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1 Introduction 
 
This CM-SAF scientific report provides information on the validation of the CM-SAF total 
column water vapour (WVPA) data set derived from Special Sensor Microwave/Imager 
(SSM/I) observations onboard Defence Meteorological Satellite Program (DMSP) platforms 
F08, F10, F11, F13, F14 and F15 using the Hamburg Ocean-Atmosphere Parameters and 
Fluxes from Satellite (HOAPS) algorithm. The HOAPS algorithm package has been 
developed at the Max-Planck Institute for Meteorology and the University of Hamburg 
(Schulz et al., 1998; Jost et al., 2002) and is well known and used in the scientific community 
(e.g. Chou et al. (2004), Curry et al. (2004), Gershunov and Roca (2004), Kumar and Schulz 
(2002), Röske (2006), Sohn et al. (2004)). Being a mature scientific and climatological 
product, it is now transferred to CM-SAF to ensure a continuous production and further 
development of the data set and the underlying algorithms. 
The complete set of HOAPS parameters consists of 15 atmospheric and near-surface 
variables, derived for the global ice-free oceans. In future releases of the HOAPS data set 
from CM-SAF, 9 of these will become official products and will be assessed in upcoming 
DRI’s. For this first DRI, only vertically integrated water vapour is to be released as CM-SAF 
product and thus the only validated parameter. For a more detailed description on HOAPS 
history, versioning and available parameters, the reader is referred to the introductory section 
of the PUM [RD.2]. 
The structure of this report is as follows: After a short description of the homogenization and 
retrieval system (section 2), the validation strategy and outcomes are given in section 3. 
Finally, section 4 summarises the results and gives an assessment vs. the threshold, target, 
and optimum accuracy as defined in the PRD [AD.1]. 
 

1.1 Applicable Documents 
Reference  Title Code 
AD.1.  CM-SAF Product Requirements Document SAF/CM/DWD/PRD/1.2 

AD.2.  ATBD HTW_SSMI SAF/CM/ATBD/HTW_SSMI 

1.2 Reference Documents 

Reference  Title Code 
RD.1.  CM-SAF Science Plan SAF/CM/DWD/SCI/3.0 

RD.2.  CM-SAF Product User Manual  
Vertically Integrated Water Vapour from SSM/I 

SAF/CM/DWD/PUM/HTW_
SSMI_global_DS 

RD.3.  CM-SAF Service Specification Document  SAF/CM/DWD/SeSp/1.4  

RD.4.  CM-SAF Scientific Report – Validation of the 
water vapour and temperature products from 
ATOVS 

SAF/CM/DWD/SR/WVT/1 

 

2 Total column water vapour product from SSM/I 
The water vapour column data is based on SSM/I data from instruments aboard DMSP F-
08 to F-15. As the SSM/I instruments on F-09 and F-12 have failed, only the remaining 6 
satellites may be used for the retrieval. Details on the SSM/I instrument characteristics can 
be found in Hollinger et al. (1987).  
The DMSPs have a temporal overlap to at least one consecutive satellite, which makes the 
homogenization of the measured brightness temperatures between different SSM/I 
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instruments feasible. For the homogenization, the SSM/I on F-11 has been chosen as a 
reference instrument. Based on the overlap between the DMSPs, ten-day probability density 
functions (PDFs) of the brightness temperatures in each channel have been calculated and 
statistically matched. The matching coefficients can then be used to homogenize the 
measurements of different SSM/I instruments. Details on the homogenization scheme are 
contained in Fennig (2001) and Andersson et al. (2008). 
The retrieval of WVPA has been developed by Schlüssel and Emery (1990). The retrieval is 
of semi-physical nature, i.e., it is based on radiative transfer calculations on a set of 
atmospheric profiles followed by a statistical inversion. It uses the measured brightness 
temperatures in two microwave channels. The total column water vapour retrieval does not 
depend on any additional information or ancillary data source, it is purely dependent on 
SSM/I brightness temperatures. Details on the retrieval formula and the statistical approach 
to derive that formula can be found in Schlüssel and Emery (1990). More than 98% of the 
variance within the training data set could be explained by their regression formula. The 
remaining uncertainty, which may be interpreted as the accuracy of the statistical retrieval, is 
given by the authors as 0.15 kg/m².  
After the swath-based retrieval of total column water vapour, a Kriging routine is applied to 
map the retrievals in space and time to the output grid. Details on the Kriging routine are 
described in (Lindau, 2004 and 2005). The output fields from the Kriging are the final 
products. 
The data set has global coverage, i.e., within ±180° longitude and ±80° latitude. The product 
is only defined for the ice-free oceanic surface. It is available as daily and monthly averages 
on a regular latitude/longitude grid with a spatial resolution of 0.5x0.5 degrees. The temporal 
coverage of the data set ranges from 9th of July 1987 to 31st of August 2006. 
 

3 Evaluation of WVPA product 
The Product Requirements Document (PRD) [AD.1] lists specific product requirements that 
are fulfilled in either case. Among other product features, uncertainty requirements for the 
globally averaged monthly means are given in PRD, which are shown in Table 3-1. 
 

Table 3-1 : Threshold, target and optimum accuracies for the WVPA product from SSM/I as given 
in the PRD [AD.1].  

 threshold target optimum 
bias 2 kg/m² 1 kg/m² 0.5 kg/m²  
RMSE 5 kg/m² 2 kg/m² 1 kg/m² 
decadal stability n/a 0.26 % 0.18 %  

 
The three accuracy levels were defined prior to the production of the data set. Threshold 
accuracy values are the minimum requirements for usage of the data in climate monitoring, 
target accuracies are the assumed values that the algorithm fulfils and accuracies above 
optimum values would not be beneficial for the application any more.  
Thus, the remaining uncertainty in the data set is assessed primary against the target 
accuracy values. The validation strategy is briefly outlined in this section and an in-depth 
discussion of the results is given in the following sections. 
A thorough validation of the WVPA products themselves versus radiosondes or other ground 
based instruments is hampered by the land-based nature of such stations, where the 
HOAPS product is not defined. Therefore, the validation strategy is as follows: 

1. A theoretical assessment of the algorithm accuracy has been carried out in a study by 
Sohn and Smith (2003). They compared several WVPA retrieval schemes using 
SSM/I including the Schlüssel and Emery (1990) scheme.  
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2. The quality of the intersensor calibration and the re-assessment of the before 
mentioned algorithm accuracy is checked by a comparison versus the WVPA 
products from SSM/I derived by Remote Sensing Systems (RSS).  

3. Additionally, for a selected year, the WVPA product derived by the HOAPS retrieval 
scheme has been assessed versus the same product from ATOVS observations, 
which is an operational product from CM-SAF. As the ATOVS product is covering 
both oceans and land surfaces, it is possible to validate this product with 
radiosondes. This leads to some indications how the SSM/I product may compare to 
radiosondes. 

4. A fourth set of comparison is performed to various re-analysis data sets, which 
represent the best possible assimilation of atmospheric parameters available to date.  

5. Lastly, the decadal stability of the data set is assessed via a comparison of trends 
derived from CM-SAF and RSS water vapour data sets. 

3.1 Algorithm evaluation 
Sohn and Smith (2003) have carried out a study to compare various statistical and physical 
water vapour retrieval schemes based on SSM/I observations. Their primary goal was the 
identification of differences between those algorithms and their dependence (a) on various 
“tangential environmental factors” (such as SST, cloud water path, surface wind speed) and 
(b) on the training data set used for the derivation of the regression coefficients in case of the 
retrievals using statistical inversion. In the study, the Schlüssel and Emery (S&E) algorithm 
as used in this CM-SAF product has been compared to four statistical and two physical 
retrieval schemes. Additionally, a previously developed “optimum statistical retrieval” (WOS) 
based on an earlier comparison exercise carried out by Wentz (1995) has also been used in 
the study of Sohn and Smith (2003). 
The results of the study by Sohn and Smith (2003) can be summarized as follows. Within 
both retrieval types (statistical and physical), the algorithms agree quite well. Nevertheless, 
the physical retrievals showed a significant positive bias and greater RMSE compared to a 
temporally and geographically limited selection of radio soundings as the statistical retrievals. 
Within the group of the statistical retrievals, the WOS algorithm was considered a kind of 
reference. Compared to this reference, the S&E algorithm yielded the best agreement with 
approximately the same RMSE and seasonal error structure. The bias observed was slightly 
higher than the one for the WOS retrieval (cf. Table 3-2). 
 

Table 3-2 : Seasonal and annual bias and RMSE values found by Sohn and Smith between 
Schlüssel and Emery (S&E), Wentz optimum statistical (WOS) retrievals and reference radio 
soundings for 1987-1990, respectively. Values in kg/m². 

 DJF MAM JJA SON ALL 
 bias rmse bias rmse bias rmse bias rmse bias rmse 

S&E -1.64 2.63 -1.53 2.30 -1.22 2.74 -1.10 2.32 -1.37 2.50 
WOS -1.12 2.52 -0.87 2.28 -0.59 2.74 -0.69 2.30 -0.82 2.46 

 
Not only the globally averaged agreement found between the S&E and WOS retrieval was 
highest, but also on regional scale. Figure 3-1 illustrates the regional biases between the two 
retrievals for January and July 1990. Bias values are mostly between -0.5 and -1 kg/m2, 
meaning that the S&E algorithm yields dryer values than the WOS retrieval. Larger values 
occur over the warm pool region and over the polar region in the winter hemisphere, where 
the S&E results are more wet than WOS values. 
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Figure 3-1 : Regional distribution of bias between water vapour retrieved from SSM/I by the 
algorithm of Schlüssel and Emery minus Wentz optimum statistical retrieval. Values are in kg/m², left 
panel is for Jan 1990, right panel shows Jul 1990. From Sohn and Smith (2003).  

As for the reasons of the differences between statistical retrievals, Sohn and Smith found 
that a re-training of the regression coefficients with a uniform radiosonde data set ruled out 
the systematically zonally aligned distribution of differences that was present beforehand. 
After the retraining, only smaller magnitude and more randomized patterns were seen. For 
one selected month in 1990 (Jan), the following Figure 3-2 illustrates this change in variability 
between the statistical retrievals before and after re-training. The left panel shows the 
variability in terms of standard deviation between all participating statistical retrievals with 
their original coefficients (i.e. on basis of their own training data sets). This variability pattern 
is very alike the zonal structure in WVPA, hinting that the true natural variability is not in all 
training data bases well represented. After re-training the algorithm with a common data set, 
this zonally aligned variability pattern vanishes (right panel). Instead, more randomly 
distributed patterns appear which shows that the agreement between statistical WVPA 
retrievals was significantly enhanced by the re-training. 
 

 

Figure 3-2 : Regional distribution of variability between 6 statistical water vapour retrievals for 
SSM/I. Values are in kg/m² for Jan 1990. Left panel shows initial variability, right panel is variability 
after re-training of regression coefficients with a common radiosonde data base. From Sohn and Smith 
(2003). 

However, prior to the retraining, the Schlüssel and Emery algorithm was in best agreement 
with the optimum statistical retrieval by Wentz. Considering that and trying to be consistent 
with previous HOAPS versions, CM-SAF applied the original Schlüssel and Emery retrieval 
in the version 3.1 of HOAPS.  
Furthermore, the inclusion of different SSM/I channels in the derivation of the retrieval 
algorithm influences the sensitivity of the respective retrieval to tangential environmental 
factors such as SST, cloud water path and surface wind speed. The Schlüssel and Emery 
algorithm only uses two channels, which may be a disadvantage in response to some 
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combination of the mentioned factors, but leads to an outperforming of the other retrievals in 
different combination of those factors. According to Sohn and Smith, a definitive 
recommendation on which channels to use cannot be given. Additionally, for long-term 
applications the availability of the channels used by the retrieval is a crucial limitation. The 
S&E algorithm has been designed for long-term application and therefore resigns e.g. usage 
of the 85 GHz channel which has failed on F-08, although it might improve accuracies slightly 
when present. The homogeneity of the derived data set with respect to the input data source 
is clearly an advantage of the S&E algorithm. 
On the other hand, the statistical retrieval packages outperformed the physical retrievals. 
This was based on the nature of the physical retrievals, which were to that time not 
orthogonal enough to the tangential environmental factors mentioned above. This 
orthogonality in the sense of multi-dimensional distributions is required to represent the 
spread of the target quantities in an optimum way by the inversion process performed 
through the physical retrieval. This in effect leads to a reduced representation of spread in 
the retrieved quantity.  
In total, Sohn and Smith (2003) conclude  

− that very carefully adjusted physical retrievals should be better for climate monitoring 
purposes but that, at the given time, the statistical retrievals still performed better.  

− Within the statistical retrievals, the Wentz optimum statistical retrieval emerging from 
a previous comparison was considered a benchmark. The Schlüssel and Emery 
algorithm applied here has been found as close as 0.5 kg/m² to this benchmark 
throughout the year and most regions. The variability in the water vapour column was 
represented almost identically.  

− Most of the differences in bias and rms errors can be explained by different training 
data sets and different methods to exclude pixels with high liquid water paths or rain. 

Based on the bias and RMSE values derived from the Sohn and Smith study, the underlying 
algorithm to the CM-SAF WVPA data set from SSM/I fulfils both threshold and target 
accuracies as specified in the PRD [AD.1]. 

3.2 Homogenization quality 
As mentioned previously RSS is also providing total column water vapour from SSM/I 
measurements. Their algorithm is a physical retrieval scheme deriving a set of variables 
(including total column water vapour) simultaneously from all channels of the SSM/I 
instrument. The retrievals are obtained via inverse radiative transfer modelling based on a 
parametrized solution of the forward radiative transfer equations.Via the webpage, total 
column water retrievals based on calibrated, but not inter-satellite homogenized SSM/I 
observations is distributed for each satellite. Details on the algorithm can be found in Wentz 
(1997). 
Monthly mean WVPA data for each SSM/I instrument have been obtained from RSS’s 
webpage. They have been interpolated to the CM-SAF output grid to compare them to the 
water vapour data set from CM-SAF. Figure 3-3 shows the bias and root mean square 
difference of each individual SSM/I water vapour product from RSS assessed versus the 
homogenized water vapour data set from CM-SAF. Together with the error measures, the 
temporal coverage of each SSM/I instrument is given by the coloured bars. 
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Figure 3-3 : Time series of biases and RMSEs between water vapour products from CM-SAF and 
RSS. RSS products are available for each satellite, the CM-SAF product is based on inter-satellite 
homogenized SSM/I brightness temperatures. 

The overall bias between the two SSM/I based water vapour retrievals is found to be on the 
order of 0.5 kg/m², where the CM-SAF product tends to be dryer than RSS’s products, which 
is consistent with the findings by Sohn and Smith (2003) mentioned above. On the other 
hand, the bias is surprisingly small as both algorithms differ significantly concerning the 
homogenization techniques, retrieval schemes and precipitation filtering approach used. Two 
different levels of RMSE seen in the lower panel, where starting from 1991 onwards the 
RMSE steadily decreases from values of approximately 2.0 kg/m² before to values around 
1.4 kg/m² in the later part of the time series. This must be due to an increased quality of the 
RSS product, when two or three DMSP satellites are available simultaneously. The reason 
for that is not definitely known. a speculative explanation may be the failure of the 85 GHz 
channel on the SSM/I instrument aboard F-08 in the early part of the time series. 
Another very important aspect is the temporal stability of biases throughout the time series 
and the good correlation of the biases and RMSEs between individual SSM/I products from 
RSS and the homogenized data set from CM-SAF (coloured curves). From this good 
correlation at the overlap periods, one can conclude that the homogenization scheme used in 
the production of the CM-SAF data set is working well as no significant differences occur 
during the overlap periods compared to the RSS individual satellite products.  
The peak in the RMSE of RSS’s F-10 product versus the CM-SAF data set at the beginning 
of F-10’s data period is due to a different starting date: RSS uses observations from the first 
day an instrument is operational whereas the CM-SAF product always introduces new 
satellites at the beginning of a month. Hereby, a different temporal sampling is introduced in 
the two data sets leading to the RMSE peak at Jan. 1991. Peaks in RMSE also occur later 
throughout the data period, but at these times, they are well correlated between the 
satellites. These peaks are introduced by a different recognition of spatial patterns in the 
water vapour fields due to different boundary conditions (e.g. sea surface temperature data 
sets used), that influence RSS’s simultaneous retrieval of all variables whereas they do not 
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influence the purely statistical retrieval in case of the CM-SAF data set. The 1991/92 peak is 
caused by Pinatubo eruption and subsequent SST cooling, whereas El Nino influences are 
seen in 1997/98.  
Based on the comparison of the CM-SAF WVPA data set to the one by RSS, three major 
points may be summarized: 

− The findings of the Sohn and Smith (2003) study (S&E algorithm has a bias of 0.5 
kg/m² compared to Wentz algorithm) are confirmed. 

− The quality of the homogenization used within the production of the CM-SAF WVPA 
data set is certified. 

− The bias requirements for threshold and target accuracies defined in the PRD [AD.1] 
are fulfilled. 

3.3 Monthly statistics for a comparison versus ATOV S HTW product 
CM-SAF operationally provides another total column water vapour product, which is based 
on ATOVS measurements [RD.4]. The ATOVS HTW product does not cover the full time 
period of the CM-SAF data set based on SSM/I, but it covers both land and ocean surfaces. 
Based on this fact, it is possible to evaluate the ATOVS product versus land based radio 
soundings. This exercise is carried out routinely in the CM-SAF annual validation report for 
HTW products based on ATOVS. Results from this validation show that ATOVS HTW 
products have a global mean monthly bias versus radiosondes of 0.20 kg/m² and a 
corresponding RMSE of 3.5 kg/m² [RD.4].  
For a selected year of known ATOVS product quality (evaluated as described above), the 
ATOVS products have been remapped to the SSM/I product grid and a comparison has been 
performed. Given that the quality of ATOVS HTW products does not differ significantly 
between land and ocean surfaces, what has been shown in the validation of the ATOVS 
HTW product (cf. RD.4), one can thus indirectly assess the SSM/I products versus 
radiosondes via the ATOVS HTW product. A selection of only one year is feasible as the 
ATOVS product does not use any sensor homogenization and a long-term comparison of the 
two products would suffer from homogenization issues. A caveat of this comparison clearly is 
the different sensitivity of ATOVS. ATOVS is mostly sensitive to upper atmospheric humidity 
whereas SSM/I is sensitive to the total column to the ground. Also, for ATOVS WVPA 
retrievals, a first guess is used in the physical scheme, so these retrievals may not be 
considered as independent from auxiliary data as the SSM/I retrievals. Lastly, the rain 
screening is different in both algorithms what may lead to a clear-sky bias on the ATOVS 
side, where also infrared measurements are taken into account. 
Figure 3-4 shows a scatter plot of all valid matched grid points for the monthly mean products 
of water vapour from SSM/I versus ATOVS. The colour coding is point density. The overall 
statistics derived from the scatter plot are a bias of 0.5 kg/m² (SSM/I minus ATOVS) and an 
RMSE of 2.1 kg/m², respectively. Thus, the WVPA data set from SSM/I is in the global mean 
sense dryer than RSS’s data sets (shown before), but wetter than ATOVS-derived WVPA 
data. Looking at the probability density functions for this comparison given in figure 3.5, one 
finds that differences arise mostly at the extreme dry (5-15 kg/m²) and wet ends (>52 kg/m²) 
of the distribution, where the product from SSM/I locates more grid points. This is 
compensated by less grid points between 15 and 52 kg/m². 
Summarizing the results of the comparison to ATOVS, the worst bias of the SSM/I water 
vapour product is the sum of both the bias SSM/I to ATOVS and ATOVS to radio soundings, 
which is still less than 1 kg/m². This is based on the fact that ATOVS product quality is not 
significantly different over land and ocean surfaces, which has been shown in RD.4. As for 
the RMSE, such a simple additive error propagation cannot be formulated. An assessment of 
RMSE’s is therefore carried out by the last comparison exercise versus current (re-) analysis 
data sets. 
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Figure 3-4 : Scatter plot for comparison between water vapour column products from SSM/I 
(abscissa) and ATOVS (ordinate). All values are water vapour column in kg/m² for monthly means in 
2004. Colour coding represents point density (increasing from blue to red). 

 

 

Figure 3-5 : Probability density function (PDF) derived from comparison of water vapour column 
products from SSM/I (blue) and ATOVS (red) based on monthly mean grid point values for 2004. Light 
coloured lines are for individual seasons. 

Based on the intercomparison of the CM-SAF WVPA data set from SSM/I versus CM-SAF’s 
operational WVPA monitoring product based on ATOVS for the year 2004, the following point 
may be concluded: 

− The PRD requirement for the bias is fulfilled for both the threshold and target 
accuracy. 

3.4 Comparison statistics versus re-analysis data s ets 
Meteorological analysis data sets can be considered the optimum way of assimilating 
different data sources globally. Their quality is quite good, but as they are driven by 
operational time constraints, they are certainly not suited for climate monitoring purposes. 
Also, the underlying assimilating atmospheric model system changes over time, such that a 
temporal stability of operational meteorological analysis cannot be a priori assumed. The 
latter restriction is overcome by so called re-analysis data sets, where in principle the same 
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strategy is followed, but the assimilation is carried out by a frozen model system and all input 
data are carefully screened before the assimilation to ensure their completeness and lack of 
biases. Such re-analysis data sets are produced at the large global forecasting centres 
around the globe, e.g. at the European Centre for Mid-Range Weather Forecasts (ECMWF) 
and the Japanese Meteorological Agency (JMA). 
To assess the quality of daily mean water vapour products from SSM/I, a number of such 
data sets has been interpolated to the spatial resolution of the CM-SAF product. Note that 
the re-analysis fields usually are provided at 00, 06, 12 and 18 UTC, so that a daily mean is 
derived from four equally distributed fields, whereas the temporal sampling for the CM-SAF 
product is different. This introduces the question of additional spatio-temporal interpolation 
errors, which may be considered to be quite small on the global daily average perspective 
but will be larger at regional scales. The intercomparison has been carried out using the 
following data sets: 

− ECMWF operational analysis for 1995-2006 
− ECMWF ERA40 re-analysis for 1987-2002 (Uppala et al., 2005) 
− ECMWF ERA40 re-analysis (forecast step +24h) for 1987-2002 
− ECMWF ERA INTERIM re-analysis for 1989-2006 (Uppala et al., 2008) 
− JMA JCDAS-25 re-analysis for 1987-2006 (Onogi et al., 2007) 

These data sets have been chosen as up to date no re-analysis data set from ECMWF 
covers the whole time period of the WVPA data set from SSM/I. The earlier ERA40 re-
analysis data set has some known deficiencies in the global water cycle (Hagemann et al. 
2005), who found that the ERA40 water cycle changed in several respects compared to 
Earlier re-analyses and that the on-going validation yielded that the ERA40 precipitation has 
several deficiencies. For data after 1972, the global water budget was found unbalanced and 
freshwater flux (P-E) over the ocean was negative in the long term mean. This was caused 
by an overestimation of precipitation over the ocean, especially in the tropics, which is 
related to the assimilation of atmospheric moisture from satellite data (among others SSM/I). 
The use of forecast step t+24h is generally recommended to overcome imbalances which 
exist in the ERA40 analysis. From ECMWF’s perspective, ERA INTERIM is the most 
advanced re-analysis currently available from that institute. To enable a comparison also to 
data sets from other centres, the JCDAS-25 data set has been introduced. It also covers the 
whole time period, but in difference to ERA INTERIM, not SSM/I radiances directly but water 
vapour retrievals based on SSM/I observations are assimilated in JCDAS-25. 
One other fact to mention is that all analysis data sets assimilated SSM/I information. In case 
of ERA40 and JCDAS-25, retrievals for total water vapour were run, then the information 
obtained hereby is assimilated. This is clearly a caveat as it decreases the independence of 
the reference data set for the comparison. In ERA INTERIM and the operational analysis 
from ECMWF, SSM/I radiances are assimilated directly so that the independence between 
those data sets and the water vapour product from CM-SAF is given to a somewhat larger 
extent. Considering ERA INTERIM, this data set also incorporates the most sophisticated 
bias correction scheme. For the two latter mentioned reasons, the discussion of biases will 
mostly focus on ERA INTERIM. 
As mentioned before, re-analysis projects try to assimilate a lot of available data sources. 
Concerning water vapour, SSM/I measurements are not the only source of information on 
that specific variable, but also ATOVS measurements, radiosoundings etc. are taken into 
account. Given this fact and the complex interactions between variables incorporated in 
forecasting systems, the analysis represents a best fit through all observations as a whole, 
but not necessarily for an individual variable. From this point, it is clear that data sets derived 
purely from satellite measurements provide a good basis for re-analysis assessment. This is 
a secondary rationale to our comparison. 
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3.4.1 Monthly means 
In the following Figure 3-6, the time series of global mean monthly biases and RMSE values 
between ERA INTERIM and the WVPA data set from SSM/I are shown. These values have 
to be assessed versus the requirements of 1 kg/m² (bias) and 2 kg/m² (RMSE). Throughout 
the whole time series, the requirement for the bias is fulfilled. As for the RMSE error, the 
values decrease from slightly above 2 kg/m² prior to 1991 to vaues below the target accuracy 
after 1991. This is due to the sampling density, which is significantly improved with two or 
three DMSP satellites in the years after 1991 compared to only one satellite prior to 1991. 
 

 

Figure 3-6 : Global mean bias and RMSE for the CM-SAF water vapour data set assessed versus 
the ERA INTERIM re-analysis. Values are in kg/m² based on monthly means. 

The bulk monthly uncertainty given in Figure 3-6 has been split up regionally and in terms of 
the PDF. The results are shown in Figure 3-7. The lower panel illustrates fractional 
contribution to the bulk bias and its latitudinal dependence. Intense grey shading shows 
regions that contribute much to the total bias, i.e. regions where CM-SAF WVPA data sets 
and ERA INTERIM values differ most. The following patterns may be identified: In both 
hemispheres, the storm track regions are a pattern of greater difference, predominantly in the 
respective summer-fall season. This may be due to the different temporal sampling in both 
data sets, which is of crucial importance at more convective times, i.e. during summer and 
fall. A second region of greater differences is the inner tropical region. The inner tropical 
convergence zone (ITCZ) as a band-like structure may be seen throughout the timeseries 
including its interannual variability. This may be explained as the SSM/I signal underlying the 
CM-SAF data set is saturizing at very high water vapour values, where the additional 
information from other observations in the re-analysis data set still provides reliable values 
for WVPA. The upper panel of Figure 3-7 shows the differences in WVPA split up in terms of 
the PDF. At the dry end of the PDF, i.e. at values of less than 6 kg/m², the bluish colours 
show that the CM-SAF data set contains less gridpoints with these WVPA values than the 
ERA INTERIM. This is compensated by more gridpoints in the CM-SAF data set at values of 
6-12 kg/m² (reddish colours). Throughout most of the PDF, the values are fairly similar. This 
is in accordance with the findings of the intersomparison of the CM-SAF data set versus 
ATOVS observations (see section 3.3 and Figure 3-5). 
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Figure 3-7 : Contributions to the total monthly uncertainty (bias) for the CM-SAF WVPA data set 
assessed versus the ERA INTERIM re-analysis. Values are fractional contribution per latitude bin 
(lower plot) and absolute difference between PDF values for binned WVPA (upper panel). 

3.4.2 Daily means 
Although no accuracies requirements for the daily mean products are explicitly given in the 
PRD [AD.1], the very good agreement between the CM-SAF data set and ERA INTERIM on 
a monthly mean basis vindicates a consideration of daily mean uncertainties. 
Global daily biases and RMSE between the analysis and the CM-SAF data set are shown in 
Figure 3-8. As for the biases, the latest generation re-analyses, i.e. ERA INTERIM and 
JCDAS-25 reveal biases very close to zero, with quite high stability over time. In the later 
years starting 2002, the operational analysis catches up as bias is concerned, but the 
influences of model changes (indicated by the grey arrows) are clearly visible. ERA40 
reanalysis as well as forecast step 24h show larger and temporally less stable bias values. 
This is an expected result as the problems with ERA40 and the water cycle have been 
previously reported.  
Considering RMSE values, ERA INTERIM gives best agreement with the CM-SAF product 
over time, followed by JCDAS-25 and (at least in the last years) the operational analysis from 
ECMWF. ERA40 is at the same level of RMSE than the operational analysis in the earlier 
years, again for the known deficiencies in that data set. Lastly, the ERA40 forecast step +24h 
not surprisingly shows the largest RMSE values, as (a) with increasing forecast time small 
scale structures get smeared out and (b) only two forecast base times per day (00, 12 UTC) 
are available and thus temporal sampling issues arise. 
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Figure 3-8 : Time series of global daily mean biases and RMSE’s of the CM-SAF water vapour 
column product from SSM/I versis different (re-)analysis data sets. Thin light curves are daily means, 
bold lines are 30-day moving averages. 

In general, both bias and RMSE values decrease in all cases at the beginning of 1991, which 
is the time where the second DMSP satellite is used in the CM-SAF product. The lack of 
information is more severe for the CM-SAF product as the re-analyses use also other 
additional information for water vapour. For the two periods 1987-1990 and 1991 onwards, 
the following table summarizes mean daily biases and RMSE’s for the CM-SAF product 
assessed versus ERA INTERIM water vapour. 
For the comparison versus operational analyses note that humidity fields have been provided 
from 1995 onwards. The enhanced temporal instability is due to IFS model changes, which 
were in 1995-1997, according to ECMWF’s webpage IFS history, mainly related to increasing 
the quality of humidity fields. The sudden decrease in bias in 2002 is related to the 
introduction of a temporally variable bias correction scheme which is favourable to the 
previously used temporally fixed bias correction. 

Table 3-3 : Daily global mean biases and RMSE’s for CM-SAF water vapour product from SSM/I 
assessed versus ERA INTERIM (first line) and JCDAS-25 (second line; for completeness, as ERA 
INTERIM starts in 1989). During 1987-1990, information from only one satellite is available. In the later 
years, at least two DMSP satellites could bee used. Values in kg/m². 

 1987-1990 1991-2006 ALL 
 bias rmse bias rmse bias rmse 

CMSAF – EI -0.66 2.97 0.15 1.97 0.05 2.09 
CMSAF – JC -0.70 2.96 -0.20 2.26 -0.29 2.38 
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3.4.3 Concluding remarks 
Based on the comparison of the CM-SAF WVPA data set and various (re-)analysis data sets, 
the following conclusions with respect to the accuracy requirements of the PRD [AD.1] can 
be drawn: 

− For the monthly means, bias requirements of the threshold and target accuracies are 
fulfilled throughout the time series.  

− For the monthly means, RMSE requirements of threshold accuracies are fulfilled 
throughout the time series, target accuracies are fulfilled after 1991, which is due to 
temporal sampling issues in the 1987-1990 period (only one DMSP satellite 
available). 

The PRD lists no requirements for daily mean bias and rmse values. However, based on the 
comparisons shown above, the following conclusion can be drawn: 

− Global mean daily biases are well smaller than 1 kg/m² using ERA INTERIM or JRA-
25 as reference data sets, for ERA40, values of 1-1.5 kg/m² are observed. Thus, for 
bias, the daily mean values are only slightly enhanced compared to monthly mean 
values. 

− Global mean daily RMSE values are on the order of 5 kg/m² prior to 1991 and 
decreasing to values of 4 kg/m² in the later parts of the time series with more than 
one satellite as input for HOAPS v3.1. Thus, they are higher than the monthly mean 
RMSE values. 

3.5 Temporal stability assessment 
A last benchmark test has been performed to assess the temporal stability of the water 
vapour data set from SSM/I. Stability is the measure of repeatability and reproducibility of the 
meteorological characteristics of the instrument with time. Thus, a key attribute for the 
climate datasets is long-term stability (Ohring et al., 2005). The requirements for the decadal 
stability are derived according to Ohring et al (2005). They postulate that the detection of an 
expected climate trend signal (based on climate model simulations) with satellite derived 
data sets is only possible if those data sets have a long-term stability (interpreted as the 
repeatability of a meteorological measurement) of 20% of the expected signal or better. The 
functional relationship between saturation water vapour pressure and temperature expressed 
by the Clausius-Clapeyron equation leads to the expectation that WVPA will increase by 7% 
per 1K increase of the global mean temperature. The IPCC AR-4 climate models give a 
range of 1.4 to 5.8 K warming over the 21st century. This is in the mean an increase of 0.36 
K/decade. Transforming this with Clausius-Clapeyron to an increase of WVPA, we arrive at 
some 2.52% increase per decade. Detecting such a trend would require a stability of 0.52 % 
or better. This is then the threshold accuracy required. As target accuracy, half of this has 
been defined, i.e. a decadal stability of 0.26%. 
 
The decadal stability cannot be proven directly. An indirect prove may be given if the data set 
from CM-SAF provides the same stability as an already accepted data set, which is the mean 
WVPA data set from RSS. For this analysis, a regional trend analysis for both the water 
vapour data set from RSS (described in section 3.2) and the CM-SAF water vapour data set 
has been carried out. The stability criterion is considered as fulfilled if both trends do not 
differ more than the above mentioned accuracy value defined in the PRD [AD.1]. 
Beforehand, the data sets have been deseasonalized by subtracting the corresponding 
climatological monthly means from the individual months of the time series. The regional 
trends for both deseasonalized data sets are shown in Figure 3-8. 
The observed trend patterns agree well between the two data sets. Existing differences at 
the sea ice edges are negligible as they may be artefacts due to the simple 
deseasonalization scheme used or the different ice-edge detection techniques in both data 
sets. The global mean decadal trend derived from both data sets is given as  
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− + 0.45 kg/m² or 1.67 %/decade based on the CM-SAF water vapour data set and  
− + 0.44 kg/m² or 1.62 %/decade based on the RSS water vapour data set. 

Thus, also the decadal trends show a good stability of the derived water vapour data set from 
SSM/I, as the decadal trends from both data sets differ by only 0.05% / decade. 
 

  

Figure 3-9 : Regional trends derived from deseasonalized CM-SAF (left) and RSS (right) water 
vapour monthly mean data sets for 1991-2006. Shown is the monthly gain of the regression analysis 
in kg/m². 

Based on the trend analysis for the CM-SAF WVPA data set and the one from RSS, the 
stability requirement for both the threshold and target accuracy defined in the PRD [AD.1] are 
fulfilled. 
 

4 Conclusions 
A data set for total column water vapour from SSM/I observations based on the HOAPS 
retrieval scheme has been produced at CM-SAF. It covers the global ice-free oceans and 
ranges in time from 1987 to 2006. Monthly and daily means are available. 
The quality of the data set is assessed in terms of bias, RMSE and decadal stability via 
reference data sets. As equally distributed, ocean-based radiosoundings are not available for 
the whole time series, other reference data had to be found. The validation strategy is 
multifold and outlined in section 3.  
Major results of the product comparison are: 

− The retrieval algorithm itself has been found to differ from reference “optimum 
statistical retrievals” less than 0.5 kg/m² as far as the systematical difference (bias) is 
concerned. The RMSE differences between the Schlüssel and Emery algorithm 
underlying the CM-SAF data set and the benchmark “optimum statistical” retrieval are 
negligible (section 3.1).  

− The applied homogenization scheme yields stable results as is shown by an analysis 
of systematic differences to the RSS water vapour data set, which is derived 
individually for each SSM/I instrument. Biases to the intercalibrated CM-SAF data set 
in overlapping time periods do not differ significantly which allows this conclusion 
(section 3.2). Additionally, the findings of the Sohn and Smith (2003) study are 
confirmed (section 3.1 and preceding paragraph). 

− The comparison towards another water vapour data set from CM-SAF derived from 
ATOVS observations for a selected year shows a bias of 0.5 kg/m² at highest. Given 
that the ATOVS data set has a global mean bias of 0.5 kg/m² to radiosonde data and 
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that the quality of the latter mentioned data set does not differ significantly between 
oceanic and continental regions, the water vapour data set from SSM/I can be 
assessed indirectly versus radiosoundings and yields a bias of less than 1 kg/m² 
(section 3.3). 

− Based on a comparison versus the ERA INTERIM re-analysis data set, the CM-SAF 
water vapour data set from SSM/I shows a global mean bias which is below 1 kg/m² 
for the monthly means with a corresponding RMSE of less than 2 kg/m² (after 1991, 
in 1987-1990 due to temporal sampling slightly higher tha 2 kg/m²). For the daily 
means, the above mentioned values are fulfilled in either case for the bias, some 
outliers in case of daily RMSE are higher than 2 kg/m² (section 3.4). 

− The trends derived from the RSS and the CM-SAF data set based on a simple 
regression analysis of the deseasonalized monthly means shows almost perfect 
agreement of the trend patterns. Also, decadal trend values agree very well. The 
difference between the decadal trends is only 0.05 % / decade and thus fulfilling the 
stability threshold from the PRD [AD.1] 

 
In summary, the validation results for the SSM/I wa ter vapour data set are very 
encouraging. For the given first release of the CM- SAF water vapour data set from 
SSM/I, threshold and target requirements provided i n the PRD are fulfilled for the 
monthly bias and RMSE values. Diagnosed trends are in perfect agreement with a 
reference data set, which is a strong indication fo r a temporal stability fulfilling the 
target requirement provided. 
 
For future releases of the data set, CM-SAF will aim at compiling a reference radio sounding 
data base for product intercomparisons or at least at obtaining individual point sources of 
reference data. Such a comparison requires spatio-temporal matching and may therefore 
eventually only be carried out for intermediate swath-based retrievals and not the end 
products.  
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Annex 1 

Glossary 
 
This section provides a table of acronyms, abbreviations and terms used throughout this 
document. 
 
ATOVS  Advanced TIROS Operational Vertical Sounder  
CM-SAF  Satellite Application Facility on Climate Monitoring 
DMSP   Defense meteorological satellite platform 
DRI   Data set readiness inspection 
DWD   Deutscher Wetterdienst 
ECMWF  European centre for medium-range weather forecasts 
ERA40   ECMWF re-analysis 40 years (1958-2002) 
ERA INTERIM ECMWF Interim re-analysis project (1989 – 2008) 
HOAPS  Hamburg ocean-atmosphere fluxes and parameters from satellite 
HTW   Total column water vapour product from ATOVS 
JCDAS-25  JMA climate data analysis system 25 years  
JMA   Japanese meteorological agency 
PDF   Probability density function 
PRD   Product Requirement Document 
RMSE   Root mean square error 
RSS   Remote Sensing Systems 
SSM/I   Special Sensor Microwave/Imager 
SST   Sea Surface Temperature 
TIROS   Television and Infrared Observation Satellite 
WVPA   Total water vapour column 
 
 
 
 
 
 


