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Abstract. A new scheme for the retrieval of total colum-
nar water vapour from measurements of MERIS (Medium
Resolution Imaging Spectrometer) on ENVISAT (ENVIron-
mental SATellite) is presented. The algorithm is based on a
fast forward model of the water vapour transmittance around
900nm, including a correction for atmospheric scattering and
the influence of the temperature- and pressure-profile on the
water vapour absorption lines. It provides the water vapour
column amount for cloud-free scenes above land and ocean at
a spatial resolution of 0.25 km× 0.3 km and 1 km× 1.2 km,
depending on whether applied to the “full resolution” or the
operational “reduced resolution” mode of MERIS. Uncer-
tainties are provided on a pixel-by-pixel basis, taking into
account all relevant sources of error. An extensive valida-
tion against various sources of ground-based reference data
reveals a high accuracy of MERIS water vapour above land
(root mean square deviations between 1.4 mm and 3.7 mm),
apart from a wet bias of MERIS between 5 and 10 % that
is found in all comparison studies. This wet bias might be
caused by spectroscopic uncertainties, such as the descrip-
tion of the water vapour continuum. Above ocean the accu-
racy is reduced, due to the uncertainty introduced by the un-
known atmospheric scattering. Consequently, an increased
root mean square deviation of≥5 mm was found by compar-
ing MERIS total columnar water vapour above ocean against
SSM/I and ENVISAT MWR data. An increased wet bias of
2–3 mm is found over ocean, potentially due to a not properly
working atmospheric correction scheme.

1 Introduction

1.1 Background

Due to the tremendous importance of water vapour for the
greenhouse effect and the energy balance of the earth, the
space-borne monitoring of water vapour column amounts
and vertical profiles has a long history in remote sensing. As
the water molecule absorbs electromagnetic radiation rang-
ing from microwave to visible wavelengths, a number of dif-
ferent methods have been developed during the past decades,
either making use of either active (e.g.Heise et al., 2006) or
passive microwave measurements (e.g. SSM/I;Schl̈ussel and
Emery, 1990) or mid- and long-wavelength infrared spectral
range (e.g. AIRS;Susskind et al., 2003or IASI; Pougatchev
et al., 2009) or based on sensing the absorption of water
vapour in the visible (e.g. GOME;Noël et al., 2002or SCIA-
MACHY; Noël et al., 2004) or near infrared spectral range
from MERIS or MODIS (e.g.Bennartz and Fischer, 2001;
Gao and Kaufman, 2003; Albert et al., 2005; Guanter et al.,
2008). Above ocean, microwave and infrared techniques
have proven to be superior, due to the well known emissivity
and temperature of the ocean surface. Over land, the water
vapour signal at these wavelengths is blurred by the uncertain
emissivity of the surface, limiting its main applicability to
the sensing of upper-air humidity by using strongly absorb-
ing bands. In the visible and near infrared spectral regions,
the situation is reversed as the brighter land surfaces allow
water vapour retrievals with a higher accuracy as compared
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to dark water surfaces, where the signal strongly depends on
the uncertain influence of scattering in the atmosphere. The
ρστ -absorption band between 0.9 µm and 1 µm is particu-
larly well suited for water vapour sensing, due to the fact
that all land surface types are bright at this spectral range. A
number of spectrometers employed currently and in future,
such as the Moderate Resolution Imaging Spectroradiometer
(MODIS) or the Medium Resolution Imaging Spectrometer
(MERIS) and their follow up models, provide measurements
in spectral bands within and close-by this water vapour ab-
sorption band, allowing for the exploitation of the differential
absorption.

1.2 The Medium Resolution Imaging Spectrometer
(MERIS)

MERIS is a programmable, medium-spectral resolution,
imaging spectrometer (Rast et al., 1999). It is one of ten core
instruments on the polar orbiter ENVISAT (Environmental
Satellite, launched on 1 March 2002) flying at 800 km in
a sun-synchronous orbit with an equator crossing time of
10:00 a.m., descending node, and 98.5◦ inclination. MERIS
consists of 5 identical push-broom imaging spectrometers
operating in the solar spectral range (390 to 1040 nm), ar-
ranged in a fan shape configuration which covers a total
field of view of 68.5◦ and spans a swath width of around
1150 km. The spectral dispersion is achieved by mapping
the entrance slit of a grating spectrometer onto a CCD array.
The integration time, instrument optics and CCD array reso-
lution are adjusted such that MERIS has a spatial resolution
of 260 m× 300 m and a spectral sampling of 1.25 nm. The
instrument electronic data rate provides 15 channels which
are programmable by ground command in width and in po-
sition. In the regular operation mode the spatial resolution
is reduced by a factor of 4 along and across track (“reduced
resolution” mode). In the “full resolution” mode, the full
spatial resolution is transmitted. The central wavelengths
of the spectral channels as listed in Table1 vary slightly
across the field of view of MERIS. This “spectral smile” is
caused by curvature of the image of the slit formed in the fo-
cal plane array, resulting in viewing angle-dependent central
wavelengths of the spectral MERIS channels.

2 Physical background of the retrieval method

The absorption of electromagnetic radiation by water vapour,
occurring at characteristic wavelengths throughout the solar
and terrestrial spectrum, is related to the excitation of various
combinations of the three fundamental vibrational modes of
the water molecule. Measurements of the reflected sun light
within the resulting absorption bands enable a determination
of the total columnar water vapour (hereafter referred to as
TCWV), provided that

Table 1. Central wavelength and bandwidth (fwhm) of MERIS
spectral channels.

Band Center Width Usage
(nm) (nm)

1 412.5 10 Yellow substance, turbidity
2 442.5 10 Chlorophyll
3 490 10 Chlorophyll, pigment
4 510 10 Suspended matter, turbidity
5 560 10 Chlorophyll, suspended matter
6 620 10 Suspended matter
7 665 10 Chlorophyll
8 681.25 7.5 Chlorophyll
9 708.25 10 Atmospheric correction, “red edge”
10 753.75 7.5 Cloud optical thickness, cloud-top

pressure reference
11 761.875 3.75 Cloud-top pressure
12 778 10 Aerosol, vegetation
13 865 20 Aerosol, atmospheric correction
14 885 10 Water vapour reference
15 900 10 Water vapour

1. incoming solar radiation is available, precluding night-
time retrievals,

2. the channel used is located in a non-saturated and there-
fore sufficiently sensitive part of the absorption band,

3. the optical thickness of other atmospheric species is ei-
ther zero or precisely known,

4. the surface albedo is known or can be accurately
estimated,

5. the paths of the detected photons through the atmo-
sphere are either known to a sufficient degree or pre-
dominantly attributable to the unscattered, surface-
reflected fraction,

6. the lower troposphere, holding the main part of TCWV,
is not obscured by clouds or optically thick aerosol
layers.

For monochromatic radiation, the transmittanceT through a
medium can be related to its optical depthτ and the air mass
µ, following the Beer-Lambert law:

T = exp

(
−

τ

µ

)
. (1)

Neglecting scattering processes and assuming non-saturated
absorption, the mass of the absorbing species can thus be
directly related to the logarithm of the traversed medium’s
transmittance. Since the transmittance cannot be measured
directly from space, it is approximated by the ratio of two
neighbouring bands with differing optical depth.Fischer
(1988) proposed to use two closely spaced bands, with one
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channel located in the shortwave end of theρστ -absorption
band around 900 nm and the other one in the atmospheric
window region around 885nm. At this spectral range, almost
all land surfaces such as vegetated, bare soil or snow-covered
areas, are bright and therefore provide a good background
for retrievals of total columnar amounts of water vapour. The
small spectral distance of merely 15 nm minimizes the differ-
ence in surface reflectance and atmospheric scattering prop-
erties between the two bands. Finally, by locating the ab-
sorption channel at 900 nm instead of sensing higher optical
depths of water vapour at e.g. 950 nm, it is assured that the
measurements are sensitive to TCWV throughout the range
of globally occurring water vapour column amounts. This
is due to the fact that the water vapour absorption at 900 nm
does not get saturated, even in case of high air masses in a hu-
mid atmosphere. Therefore, the MERIS bands (see Table1)
are perfectly suited for the daytime, cloud-free retrieval of
TCWV over land.

The individual water vapour absorption lines are subject to
pressure- and temperature-dependent broadening processes
in the atmosphere. In the lower atmosphere, the dominant
process is pressure broadening. The resulting line can ap-
proximately be described by the Lorentz line shape:

f (ν − ν0) = αL/π/
(
(ν − ν0)

2
+ α2

L

)
whereαL is the Lorentz half-width at half maximum, which
is roughly proportional to the number of collisions per unit
time and therefore a function of temperature and pressure:

αL ∝ p T −1/2.

Figure 1 shows the global distribution of residual errors
caused by deviations in the assumed temperature profile, cal-
culated from GFS (Global Forecast System) data for one ex-
emplary day. By analyzing the global distribution of tem-
perature profiles, interpolated to 10:00 a.m. LT (local time)
at every location on the globe, the bias of the assumed av-
erage temperature in the layer holding 90 % of the humidity
was calculated. If the actual surface temperature is used to
estimate the temperature profile by mixing two standard pro-
files from McClatchey et al.(1972) (left panels), the errors
in the average temperature and the resulting deviations in the
derived TCWC are significantly reduced, as compared to a
retrieval based on a fixed US standard profile (right panels).
The residual TCWV error caused by the temperature profile
uncertainty is reduced from 0.6 mm to 0.3 mm (root mean
square error). The global bias of 0.6 mm is eliminated and
systematic latitude-dependent biases are avoided.

Figure2 shows the hypothetical effect of not accounting
for the surface elevation and the resulting reduced surface
pressure on the retrieval of TCWV, again based on globally
analyzing a single day of GFS data. If a constant surface
pressure of 1013 hPa is assumed, the resulting deviation in
the calculated transmittance causes relative biases of TCWV
of more than 40% for elevated areas and dry conditions, such

as found e.g. over the the Tibetan plateau. Over land, an av-
erage bias of 0.5 mm and a root mean square error of 0.9 mm
of TCWV are avoided by accounting for the surface pressure
effect on the absorption line width.

A further important factor for the retrieval of TCWV is
the influence of scattering at particles and molecules in the
atmosphere, which is especially important for measurements
over dark surfaces. By introducing a scattering correction
factorf , the influence of atmospheric scattering on the mea-
sured band ratio can be accounted for:f represents the rela-
tion between the band ratioRnoscatin case of pure absorption,
i.e. assuming a non-scattering atmosphere, and the true band
ratioR:

f =
R

Rnoscat
. (2)

f is larger than one, as atmospheric scattering through re-
flection of incoming solar radiation altogether causes a short-
ening of the average photon path length in the atmosphere
and reduces the amount of water vapour along the photon
path, by preventing a fraction of photons from traversing the
humid boundary layer. Figure3 showsf , calculated with ra-
diative transfer simulations using the Matrix Operator Model
(MOMO, Fischer and Grassl, 1984; Fell and Fischer, 2001;
Hollstein and Fischer, 2012), and the equivalent error in re-
trieved TCWV when scattering is neglected as a function of
Lambertian surface albedo and aerosol optical thickness at
900 nm for a total columnar water vapour of 56 mm, a view-
ing zenith angle (VZA) of 30◦, a solar zenith angle (SZA) of
64◦ and a relative azimuth angle (RAA) of 0◦ (≡ sensor is
placed opposite of sun). In the upper panels,f was calcu-
lated for a continental aerosol located in the boundary layer,
the lower panels correspond to an aerosol layer in the up-
per troposphere. Several conclusions can be drawn from the
shown plots:

1. The scattering correction factor is close to 1 for bright
surfaces because the measurement is dominated by pho-
tons that have been reflected at the bottom of the atmo-
sphere, resulting in a small difference betweenR and
Rnoscat.

2. Above dark surfaces such as the ocean,f is increased,
as the predominant part of the detected photons is re-
flected by atmospheric scatterers and thus does not tra-
verse the whole vertical column of water vapour.

3. Correspondingly, there is a strong bias in retrieved
TCWV if scattering is neglected above dark surfaces
and a less pronounced effect for bright surfaces (see
right panels).

4. Elevated aerosol layers have a much stronger effect on
the measured transmittance as compared to scatterers
located in the boundary layer (see lower panels).
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Fig. 1. Effect of temperature profile on TCWV retrieval: top panels show deviation of assumed average temperature in humid layer from the
truth, middle panels show the resulting deviation of derived TCWV. Left panels represent the case of parametrizing the temperature profile
with the surface temperature and mixing standard profiles accordingly. The right panels represent the assumption of a globally constant
temperature profile (US standard). Bottom panels show global histograms of relative error and its dependency on TCWV, including both
land and ocean pixels.

One of the most important parameters determiningf is thus
the surface albedo. Figure4 shows global histograms of land
surface albedo at 900 nm throughout the year 2004, as ex-
tracted from the MERIS Albedomap (Muller et al., 2007),
providing 16-day averages of surface albedo in the MERIS
bands on a 0.05◦ × 0.05◦ longitude-latitude grid. In the near
infrared spectral region the land surface reflectance is com-
monly larger than 0.2. In case of boundary layer aerosols,
this corresponds to a bias of 5–15 % in TCWV if scatter-
ing is neglected. For a dark ocean surface, the bias is in the
range of 20–30 %. In the less common case of highly ele-
vated aerosols, these values are significantly higher.

Figure5 shows the angular dependence off for fixed val-
ues of aerosol optical thickness (AOT = 0.28) and surface
albedo (0.4). The main statement here is, that the effect of
atmospheric scattering on the measured band ratio is more
pronounced for high zenith angles and there is an additional
influence of the relative azimuth distance between sensor and
sun. It is therefore mandatory to include the observation

geometry with sufficient angular resolution in the calculation
of f .

3 1D-Var retrieval algorithm

The current, operational algorithm for the retrieval of total
columnar water vapour from MERIS measurements is based
on a non-linear regression (Bennartz and Fischer, 2001; Fis-
cher et al., 2010). The main shortcomings of this approach
are

1. the lack of flexibility regarding the consideration of dif-
ferent boundary conditions such as the aerosol loading,
the temperature profile or the surface pressure,

2. the lack of uncertainty estimates on a pixel-by-pixel
basis.

In this work, an inverse modelling scheme is used for the re-
trieval of the water vapour column, therewith enabling both

Atmos. Meas. Tech., 5, 631–646, 2012 www.atmos-meas-tech.net/5/631/2012/
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Fig. 2. Effect of surface pressure on TCWV retrieval: Top panels show surface pressure and TCWV on 2 June 2007, taken from GFS
reanalysis. Middle panels show impact on transmittance and resulting relative error of derived TCWV, based on the assumption of a constant
surface pressure of 1013 hPa (for constant solar zenith angle of 45◦ and nadir view). Bottom panels show global histogram of relative error
and its dependency on TCWV, shown only for land pixels.

the calculation of uncertainties and the inclusion of back-
ground knowledge as defined above. The drawback of this
solution is a considerable increase in computing time, neces-
sitating a fast forward simulation module.

The retrieval scheme is divided into several individual
steps, starting with a determination of the surface reflectance
in MERIS bands 14 and 15 and a subsequent iterative op-
timization of TCWV by minimizing the cost functionF ,
represented by the absolute difference between the mod-
eled and observed ratios of MERIS bands 15 and 14:
F = |Rmodelled−Rmeasured|. In order to account for the in-
fluence of scattering on the measured water vapour trans-
mittance, a scattering correction factor is calculated at each
retrieval step, depending on the aerosol loading, surface re-
flectance, viewing geometry and TCWV itself. The uncer-
tainty of the retrieved value of TCWV is calculated after the
final iteration step, by taking into account uncertainties intro-
duced by instrumental effects such as sensor noise and un-
certainties in prior knowledge of the influencing parameters
such as surface albedo, aerosol optical depth, aerosol scale

height, temperature profile and surface pressure. The indi-
vidual retrieval steps are detailed in the following sections.

3.1 Forward model

As detailed in the previous section, in the near infrared spec-
tral range, the remotely sensable information about TCWV is
represented by an approximation of the water vapour trans-
mittance along the light path by a band ratio. In case of
MERIS, bands 14 and 15 are used, located close-by and
within the water vapour absorption band. However, since
band 14 is affected by some isolated water vapour absorp-
tion lines and due to the influence of atmospheric scattering
and the spectral distance of MERIS bands 14 and 15, mainly
noticeable through differences in surface reflectance and so-
lar incoming irradiance, the measured ratio of the radiances
Li , R = L15

L14
, deviates from the actual water vapour transmit-

tance. The deviation is a function of the surface albedo and
its spectral dependency, the viewing and illumination geom-
etry and the vertical distribution and optical properties of the

www.atmos-meas-tech.net/5/631/2012/ Atmos. Meas. Tech., 5, 631–646, 2012
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Fig. 3. Scattering correction factorf as a function of surface albedo and aerosol optical thickness at 900 nm (left panels) and equivalent
underestimation of TCWV in mm when scattering is neglected (right panels), shown for SZA = 64◦, VZA = 30◦, RAA = 0◦, TCWV = 56 mm
and a continental aerosol located in the boundary layer (upper panels) and the upper troposphere (lower panels), respectively.

atmospheric scatterers. In a first step, the measured band
ratio R is therefore normalized by the ratio of the solar in-
coming irradianceEi (Thuillier et al., 2003) at the particu-
lar wavelengths of both channels:RN = L15

L14
·

E14
E15

, taking into
account the spectral smile effect, causing the central wave-
length of MERIS bands to depend slightly on the viewing
angle (e.g.Delwart et al., 2007; Lindstrot et al., 2010). Af-
terwards,RN is simulated by the ratio of the water vapour
transmittance in both bands, corrected for the spectral surface
albedo difference and scattering processes in the atmosphere:

A fast forward model of the normalized band ratioRN

as a function of TCWV, the viewing geometry, and the sur-
face albedo, temperature and pressure is needed for the opti-
mization of TCWV. It uses stored absorption coefficients that
were calculated from the HITRAN2008 line database (Roth-
man et al., 2009), using the AER LBLRTM code (Clough
et al., 2005) and an advanced k-distribution method (Ben-
nartz and Fischer, 2000), based on re-sorting the large num-
ber of quasi-monochromatic spectral intervals within each
MERIS band with respect to their optical depth and combin-
ing them to a significantly lower number of pseudo-spectral
intervals. The absorption coefficients were calculated for
a fixed water vapour column amount (WV0). The optical
depths in each pseudo-spectral intervali for a value of WV∗

are then obtained from simply multiplying the stored coef-
ficients accordingly:τ ∗

i = τi0
WV∗

WV0
. In detail, for a given ob-

serving geometry and TCWV, the transmittanceT in each
MERIS band is modeled by

1. calculating the optical depthτij for each pseudo-
spectral intervali and vertical layerj for the desired
value of TCWV,

2. calculating the transmittance in each pseudo-spectral in-
terval from the sum of the optical depth along the line
of sight following Eq. (1) and

3. subsequently summing up all transmittance values with
respect to the weightswi associated to the pseudo-
spectral intervals:

T =

#intervals∑
i=1

wi · exp

(
−

#layers∑
j=1

τij/µ

)
.

The optical depth valuesτij are stored in look-up tables for
6 standard temperature profiles (McClatchey et al., 1972) and
27 different pressure levels. The transmittance is calculated
for the four look-up table grid points closest to the actual
surface pressure and temperature of the considered scene,
hereby assuming that the surface temperature is highly corre-
lated with the actual vertical temperature profile (see Fig.1).
The actual surface pressure is derived from converting land
elevation to pressure, using the GTOPO30 digital elevation
model (US GeologicalSurvey, 1996), while the surface tem-
perature is extracted from NWP reanalysis data. The final
transmittances of MERIS bands 14 and 15 are then calcu-
lated as a weighted average among these four figures, with
the weights determined by the distances to the closest grid
points of temperature and pressure.

Atmos. Meas. Tech., 5, 631–646, 2012 www.atmos-meas-tech.net/5/631/2012/
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Fig. 4. Global, normalized histograms of surface albedo at 900nm
through the year 2004 (grey shading indicating seasonal depen-
dence with dark grey indicating winter and light grey indicat-
ing summer months). The data was extracted from the MERIS
Albedomap data set (Muller et al., 2007).

Following the calculation of the transmittances from
the stored absorption coefficients, the ratioR of both
transmittances is modified with the difference in spec-
tral surface reflectanceρλ between the MERIS bands:
R∗ =T900nm/T885nm· ρ900nm/ρ885nm. As the true surface re-
flectance at the MERIS wavelengths is unknown, it is es-
timated by correcting the measured reflectance at the top
of the atmosphere (TOA) for the scattering component, us-
ing a look-up table approach for the atmospheric correction.
As this procedure is possible only in window channels, the
surface reflectance at 900 nm is linearly extrapolated from
the reflectance in the window regions,ρ865nm and ρ885nm.
The atmospheric correction relies on assumptions about the
aerosol loading, type and vertical distribution. However, over
the relatively bright land surfaces the influence on the surface
reflectance retrieval is weak, at least if absolute accuracy is
not an issue but the primary goal is to determine the spec-
tral slope in surface reflectance between the closely spaced
MERIS bands. The surface reflectance retrieval over land
can thus be performed using climatological mean values of
aerosol properties (e.g. continental aerosol located in bound-
ary layer, AOT900nm= 0.15) in case there is no additional in-
formation available.

Above the dark ocean the situation is different, since there
is no spectral dependency of the surface reflectance, however,
the influence of atmospheric scattering on the measured band
ratio is much more pronounced. Here, the surface reflectance
can be simulated using the wind speed for parametrizing the
sea surface roughness (Cox and Munk, 1954; Koepke, 1984).

Finally, in order to account for the influence of atmo-
spheric scattering, the scattering correction factorf (see
Eq. 2) is extracted from tabulated radiative transfer simula-
tions, using radiative transfer code MOMO. As detailed in
Sect.2, f specifies the relation between the band ratios in a
non-scattering and a scattering atmosphere, as a function of
the observing geometry, the TCWV, the surface reflectance

and the aerosol loading. By applying the scattering cor-
rection factor to the modeled transmittance, the bias in re-
trieved TCWV due to scattering is eliminated. However,
due to uncertainties in auxiliary parameters such as the sur-
face reflectance and the prevailing aerosol type, optical thick-
ness and vertical distribution, a residual uncertainty remains.
Due to the significantly stronger influence of scattering above
dark surfaces, the resulting uncertainty of the derived water
vapour column is much higher above the ocean. Over dark
ocean areas (TOA reflectance< 0.1), the true ocean surface
reflectance is calculated from the wind speed and the observ-
ing geometry (Cox and Munk, 1954; Koepke, 1984). The dif-
ference between TOA reflectance and calculated ocean sur-
face reflectance is then used to estimate the aerosol loading
and hereupon calculate the scattering correction factorf .
This procedure is neither possible nor necessary when the
sensor is directed towards the direct glitter of the sun, where
the influence of the scattering atmosphere is weak and a cli-
matological value of aerosol optical thickness can be used for
the calculation off .

A flow chart of the forward modelling operator is shown
in Fig. 6.

3.2 Inversion technique

In the retrieval scheme the first guess of TCWV is obtained
from a simple regression, relating TCWV to a third order
polynomial of ln(R), where the regression coefficients were
determined using radiative transfer simulations with MOMO.
In the iterative optimization routine, there is a single variable
to be fitted, the total columnar water vapour, using a single
piece of information, the MERIS band ratioR, with a mono-
tonic relation between both figures. The use of background
information about TCWV such as e.g. NWP reanalysis data
is therefore not necessary over sufficiently bright targets, as it
only dilutes the high sensitivity inherent to the MERIS mea-
surement. The straightforward optimization of TCWV is per-
formed by the secant method. It was preferred to the Newton
method in spite of its slightly slower convergence, because
there is no need to calculate the derivative of the cost func-
tion at every retrieval step, so its implementation provides a
faster processing in practice.

Starting with the first guess, TCWV is adjusted until the
cost function, simply represented by the absolute difference
between simulated and measured ratio of normalized radi-
ances in MERIS bands 15 and 14, is below a pre-defined
threshold, determined by e.g. the sensor noise.

3.3 Uncertainty estimate

Once the iteration procedure has converged the retrieval un-
certainty is calculated, taking into account direct measure-
ment errors, that is instrumental noise, as well as the uncer-
tainties of all those parameters that are not part of the state
vector but are fixed a priori. These are the surface albedo
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Fig. 5. Scattering correction factorf as a function of viewing and illumination geometry for relative azimuth angle of 180◦ (left panels) and
0◦ (right panels), with 0◦ representing cases where the sensor is placed opposite of the sun, shown for aerosol optical thickness of 0.28, a
surface albedo of 0.4, TCWV of 56 mm and a continental aerosol located in the boundary layer (upper panels) and the upper troposphere
(lower panels), respectively.

and its spectral dependency, the temperature profile, the sur-
face pressure, the aerosol optical thickness and the aerosol
height. The uncertainty introduced by these modelling pa-
rametersbi is determined by converting the individual error
contributions into measurement space via the modelling pa-
rameter JacobianKb and adding them to the measurement
error covariance matrixSε , which in our case is just a scalar,
as we are only using one piece of information, namely the
band ratioR:

Sy = Sε + KT
b Sb Kb.

The resulting error covariance matrixSy , again in our case
just a scalar variance ofR due to all measurement and model
parameter uncertainties, is converted into parameter space
using the JacobianK, that is the partial derivative of the band
ratio R with respect to TCWV at the retrieved state. As a
result we get̂S, the variance of the retrieved state, that is di-
rectly used to define the measurement uncertainty (Rodgers,
2000):

Ŝ =

(
KT S−1

y K
)−1

.

In particular, the contributions of the individual error
sources to the uncertainty of the retrieved state are estimated
as follows. As detailed in Sect.3.1, among the above pa-
rameters there are 3 candidates affecting the scattering cor-
rection factorf , namely the absolute surface reflectance, the

aerosol optical thickness and the aerosol height. For each of
these parameters, anf ∗

i (with i = 1, 2, 3) is calculated from
the look-up tables, by perturbing the input accordingly. The
perturbation value is 0.1 in case of aerosol optical thickness
and 0.02 for the surface albedo. Since there is no information
about the vertical distribution of the aerosols, a large error
is assumed by shifting the aerosol layer to the upper tropo-
sphere instead of locating it in the boundary layer. Instead
of f , thef ∗

i are used to correct the simulated transmittance
for scattering, in each case resulting in a perturbed band ra-
tio R∗

i . We obtain the deviation of the modeled band ratio
1Ri =Ri − R for each of the three parameters. The1Ri are
squared and added to the measurement error varianceSε .

In case of surface pressure and temperature, the forward
model is used directly to simulate perturbed transmittances
that are corrected with an unperturbed scattering correction
factor f . The assumed uncertainties are 10 hPa for surface
pressure and 5 K for the surface temperature, resulting again
in values of(1Ri)

2 that are added toSε .
Above land, the uncertainty introduced by the spec-

tral albedo slope is parametrized with the normalized dif-
ferenced vegetation index of the observed scene, calcu-
lated from the reflectance in the visible and near infrared:
NDVI = (ρ860nm− ρ660nm)/(ρ860nm+ρ660nm). As shown in
Fig. 7, the linear extrapolation of the spectral surface albedo
αλ at 900 nm from the values at 865 nm and 885 nm is a
good approximation for vegetated surfaces with an NDVI
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Fig. 6. Flow chart of forward modelling process.

around 0.6 and less accurate for e.g. bare soils or snow cov-
ered areas. Therefore, the NDVI is used to estimate the un-
certainty ofα900nm, ranging from 0.001 to 0.003 for snow-
free areas up to 0.006 above snow and ice. Similar to the
approach detailed above, a perturbed transmittance is cal-
culated from the perturbed albedo slope using the forward
model, with the resulting deviation contributing toSε . As
there is no spectral albedo slope above ocean, no error con-
tribution is calculated here.

The final contribution toSε is the sensor noise with an
assumed signal-to-noise-ratio of 250.

The resulting overall uncertainty of the retrieved TCWV
can exceed 50 % over the dark ocean, where the unknown
aerosol vertical distribution and optical thickness is the pre-
dominant contributor to the retrieval uncertainty. Over non-
vegetated land areas and especially ice and snow-covered re-
gions, the spectral albedo slope uncertainty is an important
error contribution. Overall, the uncertainty is typically be-
low 5 % over bright targets.

4 Validation

The MERIS TCWV retrieval was thoroughly validated by
comparing it to ground-based reference data over land and
satellite-borne microwave retrievals from SSM/I and EN-
VISAT MWR over ocean. The details of these validation
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Fig. 7. Normalized frequency of distribution of error of linearly
extrapolated surface albedo at 900 nm (color coded) and resulting
error parametrization (white curve) as a function of NDVI.

studies are outlined in Sects.4.1 and4.2. Over land, other
than a generally high precision, a systematic wet bias of up
to 10 % was observed when comparing MERIS TCWV to the
various validation data sets. Provided that there is no dry bias
in the used validation data, a potential underestimation of the
absorption by water vapour around 900 nm was identified as
a possible source of this bias. The water vapour absorption
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Fig. 8. Normalized frequencies of occurrence for comparisons of MERIS-derived TCWV against AERONET sun-photometer measurements
(top left panel), GUAN radiosondes (top right panel), ARM Southern Great Plains microwave radiometer data (bottom left panel) and ground
based GPS data (bottom right panel), each for the period 2003–2005. See Fig.9 for geographic distribution of validation data and text for
detailed discussion.

is usually described as a sum of absorption lines, that are cut
off at a line-width-dependent spectral distance from the line
centre, and an underlying, spectrally slowly varying contin-
uum absorption. However, the strength of the continuum ab-
sorption and the optimal line wing cut-off are still under dis-
cussion, resulting in an uncertain water vapour optical depth.
The observed bias in MERIS TCWV is well within this un-
certainty, as demonstrated in Sect.4.3.

Due to fact that the behaviour of the water vapour contin-
uum is not yet well understood, all validation results shown
in Sects.4.1 and4.2 are solely based on HITRAN 2008 ab-
sorption line parameters (Rothman et al., 2009), hereby ne-
glecting continuum absorption. In order to compensate for
not considering continuum absorption, the line wings were
not cut off.

4.1 Validation over land

The MERIS TCWV retrieval was thoroughly validated over
land against various sources of reference data, namely

GUAN radiosonde data, AERONET sun-photometer mea-
surements, ARM microwave radiometer observations and
ground-based GPS water vapour monitoring data. For each
of these 4 reference data sets, 3 years of data in the period
2003–2005 were compared to the MERIS retrieval. The re-
sults for each data set are shown in Fig.8 as normalized
frequency-of-occurrence plots. In each plot, the relative fre-
quency of occurrence is shown in grey shading with high oc-
currences shown in dark grey, and low occurrences shown in
light grey. In the top left corner of each panel the sample size,
bias, root mean square deviation (in the following rmsd), the
correlation coefficient and the offset and slope of the linear
best fit are given.

Each validation data set was filtered for outliers and dis-
turbing influences such as high aerosol loading or cloud con-
tamination. The individual filter criteria are detailed in the
according subsections. For the comparison of the satellite
observations and the particular ground-based reference data
sets, MERIS measurements were spatially averaged in order
to account for e.g. the radiosonde displacement, the time gap
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between satellite overpass and ground-based measurement,
and the limited accuracy of the MERIS geolocation. Here the
value TCWVi of each considered pixel was weighted with its

associated uncertaintyσ 2
i : TCWV =

n∑
i=0

wi · TCWVi/
n∑

i=0
wi ,

with wi = 1
σ2

i

.

4.1.1 Validation against Aeronet sun photometer
measurements (2003–2005)

The MERIS TCWV retrieval was compared to a 3-year
global set of Aeronet measurements (see Fig.9 for Aeronet
site locations and top left panel in Fig.8 for validation re-
sults). Total precipitable water at the Aeronet stations is de-
rived from sun photometer measurements in the 0.94 µm re-
gion (Direct Sun Algorithm version 2;Reagan et al., 1987;
Schmid et al., 1996) with an estimated accuracy of better
than 2 mm (Michalsky et al., 1995). The Aeronet data was
obtained via http://aeronet.gsfc.nasa.gov. In order to account
for the differing viewing geometries, the time gap between
the Aeronet and the MERIS measurements (constrained to
≤30 min), and the limited accuracy of the MERIS geoloca-
tion, the MERIS measurements were averaged within 10 km
× 10 km, centered around the Aeronet station. Each con-
tributing MERIS pixel was weighted with its associated un-
certainty. As an additional constraint, the measurements
were rejected in case there were less than 20 % of valid
MERIS pixels, in order to reduce the fraction of cloud con-
taminated samples. The filtered subset was additionally
screened for high aerosol loadings (AOT> 1) and outliers,
deviating by more than 3σ .

The comparison of Aeronet and MERIS reveals a wet bias
of MERIS of 1.8 mm and a bias-corrected rmsd of 2.9 mm
between both data sets. The linear fit has a slope of 1.08 and
an offset close to 0, meaning that on average MERIS TCWV
is 8 % larger than Aeronet TCWV. Since a wet bias of
MERIS was found in all validation studies, it might indi-
cate an underestimation of the water vapour absorption in
the spectroscopic database.

4.1.2 Validation against GUAN radiosonde data
(2003–2005)

A 3-year global set of GUAN (GCOS Upper Air Network)
radiosonde data, distributed via the GTS network and ex-
tracted from the DWD archive, was used to compare with the
MERIS TCWV retrieval (see Fig.9 for GUAN site locations
and top right panel in Fig.8 for validation results). In or-
der to account for the displacement of the radiosonde during
its ascent, the time gap between the GUAN and the MERIS
measurements (constrained to≤30 min), and the limited ac-
curacy of the MERIS geolocation, the MERIS measure-
ments were averaged within 40 km× 40 km, centered around
the GUAN station. Each contributing MERIS pixel was
weighted with its associated uncertainty. Cases with less than

 

RADIOSONDES AERONET GPS MWR

Fig. 9. Geographic distribution of used validation data over land.

20 % of valid MERIS pixels were rejected in order to reduce
the fraction of cloud contaminated samples.

In the subset, filtered for outliers (deviation≥3σ ), a bias
of 0.7 mm and a bias-corrected rmsd of 3.7 mm are found.
These values are within the range of the radiosonde uncer-
tainty (Turner et al., 2003; Miloshevich et al., 2004). The
linear fit shows a slope of 1.1 and an offset of 0.27 mm.

4.1.3 Validation against ARM microwave radiometer
data (2003–2005)

A 3-year set of ground-based ARM Southern Great Plains
(SGP) microwave radiometer (MWR, software version 4.13)
data was used to compare with the MERIS TCWV retrieval
(see Fig.9 for ARM SGP site location and bottom left panel
in Fig. 8 for validation results). The MWR instruments are
microwave radiometers designed to measure the radiation
emitted by atmospheric water vapour and liquid water at fre-
quencies of 23.8 GHz and 31.4 GHz (Turner et al., 2007).
Since there is no uncertainty introduced by the background
emission of the cold space, ground-based microwave data is
considered as one of the most accurate methods for the de-
termination of the water vapour column amount. The mea-
surement uncertainty is expected to be in the range of 0.3 mm
(Turner et al., 2003).

For the comparison, the cloud-free and valid MERIS pix-
els were averaged within 10 km× 10 km around the ARM
sites. The MWR measurements, provided minute-by-minute,
were averaged in a±15 min time frame around the EN-
VISAT overpass. This averaging was performed in order
to minimize disturbing effects such as undetected clouds,
inaccurate MERIS geolocation and the different observing
geometries.

The comparison of MERIS and MWR TCWV values
shows an almost perfect agreement with a wet bias of
0.8 mm and a root mean square deviation of merely 1.4 mm.
Apart from the fact that the comparison is limited to the
ARM SGP site and is therefore not representative for
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global observations, this result indicates that the accuracy of
MERIS TCWV over reasonably bright land surfaces is out-
standing. The wet bias and the linear fit slope of 1.05 indi-
cate again, that the gaseous absorption of water vapour was
potentially underestimated.

4.1.4 Validation against ground-based GPS data
(2003–2005)

Finally, a 3-year data set of GPS water vapour monitor-
ing data was used to compare with the MERIS TCWV re-
trieval. The analysis of the temperature- and humidity-
dependent delay of the GPS signal emitted by satellites and
received by ground stations allows the retrieval of TCWV
(Bender and Raabe, 2007) with an accuracy in the range of
1–2 mm (Gendt et al., 2004). The GPS-data was provided
by GFZ Potdsam and was derived from 153 ground based
GPS stations in Central Europe using the EPOS.P.V2 soft-
ware (Gendt et al., 1999, see Fig.9 for GPS site locations
and bottom right panel in Fig.8 for validation results).

Again, MERIS measurements were averaged over
10 km× 10 km to account for temporal gaps and the differ-
ences in observing geometries. Cases with less than 20 %
of valid MERIS pixels were rejected in order to reduce the
fraction of cloud contaminated samples. A relatively large
portion of points, sitting in the lower left part of the plot and
indicating an underestimation of TCWV by MERIS in dry
conditions, is due to failing cloud detection over snow cov-
ered parts of Germany in winter. After filtering out these
cases, a bias of 0.6 mm and a rmsd of 2.1 mm results. In
accordance with the results of the comparisons against the
other reference data sets, the linear fit has a slope of 1.1 and
an offset of−0.39 mm.

4.2 Validation over ocean

4.2.1 Validation against SSM/I microwave data

The Special Sensor Microwave/Imager (SSM/I) is a passive,
seven-channel, four-frequency microwave radiometer which
is operated on the DMSP (Unites States Air Force Defense
Meteorological Satellite Program) satellite series. Depend-
ing on the channel, SSM/I has a footprint of several tens of
kilometers. Due to the well known emissivity of the water
surface and the high radiometric accuracy of the instrument
(0.4–0.7 K), SSM/I-derived TCWV is regarded as an accu-
rate retrieval source over ocean. The used SSM/I TCWV data
was retrieved in the frame of the ESA GlobVapour project
with an algorithm based on the work byPhalippou(1996)
andDeblonde(2001). In a comparison against MWR mea-
surements at the Nauru ARM site, an rmse of 1.5mm and a
bias of−0.5 mm were found (M. Stengel, Deutscher Wetter-
dienst, personal communication, 2011).

The data used for the comparison stems from the F13 and
F14 satellites with a local equator crossing time in the early

morning. Both the time gap of 4–5 h between SSM/I and
MERIS observations and the fact that microwave observa-
tions of TCWV are possible under all sky conditions whereas
MERIS provides only cloud-free measurements have to be
taken into account for the interpretation of the results.

In order to account for the differences in footprint
and overpass time, both data sets were averaged within
0.5◦

× 0.5◦ boxes. Cases with less than 30 % of valid MERIS
pixels within a box were excluded from the analysis. The ac-
curacy of the MERIS water vapour retrieval is expected to
depend on the reflectance of the ocean surface, as over the
dark ocean the signal is dominated by the aerosol height and
optical depth whereas the unknown impact of atmospheric
scattering is less important over bright targets. Due to the
forenoon orbit of ENVISAT and the observing geometry of
MERIS, direct reflection of the incoming sun light occurs
in the eastern part of the MERIS swath, whereas the central
and western parts of the MERIS swath are mainly covered
by dark ocean. The left panel of Fig.10 shows the relative
frequency of occurrence for the comparison of MERIS and
SSM/I derived TCWV in the 0.5◦ × 0.5◦ boxes. The back-
ground, grey shaded distribution represents a moderately
filtered data volume (20 % valid MERIS pixels and stan-
dard deviation less than 5 mm in 0.5◦

× 0.5◦ box) whereas
the foreground, color coded distribution represents a more
strictly filtered data volume over the brighter parts of the
ocean (20 % valid MERIS pixels and standard deviation less
than 2 mm in 0.5◦ × 0.5◦ box, cloudy cases excluded, ocean
reflectanceρ ≥ 0.08). The root mean square deviation be-
tween TCWVMERIS and TCWVSSM/I is 8.6 mm for the mod-
erately filtered cases and drops to 5.2 mm for the stricter
filtering. The bias of−0.3 mm, influenced by undetected
clouds, is modified to 2.5 mm, accordingly. Although there is
a time gap of 4–5 h between both measurements and the foot
prints and measurement techniques differ, the relatively large
bias hints at deficiencies of the MERIS retrieval. Apart from
the potential underestimation of optical depth for a given wa-
ter vapour column amount, a possible source for the strong
wet bias could be the scattering correction factor, since it was
simulated for a Lambertian surface, which is a good approx-
imation for most land surfaces but not applicable over ocean
close to sun glint.

4.2.2 Validation against ENVISAT MWR data

The ENVISAT microwave radiometer (MWR) is a passive,
dual-channel, nadir-pointing radiometer, operating at fre-
quencies of 23.8 GHz and 36.5 GHz. Its primary objective is
to support the tropospheric path correction of the ENVISAT
radar altimeter signal by measurements of the atmospheric
humidity over ocean. The data used for the comparison was
provided by CLS, France, and generated using an algorithm
of Obligis et al.(2006). The MWR has a 20 km× 20 km foot-
print at nadir, so only the central part of the MERIS swath
can be compared to MWR data. As sun glint is found mainly
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Fig. 10. Left panel: normalized frequency of occurrence for global comparison of SSM/I and MERIS TCWV over ocean (July 2007). Both
retrievals were averaged within 0.5◦

× 0.5◦ degree boxes in order to account for the differing footprints and different observation times. Right
panel: Normalized frequency of occurrence for direct, global comparison of ENVISAT MWR and MERIS TCWV over ocean (October–
December 2002, June–September 2007). MERIS measurements were averaged within 20× 20 km2 in order to match MWR footprint.
Gray shaded background indicates distribution of compared cases without filtering, with the black text specifying statistical analysis and
white solid line representing the linear fit. Color coded foreground indicates the distribution of cases, filtered for undetected clouds (lower
right regions), high MERIS uncertainty and dark ocean reflectance (ρ ≥ 0.08, applied to SSM/I comparison only). See text for more detailed
description.

in the eastern part of the MERIS swath, the comparison is
limited to the darker parts of the ocean, where MERIS is ex-
pected to perform less accurately. As MWR provides only
two channels, its accuracy is expected to be reduced as com-
pared to SSM/I data. Since there is no time gap between
MWR and MERIS observations.

Figure 10 (right panel) shows the direct comparison be-
tween MWR and MERIS TCWV for four months (October
and November 2002 and June and July 2007) of global ob-
servations over ocean. MERIS measurements were averaged
over 20 km× 20 km in order to match the MWR footprint
and excluded in case less than 20 % of the MERIS pixels
were valid within this box. The scatter plot shows the relative
frequency of occurrence of all resulting cases in grey shad-
ing, overplotted with a subset of cases coded in color. The
cases occurring in the lower right corner of the diagram and
those 20 km× 20 km boxes with a high standard deviation of
MERIS TCWV were filtered out for the subset in order ex-
clude cloudy cases that were falsely classified as clear sky
by the MERIS cloud mask. The analysis of the filtered data
revealed a bias of 3.1 mm between MERIS and MWR with
a bias-corrected root mean square deviation of 5.1 mm. This
result is in accordance with the validation of MERIS TCWV
against SSM/I observations.

4.3 Sensitivity to water vapour continuum absorption

The spectral structure and strength of the absorption of
solar radiation by atmospheric water vapour is commonly

described by the Voigt line profile, defining the dependence
of the line strength, shape and width as a function of pres-
sure and temperature. The Voigt profile is known to accu-
rately describe the absorption close to the line centres, but
to result in a suboptimal description of the far wings of the
lines. It is therefore common to cut off the line wings at a
certain spectral distance from the line centres and describe
the residual absorption and other spectrally slowly varying
effects, such as the absorption due to water vapour dimers,
by a water vapour continuum model. Although the water
vapour continuum is much smaller in the NIR as compared
to the thermal regions, it still has a significant influence on
the resulting total gaseous optical depth. In this work, the
widely used LBLRTM code (Clough et al., 2005) was used to
calculate the absorption by water vapour, embodying the MT-
CKD model for the description of the continuum absorption.
However, recent publications such as the paper byPtashnik
et al.(2011), indicate that the strength of the continuum ab-
sorption is still highly uncertain, giving rise to the question
whether the systematic wet bias observed in the validation of
the MERIS TCWV retrieval is caused by an underestimation
of the water vapour absorption.

Figure 11 shows the effect of adding the continuum ab-
sorption on the spectral structure of the gaseous optical depth
in a spectral window between 895 nm and 905 nm for four
different setups:
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Fig. 11.Left panels: sensitivity of optical depth (upper figure) and transmittance (lower figure) at 900 nm to spectroscopic assumptions. The
colors of the curves denote the underlying line cutoff width and continuum absorption, as indicated in the upper right plot. The continuum
optical depth is shown in black in the upper left panel. Right panels: Transmittance ratio of MERIS bands 15 and 14 as a function of TCWV
(upper) and corresponding relative difference of derived TCWV, in relation to retrieval based on line cutoff at 64· fwhm and a MT-CKD
continuum.
All results shown were calculated for a mid-latitude summer atmosphere, a surface pressure of 1050 hPa and an air-mass of 3.

1. Line wings are cut off at a spectral distance of 64 times
the full width at half maximum (fwhm) of each line and
no continuum optical depth is added.

2. As for setup 1, but a MT-CKD continuum is added.

3. As for setup 1, but a doubled MT-CKD continuum is
added.

4. The line wings are not cut off and no continuum is
added.

The lower right plot shows the equivalent change of TCWV
for the four different setups, relative to the common approach
(setup 2). If the continuum is neglected (setup 1), an over-
estimation of up to 20 % of TCWV results. Accordingly,
adding a doubled continuum results in an underestimation
of similar magnitude. Note that the relative overestimation
is stronger for high values of TCWV, meaning that the con-
tinuum has a stronger effect in case of humid atmospheres.
When the line wing cutoff is not performed and no contin-
uum is added, the resulting optical depth is higher than for
the common approach, but lower than adding a doubled con-
tinuum. Note that setups 1 (no continuum), 2 (including con-
tinuum) and 4 (no continuum, no cutoff) result in a wet bias
of MERIS TCWV, whereas setup 3 (doubled continuum ab-
sorption) results in an almost perfect fit against ground-based
MWR observations.

The observed wet bias of MERIS TCWV is in agreement
with validation results obtained byGao and Kaufman(2003)
for near infrared measurements of the Moderate Resolution
Imaging Spectroradiometer.

5 Summary and outlook

We present a new algorithm for the retrieval of TCWV from
MERIS measurements in the rsvt-absorption band in the near
infrared spectral range. It is based on fast forward simulation
of the absorption by water vapour, corrected for the differ-
ence in surface albedo between the used MERIS bands and
the impact of atmospheric scattering on the measured band
ratio. The influence of the temperature- and pressure-profile
on the water vapour absorption lines is taken into account.
The algorithm provides realistic uncertainty estimates on a
pixel-by-pixel basis, considering all relevant error sources of
uncertainty, including instrumental noise as well as forward
model parameter uncertainties. The retrieved data is thus
well qualified for the generation of level 3 products such as
global time series.

Over land, an extensive validation study against vari-
ous sources of ground based reference data sets gener-
ally revealed a high accuracy of MERIS TCWV with bias-
corrected root mean square deviations of 2.9 mm (Aeronet
sun photometer measurements), 3.7 mm GUAN radioson-
des, 1.4 mm (ARM MWR measurements) and 2.1mm (Ger-
man ground-based GPS data). In all comparisons a wet
bias of MERIS TCWV between 0.7 mm (GPS, GUAN,
ARM MWR) and 1.8 mm (Aeronet) was found. A poten-
tially improper description of the water vapour continuum
absorption is a possible explanation for this wet bias, espe-
cially in view of the fact that similar effects have been ob-
served for MODIS observations in the near infrared spec-
tral range (Gao and Kaufman, 2003). It was shown that
the MERIS bias is within the range of this spectroscopic
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uncertainty. A different, possible explanation for the ob-
served wet bias could be the instrument calibration, such as
e.g. over-corrected instrumental stray light, as observed in
the MERIS oxygen A band channel for some parts of the
field of view (Lindstrot et al., 2010).

The MERIS TCWV retrieval was validated over ocean
using coincident ENVISAT MWR data and SSM/I obser-
vations. Both comparisons showed a wet bias of 2–3 mm,
hinting at deficiencies in the description of the radiative in-
teraction between atmosphere and ocean surface. The bias-
corrected root mean square deviation between MERIS and
MWR and SSM/I is in the range of 5 mm, which is a reason-
able value, given the uncertainty of the atmospheric scatter-
ing component over ocean.

In the frame of the ESA DUE GlobVapour project, the pre-
sented MERIS TCWV algorithm was used above land and
coastal waters and combined with SSM/I derived TCWV
above open ocean for a generation of a global time series.
The Ocean and Land Colour Instrument (OLCI) on-board the
Sentinel-3 satellite will continue the MERIS measurements
during the next decades.
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of Deutscher Wetterdienst for providing SSM/I data. The SSM/I
water vapour data has been produced and provided in the frame of
the ESA DUE GlobVapour project.

Edited by: A. J. M. Piters

References

Albert, P., Bennartz, R., Preusker, R., Leinweber, R., and Fischer, J.:
Remote Sensing of Atmospheric Water Vapor Using the Moder-
ate Resolution Imaging Spectroradiometer (MODIS), J. Atmos.
Ocean. Tech., 22, 309–314, 2005.

Bender, M. and Raabe, A.: Preconditions to ground based GPS
water vapour tomography, Ann. Geophys., 25, 1727–1734,
doi:10.5194/angeo-25-1727-2007, 2007.

Bennartz, R. and Fischer, J.: A modifiedk-distribution approach
applied to narrow band water vapour and oxygen absorption esti-
mates in the near infrared, J. Quant. Spectrosc. Ra., 66, 539–553,
2000.

Bennartz, R. and Fischer, J.: Retrieval of columnar water vapour
over land from back-scattered solar radiation using the Medium
Resolution Imaging Spectrometer (MERIS), Remote Sens. Env-
iron., 78, 271–280, 2001.

Clough, S. A., Shephard, M. W., Mlawer, E. J., Delamere, J. S.,
Iacono, M. J., Cady-Pereira, K., Boukabara, S., and Brown, P. D.:
Atmospheric radiative transfer modeling: a summary of the AER
codes, Short Communication, J. Quant. Spectrosc. Ra., 91, 233–
244, 2005.

Cox, C. and Munk, W.: Measurement of the Roughness of the Sea
Surface from Photographs of the Sun‘s Glitter, J. Opt. Soc. Am.,
44, 838–850, 1954.

Deblonde, G.: NWP SAF User‘s Guide: Standalone 1D-var scheme
for the SSM/I, SSMIS and AMSU, NWPSAF-MO-UD-001 Ver-
sion 1.0, 2001.

Delwart, S., Preusker, R., Bourg, L., Santer, R., Ramon, D., and
Fischer, J.: MERIS inflight spectral calibration, Int. J. Remote
Sens., 28, 479–496, 2007.

Fell, F. and Fischer, J.: Numerical simulation of the light field in
the atmosphere-ocean system using the matrix-operator method,
J. Quant. Spectrosc. Ra., 3, 351–388, 2001.

Fischer, J.: High-resolution spectroscopy for remote sensing of
physical cloud properties and water vapour, in: Current problems
in atmospheric radiation, edited by: Lenoble, J. and Geleyn, J.-F.,
Deepak Publishing, Hampton, Virginia, USA, 151–156, 1988.

Fischer, J. and Grassl, H.: Radiative transfer in an atmosphere-
ocean system: an azimuthally dependent matrix-operator ap-
proach, Appl. Optics, 23, 1035–1039, 1984.

Fischer, J., Leinweber, R., and Preusker, R.: ATBD 2.4 Re-
trieval of Total Water Vapour Content from MERIS Mea-
surements, Algorithm Theoretical Basis Document, Euro-
pean Space Agency,http://envisat.esa.int/instruments/meris/
atbd/atbd2.4.pdf(last access: 20 March 2012), 2010.

Gao, B.-C. and Kaufman, Y. J.: Water vapor retrievals using
Moderate Resolution Imaging Spectroradiometer (MODIS)
near-infrared channels, J. Geophys. Res., 108, 4389,
doi:10.1029/2002JD003023, 2003.

Gendt, G., Dick, G., and Stihne, W.: GFZ Analysis Center of IGS
– Annual Report 1998, IGS 1998 Technical Reports, edited by:
Gowey, K., Neilan, R., and Moore, A., Tech. rep., Jet Propulsion
Laboratory, Pasadena, 1999.

Gendt, G., Dick, G., Reigber, C., Tomassini, M. Y. L., and Ra-
matschi, M.: Near Real Time GPS Water Vapor Monitoring for
Numerical Weather Prediction in Germany, J. Meteorol. Soc.
Jpn., 82, 361–370, 2004.
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