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1 Executive Summary
This CM SAF report provides information on the validation of the Upper Tropospheric
Humidity (UTH) [CM-14711] Edition 1.0 data record derived from the Advanced Microwave
Sounding Unit-B (AMSU-B) and Microwave Humidity Sounder (MHS) on-board the series of
NOAA satellites (15 to 18) and the MetOp satellites (A and B).
The UTH dataset covers the period from January 1999 to December 2015.
The climate data record (CDR) has been validated against the equivalent UTH derived from
the ERA-Interim reanalysis. This has been calculated using the NWP SAF Radiance
Simulator, which constitutes an interface to the radiative transfer model of the NWP SAF
RTTOV. RTTOV estimates the brightness temperature based on the ERA-Interim input,
which is then converted to UTH using the same relationship as for the nadir observations of
the microwave (MW) sounders. It is important to note that ERA-Interim does not constitute a
completely independent dataset as the AMSU-B/MHS radiances of the channel 183.31±1
GHz – also used for the satellite retrievals of UTH evaluated here - are assimilated in this
reanalysis. However, ERA-Interim offers the best available choice for validation given that
humidity observations from many radiosonde types in the upper troposphere are affected by
significant biases.
The CM SAF PRD Requirements [AD 1] have been set according to the Global Climate
Observing System (GCOS) Implementation Plan (IP) in 2016. The requirement for
measurement uncertainty for the UTH is 5% and for the decadal stability is 0.3%.
The results in this validation report indicate that the CM SAF UTH has in general accuracy
better than 3%, precision better than 8% and stability better than 0.1%/yr in comparison to
ERA-Interim. The exception to this is the first year of NOAA-15, which is affected by radio
frequency interference. The accuracy and precision values reflect validation statistics
obtained either from daily samples mainly within ±60º latitude or from the global statistics for
each satellite. At high latitudes, MW humidity sounders do not reliably observe the upper
atmosphere and larger discrepancies appear in the validation. However, these discrepancies
can also be due to uncertainties in ERA-Interim close to the Poles. Thus, this study
concludes that the CM SAF PRD Requirements [AD 1] are fulfilled with accuracy and stability
being within the GCOS IP requirements.
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2 The EUMETSAT SAF on Climate Monitoring
The importance of climate monitoring with satellites was recognized in 2000 by EUMETSAT
Member States when they amended the EUMETSAT Convention to affirm that the
EUMETSAT mandate is also to “contribute to the operational monitoring of the climate and
the detection of global climatic changes". Following this, EUMETSAT established within its
Satellite Application Facility (SAF) network a dedicated centre, the SAF on Climate
Monitoring (CM SAF, http://www.cmsaf.eu).
The consortium of the CM SAF currently comprises the Deutscher Wetterdienst (DWD) as
host institute, and the partners from the Royal Meteorological Institute of Belgium (RMIB), the
Finnish Meteorological Institute (FMI), the Royal Meteorological Institute of the Netherlands
(KNMI), the Swedish Meteorological and Hydrological Institute (SMHI), the Meteorological
Service of Switzerland (MeteoSwiss), and the Meteorological Office of the United Kingdom
(UK Met Office). Since the beginning in 1999, the EUMETSAT Satellite Application Facility
on Climate Monitoring (CM SAF) has developed and will continue to develop capabilities for
a sustained generation and provision of Climate Data Records (CDRs) derived from
operational meteorological satellites.
In particular the generation of long-term data records is pursued. The ultimate aim is to make
the resulting data records suitable for the analysis of climate variability and potentially the
detection of climate trends. The CM SAF works in close collaboration with the EUMETSAT
Central Facility and liaises with other satellite operators to advance the availability, quality
and usability of Fundamental Climate Data Records (FCDRs) as defined by the Global
Climate Observing System (GCOS). As a major task the CM SAF utilizes FCDRs to produce
records of Essential Climate Variables (ECVs) as defined by GCOS. Thematically, the focus
of the CM SAF is on ECVs associated with the global energy and water cycle.
Another essential task of the CM SAF is to produce data records that can serve applications
related to the new Global Framework of Climate Services initiated by the World
Meteorological Organisation (WMO) World Climate Conference-3 in 2009. The CM SAF
supports climate services at national meteorological and hydrological services (NMHSs) with
long-term data records but also with data records produced close to real time that can be
used to prepare monthly/annual updates of the state of the climate. Both types of products
together allow for a consistent description of mean values, anomalies, variabilities and
potential trends for the chosen ECVs. The CM SAF ECV data records also serve the
improvement of climate models both at global and regional scales.
As an essential partner in the related international frameworks, in particular WMO SCOPECM (Sustained Coordinated Processing of Environmental satellite data for Climate
Monitoring), the CM SAF, together with the EUMETSAT Central Facility, assumes the role as
main implementer of EUMETSAT’s commitments in support to global climate monitoring.
This is achieved through:


Application of the highest standards and guidelines as outlined by GCOS for satellite
data processing,

8

Validation Report
MW UTH Edition 1.0

Doc.No.:
Issue:
Date:

SAF/CM/UKMO/VAL/UTH
1.3
20.12.2018



Processing of satellite data within a true international collaboration benefiting from
developments at international level and pollinating the partnership with its own ideas
and standards,



Intensive validation and improvement of the CM SAF climate data records,



Taking a major role in data record assessments performed by research organisations
such as World Climate Research Program (WCRP). This role provides the CM SAF
with strong contacts to research organizations that form a substantial user group for
the CM SAF CDRs,



Maintaining and providing an operational and sustained infrastructure that can serve
the community within the transition of mature CDR products from the research
community into operational environments.

A catalogue of all available CM-SAF products is accessible via the CM-SAF webpage,
www.cmsaf.eu/. There, detailed information about product ordering, add-on tools, sample
programs and documentation is provided.
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3 Introduction
The UTH is an important climate variable as it determines together with other greenhouse
gases the amount of radiation that will be absorbed by the atmosphere, therefore contributing
significantly to climate change. The CM-SAF UTH CDR is based on observations from the
MW sounders AMSU-B and MHS on board the satellite platforms NOAA [15 to 18] and
MetOp [A and B] (Table 3-1). The FCDR used to generate the CM SAF UTH product was
provided by EUMETSAT, generated within the framework of the ERA-Clim2 project [RD 3].
The advantage of UTH from MW observations based on the channel 183.31±1 GHz is the
almost all-sky measurements in comparison to infrared observations with channels around
6.3 µm. Table 3-1 summarises the instruments and the respective platforms used in the CMSAF UTH CDR.
Table 3-1: Summary information for the MW sounders used to produce the CM-SAF UTH CDR
indicating the satellite platform, the temporal period of UTH for each instrument, and the local equator
crossing time (LECT) of the ascending node. The LECT is indicative at the launch time of each
satellite, as the NOAA platforms drift with time in contrast to the MetOp satellites for which LECT is
almost constant.

Instrument

Satellite

Period

LECT ascending

AMSU-B

NOAA-15

01/1999-12/2002

7:30 pm

AMSU-B

NOAA-16

01/2001-12/2006

2:00 pm

AMSU-B

NOAA-17

01/2003-12/2008

10:00 pm

MHS

NOAA-18

01/2006-12/2015

2:00 pm

MHS

MetOp-A

01/2007-12/2015

9:30 pm

MHS

MetOp-B

01/2013-12/2015

9:30 pm

The cut-off dates for the data used to produce the UTH TCDR from each satellite instrument
in Table 3-1 were dictated by the results of the ATBD of the Fundamental Climate Data
Record (FCDR) [RD 3] and the study of Hans et al. (2017). The former report focuses on the
accuracy (and to a lesser degree stability) against ERA-Interim reanalysis, while the latter
focuses on the noise level of each instrument. NOAA-19 MHS was excluded from this
version of the CDR because of the higher than 1 K Noise-Equivalent delta Temperature
(NEΔT) of channel 183.31±1 GHz, as recommended by Hans et al. (2017).
The UTH from MW observations is calculated from the following equation:
(

)

Equation 3-1

where a and b are constants with values 23.467520 and -0.099240916
respectively, and
is the brightness temperature measured from the channel 183.31±1 GHz close to nadir.
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For observation angles further away from nadir the limb darkening effect is taken into
account. This is performed by subtracting a view-angle dependent value (up to 6 K) from the
observed brightness temperature. Measurements contaminated by the surface or clouds
(convective or precipitating) are also removed. In the case of clouds, the observed brightness
temperatures are discarded if these are greater than the respective values of the channel
183.31±7 GHz (or 190.31 GHz for MHS) or lower than a minimum view-angle dependent
value. Regarding the surface contamination, a similar test is used and brightness
temperature observations at 183.31±1 GHz greater than the respective values at 183.31±3
GHz are discarded. More details are provided in the UTH Algorithm Theoretical Basis
Document (ATBD) [RD 1]. The UTH is provided for each instrument in Table 3-1 as daily
files, with separate fields for ascending and descending overpasses as well as daily
averages combining the two overpasses at 1 degree resolution globally based on valid
brightness temperature observations. In addition to the average UTH gridded value,
additional information is also provided in the files, such as the average brightness
temperature and number of observations for each grid cell, as described in the Product User
Manual [RD 2]. It should be noted that although the CM-SAF UTH is provided globally,
poleward of 60 degrees the atmosphere is usually dry, which means that the channel
183.31±1 GHz does not truly sense the upper troposphere, but mostly the lower levels of the
troposphere. For this reason the majority of the studies dealing with satellite UTH
observations restrict the Earth domain to ±60 degrees (e.g. Buehler et al., 2008; Chung et
al., 2016). The brightness temperatures of the different MW humidity sounders used for the
CM-SAF UTH product have been intercalibrated with reference to MHS on NOAA-18. More
details about this procedure can been found in the ERA-Clim2 D3.11 documentation [RD 3]

11
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4 Validation Data Record
The validation of the CM-SAF UTH product is conducted against the UTH calculated from the
ERA-Interim reanalysis [Dee et al., 2011]. It is important to note that ERA-Interim assimilates
observations from AMSU-B and MHS channels 3 to 5, so the validation is not completely
independent. Channel 3 is used for the retrieval of CM-SAF UTH, while channel 5 is used for
masking the cloud and surface contaminated observations [RD 1]. In the ERA-Interim
assimilation the following observations are excluded: all AMSU-B and MHS observations
from the first or last nine fields-of-view of each scan line; all observations over land for
channel 5 and over high terrain for channels 3 and 4; all observations over sea ice (using the
condition SST< 273.15 K); and all observations believed to be contaminated by rain [Dee et
al., 2011]. Thus, there are similarities between the CM-SAF UTH and ERA-Interim regarding
the handling of surface and precipitation contaminated observations. However, there are also
differences. ERA-Interim excludes the observations at large viewing angles, while it also
does not assimilate all the “good” observations by applying some thinning [Dee et al., 2011].
Thinning is a common practice in data assimilation in order to reduce data density to a level
relevant to the resolution supported by the analysis method and to prevent effects of spatially
correlated observation errors that are not explicitly accounted for by the analysis method.
Also, ERA-Interim assimilates additional observations sensitive to mid-to-upper troposphere
water vapour in the spectral region of 6.2-6.8 and 7.3 µm from the HIRS infrared sounders,
and the geostationary imagers METEOSAT, GOES and MTSAT [Dee et al., 2011]. Finally,
ERA-Interim assimilates specific humidity observations from radiosondes although only
below 100 hPa for Vaisala RS-80 and RS-90 models and below 300 hPa for all other sonde
types [Dee et al., 2011]. Additionally, radiosonde specific humidity observations are excluded
from assimilation in cold conditions (T < 193 K for RS-90 sondes, T <213 K for RS-80
sondes, T < 233 K otherwise).
The reason for choosing ERA-Interim reanalysis as the validation dataset over radiosonde
observations, despite the fact that it is not completely independent from the CM-SAF UTH, is
mainly because the radiosondes suffer from significant biases in water vapour observations
of the upper troposphere [e.g., Moradi et al., 2013b]. The error characteristics among
different radiosondes vary significantly, which largely reflects the differences in sensor type.
Sensors from China, India, Russia and the U.S. suffer from large random errors in the upper
troposphere, thus these sensors are not suitable for upper tropospheric studies as they fail to
respond to humidity changes in the upper and even middle troposphere [Moradi et al.,
2013a]. More specifically, in the upper troposphere in comparison to MW observations,
nighttime radiosonde data show a dry bias (−5% to −15%) over Europe, Australia, and New
Zealand and a systematically moist bias (greater than 30%) over China and the former
Soviet Union [Moradi et al., 2013b]. Data from the U.S. and Canada show a bias between
−10% and +20%. Most stations indicate a daytime radiation dry bias, except for a few
stations from the U.S. and the former Soviet Union [Moradi et al., 2013b]. On the other hand,
reanalysis datasets relevant to UTH (including ERA-Interim) exhibit spatial and temporal
patterns of interannual variability consistent with the satellite observations (both MW and IR).
However, only the trends from ERA-Interim reanalysis are comparatively close to the satellite
observations [Chung et al., 2016]. It is notable that in the ECMWF operational system, which
is similar to the system used for the ERA-Interim reanalysis, the water vapour and relative
12
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humidity agree well in the upper troposphere with in situ observations made from the
CARIBIC aircrafts [Dyroff et al., 2015].
Despite the good performance of ERA-Interim, it should not be considered as the absolute
truth for UTH, as it is also subject to uncertainties. Instead, it should be treated as the best
available option currently for the validation of the UTH providing statistically significant results
both globally and for the time period covered by the CM-SAF UTH.
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5 Validation
The strategy for validation of the CM-SAF UTH against ERA-Interim reanalysis is presented
in the next section; the results are reported in subsequent sections.
The accuracy requirements applicable for this validation report are mainly derived from the
GCOS Implementation Plan (IP) [GCOS-200, 2016] and are provided in AD 1. According to
the GCOS IP, the measurement uncertainty for UTH should be 5% and the stability per
decade should be 0.3%. These values are very close to the optimal accuracy values for Free
Tropospheric Humidity (FTH) retrieved from the water vapour channel near 6.3 µm on
Meteosat geostationary imagers [Schröder et al., 2014] with values 2% for the bias, 5% for
the root mean square (RMS) difference, and 0.26% for decadal stability [AD 1]. The GCOS
IP also states that the frequency of UTH observations should be 1 h, with a spatial resolution
of 25 km, but these values are not achievable from polar orbiting MW humidity sounders.
Instead, the CM-SAF UTH product is given as daily gridded observations of 1 degree for
ascending and descending orbits separately, together with their combined average, for each
satellite [RD 2].
In accordance with previous studies for satellite UTH [e.g. Buehler et al., 2008; Chung et al.,
2016], the validation results will be presented mainly for the tropics and mid-latitudes up to
±60 degrees, although the maps and Hovmoller diagrams shown also include the Polar
Regions.

14
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Methodology

The local equator crossing time (LECT) for NOAA satellites drifts with time, while ERAInterim provides data only for 4 analysis times i.e. 0, 6, 12 and 18 UTC. Thus, in order to
minimize the complications from the diurnal cycle of UTH [e.g. Chung et al., 2013] daily
means of UTH are created for each of the CM-SAF UTH and the ERA-Interim reanalysis.
The averaging in both cases is performed in UTH space and not in brightness temperature
space following John et al. [2006]. All spatially collocated valid gridboxes of UTH from both
the CM-SAF and ERA-Interim products are collected for each day and the daily mean
difference (CM-SAF minus ERA-Interim) and standard deviation are calculated. In this way,
the sampling error between CM-SAF and ERA-Interim UTH is eliminated, as the satellite
UTH does not provide total global coverage of the Earth every day (for example see Figure
5-1).
In the case of the CM-SAF UTH, ascending and descending 1 degree gridboxes are
combined to create daily averages. Only gridboxes with a non-zero number of UTH retrievals
for both ascending and descending gridboxes are considered using the following equation:
Equation 5-1

where N stands for the number of UTH retrievals either ascending (asc) or descending
(desc). Figure 5-1 provides an example of the daily UTH for one day (13/7/2009) from
NOAA-18 (see also a similar image in Figure 5-8, but for the number of retrievals). The white
UTH data voids in the tropics exist because subsequent satellite orbits do not overlap. The
gaps appear as a zig-zag pattern in Figure 5-1 because for a specific gridbox a daily UTH is
calculated only if there are both ascending and descending retrievals for it. Over the Antarctic
there are no valid UTH retrievals due to surface contamination on the brightness temperature
observed at 183.31±1 GHz because the atmosphere is very dry. On the other hand, over the
Southern Ocean away from the Antarctic the lack of observations is caused by the presence
of clouds.
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Figure 5-1: CM-SAF daily UTH by combining ascending and descending orbits for the 13th July 2009
based on NOAA-18 observations. White areas indicate missing daily UTH.

The ERA-Interim data are processed at their native resolution (~0.75 degrees) in the
NWP SAF Radiance Simulator [Smith, 2017], which constitutes an interface for the radiative
transfer model RTTOV [Hocking et al., 2017], also from the NWP SAF. RTTOV simulates the
brightness temperature that a MW humidity sounder would see at nadir for the channel
183.31±1 GHz. The simulations are performed using the FASTEM-6 model (Kazumori and
English, 2015) over sea, and the emissivity atlases TELSEM2 (Wang et al., 2017) based on
Special Sensor Microwave Imager/Sounder (SSMIS) observations over land and sea ice.
The emissivity atlases are provided at 0.25 degree resolution through the NWP SAF RTTOV
webpage (https://nwpsaf.eu/site/software/rttov/). In some locations, mainly over coastlines
and close to sea ice – open ocean boundaries, there is inconsistent information between the
ERA-Interim and the SSMIS atlases concerning the surface type (sea, land, sea ice) given
the different resolution of the datasets (0.75 vs. 0.25 degree). In those cases, a constant
value for emissivity is used, assuming the surface type indicated by ERA-Interim, which is
0.95 for land and 0.92 for sea ice. Once the simulation is performed, the brightness
temperatures are interpolated to 1 degree resolution to match the CM-SAF UTH product, and
the UTH is estimated based on the same equation as for the MW humidity sounders
(Equation 3-1)
The results are presented in terms of mean difference (CM-SAF UTH minus ERA-Interim)
and standard deviation on a daily basis and stability per decade [AD 1]. For convenience
their definitions are provided below.
16
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The mean difference (also frequently reported in the literature as ‘mean error’ or ‘bias’)
results from the arithmetic mean of the difference over the members of the data records. This
measure should indicate how close the parameter estimation is on average to a reference
observation (representing the truth, or more correctly the best estimation of the truth). It
indicates whether the data record on average over- or underestimates the reference data
record and is defined as:
Equation 5-2

∑(

)

̅

̅

The sample standard deviation (also frequently reported in literature as ‘precision’ or ‘biascorrected RMS error’) is a measure of the spread around the mean value of the distribution
formed by the differences between the test and the reference data records. This measure
should tell how individual parameter estimations are distributed relative to the mean
difference defined as:

Equation 5-3

√

∑((

)

(̅

̅ ))

The stability indicates whether one or more accuracy metrics are stable or if they are
changing over time. The CM-SAF has chosen to monitor only the first metric here (the mean
difference) where criteria have been defined for the maximum changes being acceptable per
decade for each product.
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Results

The results of the comparison between the CM-SAF and the ERA-Interim UTH are presented
in this section using time series, Hovmoller diagrams, maps and histograms. It should be
noted that if the absolute difference between the CM-SAF and ERA-Interim UTH is greater
than 50% these points are excluded from the subsequent analysis. The majority of these
excluded points are found close to the poles, where both the channel 183.31±1 GHz does
not truly sense the upper troposphere, and the emissivity over the ice used in the simulations
has significant uncertainties. A threshold of 50% is deemed reasonable as any valid
differences should be significantly smaller than this value, and its use should therefore
eliminate really problematic situations for either datasets without significantly affecting the
statistical results (see also Section 5.2.5). Finally, it should be always kept in mind that
although ERA-Interim is used here as the reference data set, like all data sets, it also has
uncertainties.
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Time Series

Figure 5-2 presents the time series of the daily mean difference (CM-SAF minus ERAInterim), the standard deviation and the number of matched 1 degree gridboxes between the
two datasets for the six satellites and the zonal region within ±30 degrees latitude. The mean
difference is in general within ±3% and mostly on the negative side (CM-SAF drier than ERAInterim). This is the case especially for the AMSU-B instruments (aboard NOAA-15 to 17)
showing daily differences between -2.5 and -0.5% for this zonal region. The UTH difference
for NOAA-15 AMSU-B during the first 9 months of 1999 is around 0%, but this different
behaviour reflects the radiofrequency interference (RFI) caused by the S-band transmitters
on the spacecraft (Atkinson, 2001). The UTH from the MHS instruments (on board NOAA-18
and MetOp-A, B) agrees better with ERA-Interim with the differences being in general within
±1%, except for a four-month period for the MetOp-A just after the start of observations
(March to June 2007) where the difference is about -2.5%. This period indicates an
instrumental issue for MetOp-A given that NOAA-18 compares well with ERA-Interim during
these months, while the agreement outside this period between MetOp-A, NOAA-18, and
ERA-Interim is consistent. Outside of this period for MetOp-A, there is consistency in the
time-series of the MHS instruments (NOAA-18, MetOp-A/B) during their overlapping periods.
The same is true for AMSU-B on board NOAA-16 and 17. On the other hand, there are small
jumps of 0.5-1% in the time series between NOAA-15 and NOAA-16 or 17 and then between
NOAA-16 or 17 and NOAA-18 or MetOp-A. Occasionally, there are spikes in the time series,
which typically correspond to specific days with a very limited number of observations Figure
5-2 bottom panel). A few days with spikes in Figure 5-2 indicate likely instrumental issues
such as 23rd and 24th March 2008 for NOAA-18. The spike of the 13th July 2009 is due to a
problem with the generation of the ERA-Interim file used in the RTTOV simulation.
The mean difference shows an annual cycle with the minima occurring during the northern
hemisphere summer, and maxima during winter. Also, there is a statistically significant
increasing trend of the mean difference of 0.05%/yr for NOAA-17, 0.05%/yr for NOAA-18 and
0.08%/yr for MetOp-A, while for NOAA-16 the trend is -0.03%/yr (Table 5-1 and Table 5-2).
The trends for NOAA-15 and MetOp-B are also decreasing but they are not statistically
significant from zero. It is important to note that NOAA-15 and MetOp-B have only 3-4 years
of observations, making the interpretation of the trend less meaningful.
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Figure 5-2: Time series of daily mean difference (CM-SAF minus ERA-Interim UTH; top panel),
standard deviation (middle panel) and number of matchups (bottom panel) for NOAA-15 (red line),
NOAA-16 (magenta line), NOAA-17 (cyan line), NOAA-18 (black line), MetOp-A (blue line) and
MetOp-B (green line) for the zonal region within ±30 degrees latitude. The vertical dashed lines
indicate the start and the end of the record for each satellite with respective colour, while the
horizontal red dashed line in the top panel the 0% value.

By contrast, the standard deviation does not show a trend from 2001, but mostly an
oscillation around the value of about 6% (Figure 5-2). This oscillation however does not show
an annual cycle, instead a 6-month cycle emerges with minima in winter/summer and
maxima in spring/autumn. Again before 2001, the RFI issue of NOAA-15 is evident in the
standard deviation. The number of matched 1 degree gridboxes is about 17000 for NOAA-16
and 18, but slightly lower for the NOAA-15, 17 and MetOp-A, B (Figure 5-2). This happens
because the first two satellites are on an afternoon orbit while the latter four on a morning
orbit (Table 3-1). For MetOp-A, during the period 27th March to 20th May 2014 there are no
observations at all, as the instrument was not working.
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Table 5-1: Annual mean differences (in %) of UTH (CM-SAF minus ERA-Interim) for the zonal regions
within ±30 and ±60 degrees latitude for the satellites carrying an AMSU-B instrument i.e. NOAA-15,
NOAA-16 and NOAA-17. ‘s’ is the linear trend (%/yr) for the whole period of each satellite; a bold
value indicates that the trend is statistically significant from zero (p-value ≤ 0.05).

NOAA-15

NOAA-16

NOAA-17

Year
±30°

±60°

±30°

±60°

±30°

±60°

1999

-0.37

-0.64

2000

-2.08

-1.92

2001

-1.95

-1.74

-1.03

-0.77

2002

-2.13

-1.94

-1.16

-0.85

2003

-1.15

-0.70

-1.41

-0.87

2004

-1.18

-0.75

-1.37

-0.83

2005

-1.19

-0.75

-1.27

-0.68

2006

-1.19

-0.77

-1.25

-0.62

2007

-1.25

-0.62

2008

-1.11

-0.49

0.05

0.07

s

-0.51

-0.37

-0.03

0.01

Table 5-2: As for Table 5-1, but for the satellites carrying an MHS instrument i.e. NOAA-18, MetOp-A
and MetOp-B.

NOAA-18

MetOp-A

MetOp-B

Year
±30°

±60°

±30°

±60°

2006

-0.49

0.05

2007

-0.51

-0.01

-1.12

-0.56

2008

-0.51

-0.02

-0.50

0.14

2009

-0.42

0.06

-0.41

0.23

2010

-0.51

-0.02

-0.54

0.11

2011

-0.50

-0.08

-0.54

0.01

2012

-0.25

0.13

-0.26

0.30

2013

-0.11

0.23

-0.21

0.31

±30°

±60°

-0.31

0.20
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2014

-0.10

0.18

-0.24

0.21

-0.33

0.11

2015

-0.23

0.11

-0.33

0.17

-0.47

0.00

s

0.05

0.02

0.08

0.06

-0.08

-0.10

Figure 5-3 shows the same parameters but for the zonal region within ±60 degrees latitude.
The mean difference is now about 0.5% closer to 0% compared with the tropical regions,
being in general within -2.5 and 1%. As the number of collocations with ERA-Interim is now
larger (e.g. about 38000 for NOAA-18), the time series are less noisy. Thus, the different
behaviour of NOAA-15 in comparison to NOAA-16 or 17 and the MHS instruments becomes
more obvious, although the differences for the overlapping years are again about 1% or less
(Table 5-1 and Table 5-2). For the MHS instruments, the mean difference is slightly positive,
an indication that the CM-SAF UTH is more moist than the ERA-Interim in the mid-latitudes,
given the opposite sign for the zonal region within ±30° (Figure 5-2). The trends for this zonal
region are statistically significant only for NOAA-17 (0.07%/yr) and MetOp-B (-0.10%/yr),
although of opposite sign (Table 5-1 and Table 5-2). The standard deviation for the ±60
degrees latitude analysis is slightly higher than for the tropics (6.5-7.0%), except again for
the first years of NOAA-15 (Figure 5-3).
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Figure 5-3: Same as Figure 5-2, but for the zonal region within ±60 degrees.

The results presented here suggest that the CM-SAF UTH has accuracy better than 3% at
any time (when the Earth coverage by the satellite is good), precision almost always better
than 8% (except from the first 2 years of NOAA-15) and stability better than 0.1%/yr (and
even better for NOAA-18 which spans 10 years) when compared to ERA-Interim. Notably,
the variation in global mean agreement with ERA-Interim between overlapping satellites used
to produce the CM-SAF UTH product is even smaller (around 1% or lower – see also Section
5.2.5) than this estimated accuracy. The spatio-temporal scales of the accuracy and
precision values are for ±30 or 60 degrees zonal averages on daily basis. Thus, the accuracy
and the stability fulfil the CM-SAF PRD Requirements [AD 1] and are within the GCOS IP
requirements.
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Hovmoller diagrams

Figure 5-4 and Figure 5-5 present the Hovmoller diagrams of the daily mean difference,
standard deviation and number of match-ups extending from the South to North Poles for
MetOp-A and NOAA-18, respectively. The dry bias with respect to ERA-Interim of about 2%
can be clearly seen for both satellites in the tropics (within ±20° latitude) oscillating with an
annual cycle between the northern hemisphere (summer) and southern hemisphere (winter).
Except from this marked sinusoidal oscillation, the differences between the two datasets are
very close to zero within ±30° latitude. The sinusoidal oscillation coincides almost perfectly
with the ratio of the valid UTH retrievals over the total number of brightness temperature (BT)
observations available from channel 183.31±GHz (Figure 5-6). This fact suggests that this
dry bias is a result of masking the brightness temperatures affected by convective and
precipitating clouds, which by definition are characterised by high humidity and account for
10-15% of the cases in this region (Figure 5-6).
There are also evident cycles in the mid-latitudes, but for the southern hemisphere the
difference is nearly always between about 0 and 2% for MetOp-A and NOAA-18, with the
northern hemisphere showing both dry and wet differences within ±2%. These results are in
agreement with the results presented in the previous section. The other satellites (NOAA-15,
16, 17 and Metop-B) show the same patterns, but the values of the mean difference are
more negative for the AMSU-B instruments (e.g. Figure 5-7 for NOAA-15). The exception is
the first year of NOAA-15, which does not show the same pattern due to RFI issues (Figure
5-7).
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Figure 5-4: Hovmoller diagrams for the daily mean difference (CM-SAF minus ERA-Interim; top row),
standard deviation (middle row) and number of matchups (bottom row) for MetOp-A against ERAInterim UTH. The black dashed lines in all images indicate the latitudes of ±30 and ±60 degrees.
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Figure 5-5: As for Figure 5-4, but for NOAA-18. Note the different time axis starting in 2006 for NOAA18.

Over the poles, there are frequent large differences greater than ±5% for all satellites,
especially for the South Pole, peaking during the respective winter period. However, while
the difference over the Antarctic is always negative, the difference over the North Pole above
85°N is positive and negative below 85°N, expressing an obvious annual cycle. These
cycles, and in particular the correlation of the reduced ratio of valid UTH retrievals over the
available BT observations with the dry bias, indicate increased surface contamination (Figure
5-6). The extent of the surface contamination is more than 20% (the colourbar of Figure 5-6
saturates for values lower than 0.8). It should be noted that for some gridpoints over the
Antarctic the surface contamination reaches 100%, i.e. no valid UTH retrieval at all (bottom
row of Figure 5-4, Figure 5-5 and Figure 5-7). As mentioned previously, both ERA-Interim
and the CM-SAF UTH have known limitations in those regions; additionally, the number of
match-ups is significantly lower. In any case, these high differences over the Poles suggest
that more research is needed to understand them, particularly in relation to the MW
emissivity over ice. Finally, it is useful to note that during the boreal summer period over the
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Arctic region almost all BT observations produce valid UTH retrievals, as the ratio is close to
1 (Figure 5-6), and that these retrievals agree well with ERA-Interim for MetOp-A and NOAA18 (Figure 5-4 and Figure 5-5). However, the validity of the MW UTH retrievals in the Arctic
atmosphere, where it is too dry, should still be interrogated.
The pattern of the standard deviation shows some annual cycles in the tropics and the polar
regions, but in the mid-latitudes it is almost constant, especially for the southern hemisphere
(Figure 5-4, Figure 5-5 and Figure 5-7). In general, the pattern of the standard deviation does
not follow the pattern of the mean difference. The standard deviation is 3-7% in the tropics,
7-9% in the mid-latitudes with slightly lower values over the Polar Regions than for the midlatitudes.

Figure 5-6: Ratio of valid UTH retrievals over the number of brightness temperature observations for
both ascending and descending orbits for MetOp-A. The pattern is very similar for the other satellites
used to produce the CM-SAF UTH.

The number of match-ups clearly indicates the surface contamination over the Poles, which
is ubiquitous over Antarctica during the whole year and over the Arctic during the winter
period (Figure 5-4, Figure 5-5 and Figure 5-7). There is no specific pattern regarding the
coverage over mid-latitudes. The tropics have fewer match-ups in comparison to midlatitudes due to non-overlapping swath of subsequent orbits and the requirement for valid
UTH retrievals for both ascending and descending parts (see also Figure 5-1).
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Figure 5-7: As for Figure 5-4, but for NOAA-15. Note the different time axis starting in 1999 for NOAA15.
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Geographical distribution

Figure 5-8 presents the geographical distribution of mean differences, standard deviation
and number of match-ups for MetOp-A and NOAA-18. The results correspond to the full UTH
record for each satellite based on the available daily observations. This is reflected by the
different colour scales used for the number of matchups for MetOp-A and NOAA-18. The
pattern for the mean difference is similar for both satellites (and the other satellites, which are
not shown due to the similarity of the results). There are large negative differences (CM-SAF
drier than ERA-Interim with values close to -5% or lower) for the Antarctic and Greenland.
Note that the Eastern Antarctic has some gridboxes (indicated by white) with no valid
comparisons between the two datasets. Other regions where the difference is negative are
Central America, Central Africa, Maritime Continent and more general the area of the Inter
Tropical Convergence Zone (ITCZ). This is in agreement with the results presented in the
previous section regarding the sinusoidal oscillation in the tropics (Figure 5-4, Figure 5-5 and
Figure 5-7) and the impact of masking convective and precipitating clouds. High altitude
mountainous regions (Himalayas, Alps, etc.) also show a negative CM-SAF minus ERAInterim difference, which is a result of the surface masking in the CM-SAF UTH product.
Finally, the Arctic (70-80°N) and Siberia are also exhibit negative differences. For the rest of
the world, the differences within ±1%. Only NOAA-15 has mean difference values lower than
-1% almost everywhere (also see Figure 5-7), although the spatial variability follows the
same geographical pattern shown in Figure 5-8. It is noticeable that the MHS instruments (on
NOAA-18 and MetOp-A, B) have mean difference of about 2% over the Southern Ocean.
The only region with very high positive differences of ~5% (CM-SAF wetter than ERAInterim) is close to North Pole (above 85°N), as discussed in the previous section, again
except from NOAA-15.
By contrast, there are some differences in the geographical pattern of the standard deviation
between the two satellites, particularly in regions where the standard deviation is higher than
8% (green colours). These regions are located over the ocean in the mid-latitudes being over
the Atlantic and Western Pacific for MetOp-A, but Eastern Pacific and southeast of Africa for
NOAA-18. This may be a result of the different orbits of the two satellites, possibly reflecting
the diurnal variability of UTH field: MetOp-A is on a morning orbit and NOAA-18 is an
afternoon orbit. This is supported by the similarity between the spatial patterns of standard
deviation for NOAA-15, 17 and MetOp-B, compared with MetOp-A, all of which have morning
orbits (Table 3-1). Similarly, NOAA-16, on an afternoon orbit, has high standard deviation
values at the same locations with NOAA-18. However, over the subsidence sub-tropical dry
regions the standard deviation has similar pattern and values (~2%) for all satellites, with
NOAA-15 having slightly higher values ~4%.
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Figure 5-8: Map for the mean difference (CM-SAF minus ERA-Interim; top row), standard deviation
(middle row) and number of matchups (bottom row) for MetOp-A (left column) and NOAA-18 (right
column). Note the different time period for MetOp-A (9 years) and NOAA-18 (about 10.5 years).
MetOp-A is in stable morning orbit, while NOAA-18 in a drifting afternoon orbit. The black dashed lines
in all images indicate the latitudes of ±30 and ±60 degrees.

Regarding the number of match-ups, the number is higher over the mid-latitudes as the
overlap between the ascending and descending orbits is higher than over the tropics (Figure
5-1). Over the polar continental regions the significantly lower numbers are the result of
masking due to surface contamination in the channel 183.31±1 GHz used for the UTH
retrieval. Also over the Himalayas and Siberia the numbers are slightly lower reflecting again
the surface contamination, for the former due to the high altitude of mountains, while for the
latter due to dry atmospheric conditions. In all satellites, there are two distinct roughly
parallelogram regions over the tropics where the number of match-ups is lower than the
adjacent regions. These artefacts are probably due to the termination of the last ascending
and descending orbits during the day. The artefacts are placed in different locations because
of the different orbits of MetOp-A (morning) and NOAA-18 (afternoon), with similar locations
for the other satellites depending on the time of the orbit.
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Dependence on the number of retrievals

It is important to examine if the mean differences between the CM-SAF and ERA-Interim
UTH depend on the number of retrievals or the combination between ascending and
descending orbits. Figure 5-9 presents an example for one day (1/1/2015) showing the
number of UTH retrievals using a combination of ascending and descending orbits. The zigzag pattern is created because of the requirement to have at least one retrieval for both
ascending and descending orbits in order to estimate a valid daily UTH (see also section
5.1). The impact of the surface (mainly close to Poles and Himalayas) or cloud contamination
is also clear in this figure. It can be observed that the majority of the gridboxes have 40-50
combined retrievals. Over the tropics the number of retrievals is 80-90 where the ascending
and descending orbits fully overlap. Given that the daily number of observations ranges from
close to 0 up to 90, it is logical to examine if this has an impact on the quality of the CM-SAF
UTH product.

Figure 5-9: Number of UTH daily retrievals per 1 degree grid box (combination of ascending and
st
descending orbits) for the 1 January 2015 based on MetOp-B observations.

In order to address this question, Figure 5-10 shows the two-dimensional histogram of mean
difference against the total number of number of retrievals for MetOp-A in 2015. The three
panels present the same results but highlighting different ranges. The results are similar for
the other satellites (not shown). As 2015 is not an unusual year (see Table 5-2), the results
are also applicable to the rest of the CM-SAF record. It should be noted that the minimum
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number of combined retrievals is 4 as indicated by the top and bottom panels. A few
gridboxes have more 110 daily retrievals, but the majority has 40-50 retrievals as depicted in
the middle panel (in accordance with Figure 5-9). It is evident from Figure 5-10 that the mean
difference between CM-SAF and ERA-Interim UTH does not depend on the number of
retrievals, as no special pattern emerges between the two parameters.

Figure 5-10: Two dimensional histogram of the mean difference of UTH (CM-SAF minus ERA Interim)
versus the total number of retrievals (ascending and descending combined) for MetOp-A in 2015. All
the three panels show the same results but at different scales/ranges. Logarithmic scale (top panel),
emphasis on the majority of the gridboxes (middle panel) and emphasis on the minority of the
gridboxes (lower panel).

In the construction of the daily UTH Equation 5-1 has been used for the combination of
ascending and descending UTH. Therefore, it is also worth investigating if the relative
number of ascending to descending retrievals affects the quality of the daily UTH. Figure
5-11 examines this in a similar way to Figure 5-10, but now the x-axis is the ratio of
ascending to total (ascending and descending) retrievals. Thus, low (high) values of the ratio
indicate that the majority of the retrievals are from the descending (ascending) orbit. Once
again there is no specific pattern indicating that the relative contribution of the
ascending/descending orbit does not affect the quality of the CM-SAF daily mean UTH.
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Equally important, it can be seen from the top and middle panel of Figure 5-11 that the
majority of the gridboxes have about equal contribution from the ascending and descending
orbits.

Figure 5-11: Same as Figure 5-10, but the abscissa is the ratio number of ascending retrievals over
the number of total retrievals (ascending and descending).
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Overall statistics and histograms

Although, the previous sections provided substantial information about the performance of
the CM-SAF UTH against ERA-Interim, it is always useful to present the overall statistics and
histograms. These are given in Table 5-3 and Figure 5-12. The histograms are virtually
indistinguishable between the satellites. The only feature that differentiates NOAA-15 from
the rest is the skewed distribution for the positive values. One further point from Figure 5-12
is that the distribution of the UTH differences looks mainly as Laplacian rather than
Gaussian. Against ERA-Interim the results of Table 5-3 synthesize the previous outcomes
with mean difference of about -2.3% for NOAA-15, -1% for NOAA-16, 17 and -0.2% for MHS
and standard deviation of ~6.7% and slightly higher for NOAA-15 (7.4%). The respective
robust statistics measures are rather similar regarding the median value (P[50]), while the
robust standard deviation is slightly lower being about 5.2% (and 5.8% for NOAA-15). As
expected NOAA-18 has the larger number of collocations due to its longer lifetime and better
performance [RD 1]. It is important to note that the 1st and 99th percentiles are greater (lower)
than -22% (18%), respectively. This corroborates that the exclusion of gridpoints with
differences larger than ±50% from ERA-Interim in our statistical analysis (see page 18)
reflects real limitations/problematic cases of either CM-SAF UTH or ERA-Interim, while it
does not impact the validation results.
Table 5-3: Mean difference (μ), standard deviation (σ), robust standard deviation (RSD), number of
pairs (N) and percentiles (P) of the UTH difference between CM-SAF and ERA-Interim for each
satellite during their respective period. All units in %.

Statistics

NOAA-15

NOAA-16

NOAA-17

NOAA-18

MetOp-A

MetOp-B

μ

-2.26

-1.07

-0.96

-0.24

-0.18

-0.24

σ

7.35

6.67

6.69

6.64

6.74

6.70

RSD

5.78

5.27

5.27

5.16

5.25

5.21

N

68742424

188905110

160046226

54244803

P[1]

-21.46

-18.90

-18.89

-18.13

-18.26

-18.22

P[5]

-14.36

-12.09

-11.96

-11.13

-11.12

-11.13

P[25]

-6.31

-4.64

-4.54

-3.70

-3.72

-3.76

P[50]

-2.00

-0.93

-0.83

-0.27

-0.27

-0.29

P[75]

1.50

2.46

2.57

3.27

3.36

3.27

P[95]

9.70

9.89

10.10

10.74

11.06

10.93

P[99]

17.50

16.52

16.64

17.29

17.73

17.58

112754274 109080827
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Figure 5-12: Normalised histograms of the CM-SAF minus ERA-Interim UTH differences UTH for the
respective period of each satellite.
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6 Conclusions
The validation of the CM-SAF UTH data record from MW humidity sounders is presented
following the CM-SAF PRD [AD 1] guidelines and the GCOS IP requirements. The validation
of the data record has been performed against the MW-equivalent UTH calculated from
ERA-Interim reanalysis. The UTH from AMSU-B (NOAA-15, NOAA-16, NOAA-17) and MHS
(NOAA-18, MetOp-A, MetOp-B) instruments have been examined. The key conclusions from
this study are:










The data record fulfils the CM-SAF PRD Requirements [AD 1] and the GCOS
requirements in terms of accuracy and decadal stability within ±60° (note that the true
decadal stability can only be assessed for NOAA-18 owing to the shorter-than 10
year records for the other satellites).
Over the Poles the differences between the two datasets are more significant.
However in these usually dry regions channel 183.31±1 GHz senses the lower part of
the atmosphere, not the upper troposphere. Additionally, ERA-Interim uncertainties
are higher in these regions (e.g. due to emissivity). Thus evaluation results in these
regions should be viewed cautiously.
The local time drift of the NOAA satellites does not appear to impact the daily mean
UTH. This is especially the case for NOAA-18 which spans 10 years.
The dry bias of the CM-SAF UTH over the tropics is due to cloud contamination.
The first nine months of NOAA-15 AMSU-B UTH data are affected by radiofrequency
interference and should be treated with caution.
The quality of the CM-SAF daily UTH does not depend on the number of retrievals or
the combination of ascending and descending retrievals.
The distribution of the UTH differences between CM-SAF and ERA-Interim is more
Laplacian than Gaussian.
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