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Abstract. Two independently derived SCIAMACHY to-
tal water vapour column (WVC) products are compared
with integrated water vapour data calculated from ra-
diosonde measurements, and with each other. The two
SCIAMACHY WVC products are retrieved with two dif-
ferent retrieval algorithms applied in the visible and short-
wave infrared wavelength regions respectively. The first
SCIAMACHY WVC product used in the comparison is
ESA’s level 2 version 5.01 WVC product derived with the
Air Mass Corrected Differential Optical Absorption Spec-
troscopy (AMC-DOAS) retrieval algorithm applied in the
visible wavelength range (SCIAMACHY-ESA). The sec-
ond SCIAMACHY WVC product is derived using the itera-
tive maximum likelihood method (IMLM) in the short-wave
infrared wavelength range and developed by Netherlands
Institute for Space Research (SCIAMACHY-IMLM). Both
SCIAMACHY WVC products are compared with collocated
water vapour amounts determined from daily relative humid-
ity radiosonde measurements obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF) ra-
diosonde network. The SCIAMACHY-ESA WVC product
is compared with radiosonde-derived WVC amounts for an
18-month period from February 2010 to mid-August 2011,
and the SCIAMACHY-IMLM WVC amounts are com-
pared with radiosonde WVC amounts for the two individ-
ual years of 2004 and 2009. In addition the WVC amounts
from SCIAMACHY-ESA and SCIAMACHY-IMLM are
also compared with each other for a 1-month period for
June 2009.

The AMC-DOAS method used to retrieve SCIAMACHY-
ESA WVC is able to correct for water vapour present

below the clouds and can be used during cloudy con-
ditions over both land and ocean surfaces. Results indi-
cate a good agreement between the WVC amounts of
SCIAMACHY-ESA and that of radiosondes, with a mean
difference of−0.32 g cm−2 for all collocated cases. Over-
all the SCIAMACHY-ESA WVC amounts are smaller than
the radiosonde WVC amounts, especially over oceans. For
cloudy conditions the WVC bias has a clear dependence on
the cloud top height and increases with increasing cloud top
heights larger than approximately 2 km. A likely cause for
this could be the different vertical profile shapes of water
vapour and O2 leading to different relative changes in their
optical thickness, which makes the air mass factor (AMF)
correction method used in the algorithm less suitable for high
clouds. The SCIAMACHY-IMLM product’s water vapour
measurements are best used over land surfaces during cloud-
free conditions, and in these cases a good agreement is found
when compared to radiosonde WVC amounts, with a mean
difference of 0.08 g cm−2. It is shown that over ocean sur-
faces during cloudy conditions the partial SCIAMACHY-
IMLM water vapour column above the cloud can be well esti-
mated by using the simultaneously retrieved methane column
to calculate the cloud top height. Comparing the two satellite
WVC products with each other indicates that SCIAMACHY-
ESA consistently measures higher WVC amounts than those
of SCIAMACHY-IMLM. Furthermore, the importance of the
choice of cloud product is highlighted, as intercomparisons
between the two SCIAMACHY WVC products indicate that
using different cloud products to screen water vapour data for
cloud-free conditions influences the data selection and may
ultimately lead to a variation in results.
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In the last section of the paper, various options for filtering
the two SCIAMACHY WVC data sets are discussed and best
selection criteria suggested.

1 Introduction

Water vapour is one of the most abundant constituents in
the earth’s atmosphere. It is the most important greenhouse
gas because of its strong absorption of infrared radiation.
The majority of water vapour is found in the lower parts of
the atmosphere, and its distribution is highly variable. Water
vapour has a key influence on weather (clouds, precipitation)
and atmospheric chemistry (e.g. the HOx cycle). Accurate
measurements of water vapour with good spatial and tem-
poral coverage are essential to monitor the distribution and
variability of water vapour, and thereby the effect on climate,
weather and chemistry.

A variety of satellite remote sensing instruments are able
to provide water vapour measurements on a global scale. In-
struments able to retrieve water vapour from measurements
in microwaves such as TOVS (Tiros Operational Vertical
Sounder) and SSM/I (Spectral Sensor Microwave Imager)
have the advantage that water vapour data are available for
all cloud conditions during day and night on a global scale
(Mieruch et al., 2010; Lang et al., 2007). A drawback of these
measurements is that data are only available over the oceans
and have low sensitivity for lower parts of the atmosphere
(Schrijver et al., 2009). A similar shortfall is found with re-
trievals obtained from thermal infrared wavelength regions,
as seen in measurements of the AIRS (Advanced Infrared
Sounder) infrared spectrometer/radiometer, in combination
with the AMSU (Advanced Microwave Sounding Unit) mi-
crowave instrument (Schrijver et al., 2009).

SCIAMACHY (Scanning and Imaging Absorption Spec-
trometer for Atmospheric Chartography), on board the Eu-
ropean environmental satellite Envisat, uses atmospheric ab-
sorption spectra of high spectral resolution to derive verti-
cal total water vapour column (WVC) amounts. In this study
two independently derived SCIAMACHY total WVC prod-
ucts retrieved with two different retrieval algorithms applied
in the visible and short-wave infrared wavelength regions
respectively, and each with their own error characteristics,
are compared to radiosondes and to each other. One of the
advantages of SCIAMACHY retrieval results from the visi-
ble and short-wave infrared wavelength regions is that mea-
surements are sensitive down to the boundary layer (Schri-
jver et al., 2009). This is particularly favourable for water
vapour, since the majority of water vapour is found in the
lower parts of the atmosphere. One disadvantage is that re-
trieval results can only be acquired during daylight side of
the orbit, and furthermore the presence of clouds can obscure
part of the retrieved column. The water vapour product re-
trieved from the visible wavelength region and used for this
study makes use of a cloud correction method by applying

an air mass correction factor (described in more detail in
Sect. 2.2.1), and provides the possibility to retrieve mean-
ingful water vapour columns during cloudy conditions. Mea-
surement results obtained from the visible wavelength region
are available over both land and ocean surfaces, whereas for
the short-wave infrared region the low sensitivity over ocean
surfaces caused by low reflectivity means that measurements
from this wavelength range are limited to land surfaces only
(Gloudemans et al., 2008) or to cloudy observations over
the ocean (Gloudemans et al., 2009). However, in this wave-
length window the sensitivity for the lower parts of the atmo-
sphere is even stronger (Schrijver et al., 2009).

The SCIAMACHY product OL version 5.01, distributed
by ESA, includes a total water vapour column retrieved
with the AMC-DOAS (Air Mass Corrected Differential
Optical Absorption Spectroscopy) method, applied to the
visible wavelength region between 688 and 700 nm. The
AMC-DOAS retrieval algorithm, developed by the Uni-
versity of Bremen, was first used to derive water vapour
column amounts from GOME (Global Ozone Monitor-
ing Experiment) on board ERS-2 (Noël et al., 1999) and
later SCIAMACHY (Noël et al., 2004, 2005) and GOME-
2 on MetOp (Noël et al., 2008). Mieruch et al. (2010)
found a systematic difference between water vapour de-
rived from GOME/SCIAMACHY with AMC-DOAS v1.0
and water vapour derived from SSM/I (Special Sensor Mi-
crowave/Imager) with the HOAPS (Hamburg Ocean Atmo-
sphere Parameters and Fluxes from Satellite) v3.1 algorithm.
This difference was on average 1–2 kg m−2 for clear-sky sit-
uations over ocean.

SCIAMACHY water vapour columns are also derived by
the Netherlands Institute for Space Research (SRON) with
the iterative maximum likelihood method (IMLM). This al-
gorithm is applied to the short-wave infrared region and
has been successfully used to retrieve CO (Gloudemans et
al., 2008). More recently it has been used to retrieve H2O
(Schrijver et al., 2009) using the spectral range between 2353
and 2368 nm. Schrijver et al. (2009) compared the IMLM
water vapour columns with European Centre for Medium-
Range Weather Forecasts (ECMWF) data and found an
average difference of 0.1 kg m−2 for IMLM water vapour
columns in clear-sky situations over land.

In this paper SCIAMACHY total WVC measurements are
compared with integrated water vapour data obtained from
collocated radiosonde measurements. A comparison with the
total water vapour columns from the SCIAMACHY wa-
ter vapour product retrieved by the AMC-DOAS method
is performed for an 18-month period (February 2010 to
mid-August 2011), and the comparison between the SCIA-
MACHY water vapour columns derived using the IMLM
method is performed for a 2-year period for the years of 2004
and 2009. Furthermore, the two SCIAMACHY water vapour
data sets are compared with each other and with radiosonde
water vapour data for a 1-month period.
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In Sect. 2 the water vapour column data sets used are
described in more detail. The comparisons between the
radiosonde-derived water vapour columns and the two SCIA-
MACHY water vapour column products are performed in
Sect. 3 and Sect. 4. In Sect. 5 both SCIAMACHY data sets
are compared to each other, and in Sect. 6 the results and best
selection criteria for the SCIAMACHY water vapour column
products are discussed, together with the conclusions.

2 Data sources

2.1 Radiosondes

The two individual SCIAMACHY water vapour data
sets are compared with integrated water vapour derived
from radiosonde relative humidity measurements. The ra-
diosonde measurement data used here were acquired from
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) radiosonde network (data obtained from
ECMWF’s Ecgate serverhttps://ecaccess.ecmwf.int, regis-
tered users only). This network consists of daily radiosonde
measurements from a large number of globally distributed
ground measurement sites (Fig. 1). The number of globally
performed radiosonde measurements available on a daily ba-
sis varies, and not all measurement sites necessarily perform
a radiosonde measurement every day. Alternatively, some
sites perform more than one measurement per day for ex-
ample during measurement campaigns. In general balloon-
borne radiosondes are launched twice daily at 12:00 UTC and
00:00 UTC, and depending on the size of the balloon they
can reach altitudes up to 30 km. These global radiosonde hu-
midity measurements are collected by various sonde types
with different sensor characteristics. A number of methods
have been developed to correct for biases in humidity obser-
vations. However many of these methods focus primarily on
individual radiosonde instruments (Wang and Zhang, 2008).
Overall the majority of radiosonde instrument types show a
dry bias, predominantly in the upper troposphere where the
bias can reach 5 % to 8 % in relative humidity (Sun et al.,
2010). Each relative humidity profile obtained from the ra-
diosonde measurements is integrated to a vertical column
amount, provided the profile has enough measurement lay-
ers. The integration is performed using the pressure and spe-
cific humidity at each level in the vertical. Specific humidity
is calculated using the relative humidity, pressure and satu-
rated vapour pressure, which in turn is calculated according
to the Goff–Gratch equation (Goff and Gratch, 1946).

2.2 SCIAMACHY water vapour columns

The SCIAMACHY instrument on board the European
Space Agency’s (ESA) Envisat satellite was launched in
2002 and stopped operations in April 2012. SCIAMACHY
measures earthshine radiance and solar irradiance spectra
from the ultraviolet, visible and near-infrared wavelength
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Figure 1. Location of the radiosonde stations used in both the SCIAMACHY-ESA and 

SCIAMACHY-IMLM water vapour column inter-comparisons with radiosonde WVC data.   

 

 

Figure 2.The global daily difference between SCIAMACHY-ESA WVC amounts and 

radiosonde WVC as a function of time (1 February 2010 to 10 August 2011). Each purple 

circle indicates the daily mean WVC difference (SCIAMACHY-ESA minus radiosonde) per 

day, where the number of measurements per radiosonde station has been used as a weight. 

Vertical grey lines indicate the standard deviation.  
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Fig. 1. Locations of the radiosonde stations used in both the
SCIAMACHY-ESA and SCIAMACHY-IMLM water vapour col-
umn intercomparisons with radiosonde WVC data.

region (240–2380 nm) in limb and nadir viewing geome-
try (Bovensmann et al., 1999, Gottwald and Bovensmann,
2011). Envisat is operated in a sun-synchronous orbit and
has an Equator crossing time of 10:00 local time. Individual
ground pixel size depends on the selected integration time
(Gottwald and Bovensmann, 2011). In the wavelength range
between 2353 to 2368 nm where the IMLM is applied to
derive the total WVC, a SCIAMACHY ground pixel typi-
cally has a spatial resolution of 120 km× 30 km (Schrijver et
al., 2009). In the shorter wavelength range where the AMC-
DOAS method is applied, a ground pixel has a typical size of
60 km× 30 km (Noël et al., 2004).

2.2.1 ESA product, version 5.01, AMC-DOAS method

Total WVC amounts in the current SCIAMACHY level 2
version 5.01 ESA product are derived with the AMC-DOAS
retrieval algorithm version 1.0 as developed by Noël et
al. (2004). The AMC-DOAS method is a modified approach
of the differential optical absorption spectroscopy (DOAS)
method, using the differential absorption structures to derive
total columns. The method is applied in a spectral fitting win-
dow between 688 and 700 nm. Both O2 and water vapour ab-
sorb in this spectral region and have similar optical depths.
The method is described by the following equation:

ln

(
I

I0

)
= P − a(τO2 + cCb

v ), (1)

whereI andI0 represent the measured earthshine radiance
and irradiance spectra respectively,τO2 represents the O2 op-
tical depth,Cv denotes the vertical water vapour column,c

is the water vapour air mass factor,b is a parameter correct-
ing for saturation effects in the water vapour absorption lines,
and the scalar factora represents the so-called air mass factor
correction factor (AMF CF). All spectral broadband contri-
butions resulting from Rayleigh and Mie scattering or surface
albedo are approximated by a polynomialP . The parameters
b, c, andτO2 are calculated from radiative transfer calcula-
tions, andP , a, andCv are fitted. The value of the AMF CF
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a is mainly determined by the O2 absorption features in the
fitting window. It serves as a first-order correction factor for
variations in, for example, cloud cover and surface albedo,
with respect to the model atmosphere, assumed within the ra-
diative transfer calculations (i.e., a cloud-free tropical back-
ground atmosphere, a surface albedo of 0.05 and a surface
elevation of 0 km). This correction is expected to work well
when the air mass factors for O2 and water vapour are af-
fected by such variations in a similar way.

The SCIAMACHY-ESA total WVC product excludes
measurements for which the AMF CF is smaller than 0.8 or
where the solar zenith angle is larger than 88 degrees. For this
study SCIAMACHY total water vapour column data cover-
ing the 18-month period from February 2010 to mid-August
2011 are used.

2.2.2 SRON product, version 7.4.1, iterative maximum
likelihood method

The iterative maximum likelihood method (IMLM) devel-
oped by Netherlands Institute for Space Research (SRON)
for retrieving trace gas columns from the near-infrared is
used to derive total water vapour columns (Schrijver et al.,
2009). The IMLM is applied in the wavelength range be-
tween 2353 and 2368 nm, and because of the overlapping
H2O, CO and CH4 absorption lines in this region all three
species are retrieved simultaneously. The IMLM (version
6.3) is described in detail in Gloudemans et al. (2008). It is
based on scaling a priori atmospheric profiles, and a model
of the expected detector signal is fitted to the measurements
by adjusting the total column amounts of the trace gases
(H2O, CO and CH4) that play a role in this particular retrieval
window (Schrijver and Gloudemans, 2008; Schrijver et al.,
2009). Water vapour and temperature profiles used in the
scaling procedure are from collocated ECMWF analysis. All
subsequent updates performed in version 7.4 are described
in detail in Gloudemans et al. (2009). One of these updates
is the use of a different spectroscopic database of H2O and
CH4 for calculating the cross sections and line broadening
(Gloudemans et al., 2009). Schrijver et al. (2009) found that
using this updated spectroscopic parameters for H2O leads to
an improvement in the IMLM WVC product when compar-
ing it with ECMWF model data.

The retrieval has no cloud correction, so it is expected that
errors generally are smaller for cloud-free conditions than for
(partly) cloudy conditions, when a major part of the water
vapour column is hidden below the clouds. In the case of
cloud-free conditions, the signal-to-noise ratio of the mea-
surement is closely related to the surface albedo. This leads
to smaller errors for measurements taken over land than over
ocean (Schrijver et al., 2009).

Therefore the first comparison in Sect. 4 is performed
for cloud-free pixels over land only. The cloud filter in-
cluded in the product is based on the SCIAMACHY polar-
ization measurement device (PMD) Identification of Clouds

and Ice/snow (SPICI) cloud filter as described by Krijger et
al. (2005). This method distinguishes between cloud-free and
partly cloudy scenes (de Laat et al., 2007) and in general pro-
vides an upper estimate of the observed cloud cover. An addi-
tional check on the cloud filter is performed by comparing the
simultaneously retrieved methane columns with the expected
methane columns based on the ECMWF surface pressure.
Cases where the retrieved methane measurements are more
than 10 % below the expected value, taking into account sur-
face pressure and elevation, are not included. The usefulness
of this additional methane filter has been shown by Schrijver
et al. (2009). For the comparisons with radiosondes, the two
years of 2004 and 2009 of SCIAMACHY-IMLM total WVC
data are used.

3 Comparison of SCIAMACHY-ESA WVC with
radiosondes

For the comparison of water vapour column measurements
between SCIAMACHY-ESA WVC data and the radiosonde
data, the following collocation criteria were used: a spatial
difference of less than 100 km (as calculated from the centre
of a SCIAMACHY pixel) and a time difference of less than
3 h. Using these criteria a total of 50 470 individual measure-
ments were found over the 18 month time period from Febru-
ary 2010 to mid-August 2011. Time series of the global daily
mean difference between the two data sets and standard de-
viations are shown in Fig. 2. Gaps in the time series indicate
missing data (in total 84 days) from either the SCIAMACHY
or radiosonde water vapour data sets. The SCIAMACHY-
ESA WVC amounts are overall smaller than those of the ra-
diosondes. A small seasonal variation is evident with more
spread during July–August and slightly larger global daily
differences of roughly 0.15 g cm−2, compared to WVC val-
ues during the rest of the year. A generally good agreement
(correlation coefficientr = 0.89) between all individual col-
located cases of the data sets is found with a mean difference
of −0.32 (±0.01) g cm−2, consistent with values reported by
Mieruch et al. (2010), when comparing the SCIAMACHY
AMC-DOAS version 1.0 from the University of Bremen to
SSM/I data. The scatter of the data is 0.69 g cm−2, slightly
larger than previous comparisons performed between AMC-
DOAS and ECMWF model water vapour data (Noël et al.,
2005), but it should be noted that the scatter reported by Noël
et al. (2005) was derived for global daily means instead of
individual collocations as done here. The scatter is slightly
less (standard deviation = 0.6 g cm−2) when considering only
cases where the cloud fraction is equal to zero (10 022 in-
dividual collocations). In this case a mean difference of
0.03 (±0.01) g cm−2 is found. The cloud parameters used
in this section are derived from the SCIAMACHY opera-
tional products. Cloud coverage is retrieved using the Optical
Cloud Recognition Algorithm (OCRA) (Loyola et al., 2007),
and Semi-Analytical Cloud Retrieval Algorithm (SACURA)
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Figure 1. Location of the radiosonde stations used in both the SCIAMACHY-ESA and 

SCIAMACHY-IMLM water vapour column inter-comparisons with radiosonde WVC data.   

 

 

Figure 2.The global daily difference between SCIAMACHY-ESA WVC amounts and 

radiosonde WVC as a function of time (1 February 2010 to 10 August 2011). Each purple 

circle indicates the daily mean WVC difference (SCIAMACHY-ESA minus radiosonde) per 

day, where the number of measurements per radiosonde station has been used as a weight. 

Vertical grey lines indicate the standard deviation.  

 

 25

Fig. 2.The global daily difference between SCIAMACHY-ESA WVC amounts and radiosonde WVC as a function of time (1 February 2010
to 10 August 2011). Each purple circle indicates the daily mean WVC difference (SCIAMACHY-ESA minus radiosonde) per day, where the
number of measurements per radiosonde station has been used as a weight. Vertical grey lines indicate the standard deviation.

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Figure 3. Comparison between SCIAMACHY-ESA and radiosonde WVC amounts for all 

individual collocated cases. The top two figures are for all individual cases (all cloud 

fractions) over land (left) and over the ocean (right). For all cloud cases a mean bias of -0.3 

g/cm2 (±0.003) is found for cases over land and a mean bias of -0.5 g/cm2 (±0.02) for ocean 

cases. The bottom two figures indicate cases selected where the SCIAMACHY-ESA cloud 

fraction is equal to zero, for cases over land (left) and ocean (right). For cloud free cases a 

mean bias of 0.09 g/cm2 (±0.01) is found for cases over land and a mean bias of -0.43 g/cm2 

(±0.02) for cases over ocean surfaces. 
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Fig. 3. Comparison between SCIAMACHY-ESA and radiosonde WVC amounts for all individual collocated cases. The top two figures
are for all individual cases (all cloud fractions) over land (left) and over the ocean (right). For all cloud cases a mean bias of−0.3 g cm−2

(±0.003) is found for cases over land and a mean bias of−0.5 g cm−2 (±0.02) for ocean cases. The bottom two figures indicate cases
selected where the SCIAMACHY-ESA cloud fraction is equal to zero, for cases over land (left) and ocean (right). For cloud-free cases a
mean bias of 0.09 g cm−2 (±0.01) is found for cases over land and a mean bias of−0.43 g cm−2 (±0.02) for cases over ocean surfaces.

(Kokhanovsky et al., 2005) is used to derive cloud optical
thickness and cloud top height. The above radiosonde and
SCIAMACHY-ESA WVC comparisons are shown in Fig. 3,
for all collocated cases and for cloud-free collocated cases.

In Fig. 3 the results are further divided according to mea-
surements taken over land and ocean surfaces.

To identify what could be responsible for the differences
in WVC amounts as observed in Fig. 3, the bias as a function
of several parameters, including various cloud properties, is

www.atmos-meas-tech.net/6/2925/2013/ Atmos. Meas. Tech., 6, 2925–2940, 2013
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Figure 4. SCIAMACHY-ESA and radiosonde WVC differences (SCIAMACHY-ESA minus 

radiosonde amounts) as a function of several parameters. 

WVC difference as function of cloud fraction amount (top left). Purple points indicate the 

mean WVC difference for 10 bins.  

WVC difference as a function of cloud optical thickness (top right). Purple points show the 

mean WVC difference for 8 bins. Measurement cases where the cloud cover fraction larger or 

equal to 0.9 are indicated in gray.  

WVC difference as a function of SCIAMACHY solar zenith angle (bottom left). Purple points 

indicate the mean WVC difference for 7 bins. 

 

 

 27

Fig. 4. SCIAMACHY-ESA and radiosonde WVC differences (SCIAMACHY-ESA minus radiosonde amounts) as a function of several
parameters. WVC difference as function of cloud fraction amount (top left). Purple points indicate the mean WVC difference for 10 bins.
WVC difference as a function of cloud optical thickness (top right). Purple points show the mean WVC difference for 10 bins. Measurement
cases where the cloud cover fraction is larger than or equal to 0.9 are indicated in grey. WVC difference as a function of SCIAMACHY solar
zenith angle (bottom left). Purple points indicate the mean WVC difference for 7 bins.
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Figure 5. SCIAMACHY-ESA and radiosonde WVC differences as a function of cloud top 

height, for all cases with a cloud cover fraction greater than or equal to 0.9. Green points 

indicate the mean WVC difference for 9 bins with an equal number of data points (408 per 

bin). Note that the two bins for the smallest cloud top heights almost overlap. 
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Fig. 5. SCIAMACHY-ESA and radiosonde WVC differences as a
function of cloud top height, for all cases with a cloud cover fraction
greater than or equal to 0.9. Purple points indicate the mean WVC
difference for 9 bins with an equal number of data points (408 per
bin). Note that the two bins for the smallest cloud top heights almost
overlap.

analysed. Investigating the bias as a function of solar zenith
angle, cloud optical depth and cloud fraction (other than se-
lecting for cloud-free cases only as done above) does not
show a strong relation between these parameters and the
WVC differences (Fig. 4). This suggests that the AMF CF
on average works well for variations in the parameters such
as solar zenith angle with respect to the assumptions in the
radiative transfer calculations (see Sect. 2.2.1). A strong de-
pendence is found when investigating the bias as a function
of cloud top height during cloudy conditions. In Fig. 5 this
relation is plotted for all points with a cloud cover fraction
more than or equal to 0.9. For cloud top heights larger than
approximately 2 km, the bias increases rapidly with increas-
ing cloud top heights. A likely explanation for this increas-
ing bias with increasing cloud top height during very cloudy
conditions can be found in the very different vertical profile
shapes of O2 and water vapour. O2 is well-mixed in the atmo-
sphere, while water vapour rapidly decreases with altitude.
In the presence of cloud, the cloud shields the water vapour
and O2 below it, and the optical thickness for both decreases.
Due to the differences in profile shape, the optical thickness
of water vapour decreases more than the optical thickness
of O2, and this will lead to an AMF CF which is too large
(see Eq. 1), and a retrieved water vapour column which is
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Figure 6. Estimate of the error in the water vapour column as a function of cloud top height, 

as calculated with the DAK radiative transfer model for a mid-latitude summer atmospheric 

profile (using a total water vapour column of 2g/cm2). 

 

 

 

 

 

 

 

 

 

Figure 7. Global mean annual ISCCP cloud top pressure (left) and mean cloud water path 

amount (right) (www.isccp.giss.nasa.gov). 
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Fig. 6. Estimate of the error in the water vapour column as a func-
tion of cloud top height, as calculated with the DAK radiative trans-
fer model for a mid-latitude summer atmospheric profile (using a
total water vapour column of 2 g cm−2).

too small. This effect is illustrated in Fig. 6, which shows an
estimate of the error in the water vapour column as a function
of cloud top height, as calculated with the Doubling-Adding
KNMI (DAK) radiative transfer model (de Haan et al., 1987;
Stammes, 2001).

A relationship between the bias in WVC and cloud prop-
erties was also reported by Mieruch et al. (2010). They found
that the average bias between GOME/SCIAMACHY wa-
ter vapour and the HOAPS product over ocean depends on
monthly mean cloud water path, for cases where the cloud
water path was smaller than 30 g m−2 (i.e. for 12 % of the
data). Mieruch et al. (2010) concluded that this bias is caused
by the AMF CF, which does not adequately compensate for
the occurrence of clouds over the ocean. The results found
here are consistent with the findings of Mieruch et al. (2010).
However, we can refine the conclusion: for clouds below
2 km, the AMF CF performs quite well. From Fig. 7 it can
be seen that there is a relation between the average cloud
top pressure and cloud water path. The cloud water path is a
function of the vertical extent of the cloud, and this can ex-
plain the dependence of the mean bias on cloud water path
as found by Mieruch et al. (2010). Given that cloud water
path is not one of the cloud parameters included with the
SCIAMACHY-ESA WVC product, it can be advantageous
to use cloud top height directly (which is included with the
SCIAMACHY-ESA product) as a selection criterion when
selecting WVC data.

Figure 8 shows the average difference between
SCIAMACHY-ESA and radiosonde WVC as a func-
tion of the AMF CF. For values above 1.0, the average
difference does not significantly differ from 0, suggesting
that in these situations the behaviours of the optical thickness
of water vapour and oxygen are somewhat similar. However,
for smaller values of the AMF CF, which typically occur
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Figure 6. Estimate of the error in the water vapour column as a function of cloud top height, 
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Figure 7. Global mean annual ISCCP cloud top pressure (left) and mean cloud water path 

amount (right) (www.isccp.giss.nasa.gov). 

 

 29

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Estimate of the error in the water vapour column as a function of cloud top height, 

as calculated with the DAK radiative transfer model for a mid-latitude summer atmospheric 

profile (using a total water vapour column of 2g/cm2). 

 

 

 

 

 

 

 

 

 

Figure 7. Global mean annual ISCCP cloud top pressure (left) and mean cloud water path 

amount (right) (www.isccp.giss.nasa.gov). 

 

 29

Fig. 7. Global mean annual ISCCP cloud top pressure (left) and
mean cloud water path amount (right) (http://isccp.giss.nasa.gov/
products/browsed2.html).

in the presence of (high) clouds, the AMF CF should in
fact be even smaller to account for the difference in profile
shapes of water vapour and oxygen, as argued above. Table 1
summarizes the results when applying various selection
criteria based on the cloud fraction, cloud height and the
AMF CF. The choice of selection criteria will depend on the
intended use of the data. From Table 1 it can be concluded
that for most instances it would be beneficial to use either the
AMF CF (≥ 0.95) or the cloud height (≤ 2 km) as selection
criteria. Selecting according to either of these criteria leads
to an improved bias, scatter and correlation. It should be kept
in mind that filtering with cloud parameters included in the
SCIAMACHY-ESA product can lead to systematic biases
associated with errors in these parameters being introduced.
A third option is to select only cases with measurements
performed during cloud-free conditions. However this
largely reduces the number of available data points.

Examining the WVC measurements over land and ocean
shows a noticeable disparity between the WVC differences

www.atmos-meas-tech.net/6/2925/2013/ Atmos. Meas. Tech., 6, 2925–2940, 2013
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Table 1. Applying various selection criteria on the SCIAMACHY-ESA and radiosonde WVC data sets. The number of cases in selection,
mean WVC difference, standard deviation and correlation coefficient are given in each column.

WVC mean
No. of cases difference Standard Correlation

Selection criteria in selection (g cm−2) deviation coefficientR

All individual cases 50 470 −0.32 0.69 0.89
Cloud height≤ 2km or cloud fraction≤ 0.2 33518 −0.13 0.57 0.92
AMF CF≥ 0.95 33 107 −0.09 0.48 0.92
Cloud height≤ 2 km 24 924 −0.05 0.5 0.93
Cloud fraction = 0 10 022 0.03 0.6 0.89
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Figure 8. SCIAMACHY-ESA and radiosonde WVC differences for all individual collocated 

cases shown as a function of the AMF CF. Measurements where the SCIAMACHY-ESA 

cloud fraction are equal to zero are indicated in purple, gray points indicate all other cloud 

fraction cases, black indicate the mean WVC difference of binned categories (AMF CF values 

at intervals of 0.1) and vertical black bars indicate the standard deviation from this mean. 

 

 

 

 

 

 

 

 

 

 

 

 

 30

Fig. 8. SCIAMACHY-ESA and radiosonde WVC differences for
all individual collocated cases shown as a function of the AMF CF.
Measurements where the SCIAMACHY-ESA cloud fractions are
equal to zero are indicated in purple. Grey points indicate all other
cloud fraction cases. Black indicates the mean WVC difference of
binned categories (AMF CF values at intervals of 0.1), and vertical
black bars indicate the standard deviation from this mean.

over these surfaces. The mean WVC differences shown in
Fig. 9 are for each of the collocated radiosonde stations
for the 18-month period for cloud-free conditions (accord-
ing SCIAMACHY operational cloud products). It should be
noted that radiosonde measurements over the ocean are lim-
ited, and many stations are close to coastal areas. The SCIA-
MACHY topography is used to distinguish between the land
and ocean SCIAMACHY-ESA measurements. Radiosonde
stations are designated as land (or ocean) stations if more
than 90 % of the collocated SCIAMACHY-ESA measure-
ments occur over land (or ocean). In general mostly neg-
ative values are found over the ocean and positive values
over land. The weighted mean WVC difference amounts
to 0.11 g cm−2 over land and−0.49 g cm−2 over ocean,
where the number of measurements per radiosonde station
has been used as a weight. The difference in WVC mea-
surements performed over land and ocean surfaces during
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Figure 9. SCIAMACHY-ESA and radiosonde mean WVC differences (SCIAMACHY-ESA 

minus Radiosonde WVC amounts) for the 18-month period for cloud free conditions. Each 

circle denotes the location of a radiosonde station and the colour indicates the mean WVC 

difference between the radiosonde and the collocated SCIAMACHY-ESA WVC 

measurements, where the number of measurements per radiosonde station has been used as a 

weight. 
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Fig. 9. SCIAMACHY-ESA and radiosonde mean WVC differ-
ences (SCIAMACHY-ESA minus radiosonde WVC amounts) for
the 18-month period for cloud-free conditions. Each circle denotes
the location of a radiosonde station, and the colour indicates the
mean WVC difference between the radiosonde and the collocated
SCIAMACHY-ESA WVC measurements, where the number of
measurements per radiosonde station has been used as a weight.

cloud-free conditions can also be seen in Fig. 3 (bottom). The
SCIAMACHY-ESA WVC measurements are further com-
pared to WVC data from ECMWF over land and ocean
surfaces. The SCIAMACHY-ESA WVC amounts are com-
pared with ECMWF data for a 1-month period for cloud-free
conditions (according to SPICI cloud filter, see Sect. 2.2.2)
where both data sets have been averaged to a ground pixel
size ranging from 120 km× 30 km to 240 km× 30 km (at
higher latitudes) (Fig. 10). The result similarly indicates a
division between land and oceans, with positive bias over
land and negative bias over the ocean ranging between values
of 1 g cm−2 over land to−1 g cm−2 over oceans. A possible
cause for this land–ocean disparity is most likely due to the
difference in surface albedos. The AMC-DOAS method as-
sumes an albedo of 0.05 (see Sect. 2.2.1). An error analysis
performed by Noël et al. (2004) showed that retrievals with
surface albedos higher than this assumed albedo can lead to
larger retrieved WVC amounts. A positive bias of roughly
12 % can be found over land surfaces with an albedo of 0.3,
and this bias increases with increasing albedos (Noël et al.,
2004).
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Figure 10. SCIAMACHY-ESA and ECMWF mean WVC differences (SCIAMACHY-ESA 

minus ECMWF WVC amounts) for June 2005 for cloud free conditions selected according to 

the SPICI cloud products. Both data sets have been averaged to a ground pixel size of 

approximately 120 km x 30 km.  
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Fig. 10. SCIAMACHY-ESA and ECMWF mean WVC differ-
ences (SCIAMACHY-ESA minus ECMWF WVC amounts) for
June 2005 for cloud-free conditions selected according to the SPICI
cloud products. Both data sets have been averaged to a ground pixel
size of approximately 120 km× 30 km.

4 Comparison of SCIAMACHY-IMLM WVC with
radiosondes

The same distance and time collocation criteria as described
in Sect. 3 and used for comparing ESA WVC amounts with
those from radiosondes are used here for the SCIAMACHY-
IMLM WVC amounts. A number of selection criteria as sug-
gested by Schrijver et al. (2009) are applied to the collocated
measurement data for the two years of 2004 and 2009. This
includes filtering the data to include only cloud-free cases
by selecting data according to the SPICI cloud product and
including the additional criterion of the simultaneously re-
trieved methane total column (described in Sect. 2.2.2, from
here onwards simply referred to as SPICI), excluding data
measurements performed over the ocean as well as mea-
surements with an average signal strength below 100 bi-
nary units per detector pixel (BU px−1). When filtering the
collocated data purely according to its quality flag and ex-
cluding cases below a signal level of 100 BU px−1, a total
of 48 844 cases are found for the 2-year period (2004 and
2009). When further selecting from these data by only in-
cluding cases over land and cloud-free conditions according
to the SPICI cloud product, a total number of 6590 cases
remain. Finally applying the additional methane column cri-
teria, as was done in the study of Schrijver et al. (2009), only
3489 collocations are found. For this selection, the individual
cases compare well (Fig. 11), and a mean difference of 0.08
(±0.007) g cm−2 is found, consistent with the value found
by Schrijver et al. (2009) when comparing daily averaged
SCIAMACHY-IMLM WVC amounts with ECMWF model
data globally. The standard deviation is 0.42 g cm−2, which
is slightly larger than that found by Schrijver et al. (2009;
generally below 0.3 g cm−2).

The SCIAMACHY-IMLM water vapour product is ex-
pected to have the smallest measurement noise error when
the measured signal strength is relatively large. In principle,
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Figure 11. Comparison between all individual collocated cases of SCIAMACHY-IMLM and 

radiosonde WVC amounts for the years of 2004 and 2009. The SCIAMACHY-IMLM data 

selection is filtered to only include land measurements taken during cloud free conditions 

(according to SPICI cloud product) with the additional methane column criteria applied (see 

Sect. 2.2.2), and excluding cases with signal level strength below 100BU/px.  
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Fig. 11. Comparison between all individual collocated cases of
SCIAMACHY-IMLM and radiosonde WVC amounts for the years
of 2004 and 2009. The SCIAMACHY-IMLM data selection is fil-
tered to include only land measurements taken during cloud-free
conditions (according to SPICI cloud product) with the additional
methane column criteria applied (see Sect. 2.2.2), and excluding
cases with signal level strength below 100 BU px−1.

the presence of clouds will lead to larger signals and thus
to smaller measurement noise errors. But clouds also shield
part of the water vapour column, so that the most accu-
rate total water vapour column retrieval is expected under
cloud-free conditions and areas with bright surfaces. The
SCIAMACHY-IMLM WVC measurement noise error shows
a clear dependence on the signal strength (Fig. 12), indicating
larger measurement noise errors for cases with lower signal
strengths. The increase in the measurement noise error from
the year 2004 to 2009 can be attributed to detector degra-
dation caused by radiation damage to the individual detec-
tor pixels (Kleipool et al., 2007). Gloudemans et al. (2008)
showed a dependence of the measurement noise error on the
surface albedo for CO and CH4. For cases with low albedo
values, a large measurement noise error is thus expected, for
example measurements taken over cloud-free oceans. The
mean bias and the standard deviation between the WVC
amounts of SCIAMACHY-IMLM and that of radiosondes
are related to the SCIAMACHY-IMLM signal strength, as
can be seen in Fig. 13. The black lines in the figure indi-
cate cases chosen according to the SPICI cloud-free criterion.
The red lines are for cases where FRESCO+ (Fast Retrieval
Scheme for Clouds from the Oxygen A-band) (Wang et al.,
2008) cloud fraction is smaller than 0.02. FRESCO+ data
were obtained from TEMIS (www.temis.nl). For this selec-
tion only 4 % of the points have signal strengths larger than
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Figure 12. SCIAMACHY-IMLM WVC measurement noise error as a function of the signal 

strength for two years of 2004 and 2009 (note that in the figure some values in purple overlap 

those in black). The data used in this figure are for cloud free measurement cases with the 

additional methane-filter applied (see Sect. 2.2.2) and a signal level strength above 100 BU/px.   
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Fig. 12.SCIAMACHY-IMLM WVC measurement noise error as a
function of the signal strength for two years of 2004 and 2009 (note
that in the figure some values in purple overlap those in black). The
data used in this figure are for cloud-free measurement cases with
the additional methane filter applied (see Sect. 2.2.2) and a signal
level strength above 100 BU px−1.

1000 BU px−1, compared to 21 % of the selection based on
the SPICI cloud-free criterion. The largest signal strengths
most likely indicate the presence of some small or scat-
tered clouds still present in the selection. The FRESCO+

cloud parameters are averaged over the ground pixels to
match the larger SCIAMACHY-IMLM water vapour ground
pixel. For cloud-free conditions (FRESCO+ cloud fraction
smaller than 0.02) SCIAMACHY-IMLM WVCs are consis-
tent with those integrated from radiosonde WVC amounts,
with a random uncertainty depending on the SCIAMACHY
signal strength, both for pixels over land and over ocean.
Also this systematic bias seems to depend on signal strength.
Using cloud parameters from FRESCO+ as opposed to those
of SPICI to filter for cloud-free conditions leads to less scat-
ter and a slightly smaller mean bias.

4.1 Partial water vapour columns above cloud over
ocean surfaces

During cloudy conditions the SCIAMACHY-IMLM WVC
product does not correct for any water vapour below the
clouds and the product is best used when limited to cloud-
free conditions over land surfaces, although excluding all
ocean measurements largely reduces the number of use-
able data. The majority of ocean cases are eliminated by
filtering data according to the signal level strength (below
100 BU px−1). These measurements are not considered ac-
curate enough to be used, due to low surface albedo of
ocean surfaces leading to a low signal-to-noise ratio and
therefore larger errors. But scenes with sufficient cloud have
a higher albedo than that of ocean surfaces (typically 0.3
to 0.5 as opposed to smaller than 0.01). This higher cloud
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Figure 13. The mean difference (straight line) and standard deviation (dashed line) between 

SCIAMACHY-IMLM and radiosonde WVC amounts as a function of the SCIAMACHY-

IMLM signal strength. For the black lines the cloud-free condition is based on SPICI (700 

collocations per bin), for the red lines on FRESCO+, requiring a cloud fraction < 0.02 (407 

collocations per bin). SCIAMACHY-IMLM cases included in this selection are for both land 

and ocean measurements, excluding cases with signal strength below 100 BU/px. 
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Fig. 13.The mean difference (solid line) and the standard deviation
(dashed line) between SCIAMACHY-IMLM and radiosonde WVC
amounts as a function of the SCIAMACHY-IMLM signal strength.
For the black lines the cloud-free condition is based on SPICI (700
collocations per bin), for the red lines on FRESCO+, requiring
a cloud fraction < 0.02 (407 collocations per bin). SCIAMACHY-
IMLM cases included in this selection are for both land and
ocean measurements, excluding cases with signal strength below
100 BU px−1.

reflectance leads to larger signals and thus smaller measure-
ment noise errors. Therefore including ocean measurements
during cloudy conditions in the data selection could be ad-
vantageous. As the SCIAMACHY-IMLM product does not
correct for water vapour below the cloud, in this instance
only the partial WVC that is measured above the cloud and
over ocean surfaces can be used. Gloudemans et al. (2009)
used an approach whereby SCIAMACHY (partial) CO col-
umn information above clouds over the ocean can be used.
In that study it was shown that the cloud top height can be
estimated using the CH4 column which is retrieved from the
same spectral window together with the water vapour and CO
columns. These estimated cloud top heights were then used
to determine the partial CO columns that are observed above
the cloud.

The same steps are applied here in order to compare
the partial SCIAMACHY-IMLM WVC measured above the
cloud over the ocean. Similar to the study of Gloudemans et
al. (2009), cloudy ocean measurements are chosen where the
cloud fractions are greater than 0.2. Here we use FRESCO+

to determine the cloud fraction. The cloud top heights are
determined using the ratio of the measured SCIAMACHY
CH4 column over the expected value of the CH4 column (see
Sect. 2.2.2), multiplied by the surface pressure (Gloudemans
et al., 2009). Selecting cloudy cases according to a cloud
fraction larger than 0.2 guarantees that some cloud is present.
The high cloud reflectance compared to the very low ocean
surface reflectance means that the cloud-free part of the
WVC retrieval does not contribute significantly to the overall
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Figure 14. Comparison between SCIAMACHY-IMLM partial WVC and radiosonde partial 

WVC amounts for measurement cases over the ocean where SPICI cloud fraction is larger 

than 0.2. The radiosonde partial WVC amounts are obtained by integrating the relative 

humidity profile from the cloud top pressure, calculated using the SCIAMACHY CH4 column.  
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Fig. 14. Comparison between SCIAMACHY-IMLM partial WVC
and radiosonde partial WVC amounts for measurement cases over
the ocean where SPICI cloud fraction is larger than 0.2. The ra-
diosonde partial WVC amounts are obtained by integrating the rel-
ative humidity profile from the cloud top pressure, calculated using
the SCIAMACHY CH4 column.

WVC measurement. This is also a reason why this approach
works best over ocean surfaces only – for land surfaces the
surface albedo is higher and no longer negligible. In addi-
tion SCIAMACHY has a large footprint size in this wave-
length range, and the albedo of land surfaces can vary within
one SCIAMACHY ground pixel, making it more difficult to
distinguish between the cloudy and cloud-free part of the
measurement (Gloudemans et al., 2009). Figure 14 shows
the results for SCIAMACHY-IMLM partial WVC compared
to corresponding partial radiosonde WVC. The radiosonde-
obtained relative humidity profile is integrated from the top
of the cloud determined from the SCIAMACHY CH4 col-
umn, rather than from the ground surface as done with com-
parisons in previous sections. The partial WVCs compare
well, and a small mean bias of 0.02 g cm−2 is found, a stan-
dard deviation of 0.34 g cm−2, and a high correlation of 0.94.
Using cloud top height as determined by SCIAMACHY CH4
columns leads to better results than using FRESCO+ cloud
top height, as can be seen from Table 2. This difference in re-
sults is not necessarily related to the FRESCO+ cloud prod-
ucts, but more likely emphasizes that the SCIAMACHY CH4
columns, which are retrieved from the same spectral region
as water vapour, provide more accurate cloud top height in-
formation. Therefore in this case it is a more appropriate
product to use together with SCIAMACHY-IMLM WVC.

Fig. 15.SCIAMACHY-ESA (top) and SCIAMACHY-IMLM (bot-
tom) averaged WVC amounts for the month of June 2009. In both
figures each WVC product’s own suggested selection criteria are
used: SCIAMACHY-ESA WVC measurements are for all cloud
conditions over land and ocean surfaces, and SCIAMACHY-IMLM
WVC measurements are filtered according to the suggested criteria
whereby only cloud-free cases over land are included, with signal
level strengths larger than or equal to 100 BU px−1.

5 Intercomparison between SCIAMACH AMC-DOAS
and IMLM water vapour data

A comparison between the SCIAMACHY-IMLM and
SCIAMACHY-ESA water vapour data sets is performed
for a 1-month period of June 2009. The water vapour col-
umn amounts averaged for this 1-month period are shown
in Fig. 15. The patterns of water vapour agree well with
one another, and similar features can be seen over conti-
nents. Figure 16 shows the comparison of SCIAMACHY-
ESA WVC with SCIAMACHY-IMLM WVC amounts for
this 30-day period. Here the SCIAMACHY-ESA WVC
amounts and the matching operational ESA cloud frac-
tion amounts are averaged over the ground pixels to match
the larger SCIAMACHY-IMLM water vapour ground pixel
size. The collocated cases are further selected to include
only measurements over land with SCIAMACHY-IMLM

www.atmos-meas-tech.net/6/2925/2013/ Atmos. Meas. Tech., 6, 2925–2940, 2013
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Table 2.Results from comparisons between the (partial) SCIAMACHY-IMLM WVC above the cloud during cloudy conditions over ocean
surfaces with partial radiosonde WVC amounts. The partial radiosonde column is obtained by integrating the radiosonde humidity profile
from the top of the cloud, where the cloud top height is obtained using either FRESCO+ cloud top height (shown in top half of the table) or
the cloud top height as estimated from the CH4 column (shown in bottom half of the table). In both instances the cloud fraction is determined
by FRESCO+. The number of cases in selection, mean WVC difference, standard deviation and correlation coefficient are given in each
column.

WVC mean
Selection according to No. of cases difference Standard Correlation
FRESCO+ cloud fraction in selection (g cm−2) deviation coefficientR

FRESCO+ cloud top height:
> 0.2 2868 0.07 0.48 0.85
≥ 0.4 1707 −0.03 0.35 0.85
≥ 0.8 467 −0.15 0.38 0.79

CH4 cloud top height:
> 0.2 2868 0.02 0.34 0.94
≥ 0.4 1707 0.04 0.24 0.94
≥ 0.8 467 0.04 0.19 0.94
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Figure 16. Comparison between collocated SCIAMACHY-IMLM and SCIAMACHY-ESA 

WVC amounts for June 2009. The SCIAMACHY-ESA WVC measurements and cloud cover 

amounts are averaged over the SCIAMACHY-IMLM ground pixel size. Cases included in the 

selection are for SCIAMACHY-IMLM signal level strength larger or equal to 100 BU/px and 

are limited to land measurements during cloud free conditions where SPICI (together with the 

additional methane cloud filter) and the averaged ESA cloud fraction amounts are zero. A 

mean bias of 0.39 g/cm2 is found with a standard deviation of 0.35g/cm2. 
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Fig. 16. Comparison between collocated SCIAMACHY-IMLM
and SCIAMACHY-ESA WVC amounts for June 2009. The
SCIAMACHY-ESA WVC measurements and cloud cover amounts
are averaged over the SCIAMACHY-IMLM ground pixel size.
Cases included in the selection are for SCIAMACHY-IMLM signal
level strength larger than or equal to 100 BU px−1 and are limited to
land measurements during cloud-free conditions where SPICI (to-
gether with the additional methane cloud filter) and the averaged
ESA cloud fraction amounts are zero. A mean bias of 0.39 g cm−2

is found with a standard deviation of 0.35 g cm−2.

signal level larger than or equal to 100 BU px−1 and condi-
tions which are cloud-free according to both the (averaged)
ESA cloud product and the SPICI cloud product and using
the additional methane criterion (described in Sect. 2.2.2).
The SCIAMACHY-ESA and SCIAMACHY-IMLM WVC

amounts have a high correlation (r = 0.95), but in general
SCIAMACHY-ESA WVC amounts are higher than those
of SCIAMACHY-IMLM with a percentage difference of
23 %. A further comparison between SCIAMACHY-ESA
and SCIAMACHY-IMLM WVC data is performed by com-
paring both data sets with collocated radiosonde WVC
amounts for the same 1-month period of June 2009 as
used in the above SCIAMACHY-ESA versus SCIAMACHY-
IMLM comparison. The same time and distance co-location
criteria used for comparisons in Sects. 3 and 4 are used
here. Each SCIAMACHY-ESA and SCIAMACHY-IMLM
WVC measurement is thus collocated with individual global
daily radiosonde measurements performed during the 1-
month period. No averaging over the smaller SCIAMACHY-
ESA ground pixels needs to be performed here, since only
the SCIAMACHY-ESA or SCIAMACHY-IMLM pixel clos-
est to the radiosonde measurement location is used. These
three collocated data sets are filtered to include only cases
with measurements performed over land and where the
SCIAMACHY-IMLM signal level strength is larger than or
equal to 100 BU px−1. The results of the comparisons with
these three data sets for June 2009 are shown in Fig. 17
for different cloud cover selections according to either the
ESA operational cloud cover product (OCRA), SPICI cloud
cover product, or both cloud cover products. Both of the in-
dividual SCIAMACHY WVC data sets compare well with
the collocated radiosonde WVC values (Fig. 17, top). Fur-
ther comparisons of the radiosonde WVC to SCIAMACHY-
ESA and SCIAMACHY-IMLM for the same selection of
data points where both SPICI and OCRA measure cloud-
free conditions are shown in Fig. 17 (bottom). This in-
dicates that the respective mean biases are inconsistent
with the above SCIAMACHY-ESA versus SCIAMACHY-
IMLM comparison for June 2009, or with previous com-
parisons in Sects. 3 and 4 with radiosonde WVC data for
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Figure 17. Comparison between collocated radiosonde WVC and SCIAMACHY-IMLM and 

SCIAMACHY-ESA WVC amounts for June 2009, for measurements performed over land.   

The top left figure show radiosonde WVC compared to SCIAMACHY-ESA for cloud free 

conditions according to the SCIAMACHY operational cloud cover (OCRA) product. The top 

right figure show the comparison between radiosonde and SCIAMACHY-IMLM WVC 

amounts for cloud free conditions according to the SPICI cloud cover product.  

The two bottom figures indicate comparisons between collocated radiosonde WVC and 

SCIAMACHY-ESA (bottom left) and SCIAMACHY-IMLM (bottom right) over land for 

cloud free conditions according to both SPICI and OCRA cloud cover fraction. The 

correlation coefficient, mean and standard deviation (g/cm2) are shown on each figure.  
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Fig. 17.Comparison between collocated radiosonde WVC and SCIAMACHY-IMLM and SCIAMACHY-ESA WVC amounts for June 2009,
for measurements performed over land. The top left figure shows radiosonde WVC compared to SCIAMACHY-ESA for cloud-free conditions
according to the SCIAMACHY operational cloud cover (OCRA) product. The top right figure shows the comparison between radiosonde
and SCIAMACHY-IMLM WVC amounts for cloud-free conditions according to the SPICI cloud cover product. The two bottom figures
indicate comparisons between collocated radiosonde WVC and SCIAMACHY-ESA (bottom left) and SCIAMACHY-IMLM (bottom right)
over land for cloud-free conditions according to both SPICI and OCRA cloud cover fraction. The correlation coefficient, mean and standard
deviation (g cm−2) are shown in each figure.

cloud-free cases over land and results in mean differences
of 0.09 g cm−2 for SCIAMACHY-ESA and 0.08 g cm−2 for
SCIAMACHY-IMLM WVC. This inconsistency appears to
be caused by differences in the SPICI and OCRA cloud cover
products when selecting for cloud-free conditions. Compar-
ing OCRA cloud cover to that of FRESCO+ (Fig. 18) shows
that in roughly 80 % of the cases where OCRA cloud cover
fraction equals zero, the FRESCO+ cloud cover amount
is more than zero and indicates that some form of cloud
is still present in the (OCRA) selection. This suggests that
when using cloud products together with the SCIAMACHY-
ESA WVC data, it might be more beneficial to use a
supplementary or different cloud product. Selecting SCIA-
MACHY WVC data according to cloud-free conditions can
be beneficial in some instances when using SCIAMACHY-
ESA water vapour data and even more important when us-
ing SCIAMACHY-IMLM water vapour data. The choice of
cloud product used to identify cloud-free measurements for
each of the two SCIAMACHY water vapour products can
play a significant role. Using different cloud products for
filtering either SCIAMACHY-ESA or SCIAMACHY-IMLM
WVC may introduce biases and ultimately influence the data

selection leading to a variation in results, as demonstrated
above.

6 Discussion and conclusions

The two SCIAMACHY WVC data sets used in this study are
retrieved from different wavelength regions, using different
retrieval methods, auxiliary data and radiation transport mod-
els. In spite of these differences, an intercomparison between
the two SCIAMACHY WVC data sets has a high degree of
correlation (r = 0.95) when filtering the data for cloud-free
measurements over land.

When comparing SCIAMACHY-ESA WVC to collocated
radiosonde WVC, a good agreement is found with a mean
difference of−0.32 g cm−2 when selecting all collocated
cases for both land and ocean surfaces for all cloud con-
ditions. The mean bias (0.03 g cm−2) and scatter improve
when considering only cases with cloud-free conditions (over
both ocean and land surfaces). The bias has a clear depen-
dence on the cloud top height and increases with increas-
ing cloud top heights that are larger than approximately
2 km. A likely explanation for the bias is the very different
vertical profile shapes of O2 and water vapour, ultimately
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Figure 18. Comparison between OCRA and FRESCO+ cloud cover amounts, for where 

OCRA cloud cover fraction equals zero. For 80% of the selected cases where OCRA cloud 

cover fraction equals zero, the FRESCO+ cloud cover amount is more than zero and indicate 

that some form of cloud is still present in the (OCRA) selection. The dashed vertical line on 

the top figure indicates the median FRESCO+ cloud cover fraction of 0.03. The bottom figure 

indicates the number of cloud fraction cases of the OCRA (red) and FRESCO+ (black) cloud 

cover cases. 
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Fig. 18. Comparison between OCRA and FRESCO+ cloud cover
amounts, for where OCRA cloud cover fraction equals zero. For
80 % of the selected cases where OCRA cloud cover fraction equals
zero, the FRESCO+ cloud cover amount is more than zero and in-
dicates that some form of cloud is still present in the (OCRA) selec-
tion. The dashed vertical line in the top figure indicates the median
FRESCO+ cloud cover fraction of 0.03. The bottom figure indi-
cates the number of cloud fraction cases of the OCRA (red) and
FRESCO+ (black) cloud cover cases.

leading to an AMF CF which is too large. Furthermore, a
division between the WVC differences over land and ocean
surfaces, most likely as a result of the difference in surface
albedos, is found. This land–ocean disparity is also con-
firmed when comparing SCIAMACHY-ESA with ECMWF
WVC amounts and should be taken into account when taking
zonal or global averages. The SCIAMACHY-IMLM water
vapour product does not apply any correction for the amount
of water vapour present below cloud. Therefore strict filter-
ing is needed for measurements over land to select cloud-
free cases. Applying the filtering criteria as suggested in
Schrijver et al. (2009) to the SCIAMACHY-IMLM WVC
data largely reduces the amount of useable data. Despite
these restrictions, a high correlation is found when compar-
ing these individual WVC amounts to those of radiosonde
WVC. A mean difference of 0.08 g cm−2 is found for mea-
surements over land during cloud-free conditions, consistent

with the value found by Schrijver et al. (2009), but with a
slightly higher standard deviation of 0.42 g cm−2 than that
found by Schrijver et al. (2009). The strict filtering criteria
also exclude all cloud-free measurements above ocean sur-
faces due to the low signal levels expected over the ocean.
However, as shown in Sect. 4.1, cloudy observations over the
ocean provide useful information and compare well with the
corresponding partial columns obtained from the radioson-
des. Here the information on cloud top height is derived from
the CH4 product in the same spectral region.

Intercomparisons between the two SCIAMACHY WVC
satellite products indicate that even though SCIAMACHY-
ESA and SCIAMACHY-IMLM WVC respectively com-
pare well with collocated radiosonde data, when comparing
them with each other SCIAMACHY-ESA WVC amounts are
systematically higher than those of SCIAMACHY-IMLM
WVC by 23 % (for measurements over land where the
SCIAMACHY-IMLM signal level is larger than or equal to
100 BU px−1 and for cloud-free conditions as determined by
both the ESA and SPICI cloud products). This difference is in
large part due to the fact that the SCIAMACHY-ESA WVCs
are biased high over (most of the) land. Furthermore, results
show (Sect. 5) that the mean bias can be affected by the cloud
product used to select for cloud-free conditions.

This highlights the importance that the choice of cloud
product can have on SCIAMACHY water vapour column
data when using it to filter for cloud-free measurements. In
principle the AMC-DOAS method used by SCIAMACHY-
ESA WVC corrects for the (partial) presence of clouds
via the AMF correction factor. However it was shown that
this correction does not always work well for higher alti-
tude clouds (Sect. 3). Since the SCIAMACHY-IMLM wa-
ter vapour product does not correct for water vapour below
clouds, data must be filtered according to cloud-free condi-
tions. Using SPICI and the additional methane column cri-
teria when choosing cloud-free measurements is convenient,
because all information is readily available within the prod-
uct. However, it was shown (Sect. 4) that a better cloud-free
filtering leading to less scatter and a slightly smaller mean
bias with regard to radiosonde WVC can be achieved by us-
ing the FRESCO+ cloud fraction product.

For best results selection criteria should be applied to
both SCIAMACHY-ESA and SCIAMACHY-IMLM WVC
data sets. In order to minimize the bias, different criteria
were investigated for the best selection and use of SCIA-
MACHY WVC data, but ultimately the choice of selection
criteria will depend on the intended use of the data. As the
SCIAMACHY-ESA mean WVC bias increases with increas-
ing cloud top height, the cloud top height could be useful to
filter SCIAMACHY-ESA data so as to exclude all data with
high clouds. This option will result in the best mean bias, but
will however decrease the amount of available data. Alter-
natively, if using a smaller SCIAMACHY-ESA WVC data
set with limited available measurements, it would be more
useful to apply a selection criterion whereby smaller AMF
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correction factors (≤ 0.95) are excluded. The selection crite-
ria for SCIAMACHY-IMLM measurements over land with
cloud-free conditions are more strict and limit the number of
data points.

Radiosonde water vapour column data compared with
SCIAMACHY-IMLM WVC show good results when com-
paring measurements over land and during cloud-free scenes.
One of this product’s limitations is that it does not apply a
correction during cloudy conditions for water vapour present
below the cloud, as is done with SCIAMACHY-ESA WVC.
However, there is no fundamental limitation to perform re-
trievals in the short-wave infrared under cloudy conditions
(Vidot et al., 2012). Similar to SCIAMACHY-IMLM, only
a small bias is found when comparing SCIAMACHY-ESA
to radiosonde water vapour amounts during cloud-free con-
ditions. An advantage is that the SCIAMACHY-ESA prod-
uct provides water vapour measurements during cloudy con-
ditions over both land and ocean surfaces, but the air mass
correction factor used in the algorithm to correct for clouds
can lead to a bias in cases with high cloud top heights. Fur-
thermore, comparisons with radiosonde data indicate a land–
ocean disparity. Possible correction of the air mass correc-
tion factor in the AMC-DOAS retrieval scheme or otherwise
filtering of the water vapour column data, together with the
future planned additions for the retrieval of water vapour in
the short-wave infrared wavelength range, may further ben-
efit water vapour column measurements from these different
wavelength regions.
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