The Benefits of Aircraft-based Observations
and AMDAR to Meteorology and Aviation

World Meteorological Organization
Joint Expert Team on Aircraft-Based Observing Systems
January 2021
Revised, July 2022

The development of this report was led by the WMO
former Commission for Basic Systems (CBS) Expert Team on
Aircraft-Based Observing Systems, and is a contribution to the
WMO Integrated Global Observing System

© World Meteorological Organization, 2021
The right of publication in print, electronic and any other form and in any language is
reserved by WMO. Short extracts from WMO publications may be reproduced without
authorization, provided that the complete source is clearly indicated. Editorial
correspondence and requests to publish, reproduce or translate this publication in part or in
whole should be addressed to:
Chair, Publications Board
World Meteorological Organization (WMO)
7 bis, avenue de la Paix
P.O. Box 2300
CH-1211 Geneva 2, Switzerland

Tel.: +41 (0) 22 730 84 03
Fax: +41 (0) 22 730 81 17
Email: Publications@wmo.int

NOTE
The designations employed in WMO publications and the presentation of material in this publication do
not imply the expression of any opinion whatsoever on the part of WMO concerning the legal status of
any country, territory, city or area, or of its authorities, or concerning the delimitation of its frontiers
or boundaries.
The mention of specific companies or products does not imply that they are endorsed or
recommended by WMO in preference to others of a similar nature which are not mentioned or
advertised.
The findings, interpretations and conclusions expressed in WMO publications with named authors are
those of the authors alone and do not necessarily reflect those of WMO or its Members.
This publication has been issued without formal editing.

Contents
Executive Summary .............................................................................................................................. 5
1

Introduction ................................................................................................................................. 7

2

About the AMDAR Programme ............................................................................................. 9
2.1

Data derivatives from an AMDAR Programme........................................................... 9

2.2

Airline participation in the AMDAR Programme....................................................... 11

3

Benefits of AMDAR data to meteorology ........................................................................ 13
3.1

Low-cost, high-quality source of data ........................................................................ 13

3.2

Data use ................................................................................................................................. 15

3.2.1

Use in Numerical Weather Prediction models ...................................................... 15

3.2.2

Use in forecast applications ........................................................................................ 21

3.2.3

Use in climate and other applications..................................................................... 23

3.2.4

Use in verification of forecast products ................................................................. 24

4

Benefits to the aviation industry ....................................................................................... 25
4.1

Benefit to airline operations ........................................................................................... 25

4.1.1

Impact of improved weather forecast skill on airline operations................. 25

4.1.2

Improved flight operations ......................................................................................... 27

4.1.3

Improved safety .............................................................................................................. 28

4.1.4

Operational cost savings.............................................................................................. 28

4.1.5

Aircraft sensor and system monitoring .................................................................. 29

4.2

Air traffic management/air traffic control and airport operations ................... 30

4.3

Environmental aspects...................................................................................................... 31

4.4

Public and customer perception .................................................................................... 32

5

Enhancement of ABO and AMDAR through water vapour measurement .......... 33
5.1

Background information ................................................................................................... 33

5.2
Why is water vapour measurement critical to meteorology and aviation
forecasting? ........................................................................................................................................ 34
5.3

Benefit to meteorology ..................................................................................................... 34

5.4

Benefit to the aviation industry ..................................................................................... 36

5.5

Potential future benefits ................................................................................................... 37

5.6

Implications of a sensor deployment .......................................................................... 37

6

Atmospheric turbulence reporting .................................................................................... 39
6.1

Turbulence metrics ............................................................................................................. 39

6.2

IATA Turbulence Aware programme ........................................................................... 41
2

6.3

Benefits to aviation and aviation meteorology ........................................................ 42

Annex 1:

Examples of benefits to operational forecasting applications ................... 43

Example 1: Lake effect snow event .......................................................................................... 43
Example 2: AMDAR observation usage at the NWS Raleigh, North Carolina
Weather Forecast Office ................................................................................................................ 44
Example 3: AMDAR data find multiple uses in Hawaiian Islands forecast
applications ......................................................................................................................................... 47
Example 4: Fire weather – smoke dispersion ....................................................................... 50
Example 5: Freezing rain event.................................................................................................. 52
Example 6: Testimonies from several aviation forecasters in New Zealand,
Sweden and Finland regarding how they use AMDAR data ............................................. 53
Example 7: Experiences from the KNMI/KLM business case at Schipol airport ...... 55
Example 8: Precipitation type in northern Vermont ........................................................... 57
Annex 2: Examples of direct benefit to airline operations ..................................................... 1
General benefits to airlines of AMDAR data according to experience from the USA
National Weather Service................................................................................................................ 1
Benefits to airlines of AMDAR wind and temperature data: .............................................. 1
Benefits to airlines of AMDAR humidity (WVSS-II) data:................................................... 1
AMDAR data benefits to airlines other than performance: ................................................ 1
General benefit example 1: Derivation of observations of upper winds ...................... 2
General benefit example 2: Winds aloft and freezing level display ............................... 2
Specific benefit example 1: Airliner low on fuel over the Atlantic Ocean .................... 4
Specific benefit example 2: Operational experience from UPS airline of using
AMDAR .................................................................................................................................................... 4
Specific benefit example 3: Aviation forecasting: Ceiling and visibility........................ 6
Specific benefit example 4: Low-level wind shear event in Argentina .......................... 8
Specific benefit example 5: Use of AMDAR and ADS-B in assisting situational
awareness during New Zealand turbulence event .............................................................. 12
Specific benefit example 6: Low-level wind shear monitoring and warning in Hong
Kong, China ........................................................................................................................................ 14
Annex 3: Impact on meteorological Numerical Weather Prediction models ................. 16
Example 1:

Aircraft data used in dispersion model HYSPLIT ................................... 16

Annex 4: The Water Vapour Sensing System WVSS-II ........................................................ 18
WVSS-II sensor performance ...................................................................................................... 18
WVSS-II certification ...................................................................................................................... 18
Low risk and low impact on airline operations ..................................................................... 19
3

Annex 5: Cost comparison between AMDAR and radiosondes ........................................... 21
Annex 6: Testimonial statements from NWP experts ............................................................ 29
Annex 7: References ........................................................................................................................... 31
Aircraft-based observations and AMDAR benefits references ......................................... 31
AMDAR Programme, data use and data impact studies references ............................. 31
Water vapour sensor references ................................................................................................ 31
Technical specifications of AMDAR Onboard software ....................................................... 32
Annex 8: Document version control ............................................................................................. 33

4

Executive Summary
This report focuses on the benefits of AMDAR data to both aviation and
meteorology. After a brief introduction to AMDAR and the ABO programme, a
description of the meteorological elements observed and their tolerances are given
along with an overview of global airline participation.
Section 3 highlights the benefits of the data to meteorology by first discussing the
quality and economy of the observations both in an overall sense and when
compared with other upper-air sources. Perhaps the greatest impact of AMDAR data
is to NWP where studies show that wind and temperature forecast errors at flight
levels can be reduced by as much as 50%. Data denial OSEs also show that AMDAR
is one of the most important sources of upper-air observations for NWP.
Operational forecast products and services also benefit from ABO in regard to the
issuance of improved weather forecasts, watches and warnings. Aviation and public
weather forecasters also use AMDAR data for both the verification and updating of
short-term forecasts between regular NWP guidance. In addition, AMDAR
observations provide significant impact to climate monitoring operations and
research.
The aviation industry receives numerous benefits through the use of AMDAR data.
These go beyond the stated benefits of more accurate and timely forecast services
and include more direct impacts, such as:
•
•
•

increased passenger and crew safety through severe weather avoidance;
improved fuel efficiency and aircraft management;
more efficient route planning associated with severe weather to reduce
unplanned flight deviations.

An added impact to aviation is the provision of prompt feedback on the quality of
the data being produced by the aircraft sensors. This information can be utilized to
provide an early warning to the AMDAR airline maintenance staff that an onboard
sensor or system may be malfunctioning. Many more advantages gained through
AMDAR data use are discussed in the report.
Also, from an airline perspective, a key incentive for joining the AMDAR Programme
is that all participating air carriers share their real-time data.
The use of AMDAR data helps airlines to more effectively reduce CO2 emissions and
contrail production through the use of improved (AMDAR supported) meteorological
products resulting in more efficient operations. This environmental stewardship
coupled with enhanced safety realized through the use of AMDAR data can be used
to gain a promotional and perceptional advantage for an airline.
Section 5 discusses water vapour measurement from commercial aircraft. Benefits
for both meteorology, including improved forecasts of thunderstorms, low
clouds/fog and precipitation, and aviation, including better predictions of ceilings
and visibilities, aircraft icing and contrail formation, are covered.
Turbulence detection and monitoring are featured in section 6. The two main
turbulence metrics, eddy dissipation rate (EDR) and derived equivalent vertical gust
5

(DEVG), are examined. The IATA collaborative Turbulence Aware data resource
programme is highlighted. Direct benefits to airlines from early turbulence detection
include:
•
•
•

increased safety for the passengers and crew;
improved efficiency of airline route routing;
enhanced efficiency of operations by mitigating aircraft structural damage
and direct repair costs.

Additional and more detailed information about AMDAR data and the ABO
programme can be found in the report annexes. Annex 1 and Annex 2 highlight
both meteorological and aviation examples and case studies of operational data
use.
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1

Introduction

This document describes the benefits of aircraft-based observations (ABO) and, in
particular, the data derived from the WMO Aircraft Meteorological DAta Relay
(AMDAR) observing system to both the meteorological and aeronautical
communities.
The document is intended for the use of WMO Members and operators as guidance
in assisting them to determine the benefits of including AMDAR observations as an
operational component of their national meteorological observing systems. It also
contains information that may be provided to aviation and airline collaborators to
demonstrate the benefits of the data, both to meteorology and, as a result, to
aviation and their own operations. Some of the information and materials could
readily be adapted to contribute to the development and formulation of a business
case for an airline to participate in the AMDAR Programme.
Over the years of AMDAR data usage, which dates to the 1980s, numerous benefits
to meteorology, aviation, climate, the environment and general society have been
realized, documented and quantified. During this period, other sources of ABO have
emerged that meet the measurement standards prescribed by WMO 1 (for example,
TAMDAR, ADS-B and C and Mode S). 2 These ABO, when of similar quality to AMDAR
observations, have been found to produce many of the benefits that AMDAR
observations have provided. While this report primarily covers benefits associated
with AMDAR data, these other data sources also must be acknowledged, and it can
be assumed that such benefits would also apply to them.
Over the past several years and based on recognition of the significant benefit that
the AMDAR Programme brings to meteorology, aviation and to the broader
communities, the International Air Transport Association (IATA) has commenced a
collaboration with WMO to assist in the expansion of the AMDAR Programme over
currently data-spares areas of the globe. The WMO-IATA Collaborative AMDAR
Programme (WICAP) is expected to result in a rapid expansion of the coverage of
AMDAR over the coming 5 to 10 years with IATA providing its support for an
improved business case for airline participation and leadership in developing more
efficient and optimal solutions for technical implementation. The benefits outlined in
this document will provide valuable input to the business case and justification of
the WICAP. 3
The document has been contributed to and reviewed by observing system experts
from WMO Members, including members of the WMO Inter-Programme Expert

WMO Specifications and standards for AMDAR also are available at:
https://community.wmo.int/activity-areas/aircraft-based-observations/resources
2 TAMDAR - Tropospheric Airborne Meteorological DAta Reporting: For additional information, see Section 2.3.2 at
https://library.wmo.int/index.php?lvl=notice_display&id=20116#.XuDKfUX7RtR
ADS-B - Automatic Dependent Surveillance – Broadcast: For additional information, see section 2.2.2 at the URL above
ADS-C - Automatic Dependent Surveillance – Contract: For additional information, see section 2.2.1 at the URL above
Mode S - Secondary Surveillance Radar process that allows selective interrogation of aircraft according to the unique 24-bit
address assigned to each aircraft: For additional information, see Section 2.2.3 at the URL above
3 For more information on WICAP see: https://community.wmo.int/activity-areas/aircraft-based-observations/wicap
1
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Team on Aircraft-Based Observing Systems (IPET-ABO) in collaboration with
aviation experts.
This document may be updated, modified or otherwise altered only by WMO
Members at their discretion and in the interests of supporting the development of
their own AMDAR programmes. However, the resulting document should clearly
indicate and attribute the modifications that have been made, namely, by using the
version control table provided in Annex 8.
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2

About the AMDAR Programme

AMDAR is the automated measurement and transmission of meteorological data
from an aircraft platform according to meteorological specification and
predominantly utilizing existing onboard sensors and avionics. A special AMDAR
software module is installed in the appropriate aircraft avionics. This facilitates data
acquisition and initial data quality checks. The measurements are compiled into a
standard message format (AEEC, ARINC 620) and transmitted to the partner
national meteorological and hydrological service (NMHS) in as near to real time as
possible. More detailed information on the AMDAR observing system is available
from the WMO AMDAR website. 4
The AMDAR observing system is now recognized by WMO as a critical component of
the WMO Global Observing System (GOS 5), supporting the World Weather Watch
Programme. 6

2.1 Data derivatives from an AMDAR Programme
The AMDAR Programme provides observations of the following meteorological and
other variables:
•
•
•
•

•

High-resolution 7 vertical profiles of air temperature, wind speed and
direction;
Regular real-time reports (e.g. every 5–15 minutes) of these meteorological
variables while en route at cruise level;
Accurate measurement of coordinates (time, latitude, longitude and pressure
altitude);
Measurement of turbulence (see Chapter 6)
o DEVG (Derived Equivalent Vertical Gust) and/or,
o EDR (Eddy Dissipation Rate: a meteorological turbulence parameter
appropriate for direct assimilation into numerical weather models);
Optionally, water vapour or humidity may be measured if the aircraft is
appropriately equipped (see Chapter 5).

More detailed information on the WMO AMDAR observing system is available from the WMO AMDAR website:
https://community.wmo.int/activity-areas/aircraft-based-observations/amdar
5
https://community.wmo.int/activity-areas/global-observing-system-gos
6
https://community.wmo.int/activity-areas/world-weather-watch-programme-www-main-page-only
7 Vertical resolution of around 100 metres in the lower troposphere (to 700 hPa) and temporal resolution of up to around one
profile per hour depending on fleet size and configuration for reporting and AMDAR fleet traffic at individual airports.
4
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The quality of the AMDAR observations is in accordance with WMO requirements for
upper-air data measurement:

Variable

Uncertainty

Temperature

±1.0° C

Wind Vector

±2–3 msec-1

Pressure
Altitude

±4 hPa

Currently, the AMDAR system exhibits a small systematic bias in air temperature 8
which is likely due to several factors associated with either the inaccuracy or lack of
precision in measured variables from which the air temperature is derived, such as
Mach number. While the bias can be characterized and corrected before use in
applications such as computer modelling, efforts are continuing to eradicate or
reduce the bias at the source.

8

See: Investigation of Systematic Difference in Aircraft and Radiosonde Temperature with Implications for NWP and Climate
Studies, Bradley A Ballish
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2.2 Airline participation in the AMDAR Programme
The WMO global AMDAR observing system is made up of many domestic and
international airlines 9 working in partnership with an NMHS, national aviation
authorities, or regional associations of these agencies. As of December 2019, 10
approximately 750 000 AMDAR observations per day are being produced by 43
participating airlines within 12 national and regional AMDAR programmes.
Participation in the programme has increased over the years as shown in Figure 1
below which shows the number of AMDAR reports per day being exchanged on the
WMO Global Telecommunications System (GTS) since 2007. This indicates that the
international airline industry recognizes the benefits that the AMDAR Programme
offers to the airlines and the aviation community.

Figure 1. International growth of AMDAR observations (blue) transmitted
on the WMO Global Telecommunications System August 2007 to
December 2019.

9

See: https://community.wmo.int/activity-areas/aircraft-based-observations/amdar/airlines
In the months following, the program was drastically impacted by the downturn in the aviation industry associated with the
COVID-19 crisis.

10
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Figure 2 below provides an indication of the global data coverage currently provided
by the AMDAR observing system and demonstrates that the programme has
considerable potential for expansion over many currently data-sparse areas of the
globe including but not limited to oceanic airspace.

Figure 2. A snapshot of the 24-hour global data coverage of aircraft-based
observations including AMDAR, 31 January 2020 (courtesy of
NOAA/ESRL/GSD)
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3

Benefits of AMDAR data to meteorology

3.1 Low-cost, high-quality source of data
An AMDAR Programme complements and enhances the existing upper-air observing
programmes of NMHSs through provision of very high-quality upper-air
meteorological data at a lower cost (see Annex 5) relative to that derived from
conventional radiosonde10 programmes and at a considerably higher temporal
frequency of vertical profiles (ascents and descents made at airports). The data
that are produced from this low-cost, high-quality, high temporal/spatial resolution
observing system are particularly valuable in areas or regions that do not reliably or
routinely provide radiosonde profiles. While the radiosonde provides data to a
higher altitude compared with AMDAR-derived data and incorporates a
measurement of humidity as standard, the addition of a water vapour sensor (see
Chapter 5 and Annex 4) can make an AMDAR programme even more cost-efficient,
useful and increase the positive impact of the data. With radiosonde stations
relatively sparse and decreasing in number in some areas, and satellite-based data,
while global in coverage, provide only limited wind data and mostly do not provide
high vertical resolution, AMDAR data are able to take on a very critical role in the
WMO Global Observing System by providing high-quality, high-resolution and
economical in situ data.
Based on the modelled cost estimates described in Annex 5, an “average sized”
AMDAR programme (for example, 30 aircraft) producing only winds and
temperatures can be established and operated at around 5% to 10% the cost of a
radiosonde programme. While the addition of water vapour measurement
complicates the management and operation of the programme, the costs are still
estimated at only 12% to 20% of the costs of a radiosonde programme when the
total costs are calculated over an operational period of 10 years.
When reduced to the cost per vertical profile, AMDAR aircraft equipped with the
second-generation Water Vapor Sensing System (WVSS-II) provide a cost metric of
approximately $ 3/profile as derived from the National Weather Service (NWS)
network implementation in the United States of America. This figure was estimated
taking into account the operational costs paid from the budgets of NWS and/or the
Federal Aviation Administration (FAA) and then divided by the number of profiles
generated over the entire period. Compared to approximately $ 425/profile for
traditional radiosondes, this provides a cost benefit ratio of ~140-to-1 from WVSSII implementations over the recurring fixed cost of radiosondes.
Regarding value to numerical weather prediction (NWP), Eyre and Reid (2014)11
introduced an approach to obtain needed information about the cost effectiveness
of the AMDAR observations relative to all other data sources used in global NWP
systems. As shown in the right side of Figure 3, the two observing systems that are
most cost-effective are AMDAR/AIREP, in red, and drifting buoys, the latter of
which, however, has less than 20% of the impact of the automated aircraft reports.
Confidence in the relative rankings of these two systems was quite high, despite
11

https://digital.nmla.metoffice.gov.uk/IO_1f8adcc0-f141-4d0f-a18e-5602ba9d77b5/
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the uncertainties in the precise costs estimates. However, because of the
considerable cost uncertainties with many observing systems, it is difficult to draw
measurable conclusions about all systems.
Dr Ralph Petersen, University of Wisconsin-Madison, Cooperative Institute for
Meteorological Satellite Studies (CIMSS), noted in his October 2014 WMO AMDAR
Observing System Newsletter article: 12
For reference, AMDAR/AIREP observations have an annual cost on the order
of $ 6–8 M (about 0.25% of the annual cost of the total GOS). Of the five
highest-impact systems, all appear to be less cost-effective than AMDAR
observations and contribute substantially larger portions of the total GOS
costs that can be attributable to NWP use.

Figure 3. Impacts of various observing systems using in UK Met Office
Global model on 24-hour forecast skill (indicated by gray bars on left of
figure with longest bars indicating greatest importance). Right:
Approximate measure of cost-effectiveness of each observing system
calculated as Impact per unit Cost. Data sorted by observing systems with
largest Impacts per unit Cost (i.e. most cost-effective) at top. [Derived
from Eyre and Reid (2014). Note that, because of large uncertainties in the
costs for many of the observing systems, readers should be careful not to
draw quantitative conclusions about all systems shown.]

12

See: https://community.wmo.int/activity-areas/aircraft-based-observations/newsletter
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Finally, an excerpt from WMO WIGOS Technical Report 2015-01 13 states:
Automated aircraft reports provide the most cost-effective data source for
improving NWP, being more than five times more cost-effective than any
other major-impact observing system.

3.2 Data use
AMDAR data are used by meteorological agencies in a range of meteorological
applications. Meteorological forecasting, by humans or computers, relies on being
able to accurately 14 describe the “initial state” of the atmosphere. The most vital
parameters for this purpose are atmospheric pressure, wind (direction and speed),
air temperature and water vapour content. AMDAR routinely provides three out of
four of these variables with water vapour measurement now an operational
component of the AMDAR programmes in the USA (also known as MDCRS) and
Europe.

3.2.1

Use in Numerical Weather Prediction models

Nearly all modern forecast applications rely to some extent – many to a great
extent or solely – upon the use of Numerical Weather Prediction (NWP) computer
modelling. The predictive ability and accuracy of NWP models rely heavily on the
quality and quantity of data that are assimilated into the “initial state field”.
Measuring the impact of aircraft-based observations
Meteorologists use modern NWP systems to quantify the benefits of aircraft-based
wind and temperature observations. Studies and experiments have shown that
AMDAR and other aircraft-based observations generally provide an improvement in
forecasting ability through a reduction in NWP forecast error of up to around 20%
of the total error reduction from the use of all observations, although impacts vary
considerably in the horizontal and vertical and with forecast time.
Many studies and trials 15 have been carried out that overwhelmingly demonstrate
the positive impact of AMDAR data on numerical model skill. Observations System
Experiments (OSEs) that test the impact of the observational or measured data on
the results or outcome of the predictive capability of models have shown that
AMDAR has about the same level of impact as data from radiosondes, which is
considered to be the quality standard for vertical profile observations of the
atmosphere.

See WIGOS TR 2015-01 at https://library.wmo.int/doc_num.php?explnum_id=7668.
Accuracy of data for assimilation into weather models particularly, is a critical aspect as poor data will generally have much
more of a detrimental impact on the performance of the model than good data has a positive impact.
15
See Annex 7 for a list of references to published papers.
13
14
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The general method for determining the impact of an observations system on NWP
models (i.e. conducting an OSE) is to run the model both with the data included
and without (data denial) and then compare the performance in each case. Over
the past three decades, data collected from commercial aircraft have helped to
significantly,
•
•

•

Reduce flight level wind/temperature forecast errors by nearly 50%;
Improve 3 h to 48 h forecasts in regions where the automated reports:
o Are most numerous;
o Cover a broad area;
o Are available at multiple levels (made during aircraft ascent and descent);
Reduce 12 h temperature forecast error in the upper troposphere by 15% to
20% (greatest impact occurring the first day of forecasts). 16

A quantitative measure of the importance of AMDAR observations can be obtained
using a composite made at five major NWP centres during 2012 of the relative
impacts of different components of the Global Observing System (GOS) on 24 h
forecasts. Although results from individual NWP centres varied, on average the
combination of wind and temperature observations included in AMDAR reports
made it the third most important data set (behind high-volume Advanced
Microwave Sounding Unit-A (AMSU-A) satellite data and radiosonde temperatures)
for general NWP as shown in red in Figure 4 below. AMDAR data also show the
most consistent impact across the different forecast systems, as indicated by the
uniformity in impacts when compared to other major data sets.
While AMDAR data are collected both in level flight and during ascent and descent,
the largest and most significant contribution to NWP is in the upper troposphere
where observations are made from aircraft during cruising flight phase. However,
the observations made in the atmospheric boundary layer during take-off and
landing, together referred to as vertical profiles, are also positively impactful and
provide an important measure of atmospheric stability in a similar way in which
radiosondes do, only with higher temporal resolution at many airport locations.

16

See WIGOS TR 2015-01 at https://library.wmo.int/doc_num.php?explnum_id=7668
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Figure 4. Composite of contributions to 24 h Forecast Error Reduction by
data type from six NWP centres available in 2012. Brown bars indicate
average impact and capping lines provide an estimate of the variability in
impact between centres based on a limited Standard Deviation of the %
error reduction.
These results underscore a very pertinent point relating to the benefit of airline
participation in the AMDAR Programme. Forecasts of weather and weather-related
information for flight operations are improved significantly by the use of AMDAR
data both for where aircraft fly and report such data and over the future time
period of most interest and relevance for longer domestic to long-haul international
flight operations.
In March 2020 the European Centre for Medium-Range Weather Forecasts (ECMWF)
published findings from sensitivity studies to evaluate the impact of the aircraft
data on NWP forecasts. 17 A test was run for February to April 2019 generating a
series of forecasts without including aircraft data. Results were compared to
forecasts from a control which included a normal observation set. The largest
impacts were centred around 250 hPa to 200 hPa (about 11 km to 12 km in
height), the polar jet stream level, which also is a typical airliner cruise altitude.
The largest impacts (~15% for 12-hour forecasts compared to operational
analyses) were found in the northern hemisphere for both wind and temperature.
Compared with radiosondes north of 20°N, the 12-hour temperature forecast errors
were about 9% worse at cruise levels. Significant degradations at all forecast
ranges up to seven days were observed. Also, a smaller, but still statistically
significant, impact, up to 3% worse, was found on near-surface fields. Removing
half the aircraft reports would be expected to give slightly less than half the impact
of removing all aircraft.

17

The full ECMWF article is available at: https://www.ecmwf.int/en/about/media-centre/news/2020/drop-aircraftobservations-could-have-impact-weather-forecasts.
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Impacts on high-resolution and short-range NWP
In 2017 a set of OSEs was conducted over three seasons by NOAA’s Earth System
Research Laboratory (ESRL). 18 The purpose of the OSEs was to identify the
importance of the various components of the North American observing system
regarding 3hr to 12hr NWP forecasts. Three distinct periods, (from spring of 2013
to winter 2015) covering typical seasonal weather events, were selected for the
OSE. Results illustrated that aircraft data were the most important observation type
overall for short-range forecasts of wind, RH and temperature with average error
reductions of 15% to 30% for 6-h forecasts in the troposphere and lower
stratosphere.
A separate experiment revealed that the aircraft-related relative humidity NWP
forecast improvement was augmented by up to 50% in the middle troposphere due
specifically to the addition of aircraft humidity observations. Additionally,
observations from en route aircraft and those from ascending or descending aircraft
contribute approximately equally to the overall forecast skill with the strongest
impacts in the respective layers where the observations were taken. These ESRL
experiments provide evidence that aircraft-based profiles are particularly valuable
for improving the forecast skill of regional and storm-scale numerical weather
prediction models beyond the significant benefit they provide to global models.
Loss of aircraft-based observations demonstrates their benefit
While such comparisons have been done on numerous occasions, there have been
several “real-life” occasions or events when the positive and significant impact of
AMDAR data has become apparent as a result of operational disruption or
unplanned data loss.
Three such examples that demonstrate the positive impact of AMDAR on NWP are
the following.
11 September 2001
In the aftermath of 11 September 2001, when all civil aviation operations were
suspended over the United States the complete loss of AMDAR data during this
period resulted in a 20% loss of wind forecast skill to the National Centers for
Environmental Prediction (NCEP) Rapid Update Cycle (RUC) high-resolution NWP
model, with the 3-hour RUC forecast skill without AMDAR data reduced to nearly
that of the normal 12-hour forecasts. 19
Eyjafjallajökull eruption, Iceland April 2010
In the days after the Eyjafjallajökull eruption in Iceland (April 2010), several
regional European centres reported concern over loss in NWP model forecast skill
due to the lack of AMDAR data over Europe and parts of the Atlantic due to aircraft
18

The American Meteorological Society (AMS) Monthly Weather Review article is available at:
https://journals.ametsoc.org/doi/full/10.1175/MWR-D-16-0398.1
19
Benjamin, S. G., 2007: Numerical model applications and impact for aircraft observations. Short Course on Meteorological
Applications of Aircraft Weather Data, San Antonio, TX, Amer. Meteor. Soc., https://amdar.noaa.gov/2007course/Benjamin.ppt
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avoiding volcanic ash in the atmosphere where it presented a danger to flight
safety. While these impacts were not quantitatively measured as part of a formal
study, such abrupt changes in the coverage of data over large areas would be
expected to reduce NWP forecast skill to varying degrees.
COVID-19 pandemic, 2020
The COVID-19 pandemic has tragically provided a real-life demonstration of the
impact of ABO data on NWP performance and its degradation, or potential
degradation at least, when these data are not available. In March 2020 and over
the months that followed in 2020, the virus brought about a worldwide reduction of
aircraft flights that is depicted below in Figure 5, showing mean daily observations
volumes on the WMO Information System falling from around 850 k observations
per day in December 2019, to a low of 260 k in May 2020. This represents a
reduction of around 70%, with levels in December 2020 having slowly recovered to
around 410 k observations per day (~45% of December 2019 levels).

Figure 5. Monthly mean daily volumes of aircraft-based observations on
the WMO Information System from 2018 from various data sources.
While this decline was most noted across Europe initially, the number of flights
globally also dropped significantly and the slow recovery has ebbed and flowed at
different rates and times in different parts of the world in accordance with the
pandemic waves and its impact on the aviation industry under the enforced
governmental restrictions and the associated decline in demand for travel. The
19

impact on the aviation industry has been profound and devastating and the
recovery will be slow and, for some companies, non-existent.
Over 2020, several studies have been undertaken to try and measure or estimate
the resulting impact on NWP, which, while definitely significantly detrimental to
NWP forecast skill, has perhaps not been quite as severe as initially envisaged. This
is likely due to various reasons, including, 1) the fact that additional and new data
from aircraft-based and other observing systems has been quickly integrated into
the WMO Information System and assimilated by NWP centres to try to offset the
ABO data loss, and 2) in those areas where impacts have been measured (over the
USA and Europe), significant data redundancy, or else the ability to re-optimize
ABO data output from the remaining operating aviation industry has likely
alleviated or reduced the impact.
However, despite these adaptive measures that have apparently been successful in
reducing the impact of ABO data loss over 2020, a study by the Met Office over
April to June 2020, showed that the total increase in forecast RMS error in their
global NWP model at 24-hours is around 1%–2% as a global average, but can be as
high as 4%–7% for winds and temperatures at 250 hPa in the northern hemisphere
extra-tropics, and the tropics. More recently in December 2020, a paper entitled,
The Impact of COVID‐19 on Weather Forecasts: A Balanced View, by Ingleby et
al, 20 explained in more detail how despite the large loss of aircraft data it is difficult
to see any evidence of significant degradation in the forecast skill of global NWP
systems during 2020.
Impact in data-sparse areas
As part of WMO’s Rolling Review of Requirements process, important gaps between
data user requirements and aircraft-based observing system capabilities are
identified. For NWP, in his “Statement of Guidance for Global Numerical Weather
Prediction (NWP)”21, Erik Andersson from the European Centre for Medium-Range
Weather Forecasts writes:
“Extension of AMDAR technology (principally for ascent/descent profiles but also for
flight level information) offers the best short-term opportunity for increasing
observations of wind, although large areas of the world would still remain
uncovered” and,
“Global NWP centres would benefit from further increased coverage of aircraft data,
particularly from ascent/descent profiles in the tropics.”
Observations are most valuable when they provide information to the analysis that
is available in a limited fashion from other observing systems. In that respect,
AMDAR provides wind observations in parts of the tropics and profiles (at airport
locations) of temperature, wind and sometimes humidity. Figure 6 illustrates the
FSOI impact per measurement of AMDAR temperature and wind (speed and
direction) computed for Europe, Africa and South America, respectively by ECMWF.
20
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Available online at Geophysics Research Letters.
The WMO Rolling Review of Requirements document covering global NWP is available at:
https://community.wmo.int/rolling-review-requirements-process. Go to “1 Global NWP”.
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Figure 6. Average FSOI (unit J/kg) per AMDAR temperature and wind
measurement for Europe, Africa and South America, respectively. Data
averaged for February–October 2017. The more negative the number, the
more impact the data have on the forecast. Africa: (35°S–20°N, 20°W–
35°E) 4.1 M observations; Europe: (35°N–70°N, 10°W–30°E) 26.4 M
observations; South America: 14.4 M observations.
The data are averaged for the period February to October 2017, when the
additional South American measurements had become available in larger volumes.
The numbers in Figure 6 show that the impact of AMDAR observations from Africa
and South America are much more valuable per observation than those over
Europe (and North America [not shown]). Over Africa, the AMDAR impact per
observation is 5.7 times larger for temperatures and 8.4 times greater for wind
data than over Europe. For South America, the impact per observation compared to
Europe is 2.7 times for temperatures and 3.2 times for winds, respectively. The
quality of these observations is identical for all three regions, but there are fewer in
situ measurements of any kind for Africa and South America. Wind observations are
especially important in tropical regions where quasi-geostrophic wind-temperature
relationships do not apply.
These results emphasize the importance of developing the AMDAR observing
system over data-sparse areas, knowing that, even a modest AMDAR programme in
a data-sparse area, will likely have a very significant impact on NWP and other
forecasting capacity and skill.

3.2.2

Use in forecast applications

Improved forecasting services and meteorological products resulting from the
provision of AMDAR data for NWP model assimilation can have significant positive
impact on aviation operations. Examples of weather phenomena and situations
where improved products can play a significant role are:
•

Surface and upper-air forecasts of wind and temperature;
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•
•
•
•
•
•
•
•
•

Thunderstorm genesis, location and severity;
Wind shear location and intensity;
Detection of zero-degree Celsius isotherm (freezing rain);
Boundary layer altitude;
Low cloud and/or fog formation, location and duration;
Turbulence location and intensity;
Jet stream location and intensity;
Precipitation amounts, rates and type;
Conditions leading to aircraft icing.

The improvement to the measurement and prediction accuracy of all the above
phenomena has had an impact on the aviation industry in terms of both numerous
safety aspects and on economy of operations.
In 2009–2010 the Netherlands Meteorological Institute (KNMI) and the airline KLM
conducted a business case in which they studied the added benefit of receiving
hourly AMDAR profiles at Amsterdam – Schiphol Airport.
Among the findings attested to by the airline:
•
•
•

•

•

•

The extra data were used to validate the information provided by the NWP
model;
The data were used in the monitoring of the current weather forecast;
The high frequency of the airport vertical profile data provided added and
supplementary information during periods when no upper-air data were
previously available;
The results showed that shorter-term forecasting (forecasts for the upcoming
six hours or less, known as nowcasting) had improved in a number of
different situations: extra profile information provided temperature and wind
measurements that differed from the model calculations resulting in revised
and improved weather forecasts with the most common impacts on forecasts
of freezing level (FZL) altitude and upper-air winds;
Product quality in the medium term (model, six hours) certainly was affected
although the impact was less than on the improvements to nowcasting. For
example, the data could be used to provide evidence to support the
certainty/uncertainty of the medium-term forecast (Schiphol Probability
Forecast). These forecasts sometimes were revised based on the extra profile
information such as the timing of an impending change in weather
conditions;
Low-level temperature and wind changes could be closely monitored because
data were available on an hourly basis.

It is important to note that the value and impact of aircraft-based observations
(ABO) are not limited solely to aviation situations. Over the years, the data have
been utilized operationally around the world in a wide variety of applications as
crucial input to the issuance of public weather and marine forecasts, advisories,
watches and warnings.
Through its use in meteorological forecast applications, AMDAR data improves the
quality and accuracy of weather forecasts and plays an important role in their
22

verification and validation process. By virtue of their more frequent availability in
comparison to radiosonde vertical profiles, AMDAR data also allow forecasters the
opportunity to regularly update or verify NWP and other forecasts and products.
Further and more detailed information and examples are included within Annex 1.

3.2.3

Use in climate and other applications

High-quality upper-air observations are an important component of the
meteorological community’s climate data archives. Such archives are a source of
data for many local, national and global climate monitoring and forecast
applications and for research associated with issues such as climate change.
Analysis of changes to the thermal structure of the atmosphere is critical to
monitoring and quantifying the effect of climate change and associating the
changes with particular drivers such as the concentration of carbon dioxide (CO2).
Continuous Descent Approach (CDA) applications, which are expected to greatly
expand in number over the coming years aided by the increased availability of
AMDAR data, can contribute to reducing the impact of aviation on the environment
and global warming.
AMDAR, currently implemented in over 3 000 aircraft across more than
40 participating airlines and with an increasing availability of water vapour
measurement, contributes considerably to climate-related scientific studies and
climate monitoring programmes.
AMDAR-like initiatives were started through the IAGOS 22 (In-service Aircraft for the
Global Observing System) programme. The purpose of IAGOS is to establish and
operate a distributed infrastructure for long-term observations of atmospheric trace
gases (O3, CO, CO2, CH4, NOy, NOx, H2O), particulate matter and cloud droplet
backscatter on a global scale from an initial fleet of 10 to 20 long-range in-service
aircraft belonging to airlines based throughout the world.
Climate monitoring, prediction and reanalysis studies 23 clearly have demonstrated
the benefits and positive impact of AMDAR data use within the climate application
areas. While its use within climate studies is relatively new compared to other
sources of upper-air observations, AMDAR data already contribute to high-quality
upper-air data records. They, therefore, have great potential to play a vital role
within localized, regional and global climate monitoring and forecast applications as
well as in future climate change studies. These applications also would benefit
further from wider collection of AMDAR water vapour data. The commitment by
WMO and NOAA to establish the WMO Global Data Centre for Aircraft-Based
Observations in May 2017 was an important step towards more efficient and
centralized availability of high-quality aircraft-based observations in support of
climate and environmental applications.
The AMDAR observing system is an important source of data for air quality
monitoring and prediction applications particularly contributing to the computation
22
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See: http://www.iagos.org/.
David A. Rahn, and Christopher J. Mitchell. 2016. Diurnal Climatology of the Boundary Layer in Southern California Using
AMDAR Temperature and Wind Profiles, Journal of Applied Meteorology and Climatology, Vol. 56, No. 8, 2141–2153
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of key transport, stability and plume rise variables. Several air quality and health
agencies are known to make use of AMDAR data in their air pollution monitoring
and forecasting applications. 24 These include the Australian Air Quality Forecasting
System and the NOAA’s Air Resources Laboratory with its HYSPLIT dispersion model
(see Annex 3 for an example). This is another area of AMDAR data use that is
expected to expand greatly in the future, ensuring that AMDAR data will make an
even greater contribution to the provision of health and environmental benefits for
society.
Agriculture also is a sector in which the use of AMDAR data can provide real
benefits through its use in early warning and long-term climate prediction systems
as well as in seasonal forecasting. This will lead to better agricultural management
and higher agricultural productivity. The expansion of AMDAR coverage in many
currently data-sparse regions of the world clearly has great potential to contribute
to the economies of the countries in those regions, in particular those that rely
heavily on agriculture.

3.2.4

Use in verification of forecast products

AMDAR observations are used in the verification and assessment of NWP models
and forecast products and diagnostics. These contribute to a process of continuous
improvement in model performance and predictive skill.
Aviation and public weather forecasters also make use of AMDAR data for both the
verification and updating of forecasts in the shorter-term and in the periods
between regular NWP forecasts (usually 6 hours or 12 hours). This advantage and
resulting enhancement to forecast skill is derived from the high temporal resolution
of AMDAR data (often as frequent as one or more vertical profiles per hour)
compared to radiosonde data which usually will be available only once or twice per
day.
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For additional information, see WIGOS TR 2018=01 at: https://library.wmo.int/doc_num.php?explnum_id=5416.
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4

Benefits to the aviation industry

This chapter outlines the benefits that airline partners and the aviation industry in
general derive from the provision of ABO and AMDAR observations for use in
meteorological applications. While it will be shown that the aviation industry
benefits generally through improved meteorological services and products, there
are also special benefits realized by airline partners participating in the programme.
IATA, having conducted its own study and recognized the significant benefit that
the AMDAR Programme brings to meteorology, aviation and to the broader
communities, has commenced a collaboration with WMO to assist in the expansion
of the AMDAR Programme over currently data-sparse areas of the globe. The WMOIATA Collaborative AMDAR Programme (WICAP) 25 is expected to result in a rapid
expansion of the coverage of AMDAR over the coming 5 to 10 years with IATA
providing its support for an improved business case for airline participation and
leadership in developing more efficient and optimal solutions for technical
implementation. This recognition by IATA and the development of WICAP
underscores the benefits that AMDAR brings to the aviation industry and airlines as
described in this chapter.

4.1 Benefit to airline operations
Evidence points to the benefits to aviation resulting from increased forecast skill
provided by AMDAR observations. Overall, these benefits include improved:
•
•

•

•
•

Forecasting ability and the resulting quality of NMHSs services and products
provided to the aviation industry;
Flight operations brought about by better forecast services and products
(e.g. better route planning and alternate destination selection, optimal flight
level selection, avoidance of severe weather and turbulence, optimized fuel
usage planning and contingency fuel carried with the related impact on CO2
emissions reduction, improved planning for passenger notifications and crew
scheduling);
Passenger and crew safety because of more accurate severe weather
warnings which leads to increased customer satisfaction, reduced injury
severity and cost avoidance related to weather incidents;
Fuel efficiency and aircraft management and resulting operational cost
savings;
Aircraft sensor and system monitoring using AMDAR data as feedback on the
quality of data being produced by aircraft.

4.1.1
Impact of improved weather forecast skill on airline
operations
Based on analysis of data for 30 core United States airports over the 2018 financial
year, the FAA has determined that weather was clearly the leading cause of air
traffic system impact delays, accounting for two thirds of all disruptions within the
United States National Airspace System (NAS). 26 Past FAA studies have found that
25
26

For more information on WICAP, see: https://community.wmo.int/activity-areas/aircraft-based-observations/wicap.
For more information, go to: https://www.faa.gov/air_traffic/by_the_numbers/
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two thirds of these delays would be preventable with better weather information.
Figure 7 illustrates the role weather plays in air traffic delays for 2018.

Figure 7. Air traffic system impact delay sources at USA core 30 airports
(Courtesy of FAA)
As shown in Figure 8, much of the benefit to airlines from participation in the
AMDAR Programme comes directly from improvements in forecasting as a result of
receiving and utilizing the data. The use of AMDAR data by meteorological agencies
and service providers leads to an improvement in the quality of the services and
diagnostics provided to the aviation community which in turn translates into
benefits and cost savings to the airline.
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Figure 8. AMDAR Programme benefits to aviation arising from the
demonstrated positive impact on meteorological operations
Improved and more accurate weather forecasts, products and diagnostics as well as
aircraft sensor performance monitoring for the aviation industry ultimately lead to
significant cost savings to airlines as well as safer flight operations.

4.1.2

Improved flight operations

A greater confidence in and increased reliance on weather information to improve
the accuracy of flight planning operations will result in improved airline service
levels to customers.
In addition to forecasts issued by private and public national meteorological
organizations, airline meteorologists also make direct use of AMDAR data and
information for internal forecasting activities (see example in Annex 2). Benefits to
flight operations realized by early turbulence detection and the resulting avoidance
are covered in more detail in Chapter 6.
Other aviation forecasting applications for which AMDAR observations provide
valuable and reliable data input include cloud base height determination and icing
forecasts. A study 27 showed that AMDAR temperature and humidity data can be
used to produce icing potential forecasts that are consistent with verifications
against other observing platforms such as pilot reports (PIREPs) or aircraft reports
27

Wandishin et al. 2017. The Use of AMDAR Observations for Verifying Cloud Ceiling and Icing Forecasts, 18th Conference on
Aviation, Range, and Aerospace Meteorology, 23–26 January 2017, Seattle, WA, USA.
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(AIREPs) and meteorological satellites. Cloud base height determinations using
AMDAR data also were consistent with observations from meteorological reports at
aerodromes (METAR).
Specific areas of flight operations improved by better forecast products and services
include:
•
•
•
•
•
•
•
•
•

Route planning associated with severe weather to reduce unplanned flight
deviations;
Optimized alternate destination selection for fuel planning;
Flight level selection to optimize efficiency;
Avoidance of severe weather that could increase maintenance requirements
and costs;
Avoidance of severe turbulence;
Optimized planning for fuel consumption, contingency fuel and refuelling;
Planning for crew scheduling and passenger notifications;
Enhancement of short-term forecasting efforts relating to precipitation type
for de-icing planning activities;
Fog formation potential.

4.1.3

Improved safety

Advanced and more accurate warning of severe weather can lead to reduced
incidences of aircraft damage (accelerated fatigue) and injuries to passengers and
crew.

4.1.4

Operational cost savings

Improved quality in meteorological products for aircraft and other aviation-related
operations will have a positive impact on the accuracy of flight planning activities,
requirement for “fuel-tankering” (the carrying of contingency fuel, the weight of
which contributes to increased fuel burn), fuel consumption and safety of
operations which consequently will lead to significant cost saving.
More recent wind data diagnostics produced by higher temporal resolution NWP
systems and made significantly more accurate with the addition of AMDAR data can
be utilized directly in airline flight planning systems to further improve safety and
fuel efficiency by modifying fuel loads based on these updated route wind forecasts.
Such wind forecast products likely are to be significantly more accurate for the
routes and over areas where AMDAR data is obtained by participating airlines.
Clearly and conservatively estimated, the addition of AMDAR data has improved the
accuracy of wind forecasts with an average root mean square (RMS) error reduction
of at least two knots. The use of AMDAR observations in forecast products improves
fuel burn prediction and hence contributes in optimizing the pre-flight fuel load.
This, in turn, results in significant savings in fuel burn once the aircraft departs. The
flight planning phase benefits from increased forecast accuracy which enables
optimization of the fuel load prior to take-off and prompts significant fuel burn
savings once airborne.
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This is particularly true for flights longer than six hours and for trans-oceanic or
routes with limited traffic. It is estimated that a typical large airline participating in
the AMDAR program potentially can realize fuel savings of up to $ 10 M annually. 28
This estimate is based on the calculation of additional fuel burn resulting from
carrying unnecessary fuel due to wind forecast inaccuracies.
Moreover, based on the availability of AMDAR data, a study 29 has indicated that
because of improved wind and temperature forecasts an airline conducting
medium- to long-haul flights could see an annual cost savings of $ 4.2 M ($ 18 000
per aircraft) assuming a fuel price of $ 0.5/kg. These savings are brought about by
a fuel burn reduction of approximately 8 400 tons [± 25%]. Additionally, the
environment can benefit through a 26 500 ton reduction in CO2 emissions.
The total cost of flight delays is the sum of expenses to airlines, passengers, lost
demand, as well as indirect costs. The FAA’s Office of Performance Analysis
estimates show in 2018, the cost of delayed flights in the United States alone
totalled $ 28.2 billion. 30
It is clear that significant performance gains, particularly economic
savings/efficiencies, can be realized by airlines through improved wind and other
forecasts due to the use of AMDAR data.

4.1.5

Aircraft sensor and system monitoring

An additional benefit to the airline that participates in the AMDAR Programme is the
provision of prompt feedback on the quality of the data being produced by the
aircraft sensors. This information already is being utilized to provide an early
warning to the AMDAR airline maintenance staff that an onboard sensor or system
may be in error or is producing information outside of calibration tolerances.
Figure 9 shows an example of data from an aircraft temperature sensor with a bias
of +8.0 °C during a certain period. This error was detected during a quality control
procedure by an NMHS and reported to the airline. Within a couple of days, the
airline maintenance staff had performed corrective action (either cleaning or
replacing the sensor) and the plot shows that the measured values returned to
acceptable limits. Such an error can be detected by the NMHS within 1–2 days or
sooner and even before the error exceeds a magnitude of ± 0.5 °C or less.
A temperature error of more than a few degrees can have a dramatic negative
impact on engine performance, fuel burn efficiency and safety of that aircraft.
Similar errors can be detected quickly for wind and pressure measurements from
AMDAR reporting aircraft.
Early detection of such errors in aircraft sensor performance allows a rapid
response by aircraft maintenance teams and can yield significant financial benefits
for airline partners. Rapid resolution through appropriate aircraft maintenance
actions will reduce flight operations costs and potentially resolve an issue before it
28

Grewe et al. 2017. Feasibility of climate-optimized air traffic routing for trans-Atlantic flights, Environmental Research
Letters, 12 034003.
29
See WIGOS 2016-01 at https://library.wmo.int/doc_num.php?explnum_id=3087.
30
Source: Federal Aviation Administration, Air Traffic Organization, Office of Performance Analysis (AJR-G), February 15, 2019.
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could contribute to a catastrophic failure. Cumulatively for an airline fleet, the
savings offered from such early detection and early resolution of sensor issues
provides a significant financial benefit to the operations of airlines participating in
AMDAR. This benefit is not available for air carriers that do not participate in the
AMDAR Programme.

Figure 9. Monitoring of AMDAR data detects the malfunction of an onboard
temperature sensor

4.2 Air traffic management/air traffic control and airport
operations
The improved quality of meteorological information for aviation forecasting will also
result in improved support for Air Traffic Control (ATC) en route operations in such
a way that more detailed and better guidance can be provided. Activities such as
flight trajectory management (including lateral and vertical separation), in-flight replanning and altitude change procedures can benefit from the direct use of AMDAR
data in addition to the traditional meteorological information.
Through the utilization of AMDAR data, the aviation industry also benefits
significantly from improvement to ATC management of airport facilities associated
with:
•
•
•

Accurate ETA for infrastructure purposes;
Avoidance of holdings and re-routings (for which accurate wind information is
needed);
Runway management;
30

•
•

Changes to conditions affecting runway management (wind strength and
shear, etc.);
and many other aspects affected by weather-related phenomena.

4.3 Environmental aspects
The aviation industry inevitably contributes to the problem of global warming
associated with the production of greenhouse gases (GHGs). Environmental
monitoring through the use and expansion of observing systems such as AMDAR
obviously is a critical supplement to climate research and understanding the effect
that aviation has on issues such as climate change associated with global warming.
Additionally, there is research that suggests that aviation also contributes to global
warming through the production of cirrus-like contrails. This effect is moderate
during daytime but becomes much larger at night because of the absence of a
compensating reflection of short-wave radiation. Contrails may be produced by
aircraft at cruise altitudes in a relatively thin upper-tropospheric layer of high
humidity and potentially could be minimized by avoidance or reduction of travel in
areas conducive to their production. AMDAR temperature and humidity information
are two of the parameters essential for the prediction of atmospheric conditions in
which contrail production possibly can be initiated.
One way to reduce the emission of GHGs, such as CO2, is the introduction of socalled Green Landings, also known as Tailored Arrivals or CDA. In many countries
such procedures, which use high-frequency AMDAR winds directly, or products
derived from them, are under test or in a pre-operational phase.
It is likely that airlines increasingly will be obliged to limit the effect or the
contribution of GHGs to the environment. Airlines that participate in environmental
monitoring programmes and are equipped with systems that aid in the delivery of
environmental impact minimization programmes will be well-placed to benefit from
incentives and initiatives such as those mentioned above.
To help address the global escalation of GHGs, in 2016, the International Civil
Aviation Organization (ICAO) adopted an emission mitigation approach for the
global airline industry, Carbon Offsetting and Reduction Scheme for International
Aviation (CORSIA). Measures include primarily offsets and "alternative" fuels. 31
CORSIA addresses only emissions from international air travel that exceed the
baseline 2020 levels.
The environmental impact of aviation has become increasingly important in recent
decades, particularly given the pressing issue of global warming related to the
burning of fossil fuels. For this reason, the ICAO Committee on Aviation
Environmental Protection (CAEP) prepares environmental trends projections as the
basis for their decision-making on environmental-related matters and has agreed
on a comprehensive set of environmental aircraft design standards covering aircraft
31

See also: https://www.icao.int/environmental-protection/CORSIA/Pages/default.aspx, and
https://www.climatechangenews.com/2013/10/04/un-aviation-emissions-deal-strikes-harsh-blow-to-eu-trading-scheme/.
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noise, pollutants that affect local air quality, and CO2 emissions to protect the global
climate. 32
For a more detailed treatment of environmental and societal benefits, please refer
to the WMO WIGOS Technical Report 2018-01, Benefits to the Environment and
Society from the Availability and Use of AMDAR Data, 27 pages.

4.4 Public and customer perception
There are several aspects of AMDAR participation that fall into the area of public
relations and can be used to derive a promotional and perceptional advantage for
the airline. These include:
•

•

•

•

Showing leadership and commitment to improving environmental
sustainability both regionally and globally by sharing data that impact
positively on the scientific ability to monitor the environment and climate;
The fact that data produced by AMDAR also are used for wider public weather
applications, advisories and warnings, in addition to aviation forecasting
services, means the participating airline can and should be seen as
contributing to the public good;
Demonstrating a commitment to improving passenger safety and comfort by
monitoring potentially hazardous weather situation and mitigating their
impacts to aviation above and beyond regular or standard requirements and
expectations;
Demonstrating a commitment to reducing the aircraft environmental
footprint through improved efficiency of operations, reduced fuel use and
lower emissions.

Under the WMO-IATA Collaborative AMDAR Programme (WICAP), this benefit to the
airline is expected to be enhanced and strengthened.
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5
Enhancement of ABO and AMDAR through water
vapour measurement
5.1 Background information
Since the early 1900s, the radiosonde has been and remains the primary in situ
measurement system of vertical atmospheric meteorological profiles. This balloonborne system measures the four essential parameters that describe the
fundamental underlying state of the atmosphere:
•
•
•
•

Atmospheric pressure (for provision of a vertical coordinate);
Wind (direction and speed);
Air temperature;
Humidity (water vapour content).

While this technology, which has been developed and improved over time, has
served meteorology well, its most consistent criticism is that the cost and lack of
recoverability (for reuse) means that it is rarely economically feasible to provide
both the spatial and temporal coverage needed to meet modern day requirements
for high-resolution data for weather forecasting and monitoring applications. For
this reason, scientists have looked to other systems to supplement the radiosonde
data including satellite-borne sensors, atmospheric radars, light detection and
ranging (LIDAR), AMDAR and ABO.
Over the years, AMDAR, as a result of its comparatively dense spatial and temporal
coverage, rapid growth and relatively low cost, has become recognized by the
meteorological community as a vital element to the World Weather Watch
Programme and the World Climate Programme, both of which are under the
auspices of the WMO.
Modern jet aircraft operated by commercial airlines already are equipped with most
of the infrastructure necessary to implement an AMDAR programme. These include:
•

•
•
•

A suite of high-quality sensors that provide accurate measurement of a range
of elements including the key meteorological parameters of air temperature
and wind direction and speed;
Accurate and precise measurement of time and three-dimensional position;
Computing systems to process and store data;
Both air-to-ground and ground-to-ground communication systems and
protocols to enable data transmission.

Typically, an AMDAR programme can be implemented with the development and
deployment of only a dedicated software application that operates within the
existing avionics system utilizing the aircraft’s flight computer and communications
systems.
However, until recent times, the one critical missing element in the standard
AMDAR observing system has been the measurement of water vapour.
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5.2 Why is water vapour measurement critical to
meteorology and aviation forecasting?
Water, in its gaseous, liquid and solid states, is one of many atmospheric
constituents. However, in terms of its contribution to the energy balance and
budget of the atmosphere and therefore its contribution to both climate and
weather, it is one of the most important elements. The primary reason for this is
that water vapour plays two key roles in the Earth/atmosphere system’s energy
cycles:
1. By virtue of its properties of state and its thermal characteristics, water in
the atmosphere is one of the most important parameters in all weatherrelated phenomena. This includes all temporal and spatial scales in which
energy is transferred from solar to thermal and kinetic energy;
2. Water is a strong greenhouse gas, which means that it absorbs and then reemits the Earth’s outgoing radiation at the molecular level thereby
significantly contributing to the regulation of the temperature of the
Earth/atmosphere system.
Water vapour is highly variable (both temporally and spatially) in its distribution
through the atmosphere. Characterizing and measuring this distribution is essential
to determining the atmosphere’s current thermodynamic and meteorological state.
Therefore, measuring and modelling water vapour and water-related processes in
the atmosphere are essential in detecting and forecasting those weather events
that most affect aviation operations including:
•
•
•
•
•
•
•
•
•
•
•

Surface and upper-air forecasts of wind and temperature;
Thunderstorm genesis, location and severity;
Wind shear location and intensity;
Detection of zero-degree level (freezing rain);
Altitude of the boundary layer;
Low cloud and/or fog formation, location and duration;
Turbulence location and intensity;
Jet stream location and intensity;
Conditions for production of contrails;
Precipitation amounts, rates and type;
Conditions leading to aircraft icing.

5.3 Benefit to meteorology
The addition of water vapour measurement to the AMDAR system in particular and
ABO in general would provide the following benefits in addition to the advantages
already derived from the current AMDAR Programme:
•

Provision of the fourth and final fundamental parameter for meteorological
measurement and modelling would make the AMDAR Programme
commensurate with the radiosonde observing system in terms of the
elements measured and the quality of the data obtained;
34

•

•

•

•

The temporal coverage of water vapour profiles at airports serviced by
AMDAR aircraft would increase considerably, thereby greatly improving the
skill of NWP local area models and weather analyses, forecasts and
diagnostics at those locations;
Increased temporal coverage of water vapour profiles and increased spatial
coverage of water vapour measurement at cruise levels would significantly
improve the accuracy of global NWP models over those regions that
implement humidity measurements in conjunction with their AMDAR
programme;
An NMHS potentially would have the flexibility to reconfigure its radiosonde
programme so as to provide better and more optimal upper-air coverage.
This, potentially, would result in greater improvement in NWP model skill,
severe weather detection and forecasts and aviation-related diagnostics and
products. While actual numbers will vary based on many factors, preliminary
analysis indicates that the implementation of an AMDAR programme with
associated WVSS-II sensors can yield a cost per vertical profile of
approximately 5% to 10% or less of the radiosonde cost per vertical profile.
With no recurring costs associated with expendable components, the cost per
profile obtained generally will go down over time. (See Annex 5 for more
information on radiosonde and AMDAR cost comparison);
Improvement to the NMHS’s skill and accuracy in the detection and
prediction of the weather phenomena listed in section 3.2.

The volume of WVSS-II data available over the United States has grown to a level
that can support data impact tests in NWP models. Initial results using northern
hemisphere observations from the expanded fleet of WVSS-II equipped aircraft
over the United States have shown short-range forecast impacts larger than from
any other humidity observations, including twice-daily RAOBs. Humidity forecast
improvements like these are essential to enhance prediction of both the timing and
location of precipitation events. 33
Evaluations of new WVSS-II humidity observing systems being deployed on aircraft
in the United States show that WVSS-II observations:
•
•
•

Provide excellent quality horizontally and vertically, even across sharp
inversions;
Agree with co-located RAOBs to within 0.6g/kg, with minimal biases
(approximately 0.15g/kg);
Display consistency between observations from different aircraft of at least
0.2g/kg, indicating that WVSS-II observations perform as well as highquality RAOBs.

Tests conducted by numerous NWP centres over the past decade have concentrated
on assessing the impact of AMDAR temperature and wind observations on the skill
of regional and global NWP systems. Results show that aircraft data taken en route
and during ascent/descent provide important information for improving forecasts,
both for individual events and for long-term performance. These tests, however, did
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See WIGOS TR 2015-01 at https://library.wmo.int/doc_num.php?explnum_id=7668.
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not consider the additional improvements that can occur from the new humidity
observing systems being deployed as part of the global AMDAR enhancement effort.
Finally, an expert on NWP modelling data assimilation, Dr Peter Steinle, Bureau of
Meteorology, Australia, in 2010 made the following statement:
The value of any observation to NWP is governed by data coverage,
accuracy, the amount of similar data and how well the forecast model treats
the related variables. In comparison with temperature and wind data,
humidity observations suffer from poor data coverage, there is minimal
related data, and the modelling of moist processes is widely acknowledged as
much weaker in numerical models than general temperature and wind fields.
It would therefore be expected that humidity data from sensors such as the
WVSS-II will be of considerable benefit to NWP modelling and forecasting.
Additionally, and unlike radiosondes, WVSS-II produces no waste from consumable
products disposed of into the environment.

5.4 Benefit to the aviation industry
The benefits to the aviation industry by partnering with the NMHS to facilitate the
water vapour observing enhancement to AMDAR are described in this section.
As outlined in Chapter 4 Benefits to the aviation industry, the benefits, both direct
and indirect, to aviation are derived from the improvement in skill and accuracy of
products and services provided by the NMHS to the airline and the aviation
industry. Section 5.3 explains how the development of a water vapour
measurement capability for AMDAR will benefit the NMHS by improving forecast
skill over that already provided by the AMDAR Programme. This will result in even
greater benefits to the aviation industry as described in Chapter 4
Benefits to
the aviation industry.
In particular, the enhancement of the AMDAR Programme through water vapour
observing will lead to significant improvement in the accuracy and the NMHS’s skill
in both detecting and predicting those weather-related phenomena (listed in
section 5.2) that can significantly affect airline and aviation operations. This will
lead to additional and increased improvements to airline and aviation operations as
described in Chapter 4
Benefits to the aviation industry.
WVSS-II relative humidity measurements can be used in forecasts to verify regions
where ceilings (that is, cloud bases) and icing can be expected. The assimilation of
humidity measurements from the AMDAR WVSS-II into the United States Global
Data Assimilation System (GDAS) also was shown to have a statistically significant
positive impact on the warm season humidity and precipitation forecasts at a range
of 12–36 hours. 34 As a result, aircraft humidity observations are now being
assimilated in the operational GDAS.
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Hoover et al. 2017. Forecast Impact of Assimilating Aircraft WVSS-II Water Vapor Mixing Ratio Observations in the Global
Data Assimilation System (GDAS), Weather and Forecasting, 32(4): 1603–1611.
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By participating in this development, the airline can be seen as a leader in
commercial aviation with regard to improved monitoring and managing the
environment and also by explaining the benefits this brings to their customers, the
public and the environment. They also will be well-placed to take advantage of the
future environmental programmes, practices and initiatives as described in
section 4.4. Participation in AMDAR with the addition of water vapour data provides
clear evidence of the airline’s commitment to understanding and preserving the
environment.

5.5 Potential future benefits
The aircraft measurement of water vapour potentially offers additional direct future
benefits to airlines. For example, water vapour information could be used directly
by the cockpit or onboard flight management for the following applications:
•

•

•

•

It is well known that aircraft and engine performance vary with the water
vapour content of the air through which the aircraft flies. It is possible that
the fuel efficiency of the aircraft could be improved through the use of the
water vapour data as input into the aircraft avionics and engine management
systems;
When the static temperature and the relative humidity are in the critical
range (–30 °C to +5 °C and 80% to 100% respectively), there is a greater
probability of the occurrence of supercooled water and a greater potential for
aircraft icing. This crucial information potentially could lead to the
development of a more reliable warning for icing conditions than that using
conventional icing probes. This would enable a more efficient use of power
for de-icing the wings and engines by only operating the wing heaters when
the atmospheric conditions warrant;
Knowing the ambient temperature and humidity, it would be possible to
reliably detect the conditions favouring ice supersaturation thereby allowing
the cockpit to directly determine if the aircraft is producing or is likely to
produce a contrail. Counter-measures taken in response would provide an
additional environmental benefit and credit to the airline;
Government research, using the commercially available WVSS-II (see
Annex 4), is being conducted to detect and warn against conditions that can
cause high ice water content engine icing. Avoiding such conditions can yield
significant benefits to the airlines by reducing flight risks and the need for
engine maintenance from this phenomenon.

It is hoped that a consortium of airlines, aircraft manufacturers, civil aviation
authorities and NMHSs can work jointly towards the future establishment of a
humidity sensor as standard equipment for commercial jet aircraft which could
result in significant benefits to meteorology, airline operations and the
environment.

5.6 Implications of a sensor deployment
Before water vapour sensing was added to AMDAR capabilities, only a software
deployment to the aircraft avionics was required to make an aircraft AMDAR
compliant. It is understood by all participants that there are many implications and
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issues associated with a proposal to develop a programme that incorporates
integrating a new sensor implementation on a participating air fleet. Some of these
include:
•
•
•
•
•
•

Certification;
Installation and administrative process, procedures and costs;
Requirements and effect on airline maintenance procedures;
Additional aircraft load and cost for carriage;
Integration and data delivery;
Requirements and cost for return of aircraft to original state or “make good”
(decommissioning of the sensor), if required.

It will be necessary to ensure that a cooperative arrangement between all
programme participants is in place and is based on a project management
framework that incorporates planning and costing for each of these aspects.

5.6.1
AMDAR

Application of water vapour sensors to ABO and

At the current time, the WVSS-II and TAMDAR (FLYHT Aerospace Solutions Ltd.)
systems are believed to be the only available water vapour measurement platforms
that can fulfil the WMO operational and performance requirements as a component
of the ABO observing system. The TAMDAR data set is available on the WMO GTS
as of April 2020.
Along with the airlines and the aviation industry, WMO is satisfied that these results
and the stability and reliability of the development and manufacturing programme
of the supplier (backed by the support of the FAA and NOAA) provide confidence to
continue with the further expansion of a global sensor deployment.
Several examples of the benefits that WVSS-II brings to aviation may be found in
the publication, “Studies of the Effectiveness of the Water Vapor Sensing System,
WVSS-II, in Supporting Airline Operations and Improved Air Traffic Capacity”. 35
Specific information on the WVSS-II sensor is available in Annex 4: The Water
Vapour Sensing System.
Information on the programmatic costs associated with operating a water vapour
measurement programme as a component of AMDAR is provided in Annex 5.
References to WVSS-II sensor performance are available in Annex 7.
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This article is available at the AMS site: https://ams.confex.com/ams/91Annual/webprogram/Paper181457.html.
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6

Atmospheric turbulence reporting

Turbulence encounters can be a crucial factor when it comes to aviation safety and
efficiency. These events can lead to injuries as well as additional costs to an airline.
Turbulence is the leading cause of injuries to passengers and crew in non-fatal
accidents. According to the Federal Aviation Administration (FAA) 36, from 2009–
2019, there were 340 turbulence related injuries to passengers or crews on
commercial aircraft in the United States. It should come as no surprise that
avoiding turbulence which may threaten the well-being and comfort of passengers
and crew and potentially damage an aircraft is a top priority for airlines.
In situ turbulence reporting systems have now been developed and implemented by
several organizations, both public and private. These data are routine, completely
automated and aircraft-independent and are an improvement over the traditional
pilot reports (PIREPS/AIREPS) by being objective and timelier. Additionally,
observations of smooth conditions, that is, NULL reports where there is no
turbulence, also are reported.

6.1 Turbulence metrics
Two atmospheric turbulence intensity metrics are in use by the aviation and
meteorological communities. The first is eddy dissipation rate (EDR), which is
recognized by WMO as the recommended and preferred turbulence measurement
and by International Civil Aviation Organization (ICAO) as its standard metric for
turbulence measurement.
EDR is particularly useful operationally since it provides an aircraft-independent,
objective and quantitative estimate of the turbulent state of the atmosphere at
scales that affect aircraft. When EDR is estimated in the vertical, it is proportional,
for a given airframe and flight condition, to the RMS (root mean square) vertical
acceleration (in the absence of manoeuvres) experienced by an aircraft. EDR also
has the advantage of being consistent with other observations, such as radar-based
detection algorithms, and is the preferred metric for forecasting and nowcasting
turbulence.
As of February 2020, over 1 300 aircraft report EDR worldwide with an average of
approximately 80 000 reports per day using the in situ EDR algorithm developed by
the National Center for Atmospheric Research (NCAR) under FAA sponsorship. The
EDR software is running on B737NG, B767-300/400, B777, B787, A319, A320,
A321 and A330 aircraft. Figure 10 shows the location of reported EDR observations
for February 2020. Efforts to expand EDR coverage are ongoing with a number of
partners, with IATA now leading efforts to extend the coverage globally under its
Turbulence Aware Program as described below (see Chapter 6.2 IATA Turbulence
Aware programme).
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See: https://www.faa.gov/news/fact_sheets/news_story.cfm?newsId=20074
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Figure 10. Counts of all available EDR reports for February 2020 using an
approximately 50x50 km grid
The second metric, derived equivalent vertical gust (DEVG), is defined as the
instantaneous vertical gust velocity which, superimposed on a steady horizontal
wind, would produce the measured acceleration of the aircraft. The effect of a gust
on an aircraft depends on its mass and other characteristics, but these factors can
be accounted for so that a gust velocity can be calculated which is independent of
the aircraft.
Recent work37 has shown that DEVG, after mitigating apparent quality control
problems in the reported data, can be converted approximately to EDR. In late
2019, more than 360 aircraft report DEVG worldwide averaging about 20 000
reports daily. These numbers are based on an analysis of AMDAR data from NCEP’s
Meteorological Assimilation Data Ingest System (MADIS).
Figure 11 shows the coverage of all DEVG reports for February 2020. There is
software-based logic implemented on many aircraft that limit reporting of DEVG in
some regions at certain altitudes (for example, in Europe).
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Sharman, R. D., & Strahan, M. (2020). Retrieval of eddy dissipation rate from derived equivalent vertical gust included in
Aircraft Meteorological Data Relay (AMDAR). Atmospheric Measurement Techniques, 13, 1373–1385. doi:10.5194/amt-131373-2020.
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Figure 11. Counts of all available DEVG reports for February 2020 using an
approximately 50x50 km grid

6.2 IATA Turbulence Aware programme
The International Air Transport Association (IATA) has launched its Turbulence
Aware 38 data resource to help airlines avoid, or minimize risks associated with
turbulence when planning routes strategically before flight and tactically during
flight. Turbulence Aware augments an airline’s ability to monitor and avoid
turbulence by pooling and sharing (in real time) turbulence data generated by
participating airlines.
In the past, airlines have relied solely upon pilot reports and weather advisories to
mitigate the impact of turbulence on their operations. These tools, while effective,
have limitations due to the fragmentation of the data sources, inconsistencies in the
level and quality of information available and the imprecision and the subjectivity of
the observations. For example, there is no standardized scale for the severity of
turbulence that a pilot may report other than a light, moderate or severe scale. This
reporting becomes very subjective among different-sized aircraft and pilot
experience.
Turbulence Aware improves on current capabilities by collecting data from multiple
contributing airlines. Following a rigorous quality control, the data are consolidated
into a single objective source database which is accessible to the participating
airlines. These data then are converted into usable information when fed into an
airline’s dispatch or airborne alerting systems. The result is the first global, realtime, detailed and objective information for pilots and operations staff to manage
turbulence.
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Information obtained from IATA: Turbulence Aware web page https://www.iata.org/en/pressroom/pr/2018-12-12-02/.
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6.3 Benefits to aviation and aviation meteorology
Commercial and general aviation aircraft can encounter unexpected and significant
turbulence resulting in immediate flight path changes as well as having a profound
effect on the safety and comfort of the passengers and crew with some extreme
instances capable of compromising the integrity of the airframe. Early and accurate
detection of turbulence can help alleviate these effects. The benefits derived from
such early detection can result in significant impacts to the aviation industry. The
most straightforward benefit is improved turbulence avoidance and/or forewarning
from enhanced situational awareness from either the turbulence observations
directly (for example, an “electronic flight bag application”) or from turbulence
nowcast or forecast products which rely on them. This, in turn, can lead to:
• Enhanced safety for the passengers and crew by:
o Lowering the chance of injury thereby reducing costs associated with
medical care;
o Reducing lost crew hours due to injury;
o Reducing the likelihood of lawsuits;
• Improved efficiency of airline routing;
• Increased efficiency of operations by mitigating aircraft structural damage
and direct repair costs incurred, which in turn may lead to cost savings by:
o In the case of a diversion, reducing the need for a “rescue flight”, and/or,
the need to compensate passengers and crew for accommodations and
meals;
o Minimizing increased insurance premiums;
• Minimized costs associated with airline and government incident
investigations.
Additionally, turbulence detection and resulting avoidance can prevent negative
publicity for an airline and protect its brand reputation.
Aviation meteorology also can benefit since turbulence nowcast and forecast
products rely on turbulence observations for basic research, development,
verification and, at times, as key inputs of the operational systems as well as
significantly improving forecasts by increasing input to data assimilation for
turbulence modelling. This brings about an additional aviation benefit by improving
flight operations and safety through improved hazardous weather avoidance.
It is hoped that as turbulence observations grow worldwide, the benefits listed
above will profit and new benefits both to aviation and meteorology will emerge.
_________________________
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Annex 1: Examples of benefits to operational forecasting
applications
Example 1: Lake effect snow event
AMDAR data was found to be very useful by the NWS Chicago forecast office for a
lake effect snow event during the morning hours of 26 February 2015.
Lake effect snow typically falls from relatively narrow (5 km to 15 km wide) bands
that are very sensitive to stability (the difference between the lake water
temperature and air temperatures aloft), wind speed and shear, as well as humidity
availability. The frequent AMDAR soundings from O’Hare and Midway airports in
Chicago provide meteorologists with this important information in near real time.
As shown in the figure below, forecasters on the midnight shift noted that an
aircraft equipped with a WVSS-II water vapour sensor showed:
1) A steep lapse rate from the surface to 850 mb;
2) Northeast winds from Lake Michigan with little direction shear;
3) An extensive isothermal layer around –15 °C which is ideal for large
snowflakes;
4) Synoptic scale humidity that will help seed the lake effect snow bands below.

Figure 1: Skew-T plot showing temperature and humidity data from an
aircraft ascending from Chicago/Midway, at 0721, 26 February 2015
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A forecast discussion was issued including this excerpt mentioning how the AMDAR
sounding showed a substantial vertical layer conducive for the formation of large
snow crystals.

Approximately 5 to 8 inches of snow fell in the Chicago area, causing delays at
O’Hare and Midway airports as well as creating hazardous travel conditions.

Figure 2: Extract from a Chicago news weather report
Contributed by Rich Mamrosh, NOAA NWS

Example 2: AMDAR observation usage at the NWS Raleigh,
North Carolina Weather Forecast Office
The National Weather Service (NWS) in Raleigh, North Carolina (NC) has been an
aggressive user of AMDAR data in forecast operations for many years.
Meteorologists have used aircraft observations to assist with forecasting and
warning challenges associated with a variety of prediction problems occurring in all
seasons.
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The AMDAR observations often are referenced in Area Forecast Discussions (AFDs)
which are used by forecasters to explain the scientific rationale behind their
predictions. A study of AFDs issued by the NWS Raleigh between 2009 and 2013
noted each of the references to aircraft observations and the primary forecast
challenge the observations addressed. The study also revealed that AMDAR data
were most frequently referenced in AFDs with surface wind issues followed by
challenges associated with cloud forecasting and with precipitation-type forecast
problems. It is not too surprising that AMDAR soundings were used most frequently
for cloud and wind situations as these occur year-round.

Figure 3. The figure above shows the type of forecast problem associated
with each mention of aircraft observations in AFDs issued by the NWS
Raleigh, NC from 2009 to 2013.
Even with the limited frequency of winter precipitation events in central NC, the
utility of aircraft observations with precipitation-type forecasting issues is apparent
in that it was the third most frequent use of the data.
Forecasters have used AMDAR soundings for a variety of purposes in winter
weather events including determining precipitation type by identifying the vertical
thermal and humidity profiles and comparing observations to earlier Numerical
Weather Prediction (NWP) forecasts. A winter storm that impacted central North
Carolina on 6 to 7 March 2014 provides an example of the utility AMDAR soundings
offer forecasters in winter weather situations.
During this event, high pressure extended into the Carolinas from the north
providing a layer of cold dry air near the ground. Meanwhile, a storm system
intensified along the Carolina coast driving a layer of warm moist air over top of the
surface-based cold layer. In these situations, the location, depth and strength of
these different air masses largely determines the type of precipitation that will
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reach the surface. At this time, several AMDAR observations were available and
they provided forecasters with timely information on the characteristics of these air
masses and how model forecasts were handling the situation.

Figure 4. Image of a skew-T log-P diagram of a descent aircraft sounding
at Raleigh-Durham (KRDU) provided by NOAA/ESRL/GSD with air
temperature shown in red and dew point shown in blue
For example, the AMDAR sounding from an aircraft equipped with a WVSS-II water
vapour sensor shown in the figure above indicated:
1) A dry layer near the surface with above freezing surface temperatures;
2) A layer of slightly above freezing temperatures at about 1 km above the
ground.
This was noted in both an AFD and also in a chat message between the NWS and
external partners such as the media, emergency managers and storm spotters. A
snapshot of a portion of the chat is shown below. It mentions that the dry, above
freezing air near the ground would likely cool as precipitation fell into it and
evaporated or melted. This would allow the precipitation to change, at least for a
short period, from rain and sleet to more sleet and snow. Eventually, the weak
warm layer aloft was forecast to strengthen considerably and shut down the
potential for snow.
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Figure 5. Screen capture of dialog in the NWS Chat software from
06 March 2014 between an NWS meteorologist and external partners
including the media, emergency managers and storm spotters. In the chat,
the NWS forecaster shares insight into how the recent AMDAR aircraft
observations related to the weather during the next several hours.
By the time the storm ended, only a light accumulation of snow and sleet was
observed near Raleigh with a more significant amount of freezing rain. These
observations were not only a key component to accurate short-term forecast
updates, but they also gave forecasters the confidence that the long-term forecast
anticipating an intensifying warm layer aloft, was still likely to occur.
Contributed by Jonathan Blaes, USA National Weather Service, Raleigh, North
Carolina, and Victoria Oliva, North Carolina State University, Raleigh, North Carolina

Example 3: AMDAR data find multiple uses in Hawaiian
Islands forecast applications
AMDAR data have been found to benefit an increasing number of weather
forecasting applications over the last twenty years. While the majority of these are
from continental locations, National Weather Service forecasters responsible for the
islands of Hawaii have found the data to be very useful in forecasting convection,
heavy rain, low-level wind shear and turbulence. The recent large number of lowcost flights from the continental United States to Hawaii has resulted in over fifty
AMDAR soundings each day.
AMDAR soundings to Lihue, Kalului, Kona, Honolulu now complement the NWS
radiosondes at Lihue and Hilo.
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Figure 6. Map of the Hawaiian Islands showing about fifty AMDAR
soundings of wind and temperature for the twenty-four hour period ending
near 1400 UTC April 5 2018
Convective Instability: AMDAR temperature soundings help meteorologists
determine stability of the atmosphere by the presence or lack of a mid-level
temperature inversion that can inhibit the formation of thunderstorms. The
determination of stability closer to the surface is important in forecasting the
development and inland movement of sea breezes, which often help produce
showers and thunderstorms.
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The NWS staff in Honolulu used AMDAR data, in conjunction with radiosonde and
satellite data, to determine that the temperature inversion that had inhibited
convection had been overcome, setting the stage for showers and thunderstorms
and heavy rain. Their area forecast discussion from the afternoon of
17 February 2018 follows.

Low-level Wind Shear: AMDAR wind data show environments with directional and
speed shear which can be conducive to low-level wind shear and turbulence. The
NWS Honolulu meteorologists used AMDAR wind data to forecast low-level wind shear
on the afternoon of 21 October 2016.

An AMDAR sounding from Honolulu during the afternoon of 21 October 2016 shows
east northeast winds at 31 knots at 1 640 feet MSL and nearly calm winds at the
surface.
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Figure 7. Skew-T plot showing temperature data from an aircraft ascending
from Honolulu on 21 October 2016
AMDAR soundings from the Bahamas, Philippines, Virgin and Canary Islands,
Mauritius and other islands with commercial airports should provide meteorologists
with similar opportunities to improve forecasts of sea and land breezes, convection,
turbulence and low-level wind shear.
Contributed by Rich Mamrosh, NOAA NWS

Example 4: Fire weather – smoke dispersion
AMDAR data are becoming increasingly utilized by fire weather forecasters, as
coverage expands across the United States. Useful fire weather forecasts are
dependent on accurate observations and/or model forecasts of mixing layer
heights, Haines indices, and surface relative humidity. Smoke from prescribed
burns and wildfires can cause serious problems for those with respiratory problems.
It also can also cause accidents by reducing visibilities on highways.
The NWS produces a Smoke Dispersion Index based mostly on model forecast
soundings. These forecasts are used by fire weather agencies to determine whether
prescribed burns should be allowed, and if wildfires might produce hazardous
smoke conditions.
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Figure 8, The NWS Smoke Dispersion Index
The Miami NWS used AMDAR to update smoke dispersion forecasts on 2 May 2005.
ACARS soundings showed very light winds (3 kts–10 kts) in the mixed layer, which
inhibits smoke dispersion. ACARS sounding from 1411 UTC on 2 May 2005 in the
vicinity of Miami, Florida shows very light winds (< 10 kts) in the mixed layer.

Figure 9. Skew-T plot showing temperature data from an aircraft ascending
from Miami International, at 1411 on 2 May 2005
AREA FORECAST DISCUSSION
NWS MIAMI FL
1030 AM EDT MON MAY 2, 2005
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.FIRE...WILL AMEND GRIDS AND FWF. WINDS IN MIXED LAYER
ARE FAIRLY LIGHT, WHICH IS CONFIRMED BY ACARS DATA.
THIS WILL RESULT IN ADJUSTMENTS TO TODAY’S DISPERSION INDICES.
Contributed by Rich Mamrosh, NOAA NWS

Example 5: Freezing rain event
A Winter Weather Advisory was in effect for a large portion of Missouri during the
afternoon and night-time hours of 17 January 2020. Warm air overrunning cold air
near the surface was producing freezing rain. Icy roads and sidewalks and
hazardous travel were reported across the area.
AMDAR soundings during the afternoon and evening hours that day showed that
the elevated layer of above freezing layer of air was warming, while the below
freezing air near the surface was warming as well. The two soundings overlain
below show this evolution. The sounding in black is from 2202 UTC, while the one in
pink is from 0151 UTC. The later sounding is warmer both near the surface and
aloft.

Figure 10. Skew-T plot showing temperature data from aircraft 12295 and
10255 ascending from Saint Louis Lambert over 17 to 18 January 2020
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There are no radiosondes within 150 miles of Saint Louis, which makes the frequent
AMDAR soundings at Saint Louis Lambert Airport (KSTL) very important. The
meteorologist at the NWS Forecast office in suburban Saint Louis was watching
AMDAR soundings that evening. The consistent warming displayed by the AMDAR
soundings made him feel confident in allowing the winter weather advisory to
expire for the southern part of the forecast area.
Area Forecast Discussion...Updated
National Weather Service Saint Louis MO
830 PM CST Fri Jan 17 2020
Surface temperatures have been inching upward so far this evening. The latest obs
from 02z show locations at freezing are become less uniformly distributed along
and south of I-70 and temps range from 32 °F–35 °F. A recent AMDAR sounding
into KSTL at 0150z is also showing a warming environment with a 7 kft deep
elevated warm layer, peak warm layer temperature near 7 ºC, and a shallow and
shrinking surface-based cold layer less than 2 kft deep. With this in mind and given
the trends of increasing surface temperatures this evening, I plan to let the
southern-most winter weather advisory expire on target at 9.00 p.m.
Contributed by Rich Mamrosh, NOAA NWS

Example 6: Testimonies from several aviation forecasters
in New Zealand, Sweden and Finland regarding how they
use AMDAR data
From New Zealand:
1) Yes, I use it. We get very little upper wind information now, so this is critical –
mountain forecasts, NW breaking through in CH etc.
A specific example – the other day we got a report of severe turb that was
unexpected. The AMDAR data clearly showed the shear associated with an upper
trough that was perhaps sharper than models indicated.
2) I use AMDAR’s most often when I am looking for evidence for turbulence for sitbrief
and SIGMETs, e.g. wind shear and low-level winds.
I also look at them occasionally for helping with the 2 000 ft winds for TAFs.
3) Mainly use AA AMDAR in marine, useful for determining wind strength aloft, useful
for wind gusts
4) Personally, I find the AMDARs really useful, especially for extra information when
looking at turbulence. When I am trying to decide if the winds are strong enough
for a low-level turbulence SIGMET I often look at AMDARs in the area to help me
make the decision.
5) AMDAR Uses:
-Fact-checking 200 ft winds in TAFs;
-Fact-checking turbulence SIGMETs;
-Alerts forecaster to possible turbulence;
-Helps paint a picture of how freezing level changes during shift;
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-With more data about freezing level, better able to issue more accurate icing
SIGMET levels.
6) Very useful for getting additional information about low-level winds for:
1) 2 000 ft wind forecasts;
2) SIGMETS involving mechanical turbulence.
Less frequently I will use it for temperature (determining the freezing level).
7) I use it quite regularly. It’s especially useful for turbulence SIGMETs, as you get
reports of wind strength and shear. It’s also very useful for wind and temperature
reports in mountain wave scenarios. I guess the temp profile would be useful for
looking at icing too, but that’s something I don’t often use though.
8) I primarily use the AMDAR reports to ground-truth the model guidance for 2 000 ft
winds.
I also sometimes use them to:
•
•

Give an idea of how far down the NW wind has penetrated in Christchurch;
Check for wind shear if I have received an upper-level turbulence PIREP
nearby.

9) I use the AA HN WN CH QN DN AMDARS whenever I am writing TAFS for these
aerodromes. Basically every shift. They help me forecast 2 000 ft winds.
I also regularly use them when looking at wind shear and turbulence.
10) I find the data useful for a couple of things, esp fzl height for snow level or hail
considerations (amdar in ch can be great where there are no upper-level balloon
obs and where both snow/hail is an issue) but also for upper winds for both severe
weather forecasting and fog (e.g. strength of the winds aloft that might gust to the
surface, or for the depth of an inversion). For me, I probably use the temp info
more than the winds on average.
11) Just briefly – I often check if there are any AMDAR reports. It’s like having a spot
tephi to see what the wind and temperature profile above the surface is like. Most
useful at CH and AA eg. Fog or northwesterlies in CH.
Contributed by Wim Vandijk, New Zealand National Meteorological Service
From Sweden:
We use AMDAR data fairly regularly to find inversions and wind profiles. The data are
also used for detecting the freezing level. We regard it as a complement to sounding
data, weather radar wind data and forecast soundings from NWP.
An advantage with AMDAR data is that we receive them more frequently and from
more geographical points than data from soundings.
The main drawback with AMDAR data is the lack of humidity information (at Swedish
airports).
Contributed by Anna Karin Åqvist, Head of SMHI Aviation Met Production Stockholm
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From Finland:
Our forecasters use AMDARs every day, but it is (so far) very hard to find some
evidence based situations where the use of data has given a clear advantage. Usually
AMDARs are additional information to make a better wind and approach forecast for
airplanes. Forecasters compare forecast soundings to AMDAR profiles and make
decisions based on that.
Disadvantage here in Finland is that we have only one busy airport (Helsinki-Vantaa)
and most of the AMDARs come from there. Hope is to get the humidity to AMDARs
and then forecasters can use AMDARs more efficiently.
Contributed by Tiina Ylläsjärvi, AMDAR Focal Point at Finnish Meteorological Institute

Example 7: Experiences from the KNMI/KLM business case
at Schipol airport
In 2009–2010 the Netherlands Meteorological Institute, KNMI, and the airline KLM
carried out a business case in which they studied the benefit of receiving hourly
AMDAR profiles at Amsterdam – Schipol Airport.
Case studies were performed to examine more closely those categories mentioned
by meteorologists where AMDAR had added value. These studies show in greater
detail how and why AMDAR had specific added value, as reported by the
meteorologists during their shifts.
The following studies were conducted and documented during the business case
period (F. Rijkhold Meesters, R. Mandersloot, J. Hemink):
Date

Table 1: Case studies – added value of AMDAR, 2009–2010
Conclusion

2 January 2009
(RM)

Category of added
value
Layer of cold air
(timing of the
passage of a
weather front)

18–19 May 2009
(RM)

Radiation inversion
(T-profile)

The development and disappearance of a radiation inversion.
The changes in the vertical temperature profile are clearly
shown because of the high frequency with which the
measurements are taken. AMDAR data confirmed that the
radiation inversion had dispersed.

29 December
2009
(RM)

Ice storm
pellets

ice

The HIRLAM model showed a deep, cold lower layer at –2 °C
that did not register in AMDAR measurements. This suggested
that the chance of an ice storm or ice pellets was minimal, and
that the type of precipitation would be mainly snow and sleet.

27 January 2010
(MA)

Timing
of
passage
of
weather front

the
a

While runway use was restricted at Amsterdam Airport
Schiphol (due to a combination of wind and rain and the
resulting marginal weather conditions), a detailed wind profile
was obtained from the AMDAR soundings. The winds
measured at higher altitudes showed that the front would
come through earlier than forecast and that better weather
conditions would also occur earlier than forecast.

25 May 2010
(RM)

Model validation

or

A layer of cold air near the surface in which the flying conditions
are poor is dispersed more quickly in the coastal provinces
(e.g. around Schiphol) than would be the case further inland
(e.g. around De Bilt). In these cases, the location of the
measurements is important.

The AMDAR measurements were used to validate the model.
There was a layer of near-freezing air that the model was
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unable to reflect in its calculations. If there had been more
humidity around freezing point in this situation in reality (as
the model indicated), ice accretion would have been a
potential danger. However, the AMDAR measurements proved
that this danger was not present.
22 December
2009
(RM)

Advection of warm
air

AMDAR measurements were used to explain the advection of
warm air with increasingly veering wind at higher altitudes in
the lower layers of the atmosphere. Differences in
temperature were measured by flying in a northerly,
southeasterly or southwesterly direction. This showed a
change from solid precipitation (snow and light snow) to a
more liquid form of precipitation (sleet or only rain).

15 October 2010
(MA)

Passage of a weather
front

Establishing the timing of the passage of a cold front. The
added value was an improved and refined forecast (wind
direction). The cold front passed by earlier. If a situation like
this happened during the inbound peak, there could be a
major impact as regards a change in runway with consequent
loss of capacity at Amsterdam Airport Schiphol.

28 December
2010
(MA)

Type of precipitation

Obtaining more information about the type of precipitation to
expect. According to the model, there was a high probability of
snow and freezing fog, but the AMDAR measurements proved
that
this
high
probability
was
not
present.

16 January 2010
(JH)

Rain
snow

The value of the AMDAR profile was shown especially when the
system measured/recorded the cooling of the upper-air
one hour in advance. It was therefore possible to report that
the initial precipitation would take the form of an ice storm or
ice pellets, but that this would change into snow/sleet.

21 September
2010
(JH)
25 January 2009
(RM)

Fog

changes

Measurement
humidity

to

AMDAR profiles provided an added value in the fog forecast
by determining the altitude of the inversion boundary layer.
of

Measurements taken by LH flight #3021 EDDF-EHAM-EDDF
were compared with the radiosonde measurements from De
Bilt to give an impression of AMDAR with measurement of
humidity. The measurement of air humidity in this case gave
values which were generally too low/far too low when
compared to those measured by the radiosonde. AMDAR
humidity measurements were still of a lesser quality in early
January
2009.

KLM has stated that they see demonstrable added value in AMDAR in two key areas:
1) Improved safety;
2) Reduced costs.
Re 1): Aviation safety is improved if meteorologists can better assess the current
situation based on AMDAR measurements. The data may determine the altitude of
a layer of fog and ice formation, for example, and thereby confirm the current
weather forecast or show that it should be changed.
Re 2): Costs are reduced if parties/customers in the aviation sector, such as airlines
or air traffic control, can adjust their decisions based on more accurate
meteorological information. These adjustments might include:
- A more efficient choice of runway (e.g. when a weather front is passing by),
which increases capacity for inbound and outbound traffic;
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- Anticipating weather conditions that will require air traffic to be diverted;
- The implementation of CDA based on AMDAR wind measurements, resulting in
fuel cost savings.
Directly translating the use of AMDAR to the cost-cutting adjustments mentioned
above remains a challenge, but meteorologists are able to provide better information
more quickly for the various parties/customers involved in aviation to use in their
own decision-making processes. We are convinced of this added value, but based on
this study we cannot quantify how many thousands of euros would be saved by
improvements in nowcasting and/or forecasting.
Based on the results of the business case, we (the authors of the Business Case Final
Assessment Report) recommend the following:
- Continue with AMDAR Boeing 737 NG aircraft using the current approach.
The hourly wind and temperature measurements in the upper-air have
become an almost unmissable part of the daily routine of the operational
meteorologist; 39
- If possible, equip more aircraft with the AMDAR software required.
More data and a higher frequency of data mean that meteorologists are able
to produce an even better analysis of current weather conditions and
improve their forecasting on that basis. Measurements taken in the early
hours of the morning would help determine the behaviour and development
of the boundary layer;

- Further model studies of the impact of AMDAR measurements.

Not all situations have been modelled and analysed in the current model
studies. There is even more potential in this area for the future;

- Add reliable measurements of humidity.
The current business case shows that AMDAR offers major added value, even
without humidity measurements. Nevertheless, reliable humidity measurements are
expected to represent a significant step forward from a meteorological viewpoint, in
particular as regards the identification of cloud banks (top and bottom of the
clouds), convection, fog and visibility.

Example 8: Precipitation type in northern Vermont
Precipitation-type forecasts in the winter season are usually challenging due to the
relative lack of temperature observations above the ground. This is especially true
for the NWS in Burlington, Vermont as it is 200 km to 250 km to the nearest
radiosonde locations in Albany, New York and Portland, Maine and even farther
(400 km) from the Manawaki, Quebec site. This led the NWS staff in Burlington to
use the frequent AMDAR soundings at Montreal (and less frequent profiles from
Burlington) to help forecast winter precipitation across Vermont and northeast New
York.
An upper-level trough was approaching Upstate New York and Vermont the evening
of 21 November 2019. Numerical models suggested that warm advection ahead of
the system would produce light precipitation across the area. The question was
39

The final decision about whether to continue with the AMDAR Boeing 737 NG data flow will ultimately be taken based on this
final assessment. KNMI has decided to maintain the data flow pending that final decision.
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whether it would fall as snow or freezing rain. Forecasters used AMDAR soundings
from Montreal to confirm that temperatures several thousand feet above the
ground were above freezing, suggesting that precipitation would fall as light
freezing rain. This was mentioned in the area forecast discussion (below) updated
during the mid-evening hours (Highlight added to emphasize important text).
Area Forecast Discussion
National Weather Service Burlington VT
846 PM EST Thu Nov 21 2019
As of 846 PM EST Thursday...Modest updates to tonight`s forecast, mainly to increase probabilities of
light freezing rain and light icing potential in the eastern Adirondacks and the eastern half of Vermont.
Thermal profiles from latest model guidance and recent ACARS data in Montreal show a pronounced
warm layer developing in the mid levels as strengthening southwesterly flow in the 925 mb–850 mb
layer advects into the forecast area. As such, any precipitation that does fall in these areas should
occur as light freezing rain, at least for a few hours. Based off latest guidance and observations out to
our west overall QPF should remain light and generally less than a tenth of an inch through sunrise
Friday. That said, some light icing concerns on the order of a few hundredths will certainly be possible
in these areas and have issued Special Weather Statement to cover this potential.

The AMDAR sounding below from Montreal shows an above freezing layer of air
between 750 mb and 850 mb (shaded). Winds are veering with height, indicating
warm air advection.

Figure 11. Skew-T plot showing temperature data from an aircraft
ascending from Montreal at 0019 on 22 November 2019
In this situation, it was ACARS observations that helped forecasters recognize the
likelihood of frozen precipitation that evening and gave them confidence to forecast
freezing rain and an icing potential for valley areas.
Contributed by Rich Mamrosh, NOAA NWS
_________________________

58

Annex 2: Examples of direct benefit to airline operations
Direct Benefits to Airline Operations from AMDAR data have two forms:
•
•

General benefits to all airlines through overall improvement to level of
forecast skill leading to improved operations and planning;
Large economic or safety related dividends from direct or specific application
of AMDAR data.

General benefits to airlines of AMDAR data according to
experience from the USA National Weather Service
Benefits to airlines of AMDAR wind and temperature data:
•
•
•
•

•

Improved decision support during all phases of flight enabling optimized fleet
performance and efficiency;
Improved weather information to FAA leads to more efficient traffic flow
patterns for the airlines;
Improved aviation weather support to airlines;
Data sent to NWS Aviation Weather Center, Alaska Aviation Weather Unit,
CWSUs and local forecast offices leading to more accurate TAFs, SIGMETs,
AIRMETs, Area Forecasts & other aviation weather products;
All flight phases; departure, arrival, en route (including oceanic);
o Improved planning for winds that impact fuel efficiency;
o Improved route planning around severe weather to reduce unplanned
deviations;
o Improved flight level selection to optimize efficiency;
o Improved avoidance of severe weather that could increase
maintenance;
o Improved avoidance of severe turbulence;
o Improved planning for crew scheduling, passenger notifications.

Benefits to airlines of AMDAR humidity (WVSS-II) data:
•
•
•

More frequent humidity profiles help NWS forecast fog/low cloud formation &
dissipation, snow, freezing rain, thunderstorms and icing condition;
Better efficiency in planning air traffic flow;
Accessible to private forecasting concerns to produce “value added” aviation
weather support services beyond what NWS can provide.

AMDAR data benefits to airlines other than performance:
Participation in AMDAR and perhaps WVSS-II provides an airline a public relations
opportunity which could demonstrate:
• Commitment to improving the passenger experience by monitoring weather
impacts to aviation beyond what is required;
• Commitment to reducing aircraft environmental footprint via better
efficiency, reduced fuel use, and reduced emissions;

•
•

Commitment to improving environmental sustainability for the region by
sharing data with NOAA for improved weather and climate forecasts to the
general public;
Leadership in support of this capability for the region.

Contributed by Carl Weiss, NOAA NWS

General benefit example 1: Derivation of observations of
upper winds
Figure 1 below shows 24 hours of AMDAR winds (darker indicates more recent)
over the Australian region, filtered for provision of a 2°x2° grid and demonstrates
the coverage of winds that can be utilized to contribute to and improve forecasts
used by operational flight planning.

Figure 1. AMDAR winds during 24-hour period over Australian region

General benefit example 2: Winds aloft and freezing level
display
The NWS Center Weather Service Unit in Seattle, Washington, USA, uses AMDAR
data to populate low-level wind and freezing level displays for several busy airports
on the West Coast of the United States. The program uses current AMDAR
soundings and Rapid Refresh (RAP) model 1-hour forecasts to create graphs of
current and past freezing heights and maximum wind speeds in the lowest
2

5 000 feet. The program also will return shear values between several levels above
ground and the surface. These data are very useful, especially to pilots of light
aircraft.
Here is one such plot for Oakland, California from 28 April 2020. The current hour
data is from 19 UTC on the far right, with past data back to 04 UTC (far left). The
AMDAR freezing level reports (plotted on blue line) are consistently lower than the
RAP forecast values (cyan line). The maximum winds below 5 000’ are plotted in
red (AMDAR highest and lowest values) and orange (RAP). Usually the AMDAR
maximum winds below 5 000’ usually exceed the RAP forecast by a small margin.

Figure 2. Plot of freezing level and low-level wind for Oakland, California
from 28 April 2020. The current hour data is from 19 UTC on the far right,
with past data back to 04 UTC (far left). The AMDAR freezing level reports
(plotted on blue line) are consistently lower than the RAP forecast values
(cyan line). The maximum winds below 5 000’ are plotted in red (AMDAR
highest and lowest values) and orange (RAP). The AMDAR maximum winds
below 5 000’ usually exceed the RAP forecast by a small margin.
While these displays were intended for aviation applications, the freezing level plots
are also useful for precipitation-type forecasts, while the maximum winds below
5 000’ are often useful for convective wind gust forecasting.
Contributed by Rich Mamrosh, NOAA NWS
3

Specific benefit example 1: Airliner low on fuel over the
Atlantic Ocean 1
At about 1200 UTC on 6 February 1998 the Miami Centre Weather Service Unit
(CWSU) was notified that an airliner had encountered sustained, strong headwinds
over the Atlantic that were not taken into account when the plane was fuelled in
Italy. The pilot was concerned that they might suffer fuel exhaustion en route. He
needed an altitude that offered substantially smaller headwinds because he was
approaching critical fuel. Fortunately, recent information collected by AMDAR
reporting aircraft showed a flight track over the Bahamas less than one hour old
with headwinds 40 knots (21 m/s) less than the winds that the airliner was
reporting. Controllers immediately assigned the airliner to that altitude and flight
path and the aircraft was able to complete the flight without incident. The figure
below shows wind reports from three aircraft over the Bahamas for 1500–1659 UTC
that day (the aircraft with low fuel did not generate reports).

Figure 3. Wind reports from three aircraft over the Bahamas,
06 February 1998, 1500–1659 UTC
The availability of AMDAR data is conservatively estimated to have saved this airline
over $ 10 000 in this one event and potentially averted a significant incident. Fuel
savings from avoiding an extra descent and ascent for diversion is typically in the
range of $ 3 000 per event. Extra cost of ground support at the diversion point,
crew duty limits, passenger accommodations, extra airline operations support and
other costs contribute to the remaining expenditures.

Specific benefit example 2: Operational experience from
UPS airline of using AMDAR

1

Moninger, W. R., Mamrosh, R. D., Pauley, P. M. Automated Meteorological Reports from Commercial Aircraft, Bulletin of the
American Meteorological Society 2003, 84(2), 203-216. https://journals.ametsoc.org/view/journals/bams/84/2/bams-84-2203.xml
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Since October 2013 aircraft water vapour data from SEA (Seattle-Tacoma) and BFI
(Boeing Field) have been invaluable in forecasting the fog/low ceilings at BFI for our
operations. BFI requires 1SM visibility (RVR 5 000 ft) and decision height 252 feet
(so ceiling 300 feet needed) in order to land. Our contingency plan is to move
operations over to SEA, and involves some rerouting of aircraft to protect
international volume heading to YVR (Vancouver).
The AMDAR sounding below shows the marine layer to be approximately 500 feet
thick at SEA, so that would be 950 feet at BFI (BFI is 460 feet lower than SEA).
More importantly, the Crossover Temperature is 48 °F, meaning that under clear
skies, BFI has to cool to 48 °F to start forming fog. We use this to time the onset of
fog formation, and to estimate when fog will lift to a ceiling in the morning.
For a description of our UPS fog forecasting method, here is a link with our
published paper (log in to COMET MetEd required):
https://www.meted.ucar.edu/dlac/website/resources/upspaper.pdf.

Figure 4. Skew-T plot showing temperature and humidity data from

an aircraft ascending from Seattle, at 2352 on 23 October 2013
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Water vapour data also are used to help track cloud layers that prevent frost or fog
formation, or to help predict winter precipitation types (ice pellets/snow/freezing
rain). In summer, we use the data to keep track of convective temperature for
thunderstorms and to calculate the CAPE.
Contributed by Randy Baker, Meteorologist, UPS Airlines

Specific benefit example 3: Aviation forecasting: Ceiling
and visibility
Meteorologists at the NWS San Diego office are among the most ardent users of
AMDAR data in the United States. The scarcity of upstream data, varied terrain and
a maritime influence make the availability of frequent upper-air data very useful.
The data are especially useful to monitor the depth of the marine layer, upon which
the formation and inland penetration of low clouds and fog are dependent.

Figure 5. The San Diego Forecast Office is responsible for the TAFs for
Ontario (ONT), John Wayne (SNA), San Diego (SAN), as well as Palm
Springs, Thermal and Carlsbad (not shown).

TAFONT
KONT 302327Z 010024 26015KT 5SM HZ SCT250
FM0400 25005KT 5SM HZ SKC
FM0600 VRB03KT 5SM BR SKC
FM1300 VRB03KT 2SM BR HZ SKC

6

FM1900 26009KT 4SM HZ SKC
FM2200 26015KT P6SM SKC=
The TAF for Ontario issued at 2325 UTC on 30 April 2001 mentioned that visibilities
might fall to 2 miles late at night, and that skies would be clear. It was thought that
the depth of the inversion would be insufficient to climb the range of hills and reach
the inland valley area.

Figure 6. AMDAR from Long Beach, California at 0232 UTC on 01 May 2001
shows the base of a temperature inversion around 1 000’
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Figure 7. AMDAR WVSS from Ontario, California at 0201 UTC on
01 May 2001 shows the base of a temperature inversion around 1 900'
TAFONT
KONT 010525Z 010606 VRB03KT 5SM BR SKC
FM1200 VRB03KT 2SM BR OVC008
TEMPO 1215 1SM BR OVC005
FM1600 VRB03KT 3SM BR HZ SKC
FM2000 26012KT 5SM HZ SKC
FM0500 VRB03KT 4SM BR OVC010=
The meteorologist noticed that AMDAR data profiles from the evening hours showed
that the marine layer was about 1 000 feet to 1 200 feet along the coast and
1 900 feet MSL at Ontario. This suggested that the damp maritime air already had
reached the interior valley and that low clouds and fog were indeed possible. This
information was used to issue the 06 UTC TAF, forecasting IFR ceilings of 500 feet
and visibilities around one mile were expected overnight.
Contributed by Rich Mamrosh, NOAA NWS

Specific benefit example 4: Low-level wind shear event in
Argentina
AMDAR observations have been long recognized as an important data source for
aviation forecasting. This was clearly illustrated at Jorge Newbery Airport Buenos
Aires, Argentina (IATA code: AEP; ICAO code: SABE) on 5 February 2017. On that
morning, an approaching trough aloft supported a developing surface low-pressure
system along the Argentinian coast near Buenos Aires Province. The deepening
8

cyclone brought in maritime polar air from the Argentine Sea and the advection of
tropical air from the north.
Unstable air with this strengthening system brought about the development of
unexpected convection. The resulting release of latent heat led to a rapid
intensification of the storm at low levels. At 1700 UTC (14:00 LT), the WRF model
indicated that the convective activity consistent with the ongoing cyclogenesis
generated a large increase in the pressure gradient to the east of Buenos Aires
(Figure 8). This additional input of thermal energy was not diagnosed by the global
models leading to uncertainty in the numerical forecasts. In fact, cyclogenesis was
much stronger than predicted. The wind increase, noted by AMDAR aircraft, led to
significant low-level wind shear requiring several aircraft to circle AEP to avoid
treacherous landing conditions.

Figure 8. Surface forecast valid 1700 UTC 05 February 2017 by WRF-SMN.
Precipitation (mm, shaded), 10 m-wind (vectors in knots) and MSLP
(contour in hPa). Star represents location of Jorge Newbery Airport.
Radar and satellite imagery (Figures 9a and 9b) verified the convection south of
Buenos Aires and gave forecasters confidence that the supply of latent heat to
strengthen the developing low would continue.
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Figure 9. a) 1700 UTC COLMAX product from Ezeiza C-band radar; b)
1630 UTC VIS GOES-13 image. Stars represents location of Jorge Newbery
Airport.
Source: SMN Argentina.
METAR observations from Jorge Newbery Airport (below) confirmed the hazardous
weather conditions associated with the cyclogenesis occurring over the Rio de la
Plata Basin.

Surface wind gusts over the previous six hours averaged 30 KT with peaks to
33 KT. Temperatures hovered between 18 °C and 20 °C with intermittent drizzle.
With these strong winds, low-level wind shear was expected. However, the
1200 UTC RAOB sounding from Ezeiza Airport (Figures 10a and 10b) indicated
significant wind shear only between FL020 and FL050. This information supported
the idea that wind shear only should be moderate.
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Figure 10. Ezeiza Airport RAOB sounding from 1200 UTC 05 February 2017;
a) Stüve diagram; b) Expanded to show below 700 hPa
Source: University of Wyoming
At the same time, AMDAR profiles from three descending LATAM aircraft to AEP
between 1200 UTC and 1700 UTC (Figure 11) show that the wind shear actually
was much stronger than previously thought with a significant increase below FL050
– very different from the conditions detected by the earlier Ezeiza sounding. The
AMDAR data show that southwest winds increased to 50 kt at FL050 between
1245 UTC and 1430 UTC. By 1601 UTC the sounding indicates that 50 kt winds
extended down to 925 hPa (~FL025). That increase in wind shear to critical levels is
consistent with the LATAM data from Empresa Argentina de Navegación Aérea
(EANA - ANSP of Argentina Airports). Meteorologists from SMN SABE MWO warned
AEP management and EANA about the hazardous wind situation and the decision
was made to implement circling procedures at AEP.

Figure 11. Aeroparque sounding using AR-AMDAR data. a) 12:45 UTC;
b) 14:30 UTC; c) 16:01 UTC.
Source: AR-AMDAR data.
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The rapid intensification of a storm system near the Argentinian coast had a
significant impact on aviation operations in the Buenos Aires area on
5 February 2017. AMDAR profiles from three LATAM aircraft indicated a major
increase in winds and associated wind shear in the lower levels of the atmosphere.
These conditions had not been revealed in a consistent manner by NWP or RAOB
data. It was the available timely AMDAR reports that helped decide to implement
the circling procedures rather than risk aircraft landing in hazardous conditions.
Contributed by Nicolás Rivaben, Dirección de Meteorología Aeronáutica, Servicio
Meteorológico Nacional – Argentina

Specific benefit example 5: Use of AMDAR and ADS-B in
assisting situational awareness during New Zealand
turbulence event
The combination of AMDAR and ADS-B (Automatic Dependent Surveillance –
Broadcast) data allow for a near-constant source of information in areas impossible
to monitor with traditional ground-based weather observations. This is particularly
significant to aviation meteorology where the users are frequently operating in
largely uninhabited areas. These data can be valuable in mountainous areas such
as New Zealand’s Southern Alps, where it is impractical to maintain more than a
basic observational network. To compound the issue, situational awareness is
critical as these are areas prone to inclement weather and hazardous phenomena,
as well as having high air traffic volume. It goes without saying that informing
users of dangerous conditions is crucial.
Example of 31 January 2020
A prefrontal northwesterly, cross-barrier flow covered the South Island during the
morning. An earlier warm-frontal passage allowed for increased stability and
potential for mountain waves. The strength of the flow also contributed to low-level
mechanical turbulence.
Numerous PIREPs were received during the day, predominantly for turbulence and
the majority from the Southern Alps area. The most significant came late morning
from an Air New Zealand A320 on departure from Queenstown Airport (NZQN):

The significance of the message was that not any of the duty forecasters working
that day ever could remember such a striking report of severe turbulence. The rise
of online flight trackers has made flight monitoring second nature and, after
interrogating the ADS-B data from this flight, we can see why such a report was
issued.
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NZQN utilizes RNP (Required Navigation Performance) 2 arrival and departure
procedures given the proximity of high terrain near the airport. The departure for
this aircraft took it on a circuitous route over the Wakatipu Basin and Lake
Wakatipu to clear the surrounding terrain. This means that departing aircraft can
spend an extended time in turbulence and mountain wave areas.

Figure 12. Flight log data for flight ANZ604 for 31 January 2020, showing
altitude (red), vertical speed (green) and aircraft speed (blue)
The graph in Figure 12 depicts the flight log of ANZ604, the source of the PIREP.
What is obvious is a marked decrease in speed during mid-departure,
approximately between 7 000 feet to 14 000 feet (2 100 metres to 4 200 metres),
consistent with the PIREP. This was a drop of 86 knots, from 200 knots down to
114 knots, indicating a significant change in winds at these levels. Also of interest is
the reduction in vertical speed as the airspeed dropped. The combination of this
information implies that the aircraft encountered a significantly turbulent airflow.
Corroborating AMDAR data around the time of this flight gives a better perspective
on what the Air New Zealand flight encountered. The AMDAR observations reveal
regions of strong wind shear, especially between 8 000 feet and 10 000 feet.
AMDAR data from an arriving aircraft 30 min prior to ANZ604 recorded a calculated
wind shear of 16 kt/1 000 ft at 9 000 feet. This is in stark contrast with
< 0.5 kt/1 000 ft at 7 000 ft, and 6 kt/1 000 ft at 11 000 ft measured by the same
aircraft. Given 10 kt/1 000 ft is a benchmark for severe turbulence, 16 kt/1 000 ft
is a very significant.
The meteorological situation was not supportive of typical vertically propagating
mountain waves, but rather may have been more conducive to wave-induced rotors
which are frequently inferred through NZQN surface wind observations. The
combination of PIREPs, ADS-B and AMDAR data has helped to better identify
conditions under which these hazardous phenomena may be occurring. In this case,

2

RNP is a high accuracy GPS based navigation system used in aviation. It allows for high-precision approach and departure
procedures, typically used in areas of mountainous terrain to allow for more efficient and safer operations.
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it is plausible that type-2 rotors 3, infamously turbulent, were developing, which
would explain the seriously worded PIREP.
The end result was for increased monitoring of the situation. Severe turbulence had
already been expected and accordingly a SIGMET was in place at the time of the
PIREP. The PIREP, and consequently the ADS-B interrogation, provided confirmation
of the hazardous phenomena and led to increased situational awareness during the
day. Had these reports not existed, there would have been no practical way for the
duty meteorologists to be aware that such extreme phenomena existed.
Contributed by Tui McInnes, MetService New Zealand, Wellington

Specific benefit example 6: Low-level wind shear
monitoring and warning in Hong Kong, China
This example shows the use of high-resolution AMDAR data in support of low-level
wind shear monitoring and warning resulting in direct benefit to airlines by
enhancing safer operations during take-off and landing.
While sophisticated wind shear detection systems are operating at the Hong Kong
International Airport, in situ reports of wind shear are important to confirm its
existence and supplement the alerts from the automated systems. AMDAR data
have the potential to fill gaps at aerodromes where pilot reporting of wind shear is
not commonly available as well as address the subjective nature of pilot reports. In
order to sufficiently capture the often fast-changing headwinds during take-off, the
temporal resolution of AMDAR data was increased from one observation every
six seconds to one observation every three seconds in the first 90 seconds of flight.
An automatic algorithm then is used to identify wind shear from the AMDAR
observations. When wind shear is detected, a report is generated and if the shear is
significant, a wind shear warning based on the AMDAR report also is sent to air
traffic control to alert pilots and for broadcast on Automatic Terminal Information
Service (ATIS).
One such example occurred on 4 March 2020 where a headwind increase of
21 knots was detected by AMDAR data and a warning was issued based on the
report:

WS DEP RWY07R REP AT 1200 B747 21KT HEADWIND GAIN ABV
700FT DEP.
The post-analysis of data from the Quick Access Recorder (QAR) on the
4 March 2020 flight showed the increase in head wind from QAR with similar
magnitude to the AMDAR winds (19.7 knots over 24 seconds based on QAR as
shown in the diagram below) shortly after take-off. This demonstrates the high
quality of the AMDAR data for wind shear reporting.

3

The type-2 rotor is associated with a hydraulic jump. It is more intense and transient than lee-wave rotors which are of type 1
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Figure 13. Quick Access Recorder (QAR) head wind (orange squares) and
AMDAR wind speed (green triangles) for aircraft ascending into wind shear
zone, 4 March 2020

References:

https://www.hko.gov.hk/en/aviat/outreach/papers/cnsmet_sg11/files/ip12.pdf
https://www.hko.gov.hk/en/aviat/outreach/product/FIRST_AMDAR.htm
https://www.hko.gov.hk/en/aviat/amt/windshear_warning.htm.

Contributed by Sharon Sum-yee Lau and Dr Yiu-fai Lee, Hong Kong Observatory

_________________________
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Annex 3: Impact on meteorological Numerical Weather
Prediction models
Example 1:
HYSPLIT

Aircraft data used in dispersion model

This is an example where the dispersion model was run as an experiment to show
the spread of a pollutant in the air in the Miami area.

Figure 1. Sounding from Miami International Airport, 28 November 2008
HYSPLIT dispersion models were run centred over the Miami International Airport
starting at 01 UTC on the evening of Thursday 27 November 2008.
The model was first run using just the 12 km NAM. The model was run again, using
temperature, dewpoint, and wind information from commercial aircraft.
The outputs from the HYSPLIT runs are quite different, especially in the first two
hours, and likely due to the inaccurate model forecast of the low-level winds by the
NAM.
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Figure 2. Differences in the second hour (notice that the source locations
are not equally centred)
The second hour of the HYSPLIT model (left panel) forecasts the pollutant entirely
northeast of the source location. The second hour of HYSPLIT run with aircraft data
(right panel) forecasts the pollutant almost entirely southwest of the source point.
In general, the two model runs showed the same picture, that is, the pollutant was
transported towards northeast. However, there were significant differences
especially in the first two hours where the transport instead was towards
southwest!
If this had been an actual event, the area that would be warned would be incorrect.
The HYSPLIT run with only model data was probably incorrect, because the NAM
model did not accurately forecast the weak sea breeze that reached the Miami area
in the late afternoon.
It would appear that locally entered data from aircraft, VAD Wind Profiles, or
radiosondes could often result in improvements to the HYSPLIT model.
Contributed by Rich Mamrosh, NOAA NWS
_________________________

17

Annex 4: The Water Vapour Sensing System WVSS-II
WVSS-II sensor performance
Water vapour sensors have been used for measurement of water vapour content
and humidity for many years. The radiosonde uses a thin-film capacitive sensor
which, while adequate and reliable for that application, has proven to be
inappropriate and unreliable in performance for application on an aircraft platform.
While the first generation of the Water Vapour Sensing System (WVSS) developed
in the USA by University Corporation for Atmospheric Research (UCAR) initially
used thin-film capacitive technology, it quickly became apparent that the physical
performance and accuracy (particularly at high altitude and low water vapour
concentrations) was inadequate, with the sensor performance degrading with
physical wear within 3–6 months.
The second-generation, WVSS-II 1 system, utilizes a laser diode, direct sensing
technique that has proven to be capable of providing the measurement resolution
and accuracy across the operational ranges of temperature and humidity.
This system was developed by SpectraSensors Incorporated2 (SSI), an
Endress+Hauser company. SSI developed and refined the sensor in cooperation
with the National Oceanic and Atmospheric Administration (NOAA) and other WMO
Members and achieved aviation certifications by the Federal Aviation Administration
(FAA). In 2021, the WVSS-II system was acquired by FLYHT Inc. 3, the company
that historically has operated the Automated Flight Information Reporting Systems
(AFIRS™) and has also in recent years acquired the Tropospheric Airborne
Meteorological Data Reporting (TAMDAR) sensor system.
To date, WVSS-II has been deployed on 139 aircraft in the USA, under partnership
with Collins Aerospace Systems, United Parcel Service (UPS) airlines, and
Southwest Airlines. In Europe, nine aircraft have been equipped with WVSS-II
under partnership with Lufthansa Technik and Lufthansa Airlines.
Both laboratory testing (see references 1 and 2 below) and operational assessment
(see reference 3 below) of the WVSS-II have provided strong evidence that the
sensor is capable of meeting the requirements of data quality and operational
robustness.
At the current time, the WVSS-II system is believed to be the only available water
vapour measuring sensor that can fulfil these requirements.
WMO is satisfied that these results, and the stability and reliability of the
development and manufacturing programme of the supplier (backed by the support
of the FAA and NOAA) provides confidence to continue with a programme of global
sensor deployment, with the cooperation of airlines and the aviation industry.
Several examples of the benefits of WVSS-II brings to aviation may be found in the
publication, “Studies of the Effectiveness of the Water Vapor Sensing System,
WVSS-II, in Supporting Airline Operations and Improved Air Traffic Capacity”. 4

WVSS-II certification

1

https://flyht.com/weather-sensors/wvss-ii/
https://www.spectrasensors.com/
3
https://flyht.com/
4 This article is available through the AMS website: https://ams.confex.com/ams/91Annual/webprogram/Paper181457.html.
2

18

An important issue in any plan for the deployment of a WVSS-II sensor network is
that of certification for specific aircraft types by the regulating Civil Aviation
Authority. However, Supplemental Type Certificate (STC) for the two aircraft types
most widely used in global commercial aviation have already been achieved. This
eliminates the risk of STC development in other parts of the world, and makes the
certification for those aircraft types an administrative task for other regions.
SpectraSensors holds and maintains a USA FAA STC for WVSS-II on the B737-300,
B737-700, and B737-800, and an aircraft-specific STC for the UPS B757-200PF.
SpectraSensors also holds and maintains an active FAA Parts Manufacturing
Authorization (PMA) and is an FAA certified Repair Station for WVSS-II.
An STC for WVSS-II has been obtained from the European Union Aviation Safety
Agency (EASA) in Europe by Lufthansa Technik for the A320 family of aircraft
(A319/A320/A321). This STC has also been approved by the FAA, and therefore is
valid for use in the United States.
SpectraSensors has indicated a willingness to assist the NMHSs under contract in
obtaining the appropriate STC required to facilitate and implement water vapour
measurement programmes. It is expected that this process will be simplified and
the costs reduced due to the previous certifications obtained in the USA and
Europe. Aviation authorities have defined processes for the recognition of existing
STCs from other nations, such as those approved by the USA FAA. While this
procedure varies by nation or region, it is generally much less difficult to get local
recognition of an existing STC.

Low risk and low impact on airline operations
The following aspects of the sensor characteristics, deployment and maintenance
requirements will reduce the risks and ensure low impact on airline operation:
•

The sensor package is only 4.75 kg, uses standard 28 VDC aircraft power,
and typically fits in a position under the forward door on either side of the
aircraft. The external air sampler is the only component visible from the
outside, and is designed to have a low profile with very low drag to ensure
there is no impact to aircraft performance or efficiency. This design causes
no risk of ice accretion eliminating the need for heating of the probe. These
characteristics ensure there is no discernible impact to airline operations;

•

Sensor deployment would be managed by the airline maintenance staff and
subject to the required certification and aircraft maintenance practices and
procedures;

•

The installation process has been refined through operational experience in
the USA and is estimated to involve 40–50 labour hours during a heavy
maintenance check (C- or D-check);

•

There are no routine maintenance requirements for daily operations. Units
have remained in operations for as long as four years with no maintenance
whatsoever. If performance indicates a need for service, the replacement of
the sensor may be scheduled for service at the convenience of the air carrier,
in coordination with their NMHS partner. The primary unit is easily swapped
out with only a few hours of labour, allowing the aircraft to be returned to
service without disruption in revenue generation;
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•

Malfunction of the sensor has no impact on the operations of the aircraft or
airline. The sensor installation adds no demand or requirements for extensive
service outside of routine aircraft operations and maintenance checks.

References
1. Tests, Comparisons and Operational Performance of the Water Vapor Sensing
Systems (WVSS-II): CIMO Expert Team on Aircraft-based Observations, IOM
Report # 133, 2019, 43 pg.
2. Retest and Evaluation Report for the SpectraSensors Water Vapor Sensing
System II (WVSS-II) October, 2009, NOAA.
3. On the Impact and Future Benefits of AMDAR Observations in Operational
Forecasting: Part II: Water Vapor Observations, Ralph Petersen and Lee Cronce,
CIMSS - University of Wisconsin-Madison; Richard Mamrosh - NWS WFO Green
Bay, WI; Randy Baker – UPS, Louisville, KY; Patricia Pauley – NRL, Monterey, CA
https://journals.ametsoc.org/doi/full/10.1175/BAMS-D-14-00211.1.
_________________________
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Annex 5: Cost comparison between AMDAR and
radiosondes
A model has been developed to allow a comparison to be made of the
implementation (infrastructure and development) and operational (running) costs of
an AMDAR programme with a conventional radiosonde programme.
This comparison is not made in order to suggest that one upper-air system should be
favoured over the other but rather to establish the costs of running an AMDAR
programme and put them into context with conventional systems. Indeed, the two
systems provide different benefits to some users and should be regarded as
complementary in the context of establishing, maintaining and optimizing a best
practice national composite observing system. It can be seen that, in the case of
NMHSs struggling to find the capital to develop or maintain a sufficient radiosonde
programme, the AMDAR programme does offer a cheaper means for maintaining or
improving upper-air coverage in such circumstances.
The model has been used to produce extrapolated cost estimates for several
scenarios which are summarized in the table below. The assumptions made and the
values of the parameters used in the model are provided below the results table.
In addition to the notes below, it is important to understand that, while an attempt
has been made to incorporate the majority of likely costs and provide realistic
figures for these costs, the results must be regarded as only indicative estimates
and highly dependent and variable based on many factors that are indicated and
further discussed below.

Important Notes:
•

WMO, CBS and ET-ABO do not advise or advocate for a reduction in radiosonde use
or coverage, either spatially or temporally and any modifications to radiosonde
programmes should be made considering the national, regional and global
requirements of all data users and application areas;

•

A radiosonde sounding provides a significantly different vertical profile to that of the
AMDAR system and the two are not directly comparable in terms of vertical
resolution and range and other characteristics;

•

Costs are approximate and will vary considerably for various items and services and
will be subject to variation for different currencies, taxation requirements, cost
increases, inflation, etc.;

•

All costs are estimated and provided in thousands of US dollars.

Comparison of programme costs
The outcomes of the various scenarios modelled and analysed (see the table below)
indicate that, when compared with the costs associated with establishing and
maintaining a radiosonde programme (of 10 sites) and, even taking into account the
costs of implementing an AMDAR programme (of 30 aircraft) with the capability to
measure water vapour (for example, with a sensor deployment on the aircraft
platform for half the fleet), the AMDAR programme costs are no more than around
30% of the cost of that of the radiosonde programme over the short term
(Scenario 1), falling to around 13% when extrapolated over the longer term (for
example, 10 years in scenarios 2 to 4).
Even the factoring in of a seemingly expensive process to obtain a Supplementary
Type Certificate (STC), which may or may not be necessary depending on the
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aircraft model involved, has little impact on the costing when taking a longer-term
consideration.
For an AMDAR programme without water vapour measurement, the cost is around
6% to 10% of the cost of the radiosonde programme.
Results of Scenario 5 indicate that, even for a smaller country or region with a smaller
number of upper-air sites and with the implementation of a smaller AMDAR
programme, the AMDAR programme costs remain at less than 2% of that of the
radiosonde programme, even with a water vapour measurement capability
implemented on the whole of the fleet and despite initial AMDAR costs being higher.
Scenario 6 indicates that the cost of equipping the full fleet of 30 aircraft with water
vapour sensors would still mean a total cost of only 17% of the radiosonde
programme over the 10-year period.

Comparison of profile costs
Taking into account the modelling assumptions further below, it can be seen that an
AMDAR programme is capable of delivering vertical profiles of air temperature and
winds at a fraction (less than 1%) of the cost of generating a radiosonde sounding,
which is important given the higher temporal resolution of AMDAR (a greater
number of AMDAR profiles than radiosonde profiles are generated per day).
Over a ten-year period the cost of a full AMDAR vertical profile that includes
humidity can be generated at a cost of around US$ 4 to 7 and around 1% to 1.5%
of the cost of a radiosonde vertical profile.
Note that, while the comparison takes into account the cost of generating the en
route AMDAR data when comparing the cost of the vertical profiles generated by the
two systems, in the context of this analysis, it might be seen as merely a by-product.
However, this data is also extremely valuable and has considerable positive impact
on NWP and other forecast applications.
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All table entry costs are provided in thousands of US dollars
Table 1. AMDAR and radiosonde programmatic costs, based on modelling under assumptions provided below

Scenario 1 -

Period of operation (years)

1

WVSS Certification cost

400

Radiosonde

AMDAR
AMDAR
Only

Number of
sites/aircraft in fleet

% of
AMDAR
Radiosonde with
WVSS

% of
Radiosonde

10

30

Infrastructure cost

2 800

175

6

1 352

48

Operational running
cost

2 970

188

6

242

8

Total cost

5 770

363

6

1 594

28

0.7904

0.0041

0.5

0.0182

2.3

Cost per profile

Scenario 2 -

15 of 30

Period of operation (years)

10

WVSS Certification cost

400

Radiosonde

AMDAR
AMDAR
Only

23

% of
AMDAR
Radiosonde with
WVSS

% of
Radiosonde

Number of
sites/aircraft in fleet

10

30

2 800

175

6

1 352

48

Operational running
cost

29 700

1 876

6

2 904

10

Total cost

32 500

2 051

6

4 256

13

Cost per profile

0.4452

0.0023

0.5

0.0049

1.1

Infrastructure cost

Scenario 3 -

Period of operation (years)

10

WVSS Certification cost

50

Radiosonde

AMDAR
AMDAR
Only

Number of
sites/aircraft in fleet

15 of 30

% of
AMDAR
Radiosonde with
WVSS

% of
Radiosonde

10

30

2 800

175

6

1 002

36

Operational running
cost

29 700

1 876

6

2 904

10

Total cost

32 500

2 051

6

3 906

12

Cost per profile

0.4452

0.0023

0.5

0.0045

1.0

Infrastructure cost
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Scenario 4 -

Period of operation (years)

10

WVSS Certification cost

0

Radiosonde

AMDAR
AMDAR
Only

Number of
sites/aircraft in fleet

% of
AMDAR
Radiosonde with
WVSS

% of
Radiosonde

10

30

2 800

175

6

952

34

Operational running
cost

29 700

1 876

6

2 904

10

Total cost

32 500

2 051

6

3 856

12

Cost per profile

0.4452

0.0023

0.5

0.0044

1.0

Infrastructure cost

Scenario 5 -

Period of operation (years)

10

WVSS Certification cost

50

Radiosonde

AMDAR
AMDAR
Only

Number of
sites/aircraft in fleet

15 of 30

3

15

25

% of
AMDAR
Radiosonde with
WVSS
15 of 15

% of
Radiosonde

Infrastructure cost

840

168

20

995

118

Operational running
cost

8 910

784

9

1 812

20

Total cost

9 750

952

10

2 807

29

0.4452

0.0022

0.5

0.0064

1.4

Cost per profile

Scenario 6 -

Period of operation (years)

10

WVSS Certification cost

400

Radiosonde

AMDAR
AMDAR
Only

Number of
sites/aircraft in fleet

% of
AMDAR
Radiosonde with
WVSS

% of
Radiosonde

10

30

2 800

175

6

2 044

73

Operational running
cost

29 700

1 876

6

3 432

12

Total cost

32 500

2 051

6

5 475

17

Cost per profile

0.4452

0.0023

0.5

0.0063

1.4

Infrastructure cost
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Assumptions and parameter values
The operational costs for AMDAR have been calculated based on the following
assumptions:
•

For the purposes of the comparison, it was assumed that AMDAR data
production could be limited to the number of sites and the number of profiles
per day required at each site (8). While such configuration is possible without
the employment of a ground-based AMDAR data optimization system, in
practice, it is difficult to accurately restrict and control the number of profiles
generated at each site without an optimization system;

•

For comparison between the programmes and the calculation of percentages
associated with profile costs, it was assumed that the total AMDAR programme
cost was incurred in order to generate the AMDAR profiles – that is, the en
route communications costs were not subtracted from the total costs. Given
that only half the fleets were equipped with water vapour sensors for the model
under scenarios 1 to 4, it would be expected that only around half the profiles
would contain a humidity profile, although this is somewhat consistent with
the mode of operation of many radiosonde sites that also generate wind-only
soundings (this aspect is not incorporated into the model for the radiosonde
programme). Scenarios 5 and 6 provide costings for equipping the full fleet
with sensors;

•

The communication transmission cost per AMDAR observation estimate used
was US$ 0.1 for and assumes transmission via VHF radio (the cheapest and
most common transmission system). Based on existing operational
programmes, it is possible that the unit cost per observation could be less than
this estimate;

•

A vertical profile was assumed to contain 40 observations;

•

At cruise level the aircraft will typically generate one observation every
7 minutes which was assumed to generate an average of 80 en route
observations per aircraft per day;

•

For scenarios 1 to 4 it was estimated and assumed that it requires three
equipped aircraft to generate sufficient number of profiles (here eight profiles
per day) at one airport. Based on this, the cost for the profiles for one airport
during one year and also the cost for en-route observations for one aircraft
during one year were estimated, assuming that each aircraft operates every
day;

•

Maintenance costs were set at 10% of the establishment costs for
infrastructure and assets only;

•

Staff operational costs were estimated at 50 k per annum for each radiosonde
site and 50 k per annum for management of the entire AMDAR programme.
The latter cost might be larger for a significantly larger AMDAR programme;

•

Equipping an aircraft with a humidity sensor requires a civil aviation
certification for each aircraft type. The cost for a Supplementary Type
Certificate (STC) can vary greatly and depends on the existing STC status for
the aircraft type or family and the country in which it has been attained.
Estimates are:
o

800 k – Obtaining STC with no existing STC in the aircraft model family;

o

400 k – Extension of an STC to another model with an STC already
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attained in the model family (Scenarios 1 and 2);
o

50 k – 80 k – International transfer of the STC;

o

0 k – STC already obtained within the country in which the aircraft are
registered;

•

A one-time airline engineering cost to integrate WVSS-II implementation into
airline standard procedures was estimated based on approximately 310 workhours of airline engineering staff resource, taking into account 10 additional
hours of “experiential learning” relating to the first sensor installation;

•

An estimate of 40–50 work-hours for each WVSS-II installation was used;

•

The maintenance cost model for the WVSS-II programme was applied such
that the sensor should be sent for factory calibration every two years (cost
included in the manufacturer service coverage) and that the programme
operated under the Extended Service Coverage regime offered by the
manufacturer, costing US$ 3 k per annum after the 2-year warranty period
elapsed. A WVSS-II failure rate of 1 per 5-years was estimated, necessitating
a cost of swapping the sensor and shipping the faulty sensor to the
manufacturer (US$ 1 k). The cost associated with swapping the sensor for
recalibration or servicing was assumed to be 5 work-hours per sensor. Note
that, if the programme did not utilize the manufacturer service coverage, the
cost for recalibration would be 2.25 k per sensor and, for Equivalent to New
service and repair would be US$ 16.25 k, which renews the initial 2-year
warranty period.

Exclusions
For radiosonde:
•

Safety regulations may require that one additional staff person is needed as
hydrogen gas is used to fill the balloons;

•

Safety regulations may require that helium, instead of hydrogen, is used to fill
the balloons. In this case the investment cost will be reduced as no hydrogen
generator is needed. On the other hand, the operational cost for filling two
600 g balloons per day with helium at 10 sites can be estimated as about
US$ 30 000 per year, not including rental of gas cylinders or their
transportation;

•

Costs associated with wind-only soundings were not considered.

For AMDAR:
•

Decommissioning costs: When an airline sells an aircraft, or returns a leased
aircraft to the lessee, they may require that the complete humidity sensor
equipment is removed and the fuselage of the aircraft is returned to its original
status. There is currently very little experience regarding how this situation is
best handled, but there will be an engineering cost associated with this aspect
and it is advisable that it is included in the discussions with the airline when
programme costs are discussed and negotiated;

•

Apart from the incremental engineering costs associated with sensor swap, it
was assumed that no carriage or other operational airline costs were incurred.
_________________________
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Annex 6: Testimonial statements from NWP experts
What follows are testimonial statements from leading NWP scientists on the value
and impact of AMDAR data with regard to numerical prediction.
These words are shared by Dr John Eyre, a Fellow at the UK Met Office:
At the Met Office (UK), aircraft observations are amongst the most important
observation types used in our numerical weather prediction (NWP) systems,
both at global and UK scale. In the global NWP system, they account for over
10% of the forecast error reduction (as measured by the Forecast Sensitivity
to Observations Impact, FSOI, method). [The attached figure illustrates this.]
The majority of the aircraft observations that we use are AMDAR.
Dr Ralph A. Petersen, Cooperative Institute for Meteorological Satellite Studies,
University of Wisconsin, Madison writes:
AMDAR observations have become an integral part of every global and many
regional Numerical Weather Prediction (NWP) systems worldwide. Results of
tests from multiple centers show AMDAR data to be among the 3–4 most
important information sources in global NWP Data Assimilation (D/A). For
regional applications, their importance can be substantially larger. In areas
and levels of the atmosphere with abundant AMDAR reports, the aircraft data
dominate – especially reports made during ascent and descent. Even though
radiosonde observations cover a larger percentage of the globe reach higher
into the atmosphere than commercial aircraft, AMDAR reports (including
profiles obtained during aircraft ascent and descent) have almost as much
impact globally as balloon-borne observations.
AMDAR observations are very easy to incorporate into D/A systems, in part
because the reports contain both mass and momentum information. Not only
are these dynamically interrelated variables provided in a form that is
immediately compatible with NWP model prediction variables, the availability
of multiple near-simultaneous observations from a variety of aircraft
increases confidence in the data and improves impact. The ease of
assimilating the AMDAR reports is reflected in the consistency of impact of
the data between different modelling environments. When available
throughout the day, the observations provide the primary source of in situ
data needed to support 4-dimension D/A approaches.
The impact of adding AMDAR profiles has been well documented over South
America. In the time periods before and after expanded AMDAR observations
were made available, AMDAR observations moved from being a minor
contributor (providing <5% of information) to surpassing radiosondes as the
single most important data source, exceeding all satellite systems and
providing a greater portion of information than radiosonde had done earlier
(>25%). The inclusion of AMDAR humidity observations throughout the day
also has improved both short- and longer-range forecasting over the U.S. Not
only does the frequent profile updating add more temporal and derived
spatial detail to the analyses, but the collection of data in a form that can be
directly compatible with the model forecast variables reduces errors that
could be included when using parameters that involve other error-prone
observations.
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High-level, in-route AMDAR observations also provide the only co-located
observations of both winds and temperature over many parts of the oceans
and specifically along the jet stream. Not only do the wind data allow more
precise evaluation of the kinetic energy in the jet stream, the spatial
distribution of temperature observations from multiple aircraft provide
information necessary to infer the vertical wind structures above and below
aircraft flight levels, as well as the potential for downstream storm
development.
In addition to these quantitative impact measures, AMDAR data represent
the most economical free-atmospheric observations available across the
globe. Although AMDAR observations will never provide the level of global
impacts obtained from our modern array of satellite observations, the costs
of AMDAR data impacts are 5–10 times less than any other high-impact data
platform. Not only have AMDAR observations shown that they are worth
much more than the 0.25% of the total cost of the global observing systems,
evidence shows that increasing the number of observations (especially profile
observations) reported over a region will improve analysis and forecast skill
in the area. Adding water vapor instrumentation will increase the impacts on
forecasts and individual users even further.
Finally, Dr Stan Benjamin, NOAA’s Earth System Research Laboratories, Global
Systems Laboratory and Eric James, Cooperative Institute for Research in
Environmental Sciences, University of Colorado Boulder add:
Similar to our published study in 2017, more recent results also confirm that
for 3–12 hour forecasts over the United States, aircraft data were the most
important observation type overall for short-range forecasts of wind, RH and
temperature.

_________________________
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Technical specifications of AMDAR Onboard software
Details can be found in the WMO CIMO IOM report #115, AMDAR Onboard Software
Functional Requirements Specification: (Version 1.1, 2 June 2014), available
through the WMO Library at
https://library.wmo.int/doc_num.php?explnum_id=7360.
_________________________
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