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FOREWORD
WMO and its Members’ agencies have taken a strong interest and role in the
development and improvement of water vapour measurement capabilities for the aircraft
platform for nearly two decades now, with a view to the possibility to enhance the suite
of measurements available as part of the Aircraft Meteorological Data Relay (AMDAR)
observing system. This interest commenced initially through the concerted efforts by the
WMO AMDAR Panel to work with researchers and sensor manufacturers towards this
end and has continued following the integration of AMDAR activities under WMO
Technical Commissions in 2012.
This WMO partnership with industry, facilitated to a large extent through its relationship
with the Association of Hydro-Meteorological Equipment Industry (HMEI), has resulted
in the successful development and deployment of around 150 of the Water Vapor
Sensing Systems (WVSS-II) operationally in several national AMDAR programmes and
in collaboration with AMDAR partner airlines. The resulting high-quality water vapour
data from these programmes are already leading to a significant positive impact within
operational regional Numerical Weather Prediction (NWP) systems and demonstrating
an even greater positive impact on high resolution NWP models. This positive impact
and benefit results from the fact that the sensor has been tested, trialled and improved
under sound scientific processes and standards as documented and described within
this report. Based on these processes and the report, WMO Members and the aviation
industry can have confidence that the sensor not only meets meteorological
requirements for data quality and operational performance, but also complies with
aviation requirements and standards for engineering and safety, given its certification by
the relevant USA and European aviation authorities.
The report could be of interest and use to observations programme managers and
scientists within National Meteorological and Hydrological Services who might be
contemplating the development of an AMDAR programme incorporating water vapour
measurements; as well as to aviation engineers and aircraft manufacturers interested in
the possibility to provide support for water vapour measurements as a capability of or
option for the aircraft platform.
I would like to thank the Expert Team on Aircraft-based Observations of the
Commission for Instruments and Methods of Observations for the compilation of the
report, and the cooperation and support of the manufacturer in that process.
(B. Forgan)

President
Commission for Instruments and Methods of Observation
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1 Introduction
The WMO Aircraft-based Observation Programme1 (ABOP) and its forerunner, the
WMO Aircraft Meteorological Data Relay (AMDAR) Panel, have collaborated in the
development, implementation and application of the Water Vapor Sensing System
(WVSS-II) for use within the global AMDAR programme and related ABOP
implementations over the past nearly fifteen years. Over the course of that period,
various experiments and evaluations of WVSS-II have taken place, with results
documented in associated reports and publications.
The aim of this document is to bring together in a single report:
 Information on the basic operating principles of the WVSS-II sensor;
 Summaries of the technical evaluations/validations of the sensor;
 Recommendations for operational implementation of the sensor.
It should be noted that all reference material related to “version 1” and “version 2” of
WVSS-II relate to early experimental versions of the sensor, and are provided here for
historical reference only. As of 2008 WVSS-II, version 3 is for the time being the only
version available from the supplier and all considerations related to plans for operational
implementations should be based on that version only. Any reference to WVSS-II2
should be interpreted to mean the version 3 (start of production in 2008) unless older
versions are specifically noted.
It should also be noted that, while WMO, through the ABOP and the AMDAR Panel,
has collaborated with the developer and manufacturer on the scientific aspects of the
development of the WVSS-II sensor system and its assessment for suitability for
deployment as a component element of the AMDAR observing system, it does not have
any vested commercial interests in the system, and it does not advocate its sale or use
over any alternative sensing system that might adequately, equally or better perform the
same functions.

1.1 Basic Scientific Principles of WVSS-II
The WVSS-II utilizes Tunable Diode Laser Absorption Spectroscopy (TDLAS) to
measure the concentration of water (as a gas) in the sampled air. In its simplest form, a
laser absorption spectrometer consists of a sample cell with a laser at one end, a mirror
at the other end, and a window through which the laser beam can pass to the detector,
as shown in Figure 1-1. The sample gas flows continuously through the optical cell
ensuring the measurement is representative of the extracted atmospheric sample.

1

See for details: http://www.wmo.int/pages/prog/www/GOS/ABO/index_en.html
It should be noted that the initial experiments with an aircraft Water Vapour Sensing System in the
1990’s developed the WVSS-I. However the thin film capacitive technologies utilized in that sensor
proved to be unreliable in aviation operations and was later abandoned. The WVSS-II is based on TDLAS
technologies -which is more stable and operationally sustainable in an aviation environment.
2
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Figure 1-1: Schematic of Typical TDL Absorption Spectrometer
When the laser wavelength is selected to correspond to a natural resonant
frequency for the water molecule, those molecules will absorb energy from the incident
beam. That is, as the beam of incident intensity, I0 (), passes through the sample,
attenuation occurs via absorption by the trace gas with absorption cross section .
According to the Beer-Lambert absorption law, the intensity remaining,  as
measured by the detector at the end of the optical path of length l (cell length  number
of passes), is given by:
I ( )  I 0 ( ) exp  ( )lN 
where N represents the gas species concentration. Thus, the ratio of the absorption
measured when the laser is tuned on-resonance versus off-resonance is directly
proportional to the number of molecules of that particular species in the beam path, or:

N

 I ( ) 
1
ln 
 ( )l  I 0 ( ) 

The detector response from tuning the laser is then normalized by the incident
intensity, cancelling any laser output fluctuations and resulting in a more pronounced
absorption profile. To increase the sensitivity of the measurement, second harmonic (2f)
Wavelength Modulation Spectroscopy is utilized - the laser intensity is modulated (at
frequency, f) as the laser is tuned across the absorption band. The harmonic
component is at twice the modulation frequency (2f). To first order, the 2f-signal is
directly proportional to gas concentration, and has the advantage that it is insensitive to
background absorption, and can be amplified to a greater extent.
This technique enables much greater sensitivity and is independent of optical
degradation caused by signal loss from contaminants, laser wavelength drift over time,
and other factors. WVSS-II is designed to function within specifications with up to an
80% loss of the laser signal.

1.2 WVSS-II Description
The WVSS-II consists of three main components: the System Electronics Box (SEB)
analyser, the external air sampler, and connecting hoses as seen in Figure 1-2. These
components are standard for all configurations of WVSS.
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Figure 1-2: The three main components of WVSS-II
The actual sensor of WVSS-II is contained in the SEB analyser, which houses the
optical measurement cell and all system electronics. The WVSS-II design uses a
specialized 1.37 micron Coarse Wavelength Division Multiplexing (CWDM) laser similar
to those used in telecommunications, which has an extremely high reliability. The laser
wavelength corresponds to an absorption band of water suitable for use in this
application. The detector in the analyser measures the light received at the end of the
measurement cell optical path, which is processed to determine the amount of water
vapour based on the absorption detected using the 2f TDLAS technique. Data is output
as a water vapour mass mixing ratio to an aviation standard ARINC-429 interface.
Some research applications use the alternate RS-232 output, which provides water
vapour volume mixing ratio readings in parts per million by volume, ppmv.
The sensor utilizes a specially designed air sampler3 which is mounted on the outer
skin of the aircraft to continuously collect air through a low profile, low drag, no icing
inlet port. The WVSS-II air sampler has proven to be effective in collecting a
representative air sample for the measurement of atmospheric water vapour. Some
research activities have studied alternate air sampling devices and have easily fitted
those for use with the WVSS-II SEB and hoses with good results.
The input air continuously flows from the air sampler through the inlet hose into the
SEB analyser for measurement. The inlet hose is heated to prevent condensation as
the aircraft transitions from very cold, dry air at higher altitudes to warmer and higher
humidity air at lower altitudes. After the air passes through the measurement cell inside
the SEB, it is expelled through the outlet hose to the outlet port of the air sampler. This
cell, the so-called sampling tube, is heated to a temperature level beyond the highest
observable dew point. This is necessary to avoid any unwanted phase shifts in the
measured air volume.

3

The Aerial Sampler Patents, USA Patent No’s 6,809,648 and 6,997,050, were developed by the
UCAR. The UCAR Research Foundation has licensed the Aerial Sampler Technology exclusively to
SpectraSensors for use in WVSS--II.
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Each WVSS-II installation uses these standard components: the SEB, air sampler,
and hoses. Each aircraft type will then have a specific configuration for structural
mounting brackets and electrical wiring, which is dependent on specific details of the
certification for that aircraft type.

1.3 Example Installations of WVSS-II
Figure 1-3 shows a typical aircraft installation of WVSS-II. The air sampler can be
seen external to the aircraft, while the SEB and all other components are typically
mounted in an internal electronics bay, or other location determined during the
certification process for that type of aircraft. In this configuration, the air sampler is
visible just below the passenger entry door. In other configurations, it can be mounted
on the opposite side just under the normal galley door.

Figure 1-3: B737-700 Aircraft Installation of WVSS-II

1.4 Status of WVSS-II Implementations within ABOP
Both the USA NOAA/NWS and the E-AMDAR teams collaborated in the early
development and testing of WVSS-II, leading to the current version now in operational
use. United Parcel Service (UPS) was also instrumental in the early validation of
WVSS-II in operation, providing flight evaluation and important feedback leading to the
current version.
As of March 2018, the USA National Weather Service (NWS) has 140 WVSS-II
equipped aircraft reporting to the USA network, in partnership with prime contractor
Rockwell Collins4 and participating airlines UPS and Southwest Airlines (SWA). This

4

Through the Rockwell Collins acquisition of ARINC.
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network results in approximately 1 200 to 1 400 vertical soundings spread throughout
the day across much of North America, WMO Region IV. Figure 1-4 illustrates the
current spatial coverage of the USA NWS WVSS-II network showing data collected over
a period of twenty-four hours5, with colour representing the altitude of observations and
the red therefore indicating vertical profile locations.

Figure 1-4: USA Coverage of WVSS-II over 24 hours, July 2017
EUMETNET/E-AMDAR also has an initial operational network of nine WVSS-II
equipped aircraft reporting into the network as of April 2016, in partnership with
Lufthansa Airlines. The current E-AMDAR implementation of WVSS-II reaches many
areas of Europe, WMO Region VI, and stretches to neighbouring areas with some
regularity. Figure 1-5 illustrates the spatial coverage of the WVSS-II equipped aircraft in
the E-AMDAR network over a period of twenty-four hours6, with colour representing the
altitude of observations. It should be noted that, over Europe, the E-AMDAR programme
has reduced the output of upper-level (en-route) data and, therefore, the upper-level
data apparent in Figure 1-4 in blue are not available and thus not apparent in Figure 15.

5
6

Visualization courtesy of NOAA/ESRL/GSD.
Visualization courtesy of NOAA/ESRL/GSD.
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Figure 1-5: E-AMDAR Coverage of WVSS-II over 24 hours, July 2017
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2 Assessments of WVSS-II Performance
WVSS-II performance has been independently tested by several NMHSs as well as
scientific institutions in controlled laboratory tests, evaluated in structured flight
campaigns, and assessed in operational AMDAR networks. Evaluation studies have
been performed on the WVSS-II sensor technical performance as well as the
effectiveness of the WVSS-II air sampler collection system. Data from operational
implementations of WVSS-II have also been studied to assess the benefit to
meteorological operations, including direct operational use of WVSS-II profiles and
assimilation of the data into Numerical Weather Prediction, (NWP) models. These
structured and documented studies are summarized herein, with references to detailed
technical material provided in Annex II.

2.1 Results of Laboratory Testing
Independent laboratory tests of the WVSS-II SEB performance were conducted in
2009 by the NOAA/NWS Upper-Air Test Facility in Sterling, Virginia and the DWD
Climate Chamber at the Meteorological Observatory, Lindenberg. Results of laboratory
testing indicate that WVSS-II meets the expected performance. WVSS-II was shown to
meet specified performance and in some cases even exceed performance
specifications for very low moisture concentrations.
Long term laboratory tests by the supplier from July 2009 to July 2017, have
demonstrated that WVSS-II performance remains stable for extended periods without
recurring calibration, reconfiguration, or maintenance. Annex II, section A2.2 contains
references to these and other significant laboratory tests of WVSS-II that have been
conducted by various bodies and agencies, and a summary of their individual findings.

2.2 Results of In-Flight Test Campaigns
In-flight trials of WVSS-II have been conducted by the UK Met Office FAAM aircraft,
the EUMETNET DENCHAR project, with similar work at Deutsche Zentrum fur Luft-und
Raumfahrt (DLR – German Aerospace Centre), and Centre National de la Recherche
Scientifique (CNRS) SAFIRE, and other research organizations. The results of in-flight
testing are consistent with laboratory test results and indicate that WVSS-II meets the
expected performance specifications. Furthermore, in-flight trials over multiple years
have demonstrated that WVSS-II performance remains stable with respect to accepted
measurement standards utilized in-flight testing, without recurring calibration,
reconfiguration, or maintenance service as may be required for the existing standard
measurement devices. Annex II, section A2.2 contains the results of the significant inflight trials of WVSS-II that have been conducted by various bodies and agencies, and a
summary of their individual test findings.

2.3 Results of Operational Performance
While the number of WVSS-II sensors now in service globally is not large, there is a
sufficient quantity to enable statistically valid studies of operational performance.
Studies have been conducted to verify WVSS-II Data Quality and Sensor Stability.
Metadata has also been maintained to understand the sensor Installation and
maintenance history.
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2.3.1 Assessment of Data Quality
Various independent studies of WVSS-II data quality have been conducted using
data from suitably equipped commercial aircraft reporting into the operational WMO
AMDAR program. Extensive independent studies were conducted in 2012 and 2014,
with intercomparisons to data collected from RAdiosonde OBservations (RAOBs) in a
controlled environment. These assessments were performed over a relatively short
number of weeks, and are therefore considered a short term evaluation of WVSS-II
performance. Annex II, section A2.2 contains the results from multiple studies of
WVSS-II data quality, which have been conducted using suitably equipped aircraft
reporting into the WMO AMDAR program.
The most comprehensive evaluation is the WMO commissioned study published in
the November 2016 edition of the Bulletin of the American Meteorological Society
(BAMS); On the Impact and Future Benefits of AMDAR Observations in Operational
Forecasting; Part II: Water Vapour Observations. The summary includes a statement
regarding the evaluated performance;
“Evaluations of these new moisture-observing systems being deployed on U.S.
aircraft show that WVSS observations:
1) provide good quality horizontally and vertically, even across sharp
inversions;
2) agree with collocated RAOBs to within 0.6 g kg–1, with minimal biases
(approximately 0.15 g kg–1); and
3) display consistency between observations from different aircraft of at least
0.2 g kg–1 (RMS), indicating that WVSS observations perform as well as
high-quality RAOBs.”
As a result, WVSS-II is the only aviation-certified water vapour sensor currently
known to be capable of meeting operational and performance requirements for use
within the WMO AMDAR observing system.
2.3.2 Sensor Stability
As described in reference documents found in Annex II, the technology used in
WVSS-II is able to sustain high performance and data quality for the lifetime of the unit.
Data quality from WVSS-II sensors in the USA network is continuously monitored
through the use of model bias statistics calculated by NOAA/ESRL/GSD. The WVSS-II
sensors have demonstrated very stable performance over the eight years since
operational use began in September of 2009. Data quality evaluations in E-AMDAR
remain active and have demonstrated stable performance over the current 48 month
evaluation period.
A long term performance evaluation has also been conducted by the WVSS-II
supplier and documented in supplier documentation. Two evaluations were conducted;
an evaluation of data quality from up to 92 operational aircraft over a 5-year period, and
a more controlled laboratory test over the 8-year period from July 2009 to July 2017.
This study documentation has been supplied to the WMO ET-AO and is available to
WMO Members upon request7.

7

Contact WMO at: https://public.wmo.int/en/about-us/contact-us
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While not a quantitative measure, an effective indicator of WVSS-II stability is the
first sensor of the current revision, entering service on a UPS B757-200 aircraft on 5
September, 2009. This unit has remained in continuous8 operation since that time, with
no service performed on the sensor, and continues to provide high-quality data. At the
time of this writing, 60 % of the original 25 sensors installed on UPS aircraft have
provided high-quality data in continuous operation without calibration or service since
initial installation, with all of those units now operating for over eight years.

2.4 Results of Impact Studies
Multiple studies in the USA and Europe have been conducted to determine the value
WVSS-II data bring to NWP. These studies have shown that observation data from
aircraft equipped with WVSS-II provide a significant benefit to NWP. The most recent
NOAA study9 indicates that aircraft-based observations, including those with WVSS-II,
are now the number one contributor to short term, high resolution NWP performance in
areas of the USA where such data is available. Similar studies have been conducted by
ECMWF, the USA Navy, and other organizations with similar results. Annex II provides
references to such material.
Operational forecasting also receives considerable benefit from access to in situ
aircraft-based observation (ABO) data with WVSS-II. But as of this time, no studies
have been conducted to quantify that benefit to operations. However, several articles in
the WMO AMDAR Newsletter and other technical literature discuss the benefits to
forecast operations. Annex II provides general reference to such material.

2.5 Operational Implementation Considerations
Since version 3 of WVSS-II was developed in 2008, it has been thoroughly tested,
evaluated, and analysed in laboratory tests, experimental flight campaigns, and
operational network implementations. Multiple aircraft configurations have been
developed and certified in commercial aviation. Network implementations in the USA
and Europe have demonstrated the ease with which WVSS-II can be installed by airline
partners. Use of data from WVSS-II equipped aircraft for over eight years has
demonstrated the low maintenance requirements, leading to high sustainability with
high-quality results. These operational benefits have been shown to continuously
increase as the number of equipped aircraft in the network increases, providing
observations from a greater spatial and temporal coverage in the network.
2.5.1 Aircraft Configurations
Configurations of WVSS-II are now certified for commercial aviation use in both the
USA and Europe, and can be attained in other regions with relative ease. WVSS-II
installation configurations currently exist for:
 Boeing 737-300,
 Boeing 737-700,
8

9

Excluding aircraft maintenance activities not related to WVSS--II.

Observation System Experiments with the Hourly-Updating Rapid Refresh (RAP) Model Using GSI
Hybrid Ensemble/Variational Data Assimilation; Monthly Weather Review, Vol 145, Aug 2017, E. P.
James and Benjamin, S., NOAA/ESRL
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Boeing 737-800,
Boeing 757-200P,
Airbus 319,
Airbus 320,
Airbus 321.

These aircraft types are operated by many airlines as part of their short and medium
range fleets.
Larger, longer range aircraft types can also be certified and implemented, funding
permitted. However, these aircraft generally make fewer flights each day and thus
provide significantly fewer vertical profiles each day. As a result, they are a less cost
effective implementation from the meteorological perspective of cost/profile. Thus the
overall cost/benefit should be evaluated when planning implementations for new
configurations.
2.5.2 Installation of WVSS-II
Because WVSS-II is used in commercial aviation, the installation design and
configuration is governed by procedures reviewed and certified by the appropriate
national or regional Civil Aviation Authorities. Those procedures are established during
the process of achieving the Supplemental Type Certification (STC) for a specific type
of aircraft. Installation can only be performed by certified aviation engineering and repair
service organizations. Therefore installation must be thoroughly coordinated with the
maintenance organization of the airline partner or their designated aircraft maintenance
service provider. Installation is typically done either when a new aircraft is initially
delivered to the airline or when the aircraft is out of service for several months during
the routine extended “heavy check” maintenance. The labour required for installation of
WVSS-II is estimated to be between 40 and 60 person-hours, spread over the
scheduled aircraft maintenance as desired by the airline maintenance department for
their convenience. As more sensors are installed by an airline, the installation team
becomes more familiar with the procedures and the required labour hours is often
reduced to the lower end of the estimate.
2.5.3 Maintenance of WVSS-II
In order to support aviation operations without disruption to airline partners, WVSS-II
is designed to be extremely low maintenance with no routine service of the unit, other
than inspections of the unit during normal aircraft maintenance cycles, which is typically
every two years. The required maintenance and the intervals for maintenance are
documented in the procedures developed during the process of certification for a
specific aircraft type. General maintenance is similar to what an airline will experience
for other avionics equipment, which may include inspection of the aircraft skin
penetration, inspection of wiring and other components. All such maintenance is
designed to ensure continued safety of the aircraft, and are typical of any similar
avionics equipment.
With regard to sensor performance, remote performance monitoring is used to
isolate any aircraft suspected of reporting data out of specification. Well-established
procedures have been developed within ABOP for the routine collection of WVSS-II
network status, ongoing sensor performance monitoring, and sensor metadata
collection. This form of performance monitoring is common within AMDAR and has also
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proven to be very effective with WVSS-II. Support for similar activities can be organized
through the WMO ABOP Expert Teams and designated ABOP Global Data Centre.
The actual WVSS-II sensor in the SEB requires no onsite maintenance or
calibration. If service is ever required, the SEB is removed and replaced with a spare
unit, allowing the aircraft to immediately return to service. All SEB units are identical and
interchangeable between all aircraft types. The removed unit can then be serviced in
accordance with aviation regulations. The SEB can only be serviced at the aviationcertified maintenance facility of the supplier.
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3 Conclusions and Recommendations
The WVSS-II has been thoroughly and independently tested and evaluated in
multiple controlled laboratory tests, experimental field campaigns and structured
operational studies. These activities are well documented in the available scientific
literature and other related material. WVSS-II shows good data quality horizontally and
vertically, even across sharp inversions. It agrees with co-located RAOBs to within 0.6
g/kg, with minimal biases (~ 0.15 g/kg). It displays consistency between observations
from different aircraft of at least 0.2 g/kg (RMS). These findings verify that WVSS-II
observations operationally perform as well as high-quality RAOBs and provide reliable
water vapour data from the surface to the upper troposphere. WVSS-II meets WMO
requirements for in situ measurement of upper-air observations of water vapour under
WIGOS and is a water vapour sensor deemed to be capable of meeting WMO
operational and performance requirements for use within and as an element of the
AMDAR observing system.
WMO CIMO ET-AO is of the opinion that, based on the results documented in this
report, Members can confidently consider the inclusion of water vapour measurement
using WVSS-II in their plans for the enhancement of their national and regional AMDAR
programmes. Every additional aircraft reporting aircraft-based observations adds
incremental value for all NMHS services and this benefit is increased when water
vapour is also measured and reported. Based on the experience and performance
achieved with the USA WVSS-II network implementation, an operational network of at
least 500 aircraft equipped with water vapour measurement capability per WMO region
is estimated to be required in order to provide the minimum spatial and temporal
observation density, necessary to achieve a coverage that would provide an extension
globally of the benefits and impacts measured and documented over the USA. The
team therefore also considers that a collaborative, regional approach with other national
partners will likely be the optimal and most efficient way to implement water vapour
measurement in the AMDAR programme, in line with requirements for the measurement
of this variable under the WMO Rolling Review of Requirements. This is particularly
important in data-sparse areas where sustainability of other in situ upper-air observing
methods has proven unreliable, leading to low data availability and poor data quality,
significantly reducing the effectiveness of Global and Regional NWP and negatively
impacting the quality of meteorological and hydrological products and services provided
to the public.
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Annex I - Acronym Table
Following are definitions of acronyms used throughout this document
Acronym
ABOP
ACARS
AMDAR
AMS
AOSFRS
ARINC
ARINC-429
ARINC-620
BAMS
BUFR
CBS
CBS ET-ABO
CIMO
CIMO ET-AO
CIMSS
CoC
CONUS
CWDM
DWD
E-AMDAR
EASA
ESRL
ETN
EUMETNET
FAA
FAAM
FPAW
GOS
GSD
GTS
ICA
ICAO
JPL
MDL
NASA
NMHS
NOAA
NWP
NWS
OSE
ppmv
QMS
RH
SEB
SITA
SITAONAIR
STC
SWA
TDL
2f TDLAS
UCAR
UPS

Definitions
Aircraft-Based Observations Programme
Aircraft Communication Addressing and Reporting System
Aircraft Meteorological Data Relay
American Meteorological Society
AMDAR Onboard Software Functional Requirements Specification
Aeronautical Radio, Inc (acquired by Rockwell Collins)
The aviation standard for aircraft data bus communications protocols
The air-to-ground communications standard for aircraft meteorological data
Bulletin of the American Meteorological Society
Binary Universal Form for the Representation of meteorological data
WMO Commission for Basic Systems
CBS Expert Team on Aircraft-Based Observing Systems
WMO Commission for Instruments and Methods of Observation
CIMO Expert Team on Aircraft-based Observations
Cooperative Institute for Meteorological Satellite Studies, University of Wisconsin
Certificate of Compliance
Contiguous United States
Coarse Wavelength Division Multiplexing
Deutscher Wetterdienst
EUMETNET AMDAR Programme
European Aviation Safety Agency
NOAA Earth Systems Research Lab
Equivalent to New
European Meteorological Services Network
USA Federal Aviation Administration
Facility for Airborne Atmospheric Measurements
Friends and Partners of Aviation Weather
Global Observing System
NOAA/ESRL Global Systems Division
Global Telecommunication System (WMO)
Instructions for Continued Airworthiness
International Civil Aviation Organization
NASA Jet Propulsion Laboratory
Master Drawing List
USA National Aeronautics and Space Administration
National Meteorological and Hydrological Service
USA National Oceanic and Atmospheric Administration
Numerical Weather Prediction
USA National Weather Service
Observing System Experiment
parts per million by volume
Quality Management System
Relative Humidity
System Electronics Box
Société Internationale de Télécommunications Aéronautiques
Fully owned subsidiary of SITA
Supplementary Type Certificate
Southwest Airlines
Tunable Diode Laser
(Second Harmonic) Tunable Diode Laser Absorption Spectroscopy
University Corporation for Atmospheric Research
United Parcel Service
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WIGOS
WMO
WVSS-II
WWW

WMO Integrated Global Observing System
World Meteorological Organization, a specialized agency of the United Nations
Water Vapor Sensing System (Second Generation)
World Weather Watch

Annex II - Published Tests, Evaluations and Related Material
Various independent verification programs have taken place to study the
performance of WVSS-II, leading to the acknowledgement that WVSS-II meets WMO
performance standards for upper-air moisture observations, as noted in references 0
and 0. These tests and evaluations were conducted at laboratories of representative
National Meteorological and Hydrological Services (NMHSs) or their partner facilities.
All evaluations were coordinated with the CIMO Expert Team on Aircraft-based
Observations (CIMO ET-AO), the CBS Expert Team on Aircraft-Based Observing
Systems (CBS ET-ABO) or their predecessor the AMDAR Panel. Performance tests
and evaluations have resulted in several WMO documents and numerous scientific
publications. References to those works are provided here in reverse chronological
order. Hyperlinks10 to those works are provided whenever possible.

A2.1 WMO Resources and Scientific Journal Publications
As a result of extensive testing and operational evaluations of WVSS-II performance
WMO has developed various Technical Reports, Guidelines and supporting documents
regarding WVSS-II implementations referenced herein. The WMO AMDAR website and
its AMDAR Resources section provide additional information relevant to WMO
implementations of aircraft water vapour measurement using WVSS-II.
A2.1.1 Year 2017
A2.1.1.1 American Meteorological Society 97th Annual Meeting, Seattle, WA
Leveraging Aircraft Data to Save Significant Funds on Upper Air Observations;
Marshall, C., U.S. NOAA/NWS, and R. Mamrosh.

Observation Impacts in Mesoscale Numerical Weather Prediction; Curtis R.A.,
NOAA/NWS, E. James, M. Hu, and S. G. Benjamin.

Geographic and Seasonal Variability of Accuracy in Water Vapor Measurements
from WVSS-II; Williams, S. S., Univ. of Wisconsin, T. J. Wagner, R. A. Petersen, S. A.
Ackerman, and W. F. Feltz.

The Use of AMDAR Observations for Verifying Cloud Ceiling and Icing Forecasts;
Wandishin, M. S., NOAA/ESRL/GSD, CIRES/Univ. of Colorado, Boulder, CO; and G. J.
Layne, M. A. Petty, and L. Paulik.

An Introduction to Aircraft Weather Data for Private Sector Meteorologists; Mamrosh,
R., NOAA/NWS; B. P. Pettegrew, C. Marshall, and E. S. Brusky.

A2.1.1.2 American Meteorological Society Journals
Observation System Experiments with the Hourly-Updating Rapid Refresh (RAP)
Model Using GSI Hybrid Ensemble/Variational Data Assimilation; Monthly Weather
Review, Vol 145, 2897, Aug 2017, E. P. James and Benjamin, S., NOAA/ESRL;
(https://journals.ametsoc.org/doi/pdf/10.1175/MWR-D-16-0398.1).

Forecast Impact of Assimilating Aircraft WVSS-II Water Vapor Mixing Ratio
Observations in the Global Data Assimilation System (GDAS); Weather and

10

Due to frequent changes in external reference locations, hyperlinks used within this document
cannot be guaranteed. The WMO Secretariat would appreciate notification of any errors detected.
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Forecasting, Aug 2017, 1603; Hoover, B., D. Santek, A. Daloz, Y. Zhong, R Dworak, R.
Petersen; (https://journals.ametsoc.org/doi/pdf/10.1175/WAF-D-16-0202.1).
A2.1.2 Year 2016
Bulletin of the American Meteorological Society (BAMS)
On the current impact and future benefits of AMDAR observations in Operational
Forecasting – Part 2 – Water Vapor Observations; November 2016; Petersen, R. A., L.
Cronce, R. Mamrosh and R. Baker.
On the current impact and future benefits of AMDAR observations in Operational
Forecasting – Part 1; April 2016; Petersen, R. A., L. Cronce, R. Mamrosh and R. Baker.
A2.1.3 Year 2015
WIGOS Technical Report No. 2015-01
Impact and Benefits of AMDAR Temperature, Wind and Moisture Observations in
Operational Weather Forecasting.
Excerpts related to WVSS-II from Summary and Recommendations:
“Although the improvements attributable to AMDAR observations have been
concentrated in areas of highest data availability, similar improvements are expected in
other areas as the spatial and temporal coverage of the reports increases globally,
especially if water vapour measurements are included.”
“Based on these findings, it is recommended that cooperative means, including
possible cost-sharing opportunities, be developed simultaneously 1) to expand the
AMDAR observing network into areas not currently covered adequately and 2) to
increase the number of aircraft providing humidity information.”
A2.1.4 Year 2014
A2.1.4.1 Guide to Meteorological Instruments and Methods of Observation (CIMO
Guide)
WMO CIMO Guide, Part II, Chapter 3 - Aircraft-based Observations
Summary:
CIMO Guide updates regarding Aircraft-Based Observations were compiled by
the CIMO ET-AO and submitted in 2013 for inclusion in the latest release of the
CIMO Guide. The updates include additional technical information on WVSS-II.
This input was reviewed and approved by the WMO CIMO Guide Editorial Board
and has been published in the 2014 edition as approved by the CIMO-16
Session.
A2.1.4.2 WIGOS Technical Report No. 2014-01
The Benefits of AMDAR Data to Meteorology and Aviation.
Summary:
This WMO CBS ET-ABO developed document comprises specific discussion of
WVSS-II implementations in Annex 4. This includes a summary of the technical
evaluations, as well as a cost comparison of AMDAR implementations with WVSS-II
compared to radiosondes. Excerpts from this document include:
“Both laboratory testing (see references 1 and 2 below) and operational
assessment (see reference 3 below) of the WVSS-II have provided strong
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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.11
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.”
A2.1.4.3 AMDAR Onboard Software Functional Requirements Specification
Instruments and Observing Methods Report No. 115: AMDAR Onboard Software
Functional Requirements Specification (AOSFRS version 1.1, June 2014).
Summary:
This WMO CIMO ET-AO developed document provides software specifications for
aircraft processing of meteorological data and includes specific discussion of WVSS-II
implementations. Here is excerpt from this document:
“At the time this specification was prepared, the only sensor deemed to be
capable of meeting operational and performance requirements for use with
AMDAR was the SpectraSensors WVSS-II sensor.”
A2.1.5 Year 2012
WMO Workshop on Observations in NWP
Impact of upper-air and near-surface observations on short-range forecasts from
NOAA hourly assimilation cycles (RUC and Rapid Refresh); S. Benjamin, E. James, H.
Lin, S. Weygandt, S. Sahm, B. Moninger; WMO Workshop on the Impact of Obs on
NWP; May 2012.
Summary:
These 2011 studies assessed the impact aircraft data, including a limited number of
WVSS-II equipped aircraft, have on short range NWP model performance. Aircraft data
are the most important overall for short range forecasts from troposphere to surface, but
far from the sole key observing system. Only a small number of aircraft were equipped
with WVSS-II at the time of this study. Further study is called for once a greater number
of aircraft are equipped with the WVSS-II sensor.
A2.1.6 Year 2011
A2.1.6.1 WMO Secretariat Water Vapour Sensor Implementation Plan
WMO Secretariat 2011: Water Vapour Sensor Implementation Plan; CBS ET-AIR-3
and AMDAR Panel-14 / Document 4.6.1.
Summary:
This report summarizes the status of the technological and operational development
of a water vapour measurement capability for AMDAR and makes recommendations on
the process towards wider implementation within WMO. In its Appendix 1 it also
documents the AMDAR water vapour sensor development history through 2009,
including an overview of lessons learned from the very early research into aircraft
11

Specifically the requirements for use in conjunction with the AMDAR programme.
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humidity measurement using thin-film capacitor techniques, which led to the
development of the current implementation of WVSS-II using 2f Tunable Diode Laser
Absorption Spectroscopy technologies. Updates to the AMDAR Water Vapour Sensor
Implementation Plans can be found in reports from subsequent AMDAR meetings.
Regional Implementation Plans are also being developed for each WMO region,
through CBS ET-ABO.
A2.1.6.2 Validation of the Available Water Vapour Sensors
Status of the WIGOS Pilot Project for AMDAR: Validation of the Available Water
Vapor Sensors, AMDAR Panel Management Group Meeting, Feb 2011, De Bilt, The
Netherlands, WIGOS-PP-5-AMDAR-MG/Doc.2.4.
Summary:
This report provides a summary of the laboratory tests performed on WVSS-II and
the initial findings from the FAAM aircraft trials in UK.
A2.1.7 Year 2010
Status Report of USA AMDAR Programme
Status Reports on National and Regional AMDAR Programmes, Status Report of the
USA AMDAR Programme, AMDAR Panel XIII Session, September 2010.
Summary:
This report provides the status of the USA AMDAR program as of September 2010,
a summary of the research for intercomparison of co-located rawinsonde and WVSS-II
observations taken during 2009 and 2010 by the Cooperative Institute for
Meteorological Satellite Studies, CIMSS, at the University of Wisconsin - Madison.

A2.2 Laboratory and Operational Technical Performance Tests
Multiple technical evaluations and tests of WVSS-II performance have taken place
since its early development. All tests and evaluations of the current version of WVSS-II
since 2008 have indicated high-quality technical performance, under normal aircraft
operating conditions and have verified the benefits WVSS-II contributes to forecast
operations.
A2.2.1 Year 2016
Bulletin of the American Meteorological Society, April 2016
On the impact and benefits of AMDAR observations in operational forecasting – Part
2: Water Vapor Observations.
Summary:
WMO has sponsored independent analysis of the impacts WVSS-II data has on
NWP model performance and its benefit to forecast operations. Results of the
Observing System Experiment (OSE) study document that AMDAR data including
WVSS-II has become the top contributor to NWP model performance in the Continental
USA within the 0-48 hour regime. Prior studies12 of AMDAR without WVSS-II had

12

Recent Impacts and Future Benefits of AMDAR Observations; R. Petersen, Fifth WMO Workshop
on the Impact of Various Observing Systems on NWP; May 2012, Sedona, AZ, USA;
ftp://ftp.wmo.int/Documents/www/amdar/presentations/AMDAR-15/Petersen-WMO_Data_Impact_WkshpAMDAR_Sedona_Summary.pdf
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indicated AMDAR to be approximately the third highest contributor, but the addition of a
statistically valid number of WVSS-II sensors has elevated that to now be the highest
contributor overall.
A2.2.2 Year 2014
A2.2.2.1
FAAM Results in Atmospheric Measurement Techniques, Discussion
Performance of WVSS-II hygrometers on the FAAM Research Aircraft, further
publications regarding the FAAM flight test results; A. K. Vance, S. J. Abel, R. J. Cotton,
and A. M. Woolley; Aug 2014
Summary:
“We compare the performance of five hygrometers fitted to the Facility for Airborne
Atmospheric Measurement’s (FAAM) BAe 146-301 research aircraft using data
from approximately one hundred flights executed over the course of two years
under a wide range of conditions. Bulk comparison of cloud free data show good
agreement between chilled mirror hygrometers and a WVSS-II fed from a modified
Rosemount inlet but that a WVSS-II fed from the standard flush inlet appears to
over read compared to the other instruments, except at higher humidities.
Statistical assessment of hygrometer performance in cloudy conditions is
problematic due to the variable nature of clouds, so a number of case studies are
used instead to investigate the performance of the hygrometers in sub optimal
conditions. It is found that the flush inlet is not susceptible to either liquid or solid
water but that the Rosemount inlet has a significant susceptibility to liquid water; it
is not susceptible to ice. In all conditions the WVSS-II respond much more rapidly
than the chilled mirror devices, with the flush inlet-fed WVSS-II being more rapid
than that connected to the Rosemount.”
A2.2.2.2
ICAO Meteorology Divisional Meeting Information Paper
Current Status of Aircraft-Based Observations and Plans for Expansion of the
AMDAR Programme, an information paper presented by WMO at the ICAO
Meteorology Divisional Meeting; July 2014, Montreal, Canada.
Summary:
This WMO developed information paper was presented for discussion at the July
2014 International Civil Aviation Organization, ICAO, Meteorology Divisional Meeting. It
highlights the results of intercomparisons between WVSS-II and radiosonde
observations. It presents findings regarding the impact automated aircraft-based
observations, including water vapour, have had on reducing errors in aviation forecasts
and notes that WVSS-II data have proven critical for improving fog, ceiling, icing and
precipitation type forecasts. It reviews recent studies in the USA that show, over a
limited test period, WVSS-II has surpassed rawinsonde observations as the most
important source of moisture information currently available for forecasts over the
contiguous USA
A2.2.2.3
The 2014 NOAA Aircraft Data Workshop
Presentations from the 2014 NOAA Aircraft Data Workshop sponsored by the USA
NOAA/NWS and Rockwell Collins; Various authors; Apr 2014, Annapolis, MD.
Summary:
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This AMDAR workshop provided several examples of WVSS-II in operational use,
recent or ongoing impacts studies on NWP performance, use in the USA and Europe,
and WMO plans for regional implementations. Several presentations in the agenda may
provide relevant information regarding WVSS-II. Only presentations with larger content
related to WVSS-II are included here:
A. Southwest Airlines – Water Vapor
B. UPS Airlines
C. Impact of aircraft observations on short-range aviation weather forecasts from
NOAA regional models
D. Aviation Weather Applications of Aircraft-based Observations
E. Aircraft-based Observations: Providing Critical Information to Forecasters at
Weather Forecast Offices
A2.2.2.4
U.S. Navy Model Assimilation Impact
Assimilating Aircraft Humidity in the U.S. Navy's NAVGEM System, Pauley P.M.,
NRL, Monterey, CA; N. L. Baker, R. H. Langland; Apr 2014, USA
Summary:
This research is ongoing, but preliminary results have been presented in a poster
session at the 2014 NOAA Aircraft Data Workshop. For this poster data from WVSS-II is
referred to as “MDCRS humidity profiles.” The preliminary results include the following
observations:
“In general, the MDCRS humidity profiles compare remarkably well with the
NAVGEM background field and with nearby radiosonde data.”
“Observation errors for MDCRS humidity were set equal to radiosonde values.”
“When summed globally, NAVGEM humidity ob impacts are dominated by
radiosonde and surface land data. However, when summed over CONUS, MDCRS
provides a greater ob impact for this period (−0.6107) than radiosonde (−0.4376) or
surface land data (−0.1764).”
A2.2.2.5
DENCHAR Final Report
DENCHAR-Assessment Report on the Performance of a New Suite of Hygrometers
for EUFAR, H. Smit, M. Kraemer, C. Rolf, N. Spelten, A. Petzold, S. Rohs, P. Neis, R,
Maser, V. Ebert, B. Bucholz, Z. Bozoki, D. Tatrai, R. Jones, M. Mead, A. Hoff; May
2014.
Summary:
Two WVSS-II units were compared with the FISH, SEALDH, and WaSul
hygrometers in laboratory tests and during simultaneous aircraft flight operations. The
FISH instrument was calibrated to the reference frost point hygrometer MBW DP30 in
the laboratory, and is assumed to be the transfer standard between aircraft
measurements and the ground-based MBW DP30 reference frost point hygrometer.
Excerpts from the report include:
“The commercial WVSS-II system can be used for VMR > 200 ppmv in unattended
mode and can do reliable water vapour measurements within ±(5-10)% uncertainty.
However, at lower humidities the instrument gets not reliable anymore because it
can alter its performance: Sometimes the WVSS-II can even measure very well
down to 20-40 ppmv, but at other times the same instrument reaches its detection
limit already at 200 ppmv water vapour mixing ratios.”
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In regards to laboratory comparisons;
“From Figure 5-2 it is seen that the WVSS-II below 10-20 ppmv has no sensitivity
anymore and reached its detection limit. These results are significant better than we
have observed in the past in the laboratory in the simulation chamber.”
In regards to flight tests:
“From Figure 6-7 it can be depicted:
a. Below 30 ppmv no reliable data, both instruments reaching detection limit
(Manufacturer specification: 50 ppmv)
b. Between 30 and 100 ppmv both instruments deliver reliable data
c. Above 100 ppmv agreement with FISH and DP30 within 5-10% where WVSS-II
-No.1 tends to measure about 5-10 % more than WVSS-II -No.2.
From these AIRTOSS-II measurements one could conclude that WVSS-II is
measuring water vapour reliable above 30-40 ppmv.”
A2.2.2.6
DENCHAR EGU General Assembly
Development and Evaluation of Novel and Compact Hygrometer for Airborne
Research (DENCHAR): In-Flight Performance During AIRTOSS-I/II Research Aircraft
Campaigns; H. Smit, C. Rolf, M. Kraemer, A. Petzold, N. Spelten, S. Rohs, P. Neis, R,
Maser, B. Bucholz, V. Ebert, D. Tatrai, Z. Bozoki, F. Finger, and M. Klingebiel; 2014:
European Geosciences Union, General Assembly 2014, EGU2014-9420, Apr 2014,
Vienna, Austria.
Summary:
All data of the hygrometers were stored “blind” before any comparison was made.
From the intercomparisons the instruments showed very good and consistent
performance over a wide range of humidity levels covering more than three orders of
magnitudes between 10 ppmv and 20,000 ppmv water vapour mixing ratios. Flight by
flight the DENCHAR-instruments showed a very consistent behaviour as well as among
each other and against the reference instrument. Within their uncertainty range (5-10%)
all instruments agreed very well and were traceable within about 10% uncertainty to the
accurate DP30 (MBW) frost point hygrometer.
A2.2.3 Year 2011
A2.2.3.1
Met Office Final Report on the FAAM Tests of WVSS-II
Final Report on the WVSS-II Sensors fitted to the FAAM BAe 146, Nov 2011; A. K.
Vance, A. Woolley, R. Cotton, K. Turnbull, S. Abel, C. Harlow.
Summary:
This study tested two WVSS-II units installed in the FAAM aircraft using differing
extractive air sampling systems, and comparison to other sensors. Extracts from the
conclusion of the report includes:
“Analysis of data from twenty-six research flights around the United Kingdom, north
Africa, the Aegean and eastern Canada show that, within the limits of this study, the
WVSS-II hygrometer agrees well with the GE and the Buck in most situations. In
very dry conditions, however, WVSS_flu appears to over read substantially. Of the
two, WVSS_ram shows closer agreement overall, although it is slower to respond
to rapid changes than WVSS_flu. The speed of response of both WVSS-II is,
however, reasonable under all conditions encountered, easily coping with
transitions to which the chilled mirror devices cannot respond adequately but
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consistently lagging behind the TWC (see dry slots in figure 11). There was no
significant degradation of the WVSS-II with time; although changes in bias can be
seen over this period, it is not clear whether they are due to changes in the
instruments or a result of differing performance of the two inlets during the four
experiments; the latter seems more likely, on account of the substantially different
aims and atmospheric conditions encountered during the campaigns.”
A2.2.3.2
European WARAN
WAter vapouR ANalyzer (WARAN): compact airborne hygrometer for the upper
troposphere; S. Kaufmann, C. Voigt, C. Mallaun, M. Wirth, A. Minikin, A. Friedrich, D.
Schäuble, K. Gierens, H. Schlager, and U. Schumann, 2011; Mar 2011, Dresden,
Germany
Summary:
“Numerical weather prediction and climate models require a broad set of
atmospheric measurement data to stick close to reality. While important
meteorological data like e.g. temperature are provided by commercial aircraft
connected to the AMDAR network (Aircraft Meteorological Data Relay), humidity
data of the upper troposphere are rare. In order to evaluate the suitability of
humidity sensors to be integrated in the AMDAR network, we tested the WARAN
(WAter vapoR ANalyzer) tuneable diode laser (TDL) hygrometer (WVSS-II from
SpectraSensors Inc.) in the laboratory and on the Falcon 20E research aircraft with
a Rosemount inlet system. Atmospheric water vapour measurements with the
WARAN on the Falcon covering a range from less than 20 to 20000 ppmv are
compared to the aircraft meteorological instrumentation. In addition, we show
results from an intercomparison to humidity data with the LIDAR (LIght Detection
And Ranging) instrument onboard the new German research aircraft HALO. In
particular, we investigate the humidity in cirrus clouds and in cloud free conditions.
The results suggest that the WARAN can provide reliable humidity data from
ground level up to the upper troposphere.”
A2.2.3.3
Operational Validation Studies IOAS-AOLS
Validation studies of WVSS-II moisture observations; Petersen, R., Cronce, L., Feltz,
W., Olson, E., and Helms, D., 2011: 15th Symposium on Integrated Observing and
Assimilation Systems for the Atmosphere, Oceans and Land Surface (IOAS-AOLS),
American Meteorological Society Annual Meeting, Jan 2011, Seattle, WA, USA.
A summary of this work was also presented at the WMO AMDAR Workshop,
Evaluations of AMDAR Observations using Co-Located Radiosonde and Inter-Aircraft
Comparisons, Nov 2011, Mexico City, Mexico.
Summary:
“Overall, the WVSS-II SH observations match the rawinsonde data very closely,
with random differences ranging primarily from 0.2 to 0.7 g/kg, well within WMO
recommendations. Although the data show a slight moist bias (ranging from 0.1 to
0.3 g/kg), the bias should be correctable in ground-processing if the WVSS-II data
are monitored regularly. When the WVSS-II SH data are converted to RH and the
impact of aircraft temperature biases are removed, the RH statistics show biases
that range from negligible near the surface to exceed ±5% at several higher levels
and standard deviations generally between 5-10%. Intercomparison within the
WVSS-II data set further validate these results, with WVSS-II observations made
within 15 minutes, 60 km distance and 55 m altitude showing variability of less than
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0.2 g/kg. This agreement between independent observations of moisture exceeds
that of most, if not all, other operation data sets.”
A2.2.3.4
Studies in Support to Airline Operations
Studies of the Effectiveness of the Water Vapor Sensing System, WVSS-II, in
Supporting Airline Operations and Improving Air Traffic Capacity; Baker, R., Curtis, R.,
Helms, D., Homans, A., Ford, B.; 2011: Second Aviation, Range and Aerospace
Meteorology Special Symposium on Weather- Air Traffic Management Integration, AMS
Annual Meeting, Jan 2011, Seattle, WA, USA.
Summary:
This paper provides an overview of the end-to-end processing of WVSS-II, previous
technical evaluations and intercomparisons, examples of comparison methods, and
examples of benefits to airline operations. It demonstrates several benefits WVSS-II
provides to airline operational efficiencies, air traffic capacity, and aviation safety.
A2.2.4 Year 2010
A2.2.4.1
Validating and Monitoring Satellite Moisture Data
WVSS-II MOISTURE OBSERVATIONS: A tool for validating and monitoring satellite
moisture data; Petersen, R., Cronce, L., Feltz, W., Olson, E., and Helms, D.: 2010
EUMETSAT Meteorological Satellite Conf, Sept 2010, Cordoba, Spain.
Summary:
“Knowing the accuracy and representativeness of new observing systems is critical
for their optimal use in data assimilation and other applications. One such new
system is the laser-diode based Water Vapor Sensing System (WVSS-II) currently
being deployed and tested on commercial aircraft in the US and, to a more limited
degree, in Europe. The paper discusses the results of recent WVSS-II -toRawinsonde intercomparison studies, not only in terms of assessing the accuracy
of the humidity data, but also for determining how best to use these data as a
supplement to other upper-air moisture measurements and as background for using
the data as a source of asynoptic observations to validate/calibrate a variety of
satellite moisture products.”
A2.2.4.2
TECO AMDAR Humidity Sensing
Advancements in the AMDAR Humidity Sensing, Helms, D., Hoff, A., Smit, H.,
Taylor, S. and Carlberg, S.: WMO Technical Conference on Meteorological and
Environmental Instruments and Methods of Observations, TECO-2010 Session 2, Aug
2010, Helsinki, Finland.
Summary:
Results of the laboratory assessments as well as first WVSS-II flight data
comparisons with radiosonde profiles are discussed. The summary states:
“AMDAR is increasingly seen as an essential operational component of the World
Weather Watch (WWW). The recent activities by the AMDAR community have
provided the foundation for including moisture from commercial aircraft as an
integral component of the AMDAR parameter suite.”
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A2.2.5 Year 2009
A2.2.5.1
DWD Climate Chamber Assessment of WVSS-II (Version 3)
WVSS-II Assessment at the DWD Deutscher Wetterdienst / German Meteorological
Service Climate Chamber of the Meteorological Observatory Lindenberg, Axel Hoff,
Sept 2009
Summary:
“The smallest mixing ratio value taken during the test was 0.0031 g/kg (5 ppmv) at
an air pressure of 1032 hPa and a temperature of - 54.2 °C. The corresponding
water vapour density as the primary physical parameter for the absorption at the
sampling tube’s temperature is then (formula excluded for clarity) 3.6 mg/m3. The
WVSS-II detection limit now is proven to be equal to or lower than this value. If we
conserve this vapour density and calculate back to a mixing ratio at the upper
atmosphere level of 200 hPa, assuming the same tube temperature value, we get
26 ppmv.
This humidity indication or even a lower one should be verifiable with the WVSS-II
at the flight level of 200 hPa as the DWD climate chamber did with 0.0031 g/kg at
ground pressure. At this pressure and with the ISA-Stratosphere temperature of –
56.5 °C the tested WVSS-II unit can do the traceable measurement of a relative
humidity of 30 % (here: referred to the saturation pressure over ice). Now, the
sensitivity of the WVSS-II touches the upper troposphere or lower Stratosphere.”
A2.2.5.2
NOAA Sterling Retest of WVSS-II (Version 3)
NOAA Upper-Air Test Facility in Sterling, Virginia: Retest and Evaluation for the
SpectraSensors Water Vapor Sensing System II (WVSS-II) Report, Oct 2009.
Summary:
This laboratory test of WVSS-II version 3 was conducted by NOAA at their facility in
Sterling, VA. The Conclusion of the Executive Summary states:
“Overall, the WVSS-II sensor performed well under most of the test conditions. With
increase of altitude uncertainty of their measurements may be expected to rise. Its
pressure calibration was off by one to four hPa. But the pressure differences are
taken into account during factory calibration. Output of the sensors was not very
steady (See Graph 1) and took long time to stabilize when exposed to constant
humidity, generated by laboratory instruments, especially at four and six liters per
minute flow rates. It may be explained by very fast response of the laser of
WVSS-II. One could expect that the instrument performance characteristics should
be stable.”
A2.2.5.3
E-AMDAR Humidity Trial (2006-2009) of WVSS-II (Version 2)
The E-AMDAR Humidity Trial (2006-2009), Deutscher Wetterdienst (DWD), Axel
Hoff, Oct 2009
Summary:
This operational flight trial provides an evaluation of the performance realized by
DWD during the period 2006-2009, for three WVSS-II version 2 units. These test on
version 2 units provide only minimal insight into performance of characteristics of the
current version 3 design. However they did provide valuable input leading to the current
version 3 design, and are included here for historical purposes. The conclusion states:
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“Since June 2007 the instruments worked without any dead losses. The only breaks
on the operational side have been by the routine aircraft maintenances. The
technical performance of the WVSS-II generation 2006 has some limits in the long
term signal stability leading to a lack in the relative accuracy of definitely more than
10 %. In addition, there is a detection limit of about 0.04 g/kg (70 ppmv) under
ground pressure conditions which restricts the usability of the measurements to the
lower half of the troposphere.
The results of the E-AMDAR humidity trial are very similar to those of the 25 units
being operated on the UPS fleet in the USA. As a consequence of the US trial a
new generation of the WVSS-II is under development since 2007. The laboratory
tests of 2008 and 2009 give good hope that the stability as well as the detection
limit are significantly improved.”
A2.2.5.4
Impact Study of Aircraft Moisture Data at CMC (Version 2)
Monitoring and Assimilation Impact Study of Moisture Data from Aircraft at the
Canadian Meteorological Centre; Iriola Mati *, Réal Sarrazin, Yulia Zaitseva and Gilles
Verner; Meteorological Service of Canada, Canada; 89th American Meteorological
Society Annual Meeting, Phoenix, AZ, Jan 2009.
Summary:
“This study clearly indicates the importance of aircraft moisture data in the CMC
regional and global forecast system. The results of monitoring confirm that humidity
data from both AMDAR and WVSS-II-US instruments are good quality. WVSS-II EU instruments have positive bias of dew point depression which is an indication
that these [version 2] instruments can still improve.
We performed several assimilation experiments for summer and winter cases for
regional and global cycles for both TAMDAR and WVSS-II instruments. The
assimilation of aircraft humidity data was successful. The verification and the
precipitation scores showed that there is a slight advantage when using humidity
data from both types of aircrafts. Based in the results of this study we will propose
operational data of humidity from aircrafts.”
A2.2.6 Years 2006 – 2008 (Version 2)
A Comparison of WVSS-II and NWS Radiosonde Temperature and Moisture Data; R.
Mamrosh, J. Gillis, R. Petersen, R. Baker; 86th American Meteorological Society Annual
Meeting; Atlanta, GA, Jan 2006
Summary:
“The WVSS-II dewpoint differences are significantly smaller than the WVSS-I, and
are likely the result of an improved sensor. The WVSS-II standard deviations are
only slightly smaller than its predecessor. The authors believe this to be the result
of sharp moisture gradients in the atmosphere, rather than deficiencies in the
observing systems. Further studies should be conducted to support this contention.”

Annex III - Related Publications and Other Media
This annex includes references to the WMO AMDAR Newsletter Articles,
publications by airline partners, and other related media types such as press releases,
videos, and non-technical articles. While generally not related to sensor performance,
these references may provide beneficial information to those considering the
implementation of a WVSS-II network within AMDAR.

A3.1 Other WMO Media
A3.1.1 WMO AMDAR Newsletter Articles
The WMO AMDAR Newsletter regularly has articles on various aspects of WVSS-II
implementations and use in operations. Those newsletters are found at the WMO
AMDAR
website,
https://sites.google.com/a/wmo.int/amdar-news-andevents/newsletters. Articles related to WVSS-II available at the time of this writing are
listed herein. As these articles are not lengthy, no summary is provided here.
Vol 15; Apr 2018 – ABOP Water Vapor Measurement
Vol 14; Oct 2017 – ABOP Water Vapor Measurement and Validating AMDAR WVSS
Water Vapor Observations Using Operational RAOBs

Vol 13; Apr 2017 – ABOP Water Vapor Measurement and Perspectives of the E AMDAR
Humidity Measurement Programme and Improvements in Operational
NWP from AMDAR Water Vapor - Part 2: U.S. WAFS Model impacts

Vol 12; Oct 2016 – U.S. NWS WVSS-II Program Summary and Improvements in
Operational NWP from AMDAR Water Vapor - Part 1: Overall Model
Impacts

Vol 11; Apr 2016 – AMDAR Water Vapor Measurement and A Comparison of WVSS-II
Water Vapor Data to Observed Clouds at Five Major U.S. Airports

Vol 10; Oct 2015 – Update on Water Vapor Measurement and AMDAR Observation
Usage at the NWS Raleigh, NC Weather Forecast Office

Vol 9; Apr 2015 – Status of the U.S. MDCRS and WVSS-II Programs and AMDAR Data
Valuable in Chicago Lake Effect Snow Forecast

Vol 8; Oct 2014 – Report on the NOAA MDCRS/AMDAR Programme
Vol 7; Apr 2014 – Southwest Airlines Takes Off with Media on WVSS-II
Vol 6; Oct 2013 – A Method to Improve Icing AIRMETS and SIGMETS with AMDAR
WVSS-II data

Vol 6; Oct 2013 – U.S. WVSS-II Program Grows Support to WMO Region IV
Vol 5; Apr 2013 – Update on the U.S. WVSS-II Program
Vol 4; Oct 2012 – The Water Vapor Sensing Program: Present and Future
Vol 3; Jul 2012 – WVSS-II STC for the 737-700 Complete
Vol 2; Apr 2012 – FAAM Flight Testing of WVSS-II Humidity Sensor
Vol 2; Apr 2012 – A WVSS-II Perspective of the Henryville, Kansas Tornado
Vol 1; Feb 2012 – U.S. AMDAR Program Increasing WVSS-II Coverage
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A3.2 Airline Partner Publications and Related Media
Various airline partners participating in AMDAR have published articles related to
their use of WVSS-II. This information may be helpful to those considering collaboration
with airlines for implementation of WVSS-II in support of AMDAR programme
objectives. Other related media is referenced here to provide additional information
relevant to those considering implementations of WVSS-II to support AMDAR program
objectives.
A3.2.1 Year 2014
Media Coverage for Southwest Airlines
A.
A Washington Post article with feedback from WMO; Jan 2014,
B.
An NBC affiliate in Dallas-Ft. Worth, Texas feature news story; Jan 2014,
C.
An NBC affiliate in Austin, Texas; feature news story; Jan 2014,
D.
A SpectraSensors Press Release; Jan 2014,
E.
A Wall Street Journal article with airline view of WVSS-II benefits; Mar
2014,
F.
A WTOP article in Washington DC; Apr 2014,
G.
A Bloomberg News article; Jun 2014,
H.
A Washington Post article; Jul 2014,
I.
A Marketplace Sustainability column article; Aug 2014.
A3.2.2 Year 2013
Southwest Airline Press Release
Southwest Airlines Press Release on the U.S. NWS partnership for WVSS-II; and an
accompanying YouTube video; Dec 12, 2013
A3.2.3 Year 2010
UPS Article on Use of WVSS-II
Baker, R; A Case of the Vapors: Reducing Fog Risk using Aircraft Water Sensors,
Meteorological Technology International; June 2010.

A3.3 Supporting Documentation from the Sensor Supplier
The WVSS-II manufacturer has developed various drawings and technical
documents that support the integration of WVSS-II with airline partners. The
manufacturer has also performed long term tests and analyses of the performance of
WVSS-II in operation. These documents are available to interested NMHS members
and their partner airlines and can be provided by the manufacturer upon request.
Summaries of these documents are provided below.

A3.4 Engineering Drawings and Documentation
The WVSS-II manufacturer has many drawings and documents needed to support
implementations of WVSS-II by NMHSs and their airline partners. Once appropriate
agreements are in place, the manufacturer can provide the available technical
documentation at no additional cost. This allows the airline partners to easily integrate
these drawings into internal maintenance procedures and other required aviation
compliance documentation. All documentation is for a specific aircraft type for which the
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manufacturer holds a Supplemental Type Certification (STC) or for WVSS-II
components common to all aircraft types. The manufacturer maintains a qualified
Quality Management System (QMS) for engineering control of all drawings and
documentation. That data package includes documentation such as:
A. STC and PMA certificates for the aircraft type,
B. Certificate of Compliance (CoC) and aviation 8130-3 forms for delivered
material,
C. Installation procedures and drawings,
D. Technical drawings for components,
E. Functional Test Procedures,
F. Compliance documentation such as the Master Drawing List (MDL),
Instructions for Continued Airworthiness (ICA), etc.

A3.5 Manufacturer Analysis of Long Term Performance
To verify long term stability of WVSS-II in operations the manufacturer has
performed long term tests of WVSS-II units in a non-operational environment and long
term evaluations of units performing in operations for the USA NWS. A detailed
technical document on the tests and evaluations has been developed, document 0102371246, “Long Term Tests and Operational Evaluations of the Water Vapor Sensing
System, WVSS-II.” The document describes the methodology, the data collection, the
results, and the conclusions. The document is available to interested NMHS members
and can be provided by the manufacturer upon request. A summary of this document is
provided here.
A3.5.1 Long Term Non-Operational Tests
The manufacturer routinely performs test and analysis of two WVSS-II SEBs that
have been kept in nearly continuous operation in a non-aircraft setting since July 2009,
without maintenance or recalibration since the original manufacture of the units under
test. The units are periodically tested for calibration and drift of the laser peak power
against the design specifications.
Summary:
The two WVSS-II SEBs under long term test show calibration to be very stable for all
data collected during the 5 year test period. The total change of the laser peak power
remained within the design operating window with incremental changes reducing to
near zero in the later years, indicating stability in operating performance. While many
other factors can contribute to realized performance during normal operations, this test
indicates that true calibration of the SEB is not anticipated to be a primary cause for
changes in performance characteristics. Accuracy of the WVSS-II SEB due to its stable
calibration demonstrates the technology is suitable for use in aviation environments,
where frequent maintenance is difficult and costly to perform.
A3.5.2 Long Term Operational Evaluations
The USA AMDAR team, consisting of NOAA/NWS, Rockwell Collins, UPS,
Southwest Airlines, and the WVSS-II manufacturer routinely performs long term
analysis of WVSS-II performance data from operational aircraft, using comparison of
Numerical Weather Prediction (NWP) model differences from the NOAA Earth Systems
Research Lab, Global Systems Division (NOAA/ESRL/GSD) database as a proxy
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measure. The manufacturer has analysed this data covering the period April 2009
through March 2014 for the first 92 WVSS-II equipped aircraft13 in the USA network,
resulting in a 5-year period of operational evaluation. Data are analysed in pressure
altitude bands including: All altitudes, surface to 701hPa(mb), 700hPa(mb) to
301hPa(mb), and less than 300hPa(mb).
This analysis of WVSS-II operational performance uses a deviation from NWP
model expected values, or model bias, as a proxy measure. Bias from the model is not
an absolute measure of WVSS-II performance, and is limited by the current capabilities
of the NWP models used in the evaluation, RUC and RR. Many factors contribute to
errors in these proxy measures such as model horizontal resolution, model vertical
resolution, and the general NWP model skill for predicting water vapour. This is
especially true at high altitude flight conditions, with low atmospheric pressures and
extremely cold temperatures. In that environment even small variations in water vapour
level translates to large variations in RH, and model skill for prediction is considered to
be the lowest. In addition, approximations used in data communications or BUFR
encoding can also lead to large errors at extremely low water vapour levels.
Summary:
The performance analysis of the overall USA NWS operational WVSS-II network
indicates excellent results over the 5-year evaluation period, with model bias remaining
consistently near zero for the fleet average. For atmospheric levels from the surface to
301 hPa(mb), there appears to have a slight dry bias. However performance of the
models used in the comparison are also known to have a slightly wet bias, so a
measured WVSS-II dry model bias might be expected. For atmospheric pressures of
300 hPa(mb) and lower, the model bias is wet and more pronounced. The majority of
this bias at < 300 hPa(mb) is contributed from the UPS B757-200 aircraft, which have a
non-standard installation configuration due to limitations caused by earlier experiments
prior to WVSS-II. Once older versions of WVSS-II were retired from service, the fleet
demonstrated a quarterly average model bias very close to the target of 0, with the
quarterly average model bias of the fleet found to be within the following ranges:
A. All Aircraft: -2.2 %RH to +0.8 %RH,
B. B757-200: -2.5 %RH to +2.4 %RH (a non-standard WVSS-II configuration),
C. B737-300: -1.2 %RH to +0.9 %RH,
D. B737-700: -1.9 %RH to +0.3 %RH.
Even with a growing number of aircraft now in operation, the NWS WVSS-II team
has maintained a consistent level of data availability, with very minimal maintenance
required for the operational network. This consistent source of high-quality data has
become a significant contributor to USA NWS operational performance for both NWP
models and manual forecast operations.

A3.6 WVSS-II Frequently Asked Questions
The WVSS-II manufacturer has developed an internal document providing answers
to many questions frequently asked about WVSS-II, document 01023-71152;
13

Additional aircraft were in operation within the USA network, however only the first 92 aircraft were
analysed in this study. This provided a relatively consistent number of all three aircraft types in the
analysis; 25 B757-200 aircraft, 31 B737-300 aircraft, and 36 B737-700 aircraft.
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“Frequently Asked Questions about the Water Vapor Sensing System – II (WVSS-II).”
The document provides an overview of how the TDLAS technology in WVSS-II works,
and what sets it apart from other methodologies. The manufacturer can provide this
document to current and potential users upon request.

A3.7 WVSS-II Research and Development Configuration Manual
The manufacturer has developed user documentation providing information about
the use of WVSS-II in research and development environments outside the typical
configurations used in the WMO Aircraft-based Observation Programme. This
document, document 01023-71148; “Supplemental Manual for Research and
Development Configurations of the Water Vapor Sensing System – II (WVSS-II),”
covers information about installation on experimental aircraft, tips about research
operation, and alternative methods for data acquisition. The manufacturer can provide
this document to current and potential users upon request.
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Annex IV - General Guidance for WVSS-II Implementations
Any implementation of a national or regional network of WVSS-II equipped aircraft
will require coordination by multiple organizations on the team. The team must consider
initial planning, installation of the sensors and related infrastructure, maintenance of the
network, and operational use of the data. Each of those tasks has a cost that should be
planned and budgeted for in the planning stages.

A4.1

Planning a WVSS-II Network

A4.1.1 WMO AMDAR Regional Implementations Plan
WMO AMDAR Regional Implementation Plans are being developed by regional
leaders and representatives with support from the WMO Commission for Basic Systems
(CBS) and the WMO Secretariat. These plans have the objective to optimize the
collection of high-quality upper-air observations within each region through the
expansion and enhancement of the AMDAR and other aircraft-based observing
systems, so as to improve the upper-air data coverage for the GOS/WIGOS. The
implementation of water vapour measurement is generally addressed in those plans.
The appropriate regional plan might be consulted in the development of national or
regional programmes implementing water vapour measurement within AMDAR.
A4.1.2 Target Coverage Area and Time Distribution
Requirements for spatial and temporal distribution of aircraft-based observations is
typically done to achieve a relatively uniform sampling of upper-air observations in
space and time. Airport locations are a controlling factor in the spatial distribution, and
airline schedules are a controlling factor in the distribution of observations throughout
the day. Typically an end-state objective such as “one vertical profile every 100 to 200
km every 1 to 3 hours” is needed to support NWP and other forecasting requirements.
This is based on achieving the optimum balance between: data from other observing
systems, flight schedules from available partners, data quality, overall cost
effectiveness, and several other factors. Establishing those goals should be done in
collaboration with national and regional data users and other stakeholders, and in
collaboration with WMO Regional Association leaders for aircraft-based observations
and with regional NMHS organizations.
A4.1.3 Airline Partners
The selection of an airline partner willing to participate in WVSS-II implementation is
an important challenge. With one significant exception, it is not much different than
selecting airline partners for traditional AMDAR implementation. It is generally desirable
to have a partner that services many airports throughout the nation or region of
responsibility. It is also desirable to have many ascents and descents per aircraft to
maximize the vertical profiles from each installation. Therefore airlines with many short
flights are often considered first in an implementation plan. However that is often difficult
to attain, and many other factors may control the way airlines are able to participate.
The exception with WVSS-II is that installation of the sensor requires modification to
the aircraft, and therefore must be certified for that aircraft type by the governing
aviation regulatory authority. Thus it is helpful to select an airline that operates aircraft
types that are currently certified by the local aviation authority, or another aviation
authority that could be more easily recognized locally. This minimizes the up-front costs
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for new aircraft type certifications. Section A4.1.4 provides further details on
certifications.
The process of selecting an airline partner and aircraft type will typically come down
to establishing a mutually beneficial and trusting relationship. The expectations of the
NMHS and partner airlines should be discussed in the development of that relationship.
This will allow the airline to determine the value that improved services from the partner
NMHS can bring to their operations in terms of efficiency and safety. It is not reasonable
to expect the airline partner to modify or control the flight schedules of any equipped
aircraft, as that would be operationally restrictive to good business practices. Likewise it
is not reasonable for the airline partner to expect a guarantee of improved forecast
services by the partner NMHS. However AMDAR experience has demonstrated that
with a solid relationship, each partner can achieve the desired mutually beneficial
results.
A4.1.4 Aircraft Certifications
For a WVSS-II installation to take place on a commercial aircraft, a Supplemental
Type Certification (STC) must be approved for that aircraft type by the governing
aviation regulatory authority. For example, in the USA the regulatory authority would be
the Federal Aviation Administration (FAA) and in Australia that would be the Civil
Aviation Safety Authority (CASA).
If there is an existing STC from a national or regional authority for an aircraft type,
any air carrier under that regulatory authority can install the WVSS-II without further
certifications. For example, if there is an existing STC for the B737-700 from the USA
FAA, any USA based carrier can install WVSS-II on their B737-700 fleet without
additional certifications. Generally the global aviation authorities can collaborate to
share technical information about an STC, to facilitate subsequent approvals in other
nations or regions.
For example, an STC approved in the USA by the FAA may be “recognized” by
EASA with the necessary technical review. This would allow a carrier under EASA
authority to install WVSS-II. This process is generally much less complicated and less
costly than starting a new STC process. The STC once having been approved for
WVSS-II on the Airbus type family A320 (A319, 320, 321) by EASA is recognized by the
FAA.
Additional information regarding the process of attaining an aviation STC for the
WVSS-II is available from the resources of the WMO AMDAR website; Background
Information on WVSS-II STCs.

A4.2 Implementing a WVSS-II Network
A4.2.3 Implementing a WVSS-II Network
Implementing a network of WVSS-II equipped aircraft requires a moderate level of
coordination between the NMHS, the partner airline, the communications provider, and
the sensor supplier. If an experienced System Integrator is used, that can reduce the
level of activity required by the respective NMHS. In any case, the airline partner will be
required to perform engineering integration of the drawings and documentation,
installation of the sensors on each aircraft, and a small level of maintenance as
required.
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A4.2.4 Engineering Integration by Airline Partner
In order for installations to take place, the selected airline partner must first integrate
the WVSS-II documentation into their operational maintenance procedures. While all the
original documentation on the details of WVSS-II installation, operation, and
maintenance is provided by the sensor supplier at no additional cost, integrating that
documentation into the internal airline procedures is a task that must be accomplished
by the airline partner maintenance engineering staff. This allows the aircraft
maintenance teams to follow standard airline material for all activities. The integration of
WVSS-II drawings and documentation by the airline partner would be a one-time activity
for each aircraft type.
A4.2.5 Installation of WVSS-II
Installation of the WVSS-II involves two steps, the physical sensor installation on the
aircraft and the software installation on the aircraft avionics. Installation is performed by
the airline’s aircraft maintenance team. It is typically accomplished when an aircraft is
undergoing routine “heavy maintenance.” The heavy maintenance typically takes
several weeks and is performed approximately every two years, depending on usage.
Therefore the WVSS-II installation can easily be scheduled as a part of the heavy
maintenance activity, without negatively impacting aircraft availability for revenue
generating service.
A4.2.6 Sensor Installation
Once installation procedures are integrated into the airline internal procedures,
installation becomes fairly straightforward. It is not considered to be a difficult
installation and any qualified aircraft maintenance team should be expected to have the
skills to perform the installation. Past experience indicates that installation by airline
maintenance technicians will be approximately 30 to 50 labour hours per aircraft, with
45 labour hours per aircraft being considered the average.
A4.2.7 Aircraft Software Implementation
The basic software requirements for AMDAR are established in WMO Instruments
and Observing Methods (IOM) Report No. 115: AMDAR Onboard Software Functional
Requirements Specification. This software reads the data from the standard WVSS-II
interface (ARINC-429), transforms that along with other aircraft meteorological data into
standard downlink formats (ARINC-620 standard), and transmits that via the Aircraft
Communication Addressing and Reporting System (ACARS) air-to-ground datalink.
Onboard software may require some special development, depending on the aircraft
type, avionics type, and other factors. Various onboard software applications have been
developed for WVSS-II on some aircraft types, but those may not apply to all aircraft of
that type. WMO recommends coordination with the WMO AMDAR ABOP teams to
ensure all available resources are utilized.
A4.2.8 Ground Data Processing
Data from AMDAR, including WVSS-II, is transmitted using the ARINC-620 standard
over the ACARS network. This industry standard enables common protocols to be used
by all ACARS equipped aircraft, serviced be either ACARS service providers, Rockwell
Collins/ARINC or SITA/SITAONAIR. Regardless of the ACARS provider used, data ara
routed to the appropriate data centre for ground-based processing. Data are checked
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for quality control and typically converted to the WMO standard formats14 for
distribution. Depending on the national or regional implementation, additional
processing may take place such as data basing of appropriate metadata, statistical
analysis, etc. The resulting BUFR data can then be distributed to internal NMHS
destinations, the airline partner, as well as being placed on the GTS for use by the
global hydro-meteorological community.
A4.2.9 Use in Forecasting Applications
The resulting aircraft observations, with WVSS-II, provide a high-quality upper-air
observation suitable for use in all forecasting applications. This includes assimilation
into NWP forecast models as well as visualization for human-in-the-loop forecasting.
A4.2.10
NWP Model Assimilation
Significant research has been conducted in recent years to validate the performance
of NWP models assimilated with WVSS-II data. That performance will depend on
factors such as quantity of available data, location, and timing. The majority of this work
has been conducted in the USA, since that is the largest operational network of
WVSS-II equipped aircraft at this time. Details of those results are beyond the scope of
this document, but can be located in various reference publications contained herein. In
summary, with the addition of water vapour data from WVSS-II, aircraft observations
from AMDAR have proven to be among the top contributors to NWP model accuracy
through 48 hours, and often the number 1 contributor.
A4.2.11
Data Display and Visualization
Any implementation of AMDAR with WVSS-II should have the ability to display and
visualize the data in forecast operations, similar to how radiosonde data are used in
operations. This ensures the largest value can be achieved from use of AMDAR and
WVSS-II. Depending solely on model improvements through data assimilation is
considered to be under utilizing the available data. In a typical implementation the data
are made available in BUFR format, which simplifies the integration into visualization
systems. However some special adaptations may be necessary to accommodate the
nature of aircraft data, which are available at times and locations far in excess of what is
available from traditional radiosondes.
A4.2.12
Other Applications
Other applications that utilize upper-air observations may also be adapted to the use
of WVSS-II data. This may include specialized applications such as hydrology,
agrometeorology, validation of satellite data, etc. If access is available, third party
applications such as those from commercial service providers, may also use WVSS-II
data within the constraints of the partner airline agreements.

14

From November 2014, there is an expectation that WMO Members will have transitioned from the
use of alpha-numeric codes to WMO table-driven binary code formats known as BUFR – Binary Universal
Form for the Representation of meteorological data.

Tests, Comparisons and Operational Performance of the WVSS-II

A4.3 Maintaining a WVSS-II Network in Operations
A4.3.1 Routine Operational Performance Monitoring
As with any operational sensor network, routine monitoring of data quality is
necessary. This can be accomplished through manual and automated means, with
automated processes providing the most effective approach. However, most
implementations will generally be a combination of both, with some manual review and
oversight being expected as automated methods are perfected for operations.
A4.3.2 Sensor Maintenance
Generally, the WVSS-II requires no maintenance whatsoever. There is no routine
maintenance outside of what is accomplished during aircraft heavy maintenance and
there are no consumable supplies to be replaced. As described in section 0, some
WVSS-II units have been in operation for over 5 years without requiring maintenance of
any kind. All maintenance activities have been designed to enable minimal support
requirements by the partner airline and to have no impact on the aircraft’s ability to
remain in service.
No direct maintenance of the sensor SEB can be performed at the airline facilities.
Due to the unique equipment and configuration needed to test the WVSS-II SEB, this
process can only be done by the supplier. If an SEB requires service, it is simply
removed from the aircraft and returned to the supplier for service. Typically a customer
owned spare SEB will be replaced on the aircraft to ensure the aircraft can immediately
return to service. Upon removal from the aircraft, an SEB requiring service would be
returned to the supplier for FAA approved repair of the unit. Upon repair to an FAA
approved “Equivalent to New” (ETN) state, including recalibration, the unit and the
necessary documentation will be returned to replenish customer spares stock or for
subsequent installation.
Occasional maintenance may be required for airway cleaning to remove bugs or
other debris from the air sampler, in order to maintain a consistent air flow through the
system. Generally this is only a requirement if an aircraft is out of service for an
extended period or is not in frequent use for some reason, which may allow bugs to nest
in the air sampler openings. A standard procedure has been established to perform this
activity, which can be accomplished in under 60 minutes of service. Under normal
circumstances this is not required.
The penetration of the aircraft skin where the air sampler is installed must be
inspected on a regular basis for the development of fatigue induced cracks. This is
typically done during aircraft heavy maintenance, and uses a procedure recommended
by the aircraft manufacturer. This procedure is the same as other inspections for items
such as antenna, probes, or other items that penetrate the aircraft skin. Therefore it is
not unique for WVSS-II and requires no special equipment.

A4.4 Costs for WVSS-II Network Implementation
Similar to any other observing method the cost of implementing and operating a
WVSS-II network falls into two categories, one-time cost of implementation and
recurring costs to operations.
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A4.4.1 One-time Cost of Implementation
The one-time startup costs of implementing a WVSS-II network include costs
associated with the planning activities, sensor acquisition, airline engineering
development, and installation.
A4.4.2 One-time Cost of Sensor Acquisition
While the cost of the WVSS-II sensor is not trivial, it is generally not considered the
largest factor in the implementation of a WVSS-II network in conjunction with AMDAR.
Sensor acquisition costs depend on many factors such as current list price, discounts
for large quantity orders, sparing options selected, shipping and other special
requirements that may be placed on the supplier. Therefore an estimation of sensor
costs is not appropriate for this document. A budgetary estimate may be requested from
the supplier to support planning of network implementation.
A4.4.3 Engineering Integration by Airline Partner
The airline partner should be expected to have one-time costs for each aircraft type
to support the integration of sensor supplier drawings and documentation into the airline
standard maintenance procedures. This may include review and approval by airline
engineering staff, their designated subcontractors, and/or aviation regulatory
representatives. Past experience with this process indicates that the first aircraft type
addressed by an airline engineering team will require approximately 300 labour hours. If
subsequent aircraft types are addressed, this can be expected to decrease as the
experience level within the airline team increases.
A4.4.4 Sensor Installation by Airline Partner
The cost of installation may vary significantly from airline partner to airline partner,
based on factors such as local prevailing wage, expertise of the aircraft maintenance
teams, and aircraft maintenance being internal or subcontracted. Past experience
indicates that installation by airline maintenance technicians will be approximately 30 to
50 labour hours per aircraft, with 45 labour hours per aircraft being considered the
average. For fleet installations in larger quantities, some airlines have achieved an
efficiency of as low as 30 labour hours per aircraft.
A4.4.5 AMDAR Software Update (if required)
To support the reporting of the water vapour data from the WVSS-II sensor to the
required level of resolution and precision via AMDAR messages, it may be necessary to
update the AMDAR software of the airline AMDAR fleet. This should be carried out in
accordance with the requirements for AMDAR onboard software as specified in the
WMO AMDAR Onboard Software Functional Requirements Specification (AOSFRS see section 2.1.3) and the AEEC ARINC-620 standard (see section 4.2.2.2).
A4.4.6 Recurring Cost to Operations
The recurring costs of operating a WVSS-II network include costs associated with
data communications, sensor maintenance, airline maintenance support, and groundbased data processing. WVSS-II has no recurring costs from consumable or disposable
items.
A4.4.7 Data Communications Costs
A minor increase in recurring data communication costs may be expected with the
implementation of WVSS-II, depending on whether or not the existing AMDAR software
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supports the provision of water vapour to the required resolution and precision.
However the data from WVSS-II is only a small fraction of the overall data from AMDAR
implementation. Because airline data communication costs vary significantly based on
many unrelated factors, estimating the increase in costs for communication is beyond
the scope of this document.
A4.4.8 Sensor Maintenance Costs
Upon initial delivery each WVSS-II unit comes with a factory warranty of 24 months
from the time of installation, or 30 months from the time of delivery, whichever is earlier.
This provides up to 6 months for the airline to install the unit and achieve initial
operations without impacting initial warranty coverage.
After the initial factory warranty period there are two options for continued service
coverage for the WVSS-II SEB. It may be continuously maintained under annual
extended service coverage, or serviced on an as needed basis. The decision on which
method to use is up to the implementation team, dependent on budgetary constraints
and the amount of cost risk that can be accepted by the implementing team.
The annual cost of maintaining an SEB under annual service coverage is currently
approximately 8 % of the full installation kit cost. For maintaining large quantities of units
under service coverage, quantity discounts would apply. If a sensor is maintained under
extended service coverage there would be no additional cost for service, other than
shipping. This method enables a known cost to be budgeted for maintaining sensors
through the lifetime of the network, with very little risk.
For an SEB that is not covered by an annual service agreement, the one-time cost to
service the SEB to the approved ETN state is currently approximately 50 % of the full
installation kit cost. Being done on an as needed basis, no quantity discounts would be
expected. If no maintenance is required, this method has the potential to reduce overall
costs. However, this method does not allow a known annual cost to be budgeted, and
introduces additional risk of higher costs should the number of issues be larger than
planned.
A4.4.9 Airline Maintenance Support Costs
It is beyond the scope of this document to fully estimate the cost of airline
maintenance. However based on past experience a reasonable estimate of the labour
hours required can be developed.
While no airline maintenance of the SEB is possible, an occasional exchange of the
SEB may be required to restore a unit to full service. For estimating purposes, that
process can be planned to take three hours by qualified aircraft maintenance staff. Past
experience indicates this to be required on an estimated 1 % of the equipped fleet per
year. It is highly recommended to have spare SEBs within the inventory, in order to
minimize the impact on partner airline operations.
An occasional cleaning of the airway may be required for aircraft that are
infrequently used or out of service for an extended period. This procedure has been
shown to be accomplished in approximately two hours by qualified aircraft maintenance
staff. Under normal circumstances this is not required, therefore no estimate of the
frequency this may occur is possible.
Heavy check of the aircraft will require a visual inspection of all components and a
detailed inspection of the aircraft skin penetration. The visual inspection is estimated to
require approximately one hour by qualified aircraft maintenance staff. The eddy current
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inspection of the aircraft skin penetration is estimated to require approximately four
hours by qualified aircraft maintenance staff.
A4.4.10
Cost Comparison to Radiosonde Observing Methods
A detailed cost comparison between implementations of radiosonde networks and
implementations of AMDAR networks15 with WVSS-II has been developed and
documented in WMO Technical Report 2014-01, The Benefits of AMDAR Data to
Meteorology and Aviation.
The outcomes of the various scenarios modelled and analysed 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 (1 year), falling to around 13 % when
extrapolated over the longer term (10 years).
Implementations can result in a significant operational savings, being as low as 1 %
of the cost of radiosondes on a cost-per-profile basis, depending on various factors.

15

WMO, CBS ET-ABO, and CIMO ET-AO 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.
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