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Abstract

We present a new algorithm for satellite retrievals of the atmospheric water vapor col-
umn in the blue spectral range. The water vapor absorption cross section in the blue
spectral range is much weaker than in the red spectral range. Thus the detection limit
and the uncertainty of individual observations is systematically larger than for retrievals5

at longer wavelengths. Nevertheless, water vapor retrievals in the blue spectral range
have also several advantages: since the surface albedo in the blue spectral range is
similar over land and ocean, water vapor retrievals are more consistent than for longer
wavelengths. Compared to retrievals at longer wavelengths, over ocean the sensitivity
for atmospheric layers close to the surface is higher due to the (typically 2 to 3 times)10

higher ocean albedo in the blue. Water vapor retrievals in the blue spectral range are
also possible for satellite sensors, which do not measure at longer wavelengths of the
visible spectral range like the Ozone Monitoring instrument (OMI). We investigated de-
tails of the water vapor retrieval in the blue spectral range based on radiative transfer
simulations and observations from the Global Ozone Monitoring Experiment 2 (GOME-15

2) and OMI. It is demonstrated that it is possible to retrieve the atmospheric water vapor
column density in the blue spectral range over most parts of the globe. The findings of
our study are of importance also for future satellite missions like e.g. Sentinel 4 and 5.

1 Introduction

Water vapor is the most important natural greenhouse gas (e.g. Held and Soden, 200020

and references therein; Solomon et al., 2007), drives the hydrological cycle and also
plays an important role in many chemical reactions. In contrast to most other green-
house gases, the atmospheric water vapor distribution is highly variable. Thus contin-
uous time series measurements of atmospheric water vapor, in particular on global
scale, are important. Several algorithms for the retrieval of the total column precipitable25

water vapor from satellite observations were developed in the last decades (note that
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in the following we use the term “vertical column density”, VCD, for the vertically inte-
grated H2O concentration). These algorithms include measurements in various parts
of the electromagnetic spectrum e.g. in the microwave, infrared and visible spectral
ranges. An important advantage of measurements in the microwave spectral range is
that they are possible in the presence of clouds (e.g. Bauer and Schluessel, 1993).5

However, meaningful retrievals are usually only possible over the oceans. Measure-
ments in the thermal infrared spectral range are possible over both ocean and land,
and they can yield (limited) information on the vertical distribution in the troposphere
(Jedlovec, 1987; Soden and Bretherton, 1996; Tobin et al., 2006; Shepard et al., 2008).
However, usually such observations have only limited sensitivity for the lowest part of10

the atmospheric column. Also they are strongly affected by clouds; thus typically cloud
covered observations have to be skipped and the resulting data sets are biased to-
wards clear sky conditions. Observations in the near IR and red spectral range allow to
retrieve the H2O VCD (including the surface near layers), but are also strongly affected
by clouds. Because of the rather low surface albedo, observations over ocean have15

typically larger uncertainties than over land. Also for such observations the sensitivity
for the surface near layers is reduced (Noël et al., 1999, 2008; Maurellis et al., 2000;
Bennartz and Fischer, 2001; Lang et al., 2003; Lang and Lawrence, 2005; Wagner et
al., 2003, 2006; Mieruch et al., 2008).

Here we present a new algorithm for the retrieval of the H2O VCD from satellite20

observations in the blue spectral range. Although the water vapor absorption cross
section in that spectral range is about 25 times smaller than in the red spectral range
(see Fig. 1), we demonstrate that it is possible to retrieve the atmospheric water vapor
column from satellite measurements in the blue spectral range for most parts of the
globe.25

Measurements in the blue spectral range have important advantages compared to
measurements in the red and near IR spectral range:

– Since the surface albedo is more homogenous in the blue spectral range com-
pared to longer wavelengths, the retrieved H2O data sets are more consistent,
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especially across land-ocean boundaries. In particular the sensitivity towards the
surface-near layers is similar over land and ocean.

– In the blue spectral range the surface albedo is higher over the oceans than for
longer wavelengths causing an increased sensitivity towards the surface-near lay-
ers.5

– Because of the stronger Rayleigh scattering in the blue spectral range, also the
effects of clouds are weaker compared to longer wavelengths.

– Because of the weak H2O absorption, no saturation correction has to be applied.

– In addition to these fundamental advantages, retrievals in the blue spectral range
allow also to analyse the H2O VCD from sensors like OMI, which do not cover10

wavelengths >500 nm. The retrieval of the H2O VCD from OMI spectra in the blue
spectral range will provide a unique data set with almost daily global coverage for
a long time period (2004 to present and beyond).

In this study, we first introduce the new H2O retrieval in the blue spectral range and
apply it to GOME-2 and OMI observations (Sect. 2). GOME-2 observations have the15

advantage that they also cover the red spectral range. Thus the results from the blue
spectral range can be directly compared to those from existing retrievals in the red
spectral range for the same instrument. In Sect. 3, we investigate the sensitivity of
H2O retrievals in the blue spectral range based on radiative transfer simulations. We
quantify the effects of clouds and compare the results in both spectral ranges. In Sect. 420

retrieval results from GOME-2 and OMI observations are presented and compared with
the results from the radiative transfer simulations. Also the uncertainties and detection
limit of the new retrieval algorithm are investigated.
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2 Spectral analysis

For the analysis of the water vapor absorption in the blue spectral range we chose the
same settings for GOME-2 on METOP and OMI on AURA: a wavelength interval be-
tween 430 and 450 nm is used. Besides the water vapor absorption cross section (for
290 K, taken from the HITRAN data base, see Rothman et al., 2005), also the cross5

sections of NO2 (for 294 K, Vandaele et al., 1998) and O3 (for 341 K, Bogumil et al.,
1999) as well as a Ring spectrum (Wagner et al., 2009) were included. The original
cross sections were convolved by the respective instrument slit functions of both sen-
sors, which have a full width at half maximum (FWHM) in the blue spectral range of
about 0.51 nm (GOME-2) and 0.55 nm (OMI). A direct sun spectrum and a polynomial10

of degree 5 were also fitted to correct the strong Fraunhofer lines and possible broad
band spectral features. The wavelength calibration was performed using a high resolu-
tion solar spectrum (Kurucz et al., 1984). For GOME-2, all measurements were anal-
ysed with one set of reference spectra. For OMI, for each row of the two dimensional
detector, individual sets of reference spectra were prepared. The result of the spectral15

analysis, the so called H2O slant column density (SCD), represents the integrated H2O
concentration along the atmospheric light paths.

In Fig. 2 examples of the spectral retrieval for both instruments are presented. For
the cases with high atmospheric water vapor content (right part of Fig. 2), the H2O
absorption feature at 442 nm can be clearly identified. However, for cases with low20

H2O content, the H2O absorption feature is similar or even weaker than the spectral
residual. The typical uncertainties of the retrieved H2O SCD as determined from the
DOAS fit range from 1×1022 to 2.5×1022 molec cm−2 for GOME-2 and from 3×1022

to 5×1022 molec cm−2 OMI. As can be seen in Fig. 2, the magnitude of the residual is
smaller for spectra with higher radiances, caused e.g. by clouds or high surface albedo.25

It is interesting to note that the uncertainty of the H2O retrieval is about a factor of two
higher for OMI than for GOME-2, probably caused by a smaller signal to noise ratio
of the OMI instrument. Here it should be noted that this reduced signal to noise ratio
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is not caused by a potential bad instrument performance, but is related to the much
smaller ground pixel sizes compared to GOME-2. The uncertainty is about one order
of magnitude larger than for the H2O retrieval in the red spectral range.

3 Radiative transfer simulations

To determine the H2O VCDs, the retrieved H2O SCDs are divided by the so called air5

mass factor (AMF):

VCD = SCD/AMF. (1)

Usually the AMF is derived from radiative transfer simulations (Noxon et al., 1979;
Solomon et al., 1987).

In this study we do not convert the retrieved H2O SCDs into VCDs. This will be an10

extensive task as it has to take into account in detail the effects of varying surface
albedo, surface elevation, and cloud properties such as effective cloud fraction and
cloud altitude. Thus it will be the focus of future work. Here we calculate AMFs to
explore the measurement sensitivity for various measurement conditions. In particular
we compare AMFs for observations in the blue spectral range with those for the red15

spectral range. In addition to AMFs for the total H2O VCD we also calculate so called
box-AMF (BAMF) for individual height layers:

∆VCDi = ∆SCDi/BAMFi . (2)

Here ∆VCDi and ∆SCDi represent the partial vertical and slant column density of the
atmospheric layer i . The BAMFi is a measure of the sensitivity of the observation for a20

specific altitude layer i .
We calculated AMFs and profiles of BAMFi for satellite observations of atmospheric

water vapor using the full spherical Monte Carlo radiative transfer model McARTIM
(Deutschmann et al., 2011). For the determination of the total H2O AMF, we assumed
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an exponentially decreasing profile of the water vapor concentration with a scale height
of 2 km. Simulations were performed for cloud-free and cloud covered satellite pixels.
Partially cloud covered observations were described by the so called independent pixel
approximation: the AMFs (or BAMFi ) of the clear and cloudy part of a satellite ground
pixel are averaged (weighted by the cloud fraction and the top of the atmosphere ra-5

diances of the clear and cloudy parts). For the cloudy part horizontally homogenous
clouds of 1 km vertical thickness at different altitudes and with different optical depths
were assumed. As scattering phase function a Henyey–Greenstein approximation with
an asymmetry parameter of 0.85 was used. For the surface albedo, different values
were assumed for the blue (6 % over ocean and land) and red (2 % over ocean and10

15 % over land) spectral ranges (see Fig. 3). These choices are not representative for
all ocean and land surfaces, but reflect the general tendencies that over ocean the
surface albedo is usually larger in the blue spectral range and vice versa over land.
The simulations were performed for a nadir viewing instrument (elevation angle −90◦)
at an altitude of 800 m; the SZA was set to zero, but similar results were also found15

for other SZA (note that no sun glint effects were taken into account). It should also
be noted that for simplicity, the simulations in the red spectral range calculations were
made assuming H2O to be a weak absorber, which is usually not the case. Thus the
calculated AMF in the red spectral range have to be seen as upper limit for the true
AMF (e.g. Wagner et al., 2003).20

Figure 4 presents profiles of BAMFi over land and ocean for both spectral ranges.
For observations over cloud-free pixels (left part of Fig. 4), the sensitivity decreases
towards the surface for all assumed combinations of wavelengths and surface albedos.
However, for observations at 630 nm over land (surface albedo: 15 %), the decrease
is only very weak, because of the weak contribution of Rayleigh scattering to the ob-25

served light at longer wavelengths. The total AMFs are always larger for observations
in the red spectral range.

For observations over partly clouded ground pixels (effective cloud fraction: 10 %),
the sensitivity is almost constant above the cloud, shows a maximum in the upper
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part of the cloud and decreases strongly towards the cloud bottom. Below the cloud,
the sensitivity further decreases until the surface. For observations over low surface
albedo the sensitivity below the cloud is generally smaller than for observations over
high surface albedo. While for observations over land, the AMFs for the red spectral
range are still systematically larger than in the blue spectral range, over ocean the5

opposite is found. This is an important finding, because most of the satellite pixels are
partly covered by clouds. Similar results are also obtained for other cloud fractions (see
Table 1).

4 Results from GOME-2 and OMI

We applied the new algorithm to measurements for June 2007 from GOME-2 (on10

METOP, see EUMETSAT, 2005) and OMI (on AURA, see Levelt and Noordhoek, 2002).
GOME-2 observations cover the UV, visible and near IR spectral range. Thus they al-
low a direct comparison of the results of both spectral ranges for the same measure-
ments. Note that the H2O SCDs in the red spectral are analysed according to Wagner
et al. (2006, 2011). OMI observations provide daily global coverage and have a better15

spatial resolution compared to the GOME-2 instrument.

4.1 Results for individual orbits

For our comparison study, we first chose selected orbits on 1 June 2007 (see Fig. 5).
We limit this study to nadir measurements alone, for which the atmospheric radiation
transport is similar for both sensors. The only difference is a different SZA due to the20

different overpass times). Since GOME-2 and OMI observations are made on the de-
scending and ascending parts of the orbits, respectively, collocated measurements are
only found for the crossing points of the selected orbits (black rectangles in Fig. 5).

In Fig. 6, results for the two selected GOME-2 orbits are shown. Similar latitudinal
variations are found for the results from the red and blue spectral range. However, the25
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H2O SCDs retrieved in the blue spectral range shows a higher scatter caused by the
much weaker cross section. As expected from the radiative transfer simulations, over
ocean the H2O SCDs retrieved in the blue spectral range are higher than those re-
trieved in the red spectral range. Over land, the H2O SCDs retrieved in the red spectral
range are higher than those retrieved in the blue spectral range or both results are sim-5

ilar. The lowest values are found for measurements over high clouds or high mountains
like the Himalayas.

In Fig. 7, H2O SCDs for both selected OMI orbits are shown. Again, the highest
H2O SCDs are observed over the tropics, and the lowest values over high clouds.
Compared to the GOME-2 results from the blue spectral range, the scatter of the H2O10

SCDs retrieved from OMI is larger, and for very low H2O SCDs even negative values
can be found. The larger scatter reflects the smaller signal to noise ratio of the OMI
observations (due to smaller ground pixels) compared to GOME-2.

In Fig. 8, the results of both instruments are compared for two selected parts around
the overlap regions (see Fig. 5). For both cases, good agreement is found between15

both instruments. Remaining differences are probably caused by the relatively large
time difference (about 4 h) and the different SZA. Again the scatter of the H2O SCDs is
smallest for the analysis in the red spectral range, and the scatter of the OMI-results is
larger compared to the GOME-2 results from the blue spectral range. Over Greenland,
where the surface albedo is high (ice and snow), the scatter is much smaller than over20

the ocean, where the albedo is low.
We quantified the scatter of the H2O SCDs from the different analyses and regions

in the following way: first, we selected latitude ranges around the overlap regions (for
Greenland the latitude range between 76◦ and 80◦ and for the southern ocean between
−42◦ and −46◦ were chosen). Second, we fitted a polynomial of degree 4 to the H2O25

SCDs within the selected latitude ranges. Third, the fitted polynomials were subtracted
from the H2O SCDs and the standard deviations were determined. The respective
values for the different spectral ranges, instruments and latitude ranges are presented
in Table 2.
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For GOME-2, the scatter of the results from the red spectral range is about one order
of magnitude less compared to the blue spectral range. The scatter of the OMI results
is about a factor of two larger than for the GOME-2 results from the blue spectral range.
Over the southern ocean the scatter is about a factor of 3 (blue spectral range) or 8
(red spectral range) larger than over Greenland. This is caused by the strong difference5

in surface albedo, which is especially large in the red spectral range.
Note that for the comparison over Greenland, south of about 77.5◦ latitude, the H2O

SCDs retrieved from OMI are systematically larger than those from GOME-2. This
difference is caused by the different locations of the respective orbits (GOME-2 over
central Greenland; OMI over the eastern edge of Greenland and over the ocean).10

4.2 Daily and monthly mean maps

Figure 9 shows global maps of the H2O SCD retrieved from GOME-2 (in the red and
blue spectral ranges) and OMI (in the blue spectral range). In the left part results for
one selected day (1 July 2007) are displayed. In the right part monthly mean values
for July 2007 are shown. Only measurements with effective cloud fractions <10 % are15

considered in the monthly means in order to minimise the effects of clouds.
In general, good agreement of the spatial patterns in all data sets is found. However,

as expected also systematic differences appear (see Fig. 10): over the oceans, usually
the H2O SCDs retrieved in the blue spectral range are larger than those retrieved in
the red spectral range, because of the smaller surface albedo in the red spectral range20

(see Sect. 3). The opposite is found for most locations over the continents. Exceptions
are over the north-west part of South America, over central Africa and South-East Asia,
where the surface albedo in the red spectral range is relatively low.

The comparison between GOME-2 and OMI results from the blue spectral range
shows less clear patterns: in the daily data typically higher values in the GOME-225

results are found at the east side of the GOME-2 swath over the tropical oceans, which
is caused by sun glint. Sun glint occurs at different viewing angles for both sensors
due to the different overpass times. Other differences (positive or negative) are mostly
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related to variations in cloud cover and atmospheric humidity between the overpass
times of both sensors. In Fig. 11 the differences in the difference in effective cloud cover
between both sensors is shown. Here it should, however, be noted that different cloud
retrieval algorithms are used for both instruments (Acarreta et al., 2004; Koelemeijer et
al., 2003; Wang et al., 2008).5

Especially in mid latitudes the movement of frontal systems is clearly visible causing
systematic structures in the daily difference maps.

For the monthly mean maps in general, similar differences as in the daily maps are
found. However, for the comparison between GOME-2 and OMI, the effects of varying
cloud cover and sun glint are strongly reduced due to the strict cloud criterion and the10

statistical compensation of positive and negative deviations in the monthly averages.
Interestingly, some systematic differences are still present, e.g. over parts of South
America, Central Africa, the US east coast and East Asia. These differences can be
partly attributed to differences in cloud cover for the different overpass times of both
sensors (see Fig. 11). However, for some of the differences, no clear explanation was15

found. Slightly higher H2O SCDs are found in the OMI data over the Northern Hemi-
sphere, probably related to systematic differences of the SZA and relative azimuth
angles.

In Fig. 12 and Table 3 results of correlation analyses between the different data sets
are presented. In general, good agreement is found. Systematically higher correlation20

coefficients are found for the comparison of the results from GOME-2 in the blue and
red spectral ranges than for the comparison between both instruments. This is mainly
caused by the systematic difference in overpass time and pixel size between GOME-2
and OMI. The slopes of the regression lines are close to unity, except for the compar-
ison of the results from GOME-2 in the blue and red spectral ranges over ocean. This25

finding is caused by the large difference in surface albedo over ocean in both spectral
ranges.
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5 Conclusions and outlook

A new algorithm for satellite retrievals of the atmospheric water vapor column in the
blue spectral range is presented. Although the H2O absorption cross section in the
blue spectral range is about a factor of 25 smaller than in the red spectral range, H2O
retrievals in the blue spectral range are feasible and have furthermore important advan-5

tages: first, because the surface albedo is similar over land and ocean, H2O retrievals
in the blue spectral range are more consistent than at longer wavelengths. Second,
because of the stronger scattering on molecules and the larger surface albedo over
ocean, the shielding effect of clouds is weaker than in the red spectral range. Thus,
for such observations, the sensitivity for layers close to the surface is higher than at10

longer wavelengths. Third, because of the weak atmospheric H2O absorption in the
blue spectral range, no saturation correction is needed. Fourth, H2O retrievals in the
blue spectral range are also possible for satellite sensors, which do not cover longer
wavelengths of the visible spectral range (like OMI).

It should be noted that because of the much smaller absorption cross section, the15

water vapor columns derived in the blue spectral range have typically much larger
uncertainties compared to those derived in the red spectral range (for individual ob-
servations). Thus for specific applications, e.g. measurements over regions with a very
small atmospheric water vapor content or regions with high surface albedo in the red
spectral range, satellite measurements in the red spectral are probably better suited.20

We investigated the properties of the new retrieval based on radiative transfer sim-
ulations and observations from two different satellite instruments, GOME-2 and OMI.
GOME-2 measurements allow to directly compare the results from both spectral ranges
on the basis of individual measurements. The observations confirmed the results of
the radiative transfer simulations, especially with respect to the higher sensitivity of the25

analysis in the blue spectral range over ocean (and lower sensitivity over land). We also
investigated the uncertainty of the analysis in the blue spectral range. We found that
the scatter of neighbouring observations is much larger than in the red spectral range:

3654

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3643/2013/amtd-6-3643-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3643/2013/amtd-6-3643-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 3643–3674, 2013

Satellite
observations of water

vapor in the blue
spectral range

T. Wagner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

over surfaces with high albedo, the scatter (RMS) is about a factor of 15 larger than in
the red spectral range, mainly reflecting the difference in the absorption cross sections
in both spectral ranges. Over ocean (low surface albedo), the difference in the scatter
is much smaller (only about a factor of 6) caused by the higher surface albedo in the
blue spectral range. The scatter of the OMI results is about twice that of the GOME-25

results in the blue spectral range indicating a lower signal to noise ratio of the OMI
measurements related to the smaller ground pixels.

Based on these findings and on the results of the spectral fitting process, we es-
timate the detection limit for the analysis of the H2O SCD (for individual ground pix-
els) in the blue spectral range to about 6 to 18×1021 molec cm−2 and to about 11 to10

32×1021 molec cm−2 for GOME-2 and OMI, respectively (for the analysis GOME-2
observations in the red spectral range the corresponding values are about 0.4 and
3.3×1021 molec cm−2). The lower values correspond to observations over high sur-
face albedo. Here it is interesting to note that high surface albedos (due to ice and
snow) typically occur at high latitudes. At these latitudes, usually also the atmospheric15

light paths are long because of the high SZA. Thus, despite the rather low H2O VCDs
at high latitudes, the H2O SCDs are often above the detection limit for observations in
the blue spectral range.

In this study, we demonstrated the feasibility to retrieve the atmospheric H2O VCD
from satellite observations in the blue spectral range. Future studies will address the20

conversion of the H2O SCDs into H2O VCDs based on radiative transfer simulations
taking into account detailed information about surface albedo, cloud cover and cloud
altitude. Also, validation of the H2O VCDs by independent data sets is needed to asses
the accuracy of the new retrieval for different atmospheric conditions and observation
geometries.25
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Table 1. Comparison of H2O AMF for satellite observations over ocean (top table) and land
(bottom table) for different effective cloud fractions, cloud altitudes and cloud optical thickness.
H2O AMF for the blue spectral ranges are indicated in roman and for the red spectral ranges in
italic. The effective cloud fraction was calculated according to the radiative transfer simulation
results in the red spectral range.

Ocean (blue surface albedo: 6 %, red surface albedo: 2 %)

Cloud CFeff: 0 % CFeff: 10 % CFeff: 20 % CFeff: 50 % CFeff: 80 %

properties Blue Red Blue Red Blue Red Blue Red Blue Red

CTH: 4 km 1.25 1.38 0.98 0.73 0.84 0.61 0.66 0.52
COD: 10

CTH: 4 km 1.25 1.38 0.96 0.72 0.81 0.59 0.62 0.49 0.54 0.46
COD: 20

CTH: 10 km 1.25 1.38 0.80 0.42 0.57 0.24 0.20 0.10
COD: 10

CTH: 10 km 1.25 1.38 0.77 0.40 0.53 0.22 0.22 0.07 0.10 0.03
COD: 20

Land (blue surface albedo: 6 %, red surface albedo: 15 %)

Cloud CFeff: 0 % CFeff: 10 % CFeff: 20 % CFeff: 50 % CFeff: 80 %

properties Blue Red Blue Red Blue Red Blue Red Blue Red

CTH: 4 km 1.25 1.95 0.97 1.46 0.83 1.19 0.66 0.83
COD: 10

CTH: 4 km 1.25 1.95 0.95 1.42 0.80 1.14 0.61 0.73 0.54 0.57
COD: 20

CTH: 10 km 1.25 1.95 0.77 1.31 0.54 0.95 0.26 0.49
COD: 10

CTH: 10 km 1.25 1.95 0.76 1.27 0.52 0.90 0.22 0.37 0.11 0.17
COD: 20
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Table 2. Comparison of the scatter (standard deviation) of the H2O DSCDs retrieved from the
different sensors, spectral ranges and overlap regions. Unit: 1022 molec cm−2.

Region/ GOME-2 GOME-2 OMI
latitude range red blue blue

Greenland/ 0.04 0.63 1.12
76◦ to 80◦

Southern ocean/ 0.33 1.89 3.29
−42◦ to −46◦

3661

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3643/2013/amtd-6-3643-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3643/2013/amtd-6-3643-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 3643–3674, 2013

Satellite
observations of water

vapor in the blue
spectral range

T. Wagner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 3. Results of the correlation analyses between the H2O DSCD analysed from GOME-2
in the blue spectral range and those from the red spectral range or OMI. For the correlation of
monthly data, only measurements with cloud fraction <10 % were used, for the correlation of
daily data, no cloud selection was applied. Note that the correlation results are similar if for the
OMI data not the full swath width, but only the same swath width of GOME-2 is considered.

Comparison r2 Slope y-intercept
[1021 molec cm−2]

GOME-2, red, monthly, land 0.85 0.95 19.3
GOME-2, red, daily, land 0.80 0.99 3.8
GOME-2, red, monthly, ocean 0.90 0.71 21.5
GOME-2, red, daily, ocean 0.84 0.83 3.1
OMI, blue, monthly, land 0.88 0.91 14.5
OMI, blue, daily, land 0.69 0.90 14.1
OMI, blue, monthly, ocean 0.87 1.00 2.9
OMI, blue, daily, ocean 0.63 0.98 6.6
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Fig. 1. High resolution H2O absorption cross section from the HITRAN data base for 290 K 
(Rothmann et al., 2005) (top) and convolved to a spectral resolution of 0.4 nm (FWHM) 
(middle and bottom). In the bottom panel the maximum of the y-axis is set to 4e-26 cm² to 
better visualise the weak absorption band around 443 nm. 
 
 
 
 
 
 
 
 
 

Fig. 1. High resolution H2O absorption cross section from the HITRAN data base for 290 K
(Rothmann et al., 2005) (top panel) and convolved to a spectral resolution of 0.4 nm (FWHM)
(middle and bottom panels). In the bottom panel the maximum of the y-axis is set to
4×1026 cm2 to better visualise the weak absorption band around 443 nm.
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Fig. 2 Examples of the spectral analyses for selected GOME-2 (top) and OMI (bottom) measurements. The red lines indicate the reference spectra 

scaled to the respective features in the measured spectra (black). In the left part spectra with weak H2O absorption and in the right part with strong 

H2O absorption were chosen.  

 

Fig. 2. Examples of the spectral analyses for selected GOME-2 (top panels) and OMI (bottom
panels) measurements. The red lines indicate the reference spectra scaled to the respective
features in the measured spectra (black). In the left part spectra with weak H2O absorption and
in the right part with strong H2O absorption were chosen.
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Fig. 3 Annually averaged surface albedo (1996 – 2003) at 440 nm (left) and 670 nm (right) 
derived from GOME observations. Data are taken from the TEMIS data base 
(http://www.temis.nl/data/ler.html, Koelemeijer et al., 2003).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Annually averaged surface albedo in % (1996–2003) at 440 nm (left panel) and 670 nm
(right panel) derived from GOME observations. Data are taken from the TEMIS data base
(http://www.temis.nl/data/ler.html, Koelemeijer et al., 2003).
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Land   
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Fig. 4 Profiles of BAMFi for satellite observations in the blue and red spectral range for clear 
skies (left) and partly cloud covered pixels (10% effective cloud fraction) with cloud altitude 
between 3 and 4 km (center) and 9 and 10 km (right). The upper panel shows results for ocean 
(surface albedo 6 % in the blue and 2% in the red spectral range); the lower panel shows 
results for land (surface albedo 6 % in the blue and 15 % in the red spectral range). H2O 
AMFs for both spectral ranges are shown inside the individual figures. 
 
 
 
 
 
 
 

Fig. 4. Profiles of BAMFi for satellite observations in the blue and red spectral range for clear
skies (left panels) and partly cloud covered pixels (10 % effective cloud fraction) with cloud
altitude between 3 and 4 km (center panels) and 9 and 10 km (right panels). The upper panel
shows results for ocean (surface albedo 6 % in the blue and 2 % in the red spectral range); the
lower panel shows results for land (surface albedo 6 % in the blue and 15 % in the red spectral
range). H2O AMFs for both spectral ranges are shown inside the individual figures.
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Fig. 5 Selected orbits of GOME-2 (pink) and OMI (green) for 1 June 2007, which are 
investigated in this study (only nadir observations are used). The black rectangles indicate 
overlap regions used for comparison (cf., Fig. 8).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Selected orbits of GOME-2 (pink) and OMI (green) for 1 June 2007, which are inves-
tigated in this study (only nadir observations are used). The black rectangles indicate overlap
regions used for comparison (cf. Fig. 8).
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Fig. 6 H2O SCDs for the first (top) and second (bottom) selected GOME-2 orbit on 1 June 
2007 (Fig. 5). Note that only nadir observations were considered. High values are found in 
both spectral ranges over the tropics, low values over high clouds or high mountains like the 
Himalayas. Over ocean, in general the values from the blue spectral range are larger than 
those from the red spectral range. Over land, often the results from the red spectral range are 
larger or the results from both analyses are similar. 
 
 

Fig. 6. H2O SCDs for the first (top panel) and second (bottom panel) selected GOME-2 orbit
on 1 June 2007 (Fig. 5). Note that only nadir observations were considered. High values are
found in both spectral ranges over the tropics, low values over high clouds or high mountains
like the Himalayas. Over ocean, in general the values from the blue spectral range are larger
than those from the red spectral range. Over land, often the results from the red spectral range
are larger or the results from both analyses are similar.
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Fig. 7 H2O SCDs for the first (top) and second (bottom) selected OMI orbit on 1 June 2007 

(Fig. 5). Note that only nadir observations were considered. High values are usually found 

over the tropics; low values are found over high clouds.  

 

 

Fig. 7. H2O SCDs for the first (top panel) and second (bottom panel) selected OMI orbit on
1 June 2007 (Fig. 5). Note that only nadir observations were considered. High values are usu-
ally found over the tropics; low values are found over high clouds.
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Fig. 8 Comparison of the H2O SCDs retrieved from both instruments in the selected overlap 
regions over Greenland (top) and the southern ocean (bottom) (see black rectangles in Fig. 5). 
Note that only nadir observations were considered. The exact locations of the overlap region 
are indicated by the vertical black dashed lines.  
 
 
 
 
 
 
 
 

Fig. 8. Comparison of the H2O SCDs retrieved from both instruments in the selected overlap
regions over Greenland (top panel) and the southern ocean (bottom panel) (see black rectan-
gles in Fig. 5). Note that only nadir observations were considered. The exact locations of the
overlap region are indicated by the vertical black dashed lines.
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Fig. 9 Global maps of the H2O SCDs retrieved from GOME-2 in the red (top) and blue 
spectral range (center) as well as from OMI in the blue spectral range (bottom). Left: results 
for one day (1 June 2007); right: mean values for June 2007 with spatial resolution of 0.5° x 
0.5°. For the monthly mean maps only measurements with effective cloud fractions < 10% are 
considered. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9. Global maps of the H2O SCDs retrieved from GOME-2 in the red (top panels) and blue
spectral range (center panels) as well as from OMI in the blue spectral range (bottom panels).
Left panels: SCDs for 1 June 2007 (no cloud filter); right panels: mean values for June 2007 with
spatial resolution of 0.5◦ ×0.5◦. For the monthly mean maps only measurements with effective
cloud fractions <10 % are considered.
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Fig. 10 Differences of the GOME-2 analysis in the red spectral range (top) and the OMI 
analysis in the blue spectral range (bottom) compared to the GOME-2 analysis in the blue 
spectral range for the data shown in Fig. 9. Daily results are shown left and monthly mean 
results are shown right. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Differences of the GOME-2 analysis in the red spectral range (top panels) and the OMI
analysis in the blue spectral range (bottom panels) compared to the GOME-2 analysis in the
blue spectral range for the data shown in Fig. 9. Daily results are shown left and monthly mean
results are shown right.
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Fig. 11 Differences of the effective cloud fractions measured by OMI and GOME-2 for the 
data shown in Figs. 9 and 10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Differences of the effective cloud fractions measured by OMI and GOME-2 for the data
shown in Figs. 9 and 10.
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GOME-2 (red) versus GOME-2 (blue), 
correlation of daily observations  

GOME-2 (red) versus GOME-2 (blue), 
correlation of monthly averages 

  
OMI (blue) versus GOME-2 (blue), 
correlation of daily observations 

OMI (blue) versus GOME-2 (blue), 
correlation of monthly averages 

  
Fig. 12 Correlation analyses for daily observations (left, see Fig. 9) and monthly averages 
(right, see Fig. 10) of the H2O SCDs. Results (mean values for pixels of 0.5° x 0.5°) from the 
GOME-2 in the red spectral range (top) and OMI in the blue spectral range (bottom) are 
plotted versus GOME-2 in the blue spectral range. Green and blue dots represent observations 
over land and ocean, respectively. The green and blue lines indicate linear fits, the black line 
represents the one to one line. 
  
 

Fig. 12. Correlation analyses for daily observations (left panels, no cloud filter) and monthly
averages (right panels, CF<10 %) of H2O SCDs on 0.5◦ grid as shown in Fig. 9. Green and
blue dots represent observations over land and ocean, respectively. The green and blue lines
indicate linear fits, the black line represents the one to one line.
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