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Abstract. The European Organisation for the Exploitation shows an overall good agreement between the climatology
of Meteorological Satellites (EUMETSAT) Satellite Appli- and the analyses, with daily absolute biases generally smaller
cation Facility on Climate Monitoring (CM SAF) aims at than 2kgnt2. The absolute value of the bias to JRA and
the provision and sound validation of well documented Cli- ERA INTERIM is typically smaller than 0.5 kg if. For the
mate Data Records (CDRs) in sustained and operationgberiod 1991-2006, the root mean square error (RMSE) for
environments. In this study, a total column water vapourboth reanalyses is approximately 2 kgfnAs SSM/I WVPA

path (WVPA) climatology from CM SAF is presented and and radiances are assimilated into JMA and all ECMWF
inter-compared to water vapour data records from variousanalyses and to assess consistency with existing WVPA cli-
data sources. Based on homogenised brightness temperatumasitologies, the SSM/I-based climatology is also compared
from the Special Sensor Microwave Imager (SSM/I), a cli- to the time series of SSM/l and TMI (Tropical Rainfall Mea-
matology of WVPA has been generated within the Ham-suring Mission Microwave Imager) WVPA from Remote
burg Ocean—Atmosphere Fluxes and Parameters from SateSensing Systems (RSS), leading to results consistent with
lite (HOAPS) framework. Within a research and operation the reanalyses results. This evaluation study gives confidence
transition activity the HOAPS data and operation capabilitiesin consistency, accurateness and stability of the total water
have been successfully transferred to the CM SAF where th&apour climatology produced.

complete HOAPS data and processing schemes are hosted
in an operational environment. An objective analysis for in-
terpolation, namely kriging, has been applied to the swath-

based WVPA retrievals from the HOAPS data set. The result1l  Introduction

ing climatology consists of daily and monthly mean fields of

WVPA over the global ice-free ocean. The temporal coverage/Vater vapour plays a central role in the Earth’s energy bud-
ranges from July 1987 to August 2006. After a comparisondet and water cycles and is the most effective greenhouse
to the precursor product the CM SAF SSM/lI-based climatol-9as, making it a key variable for climate analysis. A total
ogy has been comprehensively compared to different type@O% of the natural greenhouse effect can be explained with
of meteorological analyses from the European Centre fovater vapour opacity in the atmosphere (Kiehl and Tren-
Medium-Range Weather Forecasts (ECMWF-ERA40, ERAberth, 1997). Water vapour plays an amplifying role in global
INTERIM and operational analyses) and from the Japanwarming through a strong positive climate feedback loop, as

Meteorological Agency (JMA—JRA). This inter-comparison evident in climate predictions (Held and Soden, 2000). The
water vapour feedback in turn interacts with the cloud and
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ice albedo feedbacks and is dominated by water vapour irset from the NASA (National Aeronautics and Space Ad-
the tropical free troposphere (Held and Soden, 2000; IPCCministration) Water Vapour Project (NVAP) is based on a
2007). With increasing temperature the water vapour contentombination of SSM/I, TOVS (TIROS Operational Vertical
in the lower troposphere increases. This results in changes ddounder) and radiosonde data for the years 1988-1999 (Ran-
the hydrological cycle, in particular also in increased likeli- del et al., 1996) and is being reanalysed and extended to
hood of more intense precipitation events (IPCC, 2007; Al-cover the period 1988—2009 (NVAP-M as part of NASAs
lan et al., 2010). The spatial distribution of WVPA (total MEaSUREs (Making Earth System Data Records for Use
column water vapour path) and precipitation and their seain Research Environments) programme, Vonder Haar et al.,
sonal cycle exhibit clear similarities, at least in the tropics 2012). A second project on water vapour within the MEa-
(Trenberth, 2011). With increasing temperature and with un-SUREs programme focuses on the generation of multi-sensor
changed winds, wet areas will get wetter and dry areas willwater vapour climate data record using cloud classification
get drier, as noted, e.g. in Chou and Neelin (2004) and Allarfrom A-Train measurements and has recently been released
and Soden (2007). This likely leads to intensified droughts inunderhttp://disc.sci.gsfc.nasa.gov/
divergence zones of the subtropics and floods in the conver- Employing the Clausius—Clapeyron relationship between
gence zones of the tropics. Eventually, the combined effect ofemperature and the approximate response of saturation
more intense precipitation events and increased WVPA willvapour pressure leads to a theoretical change in atmo-
affect atmospheric circulation. More details can be found in,spheric water vapour of 7%# (IPCC, 2007). Trenberth
e.g. Trenberth (2011) and Sherwood et al. (2010). et al. (2005) analysed decadal trends in WVPA from SSM/I
Analysing the recent decades of the global water vapourver open oceans and found an average trend b8 % per
distribution and changes is expected to help extend our undecade or 8.87 % K. relative to observed changes in sea sur-
derstanding of the climate system and how it responds to inface temperature. Considering the tropical belt, a value of
creasing greenhouse gas concentration. Also, the analysis @8 % K1 has been observed which is slightly larger than
synoptic scale water vapour transports can yield valuable inthe theoretically expected value.
sights into the dynamics of the atmosphere and its evolution. In this paper we introduce the CM SAF total column wa-
The Global Climate Observing System (GCOS) intro- ter vapour climate data record (Jonas et al., 2009) derived
duced and defined Essential Climate Variables (ECV), ondrom SSM/I observations onboard the Defense Meteorolog-
of them being WVPA. Requirements for accuracy (stated ascal Satellite Program (DMSP) platforms using the HOAPS
bias) and stability, which is the temporal variation of the (Hamburg Ocean—Atmosphere Fluxes and Parameters from
bias, for WVPA are provided by GCOS and published in Satellite) algorithm for WVPA (Sclilssel and Emery, 1990).
GCOS-107 (2011): 1% (bias) and 0.3 % per decade (stabilThe HOAPS algorithm package has been developed at the
ity). Current CDRs (climate data records) are mainly basedviax-Planck Institute for Meteorology (MPI) and the Univer-
on observations of operational satellite systems that were prisity of Hamburg (UHH) (Schulz et al., 1998; Jost et al., 2002;
marily built to support short-term weather and environmentalAndersson et al., 2010). The HOAPS algorithm and associ-
prediction applications. Many problems are associated withated products are widely used in the scientific community,
the utilization of operational satellites for climate monitor- e.g. in Chou et al. (2004), Curry et al. (2004), Gershunov and
ing due to — among other reasons — instrument changes aridoca (2004), Kumar and Schulz (2002)y9ke (2006) and
changes in calibration approaches. In consequence, signifiSsohn et al. (2004), and have been positively evaluated in an
cant efforts are needed to homogenise and inter-calibrate randependent retrieval assessment by Sohn and Smith (2003).
diance data records for input to consistently-applied retrieval The WVPA product has further been post-processed by ap-
schemes that derive ECVs such as WVPA. The Sustaineglication of an objective analysis for interpolation, namely
and Coordinated Processing of Environmental Satellite Datériging. Kriging has the advantages to allow for gap filling
for Climate Monitoring (SCOPE-CM) was initiated by the and to derive an uncertainty estimate on grid basis. The CDR,
WMO (World Meteorological Organization) in order to es- the product requirements on WVPA, the theoretical basis for
tablish a network of facilities to provide satellite-based ECVsthe retrieval, validation results, a user guide and a description
in high quality and in a continuous and sustained environ-of the processing chain are available at the CM SAF webpage
ment. One of SCOPE-CM's pilot projects, led by CM SAF (http://www.cmsaf.eufree of charge. The document pack-
(Satellite Application Facility on Climate Monitoring), fo- age fully describes the processing and the product, ensuring
cuses on ECV retrievals from SSM/I (Special Sensor Mi- traceability and reproducibility.
crowave Imager) observations and therefore indirectly also The structure of this paper is as follows: after a descrip-
on the quality assessment of the underlying radiance recordtion of the retrieval and homogenisation schemes as well as
Long-time series of WVPA based on recalibrated and ho-the kriging approach (Sect. 2), the validation set up and re-
mogenised radiance data records from SSM/I observationsults are presented in Sect. 3. Finally, Sect. 4 summarises the
are developed and processed at RSS Remote Sensing Syesults and gives conclusions.
tems Wentz 1997 and can be accessed Mdtp://www.
ssmi.com/ Another global water vapour climatology data
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2 Total column water vapour from SSM/I thors as 1.5kgm?. A detailed description of the retrieval
schemes and the statistical inversion technique can be found

The WVPA climatology is based on data from six SSM/I in Schlissel and Emery (1990).

instruments on DMSP F-08, F-10, F11, F13, F14, and F15

platforms. As the SSM/I instruments on the F-09 and F-122.2 Objective analysis for interpolation

satellites have failed, the climatology is derived using the . . i
remaining six instruments. Details on the SSM/I instrument/Tter the retrieval of WVPA on the satellite swath, an objec-

characteristics can be found in Hollinger et al. (1987). tive analysis technique called kriging is applied to map the
The DMSPs have a temporal overlap to at least one Con?retrlevals in space and tlme.to_ the product grid. The prmmple
secutive satellite, which makes the homogenisation of thdS that an estimate or prediction for an unobserved location
measured brightness temperatures between different SSMI Performed by using the observations from locations in the
instruments feasible. For the homogenisation, the SSM/I orYicinity. The optimal estimate at each grid point is found by
F-11 has been chosen as a reference instrument, because fhd/éighted average of the information from the surrounding
F-11 observation period has maximum overlap with otherPoints. The challenge isto.determine the optimal weights for
DMSP satellite observations. Using the overlap between th&2ch of the used observations. These depend on two parame-
DMSPs, probability density functions (PDFs) based on tenters: the distance-dependent §pat|al 'C(.)rrelatm.n function and
days of the brightness temperatures have been calculated atfi €rror of the used observation. Kriging provides both op-
statistically matched in each channel. The matching coef!imum fields of the considered parameters together with an
ficients can then be used to homogenise the measuremen®&o" Map and allows the generation of fully covered fields
of different SSM/I instruments. Details on the homogenisa-9Ving values even in areas with a very low data density.
tion scheme are described in Fennig (2001) and Andersson Kriging can be regarded as a prediction of a valgat a

et al. (2010). location Pp where no measurement has been carried out, by
The data set has global coverage, i.e. withit8( lon-  USing information at surrounding positiofs

gitude and+8(° latitude, and is defined for the ice-free n

oceanic surface with a minimum distance of 50km to land xy = Z,\i (x; + Ax;), (1)

surfaces. The data are available as daily and monthly aver- =1

ages. The temporal coverage ranges from 9th of July 1987

to 31st of August 2006. The data set is available filap: ~ Wherexo is the value which has to be predicted.denotes
Jwww.cmsaf.eu/ the available measurements ang; their errors. The task is

to determine the weights . Obviously a solution is not pos-
21 Retrieval sible for a single case. But if a time series of m measurements

at each locatior?,; is available, a reasonable constraint is that
Schiissel and Emery (1990) developed four retrieval thg mean squared deviation between predictions and truth is

schemes for WVPA utilising different combinations of Minimal:
SSM/I channels. These schemes are of semi-physical nature,,
i.e. they are based on forward radiative transfer calculationi <
on a set of atmospheric profiles followed by a statistical in- /=]
version using linear regression. All four variants of the to-
tal column water vapour retrieval purely depend on SSM/I When searching for an optimum set of weightsEq. (2) has
brightness temperatures and regression coefficients derive@ be differentiated with respect to all. This leads to a set of
from the initial set of atmospheric profiles. The retrievals do linear equations, which can be written as a matrix equation
not depend on any additional information. (Eg. 3). For the sake of clarity, the temporal summation over
For long-term applications the availability of the chan- is abbreviated by brackets [...]. The errors are assumed
nels used by the retrieval is a crucial limitation. In view of here to be random, so that all mixed termsAx;] are zero
the failure of the 85 GHz channel on F-08, the Seisel  (notendency of overestimating high and underestimating low
and Emery (1990) retrieval variant employing the 22 andVvalues). This assumption seems to be valid as validations of
37 GHz channels has been implemented for long-term appnlhe retrieval scheme have not shown such systematic errors
cation, although the use of the 85 GHz channel data migh{Sohn and Smith, 2003). Furthermore, all error covariances
improve accuracies slightly when present. The continuoud Axi Ax;] (with i unequalj) are zero if different observa-
availability and homogeneity of the input data source istions are considered (no tendency to overestimate when the
clearly an advantage of the two-channel retrieval schemeneighbour is overestimating). For satellite observations it can
With the two-channel variant, 98.9 % of the variance within P& expected that kriging error estimates will increase when
the training data set could be explained by the regression for€fror covarianf:es.are also considered. However, the random
mula. The remaining uncertainty, which may be interpreted€fTor assumption is kept:
as the accuracy of the statistical retrieval, is given by the au-

n 2
X0 — Zki (x; + Ax,-)) =min. (2)
i=1

www.atmos-meas-tech.net/6/765/2013/ Atmos. Meas. Tech., 6, 768-2013


http://www.cmsaf.eu/
http://www.cmsaf.eu/

768 M. Schidder et al.: The CM SAF SSM/I-based total column water vapour climate data record

variance of that specific daily mean:

[x1x1] +[Ax1Ax] [x1x2] o [x1x,] 1 ni )
[x2x1] [x2x2] +[Ax2Ax2] -+ [x2x2] =—F i — XK, 5
xz-n X2X2 . 2Ax2 | 2: e PP ;(xk Xk) )
bxnxa] [n-x2] v o] A% A wherex;; denotes the values within tigh day,n, the num-
N Lxoxa] ber of observations of thith day andx; the corresponding
Ai [igg] daily mean.
x| . = - (3) The covariance of daily means is calculated as a pure func-
: : tion of distance. This is a further reason for normalising the
An [xoxs] values. Otherwise, regions of high variability would domi-

nate the results. In the concrete accomplishment, an exponen-
tial function is fitted to the correlations. More details on the
é«iging routine are described in Lindau and Sidher (2010).

The result is a linear set of equations containing the covari
ance matrix between the data poiiswith the error vari-
ances on its diagonal, and a vector giving the covarianc
between the predicting poify and the locations®; where
measurements are available.

Obviously, the minimized expression in Eq. (2) is equal The output fields from the kriging are the gridded WVPA,
to the error of the predicted value, often called kriging error ,ymper of valid observations and uncertainty information.

2.3 Climatology

(okrig). Transformation of that expression leads to The arithmetic average per grid of the defined data values of
n the full time series is displayed in the top panels of Fig. 1.
okrig = [xoxo] — 22)”. [x0x;] The average WVPA field exhibits maxima in the tropics, in
i=1 particular over the warm pool region, regional minima at the
n_n n continental west coasts and a general decrease towards the
Y0 hikg [xixg ]+ Y ik [AxiAx]. (4)  poles. The standard deviation shows maxima where spatial
i=1j=1 i=1 gradients in WVPA are largest, associated with the annual

The first term of the kriging error denotes the varianc&at north—south_ migration of the i_ntertropical convergence zone
The second term in Eq. (4) contains the covariances betweefl TCZ) and in storm track regions as well as minima at the
the predicting pointP, and the data point®;, and repre- contmental west cogsts and in the pqlgr region. An exempla_ry
sents that part of the kriging error which can be called in-daily average and its associated kriging error are shown in
formation. Its negative sign indicates that the error decrease§€ Pottom panels of Fig. 1. General features are similar as
with increasing information. But two points in close vicin- " the top left panel but exhibit much more fine structure.
ity can contain redundant information, which is represented 0" €xample, an atmospheric river can be observed in the
in the third term. The associated covariance between thesg@uth Pacific which transports moisture from the tropics to
data points increases the kriging error. The fourth term ob-N€ extra-tropics. The kriging error (bottom right panel) ex-

viously describes the effects of individual errors of the usedniPits pronounced maxima in data void areas, which is a di-
data points. The kriging error may be interpreted as unexJect consequence of the decreased confidence with distance
plained variance at the prediction point. to valid observations.

If anomalies, determined by subtracting the monthly mean
X fr_or‘r_1 the obser_vations, are nprmalised with tk_le standard3 Evaluation of the SSM/I total column water vapour
deviationo, of daily means within a month, the time series
at all grid points has a standard deviation of 1. Consequentlyg.1  Approach
correlation and covariance are identical.

The kriging is performed for daily averages. These daily The evaluation setup is outlined and an in-depth discussion
averages are calculated from the satellite raw data in twaf the results is given in the following sections. A thor-
steps. First, neighbouring pixels of the same overpass andugh evaluation of the WVPA products versus radiosondes
satellite are averaged to intermediate means at time of overer other ground based instruments is hampered by the almost
pass on a rectangular grid of 0<8.5°. The variance be- non availability of accurate in situ observation in ocean areas.
tween these intermediate means can be considered to be ifhus, the evaluation is performed as follows:
dependent from each other because they are based on differ- A theoretical assessment of the algorithm accuracy has
ent satellite overpasses during the day which are hours apatbeen carried out in a study by Sohn and Smith (2003). They
In a second step, the intermediate means are averaged oncempared several WVPA retrieval schemes using SSM/I,
again to obtain the final daily mean. This way equal weightincluding the Schissel and Emery (1990) scheme. Their
is given to each temporal contribution. The underlying vari- results are briefly repeated.
ance of the intermediate means is used to estimate the error
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Within the statistical retrievals, the WOS retrieval was
considered a benchmark. The S&E algorithm applied here
has been found as close as 0.5kgfnio this benchmark
throughout the year and most regions. The variability in the
water vapour column was represented almost identically.

WVPA / kg m?
extra daily std dev / kg m?

3.3 Comparison against previous HOAPS WVPA
product

The CM SAF WVPA product (CM SAF HOAPS v3.1) has
been compared to its previous version, HOAPS v3, which is
accessible viaittp://www.hoaps.zmaw.d&he average abso-
lute (left panel) and relative (right panel) differences between
both data sets are shown in Fig. 2. Absolute and relative dif-

right) from SSM/I averaged over the period 1987-2006. The bot-1ce/'ces are generally positive, with global mean values of

2 . . .
tom panels show WVPA and kriging error for an exemplary day in 0.3kgnT= and 1'12%’ respectively, anq with maX|mum_ val-
April 2001. ues of~ 1.5 kg m < and~ 3 %, respectively. Local maxima

in absolute differences are correlated with maximain WVPA,
that is, over the tropics and warm ocean currents. The local
Furthermore, the CM SAF HOAPS products are comparednaxima in relative difference are observed over storm track
to the previous HOAPS version as provided by MPI/UHH, to regions.
WVPA products from SSM/I (V6) and TMI (Tropical Rain- To understand the differences it is relevant to repeat the
fall Measuring Mission Microwave Imager) (V4) derived by need for independent observations in the kriging procedure
RSS, and to various reanalysis data sets. The first compafsee Sect. 2.2). Therefore, the systematic difference is po-
ison aims at the analysis of the effect of different mappingtentially caused by the different averaging approaches in the
algorithms onto the products, while the comparison to thedetermination of monthly means: in HOAPS v3 all values
RSS products and to the reanalyses considers bias, RMS®ithin a month and grid box are summed and normalised to
(root mean square error) and differences in linear trends (RS$e number of observations. In CM SAF, HOAPS v3.1 ob-

WVPA / kg m?
kriging error / kg m?

Fig. 1. WVPA (top left) and extra daily standard deviation (top

product only). servations from individual overpasses are averaged first and
then used to compute monthly means. From a mathematical
3.2 Algorithm evaluation view point, such approaches do not need to be identical be-

) _ cause the number of observations over time is not constant.

Sohn and Smith (2003) have carried out a study to cOMHgwever, the systematic nature and the magnitude of this ef-
pare various statistical and physical water vapour retrievakect are surprisingly large.
schemes based on SSM/I observations. Their primary goal ap overpass with only few observations more strongly im-
was the identification of differences between those algo—pactS the monthly average in the CM SAF HOAPS v3.1 data
rithms and their dependence (&) on various “tangential enset hecause it has a larger weight after the sub-setting than
vironmental factors” (such as SST, cloud water path, surithin the “all-pixel” approach used for HOAPS v3. Further-
face wind speed) and (b) on the training data set used fopyore, a reduced number of observations is mainly caused
and Emery (1990, S&E) algorithm as used in this CM SAF Therefore, larger WVPA values in combination with smaller
product has been compared to four statistical and two physpymbers of valid observations within an overpass can lead to
ical retrieval schemes (see Sohn and Smith, 2003 for refery systematic bias in WVPA.
ences). Additionally, a previously developed “optimum sta-  \pjd data points due to rain are filled by the kriging
tlstl_cal retrlfeval” (WOS) based on an earlier comparison ex-scheme. Given the tendency of large WVPA values in such
ercise carried out byventz (1999 has also been used. The gareas, also the rain gaps will be filled with large WVPA val-
results of their study can be summarised as follows: ues. This reasonable approach leads to an increased number

Within both retrieval types (statistical and physical), of |arge WVPA values and therefore can explain the system-
the algorithms agree quite well. Nevertheless, the physi-4tic difference.
cal retrievals show a significant positive bias and greater These considerations will likely lead to patterns of abso-
on a temporally and geographically limited selection of maxima in difference strongly correlate with maxima in the
radiosonde soundings. spatial distribution of precipitation, and relative differences
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Fig. 2. Absolute (in kg nT2, left panel) and relative (in percent, right panel) difference of WVPA between the CM SAF HOAPS v3.1 and
the MPI/UHH HOAPS v3.0 averaged over the period 1992-2005.

are mainly observed in storm track regions in which frequent 20
-~ Fos

rain events occur. ol o
08 ]

0.4
00

As mentioned above, RSS is also providing WVPA from 2 s
SSM/I and from TMI measurements. The RSS algorithm is  -2-
a physical retrieval scheme to derive a set of variables (in- 2o . . . . .
cluding total column water vapour) simultaneously from all %% 199 1992 199% 196 1998 2000 2002 2004 2006
channels of the SSM/I instrument. The retrievals are obtainec 36 .
via inverse radiative transfer modelling based on a parame _ 5~
terised solution of the forward radiative transfer equations.§ 24~ ]
Details on the algorithm can be found\ientz(1997). Ver- 20p | .
sion 6 of the RSS SSM/I WVPA data record and version 4 z 1:25“NW\/ Wy AR RADAIARAAAAA ]
of the TMI WVPA data record were utilised in this compar-  os- .

ison. The homogenisation techniques, retrieval algorithms 24-

including auxiliary data and temporal and spatial gridding, 1988 1990 1992 1994 199 1998 2000 2002 2004 2006
are completely different between RSS and CM SAF and will

3.4 Comparison to WVPA from RSS

BIAS [ kg/m? ]

SE [ kg/m?]

Fig. 3. Time series of bias and RMSE between water vapour

be explained below. products from CM SAF and RSS. RSS products are available for
. o each satellite; the CM SAF product is based on inter-satellite ho-
3.4.1 Systematic and random deviations mogenised SSM/I brightness temperatures. The temporal coverage

) of each instrument is given by the coloured bars.
Monthly mean WVPA data for each instrument from RSS

have been interpolated to the CM SAF product grid for an

easier comparison. Figure 3 shows the bias and root mean

square difference of each individual SSM/I and the TMI wa- from values of approximately 2.0 kgTh to values around
ter vapour product from RSS versus the homogenised watet.4 kg nT2 in the later part of the time series. This must be

vapour data set from CM SAF. due to an increased quality of the RSS product, when two or
The overall bias between the two SSM/I based waterthree DMSP satellites are available simultaneously.
vapour retrievals is found to be on the order of 0.5 Kgm Also evident from Fig. 3 is the stable bias after 1991 and

where the CM SAF product tends to be dryer than thethe high correlation of the bias and RMSE between individ-
RSS product, which is consistent with the findings by Sohnual SSM/I products from RSS and the homogenised data set
and Smith (2003) mentioned above. The bias against thédrom CM SAF. From this high correlation at the overlap peri-
TMI product is slighly larger with about 0.6 kg™. This ods, one can conclude that the homogenisation scheme used
is mainly caused by the limited coverage of the comparisonin the production of the CM SAF data set is working well
within £ 40 latitude due to the TMI orbit. On the other hand, as no significant differences occur during the overlap periods
the bias is surprisingly small as both algorithms differ signif- compared to the RSS individual satellite products.

icantly concerning the homogenisation techniques, retrieval The peak in the RMSE of RSS’s F-10 product versus the
schemes and precipitation filtering approach used. Two dif-CM SAF data set at the beginning of F-10's data period is due
ferent levels of RMSE are seen in the lower panel, whereto a different starting date: RSS uses observations from the
starting from 1991 onwards the RMSE steadily decreasedirst day an instrument is operational, whereas the CM SAF
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product always introduces new satellites at the beginningems, NWP centres perform reanalyses, which also allows for
of a month. Hereby, a different temporal sampling is intro- the use of more input data inclusive of better quality control.
duced in the two data sets leading to the RMSE peak inwWithin this study the following reanalysis data sets are used:
January 1991. Peaks in RMSE also occur later throughout
the data period, but at these times, they are well correlated .
among the satellites. These peaks are caused by a different Weather Forecasts) I_ERAA'O re-analysis for 1987-2002
recognition of spatial patterns in the water vapour fields due (Uppala et al., 2005);

to different boundary conditions (e.g. sea surface temperature _— ECMWF ERA40 re-analysis (forecast step +24 h)
data sets used) that influence RSS’s simultaneous retrieval of  for 1987-2002;

all variables, whereas they do not influence the purely statis-

tical retrieval of the CM SAF data set that is not using sea — ECMWF ERA INTERIM re-analysis for 19892006

— ECMWF (European Centre for Medium-Range

surface temperature data. (Dee etal., 2011);
: — JMA (Japan Meteorological Agency) JCDAS-25 re-
3.4.2 Trend comparison analysis for 19872006

To be suitable for trend monitoring, the stability over time is (Onogi etal., 2007).

another important issue to be considered. For total columnn order to assess the impact of model changes, the ECMWF
water vapour, Ohring et al. (2005) provides a decadal staoperational analysis for 1995-2006 is additionally compared
bility requirement of 0.26 % per decade. Proving evidenceto the CM SAF data set.
for decadal stability is very challenging because global long- The earlier ERA40 re-analysis data set has some known
term reference observations with sufficient spatial and tem-deficiencies in the global water cycle, as discussed in Hage-
poral sampling and known uncertainty characteristics are nomann et al. (2005) who found that the ERA40 water cycle
available over open oceans. Having two data sets derivedhanged in several respects compared to earlier re-analyses
from the same source only allows the comparison of trendsand that the on-going validation yielded that the ERA40 pre-
and an analysis of the relative stability of the data sets, whicltipitation has several deficiencies. For data after 1972, the
may increase confidence in using them for trend monitoring.global water budget was found unbalanced and freshwater
After removing the seasonal cycle from both data sets, lin-flux over the ocean was negative in the long-term mean.
ear trends over the years 1991-2006 are determined. Global In all analyses data sets SSM/I information is assimi-
maps of the resulting trends for both data sets are showtated either by using retrievals of total column water vapour
in Fig. 4. The spatial trend patterns agree well and very(ERA40 and JCDAS-25) or by taking directly the SSM/I ra-
small differences are visible close to sea ice edges, whictdiances (ERA INTERIM and ECMF operational analysis).
are most likely caused by different ice coverage data set§hus, the compared data sets are not independent of each
used during mapping in both data sets. The global mearother. However, the analyses not only assimilate SSM/I data
decadal trend derived from both data sets is 0.45k§ or but a wealth of other water vapour information from ra-
1.67 % decade! for the CM SAF data set, and 0.44kgfh  diosondes and other satellite instruments. Given this fact and
or 1.62 % decade for the RSS data set. Thus, the difference the complex interactions between variables incorporated in
of the trends is only 0.05 % decade which is significantly  forecasting systems, the analysis represents a best fit through
smaller than the estimated trend uncertainties. Thus, the relll observations as a whole, but not necessarily for an individ-
ative stability is fulfilling the requirement stated in Ohring ual variable or instrument. From this point, it is clear that data
et al. (2005). This increases our confidence in using bothsets derived purely from satellite measurements still provide
sets for trend monitoring. However, both trend estimates area good basis for re-analysis assessment.
slightly larger than those given in Trenberth et al. (2005) and Re-analysis fields are provided at 00:00, 06:00, 12:00 and
Mears et al. (2007) who also utilise SSM/I data but considerl8:00 UTC, so that a daily mean can be derived from four
different time periods (Trenberth et al., 2005; Mears et al.,equally distributed fields. The CM SAF data set uses the un-
2007) than used in this study, and more important are onlyequally distributed orbits to construct daily means. This in-

considering the tropics (Mears et al., 2007). troduces additional sampling uncertainty, which is assumed
to be small on the global average considered in this compar-
3.5 Comparison against reanalyses ison. All reanalysis data sets have been interpolated to the

spatial resolution of the CM SAF product.
Assimilation of radiances or total column water vapour es- In Fig. 5 the time series of global monthly mean biases
timates into numerical weather prediction (NWP) models isand RMSE values between ERA INTERIM and the CM SAF
another way of producing a global water vapour data recordCDR are shown. Throughout the whole time series, the bias
with the advantage of being physically consistent within theis less than 1kgm? and the RMS is generally less than
constraints of the model physics. To achieve temporal homo2 kg m2. Bias and RMS decrease from values slightly larger
geneity with respect to model versions and assimilation systhan—1 and 2 kg n2 prior to 1991 to values smaller than
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Fig. 4. Regional trends of monthly mean water vapour derived from deseasonalized CM SAF (left) and RSS (right) data sets for 1991-2006.
Shown is the monthly trend of the regression analysis in kK§m

75

SEBIAS  RMSE E

uncertainty / kg m
Ao =0 =N wa
|

sl Il oo 35

1989 1990 1991 1992 1993 1994 1995 1996 1997 1898 1999 2000 2001 2002 2003 2004 2005 2006 2007

|
total column water vapour / kg m*
)
rence
ned

Fig. 5. Global mean bias and RMSE for the CM SAF water vapour o
data set assessed versus the ERA INTERIM re-analysis. Values a1 *
in kg m~2 based on monthly means.

latitude

0.5kgnT?2 and around 1.5kgm? for the majority of the
time period. This is due to the number of satellites used in the
CM SAF data set (see Fig. 3 for SSM/I temporal coverage). <
The monthly uncertainty given in Fig. 5 has been split up 19 157 192199 7% 1955 1650 15571990 1566 2000 2001 2002 2005 2008 2005 2000 2007

regionally and in terms of the PDF. The results are shownrig. 6. Contributions to the total monthly uncertainty (bias) for the
in Fig. 6. The lower panel illustrates the fractional contribu- CM SAF WVPA data set assessed versus the ERA INTERIM re-
tion to the total bias and its latitudinal dependence. Intensenalysis. Values are fractional contribution per latitude bin (lower
grey shading shows regions that contribute much to the totaplot) and absolute difference between PDF values for binned WVPA
bias, i.e. regions where CM SAF WVPA data sets and ERA(upper panel).

INTERIM values differ most. The following patterns can be
identified: in both hemispheres, the storm track regions show i ) .
higher differences, predominantly in the respective summern the represen.tatlon of dry atmospheres in the training data
fall season. This may be due to the different temporal sam>€t used by Sctibsel and Emery (1990). Throughout most of

pling in both data sets. A second region of higher dif'ferencesIhe PDF, the_ val_ues are very similar.
is the ITCZ, evident as a band-like structure that can be seen Global daily bias and RMSE between the analyses and the

throughout the time-series including its inter-annual variabil- CM SAF daFa sets arelshowr! inFig. 7. As for the bigs, the lat-
ity. This may be explained as the SSM/I signal is saturatingeSt generation re-analyses, i.e. ERA INTERIM and JCDAS-

at very high water vapour values, where the additional in.2°; reveal values very close to zero and generally smaller

2 . . . g .
formation from other observations in the re-analysis data se[han 1kgm?, with quite h'_gh stability over time. In_the
still provides reliable values for WVPA. years after 2002, the operational analysis catches up in terms

The upper panel of Fig. 6 shows the differences in WVPA of bias, and the influenceg qf model changes (ind_icated by the
split up in terms of the PDF. At the dry end of the PDF, i.e. at grey arrows) are clearly visible. ERA40 reanaly3|§ as \_/vell as
values of less than 6 kg, the bluish colours show that the forecas'g s?ep 24 h show larger and more fluctuatmg bias val-
CM SAF data set contains less grid points with such WVPA ues. This is an expected result as the problems with ERA40
values compared to ERA INTERIM. This is compensated byarld the water cycle have been previously reported.
more grid points in the CM SAF data set at values of 6—

12 kg nT2 (reddish colours). This may point to a problem
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available. An objective interpolation scheme has been devel-
oped and applied in order to allow full spatial data coverage
and to also provide uncertainty estimates on grid basis. The
CDR s fully transparent and is, together with its documen-
tation, freely available from CM SAF. The major objectives
for the development and release of this CDR are (a) to ensure
continued and sustained processing and development capa-
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ bilities for a mature and widely used WVPA CDR and (b)
1998 1990 1992 1994 19%6 19% 2000 2002 2004 2006 to establish another WVPA CDR from SSM/I in order to de-
crease structural uncertainty.

The quality of the data set was assessed in terms of bias,
RMSE and decadal stability by comparison to WVPA data
sets provided by Remote Sensing Systems and to various
(re-)analyses as well as the prior version of the HOAPS wa-
ter vapour data set. In addition, results from previous water
‘ ‘ ‘ ‘ ‘ | ‘ | ‘ vapour retrieval comparisons were considered. The evalua-
1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 tion results can be summarized as follows:

Fig. 7. Time series of global daily mean biases and RMSEs of the The retrieval ?Igorlthm |tself has bee'_“ fourJd to differ
CM SAF water vapour column product from SSM/I versus different flOM reference “optimum statistical retrievals” less than

(re-)analysis data sets. Thin light curves are daily means; bold line®-5 kg N2 as far as the systematical difference (bias) is con-
are 30-day moving averages. cerned. The RMSE differences between the Ss$¢l and

Emery (1990) algorithm underlying the CM SAF data set and
the benchmark “optimum statistical” retrieval are negligible
Considering RMSE values, ERA INTERIM gives best (Sohn and Smith, 2003).
agreement with the CM SAF product over time, with val- Based on a comparison to the ERA INTERIM reanaly-
ues around 3 kg ?, followed by JCDAS-25 and (starting Sis data set, the CM SAF water vapour data set from SSM/I
in 2002) the operational analysis from ECMWF. ERA40 ex- shows a global mean bias which is below 0.5 kgfnfor the
hibits similar RMSE values as the operational analysis frommonthly means with a RMSE of less than 2 kg#n(after
ECMWF for the overlapping period for reasons outlined 1991, in 1987-1990 due to temporal sampling slightly higher
above. Lastly, the ERA40 forecast step +24 h not surprisinglythan 2 kg n2). For the daily means, similar values are found
shows the largest RMSE values, as (a) with increasing forein either case for the bias, but some outliers in cases of daily
cast time small scale structures get smeared out and (b) onlRMSE are larger than 2 kgmd.
two forecast base times per day at 00:00 and 12:00 UTC are The comparison to RSS results revealed bias and RMSE
available. From that, a complex difference in temporal sam-results very similar to corresponding results based on ERA-
pling between model and satellite arises. INTERIM. The trends derived from the RSS and the
In general, both bias and RMSE values decrease in alCM SAF data set based on a least squares regression analysis
cases at the beginning of 1991, which is the time when theof the deseasonalised monthly means show excellent agree-
second DMSP satellite started to be used in the CM SARMent of the geographical trend patterns. Also, decadal trend
product (see Fig. 3 for SSM/I temporal coverage). The lackvalues agree very well. The small difference between the
of information is more severe for the CM SAF product as decadal trends of 0.05 % decades an indicator for small
the reanalyses also use other additional information for wategtructural uncertainty and for high stability, which gives con-
vapour. The sudden decrease in bias in 2002 is related to thédence in the observed trends.
introduction of a temporally variable bias correction scheme Finally, it needs to be noted that the validation of WVPA
which is favourable to the previously used temporally fixed over ocean remains a challenging task due to missing refer-
bias correction. ence observations with sufficient sampling and temporal cov-
erage. The consistency among the comparison results using a
highly diverse ensemble of data sets shows high quality and
4 Conclusions homogeneity of all considered WVPA data sets (with the ex-
ception of operational analysis). Thus, it can be concluded
A Climate Data Record for total column water vapour de- that trends in total column water vapour over ocean can be
rived from SSM/I observations based on the 8skEl and  monitored.
Emery (1990) retrieval has been produced at and released by
CM SAF (Jonas et al., 2009). It covers the global ice-free
oceans and ranges in time from 1987 to 2006. Monthly and
daily means with a spatial resolution of 6<3.5 degrees are
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