.
Medina (1984) and others have observed that certain measurement sites
in mountainous terrain are better representatives of areal precipitation, and
thus, would better act as covariates for explaining variance at surrounding
locations. The underlying factors seem to be the similarity in critical
factors such as exposure to moist flow, elevation, slope, catchment components
and intervening distance. Work by Medina employing rerandomization (the study
of many data samples selected at random from a larger data set) has indicated
the substantial vulnerability of weather modification experiments to poor
draws of data samples as a result of the large variability of mountain
wintertime daily precipitation.
The importance of mountain precipitation to the larger scale may lie
in the relatively large amount of latent heat energy released due to the
substanti.al precipitation. However, the area involved is relatively small and
sparse collection networks will not adequately estimate the precipitation. It
has been found that a density of nearly one gauge per 35 km 2 may be
necessary to detect a 30% difference in daily mountain precipitation when
covariates are employed. Other requirements may only necessitate a monthly
sum, but the degradation in gauge density may easily miss the orographic
influence. Supplementing the ground network with satellite information is at
present of limited use, since the precipitation is mostly or-ographic in
nature, and satellite estimates have mostly involved precipitation from
convective systems over flat terrain (e.g., GrifEith et al., 1978; Arkin,
1979). Considerable improvement in methods to retrieve precipitation from
satellite measurements and the development of new sensors are required.
The use of decorrelation formulations, along with precipitation from
key sites may allow less dense, but adequate, sensor networks in mountainous
terrain. The procedures involve the use of an optional estimator of point of
areal precipitation (e.g., Schaake, 1978). The decorrelation expression may
be developed from a trial sensor network or available historical data. The
decorrelation is likely to be localized, the extent of which depends upon the
independent variables included in the expressions.
The estimator of
precipitation at a non-instrumented location may take the form of:
....

P2(x,y) = al(x,y)Pl
wherp. Pl is the observed value at some given location, and P2 is that at
the desired location (x, y) and al (x, y) is an optimal weight obtained by
use of the decorrelation expression.
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The optimal n also depends on the coefficient of variation of point
precipitation. The procedure is less complicated for flat terrain since the
decorrelation expression may be largely a function of distance. The procedure
for optimal mean areal precipitation estimation is similar to that for point
estimates. The optimization involves the minimization of the mean square
error of estimate, MSE, whereMSE = E [(p - p)2] and E is expectation. The
use of this or a simi.lar procedure appears to have promise for both flat and
mountaineous terrain though with greater difficulty for the latter case.
Furthermore estimates may be obtained of the chance in precipitation variance
for some area of interest by the installation of additional sensors. This is
an area where futher study seems warranted.
The installation and maintenance costs of precipitation sensing
networks has been a substantial detriment to their deployment. Consequently
any process that could help mitigate this problem could lead to more data
collection with little cost increase. Such a process may be the installation
of fully automated stations that would transmit information to primary
collecting points by satellite. The sensing network would sense, properly
encode and transmit pertinent information without human involvement thus
substantially lowering the long-term expense. Only periodic or emergency
maintenance and calibration would be necessary.
Furthermore, the
dissemination of collected information could be enhanced by such a progress.
4.1.4
Jenne and Joseph (NCAR), calculated error statistics for precipitation
in a 240 km and a 410 km box-area in Texas, U.S.A. In the tests, a station
was defined to have had rain i f at least 0.01 inch (0.25 mm) fell. "True"
precipitation was defined by 165 stations for the ~ 410 km box area and by
67 stations for the ~ 240 km box area for the period 1949 through 1968.
Table 3 gives error statistics for mean area precipitation when 18, 11 and 5
stations are used to sample the precipitation in the 240 km or 2.3 0 lat-long
box in Texas (29-31.3N, 75--97.3W). The percentage errors were calculated by
dividing the mean absolute error by the long term average precipitation for a
day, week or month. The statistics are based on just one subset of stations
for the period. That is, the same 18 or 11 or 5 stations were used for the
calculation of error statistics for the entire period of record. The stations
in the subsets were spread approximately uniformly over the area. The average
(RMS) error as well the average absolute error were also calCUlated. For the
larger samples the average error was typically 10% or less, of the absolute
error, but in some of the smaller samples it reached 20 to 35%. If for example
the absolute error is 40% of the mean precipitation, the bias in the mean of
the sample could explain approximately 20 to 35% of the 40% absoluter error
(thus instead of a 40% error, we might have 30% without the bias).
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TABLE 3
Error statistics for area mean precipitation for a 220 x 256 km
region (2.3°) in Texas, U.S.A.

I Daily
I

rain (220 x 256 Km, Texaa)

Winter Average Daily
Precip = .363 cm

18
11
st_n_a_l--s_t_n_a_1

~
a.

% error

II

20%

c. HMS error

.071
.135

30
.109
.215

%error
Ave aba.
c. HMS

32
.091
.158

45
.129
.223

b. Ave aba. error

I

5

Stn.
38%
.137cm
.272cm

Summer Average Daily (. 288cm)

I

a.

b.

64%
.184cm
.329cm

Weekly Hain
Winter Average Weekly (2.06cm)

I
a. % error
b. Ave aba.
c. HMS

9
.200
.311

a. % error
b. Ave aba.
c. HMS

16
.255
.375

I

15
.310
.506

Summer Ave weekly (1.63cm)

I

22
.356
.530

23%
.478cm
.732cm

I

37%
.599cm
.866cm

Monthly Precip (220x256 Km, Texaa)

I

Winter Ave IOOnthly (8. 10cm)
a. %error
b. Ave. aba.
c. HMS

5
.363
.505

7
.562
.796

15%
1.21 cm
1. 66cm

a. % error
b. Ave aba.
c. RMS

9%
.568
.753

15
946
1.25

27%
1.72cm
2.14cm

Summer Ave. monthly '6.49cm)

I

I
I
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Table 4 shows the error statistics for the 410 km region tn Texas
(29-J.3N, 95-99W).

TABLE 4
Percent error for mean ratnfall in a 4° Latitude by 4° longitude area in Texas
(444 km x 381 km). The error is the mean absolute error divided by the mean
precipitation for the period. True rain is based on 165 stations.
Average rainfall error for given No. of stations
Average
amount (cm)

115

95

61

29

14

10%
5
3

13%
6
3

22%
12
7

30%
18
10

17

23
7

36
12

52
18

16%
7

23%
10

25

38
18

All rain
Winter

Daily
Weekly
Monthly

.259
1.63
6.45

Summer

Daily
Monthly

.203
5.05

Heavy rains (daily

~

0.5; monthly

~

8%
4
3
13
4

5

2.0 cm)

Winter

Daily
Monthly

1.16
1.01

5%
2

Summer

Daily
Monthly

.906
5.66

9
4

7%
3
11

5

9%
3
14
7

11

For comparison purposes, Table 5 contains similar statistics for the Ivory
Coast, but for only one year. Note that 11 stations in the 2.3° box in Texas
should be compared to a July-August weekly error of 0.429 cm for 18 stations
in the Ivory Coast. Much of the greater error in the Ivory Coast probably can
be explained by the fact that the average weekly precipitation in the Ivory
Coast is about twice that in Texas.
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'J'ABLE 5

Ivory Coast, Atrica precipitatlDn errors.
En'ors in measuring precipitation Eor a 3° x 3° area covering the Ivor'y Coast
Eor only 1 year. The true area average precipitation is defined as that
measured by 76 stations.

II
II (

39
Stns

Daily Rain

I
I
I

I

Jan,Feb
Area mean .1 6 2cm
(28 days of 60 had rain)

I

I

% Error
mean abs & err amt
HMS err amt

I

42
Stns

I

July, Aug
(Area mean .489cm)
(58 days of 62)

I

% Error
mean abs err amt
HMS err amt

41%
.0 6 5
.110

23%
.031
.065

I

20%
• lOO

I

.138

I

I

9

5

84%
.135
.211

90%
.1 4 5cm
.291cm

I

18

9

5

34
.168
.240

63
.310
.504

11%
.318cm
.641cm

9

5

I

I

Weekly Rain

Jan, Feb
(Area mean .501cm)
(8 week sample)

% Error
mean abs err amt
HMS err amt

I
Jul, Aug
(Area mean 3.36cm)
(8 week sample)

%Error
mean abs err amt
HMS err amt

39
Stns

18

12%
.058
.131

38
.191
.304

10
.350
.630

42
Stns

18

9

5

8%
.269
.344

13
.429
.555

28
.929
1.14

41
1.39cm
1.13cm

I

I

54%
.210cm
.485cm

I
I
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'I~ABLE

6

Expected errors ln precipitation (ground based data alone) with 15 stations
per 500 km box

Size of
box
Summer
Winter
Summer
Summer
Summer
Jan, Feb
Ju1, Aug

500 km
500
237
237
237
330
330

Location

Ave Absolute
Error (cm)

Stations

Texas
Texas
Texas
Texas
Texas
Ivory Coast
Ivory Coast

15.0
15.0
3.4
3.4
3.4
6.7
6.7

1.20
0.65
2.00
0.70
0.21
0.40
1.20

(or
(or
(or
(or
(or
(or
(or

23%)
10%)
31%)
43%)
73%)
80%)
36%)

For Time
RMS
Error (cm)
Period
Month
Month
Month
Week
Daily
Week
Week

1.55
0.90
2.45
1.00
0.35
0.70
1.50

It is of interest to know the number of stations for the world that
would result from a station density of 15 stations per 500 km box. Table 7
gives this i.nformation, together with network sizes for other station
densities.

TABLE 7
Number of observing stations over land for different densities of
stations. It is assumed that dense station networks are not needed in totally
arid or barren areas, except to support special applications. The table
leaves out islands and some areas, such as Greenland and Antarctica.

Number of Densely Located Stations
Area for
Land
Each For
Area
Dense Stns 1,000 km 2
(ea 32km)
106 km 2 10 6 km 2

Each For
5,000 km2
(ea 7lkm)

15 stns in
500 km box
(ea 129km)

Each for
90000km2
(ea 300km)

N. America
S. America
Europe
Asia
Africa
Australia

24.3
17.9
10.5
44.5
30.4
7.6

18.2
17.0
10.2
37.8
26.0
6.0

18,200
17 ,000
10,300
3'1,800
26,000
6,000

3,640
3,400
2,060
7,560
5,200
1,200

1,090
1,020
620
2,270
1,560
360

270
200
120
495
340
85

TOTAL

135.2

115.2

115,300

23,060

6,920

1,510

-
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Figs. 4 and 5 show the percentage errors versus the numbers of
stations in the region. The figures show that i t does take more stations to
obtain the same error in the larger box.. However, the required station
density to achieve the same error is significant ly less for the larger box..
Note that if the showers are small scale, random and of equal density for
small and large regions, the same number of precipitation gauges in each basin
should give the same error in the mean precipitation. since showers aren't
that uniformly spread over a large area, it takes more stations in the larger
box. (but fewer per unit area).
DAILY RAINFALL ERROR
~rror

%
~ 410 Km box, summer

50
40
410 Km box, winter

30

-

20

:~--------_.
- -J(

240 Km box, summer

10

10

20

30

40

--- -- -- -- - ----J(

o

50

umber

100

Stations

Fig. 4 - Percent precipitation error in area mean daily precipitation Eor
different numbers of station in Texas regions. Note that 27 stations
in the larger region is the same station density as la stations in
the smaller one. (From R. Jenne, D. Joseph; NCAR)
MONTHLY RAINFALL ERROR

Error

%

30
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~

240 Km box) summer
410 Km box, summer

~::::~f~.
10

20

30

--....t--40

50

-...._ _

-

70

100

Stations

Fig. 5 - Percent precipitation error in area mean monthly precipitation for
Texas regions. (From R. Jenne, D. Joseph; NCAR)
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Fig 6 shows the errors by precipitation amounts rather than
percentages. Note that about 14 stations in a 410 km box would achieve a
1. 0 cm monthly error in precipitati.on in summer. I t is estimated that this is
~guivalent to about 20 stations per 500 km box to achieve a 1.0 cm error.
Because satellites can provide excellent assistance in measuring "shower
precipitation" for which the station network errors are worst, the requirement
may be reduced to about 15 stations per 500 km box. With 15 stations per 500
km box, the expected errors from ground based data alone would be
approximately as indicated in Table 6.

Error
(Inches)

.7

?

heavy mo summer rain (240 km)

.6

"''!.,,/

heavy mo summer rain (410 km)

""'"""" "__ !

.2

mo summer (410 km)

- -_. --

.1

-

-- -

~

-.

--

-heavy daily summer (240 km)

10

20

50

70

100

tations

Fig. 6 - Error statistics for monthly summer rainfall
In hilly or mountainous terrain, most of the precipitation stations
are typically located in the valleys, whereas the heaviest precipitation is on
the slopes. When selecting stations for exchange, some of the stations on
slopes should be selected. In such regions, access to selected river runoff
data is especially helpful.
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4.1.5

On a typical day 1n 1984, surEace synoptic reports Erom about -',400
world stations are received at major meteorological centres.
Most oE these
have precipitation inEormation.
I t 1.S typical that 3,400 stations have
precipitation inEormation Eor every day, or miss at most one day during the
month. Studies have been made in which the daily precipitation Erom synoptic
reports has been summed over a month and compared with monthly climate data.
In some regions oE the world, the monthly [-eports Erom a number oE stations
have SUbstantially more precipitation than the sum oE the daily reports (50%
more has been noted in a spot check). It appears that such stations might
report precipitation Eor several days and then nol: report Eor a Eew days, even
though precipitation occurred.
There are 1,250 stations which are supposed to send monthly climate
reports (CI.lMAT) via the Global Telecommunication System (GTS).
WMC-Washington receives reports Erom 750 oE these stations, plus reports Erom
about 150 stations not on the designated list. The WUC-A Meteorology collects
monthly precipitation Erom about 1,800 stations in a delayed mode.
To obtatn areal average grid Eields oE precipitation over land areas,_
the GTS collection oE monthly climate precipitation should be increased to 10
10 15 stations per 500 km box. EEEorts to improve the G~S collection of daily
precipitation should also be made. Selected NMCs should also be requested to
compare the climate data with monthly summaries Erom daily data to ensure
accuracy/data quality.
4.1.6

lE some countries choose to report area average precipitation instead
oE an enhanced selection oE station data, it is important that some
inEormation about precipitation variability also be inclUded. Appendix 3
contains details on the type oE inEormation necessary i f summarized area,
precipitation data are exchanged instead oE station data.
4.1. 7

RainEall sampling requirements might be reduced somewhat by developing
better procedures to calculate average area rainEall than just by taking an
average oE the observations.
This might involve using the Erequency
distribution oE rainEall Erom the reporting stations. I t may be possible to
develop methods to partially "Eill in" a sparse Erequency distribution oE
rainEall and to calculate mean precipitation Erom the result. The methods
could also take account oE the supply oE low level moisture, the upper air
conditions and the terrain.
This would entail using numerical models or
empirical/statistical models to compute or estimate precipitation.
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4.2

Q~ean

Precipitation from Ship Data

Ships at sea have almost never made direct measurements of
precipitation. However, they do observe clouds, weather and the intensity of
precipitation. Summaries of this information have been made and used in the
atlas estimates or precipitation over the ocean. A new compilation of most
past ship observations from 1850 has been recently completed (72 million
reports through 1979). These ship reports could be used to prepare new
summaries, and the ocean ship data may even provide some limited ground
estimates to use with satellite data. It would help if actual rain qauges
were developed that could be used on some ships.
4.2.1
Elliott and Reed (1973) used station data along the west coast of
North America between 46° and 48°N to show that the precipitation over the
ocean is often markedly less than that deduced from better known coastal
precipitation stations. Atlases of global precipitation have typically only
used the better known stations and have incorrectly extended the high coastal
precipitation for 1000s of km upstream over the ocean. Table 8 from Reed
shows that precipitation at a small ocean site is typically only about half of
!hat on land; he also notes that the differences increase in winter. This
points to the importance of having precipitation data from such less known
sites. Likewise, data from small atols without significant orographic effects
are especially useful. Thus a special effort should be made to obtain
precipitation data from small ocean atols and lighthouses that are relatively
undisturbed by terrain effects. This applies to both real time GTS (for use
with satellite data) and delayed data.

TABLE 8
Mean annual precipitation at lightships and land stations and the percent of
nearby land precipitation occuring at sea. (Monthly comparisons are also
given in the paper by Elliott and Reed, 1973).

Period
1954
1953
1955
1955
7/1961
7/1961

---

to 1966
to 1966
to 6/1961
to 6/1961
1965
to
1965
to

Land Station
Eureka
Astoria
Neah Bay
Tatoosh Island
Neah Bay
Tatoosh Island

Precipe ,
mm
963
1829
2465
2002
2490
1902

Lightship
Blunts Reef
Columbia River
SwiEtsure Bank
SwiEtsure Bank
Umatilla Reef
Umatilla Reef

precipe ,
mm
381
636
1247
1247
938
938

Percent
at sea
40
35
50
62
38
50
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5.

SURFACE- BASED RADAR (REMOTE) SENSEm ESTiMATES OF

PRE:CIPl'1~A'nON

The use of radar as a land-based precipitation observing system has
burgeoned since the time of the Second World War, but for several reasons,
radar cannot be considered a global measurement system. Over the continents,
there are few regions that have complete radar coverage. Moreover, withi.n
areas which are rather densely instrumented with radars, coverage can be
limited by topography, as for example, over the Rocky Mountains in the United
States. Secondly, with the exception of some coverage over coastal areas or
during selected experimental periods, the oceans are totally devoid of
operational radar stations.
Besides constral.nts on global appltcabi lity, radar does provi.de
estimates of rainfall over fairly large regions on very Une temporal and
spatial scales. By monitoring the power returned to the radar and knowing an
appropriate relationship between the returned power, the characteristics of
the radar, effective reflectivity factor (Z) and ratnfall rate (R),
uncorrected radars are typically quoted as measuring rainfall to within a
factor of two of gauge measurements for a given area and period of
accumUlation. Attempts to improve radar rainfall measurements have included
the measurement of drop size distributions (which affect the Z-R relationship)
for various meteorological and geographical conditions, use of two wavelengths
or two polarizations (to discriminate water state), and the incorporation of
raingauge rainfalls as calibration factors (WHson, 1970; Woodley et a1.,
1975). The first approach is useful as a first approximation to the problem
of rainfall measurement for a region or under specific meteorological
conditions.
The dual wavelength or dual polarization approaches are
promising, but have undergone limited testing to date. The radar-gauge hybrid
has been shown to improve radar rainfall estimates on a daily basis. A recent
review of radar correction techniques can be found in Douiak (1983).
The greatest utility of surface radar to precipitation monitoring for
climate purposes is in the establishment of data sets that can be used for
calibration purposes. Because of the sheer volume of data generated by
radars, the international exchange of raw radar data on an ongoing basis is
not feasible. However, the archiving of radar data from special experiments
is highly desirable. For example, as discussed elsewhere in this report,
radar data that were collected over the Atlantic Ocean during GATE (The Global
Atmospheric Research Programme s Atlantic Tropical Experiment) provided a
derivation data set for a satellite rain estimation technique, as well as an
evaluation data set assessing several satellite rain estl.mation schemes.
Therefore, the recording of radar data at new sites and at existing sites for
specified periods would greatly aid the development of satellite-based schemes
for problems that are presently unresolved, such as winter precipitation over
the mid-latitude continents and oceans.
I
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6.

SPAC~-BAS~D

ESTIMATION

6.1

Direct Measurements

T~CHNIQUES

space-based direct measurements are in pri.nciple the optimum manner in
which to measure areally averaged rainfall. While both active and passive
direct remote sensing i.nstruments may be used (Schiffer and Theon, 1981),
there appears at present to be no general agreement as to accuracy and
practicality of the possible systems.
At present, no radar systems specifically intended to obtain rainfall
information have been mounted on satellites. There are important difficulties
which will have to be overcome before such systems will be practical (Schiffer
and Theon, 1981) and the technology is only now being developed. It appears
that the earliest likely use of space-borne radar to measure rainfall on very
large scales will be as part of a hybrid system such as that proposed by North
et al (see Section 8).
Attempts to estimate rainfall from the variability in terrestrial
radiation at microwave (15-90 gigahertz) frequencies have been made by many
scientists (Section 3.4, Table 1). One such early effort is the atlas of
oceanic rainfall compiled using ESMR (Electronic Scanning Microwave
Radiometer) data by Rao and Theon (1976). While a considerable amount of
research results exists to show that precipitation has a detectable signature
at various frequencies, little progress has been made towards the
implementation of any operational scheme. Recent work by Mungai, Smith and
Vonder Haar (1984) indicates that the measurement of rainfall intensity in
this manner may be limited. As with the space-borne radar, the first
application of microwave radiometric information in rainfall estimation may
prove to be useful as part of a hybrid scheme.
6.2

Indirect Measurements

Indirect space-borne estimates of rainfall have been produced in a
variety of ways since about 1970. The vast majority of such estimates use
radiometric data in the visible (VIS) and/or infrared (IR) portions of the
spectrum to infer the spatial and temporal distribution of clouds and their
height and thickness. These data are used to estimate the distribution and
intensity of rainfall beneath such clouds. Many such estimation procedures,
of widely varying complexity, have been developed. With only a few
exceptions, these techniques have, either by initial intent or in practice,
been applied principally to the estimation of rain due to tropical or warm
season convection. One way of stratifying these techniques is by the degree
to which they utilize information regarding the spatial and temporal
complexity of cloudiness interior to the region over which the estimates are
computed. The simplest schemes (Section 3.4, Table 1) are those which use
only the aggregate statistics from one image over the basic area or "box" for
which rainfall is estimated. The next level of complexity includes methods
which utilize the detailed spatial distribution of entities within each box.
The most sophisticated of these techniques are those which make use of the
detailed temporal variability of the individual entities withtn the boxes. In
this last category, entities which move between boxes require that the
associated rainfall be allocated among the boxes.
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6.2.1
The simplest indirect estimation techniques are those which use only
the simple statistical properties of the cloudiness in the boxes for which
rainfall is to be estimated. The statistics which have been used are mean
temperature. spatial variance and fractional coverage. In addition. more
sUbjective assessments of such bulk properties of cloudiness as reflectivity
and cloud type have been used.
Barrett (1970. 1973) has shown that the frequency of occurrence of
various cloud types can be used to estimate monthly rainfall. While Barrett's
work has evolved into a hybrid technique used to estimate ra1.nfall over
agricultural regions (see Section 4). Garcia's work has produced a 14 year set
of monthly estimated rainfall for oceanic areas of 1° x 1°. The accuracy of
the estimates is not known.
Potentially serious defects include the
sUbjectivity involved in delineating areas of "highly reflective" cloud. poor
sampling of the diurnal cycle. since only one image per day is used. and the
lack of satisfactory calibration.
An estimation technique with some of the same problems uses the
Outgoing Longwave Radiation (OLR) data set produced from twice per day IR
imagery. since the OLR for 2.5° x 2.5° boxes is derived directly from the
eqUivalent black body temperature (EBBT). low values of OLR correspond to low
values of mean EBBT. In the tropics. areas of low OLR are most likely
associated with a high concentration of convective clouds. Heddinghaus and
Krueger (1981) and Liebmann and Hartmann (1982) used this correspondence to
infer variability in large-scale tropical rainfall from variations in OLR.
Arkin (1984) compared variations in OLR with areally averaged rainfall from
central tropical Pacific island stations. He found that about 60% of the
variance in monthly mean rainfall for this region for the period June 1974 February 1978 could be explained using the mean OLR. The OLR data now extend
through 1984 (3/78 - 12/78 is missing). Lau (1983) used the number of days in
a month with OLR < 240 wm- 2 to estimate areally averaged tropical rainfall.
Table 9 (from Arkin. 1984) shows that, over large areas in the vicinity of the
Indian subcontinent. areally averaged rainfall (index) and the mean OLR flux
are very highly correlated. indicating that these methods are equivalent. In
both cases. the estimates suffer from relatively sparse temporal sampling (2
per day) and from inadequate calibrations.
Arkin (1979) and Richards and Arkin (1981) have compared statistics of
the geostationary EBBT over various areas in the GATE (GARP Atlantic Tropical
Experiment) A/B array with digital radar estimates of rainfall. Arkin found
that the 6 hour mean of the fraction of 2° x 2° box covered by cloud with EBBT
in a wide range (220K - 260K) was highly correlated with rainfall during that
6 hour period. Figure 7 shows that the variation of correlation with cloud
height threshold for all three phases of the experiment was similar. with high
correlation over a wide range of thresholds. Richards and Arkin (1981) showed
that the correlation between rainfall and fractional coverage was poor for
areas of 0.5° x 0.5°. but> 0.8 for areas of 1.5° x 1.5° and 2.5° x 2.5°.
Correlations increased somewhat with temporal averaging period. but for the
2.5° x 2.5° box were quite high even for hourly estimates.
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TABLE 9
Peak correlations between mean OLR over index area and areal-average rainfall
indices over selected areas.

Full

Anomaly

standardized
anomaly

Arabian
Sea

-0.99

(240)

-0.99

(240)

-0.99

(240)

India

-0.97

(260)

-0.95

(220)

-0.91

(220)

Assam

-0.99

(240)

-0.94

(220)

-0.90

(220)

Bay of
Bengal

-0.99

(220)

-0.99

(220)

-0.99

(220)

Tibetian
Plateau

-0.97

(220)

-0.95

(200)

-0.93

(200)

0°-lO o N

-0.99

(220)

-0.98

(220)

-0.98

(220)

100-200N

-0.99

(240)

-0.99

(240)

-0.99

(240)

20 0-30 0N

-0.99

(240)

-0.99

(240)

-0.98

(240)

30 0-40 0N

-0.99

(240)

-0.98

(240)

-0.97

(220)

Arkin (1~83) described an operational rainfall estimation scheme (the
GOES Precipitation Index, or GPI) which uses 8 GOES IR images per day to
est.imate areally averaged monthly rainfall.
All IR pixels in each
2.5° x 2.5° area from 175°E to 25°W and from 50 0N to 50 0S are used, with the
transition between satellites set at l05°W. No overlappi.ng data are used. In
order to investigate the effect of varying thresholds, a frequency
distribution containing 12 classes of 5K width from 21l-270K and 4 broader
classes at the extremes (Tablp. 10) i.s computed for each box in each image and
summed separately for each time of day, over half months. Thus, the basic
data used here consist of l6-class frequency distributions of EBBT for half
months for each 2.5° x 2.5° box in the domain for each of 8 times during the
day.
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Fig. 7 - Linear correlation coefficient between 6 hour mean fractional cloud
coverage of the GATE Ala scale array and 6-hourly rainfall
accumulation for various cloud height thresholds for each phase of
the experiment.
TABLE 10

__. _ - - - - - - - - - - - - - - -

--_._----_.
Class
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Temperature
Limits (K)
271

266-270
261-265
256-260
251-255
246-250
241-245
236-240
231-235
226-230
221-225
216-220
211-215
201-210
191-200
____ 190

Digital Count
Limits
118
119-128
129-138
139-148
149-158
159-168
169-177
n8-182
183-187
188-192
193-197
198-,202
203-207
208--="2--17:::---218-227
228
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Among the potential sources of error in these histograms are noise in
the digital data and errors introduced by treating the sides of each box as
straight lines in satellite coordinates. Some apparent nolse can be easily
eliminated by omitting the occasional pixels with extreme EBBT ( > 329 K or
< 155 K) from the frequency distributions. The second problem is due to the
non-linear transformation between earth and satelli.te coordinates. The sides
of each box are approximated by straight lines between the corners, while the
true sides are curving lines. Tests have shown the maximum error introduced
in this way to be the improper inclusion or exclusion in an area of
approximately 25 pixels.
In the tropics, each area contains 1200-1800
pixels. Elimination of this error by complete navigation of the borders of
the box would increase the computational requirements by 2 orders of magnitude.
Richards and Arkin (1981) have shown that the linear relationship
between areally averaged and fractional coverage by cold cloud is relatively
insens it ive to the threshold chosen and that the coefficients of the
relationship are relatively stable with respect to temporal averaging scale.
Their results, together with those of Arkin (1979), indicate that mean
precipitation average over the 2.5° boxes used here might be estimated as
3 mm/hour multiplied by the fractional coverage of the box by cloud colder
than 235 K. No attempt i.s made to model rainfall from clouds with tops warmer
than 235 K. Accordingly, the GOES Precipitation Index, GPI, is defined as:
GPl = Fc x T x 3 mm/hour
where Fc = the fractional coverage of the box by pixels with
EBBT < 235K and T = the averaging time in hours.
The attempt to use a relationship derived in the eastern tropical
Atlantic to estimate precipitation in other regions is of course suspect. The
implicit hypothesis is that the convective precipitation process which
generates the cold cloud is subject to only relatively small spatial and
temporal variations. That is, convection which produces a certain amount of
cold cloud for a certain production of rainfall in the eastern tropical
Atlantic during summer will, to the first order, do the same in Amazonia year
round and in the southeast U.S. during summer. While there is no proof that
such is in fact the case, the results of Griffith et al. (1980) indicate that
a relationship derived for convective rainfall in florida can be used across
the entire tropical Atlantic and eastern tropical South America. Thus, the
estimation process is SUbject to two caveats: First, the technique used is .
applicable only to precipitation produced by deep convection; and second,
there will certainly prove to be inhomogeneities in the relationship between
coverage by cold cloud and rainfall which will introduce errors in the
estimates.

Comparison of the estimates thus derived with station observations of
rainfall in the U.S. and tropical South America indicate that the calibration
derived from the GATE results may be overestimating continental rainfall by
25-30% (Meisner, 1984).
Nonetheless, the spatial correlation between
estimated and observed rainfall over the U.S., south of 40 0 N, was quite high
from Apri.1-September during both 1982 and 1983 (Fig. 8). Correlations over
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these months for each box (Fig. 9) show that both the spatial and temporal
variability in warm season precipitation are well estimated east of the Rocky
Mountains. The satellite estimates exceed the station amounts by increasing
percentages with increasing latitude. with overestimates of up to 100% near
40 o N.

Fig. 8 - spatial correlation between estimated (GPI) and observed (Climate
Division) monthly rainfall over the U.S.A. from December 1981 November 1983
The interannual change in estimated rainfall over South America and
nearby ocean areas (Figs. 10 and 11) shows much lower rainfall in DJF 1982-83
and MAM 1983 than in the previous year in Amazonia and the equatorial
Atlantic. with higher rainfall in the eastern Pacific. These features are
associated with the El Nino/South Oscillation episode of 1982-83 and are
consistent with other observations. However. it appears that here. as well.
the satellite estimate is overstating the true interannual change by a
considerable amount.
The estimation of large-scale monthly mean rainfall from simple
statistics of cloudiness appears to be reasonably successful in depicting the
annual and interannual variability in tropical and warm season convective
rainfall. The quantitative accuracy of such estimates appears to be better in
the southern U.S. than further north. Errors appear to be as high as 100% in
areas farthest removed from sea-coasts. Precipitation in cold seasons and in
areas oE significant orography appear to be poorly estimated. The relatively
poor ,results Eor the mid-latitude winter case are probably caused by uniform
sheets of high clouds that are not associated with much precipitation. The
average histogram approach cannot distinguish between such sheets and variable
cloud cells.
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6.2.3
In the middle ground between the aggregate statistics methods of
section 6.2.1 that degrade the spatial resolution of the data to relatively
coarse boxes and the life history methods of section 6.2.3 that incorporate
cloud growth information from image pairs, lie the isolated cloud schemes that
utilize the full spatial resolution of the imagery, but ignore inherent
temporal information. Two examples of these types of schemes are the
technique discussed by ~aters et al. (1977) and the preliminary results of
Negri. et a1. (1984). with each of these, rainfall can be inferred from single
images once clouds have been identHied and isolated by the threshold
temperature value of -20°C. In the latter, for clouds colder than -20°C the
inferred rainfall per pixel on any image assumes one of two values (9.0 mm/hr
or 1.8 mm/hr) depending on the temperature of the pixel relative to the -20°C
threshold. In the former scheme the rainfall inferred for each pixel within a
cloud is a function of a fixed effective raj n rate (1.1 mm/hr), the she of
the cloud, and the temperature distribution within the cloud.
The isolated cloud scheme described by waters et a1. (19Tl), is a
variant of a life history scheme (Griffith et al., 1978). The advantage of
the former is that its rainfall computation time is 10% of that required for
the life history scheme. Moreover, in a limited number of comparisons, the
isolated cloud scheme has been found to reproduce the life history esti.mates
of area-averaged rainfall to better than 10% for the same tlme and space
scales in the estimates.
With the exception of some work by scofield (1977), and an application
by Lovejoy and Austin (1979) no satellite techniques exist that were derived
specifically for mid-latitude, winter cyclones. Rai.nfall estimateR from the
application of a scheme for summertime convection to autumn and winter
systems, that appeared from the satellite to be very convective, degraded as
the storm occurred further into the winter season. Over the area of the
cyclone and front, the satellite technique overestimated the precipitation
measured by gauges. On a somewhat smaller scale, the satellite technique
underestimated the gauge rainfall, but behind the front, the satellite
overestimated the rainfall.
6.2.4
The satellite rain estimation schemes that, in principle at least,
focus on the smallest space and time scales of convection can be referred to
generically as cloud tracking schemes. Several schemes have been derived by a
number of researchers for example, Scofield and oliver (19Tl), Griffith et a1.
(1978) and stout et al. (1979). The unifying thread in each of these
techniques is the identification of "clouds" in geostationary satellite
imagery and the tracking of these clouds with time through a sequence of
images. Thus, in all of these schemes the lnferred rainfall is a function of
both the cloud area on ea.ch image and the change in cloud area between
successive images. It is from the latter that the life history of the cloud
is obtained. Over and above the cloud area and its time changes, additional
information from the satellite may be incorporated into these techniques, such
as the temperature or brightness distributions at cloud top (as in Griffith et
al. and Scofield and Oliver), or the shape of the cloud and the organization of
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the cloud field in terms of isolated clouds versus merging clouds (as in
Scofield and oliver). Although these techniques were originally developed
with visible satellite data which was the only channel available on the first
series of geostationary weather satellites, ATS (the Applications Technology
Satellite), the thermal infrared imagery, which became available on the
SMS/GOES (synchronous Meteorological satellite/Geostationary Operational
Environmental satellite) series of satellites, are now the more commonly used
data, because of their availability 24 hours per day. consequent ly, the
spatial and temporal resolutions of the estimates are nominally 8 km and
1/2 hour. In the derivation of these techniques, the visible brightness or
infrared temperatures are calibrated for rainfall estimation by either
raingauges or a combined system of raingauges and radar. Likewise, the
satellite-inferred estimates are verified with these types of ground data.
The present use of these techniques is highly variable. The
Scofield/Oliver technique, which is a manual scheme, is used operationally as
needed (for flash floods, for instance) at some National Weather Service
stations in the U.S.A. Variations of the University of Wisconsin, Madison
scheme (Stout et al.) which is an interactive scheme, have been used for case
studies or research purposes. CIST, the Convective Infrared Satellite
Technique of Griffith et al., is a computer-automated scheme that has been
applied in a research mode to a number of locations for varying time and space
scales. The most extensive statistics on error assessments and sampling
reqUirements exist from this technique.
The question of the performance of a life history technique over a
number of space and time scales has been addressed by Augustine et al. (198lb)
for rainfall estimates over South Florida. Rainfall was estimated by CIST
using 8 km, 1/2 hourly GOES infrared digital imagery. These estimates were
accumulated over four time and four space scales, and compared with
accumulations (for the same 16 permutations) of rainfall derived from a dense
gauge network. Fig. 12 shows a mapping of satellite image pixels over the
trapezoidal area in South Florida with a dense gauge network.
Linear regressions of the gauge and satellite data were computed for
each of the 16 permutations. The correlation coefficient is found to increase
(Fig. 13) as the period of accumulation increases and as the area over which
the accumulation is made increases. Thus, the smallest correlation (~O) is
for 1 satellite pixel over 1/2 hour, and the largest correlation (~l) is for
6 hourly accumulations over areas ~104 km 2 . The standard deviation
(Fig. 14) and the bias (Fig. 15) of the absolute sampling error (the
difference formed by the satellite minus the gauge rainfall) were also
investigated. For any of the spatial accumulations, no bias in the sampling
error was found for 6 hour accumulations, but there is approximately a 15%
bias for the shorter periods. The standard deviation of the sampling error
decreases as either the period of the accumulation or the area of accumulation
increases.
The sampling error of successively sparser networks as a function of
areal mean rainfall is shown i.n Fig. 16 (for a 2200 km2 basin) and Fig. 17
(for a 9350 km 2 basin).
The sampling error increases with network
degradation and as area mean rainfall increases. Also for the same areal mean
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precipitation and sampling error, more stations per unit area are required for
the smaller basin than the larger. This is because the same areal mean
precipitation corresponds to higher precipitation per unit area for the
2200 km 2 as compared to the 9350 km 2 basin, Le. higher precipitation
rates require denser networks to measurements with a given error.

SATELLITE IMAGERY GRID SPACING OVER THE
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2
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KM 2
2
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-------------133 km-----------

Fig. 12 - Four space scales used to assess the errors i.n life history,
satellite-inferred rainfall. One satellite pixel (picture element)
is equivalent to the 55 km 2 area. The rectangle composed of the
170, 55 km 2 boxes is 9,350 km 2 in area.
For the compar ing
rainfall measured by the Convective Infrared Satellite Techniques,
CIST, and ground truth the ground data were derived from a dense
network of 100, 5-min recording gauges in the trapezoidal area.
These gauges were interpolated to a grid that was 3.7 km on a side.
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CORRELATION BETWEEN RAIN GAUGE AND SATELLITE ESTIMATED RAINFALL
AS A FUNCTION OF VARIOUS TIME AND SPACE SCALES
Fig. 13 - The correlation of satellite and gauge rainfall as a function of the
area and period of accumulation. Satellite estimates were made from hourly,
55 km 2 data sets. Gauge rainfall was recorded at 5 min. intervals and
interpolated to 3.7 x 3.7 km 2 grid boxes. Both satellite and gauge rainfall
were accumulated over a total of 16 time and space scales. The correlation
increases as the period of accumulation or the area of accumulation increases.
SAMPLING ERROR OF SATELLITE RAIN ESTIMATES OVER
VARIOUS TIME AND SPACE SCALES
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SVSTEKATIC £RRDR OF SATELLITE RAIN ESTI""'TES
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The relative sampling error of the satellite with respect to the
gauges «s-G)/G) was computed for 6 hourly rainfall accumulations on the 4
spatial accumulations. From these results, the equivalent rain gauge density
of the satellite estimates can be determined. It was found that for a basin
of ~104 km 2 the satellite estimates are equivalent to a density of ~l
gauge/2300 km 2_(Fig. 18).
For a smaller basi.n (~2x103 km 2 ), the
satellite has errors equivalent to (or better than) ~l gauge/llOO km 2
(Fig. 19).
Such detailed error estimates have not been made to date for other
geographic locations, and these Florida results may not be applicable to any
other location. But accuracy assessments of CIST estimates have been made for
a number of applications over both the oceans and land, and for mid-latitude,
as well as tropical regions during the convective season. Table 11 summarizes
the results of an assessment of several adjustment factors in correcting for
environmental differences between the location of the techniques derivation
and the location of application. I t has been found, for instance, that
empirical rainfall relationships derived in the subtropics can be applied with
no change to the tropical oceans (Augustine et al., 1981a), but must be
corrected for moisture differences in the mid-latitudes (Griffith et al.,
1980). The results for area averaged rainfalls are summarized in Table 12.
In general, the daily comparisons show better statistics than the hourly
comparisons, as would be expected from the Augustine et al. results. Overall
the satellite estimates are approximately within 20% of the gauge estimates,
and the satellite can either overestimate or underestimate the areal rainfall
compared with the gauges. Correlations (R) are relatively high (better than
0.7) for the daily, area-averaged rainfalls, but are less than 0.6 for the
hourly comparisons.
The sensitivity of a life history scheme to the frequency of the
satellite imagery has been addressed by Griffith and Augustine (1982). A
month of rain estimates for a land area 13° in latitude by 18° in longitude
(Fig. 20) were made from 1-, 3-, 6- and 12-hourly imagery. The monthly rain
volumes for the area differed at most by 7% (Table 13), but the isohyetal
patterns became more cellular as the frequency of the data decreased
(Fig. 21). It may be that if these data were averaged to a larger grid (500
km, for example), the rainfall. pattern differences would disappear.
Consequently, 12-hourly imagery input to a life history technique may provide
adequate temporal resolution to compute monthly rainfalls for coarse grids.
Fig. 22 shows a time--series comparison between daily area-averaged rainfall
estimated by satellite and gauges for the U.S. High Plains.
7.

PROXY ESTIMATES OF PRECIPITATION

In some regions where it is difficult to measure precipitation, river
runoff is a valuable indicator of rainfall that has fallen over the
watershed. Over a long period for a given basin, the runoff is equal to the
precipitation minus evaporation. Thus, a model must be used to help estimate
evapotranspiration over the basin, in order to derive precipitation. Some of
the runoff may be in the form of leakage under the river, and some as human
water diversions. Using the runoff to estimate monthly precipitation is
further complicated by the seasonal storage of some of the precipitation as
snowpack.
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TABLE 11

Adjustment

r

~

Inter~

S/G

B

4-

~

P.C.

1. 00

1. 00

0.00

1. 00

1. 00

1. 00

0.00

None

.94

3.14

0.23

3.52

5.87

9.68

12.47

MAF

.90

0.62

0.07

0.74

1. 30

5.22

3.03

P

.94

1. 73

0.13

1. 94

4.37

9.60

9.64

E

.90

2.40

0.06

2.50

4.20

9.90

7. 94

Vs

.89

2.60

-0.03

2.56

4.93

9.27

13.32

C

.82

1. 22

-0.04

1.16

2.43

11.08

5.47

Explanatory notes for Table 11
An assessment of several adjustment factors in correcting for
environmental differences between the location at which the technique was
derived and the location of its application. The correlation coefficient,
slope and intercept are in the second through fourth columns respectively. In
S/G the satellite (S) and gauge (G) rainfall have been accumulated over 15
cases. The values for the column labelled B are derived from (I s/G)/N
where S/G is formed on a daily basis. ER is the "worst case" estimate of
B. Because the daily S/G values can cancel each other, since some are greater
than one and some are less than one, the daily ratio is formed from Sand G so
that it is always greater than (or equal to) 1.0. These are then summed and
averaged. Other definitions follow:

Row labelled P.C.:

Row labelled "None":
MAF:

Value of each of the factors if perfect
correspondence between satellite and gauge
rainfalls
Results for Florida rainfall relationships
applied to mid-latitude convection

Model Adjustment Field derived from the output of a 1-0 cumulus
cloud model that uses upper-air sounding data as input.

P:

Precipitable water correction

E:

Sub-cloud evaporation correction

Vs:

Vertical wind sheer correction

C

=

P x Vs x E;

C is not composed of independent factors.

On the basis of these figures, the model adjustment factor was chosen
as the best adjustment factor.
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TABLE 12

LEAST SQUARES LINEAR FIT
GROUND
DATA

LOCATION

N

ERMS

B

R

SLOPE

INTERCEPT

DAILY COMPARISONS
GATE
FACE
HIGI:1PLAINS
HIPLEX
HIPLEX
HURRICANES
FLASH FLOOD

Radar
Gage
Gage
Dense Gage
Sparse Gage
Gage
Gage

53
51
31
15
9
3
2

0.84
1.28
0.79
0.77
0.90
1.08
1.39

0.79
_ 1.05
0.38
2.81
0.55
0.06
0.48

0.87
0.74
0.72
0.90
0.78
1.00
0.99

0.97
1.05
0.67
0.62
1.81
0.89
0.89

-1.47
1.15
0.29
0.07
-D.27
0.18
23.93

0.64
0.80

0.02
0.14

1.00

0.00

HOURLY COMPARISONS
HIGH PLAINS
FACE

662
234

Gage
Gage

0.60
0.45
PERFECT CORRESPONDENCE

1.00

B=zs/iG

~S

r

0.00

1.00

~T

L{--SG~-

=

-----Fr-.:::.

TABLE 13

Temporal Resolution

1 h

3 h

6 h

12 h

421.01

405.44

448.56

Monthly Rain Volume
(m 3 X 10 9 )
Difference
From Standard

438.74

0

4.0

7.6

-2.2

Comparison of satellite-inferred rain volumes as a function of
image frequency.
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Fig. 20-Area of estimation of one month of rainfall weather central third of
the United States. The upper air stations are denoted by the black
dots. Rain estimates were made for hourly GOES IR images slightly
degraded to 1/5 0 latitude by 1/5 0 longitude boxes. A maximum of
872 hourly recording gauges within this area were used for the ground
comparisons.

Fig. 21- Unadjusted satellite rainfall for the month of August 1979 over the
area 30 0 to 46 0 Nand 90 0 to 110 0 W. Starting from the upper left
and rotating clockwise, the estimates have been calculated from 1-,
3-, 6-, and 12-hourly imagery.
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Fig. 22 Time series of doily area-averaged rainfall estimated by
satellite and gauges for the U.S. High Plains.

Precipitation estimates from some numerical forecast models have
reached a level of accuracy tn which they can contribute to the knowledge of
precipitation over the world. Fig. 23 (from Horst Bottger of ECMWF) shows a
comparison of forecast precipitation at a grid point near southern Sweden with
the average from several stations in that region.
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Models are good (and getting better) at predicting such fields as
temperature, stability, area averaged vertical motion, lower and upper
tropospheric divergence, and to a certain extent, non-convective
precipitation. The satellite precipitation methods can help fill the gap for
convective precipitation. Although the final analyzed precipitation fields
may include inputs from satellites, surface reports and models, it is very
important that the inputs are also separately archived.
Gridded model outputs are generally very hard to access, because many
forecasts out to 10 days are together in one large data set. Since the
precipitation forecasts appear promising, an extracted data set of forecasts
during the first 36 hours of model time would be desirable. If properly
verified, this data can contribute to our knowledge of precipitation over the
oceans. Bottger (1983) also shows forecasts and verification of snow depths
over Europe, as produced by the ECMWF model in late 1981.
8.

HYBRID RAIN ESTIMATION TECHNIQUES

8.1

Introduction

A hybrid rain estimation technique (HRET) is one in which the various
techniques described in Section 3 are used in combination. A variety of HRETs
in which satellite sensors are used have been developed over the past decade.
Hybrids combining land-based radar and gauge measurements have been used for a
much longer time (Woodley et al., 1975; Brandes, 1974), but, as described in
Section 3, cannot by themselves define the global rainfall distribution.
Lovejoy and Austin (1980) described an HRET in which both visible and
IR GOES imagery were used in conjunction with land-based radar to estimate and
provide a short-term forecast of rainfall over a large area of eastern
Canada.
They have claimed some success in estimating rain due to
extratropical cyclones, as well as that due to convection. Barrett (1981) has
developed an interactive HRET which relies on the type and frequency of the
cloud cover over the estimation areas in conjunction with raingauge
measurements from selected stations within the area.
8.2

The FSU HRET

Krishnamurti et al. (1983) used a mix of satellite data from TIROS-N
and station data from the FGGE (IIc) observing network during MONEX in a
statistical regression approach to derive a relationship between rainfall, IR
temperature and the rate of change of IR temperature; a schematic of the
method system in Fig. 24. A careful time synchronization was employed in the
data processing in order to match the satellite observing times to those of
the reporting stations over the MONEX domain for May, June and July 1979
respectively. Since the satellite observations were on a 2.5 0 grid, the
station reports were averageq. over the same mesh. The linear multiple
regression equati.on used was:

-- !) 1

+

R

-

( 1)

C

~t

where Tb is the equivalent blackbody temperature and ~Tb/~t is the
rate of change of temperature over the 24 hour period. The number of
observations included in the regression were 3319, 4125 and 4213 for May, June
and July respectively; also the IR temperature for each day was weighted u~re
towards the 12Z satellite report. The regression was carried out separately
for each month because of the sampling of less rai.n in May and heavier rain in
June and July. The monthly values of the coefficients were:
May:

a

- 0.H20,

b

0.7319,

c

June:

a

- 0.1997,

b

1.0669;

c

57.84;

July:

a

0.1837;

b

1.1955;

c

53.91;

=

where the unit of

~

=

=

35.48;

is in mm/day/oK and b is in oK.
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Fig. 24 - Flowchart of the procedure adopted in deriving rainfall estimates on
grid points by using a mix of FGGE surface reporting raingauge
stations and TIROS-N temperatures.
To prevent a bias towards no rai.n situation in the regression a
threshold value was set for the condition:
+ c
~t

~

0

( 2)

IU
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Note that the sign of the coefficient "a" is negative, implying that
colder clouds (i.e. tall deep convective clouds) contribute to large rainfall
rates. The coefficient "b" is also negative which implies that growing clouds
contribute to large ratnfall rates. The contrtbution of the time rate of
change term was small. The constant "c" defines a threshold value for the no
rain situation.
Having obtained the coefficients, satellite rainfall (Fig. 26) was
computed daily from OOZ to OOZ on 2.5 0 mesh. This satellite rainfall chart
depicts most of the cloud patterns. but, because of the characteristics of
multiple regression it underestimates heavy rainfall and overestimates light
rainfall: the distribution of observed rainfall is shown in Fig. 25. The
satellite derived rainfall field was then used as a first guess to an
objective analysis to obtain the final analysis (Fig. 27). which was averaged
over a 1 0 mesh. The objective analysis procedure used a successive correction
method based on Cressman (1959) and Tripoli and Krishnamurti (1975).
The rainfall distribution pattern in the final analysis strongly
reproduces the ground truth over land. whereas the distribution over the ocean
represents primarily the satellite data. The method has certain limitations,
especially over the ocean. The results probably would have been improved i f
the satellite data were available on shorter time intervals. However. it is
felt that in an average sense the rainfall estimates were in fairly good
agreement (Fig. 28)' to the results obtained by Martin and Howland over the
Arabian Sea during the MONEX period.
8.3

Proposed HRETs

For many applications, HRETs appear to offer considerable promise. A
variety of such techniques are in development. Brief descriptions of several
experimental or planned HRET schemes follow:
•

A group at the University of Wisconsin has proposed to combine
direct and indirect satellite estimation techniques with land-based
radar and raingauge measurements to estimate planetary scale
convective rainfall for portions of the FGGE period. This HRET will
use GOES data and a statistical approach like that used for the GPI
(section 6.2.2) supplemented by microwave estimates using SMMR
data. Land-based radars and raingauges will be used where available
as calibrations.

•

Scofield (NESDIS) and Barrett (University of Bristol) have proposed
to enhance the operational Barrett HRET by increasing the use of
fine spatial and temporal detail of the cloud distribution. Both of
these HRETs can be implemented with currently available data sources.

•

A group at the NASA Goddard Space Flight Centre (North et al. 1984)
have proposed an HRET which will rely entirely on satellite sensors.
They propose to combine visible and IR statistics with information
from a microwave imager and a space-borne radar on a low
inclination, low earth orbit platform to estimate monthly rainfall
over the tropics.
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Fig. 25

Fig. 26

Distribution of the 24-hourly observed rainfall (mm/day) ending
at 00 GMT on la May 1979.

Distribution of the 24-hourly satellite rainfall estimate (mm/day)
ending at 00 GMT on la May 1979.

Fig. -27 Distribution of 24-hourly HRET rainfall estimate (mm/day) ending at
00 GMT on 10 May 1979.
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RECOMMf':NOATIONS

One of the most critical needs of all of the indirect esti.mation
schemes is the acquisition of high quality ground- truth data sets for times
and places for which satellite estimates are available. The GATg radar
rainfall estimates used in Ark1.n (1979) and Richards and Arkin (1981) are the
prototype of such calibration data sets. Every effort should be made to
identify areas and times where suc;h data sets lOay be avai.lable so that
co-located satellite data can be obtained. Where possible, such calibration
data sets should be distributed so as to sample various surface types and
latitudes and various parts of the annual cycle.
9.2

Long-term Statistics

For many appl ications (Section 1), the long-term stati.stics of the
large-scale precipitation field are quite important.
Accordi ngly, i t is
important to identify eKisting estimates which cover long time periods and
data which provide opportunities for eKtending other esti.mation back in time.
Two relatively long-term large-scale estimated ratnfall data sets
currently eKist. They are the highly reflective cloud (HRC) and outgoing
longwave radiation (OLR) sets (see section 6.2.1). These are both eKamples of
aggregate statistical techniques and, in fact, probably represent the least
sophisticated techniques possible.
Accordingly, they probably represent
minimally accurate estimates. Nonetheless, it is important to evaluate the
degree to which such 10-15 year data sets faithfUlly represent the mean and
interannual vari.ability of the annual cycle in planetary scale convective
rainfall.
Since geostationary satellite imagery are ava.ilable since at least
1976 (AppendiK 4), it is in principle possible to eKtend estimates such as the
GPl (Section 6.2. 2) or any of the more sophisticated indirect estimates
(Section 6.2.3 and Section 6.2.4) to cover this period. In practice, the cost
of using any of these methods would be quite high. An effort should be made
to at least obtain statistics suitable for calCUlating the GPT from some
portion of the avai.lable imagery.
The success of the GPI in defining
variability in tropical/warm season convective rainfall makes it likely that
such retrospective estimates would prove useful. Thls activity should not be
limited to the D.S. geostationary satellites. AS noted in Section 8.3, it has
been proposed to use such statistics as one component of an HRET estimate of
rainfall during part of the FGGE year.
9.3

Effects of space/Time Sampling

The effects of space and time sampling on i.ndirect satellite estimates
of rainfall need to be better understood. The effect of sampling at 1, 3, 6
or 12 hour intervals on estimates using detailed temporal evolution of fine
scale details (Fig. 21) appears to be one of decreased smoothness of the
isohyetal pattern. The effect of sampling on simpler estimation techniques is
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not well known. I t is strongly recommended that the effects of spatial and
temporal sampling be investigated at least for the bulk statistical estimation
scheme~
Such a study could be mode led after the work of Richards and Arkin
(1981) with sampling replacing averaging. Temporal sampling should range from
hourly to daily, whUe spatial sampling should be at the pixel level, ranging
from 100% to 6%.
9.4

Global Gridded

Field~

The ideal global gridded rainfall data set would be highly accurate
and would use raingauges, radars, satellite estimates and possibly even
forecasts' from numerical models in regions. where each are ava.ilable and
usable. While prototypes of such hybrid rain estimation techniques have been
developed (Section 81. no satisfactory operational technique is yet available
for producing precipitation fields suitable for climate monitoring. Such a
system should be developed. I t will require an improvement in the global
exchange of station rainfall data, improved knowledge of the spatial and
temporal variability in the relationship between the aggregate sta.tistics of
cloud cover and actual rainfall, and some improvement in the processing and
exchange of satellite data. A minimal HRET, which would use statistics from
either the NOM polar orbiting satellite(s) or the various geostat.ionary
'satellites together with station rainfall observations available tn real time,
.1.5 possible. Such a system seemsl1kely to be capable of providing rainfall
estimates over areas dominated by tropical or warm season convection (more
than half the earth) with errors of < 50% on a daily basis. I t should be
capable of measuring the annual andinterannual. variability of convective
rainfall to wi.thin 25%.

9.5

]'.ntercomparisonllntercalibration
The following studies/activities should be undertaken:

9.6

•

Carry out parallel runs between TIROS--N and Geostationary
satellites:

•

Test the transportability of GP!. (over oceans):

•

Investigating the rainfall patterns from the final products of
various numertcal modelling research groups~ Compare with other
methods of estlmating rainfall and determine how good the
comparison is over the oceans mainly because over land,
ground-truth is probably available:

•

Conduct further field experiments in trying to better caUbrate
satellite data in various places,. and in particular over oceans and
in winter time over high latitudes.

Q1der Monthly Surface Station Data

At least every decade WMO organIzes a global gathering of monthly
station data for the 10 year period. There is also a continUing delayed mode
collection of these data. When the CLlMAT reporting (via GTS) network is
expanded by 5,000 to 10.000 stations. it is recommended that data time-series
for the longest periods possible also be gathered for these stations. The
collection should also include monthly average maximum, and average minimum
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temperature where possible.
Sunshine duration should be included when
avai.lable. Station and sea level pressure should also be i.ncluded for at
least a selection of stations. Speci.al care should be taken to i.nclude atol
stations. lighthouses off windward coasts. selected stations on hilly slopes.
Choosing clusters of 2 to 4 stations (20-50 km apart) around each station of
the basic network would enable checks on homogeneity and interpolation for
missing periods. The data from the enhanced station network should be readily
available on magnetic tape. I t 1s anticipated that only a subset would be
published in the World Weather Records.
9.7

River Runoff

Exchange of monthly (or weekly) river runoff data should be considered
for. selected sites in hilly qr mountainous regions. where there is a
significant amount of precipitation. Special consideration should be given to
sites where there are very few rain gauges.
9.8

O~der

Satellite Data

The global archives of older satellite data should be surveyed for its
usefulness in deriving precipitation and application to other climate
problems. A brief summary of some of the archives of satellite data that may
be useful to prepare estimates of past precipitation is contained in
Appendix 4.
9.9

ISCCP Programme

A reduced volume (l0 km. 3 hour) archive for all geosynchronous
satellites (except INSAT) started in July 1983. It is on about 350 tapes per
year. A smaller archive with 25 to 30 km resolution is also available.
9.10

Forecast Model Output

since outputs of some present operational forecast models can
contribute to our knowledge of precipitation and evaporation. i t is
recommended that an appropriate archive of forecast quantities be established
for research use. I t is also expected that further analysis of forecast
output. and comparison with verification data wi.ll lead to improvements in the
models. At some time in the future, it is conceivable that global satellite
estimates would be made using Hybrid techniques that also incorporate
numerical model output products.
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f.

Average station precipitation, units .01 mm;

g.

Data for four classes of precipitation amounts:

,

- Number of stations having no precipitation or only a trace;
- Number of stations with precipitation more than a trace but less
than or equal to 5 mm. Their average precipitation in units of
tenths of mm (.1 mm);
- Number of stations with precipitation more than 5 mm but less
than or equal to 20 mm. Their average precipitation in units of
.1 mm;
- Number of stations with more than 20 mm of precipitation.
average precipitation in units of .1 mm.

Their

h.

If other categories besides 5 mm and 20 mm are used, give the
categories;

i.

Mean area precipitation derived by any of different methods. It
is possible to use other information to improve the estimate of
area mean precipitation. Examples are radar data, knowledge of
orographic effects and upper winds, etc. Record the resulting
average precipitation from such methods (if available) in units of
.01 mm;

j.

Mean equivalent depth of water (over the whole region) stored as
seasonal snow and ice cover on land. Also give percentage of the
area covered with snow. Enter these data if available. units:
whole mm.

j

r
!

APPENDIX 4

SATELLITE DATA AVAILABILITY
1.

Geosynchronous Satellite Qata (US)

The routine US archive of 3-hourly (8 km) data for 2 synchronous
satellites started 3 September 1978 with a more limited archive from 9 August
1976. These present archives only cover 40S - 50N amd 100 degrees of
longitude centered on the satellite subpoint. Volume: 3 tapes/day.
These are available from WDC-A (NOAA/NESDIS - satellite data
services). Many pictures and film loops are also available.
The University of Wisconsjn has full resolution data (1 km visible, 8
km IR) for US synchronous satellites for the FGGE year and selected data for
other periods:
- full resolution, half-hourly
present (with minor gaps);
- full resolution, GOES-W data
- all half-hourly Indian Ocean
November 1979;
- full resolution data for the
September 1974.

data for GOES-E from March 1978 to the
from November 1978;
data December 1978 through
GATE experiment period, June -

A condensed set of 2 km, hourly data for the GATE area (10S-25N,
60W-IOE) is on 83 tapes, 1600 bpi, at NCAR and Colorado State University.
Associated radar-rainfall data are available for portions of the region.
2.

Geosynchronous Satellite Data:

ESA/Meteosat

The original raw Meteosat-l digital image data at full resolution in
three spectral channels, at half-hour intervals, have been archived for the
two years of the life of this satellite (November 1977 - November 1979).
There are three types of data: (1) visible with a resolution of 2.5 km at
nadir, sampled each 2.5 km along the scan, (2) window IR with a resolution of
5 km sampled each 5 km and (3) water vapor with a 5 km resolution.
3.

Japan/GMS Satellite

The archive of the GMS is stored on 6250 bpi tape. The satellite has
visible resolution of approximately 1. 25 km and infrared at approximately
5 km. The satellite is operated for a single image every 3 hours except at 0
and 12 Z when four images with half-hour separation are scanned for wind
determination purposes. An archive of the full output of the GMS from 1
December 1978 - 30 November 1979 (== 7000 tapes) is maintained at the
University of Wisconsin for FGGE research. Japan maintains a limited rotating
archive of GMS data. However, there may be a relatively continuous archive of
at least the IR data.
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4.

NOAA Gridded IR and Visible Data

Grids of 1024 x 1024 points per hemisphere. prepared from NOAA scanner
data (IR and visible) are available from Janaury 1973 - 16 March 1978 and
November 1978 - on. The resolution is 25 km at 60N. 13 km at equator. The
data at a grid point are made up of the latest observed spot. I t is not an
average of spots. The data could be put on 315 tapes through March 1978. but
they are on 2600 tapes in Washington D.e. Part of the data were prepared at a
higher resolution. Several reduced resolution archives of these data are
available from 1974. at daily. half-monthly and monthly times. The datasets
range from 1 to 20 tapes in size.
5.

NOAA VTPR Sounder Data

All soundings are available for November 1972 - January 1979 on 1125
tapes.
The data could be written on 130 tapes (1600 bpi). The spot
resolution is about 55 km. There are 8 IR channels.
6.

Tiros-N Series Satellites

The global archive of 4.km scanner data (GAC data - 4 channels) from
Tiros-N started 21 October 1978. rthas 2 visible and 2 or 3 IR channels.
There are 95.2 minutes of data per tape • about 1440· gigabits per year.
The sounder data started 21 October 1978. There is a scan each
6.4 sec. 56 steps in a scan. nadir .resolution 17.4 ·km. There are 42 km
between spots. 20 channels including IR. visible and microwave data. The
archive has 610 tapes/year.
7.

INSAT

Data for 06 and 12Z have been received in the US starting with data
for April 1984. Most of the 3-hourly data are still available in an archive
(that may recycle) in India starting .January 1984.
8.

Ocean Precipitation from Satellite Microwave Data

NASA has past data for December 1972 through 1977. The SMMR on
NIMBUS-1 is similar. Some believe that the rainfall rate may be estimated to
within a factor of 2. The scan resolution of 25-40 km probable causes an
underestimate of showery rainfall by 30 to 40 percent. The algorithms' ·to
estimate rainfall rate are still being. developed.
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