-

View metadata, citation and similar papers at core.ac.uk brought to you byj: CORE

provided by NASA Technical Reports Server

The GEWEX Water Vapor Assessment archive of water apour
products from satellite observations and reanalyses

Marc Schroder Maarit Lockhoft, Frank Feft, John Forsythie Tim Trenf® Ralf Bennart?’, Eva
Borbas, Michael G. Bosilovich Elisa Castelfi Hans Hersbacdi Misako Kacht', Shinya

5 Kobayashi?, E. Robert Kursinskf, Diego Loyold® Carl Mear$ Rene Preusk& William B.
Rossow’, Suranjana Saf

!Satellite-Based Climate Monitoring, Deutscher Welienst, 63067 Offenbach, Germany
?Informus GmbH, Berlin, Germany
10 3Cooperative Institute for Research in the Atmosph€olorado State University, Fort Collins CO, USA
“Earth Observation Science, Department of Physics Astronomy, University of Leicester, University &b Leicester,
LE1 7RH, UK
*National Centre for Earth Observation, Departmén®laysics and Astronomy, University of Leicestenirsity Road,
Leicester, LE1 7RH, UK
15 °Earth & Environmental Sciences Department, Vandiedsiiversity, Nashville TN, USA
"Cooperative Institute for Meteorological Satelridies, Space Science and Engineering Centeretsitly of Wisconsin -
Madison, USA
8Global Modelling and Assimilation Office, Goddarga®e Flight Center, National Aeronautics and Sgdministration,
Greenbelt MD, USA
20 “Institute of Atmospheric Sciences and Climate, df&i Research Council of Italy, Bologna, Italy
%European Centre for Medium-Range Weather Foredastsjing, UK
YEarth Observation Research Center, Japan Aeropgieration Agency, Tsukuba, Japan
23apan Meteorological Agency, Tokyo, Japan
¥Space Sciences and Engineering, Golden, CO, USA
25 Remote Sensing Technology Institute, German Aexssznter, Oberpfaffenhofen, Germany
*Remote Sensing Systems, Santa Rosa CA, USA
¥ nstitute for Space Sciences, Free University aliBeBerlin, Germany
YCUNY Remote Sensing Science and Technology InstitDity College of New York, New York NY, USA
Environmental Modeling Center, NCEP/NWS/NOAA, NCW@Bllege Park MD, USA

30 Correspondence to: Marc Schréderrfarc.schroeder@dwd.pe

Abstract. The Global Energy and Water cycle Exchanges (GEYWB2ta and Assessments Panel (GDAP) initiated the
GEWEX Water Vapor Assessment (G-VAP), which has rtien objectives to quantify the current state wfia water
vapour products being constructed for climate apfilbns and to support the selection process a¢éidai water vapour
products by GDAP for its production of globally sistent water and energy cycle products. Duringctirestruction of the

35 G-VAP data archive, freely available and matureltitd and reanalysis data records with a minimemgoral coverage of
10 years were considered. The archive containg tmiamn water vapour (TCWV) as well as specificntidity and
temperature at four pressure levels (1000, 700, 300 hPa) from 22 different data records. All d&teords were remapped
to a regular longitude/latitude grid of 2°x2°. Tékchive consists of four different folders: 22 TCVW§ta records covering
the period 2003-2008, 11 TCWYV data records covetfiegperiod 1988-2008, as well as seven specifiidiity and seven
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temperature data records covering the period 1988-2The G-VAP data archive is referenced undeirfdhewing digital
object identifier (doi)http://dx.doi.org/10.5676/EUM_SAF_CM/GVAP/VO0OWithin G-VAP, the characterisation of water

vapour products is, among other ways, achievedutiirantercomparisons of the considered data recasi® whole and

grouped into three classes of predominant retrieealdition: clear-sky, cloudy-sky and all-sky. Askded results are
shown using the 22 TCWYV data records. The standavéhtions among the 22 TCWV data records have haalysed and
exhibit distinct maxima over central Africa and ttnepical warm pool (in absolute terms) as welloasr the poles and
mountain regions (in relative terms). The variapiln TCWV within each class can be large and ithiconclusions on

systematic differences in TCWV between the classes.

1 Introduction

Water vapour is the most important natural greesbogas and the dominant source of infrared opatithe clear-sky
atmosphere (Trenberth et al., 2007). In additi@st facting water vapour feedbacks constitute angt@mplification
mechanism for anthropogenic climate change (e.gld nd Soden, 2000), thus, making water vapouor alsey parameter
for the energy budget of the Earth and consequadly for climate change analysis. Furthermorejritexactions of water
vapour with other components of the climate syswmh as clouds and precipitation are still notyfulihderstood.
Analysing recent decades of global water vapourildigion and variability is expected to help exdesur understanding of
how the climate system responds to increasing gaese gas concentrations. Due to global coverag@bserving periods
approaching 40 years satellite-based water vapata ibcords are adequate sources of informati@dtivess the above-
mentioned challenges and to analyse the Earthisatdi.

To date, a large variety of satellite-based watgrour data records are available. Information ah sacords is provided by

the ECV (see Table Al in the Appendix for a listatdbreviations) inventoryhftp://climatemonitoring.info/ecvinventory

the Climate Data Guide hitps://climatedataguide.ucar.efju/and the Advancing Reanalysis web portal at

http://reanalyses.orgiVithout proper background information and underding of the limitations of available data records

these data may be utilised incorrectly or misintetgd. The need for quality assessments of ECV GBRart of the GCOS
guidelines for the generation of data products.e8ssients in general provide an overview of avalaladta records and
enable users to judge the quality and fitness fwpase of CDRs by informing them about the stremgtihd weaknesses of
existing and readily available records. With thisniind, GDAP initiated G-VAP whose major purposddsguantify the
current state of the art in water vapour produasdp constructed for climate applications and tppsut the selection
process by GDAP. Within G-VAP, efforts started wéth inventory of freely available water vapour da&eords. Overview

tables for satellite, reanalyses, in-situ and gdelbased data records are providedhip:/gewex-vap.org/?page_id=13

Satellite and reanalyses products with a minimungtle of 10 years are basic elements of the G-VAfR dechive. This
archive forms the basis for scientific analysishia characterisation effort of satellite and regsialdata records and results

from such analysis have already been publishedr§@eh et al. 2016, 2017a). The G-VAP data archivemements the
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archive produced by the GEWEX Cloud Assessmentb@tauch et al.,, 2012). The Cloud Assessment datsiva
contains multi-decadal information on a large numbiecloud properties from multiple platforms arglavailable from

http://climserv.ipsl.polytechnique.fr/gewexca/ind&ktml

In Sect. 2, an overview of previous and currentipilable satellite sensors together with a brieflamk on upcoming
missions relevant for the retrieval of water vapisupresented. The focus of Sect. 3 is a summaexisting satellite and
reanalyses data records. The G-VAP data archivatieduced in Sect. 4 which is based on a subselatd records
introduced in Sect. 3. Sect. 4 starts with a krigbduction of all data records included in thetave. Then, the processing
of the data records and the archive structure aptaimed. The following section includes exemplaegults from the
intercomparison of the data records from the G-\W&ea archive. Here, TCWV data records with tempooakrage from
2003 to 2008 are considered so that all data reaufrthe archive are included in the intercomparigonclusions are given

in Sec. 7, and Appendix A provides a list of albedviations used.

2 Overview of available satellite sensors

In this section, background information on the widgiety of sensors that measure atmospheric waigour is provided.
Only sensors that have a greater than 10-yeardeuat that cover (near) global scales, are disdudseese are the types of
sensors used to create global CDRs of water vapour.

Generally water vapour sensors are deployed orHaxth orbiting and geostationary satellites. Sentlwat provide (near)
global coverage typically operate on polar orbitiplgtforms in a sun-synchronous orbit. Such sengooside global
coverage with one day-time (at a particular lotak) and one night-time overpass (12 hours latesfruments classified as
sounders carry several channels distributed abouatar vapour absorption line to retrieve the waitiprofile of water
vapour. Instruments classified as imagers might &lgsve channels clustered about an absorption finethe primary
purpose of an imager is to sense the surface addtaps. Imagers are generally restricted to cetiyeving TCWV.

The term “profile” usually implies the water vapoamount (mixing ratio) on a given set of presseneels, such as those
measured by radiosondes. Satellite sounding ingintsnrespond to radiation from a great depth ofatmosphere as
depicted by the instrument weighting function, ke tetrieval of atmospheric layers is the naturat bhere. These layers
might be interpolated to pressure levels to compdtk, for instance, a radiosonde or a model, sérsi should remain
aware of the broad vertical layer over which saéefiounders nominally average.

This section approaches the overview of sensorms fhe standpoint of where and what they sample tlamgbros and cons
of each sensor from a user perspective. Chronabdgtings are readily available, for instancekiampfer (2012; Figure
9.1). A recent overview of sensors is also providgdVulfmeyer et al. (2015). The information prositihere is a snapshot
in 2017, but radiance records and sensor interediin continue to progress, and algorithm improgeta can expand the
yield and performance of remote retrievals of watgpour. This list is not meant to be exhaustiug, derves to orient the

user to the major sensors supporting the water wra@®R and their pros and cons. Sensors basednin $ounding
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techniques that focus on the upper atmosphere atreeansidered in this report. Information on thésehniques and

associated data records can found at the SPARC r\W&apour Assessment 2 web portdittp://www.sparc-

climate.org/activities/water-vapour/

There are a wide variety of water vapour sensorsently operating, and for climate research thesseschange and vary
through time. Understanding which sensors were aijpey at any given time period is a major endeavdire World
Meteorological Organization has created an onla@ which makes this task much more feasible. Thse®ving Systems

Capability Analysis and Review Tool is maintainedhtp://www.wmo-sat.info/oscar/

In Table 1, a summary of the main sensors useglédral water vapour CDRs is presented.

2.1 Passive microwave sensors

Passive microwave sensors are typically classdi®dmagers and sounders. Some instrument namest@dhe principal
mission of the sensor, e.g. SSM/I, its successmISSor AMSU. Regardless of the classification o€ teensor, both
imagers and sounders allow water vapour retriematéear and cloudy skies, but not in the preseasfcgtrong scattering by
hydrometeors like during heavy precipitation events

The passive microwave radiance record, both froagiens and sounders with either a conical or cmags-scan pattern and
a few non-scanning, nadir-looking instruments hdshited good overlap and continuity since the E80’s, early 1990's
to the present. The primary spectral bands reptedén the CDRs are radiances at 19, 22, 37, 5@5®0, and 183 GHz.
This record will continue with future sensors sashthe Microwave Imager and Microwave Sounder unsémts on EPS-
SG, which is planned to measure until ~2040. I@tdrcation efforts among the sensors (e.g. Sapérab., 2013 and Fennig
et al., 2017) yield fundamental CDRs that can bedut remove time-dependent changes in the radiamcerd.
Intercalibration efforts for the 183 GHz radianeeard continue to move forward (e.g. John et &1,22and Chung et al.,
2013).

Conical scanning microwave imagers are typicallyfiqured at an Earth incidence angle of about 58 eks. They have the
advantage of constant spatial resolution acrosseha, and constant sensitivity to the atmosphier¢he same geometric
path length. Microwave surface emissivity over laanl ocean is a function of incidence angle, sqyrinciple conical
scanners eliminate this variable from atmosphettigavals. Cross-track scanners have changingaspasolution which is
highest at near-nadir views and grows into largeld$-of-view at the outer edge of the scan. Thayeha minimal
atmospheric path length at nadir.

1987 saw the launch of the first SSM/I instrumemntsensor that, while having no official climate sii&, has had a
profound impact on global water vapour records. Wager vapour absorption line at 22 GHz is a kemponent of these
TCWV retrievals, other window channels compensatimg:loud and surface roughness effects.

TCWYV from passive microwave imagers has historjcally been retrieved over the ice-free oceans,iaisdcommonly
although incorrectly stated that passive microwatgevals work over ocean only. This is due to ptaw and variable land

surface emissivity that changes on short timesahlesto surface wetness, vegetation state, angaplerties. The barrier
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to passive microwave retrievals over land is beigigrto fall, at least for operational weather users evidenced for
instance by the NOAA Microwave Integrated Retrie8gstem (Boukabara et al., 2011; Forsythe et 8ll5P Du et al.
(2015) demonstrate an AMSR2 algorithm to retrie@®MV over land. AMSR2 on board the Global Change eéDietion
Mission — Water is a successor of AMSR-E on boagda& and has the highest spatial resolution amasgiye microwave
imagers on polar orbiting platforms. Land retrievegdquire further investigation for climate reséar€or the water vapour
climate record the passive microwave TCWYV recorsl @t yet been demonstrated over land, but theserise possibility

of this advance in the coming years.

2.2 Infrared sensors

Infrared sounding sensors constitute the longest of satellite record for water vapour profilidgkey distinction between
infrared sensors for water vapour retrievals isvieen radiometers (e.g., HIRS, ATSR) and spectraméteg., AIRS, IASI,

CrlS). The broadband observations of radiometenstitate a longer time series (versions of the HIRSrument extend
back to the early 1980’'s), while the hyperspectiabervations of spectrometers enable retrievals wibre vertical

information and decreased uncertainty. The hypetsgeclimate record begins with AIRS in 2002, andugmented by the
IASI instrument onboard the Metop-A and —B spadesraunched in 2006 and 2012, respectively. ThkS @rstrument

onboard the Suomi National Polar-orbiting Partnigrsipacecraft launched in 2011 and onboard theessoc Joint Polar
Satellite System spacecraft continue the hypersgdesbunding record. A third IASI instrument is diog launch end of
2018 onboard Metop-C, which will extend the 1ASIsgibn and the associated sounding products frond 2@G®eyond

2023. IASI's successor, IASI-NG, will be onboare tBPS-SG satellite, providing hyperspectral obgema until ~2040.

Beginning with Metop-C and due to the availabilitiylASI, HIRS will not be continued. In February Z® Sentinel 3 was
launched which carries the SLSTR instrument, aesgar of the ATSR instrument series.

Infrared-only retrievals of TCWV and water vapouofile are retrieved under clear-sky or mostly clsky conditions only.

The combination with passive microwave soundersrawgs the range of sky conditions in which retrlsvare possible
(e.g. Li et al., 2000; Kahn et al., 2014). The icédibration of the HIRS record is still continuifg.g. Shi and Bates, 2011)
There are intersensor differences in the spectaagiement of the 20 channels on HIRS and most iffydastthe switch of

channel 10 from 8.6 um to 12.5 um on the HIRS 34adnsors beginning with NOAA-15 in 1998.

While land surface emissivity is much more unifaamd less time-varying in the infrared than at miawee wavelengths,
infrared land surface emissivity does vary (Seenetnal., 2008) and can be problematic for infraretievals, especially

over desert surfaces.

2.3 Ultraviolet/Visible/Near-Infrared imagers

A TCWV retrieval using two channels at 0.885 pmn@adw) and 0.9 um (water vapour absorption) has lbleemonstrated
from the MERIS and MODIS instruments (Diedrich &t 2015; Lindstrot et al., 2014). The retrievalliiited to the

daylight portion of the swath, as differential saleflectance is the signal for this retrieval. $&dypes of retrievals have the
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benefit of high spatial resolution (~ 1 km). The RIB instrument was launched in 2002, while MODI®aerd the Terra
spacecraft begins in 1999, and is complementetid#ODIS onboard the Aqua spacecraft which wasdaed in 2002. In
February 2016 Sentinel 3 was launched which cattiesOLCI instrument on Sentinel 3, a successothef MERIS
instrument. MERIS stopped operation in April 201Riles the TCWYV time series can be extended with dieten MODIS
and OLCI. Retrievals from MERIS, MODIS and OLCI colement passive microwave TCWV retrievals becabhssy t
perform best over land and have reduced quality oveans.

UV/VIS/NIR spectrometers such as GOME, SCIAMACHY“JaGOME-2 yield retrievals of TCWV over land andean
surfaces under daylight and clear-sky conditiong. (&rossi et al., 2015). The spatial resolutobétween 320 km x 40 km
for GOME, 60 km x 30 km for SCIAMACHY, and 80 km 40 km for GOME-2, with cloud handling being a major
challenge.

A recent development in remote sensing of waterouaps the retrieval of TCWV from the NASA OrbitinGarbon
Observatory (OCO-2) spacecraft (Nelson et al. 20T8)s retrieval uses near-infrared reflected gmliwith the high
quality OCO-2 grating spectrometer.

Future European missions such as Sentinel-5 pmguiEPS-SG, and Sentinel-5 will carry similar UVS/NIR
spectrometers with improved spatial resolution (kh) which will further extend the TCWV records finoUV/VIS/NIR
spectrometers.

2.4 GPS Radio Occultation

GPS-RO measurements profile atmospheric refragtiwith globally-distributed, all-weather samplingofn which
tropospheric water vapour is derived. GPS-RO misshegan with the prototype GPS-MET mission fromil&®95 — Feb.
1997. The CHAMP mission provided about 250 occidiest per day from 2001 to 2010. A significant irage in RO
sampling density to 2,000-2,500 occultation prafifeer day began with the launch of the six-sage@OSMIC mission in
April 2006. The COSMIC orbits were spread in londi to provide full sampling of the diurnal cyclhe GRAS GPS-RO
instruments, flying onboard Metop-A and Metop-BcgirR007 and 2012, respectively provide occultasivaths centered
on 9:30 and 21:30 local time. The CHAMP occultatipofiles only penetrate down into the upper to dfédtroposphere
because the GPS receiver on CHAMP was limiteddeed-loop tracking. The COSMIC and GRAS GPS-ROivecs use
an “open-loop” tracking capability that enable alaher percentage of the occultation profilegxtend to within 1 km of
the surface.

From the GPS-RO receiver phase measurements degicty occultation, the bending of the signal path wuits passage
through the atmosphere is determined. The bendig@egrofile is then inverted to a profile of indekrefraction which is
closely related to the dry gas and water vapouceoimations. The water vapour contribution is tgfiicisolated using one
of two approaches. The first is a variational tegha used in numerical weather prediction assimitasystems where
estimates of the water vapour, temperature andspresfrom the forecast and their associated erowariances are

combined with the GPS occultation bending angleredractivity profile and its error covariance tohave a new,
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statistically optimal estimate (e.g. Healy and E@@10). The second approach, referred to as tive¢D method, estimates
the dry part of the refractivity from the analyssnperature that is then subtracted from the GP&sured total refractivity
to obtain the wet part of the refractivity, whichfinally scaled to obtain the water vapour. Bo#timds rely on the analysis
temperatures that are a combination of observations the numerical weather prediction model. Theaathge of the
Direct method is that it does not rely on estimatewater vapour from models, forecasts or climag@s. Estimates of the
systematic and random uncertainties of water vagetived from COSMIC observations via the Directmoe are given in
Kursinski and Gebhardt (2014).

GPS-RO has very high vertical resolution for alfttesystem (100-200 m) and a relatively coarsazuomtal resolution of
about 100 km (Kursinski et al., 1997, eqn. 13). &hl#ude range of GPS-RO individual profiles oftaravapour extends
from the surface to about the 240 K-temperaturellgvthe troposphere.

GPS-RO'’s ability to routinely penetrate throughutde combined with its insensitivity to surface esnigy eliminates
sampling biases that limit other satellite measeminsystems. A caveat with present GPS-RO derivaenwapour is that
in warm conditions typically found in low latitudeSPS-RO water vapour profiles in the boundaryiagn be biased low
when a sharp water vapour concentration contrastseketween dry free tropospheric air and moistndary layer air
below, causing the so called super-refraction (Xig. et al., 2006).

Xie et al. (2006) developed an inversion method #Hwounts for super-refraction and produces upbiagater vapour
profiles in the boundary layer. Because it has l#icult to determine when super-refraction ioring in the COSMIC
profiles, the Xie et al. method has not yet beemdusiuch. To overcome this challenge, the new GPS#®ivers on
COSMIC 2 are designed to provide much higher sigmatoise ratios to enable routine detection ofestngfraction.

The COSMIC 2 mission is scheduled to launch sielbegs in late 2018 and possibly a second set somelater.
Successors of GRAS will fly on EPS-SG with a sumdioperation until ~2040.

2.5 Reanalyses

Reanalysis systems are typically based on advaopethtional atmospheric general circulation modeld include data
assimilation schemes. The data assimilation mesgasally and temporally discontinuous observatiaiith model state
fields to reinitialize atmospheric forecasts anddorce spatially and temporally continuous statel$ieThe data assimilation
schemes differ by the degree of complexity, byabksimilation strategy (i.e., assimilation of geopbal parameters versus
assimilation of radiances) and by data input. Adljon reanalyses assimilate a large diversity of diatm observing system
like radiosondes, ground-based GPS and GPS-ROisdigatellites, buoys and ships and more. Rearsafygeperformed
with fixed model and data assimilation systems, éwav data input to the reanalysis system changes e years.
Reanalysis products are generated retrospectiaaly several reanalysis centres provide near mal $ervices. The major
purpose is to provide a product which allows thalgsis of the weather and climate and how it changeer time.
Reanalyses provide global coverage and cover thérdposphere and stratosphere. An advantageeidatiye diversity of

gap-free geophysical parameters. Reanalyses redymoaspheric numerical models which carry their aystematic biases
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and which is a disadvantage. Diversity in the adated observations in each system, the qualitytroband the varying
number of observations in space and time can dfffiecteanalysis quality. More information can barfd in the references

given in Table 2 as well as #ttp:/reanalyses.or@nd athttp://s-rip.ees.hokudai.ac.jpthe webpage of the SPARC

Reanalysis Intercomparison Project.

3 Overview of data records

Using observations from satellites and data froamadyses, as introduced in the previous sectiterge variety of (global)
long-term and freely available water vapour datorés have been developed over the last decadesvémiew of such
data records from satellite and reanalyses is geavin Table 2. The table is based on the infolgnativailable on the G-

VAP website ahttp://gewex-vap.org/?page_ids18here also tables for operational satellite alb agin-situ and ground-

based products are available. The first column afl& 2 gives the sensor while the second one emnthe data record
name. Subsequently this name is used. If not @leilar unique the data record is named after thisad sensor and the
owner. Besides the covered parameter and key refesethe main technical specifications are pralighich might allow

a first order decision on the fitness-for-purpo$a @articular data record. Other information sesron water vapour data

include the ECV inventory hftp://climatemonitoring.info/ecvinventory the  Climate Data  Guide

(https://climatedataguide.ucar.ejjudnd thehttp://reanalyses.orglebsite.

Note that in this section a general overview ofilabte data records is provided and that not ahdacords mentioned in
Table 2 are part of the G-VAP data archive. A fearendetails regarding retrieval scheme and othtildeare provided in

short paragraphs per data record of the G-VAP aataive in Sect. 4.1.

4 G-VAP data archive

In this section, the G-VAP data archive is introgldiavhich includes an explanation to why the arcliesists of a subset
of the data records mentioned in Table 2. GDAPihiisted G-VAP, among others, with the purposehating G-VAP
support the process of selecting suitable wateowaproducts by GDAP for its production of globatlgnsistent water and
energy cycle products. The usage of the produdtimGGDAP activities essentially implied to studyng-term data records,
that is, data records that start around 1980 amdramore than three decades. In order to incrées@umber of available
data records G-VAP considered freely available datords with a temporal coverage of at least tears: Thus, the
assessment considered data records that may meebeas input for GEWEX water and energy cycle datards but which
are important to establish a deep understandirgnodspheric water vapour observations. After Au@@4t6, the filling and
updating of the G-VAP data archive ended in ordeallow a timely analysis of the data and provisidmesults to GDAP.
Thus, data records that exceed a temporal covefagere than 10 years by the end of 2015 are cersitland are marked

with an asterisk in Table 2.



10

15

20

25

30

Next follows a short introduction to the elementshe G-VAP data archive, to the post-processingchvimainly transfers

the data records onto a common grid and periodatite archive structure.

4.1 Introduction to individual data records

The elements of the G-VAP data archive are givemahle 2 and are marked with asterisks. In thisise@bstracts are
provided for each element of the archive. Thesératts briefly introduce the input data, the retslescheme, technical

specifications, provide basic references to therétlyn and/or the data record and give accesslgetai

AIRWAVE

The AIRWAVE retrieval scheme exploits the dual vieapabilities of the ATSR instrument series by ggire two thermal
infrared channels, centred at 10.8 and 12 um. tksvabove the cloud-free ocean by combining advénadiative transfer
models and a spectral emissivity database. Theltsinaous use of ATSR’s forward and nadir measurésn@mimises the
impact of the limited knowledge about the SST ane atmospheric radiation on the quality of theiegegd TCWV.
Exploiting only the thermal infrared channels of ihstrument, the algorithm enables the estimaifohCWV for both day
and night observations and the full exploitatiorth ATSR instrument series, spanning from 19920th2 (see Casadio et
al., 2016 and Castelli et al., 2015 for detailstba retrieval). The AIRWAVE processor is integraiedthe ESA Grid
Processing on Demand environment for the bulk msiog of the three ATSR missions (1991-2012). Thedpct is
available in Level 2 (1x1 kfrand 0.25°%0.25°). Results from comparisons tollgatand radiosonde products can be found
in Casadio et al. (2016) and Papandrea et al. j20t®& AIRWAVE version 1 data record was providedmonthly means
at a spatial resolution of 1°x1° via ftp in Jund.20

AMSR-E JAXA

The AMSR-E standard TCWYV algorithm uses AMSR-E bingss temperatures at 18.7, 23.8, and 36.5 GHmelsfor
V/H polarization, and SST, sea surface wind spesdperature at 850 hPa given by the Japan MetegicaloAgency six-
hourly global analysis data as ancillary data (Balkeeuchi, 2002 and Takeuchi et al., 2004 for detail the retrieval). The
algorithm is applicable to open ocean regions amig its dynamic range is 0-70 kd/riThe product is available in Level 2
(swath data with about 10 km sampling intervalsyl aevel 3 (daily, monthly, 0.25°x0.25° grid for ascling and
descending orbits) from June 2002 to October 2Uh&. reprocessing of the AMSR-E TCWYV product is ungsg along
with other AMSR-E geophysical parameter productgapplying the latest AMSR2 algorithm (see Kazunedml., 2012 and
Kazumori, 2013) in order to produce consistent AMSRMSR2 products covering more than 15 years. dteuracy of
the product is described in Kazumori et al. (2012)e AMSR-E JAXA version 2 was downloaded as mgnthéans from
https://gcom-w1.jaxa.jp/auth.htrim February 2015.

AMSR-E REMSS
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The REMSS AMSR-E water vapour algorithm utilises AVISR-E channels and is part of a multi-parametrieval
scheme that simultaneously retrieves TCWV, surfaced speed, SST, and cloud liquid water content aid rate for
ocean scenes. The basic algorithm is described émt¥V(1997), with updated models of the microwatbsosption,
emission, and scattering by the atmosphere anchagdace (Meissner and Wentz, 2012; Wentz and $vieis 2017). The
algorithm most strongly depends on the 23.8 GHzherupper wing of the water vapour line at 23.23%z, with the other
AMSR-E channels providing information about surfaoeighness and atmospheric scattering and absorfybon liquid
water. The data are available as twice-per-day -gkdmal gridded maps with 0.25°%0.25° resolutionsnf

http://www.remss.com/missions/amsr.htmThe TCWV values have been validated via compariseith similar

measurements from TMI (Wentz, 2015) and with TCW¥asurements made by ground based GNSS sensormsd arat
small islands (Mears et al., 2015). Monthly mean8AMSR-E REMSS V7 have been downloaded in March3201

ATOVS CM SAF

The ATOVS data record from CM SAF offers 13 yeat999 - 2011) of satellite-derived global water vapand
temperature products. Different parameters are rg&t simultaneously: TCWV, mean temperature andicedly
integrated water vapour in five layers, as wellspscific humidity and temperature at six levelsscAhvailable are the
number of valid observations and an uncertaintynegé. The data record was derived from ATOVS oarddNOAA-15 to
-19 and Metop-A. ATOVS is composed of three insteats: HIRS, AMSU-B/MHS and AMSU-A. After applicaticof a
kriging routine, the products are available asydaild monthly means on a cylindrical equal aregeptmn at a resolution
of 90 km x 90 km. Further details on the retrievhé data record and on validation results canobed in Courcoux and
Schréder (2015). Also, the validation report, aitjon theoretical basis document and product usenualacan be
downloaded from http://www.cmsaf.eu/docs The data record is doi-referenced
(10.5676/EUM_SAF_CM/WVT_ATOVS/V001) and accessilla http://wui.cmsaf.euHere, ATOVS CM SAF version 1
was utilised, which was downloaded in April 2013.

CFSR

The NCEP CFSR was designed and executed as a ghogladresolution coupled atmosphere—ocean—lanfheeirsea ice
system to provide an estimate of the state of theapled domains over the period from 1979 to tiesent, currently being
run as an operational, real-time product. The CF8Ride 1) coupling of the atmosphere and oceamduhe generation of
the 6-hour guess field, 2) an interactive sea ioelet) and 3) assimilation of satellite radiancegt®y Gridpoint Statistical
Interpolation scheme over the entire period. The&SRRjlobal atmosphere resolution is ~38 km (T382hw@4 levels

extending from the surface to 0.26 hPa from 197@92&nd is ~25 km (T574) after that. The CFSR atesp model has
observed variations in Gver the 1979—present period, together with chamgaerosols and other trace gases and solar
variations. Most available in-situ and satellitesetvations were included in the CFSR. Satelliteeplzgions were used in

radiance form, rather than retrieved values, ane \w&s corrected with “spin up” runs at full ragan, taking into account
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variable CQ concentrations. CFSR output products are availabén hourly time resolution and a horizontal hetson of

0.5°x0.5°. More details on the methodology and ltesftom evaluation are given in Saha et al. (2010 CFSR data is
distributed by the National Center for Environmént#ormation and National Center for AtmospheriedRarch. The
temperature as well as TCWV and specific humidityofife data records have been accessed via
https://rda.ucar.edu/datasets/ds09BMarch 2016 and June 2013, respectively.

EMIR

The MWR instrument flown onboard the European Ren®ensing satellites 1 and 2 as well as onboar&nkgonmental
Satellite has provided a time series of global owave observations over a period of nearly 21 ybataveen 1991 and
2012. The EMIR data record builds on the MWR timges by applying a one-dimensional variationalrapph to provide
information on TCWV and wet tropospheric correctiorclear and cloudy-sky conditions. Significanfoefs were invested
to ensure a good intercalibration of the three MW&ruments. The EMIR data record covers the emfiobal ice-free
ocean from 11/1992 to 03/2012. It is available ifatividual orbits at a spatial resolution of tydiga20 km as well in a
gridded form for monthly mean values at 2°x2° afid33 spatial resolution. Details on the retriewak data record and
results from validation are given in Bennartz et (@017). The EMIR data record and supporting imfation can be
obtained free of charge frorittp://dx.doi.org/10.5676/DWD_EMIR/V001The EMIR data record (version 1) was
downloaded in May 2016.

ERA-Interim

The ERA-Interim’s atmospheric general circulationdel and 4D-Var assimilation system are based ervénsion of the

ECMWEF integrated forecast system that was uselddieECMWF operational system between 12 Decembed 208 5 June
2007 (Cy31r2). It is conducted at reduced resatutibabout 79 km in the horizontal (T255 in spdctzace) and 60 levels
in the vertical from the surface to 0.1 hPa. ERfetim is the predecessor of the ERA5 reanalysischwis currently in

production (Hersbach and Dee, 2016). ERA-Interiooiporates an improved representation of the hgdical cycle, 4D-

Var, the implementation of variational bias contiml satellite radiances and the assimilation ofANC satellite retrievals

using the 1D+4D-Var approach (Bauer et al.,, 20@§a,Over the global oceans boundary conditions parvided by

prescribed estimates for SST and sea-ice cover.-EBRAM exploits in situ measurements of surfacespure, 2 m
temperature, 2 m relative humidity from land stasioships and drifting buoys and near-surface wriooh these latter two,
upper-air temperatures, wind, and specific humifiityn radiosondes, pilot balloons, aircraft, anddvprofilers. The largest
amount of data comes from polar-orbiting and geimstary satellite observations, which are mostlgim#ated as

brightness temperature using suitable observatpanators. In addition, satellite-derived atmospherndtion vector winds,
information on surface wind from scatterometersynez retrievals, measurements from GPS radio o¢imuitand ocean
wave height from altimeters are ingested. Betwe392land 2006 there is an artificial reduction iagipitation of about 0.1

mm/day over the global oceans, which can be trdzadk to a problem in the linearized moist physitghe 1D-Var
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observation operator in the above-mentioned 1D+4D-4theme (Geer et al., 2008). The ERA-Interim aiess provides
globally complete atmospheric products from 197@anals at a mixed 3-hourly/6-hourly output frequeaoyl is continued
with updates available at about 3 months behintithe®. ERA-Interim and its quality is described ree et al. (2011).
Monthly means of temperature as well as TCWV aretiic humidity with a spatial resolution of 1°x#fere downloaded

from http://apps.ecmwf.int/datasets/November 2012 and June 2016, respectively.

ERA-20C

ERA-20C’s atmospheric general circulation model 4bdVar assimilation system are based on the versfdhe ECMWF
integrated forecast system that was used in the \BEMperational system between 19 June 2012 andu@é 2013
(Cy38rl). It was conducted though at a much redueedlution of about 125 km in the horizontal (TliB%pectral space)
and 91 levels in the vertical from the surface ltowt 80 km height (0.01 hPa). The radiative fordimgudes the CMIP5-
prescribed (Taylor et al., 2012) evolution of greemse gases, tropospheric and stratospheric (vMo)jca@rosols and solar
forcing, while the ocean surface is constrainedpbsscribed forcing from the HadISST2 SST and segpioduct (see
Hersbach et al., 2015 for details). ERA-20C onlgausbservations from surface pressure, mean sehpesssure and
marine wind, which were obtained from the Intermadil Surface Pressure Databank (Cram et al., 20drSjon 3.2.6 and
the International Comprehensive Ocean-Atmospherta Bet (Woodruff et al.,, 2011) version 2.5.1. Nomifdity
observations are assimilated and the analysissfifeld water vapour are provided indirectly from tmsimilated pressure
and wind observations via the model equations iphgsically meaningful way. ERA-20C provides glogatlomplete
atmospheric estimates for the period 1900-20103ahaurly output frequency. ERA-20C and its quaiitylescribed in Poli
et al. (2016). Monthly means of TCWV, specific hdity and temperature with a spatial resolution 6kx1 were
downloaded fronittp://apps.ecmwf.int/datasets/June 2016.

GOME/SCIAMACHY/GOME-2 GlobVapour

The GOME/SCIAMACHY/GOME-2 family of instruments aradir-looking spectrometers operating in the U\BMNIR
wavelength region A spectral window around th@®Hbsorption lines near 630 nm are used for thieved of TCWV both
over ocean and over land surfaces under dayligthtcégar-sky conditions (Wagner et al., 2003). Héihe, GOME Data
Processor 4.x algorithm (Grossi et al., 2015) iglied to observations from all three sensors. Tigerdhm has two major
steps: the Differential Optical Absorption Spectasy least-squares fitting for the trace gas stahimn, followed by the
computation of a suitable air mass factor to mdie d¢onversion to the vertical column density. Tlrenaass factor
algorithm used is optimised for generating selfsistent long-term climatological data, by minimgsiexternal inputs.
Monthly time series of TCWV derived for each instirent are harmonised using GOME as reference. Tddupt covers
the period January 1996 until December 2008 andahsisatial resolution of 0.5°. Further details ba tlata record and
results from validation can be found http://globvapour.info/documents.htnffee Product User Guide and Product
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Validation Report). The data record is accessibée hitp://globvapour.info/products.html#dafgnd the version 1 was

downloaded in June 2016.

HIRS UWisconsin

The HIRS UWisconsin moisture record retrieves TC\W¥ well as integrated high, mid, and low layer asgheric

humidity from clear-sky radiances measured by HtREr land and ocean both day and night. The reffisva statistical
regression (Seemann et al., 2003 and 2008) dewklivppm an atmospheric profile database (SeeBorb&vet al., 2005)
that consists of geographically and seasonallyridiged radiosonde, ozonesonde, and ECMWF reasalyata. The
AVHRR based Pathfinder Atmospheres - Extended clomagk is used to characterize HIRS sub-pixel clooer. The

HIRS TCWV and integrated high layer tropospherienfdity products are binned into a global map of®085°, for four

time periods daily (night before and after midnightd day before and after noon) and compiled imbothly amounts. The

HIRS UWisconsin moisture package (version 2.5R2 pavided via ftp and downloaded in May 2016.

HOAPS

The HOAPS data record is a satellite-based clirogiobf TCWV, near surface specific humidity, wirgksd, precipitation,
evaporation, latent heat flux and freshwater budgeaporation minus precipitation) over the glolug-free oceans. All
variables are derived from SSM/I passive microwaadiometers onboard various DMSP platforms, ext@p8EST, which

is taken from AVHRR measurements. The data recergb@ation involves multi-satellite averages, irgensor calibration,
and an efficient sea ice detection procedure. ANAPS products have global coverage, i.e., withiBG¢llongitude and
+80° latitude and are only defined over the icefozean surface. The products are available ashigomterages and 6-
hourly composites on a regular latitude/longitudi gvith a spatial resolution of 0.5°x0.5°. Moretaits on the water
vapour retrieval, the data record and results fuafidation can be found in Schliissel and Emery @Q)98ndersson et al.
(2010) and Schroder et al. (2013), respectivelysoAlthe validation report, algorithm theoreticakibadocument, and
product user manual can be downloaded friaitp://www.cmsaf.eu/docsStarting with v3.1 the data is accessible via
http://wui.cmsaf.euHere, HOAPS v3.2 was utilised, which was downéshoh March 2012.

JRA-55

JRA-55 is a global atmospheric climate dataset wogehe period from 1958, when regular radiosooldservations began
on a global basis, to the present. JRA-55 has peasfuced with the TL319 version of the Japan Metlemical Agency
operational data assimilation system (as of Decer2b@9), which features among others four-dimeraiosariational
analysis (4D-Var) and variational bias correctiondatellite radiances. The products are availablmonthly, 6-hourly and
3-hourly (for surface parameters only) temporabha&tgons on the TL319 quasi-regular Gaussian gp(oximately 55-km
resolution) as well as a regular latitude/longitypliel with a spatial resolution of 1.25°x1.25°. Madetails on input data,
methodology and quality of JRA-55 can be found obKyashi et al. (2015). Also, the JRA-55 produetrsishandbook can
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be downloaded fronmttp://jra.kishou.go.jp/JRA-55/index_en.htniMonthly means of temperature as well as TCWV and

specific humidity were downloaded framttp://jra.kishou.go.jpin February 2015 and July 2016, respectively.

Merged Microwave REMSS

The REMSS monthly merged TCWV vapour product iseadsed by combining measurements from SSM/l, SSMIS,
AMSR-E, WindSat, and AMSR2. The vapour algorithros éach of these instruments are very similar & AMSR-E
REMSS algorithm described above. The data from satdilite are assembled into monthly 1°x1° griddegps with valid
TCWYV over the ice-free ocean. These maps are guadihtrolled to exclude grid points that are cotedpby ice or land
emission. Then small offsets that are derived flmomparisons with TMI (Wentz, 2015) are applied &elites with
significant overlap with TMI. Then the gridded mapere combined into a single data record, usingpknaveraging for
months when two or more satellites were operatinfhe merged TCWV product is available (at

http://www.remss.com/measurements/atmospheric-waieo) as gridded 1°x1° gridded maps from January 1@8the

present and is updated on a monthly basis. Vatidatsults can be found in Mears et al. (2015). T8&/V data record
(V7) was obtained online frorhttp://www.remss.com/measurements/atmospheric-weagor/tpw-1-deg-product.htrih
April 2013.

MERIS GlobVapour

The high spatial resolution TCWV data record wasvee from ESA's 3rd reprocessing of the MERIS Lrghive. The
TCWV retrieval is based on an optimal estimatioprapch and applied to swath-based, normalized madgin MERIS
bands at 865 nm, 885 nm, and 900 nm, while thedcémueening procedure utilises the full set of MERAdiances between
400 and 900 nm. The product also includes inforomatin uncertainties. Further details on the reti@nd results from
validation are given in Lindstrot et al. (2012).eTthata record covers the period January 2003 —iVR0&2 and is available
on a global grid at a spatial resolution of 0.08&rothe coastal ocean, open ocean areas with aogwun glint, and cloud

free land surfaces. The data record (version 1)psagded via ftp in July 2015.

MERRA/MERRA-2

MERRA is described in (Rienecker et al., 2011). M/hhere were some successes in MERRA, the charajisgrving
system, particularly with sensors sensitive to waégour, lead to spurious jumps in the global TCvé¥ord. In attempting
to improve on MERRA, MERRA-2 incorporates a mass&seovation constraint on the dry mass and wateowap
assimilation that results in the global water vapanalysis increment to be negligibly small, whiws the result of a global
evaporation and precipitation balance (Takacs .et2@ll6; Gelaro et al., 2017). For total columnesathis has led to a
global time series that is much more stable thah ofi MERRA (Bosilovich et al., 2017). While theobll water analysis
increments are essentially zero, they can havdue s any given point or region, and the influen€¢he changing water

vapour observations can also be apparent. In addibver land surfaces, MERRA-2 uses observatiorected precipitation
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as the surface source of water, providing anotheexvation constraint in the global water cyclei¢Rle et al., 2017). The
input data, the methodology and the quality of MEBRRare described in Gelaro et al. (2017). Monthlgams of
temperature as well as TCWV and of specific humiMERRA) with a spatial resolution of 0.5°x0.66®tm downloaded
from https://goldsmr2.gesdisc.eosdis.nasa.govNovember 2012 and March 2013, respectively. RBR has a spatial

resolution of 0.5°x0.625° and was downloaded fidgtps://goldsmr5.gesdisc.eosdis.nasa.gowpril 2016.

MODIS/Aqua NASA (MYDO08_M3)

The MODIS/Aqua TCWYV data record from NASA was ohtal from the Collection 6 MODIS Near-IR Productall@d
MODO05). The near-IR TCWV is derived from the attation by water vapour of near-IR solar radiatibachniques (Gao
and Kaufman, 2003) employing ratios of water-vapalosorbing channels 17, 18, and 19 with the atnersphvindow
channels 2 and 5 are used. The ratios remove Ihattie effects of variation of surface reflectane#h wavelength and
result in atmospheric water-vapour transmittandége solar retrieval algorithm relies on observatiai water-vapour
attenuation of reflected solar radiation in therrieared MODIS channels so that the product isdpiced only over areas
where there is a reflective surface in the neardi®jng the daytime, over clear land areas of tlobeyand above clouds
over both land and ocean. Over clear ocean aressrwapour estimates are provided over the extkigtiat area. The
Level 2 data are generated at the 1 km spatialutiso of the MODIS instrument. There are three MGevel 3 gridded
atmosphere products: daily, 8-day, and monthly,re/ttike Level 2 atmosphere products are aggregatadlt x 1° equal-
angle global grid (called MODO08, Platnick et alQ18). The MODIS/Aqua MYDO08 monthly mean TCWV datcaord
(MYDO08_M3) was downloaded frommttps://ladsweb.modaps.eosdis.nasa.gov/search/afddD08_M3--6in May 2015.

nnHIRS

The nnHIRS global atmospheric temperature-humigitgfile data product is one of the products produty the
International Satellite Cloud Climatology Projeadas based on new retrievals from re-calibrateR$imeasurements (Shi
et al., 2016) with temporal (and some spatial)rpéations to provide global coverage every 3 herahe period 1980 —
2015. The new retrievals include the following: élxloud detection algorithm is applied to eachviddal field of view
(pixel) and all clear pixels are processed, (2) rdteieval procedure accounts for variations of,@GDundance over the
record, (3) the retrieval procedure accounts eitjylifor variations of surface topography and (¢ retrieval obtains values
for near-surface air and skin temperatures sepgprddecause of cloud cover, the typical coveragéhefglobe on a given
day is about 30% but only about 10-15% at a giuee of day. This product provides global coveragerg 3 hr from the
new retrieval results by employing time-interpadatiprocedures, including a specific statistical glodf the diurnal
variations of temperature in the lower troposphever land. The humidity profile is extended inte thtratosphere by
combining the HIRS-based results with those frolreptsatellite measurements of humidity (Davis amdeRlof, 2016).
The near-surface humidity over oceans is adjusteskd on a matched analysis of satellite microwshaemwations to

produce the SeaFlux products (Clayson et al., 2002¢ near-surface temperatures over land are tadjumsed on the
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global collection of surface weather observatioBsnith et al., 2011). Results from comparisons teoious other
observations are shown in the ISCCP H-Version C-BTB017). Monthly means of TCWV and specific hurtydrom the

nnHIRS data record were provided via ftp in Octob@t5 while monthly means of temperature were plediin August
2016. The data record was provided on a 1° eqeal grid together with software to map the data @ntegular longitude
and latitude grid of 1°x1°.

NVAP-M Climate / NVAP-M Ocean

The NVAP-M completely replaces the heritage NVARadset created in the 1990's and was created fiar prbiter
satellite data along with radiosondes and surfased Global Positioning System measurements. taotnthree data types
oriented towards different users: “Climate” strives maximum temporal consistency (NVAP-M Climatéyyeather”
strives for maximum spatial and temporal coverage ‘@cean” is a microwave-only record over the oc@dVAP-M
Ocean). NVAP-M Climate and Ocean have a grid reégoiwf 1°x1°, are provided as daily averages amwkc the period
1988-2009. Both contain TCWV while NVAP-M also caimts layered precipitable water vapour at 4 layleusther details
on the retrieval and first results from evaluatiam be found in Vonder Haar et al. (2012). Theijgrafata is not part of the
G-VAP data archive because it is not a producindeffiat vertical levels. NVAP-M Climate and Oceam faeely available at

https://eosweb.larc.nasa.gov/project/nvap/nvap-btetand were provided as beta-version in November Radember

2012, respectively. The data has not been changeebn the provision of the beta-version and theeferenced release
(10.5067/NVAP-M/NVAP_CLIMATE_Total-Precipitable-Weatt_L3.001).

SSM/I+MERIS GlobVapour

The combined SSM/I+MERIS TCWYV product utilises S$hiita on-board the DMSP satellites F13 and F14 thesice-
free ocean and MERIS data from ESA's 3rd reproegssi the MERIS L1 archive over cloud-free land ao@stal ocean.
Ocean areas with sun glint, where SSM/I observatame not available, are blended with gridded ME&a&. SSM/I and
MERIS data streams are processed independentlga@mbined afterwards, leaving the individual TCWMues and their
uncertainties unchanged. To ease utilisation, ®&I/S+MERIS product is distributed on a 0.5°x0.5fdgmwith the MERIS
product being averaged to match the lower spa&dlution. Upon request, the product can also beighed in 0.05°x0.05°
spatial resolution by oversampling the SSM/I praddte product is available as daily composite armhthly mean and
covers the period 2003 — 2008. The retrieval, thta decord and results from validation are desdribeLindstrot et al.
(2014). The data record is doi-referencetittp(//dx.doi.org/10.5676/DFE/WV_COMB/KP and accessible via
http://globvapour.info/products.html#daftfphe SSM/I+MERIS data record (version 1) was doaded in January 2014.

TMI REMSS
Using a consistent processing scheme and a roadgttive transfer model, the TMI data were intalzated with other

microwave radiometers, brightness temperatures s@mgputed, and then the ocean measurement progeotsgenerated
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for distribution. This carefully applied intercaldiion yields consistent products from all micro@aradiometer data
processed at RSS. Besides TCWYV the data recor@iosr§ST, 10 m surface wind speed, 10 m surfacd speed, cloud
liquid water, and rain rate. Further details onrtgieval are given in Wentz (1997, 2015) anddation results are given in
Wentz (2015). The data record is available at @ gggolution of 0.25°x0.25° and covers the periddecember 1997 to 31
December 2014. The TCWYV data record (V7) was obthionline fromhttp://www.remss.com/missions/tmi.htinl March
2015.

4.2 Processing

After download of the data records with technigaédfications as described in the previous secéiod prior to further
processing fill values, missing values and valles aire outside the data record specific validityge were assigned a
unique undefined value.

In order to ease joined analyses, the data re@yedmapped onto a common grid. The data recordsravéded as monthly
means. All data records except NVAP-M Climate aré#h are available as monthly means. NVAP-M Clinaate Ocean
contain daily averages and the daily values withimonth are arithmetically averaged using all valiservations to
compute monthly means. The common grid was defasthe minimum integer multiple applicable to mokthe data
record grids which leads to a grid resolution ofZ°longitude/latitude. In order to remove a shifthe spatial grid between
the satellite-based products and the reanalysidupts, the reanalysis grids are shifted by halfid lgox. Therefore, the
CFSR, ERA-Interim, ERA-20C, JRA-55, MERRA and MERRAmMonthly means are linearly interpolated to a gvith
unchanged spatial resolution but changed centr¢éiggms This approach was also applied to AMSR-EX8AThen, all data
records are arithmetically averaged onto the comgrahby considering all valid observations witlargrid cell (see also
Schrdder et al., 2016). Note that the regriddingcpdure impacts the data record’s internal variarak characteristics of
extremes.

Some reanalysis products contain valid values balosface pressure. Thus, a common surface pressmask was applied
to all data records. The common surface pressusk macomputed on monthly basis from MERRA montigan surface
pressure, then interpolated on to the common &véda below this surface pressure were set to thefined value. In case
information on surface pressure is an integral panthe individual data record both masks were igpplData at four
standard pressure levels are provided: 300 hPahB&0700 hPa, and 1000 hPa. An interpolation waseguired because
all profile data records include these four levétsnnHIRS and some reanalysis products, levelsvbelurface, e.g. in

presence of mountains, are not present.

All data records are provided as Network Commonalfatrmat files lfttp://www.unidata.ucar.edu/software/netgdirhe

data files conform to the NetCDF Climate and Foseddetadata Convention version 1tp://cf-pcmdi.linl.gov). In

addition to either TCWV (in kg/f), specific humidity (g/kg) or temperature (K) datiae longitude and latitude values are

part of each file and defined at grid centre. lrerprofile data records the pressure vector (i) Pacluded as well.
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4.3 Archive structure

The G-VAP data archive contains TCWV as well adile® of specific humidity and temperature. In artie allow a joint
analysis using all data records from the archive tfaximum common period covered by all data recoms identified
which is the period from January 2003 — Decemb&820n order to also provide data records thatvakm analysis and
intercomparison of data records in climate contaxdecond set of data records was defined whichssipe period January
1988 — December 2008 by looking for a maximum impwn temporal coverage and a maximum in numbevaiable
number data records. The common period for therwatgour and temperature profile data records foes January 1988
to December 2009. Thus, the G-VAP data archiveistmef four folders: 22 TCWYV data records coverihg period 2003-
2008, 11 TCWV data records covering the period 12@&3, as well as seven specific humidity and séemperature data
records covering the period 1988-2009. An overvidwhe folders is given in Table 3. The file nancesitain information
on parameter, key sensor, data record name, datedreersion, period and G-VAP data archive ver$idn0).

Besides the cautionary note on the impact of regnglon variability of each data record the follagricomments need to be
taken into account when working with the G-VAP datehive: The data records have been downloadedbat2012 and
2016. In the meantime new data record versionshefimdividual elements of the archive might be kde. Lastly,
individual data records differ in terms of spatiad temporal sampling, coverage, and masks applied.

As G-VAP will be continued the G-VAP data archivdlwe updated over the next years and releasezpproximately
2020. The updated release will include newly geteeralata records, data records which have not beesidered yet and
new versions of elements of the current G-VAP datzhive. It is planned to keep the overall formatl dechnical
specifications of the G-VAP data archive, with amportant change: In order to keep the gap betiastnyear covered by
elements of the archive and release date at minimndhin order to enhance applicability, the datords will not be

provided on common period but on individual temporverage.

5 Results from intercomparison

In order to provide an example of the analysis ipdessvith this archive and to reveal and, in parplain differences among
the data records, results from the intercompare&fohCWYV data records over the period January 20@3eember 2008,
i.e., utilizing data records from the folder TCWN@st, are shown in this section. In this way, déineents of the G-VAP

data archive are considered in this intercompareffort (see Table 3). Intercomparison resultslémg-term data records
and for profile data records are given in Schrédex. (2016, 2017a, 2018).

The analysis was carried out on the basis of mgntidans on a regular latitude longitude grid withr@solution. The

ensemble mean, the difference and the absolutectatile standard deviation were computed usingaitl observations at
each grid point and data from all records of th¥ &2 data archive. The relative standard deviati@s wormalised using

the ensemble mean.
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Figure 1 shows the ensemble mean and respectiodutdand relative standard deviations based o22haéata records. As
not all data records provide global coverage, tradlable number of data records differs regionalitandard deviations are
generally lowest over ocean areas, whereas ovey fha values are generally larger. Regional maxmsiandard deviation
occur over central Africa, the tropical warm pootaSouth America. Largest relative standard dewiatiare found in polar
and high mountain regions (>25%).

The intercomparison is further refined by dividig 22 data records into the following three classkear-sky, cloudy-sky
and all-sky. The assignment of a data record toodrikese classes is done according to the precgorgondition required
for retrieval application. Some data records inelumbservations under predominant clear-sky conditiovhile others
include observations under predominant clear-skiy doudy-sky conditions and under all-sky conditiphe., additionally
in presence of strong precipitation. The clear-slass is further divided into data records whiclowalobservations on
global scales and above land only. Note that thethiyp mean products have been used without anytefficharmonise the
cloud and precipitation screening and that the rsgjoa of the data records according to predomiicandition of retrieval
applicability essentially also separates the datnds from different sensor types. For simpliditg terms clear-sky,
cloudy-sky and all-sky class are used to indidagepredominant condition of retrieval applicability

Figure 2 depicts ensemble means and respectivédasthdeviations for the three different classeindefabove. The all-sky
class includes six data records, of which all aanalysis products (CFSR, ERA-Interim, ERA-20C, H8 MERRA, and
MERRA-2). The differences among them are genetally with absolute (relative) standard deviatiotues staying below
3 kg/m2 (15%). Largest differences are found ogedlareas, in particular over Africa. The cloudy-slass includes mainly
products based on passive microwave radiometets reftieval schemes mostly limited to ice-free acaseas: AMSR-E
JAXA, AMSR-E REMSS, ATOVS CM SAF, EMIR, HOAPS, NVAM Climate, NVAP-M Ocean, SSMI+MERIS, Merged
Microwave REMSS, and TMI REMSS. The data recorde@generally well, with relative standard deviati@lues below
10% over large parts of the ocean, except for tiargocean) regions where standard deviation gadlarger than 25% are
found. The clear-sky class includes data recordedan measurements from ultraviolet/visible/neénared imagers that
cannot see through clouds and are therefore predmthy limited to clear-sky condition: AIRWAVE, HRR UWisconsin,
GOME/SCIAMACHY/GOME-2 GlobVapour, MYD08_M3, MERIS IGobVapour, nnHIRS, and SSMI+MERIS. These data
records exhibit global coverage, except AIRWAVE dan only) and MERIS-related products (land only)RS

UWisconsin, GOME/SCIAMACHY/GOME-2 GlobVapour, MYDO8&13, and nnHIRS have global coverage. Results are

presented separately for all data records withajlobverage (third row in Figure 2) and all dateorels with coverage over
land areas (fourth row in Figure 2). The resuliset large standard deviations between the datadsedoth over land and
ocean. Large relative standard deviations are ggaind over the polar regions, both over land acelao. The area of the
ITCZ, deserts (e.g., Sahara) and mountain regiomsffiected by large differences. Systematic diffiees might occur in
mountain regions due to differences in originaltisphaesolution. In addition, the treatment of tgpaphy differs between
the data records and over land the ambiguity betweeace properties and near surface atmospheniegies in retrieving

humidity at near surface layers is challenging diffégrences in its treatment contribute to the obsé features over land.
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In order to investigate in more detail which dataards cause the different areas with increaseuiatd deviation values,
the difference relative to the ensemble mean wasileded for each of the 22 data records. The spording maps are
shown in Figure 3. All IR-based retrievals (AIRWAYBIRS UWisconsin, nnHIRS, MYDO08_M3) exhibit largesitive
differences over subtropical high pressure zon€&ME/SCIAMACHY/GOME-2 GlobVapour also exhibits a fage in this
area but shows negative differences, thus lowaregathan the other IR-based retrievals. ATOVS CMr®Ad MERRA-2
exhibit positive differences over all continentsilwmnHIRS shows generally negative differencesrdaed. On regional
scales over land, ERA-20C and nnHIRS show the &ingegative differences whereas ATOVS CM SAF, MYDU3 and
NVAP-M Climate show the largest positive differeacen regional scales over land. These regionakscate mainly
located in the tropics, i.e., over central AfricaedeBouth America and the Sahara. Here also thalyesas data records differ,
with ERA-20C and JRA-55 showing lower values coregato the other reanalyses. Over the ocean aréBsedces are
generally small for all microwave based and reaialproducts except ERA-20C, JRA-55, and NVAP-Oavhshow
relatively large negative (reanalyses) and positNgAP-O) differences in the tropics. The featum®r South America,
central Africa, Sahara and the tropical warm paoinot be explained by contributions from a singldier. Schroder et al.
(2016) analysed anomaly differences over the regafncentral Africa, Sahara and South America usirgubset of data
records. Their Figure 5 shows that CFSR (Sahar&RRA (central Africa, Sahara) and NVAP-M Climatefftral Africa)
exhibit break points in and opposed temporal char{uth America) over the period 2003-2008. Timad, systematic
differences but break points and opposed tempdrahges can at least partially explain the distfeatures at regional
scales.

Figure 4 shows time series of TCWV and TCWV anoesativer the tropical ocean, with the data recordsped according
to the three different classes of predominantee#ii condition. They served to investigate the tescy of the temporal
variability as possible source for differences fdumetween the data records and to assess the peesérsystematic
differences among the three classes. The reanalgsis (all-sky class) show good agreement over tiwe¥ the tropical
ocean area, with a spread of around 2 kg/m? amuaglifferent data records. This is not too surpgsas the spatial maps
already showed the good agreement among the reasabyer ocean. For the two other classes, howeredigund areas of
larger differences in Figure 2. Accordingly, relally large spreads among the data records in ftther @f 5 kg/m2 and 6
kg/mz for the cloudy-sky and clear-sky classes wWetmd, respectively. Concerning the data recordsifthe cloudy-sky
class the spread is mainly caused by NVAP-M Climetd Ocean that both show larger values than therstwhich
actually agree within 2 kg/m2. Despite the offseé&dween the data records, the anomalies agreeberlleen the data
records from the cloudy-sky class. Only the EMiRm@alies exhibit individual months with larger difémces (~1 kg/m?) in
2005 and 2006 with respect to the other anomalg 8eries. For the data records from the clear-glgscan offset between
the individual records and differences with respdot the seasonal cycle and its magnitude were found
GOME/SCIAMACHY/GOME-2 GlobVapour and MYD08_M3 shopronounced biannual cycles with maxima in spring
and fall. Reasonable agreement is found between ESRMIAMACHY/GOME-2 GlobVapour and AIRWAVE as welsa
HIRS UWisconsin, MYDO08_ M3 and nnHIRS until end d&fd5. Afterwards this agreement disappears. Thisitly due to
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a small increase in TCWV for HIRS UWisconsin ovére tperiod 2003-2008 and to a decrease in TCWV for
GOME/SCIAMACHY/GOME-2 GlobVapour occurring in la006 and 2007. The latter change coincides witHahech

of Metop-A end of 2006 with the GOME-2 instrumenboard.

Frequently observed regional maxima in standardatien (Figure 1 and Figure 2) and in absoluteat#hce (Figure 3)
occur in regions with persistent and large meancimover. Sohn and Bennartz (2008) argue thatgéeific humidity (and
with this TCWV) within clouds is generally largéran in surrounding clear-sky areas. This clearksfy is in order of 10%
(Sohn and Bennartz, 2008). This is similar to tiféexence between HIRS UWisconsin, MYD08_M3, andHiRS and
AMSR-E JAXA, AMSR-E REMSS, ATOVS CM SAF, HOAPS, Mgd Microwave REMSS and TMI REMSS (Figure 4).
However, the variability in TCWV within the cloudsky and the clear sky class is relatively larggFé 4) and prohibits
conclusions on systematic differences between ltreky and cloudy-sky as well as between the closkly and clear-sky
class. As noted previously, the presented resuishased on a separation of the data records aegai@ predominant

retrieval condition and not according to atmosphedindition.

6 Data availability

The G-VAP data archive was generated in April 20lffe data is available in netCDF format and carabeessed via
http://dx.doi.org/10.5676/EUM_SAF_CM/GVAP/VO@Schrbder et al., 2017b).

7 Conclusions

An overview of satellite sensors capable of retnigwquantitative information on atmospheric watapeour and of available
water vapour data records based on satellite oasens and reanalyses is given. The summary tabieavailable data
records include information on technical specifima$ such as coverage and resolution in order &blena first order
decision on utilisation by users. 22 data recomsain after restricting the temporal coverage toimimum of 10 years.
These data records are described in some mordsdemaimethodology and basic technical specificatiand form the basis
of the G-VAP data archive. The archive containdile® of temperature in K (1988-2009) and of spediumidity in g/kg
(1988-2009), long-term TCWV (1988-2008) and shertst TCWV (2003-2008), both in kgfmAll data records have been
regridded onto a common, regular longitude/latitggel with 2° spatial resolution. The profile datecords contain
information at four levels: 1000, 700, 500 and 3@@a. The G-VAP data archive is freely available at
http://dx.doi.org/10.5676/EUM_SAF_CM/GVAP/V0O0and includes the vast majority of available wat@pour data

records from satellite and reanalyses with a teaipmoverage of at least 10 years. The G-VAP dathie is designed to

allow direct intercomparisons using a subset othar full archive. Except for analysis which reqsire high level of
stability, the archive can be used in context ahate analysis, climate model evaluation and thaysis of impacts and

dynamics associated to large scale climate relepahomena such as El Nino.
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In order to give an example of the analysis possitith this archive and to showcase differencesrgribe data records,
TCWYV data records over the period January 2003 eeBer 2008 were intercompared. In this way, akk@nents of the
G-VAP data archive are considered. The intercorsparrevealed regions of distinct differences amitregdata records,
namely, central Africa, tropical warm pool, Soutimérica, as well as polar and mountain regions. trthér refine the
analysis, the data records were separated int@ ttliaesses of predominant condition of retrievalligppility: all-sky,
cloudy-sky and clear-sky. The spread of the tinteesen each class can be large and exceeds tleeetites between the
classes. Also, the separation into the three dasssentially also separates the data records $emsor types. Thus,
conclusions on systematic differences betweenltsses can not be drawn.

G-VAP will continue to work on the characterisatioh water vapour data records. In particular, neatadrecords and
updated versions of already analysed data recoiltlbavimplemented into future versions of the G-®Alata archive in

order to continue to strive for completeness arstidiee any changes in quality between the diffevensions.

Appendix A

This appendix gives definitions for the abbreviatidhat are used in this paper.
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Table 1: Summary of main satellite instruments usedor water vapour climate data records. Spatial restution is typically given at
nadir. The last column provides information on the @plicability of typical water vapour retrieval schemes under certain
conditions and in certain regions.

Spatial
Sensor Type Platform Spatial Number:of sampling
channels
characteristics
(A)ATSR Visible (ATSR-2, Polar 1km 7 (4 for clear, ocean
AATSR), NIR ATSR-1)
and IR radiometer
AIRS Infrared Polar 15 km 2378 clear,
Hyperspectral ocean+land
Sounder
(spectrometer)
AMSR-E Microwave Polar 12 km 12 clear+cloudy,
Imager ocean
AMSU-B/  Microwave Polar 15 km 5 clear+cloudy,
MHS Sounder ocean
COSMIC GPS Radio Polar ~100 km along 2 clear+cloudy,
Occultation Limb a ray ocean+land
Sounding
GOME UV/VIS/NIR Polar 40 km x 320 km 3584 clear,
spectrometer ocean+land
GRAS GPS Radio Polar ~100 km along 2 clear+cloudy,
Occultation Limb a ray ocean+land
Sounding
HIRS Infrared Polar 20 km 20 clear,
Broadband ocean+land
Sounder
(radiometer)
IASI Infrared Polar 12 km 8461 clear,
Hyperspectral ocean+land
Sounder
(spectrometer)
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MERIS

MODIS

MWR

SSM/I

SSMIS

SSMIT-2

T™I

TMR

Visible and NIR
spectrometer
Visible, NIR and
IR spectro-
radiometer
Microwave
Imager
Microwave
Imager
Microwave
Imager
Microwave
Sounder
Microwave

Imager

Microwave

Imager

Polar

Polar

Polar

Polar

Polar

Polar

Low

inclination

tropical orbit

Polar

1 km

0.25 -1 km

20 km x 20 km

40 km

47 km

50 km

10 km

11 km x 5 km

15

36

24

clear, land

clear

clear+cloudy,
ocean
clear+cloudy,
ocean
clear+cloudy,
ocean
clear+cloudy,
ocean
clear+cloudy,

ocean

clear+cloudy,

ocean
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Table 2: Satellite and reanalysis data records. Typadly the data record name is given under “Data recal”. If not available the
owner's name is provided. * Element of the G-VAP dat archive.

] Para- Spatial/temporal Spatial/temporal
Technique Data record ] Reference(s)
meters resolution coverage
(A)ATSR AIRWAVE* TCWV 1x1 knf, 0.25°, daily global, 11/1991 - Casadio et al. (2016),
02/2012 Castelli et al. (2015)
AIRS, HIRS, NVAP-M TCWYV, 1° or 0.5°, daily global, 01/1988- http://dx.doi.org/10.5067/
SSMI/l, GNSS, Climate* wv 12/2009 NVAP-
Radiosondes M/NVAP_CLIMATE_ Tot
al-Precipitable-
Water L3.001Vonder
Haar et al. (2012)
AIRS, AMSU, NASA TCWYV, 1°, 12 levels, daily, global, 09/2002- https://airs.jpl.nasa.gov/dat
HSB WV, T monthly present a/algorithms
AIRS, AMSU-A, AIRSM_CPR_I WV, T 45 km, daily-weekly global, 07/2006- https://reverb.echo.nasa.go
CPR, MODIS ND 11/2012 vireverb/
AMSR2, AMSR-E, REMSS* TCWV 1.0°, monthly global ice-free Hilburn and Wentz (2008)
SSM/l, SSMIS, ocean, 01/1988-
WindSat present
AMSR-E REMSS* TCWV 0.25°, monthly global ocean, Hilburn and Wentz (2008)
06/2002-09/2011
AMSR-E JAXA* TCWV Level 2: sensor global ocean, https://gcom-w1.jaxa.jp
resolution, Level 3:  06/2002-10/2011 http://sharaku.eorc.jaxa.jp/
0.25°, monthly AMSR/products/
Takeuchi (2002)
ATOVS CM SAF* TCWV, 90 km, daily, global, 01/1999- http://dx.doi.org/10.5676/E
WV, T monthly 12/2011 UM_SAF_CM/WVT_AT
OVS/V001, Courcoux and
Schrdder (2015)
COSMIC ROM SAF WV, T 5°, vertically 200 m, global (zonal http://www.romsaf.org/GR
0-12 km, monthly means), M-19.php
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05/2006-present

http://www.romsaf.org/GR
M-20.php,




COSMIC

GOME,
SCIAMACHY,
GOME-2
GOME,
SCIAMACHY,
GOME-2
GRAS

HIRS

HIRS

HIRS

MERIS

MODIS

MWR

UCAR

UBremen

GlobVapour*

UCAR

nnHIRS

NOAA

UWisconsin*

GlobVapour*

MODO0S8,
MYDO8*

EMIR*

WV, T

TCWV

TCWV

WV, T

TCWV,

WV, T

TCWYV,
WV, T

TCWV,
WV

TCWV

TCWYV,
WV

TCWV

sensor resolution,
vertically 100 m,

sensor resolution

sensor resolution,

sensor resolution

sensor resolution,
0.5°, monthly

sensor resolution,
vertically 100 m,

sensor resolution

1°, 17 levels (10 hPa

top) (T), 3-hourly,
monthly

sensor resolution,
8 layers, sensor

resolution

global, 05/2006-
04/2014

global, 07/1995-

03/2012

global, 01/1996-
12/2008

global, 10/2007-
12/2011

global, 08/1979—
12/2014

global, 07/1979-
12/2014

0.5°, 3 layers (10-440 global, 07/1980—

hPa top), 6-hourly,

monthly
0.05°, 0.5°, dalily,
monthly

1°, 20 levels (5 hPa
top), daily, monthly

0.5°, sensor

35

03/2016

global land,
01/2003-09/2012
global, 2000-2014
(TERRA);
2002-2014
(AQUA)

global, 08/1991-

http://preop.romsaf.org/pro

duct _documents/romsaf at

bd_ldvar.pdf

http://cdaac-
www.cosmic.ucar.edu/cda

ac/products.htmiWee and
Kuo (2015)

http://www.iup.uni-

bremen.de/amcdoadoel
et al. (2004)
Grossi et al. (2015)

http://cdaac-
www.cosmic.ucar.edu/cda

ac/products.html
Rossow and Perl (2017)

Shi et al. (2016)

Borbas et al. (2005),
Seemann et al. (2003,
2008)

Lindstrot et al. (2012)

http://dx.doi.org/10.5067/
MODIS/MOD08_M3.006
http://dx.doi.org/10.5067/
MODIS/MYD08_M3.006
Platnick et al. (2015)

http://dx.doi.org/10.5676/




0CO-2

OoMI

POLDER

Reanalysis

Reanalysis

Reanalysis

Reanalysis

Reanalysis

Reanalysis

CSu

NASA/Harvard

U Lille

ERA-Interim*

ERA-20C*

MERRA*

MERRA-2

CFSR*

JRA-55*

TCWV

TCWV

TCWV

TCWYV,
WV, T

TCWV,
WV, T

TCWV,
WV, T

TCWV,
WV, T

TCWYV,
WV, T

TCWV,
WV, T

resolution,

monthly

1.3 km x 2.3 km,
sensor resolution
13 km x 24 km at
nadir, sensor
resolution
1/6°, sensor
resolution, daily,

monthly

~80 km (T255), 60

levels (0.1 hPa top),

6-hourly, monthly

~125 km (T159), 91
levels (0.01 hPa top),

3-hourly, monthly
0.5° x 0.667°,

72 levels (0.01 hPa
top), hourly (TCWV),

6-hourly,

monthly

0.5° x 0.625°,

72 levels (top 0.01
hPa), hourly, 6-
hourly, monthly
0.5° (T382),

37 levels (0.266 hPa

top), hourly,
monthly
~55 km (T319) or

1.25°, 60 levels (0.1

36

03/2012

global, 08-2014-
present
global, 01/2005—-
12/2009

global, 12/2004-

12/2013

global, 01/1979-

present

global, 01/1900-
12/2010

global, 01/1979-
02/2016

global, 01/1980-

present

global, 01/1979-

present

global, 01/1958-

present

DWD_EMIR/V001,
Bennartz et al. (2017)

Nelson et al., 2016

Wang et al. (2016)

http://www.icare.univ-
lillel.fr//archive/?dir=PAR
ASOL/RB2.v18.19/
Bouffies et al. (1997)
Dee et al. (2011)

Poli et al. (2016)

Rienecker et al. (2011)

Gelaro et al. (2017)

Saha et al. (2010)

Kobayashi et al. (2015)



SSMII

SSMII

SSM/I, MERIS

TES

T™I

TOVS

TOVS

HOAPS*

NVAP-M

Ocean*

GlobVapour*

NASA

REMSS*

TOVS
Path B
TOVS
Path A

TCWV

TCWV

TCWV

TCWV,
WV, T
TCWV

TCWYV,
WV, T
TCWYV,
WV, T

hPa top), 3-hourly,
6-hourly,

monthly

0.5°, 6-hourly,
monthly

1.0°, daily

0.05°, 0.5°, dalily,
monthly

4° x 2°, daily,
monthly
0.25°, monthly

1°, 4 layers (300 hPa
top), daily, monthly
1°, 4 layers (300 hPa
top), daily, monthly

global ocean,
07/1987-12/2008

global ice-free
ocean, 01/1988-
12/2009

global, 01/2003-
12/2008

global, 09/2004-
present

global ocean,
12/1997-12/2014
global, 01/1987-
06/1995

global, 01/1987-
06/1993

Schlissel and Emery
(1990), Andersson et al.
(2010)
http://dx.doi.org/10.5067/
NVAP-
M/NVAP_CLIMATE_Tot
al-Precipitable-

Water L3.001Vonder
Haar et al. (2012)
http://dx.doi.org/10.5676/
DFE/WV_COMB/FR
Lindstrot et al. (2014)
https://tes.jpl.nasa.gov/data
Worden et al. (2006)
Wentz (1997, 2015)

Scott et al. (1999)

Susskind et al., 1997
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Table 3: Overview of the G-VAP data archive.

Temporal
Folder Parameter Data records
coverage
Specific_humidity  Specific 01/1988 — CFSR, ERA-20C, ERA-Interim, JRA-55, MERRA, MERRA-2,

humidity at four 12/2009
levels, in g/kg

Temperature Temperature at  01/1988 —
four levels, in K 12/2009
TCWV/long Total column 01/1988 —

integrated water 12/2008
vapour, in kg/m

TCWV/short Total column 01/2003 —
integrated water 12/2008
vapour, in kg/m

nnHIRS

CFSR, ERA-20C, ERA-Interim, JRA-55, MERRA, MERRA-2,
nnHIRS

CFSR, ERA-20C, ERA-Interim, HOAPS, JRA-55, MERRA,
MERRA-2, nnHIRS, Merged Microwave REMSS, NVAP-M
Climate, NVAP-M Ocean

AIRWAVE, AMSR-E JAXA, AMSR-E REMSS, ATOVS CM
SAF, CFSR, EMIR, ERA-20C, ERA-Interim,
GOME/SCIAMACHY/GOME-2 GlobVapour, HIRS UWisc,
HOAPS, JRA-55, Merged Microwave REMSS, MERIS
GlobVapour, MERRA, MERRA-2, MYD08_M3, nnHIRS, NVAP-
M Climate, NVAP-M Ocean, SSM/I+MERIS GlobVapour, TM
REMSS
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Table Al. Explanation of abbreviations.

AIRS
AIRWAVE
(A)ATSR
AVHRR
AMSR2
AMSR-E
AMSU-A, -B
(A)TOVS
ATSR

CDR

CFSR
CHAMP

CM SAF
COSMIC
CPR

CriSs

DMSP
ECMWF
ECV

EMIR

ESA
EUMETSAT
EPS-SG
ERA-20C
ERA-Interim
EUMETSAT
GCOSs
GDAP
GEWEX
GNSS
GOME, GOME-2
GPS-RO
GRAS
G-VAP
HIRS
HOAPS
HSB

IASI

ITCZ

JAXA
JRA-55
MPI-M
MERIS
MERRA, MERRA-2

Metop
MHS
MODIS

Atmospheric Infrared Sounder

Advanced InfraRed Water Vapour Estimator

(Advanced) Along-Track Scanning Radiometer

Advanced Very High Resolution Radiometer

Advanced Microwave Scanning Radiometer 2

Advanced Microwave Scanning Radiometer for EOS

Advanced Microwave Sounding Unit-A, -B

(Advanced) TIROS Operational Vertical Sounder

Along-Track Scanning Radiometer

Climate Data Record

Climate Forecast System Reanalysis

CHAllenging Minisatellite Payload

Satellite Application Facility on Climate Monitogn

Constellation Observing System for Meteorologydgwhere, and Climate
Cloud Profiling Radar

Cross-track Infrared Sounder

Defense Meteorological Satellite Program

European Centre for Medium-Range Weather Forecasts

Essential Climate Variables

ERS/Envisat MWR Recalibration and Water Vapour TG&eration
European Space Agency

European Organisation for the Exploitation of Metdogical Satellites
EUMETSAT Polar System Second Generation

ECMWF twentieth century reanalysis

ECMWF Interim Reanalysis

European Organisation for Exploitation of Meteogital Satellites
Global Climate Observing System

GEWEX Data and Assessments Panel

Global Energy and Water cycle Exchanges

Global Navigation Satellite System

Global Ozone Monitoring Experiment

Global Positioning System Radio Occultation

Global Navigation Satellite System Receiver for Aspheric Sounding
GEWEX water vapor assessment

High Resolution Infrared Sounder

Hamburg Ocean Atmosphere Parameters and FluxesSedetlite data
Humidity Sounder for Brazil

Infrared Atmospheric Sounding Interferometer

Intertropical Convergence Zone

Japan Aerospace Exploration Agency

Japanese 55-year Reanalysis

Max Planck Institute for Meteorology

Modern Era Retrospective-Analysis for Research/mglications
Modern-Era Retrospective analysis for ResearchAqmdications (Version
2)

Meteorological Operational Satellite

Microwave Humidity Sounder

Moderate-resolution Imaging Spectroradiometer
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MWR
NASA
NCEP
(N)IR
NOAA
NVAP
NVAP-M
OCO-2
OLCI
OMI
POLDER
REMSS
RMSD
ROM SAF
SCIAMACHY
SPARC
SLSTR
SSMIS
SSM/I
SSM/T-2
SST

T

TCWV
TES
TIROS
TMR
TMI

U

UCAR
uv

vis

WV

Microwave Radiometer

National Aeronautics and Space Administration

National Centers for Environmental Prediction

(Near) InfraRed

National Oceanic and Atmospheric Administration

NASA Water Vapor Project

NVAP — Making Earth Science Data Records for Rege&nvironments
Orbiting Carbon Observatory-2

Ocean Land Colour Instrument

Ozone Monitoring Instrument

POLarization and Directionality of the Earth's Reflinces
Remote Sensing Systems

Root Mean Square Difference

Satellite Application Facility on Radio Occultatiddeteorology
Scanning Imaging Absorption Spectrometer for Atntiesjc Chartography
Stratosphere-troposphere Processes And their R@lémate
Sea and Land Surface Temperature Radiometer

Special Sensor Microwave Imager

Special Sensor Microwave Imager/Sounder

Special Sensor Microwave/Temperature-2

Sea Surface Temperature

(profiles of) Temperature

Total Column Water Vapour

Technology Experiment Satellite

Television Infrared Observation Satellite

TOPography EXperiment Microwave Radiometer
Tropical Rainfall Measuring Mission's Microwave lgea
University

University Corporation for Atmospheric Research

Ultra Violet

visible

(profiles of) Water Vapour
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TCWV ensemble mean
- = s

TCWV rel.stdd [%]

Figure 1: Ensemble mean (left), absolute (middle) ahrelative (right) standard deviation calculated baed on all elements of the G-
VAP data archive. Note that the number of availabledata records differs regionally.
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Figure 2: TCWV ensemble means (left), absolute (middle) and I&tive (right) standard deviations for the different classes of
predominant retrieval condition (from top to bottom): all-sky, cloudy-sky, clear-sky (global) and cleasky over land.
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bias vs ensemble mean [kg/m?]
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Figure 3: TCWV bias relative to the ensemble mean foall elements of the G-VAP data archive. Partly tle panels include
unambiguous abbreviations of the data record namesvith the following exceptions: AMSR-E JAXA (AMSRE;j), AMSR-E
REMSS (AMSREr), Merged Microwave REMSS (REMSS).
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Figure 4: Time series (01/2003 — 12/2008) of TCWV (ipand TCWV anomalies (bottom) for the tropics (+20RN/S) over ocean for
the predominant retrieval condition classes all-skyleft), cloudy-sky (middle) and clear-sky (right).MERIS is not shown because it
is not defined over ocean. Partly the legends indie unambiguous abbreviations of the data record nass with the following

exceptions: AMSR-E JAXA (AMSREj), AMSR-E REMSS (AMSREr), Merged Microwave REMSS (REMSS).
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