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This article describes a new algorithm to retrieve the atmospheric water vapour total column (TCWV) using the
Thermal InfraRed (TIR) measurements from the two TIR channels of the Along Track Scanning Radiometer
(ATSR) instrument series, on board the European Space Agency's ERS-1, ERS-2 and ENVISAT satellites spanning
1991 to 2012. The use of the dual view capability of the ATSR-type instruments allows for the accurate and
precise, day-time and night-time retrievals of cloud free TCWVover oceans. The retrieval scheme uses the instru-
ment physical characteristics, in combination with advanced radiative transfer models and a sea surface spectral
emissivity database. The retrievals therefore do not require algorithm tuning or adjustments to independent
water vapour datasets.
Inter-comparisons with the Remote Sensing Systems Special Sensor Microwave Imager (RSS SSM/I) and ECMWF
ERA-Interim total water vapour columnproducts have been carried out for a set of test cases and are discussed in
detail. The initial results show that the ATSR TCWV data, aggregated at the SSMM/I or ECMWF spatial resolution,
have nomedian bias with respect to the collocated datasets, and have an estimated precision of about 4% for the
ATSR-2 and AATSR instruments and up to 15% for the ATSR-1 instrument. The TCWV precision for the 1 × 1 km2

resolution is of the order of 12% for ATSR-2 and AATSR, while is about 30% for ATSR-1.
This new physical algorithm can be readily extended to dual view radiometers similar to ATSR such as the
upcoming Sea and Land Surface Temperature Radiometer (SLSTR) instrument on the European Copernicus
Sentinel-3 satellite series.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The need for precise and systematic global measurements of
geophysical parameters, such as sea surface temperature (SST), was
recognised almost 30 years ago by the United Kingdom, Australia and
France, who proposed the Along Track Scanning Radiometer (ATSR),
in response to an Announcement of Opportunity (AO) from the
European Space Agency (ESA) for experiments to be flown on the
ERS-1 satellite (ESA, 1985). ATSR was specifically designed to observe
global SST from space to a very high level of accuracy and precision re-
quired for numerical weather prediction (NWP), as well as for climate
research (Trenberth, Fasullo, & Smith, 2005).

The first of the series, ATSR-1, was in orbit from 1991 to 1997 on-
board the ERS-1 satellite (Delderfield et al., 1986), followed by the
24, 00044 Frascati, (RM), Italy.
improved ATSR-2 on ERS-2 satellite (Stricker et al., 1995),which includ-
ed three visible channels. The last member of the series was the Ad-
vanced ATSR or AATSR on ENVISAT operating from May 2002 to April
2012. A detailed description of the ATSR instruments can be found in
Llewellyn-Jones et al. (2001) and Merchant et al. (2012).

Over the last decades, several authors proposed different algorithms
for the retrieval of water vapour content from ATSRmeasurements. The
first published method was the application of the split-window covari-
ance/variance ratio (SWCVR) technique of Sobrino, Li, Stoll, and Becker
(1994), designed for the Advanced Very High Resolution Radiometer
(AVHRR; Emery, 1992) and applied by Ottlé, Outalha, Francois, and Le
Mauer (1997) to the ATSR-1 thermal infrared measurements. The
ATSR-1 covariance–variance ratios were computed over cloud free
areas of 20 × 20 to 50× 50 km2, and compared to collocated radiosonde
and microwave sounder water vapour columns. The estimated linear
regression parameters were used to calibrate the retrieval scheme,
with declared precision on the water column of about 0.5 g/cm2.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.rse.2015.10.037&domain=pdf
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The SWCVR approach was tested and strongly criticised by Barton
and Prata (1999). They reported weak correlation between the SWCVR
results and collocated radiosonde data over both ocean and land. In
the same article, Barton andPrata proposed a simple split–windowalgo-
rithm, obtained by linear regression of ATSR-2 nadir brightness temper-
ature differences to their oceanic water vapour dataset, with claimed
precision of the order of 0.3–0.5 g/cm2. Ottlé and Francois (1999) replied
to the criticisms by Barton and Prata, insisting on the necessity of a large
range of variability of brightness temperatures in order to safely retrieve
water vapour using SWCVR. This condition is not always fulfilled, espe-
cially for ocean surfaces, thus limiting the applicability of the SWCVR
method to ATSR measurements. Soon after, Colagrande, Buongiorno,
Casadio, and Zehner (2000) tested both the SWCVR and the Barton
and Prata water vapour retrievals, confirming the perplexities on
SWCVR robustness. Finally, Barton (2004) proposed an improved ver-
sion of the Barton and Prata (1999) split-window algorithm for ATSR-
2 sub-satellite track, by including the forward view measurements and
fitting the combined measurements to collocated passive microwave
radiometer water vapour retrievals (Benveniste et al., 2001).

It should be noted that all the aforementioned techniques are based
on empirical combinations of ATSR brightness temperatures and inde-
pendent water vapour datasets and that no further attempts have
been made to develop any water vapour retrieval scheme for the
ATSR-series, nor for the follow-on sensor on Copernicus Sentinel-3,
the Sea and Land Surface Temperature Radiometer (SLSTR) instrument
(Coppo et al., 2010).

Although no ATSR water vapour product is currently distributed by
ESA or its partners, because of the importance of water vapour in cli-
mate, and its impact on other satellite long-term retrievals such as al-
timetry, greenhouse gases and aerosol, ESA has supported further
research with this type of sensors (see http://www.globvapour.info
for more information about the ESA GlobVapour project).

The objective of this paper is to present a new technique to retrieve
the TCWV from the ATSR measurements, which does not rely on inde-
pendent water vapour, sea surface temperature or numerical weather
prediction datasets, suitable for creating a self-consistent ATSR series
water vapour record for cloud-free ocean scenarios. The tools necessary
for this newmethod are: a) radiative transfermodels; b) information on
the sea surface emissivity; and c) a detailed knowledge of ATSR thermal
infrared (TIR) channel characteristics. A further basic requirement is the
availability of continuously acquired radiance measurements (day and
night) common to the three ATSRs. Only the two TIR channels, centred
approximately at 10.8 μmand 12 μm, satisfy this requirement across the
threemissions. In fact, the ATSR-1 instrument suffered the failure of the
mid-infrared channel (3.7 μm, available for ATSR-2 and AATSR) in the
early stage of the mission (Llewellyn-Jones and Remedios, 2012) and
was not equipped with channels in the visible portion of the spectrum
(VIS), like its successors. In any case, the VIS channels, which are avail-
able only for the illuminated scenes, as well as the 1.6 μm (SWIR) chan-
nel which was continuously operating for the three ATSRs, do not
provide any useful information for water vapour retrieval. This work
will therefore be focused on the exploitation of the two TIR channels,
in both nadir (NAD) and forward (FWD) viewing modes. To retrieve
the vertical column of water vapour from the measurements in these
two channels, we have developed the Advanced Infra-Red WAter Va-
pour Estimator (AIRWAVE) retrieval method that will be thoroughly
described in the following sections.

This paper is organised in: a) a detailed description of the retrieval
method; b) an analysis of test cases; c) an estimate of the retrieval pre-
cision; and d) a detailed outline of the known retrieval weaknesses and
of future developments.

2. Retrieval method description

In this section we describe the AIRWAVE retrieval method in detail,
from the basic radiative transfer equations to the final retrieval
formulation. The proposed algorithm relies on the top of atmosphere
(TOA) radiances acquired by the two channels centred at 10.8 and
12 μm, and at the two viewing angles available on the ATSR-series.

3. Single view geometry

The TIR radiance Jt that reaches the instrument at TOA for a given
wavelength is the combination of surface and atmospheric terms as:

Jt ¼ Js � e−τs þ Lup þ 1−εð Þ � Ldown � e−τs ð1Þ

In (1) Js is the surface radiance, Lup and Ldown are upward and down-
ward atmospheric radiations, ε is the Earth surface emissivity, and τs is
the atmospheric optical thickness (from surface to TOA). The surface
term can be written as:

Js ¼ ε � B Tsð Þ ð2Þ

Where B is the Planck's function and Ts is the surface temperature.
To simplify the notation, the atmospheric radiation fluxes can be

grouped as follows:

J
0
a ¼

Ja
e−τs

¼ Lup � eτs þ 1−εð Þ � Ldown ð3Þ

Using (3) in (1) we have:

Jt ¼ 1þ J
0
a

Js

 !
� Js � e−τs ¼ F � Js � e−τs ð4Þ

with:

F ¼ 1þ J
0
a

Js
ð5Þ

For Earth's surface temperatures and TIR wavelengths, the Wien's
approximation can be safely used (differences up to 1% for Ts = 300 K
at 10 μm, Kealy & Hook, 1993 and references therein):

Js ≈ ε � c1
λ5 � e−

c2
λ�Ts ð6Þ

In (6), c1 = 2hc2 and c2 = hc/k, where h is the Planck constant
(6.626 10−34 J s), k is the Boltzmann constant (1.38 10−23 J K−1) and
c is the speed of light in vacuum (299,792,458 m s−1). The Wien's law
is used for the “Js” contribution only, allowing for a simplified algebra
without impacting the validity of the assumptions. Therefore Eq. (4)
becomes:

Jt ¼ F � ε � c1
λ5 � e−

c2
λ�Ts � e−τs ð7Þ

By elevating both sides of (7) to the value of the selectedwavelength
we get:

Jλt ¼ Fλ � ελ � c1
λ5

� �λ

� e−
c2
Ts � e−λ�τs ð8Þ

or:

Jλt ¼ Fλ � ελ � γλ � e−
c2
Ts � e−λ�τs ð9Þ

where:

γ ¼ c1
λ5 ð10Þ
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The equations are valid for any single wavelength λ and for any
observation geometry.

Let's now consider two wavelengths, λ1 and λ2, and compute the
ratio of relation (9) for the two channels:

Jλ1
1

Jλ2
2

¼ Fλ1
1

Fλ2
2

� ε
λ1
1

ελ2
2

� γ
λ1
1

γλ2
2

� eλ2 �τ2−λ1 �τ1 ð11Þ

To avoid confusion, the subscripts 1 and 2 in (11) indicate thewave-
length (or channel).

By taking the logarithm of (11) we have:

ln
Jλ1
1

Jλ2
2

 !
¼ ln

Fλ1
1

Fλ2
2

 !
þ ln

ελ1
1

ελ2
2

 !
þ ln

γλ1
1

γλ2
2

 !
þ λ2 � τ2−λ1 � τ1 ð12Þ

In the right hand side of (12), the first term accounts for surface con-
tributions and the atmospheric radiation sources/sinks, the second is
the surface emissivity term, and the third is a constant value. The possi-
ble contribution from aerosols is included in the atmospheric term and
will be discussed in the inter-comparison section of this work. Themost
important aspect of (12) is that the explicit dependence on the SST (Ts)
has been removed, as it is now implicit in the first right hand side term.

We assume that the optical thickness (τ) is the product of the verti-
cal column of the absorbing species (ρj) by the related effective absorp-
tion cross section (σj), normalised to the air mass factor (AMF) of the
given line of sight angle. The Air Mass Factor is defined as the ratio
between the slant path content to the vertical column and, in general,
is a complex function of the specific species profile shape and of the
light path geometry. For a more detailed description of the AMF see
for example Palmer et al. (2001)

Following this approach and after renaming the logarithmic terms to
simplify the notation, we have:

ln
J1

λ1

J2
λ2

 !
¼ Gþ Ε þ χ þ

X
j

Δσ j � ρ j ð13Þ

where:

G ¼ ln
Fλ1
1

Fλ2
2

 !
ð14Þ

In (13), “G” includes the atmospheric and surface contributions, “E”
accounts for the surface emissivity contributions, and “χ” is a constant.
The differential absorption cross-section Δσj for species j is defined as:

Δσ j ¼
λ2 � σ2−λ1 � σ1

AMF
ð15Þ

In (15), the single channel absorption cross-sections σi and the AMF
are relative to the atmospheric gases having spectral features in the con-
sidered spectral region. Using MODTRAN (Berk et al., 2008) radiative
transfer simulations, we estimated which gases have to be included in
our computations. The simulations showed that the only two atmo-
spheric species that contributes significantly to the absorption in the
ATSR TIR bands are H2O and CO2, while O3 can be neglected. If we indi-
cate the vertical column of water vapour as TCWV (Total ColumnWater
Vapour) we have:

ln
J1

λ1

J2
λ2

 !
≈ Gþ Ε þ χ þ ΔσH2O � TCWV þ ΔσCO2 � ρCO2 ð16Þ

This relationship contains terms which are either known (i.e. the
measured radiances on the left hand side and the constant term on
the right hand side), or derivable from models (i.e. the absorption
cross sections and the air mass factors), or which can be estimated
from existing auxiliary datasets, like the sea surface emissivity term or
the CO2 columnar value for which we use a fixed value of 380 ppm.
Grouping all these terms into a single variable Φ, we have:

Φ ¼
ln

J1
λ1

J2
λ2

 !
−Ε−χ−ΔσCO2 � ρCO2

ΔσH2O
ð17Þ

Hence, it holds that:

Φ ¼ TCWV þ G
ΔσH2O

ð18Þ

Φ is defined here as the “water vapour pseudo-column”.
In (18),Φ is known, TCWV is the variable parameter to be estimated

andG is an unknown atmospheric/surface contribution. The presence of
the G term impairs the accurate determination of TCWV using only two
wavelengths and a single viewing geometry. It is therefore very impor-
tant to have an accurate estimate of the G quantity.

3.1. Radiative transfer model calculations of G

In principle, we could have usedMODTRAN to compute the G values.
However MODTRAN is not flexible enough to enable a very accurate
estimation of those quantities. In order to accurately estimate G, a
dedicated Radiative Transfer Model (RTM) has been designed. The
RTM was developed exploiting an existing 2-D Forward Model (FM),
i.e. the BROADBAND (BB) FM, that is the broad-band version of the
GEOFIT FM (Carlotti, Dinelli, Raspollini, & Ridolfi, 2001) developed for
the simulation of theMichelson Interferometer for Passive Atmospheric
Sounding (MIPAS) instrument on ENVISAT, and that includes the line by
line computation developed by Ridolfi et al. (2000) for the prototype of
ESAMIPAS level 2 analysis system. The BB-FMhas already been used for
the analysis of MIPAS/ENVISAT cloudy measurements (e.g. for the
retrieval of cloud geometrical extents with a tomographic approach),
by exploiting the single scattering approximation and the spherical par-
ticle representation (Castelli et al., 2011). For the simulation of ATSRs
measurements, the BB-FM was coupled with the DISORT (Discrete–
Ordinate-Method Radiative Transfer in Scattering and Emitting Layered
Media, Stamnes, Tsay, Wiscombe, & Jayaweera, 1988) solver in order to
account for multiple scattering effects due to the interaction between
radiation and clouds–aerosols. In our scheme, the BB-FM generates
the inputs for the standard DISORT solver that is responsible to perform
the RT integrations.

The radiance that reaches the instrument is simulated through the
following steps:

1) Use of the BB-FM code to produce the input parameters required by
the DISORT solver. Inputs to the BB-FM are the vertical profiles of at-
mospheric pressure, temperature and VMR (Volume Mixing Ratio)
of atmospheric gaseous constituents, the used spectral interval,
and cloud/aerosol parameters (e.g. size distribution, refractive
index).

2) Use of the DISORT multiple scattering solver to model high-
resolution spectra. Because of the DISORT configuration, the spectra
are calculated by using the approximations of a horizontally homo-
geneous plane parallel atmosphere, both for nadir and forward
views, and of an ideal instrument with infinitesimal Field of View
(FOV).

3) Convolution of the obtained high-resolution spectra with the slit (or
filter) functions of the ATSR instruments for each considered IR spec-
tral band. This step provides a single radiance for each channel and
for each simulated view angle.

4) Convolution of the radiance obtained in 3) with the FOV function of
the instruments. For each observation angle (nadir or forward),
three view angles are used to simulate the FOV behaviour for each



Table 1
Gvalues fromRTMcalculations for the threeATSRs, two atmosphericmodels (tropical and
mid-latitude) and nadir and forward viewing geometries.

Tropical Mid-Latitude

G × 106

ATSR-1 NAD −5.298 −2.221
ATSR-1 FWD −8.824 −3.588
ATSR-2 NAD −6.357 −2.778
ATSR-2 FWD −10.45 −4.405
AATSR NAD −7.054 −3.113
AATSR FWD −11.54 −4.912

GFWD/GNAD ratio
ATSR-1 1.6654 1.6153
ATSR-2 1.6434 1.5885
AATSR 1.6364 1.5779

Table 2
GFWD/GNAD sensitivity to TCWV variation [%/%].

ALL (NO POL) TRP MID POL

N 64 32 32 32
ATSR-1 0.044 0.056 0.031 −0.023
ATSR-2 0.053 0.066 0.041 0.002
AATSR 0.054 0.066 0.042 0.004
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view. The three simulated views are then convoluted with a trapezi-
um function to model the ATSRs FOV.

5) Conversion of the obtained Radiance (in nW cm−2 cm sr−1) to
Brightness Temperature (BT, in K) for both forward and nadir view-
ing geometries.

The atmospheric scenarios used for all the RT simulations were
extracted from the IG2 database (Remedios et al., 2007), consisting of
time dependent seasonal atmospheric profiles, developed for 6 latitudi-
nal bands for MIPAS/ENVISAT analysis. The spectroscopic parameters
were taken from the HITRAN 2008 database (Rothman et al., 2009).

The RTM has been validated through comparison with the (A)ATSR
(−1/2) simulations from the Radiative Transfer model for TOVS
(RTTOVv11, 2014). The validation tests were performed in three differ-
ent scenarios, using polar, mid-latitude and tropical atmospheres from
the IG2 database in clear sky conditions. The sea surface emissivity
was set equal to 1 in both programmes, in order tominimise the impact
of the different modelling of the reflection by the Earth surface (e.g.
Lambertian or specular) and varied with wavelength and viewing
angles. Very good agreement was found over 60 samples with global
average differences of 0.01 ± 0.04 K when using the September 2014
release of the RTTOVv11 coefficients.

In (5), Js is strictly related to surface temperature, while J'a depends
on the atmospheric scenario and, therefore on thewater vapour content
and on the atmospheric transmissivity, the latter being strictly related
to TCWV. The transmissivity can be derived from the optical depth
computed by the RTM. The forward view optical depth is equal to the
nadir optical depth divided by cos (55°) (55° is the forward view
angle at centre swath, i.e. we apply here the simplest geometric AMF
for plane-parallel atmosphere).

The results of a test on the validity of the geometric correction to the
AMF for the TIR channels of ATSR are discussed in Appendix A.

As amatter of fact, G (or F fromwhich it is calculated) is a function of
the ratio between the radiance emitted by the atmosphere and the
Earth surface and that reaches the TOA. The F parameter can be calculat-
ed through Eq. (5), by using modelled atmospheric terms. For our tests
we have used two different scenarios: Mid-Latitude (MID) and Tropical
(TRP) atmosphere. Atmospheric profiles for TRP and MID atmospheric
scenarios relative to the North Hemisphere in July were extracted
from the climatological IG2 database. The two scenarios have been
also characterised using different emissivity and sea surface tempera-
ture (SST). Selected values for SST are 300.93 K and 285.14 K for TRP
and MID, respectively. The atmospheric transmissivity, calculated with
these assumptions varies from 0.1/0.4 for Tropical atmosphere to 0.4/
0.7 for Mid-Latitude atmosphere, depending on nadir and forward
geometries, and on the spectral bands (10.8 or 12 μm). Radiance, and
therefore BT, is highly dependent on temperature and H2O profiles,
while the variability of the other gases can be neglected. In our simula-
tions, we found that a 10% increase of water vapour column causes a
decrease in AATSR BT of about 0.5 K (10.8 μm, forward), 1 K (12 μm, for-
ward), 0.6 K (12 μm, nadir), while less significant changes are observed
at 10.8 μm at nadir. BT proved to be insensitive even to a doubling of
ozone total columns. Estimates of the G parameter for Tropical and
Mid-Latitude scenarios and for the three ATSR instruments are reported
in Table 1, together with corresponding GNAD/GFWD ratios.

In order to estimate the sensitivity of the GFWD/GNAD ratio to differ-
ent realistic atmospheric conditions, we calculated its values using
temperature, pressure and VMRs profiles for 6 different latitudinal
bands (Tropical North, Tropical South, Mid-Latitude North, Mid-
Latitude South, North Pole, South Pole) and 4 seasons (January, April,
July, October) as reported into the IG2 database described above. The
Polar scenarios have been included only to represent extreme atmo-
spheric conditions, since only a minor part of the analysed ATSR mea-
surements were performed in these regions. SSTs were obtained from
ECMWFmonthly means in January, April, July and October in the corre-
sponding latitude bands. For each considered scenario, the water
vapour column resulting from the use of the IG2 profiles has been mul-
tiplied by 0.5, 0.75, 1.0, 1.25, 1.5 (TCWV from 0.12 g/cm2 to 7.38 g/cm2).

The average sensitivities to TCWV for each ATSR, in units of percent-
age change of GFWD/GNAD per percentage change in TCWV, are reported
in Table 2. The results show that the expected average variation is about
0.05% per 10% change in TCWV content (calculations performed over 64
cases).

The possible effect of changes in sea surface temperature has also
been investigated by varying the SST from 270 to 300 K under different
atmospheric conditions. The linear trend for GFWD/GNAD with respect to
SST was calculated and regression coefficients have been used to com-
pute sensitivity to SST change (%/K). The results in Table 3 show that a
maximum of 0.2%/K variation is obtained (calculations performed over
112 cases).

3.2. Water vapour cross sections

In Eq. (18) thewater vapour cross sections play an important role. As
stated above, the water vapour absorption cross sections have been es-
timated usingMODTRAN simulations of spectral transmissivity (includ-
ing the water vapour continuum) for different atmospheric conditions,
water vapour loads, and viewing angle geometries. The simulated trans-
missivity spectra have been convolved with the ATSRs filter functions
for the two TIR channels. The atmospheric optical thicknesses are calcu-
lated by taking the natural logarithm of the integrated transmissivities.
Finally, we have estimated the water vapour cross sections for each
viewing angle by averaging the derivatives of the related optical depths
with respect to the water vapour columns computed for TCWV values
ranging from 0.3 to 4 g/cm2, a range representative of about 80% of
the real cases. The viewing angle dependent cross section values have
been evaluated off-line and tabulated, i.e. no radiative transfer simula-
tions are needed for the data processing. This allows for a very fast
and efficient calculation of TCWV, even at native spatial resolution
(1 × 1 km2). The results of the inter-comparison exercise, which are
discussed in the next sections, strongly indicate that possible variability
of the absorption cross sectionswith TCWVvalues has negligible impact
on the quality of retrieved water vapour columns. In addition, this very
simple procedure overcomes the problem of estimating an appropriate
angle dependent air mass factor, as it is implicitly included in the
MODTRAN calculation for any viewing geometry. For an operative im-
plementation of the algorithm we plan to create a set of viewing angle



Table 3
GFWD/GNAD sensitivity to SST variation [%/K].

ALL (NO POL) TRP MID POL

N 112 56 56 56
ATSR-1 0.203 0.230 0.175 0.055
ATSR-2 0.202 0.224 0.180 0.062
AATSR 0.202 0.224 0.180 0.063

Table 4
TCWV retrieval parameters for the tree ATSR instruments.

λ1 [μm] λ2 [μm] ΔσNAD ΔσFWD δ α β

ATSR-1 10.9159 11.9107 1.49 2.41 1.65 50.7 −49.7
ATSR-2 10.9302 12.0485 1.74 2.78 1.63 50.5 −49.5
AATSR 10.8445 12.0321 1.90 3.02 1.62 53.1 −52.1
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dependent water vapour absorption cross sections stored into look-up-
tables for bulk processing quick access.

3.3. Use of the ATSR dual view

The variability of the G terms estimated in the previous section sug-
gests that it will be desirable to avoid its presence in the derivation of
TCWV. In order to eliminate the G term from the retrieval equations,
we propose here to exploit the dual view capability of the ATSR instru-
ments, and the definition of the pseudo-column of Eq. (18), which is
applicable to any viewing geometry. By explicitly indicating whether
Eq (18) is evaluated for NAD or for FWD viewing angles, and by assum-
ing a perfect collocation between NAD and FWD measurements, we
write:

ΦNAD ¼ TCWV þ GNAD

ΔσNAD

ΦFWD ¼ TCWV þ GFWD

Δσ FWD

8>><
>>: ð19Þ

In Eq. (19) the subscript H2O has been substitutedwith NAD or FWD
to emphasise the viewing geometry and simplify the notation, but the
differential cross sections are still relative to water vapour alone.

Let's multiply the nadir and forward pseudo-columns in Eq. (19) by
α and β (two non-zero parameters to be determined), we have:

α �ΦNAD ¼ α � TCWV þ α � GNAD

ΔσNAD

β �ΦFWD ¼ β � TCWV þ β � GFWD

Δσ FWD

8>><
>>: ð20Þ

We can impose the combination of G terms to vanish in the sum of
the two equations in (20):

α � GNAD

ΔσNAD
þ β � GFWD

ΔσFWD
¼ 0 ð21Þ

Eq. (21) is the first constraint for the determination of α and β. The
second condition is that the combination of pseudo-columns is equal to
the real TCWV:

α �ΦNAD þ β �ΦFWD ¼ α þ βð Þ � TCWV ¼ TCWV ð22Þ

that is:

α þ β ¼ 1 ð23Þ

For the two conditions (21) and (23) to be sufficient to calculate α
and β, Eq. (21) needs to be made independent of G. From Tables 1–3
it can be inferred that the GFWD to GNAD ratio is essentially constant for
different atmospheric and surface conditions, although it may differ
for each ATSR. This proportionality can be expressed as follows:

GFWD≈δ � GNAD ð24Þ
We then have two equations dependent on α and β only:

α
ΔσNAD

þ δ � β
Δσ FWD

¼ 0

α þ β ¼ 1

8<
: ð25Þ

whose solution is:

α ¼ 1

1−
Δσ FWD

δ � ΔσNAD

ð26Þ

β ¼ 1

1−
δ � ΔσNAD

Δσ FWD

ð27Þ

From MODTRAN calculations, i.e. by analysing the TOA optical
thicknesses for the combinations of three ATSRs, 0° and 55° viewing
geometries, six atmospheric scenarios (US-Standard, Tropical, Northern
Mid-Latitude, Southern Mid-Latitude, Southern Polar and Northern
Polar) and 18 TCWV values ranging from 0.2 to 8 g/cm2, for a total of
648 radiative transfer simulations and 36 cross section values, we
found that the ratio between the effective cross sections is essentially
independent of atmospheric conditions and of ATSR instrument:

Δσ FWD

ΔσNAD
¼ 1:6� 0:1 ð28Þ

The constancy of the differential cross section ratios is a strong indi-
cation that α and β can be considered independent of the atmospheric
and surface scenario.

The “real” TCWV is then given by the linear combination of the nadir
and forward pseudo-columns, with α and β weighting factors. The left
hand side of Eq. (22) can now be fully evaluated:

TCWV ¼ α �ΦNAD þ β �ΦFWD ð29Þ

The estimated values for the retrieval parameters are given in
Table 4, where wavelengths are given in [μm]. These values are valid
for both the illuminated (daytime) and eclipsed (night-time) portion
of the ATSR orbits, the only requirement being that the observed
scene is a cloud free water surface.

It should be noted that the estimates for δ in Table 4 have been ob-
tained by averaging its tropical and mid-latitude values, differently
weighted (about 0.6 and 0.4 respectively) to account for the different
data availability at different latitude bands as a consequence of cloud
distribution.

In Appendix Bwe report the results of an empirical test on the stabil-
ity of δ using “real” data.

To account for the variability of the nadir view angle (0–25°), the
TCWV evaluated through Eq. (29) are corrected using an empirical cor-
rection factor, dependant on the across track index position of the ATSR
measurements. This across-track correction has been evaluated through
radiative transfer simulation and provides a sufficiently accurate but
extremely fast solution (in terms of CPU efficiency) to this problem. In
the next version of the AIRWAVE algorithm, the retrieval parameters
will be extracted from pre-calculated look-up tables, in which the angu-
lar dependence will be considered.



Table 5
Test cases selected for inter-comparison.

2–5/12/1991 2–5/12/1993 2–5/12/1995 2–5/12/2002 5–6/08/2008

ATSR-1 X X X
ATSR-2 X X
AATSR X X

Fig. 1. Left panel: ATSR-2 TCWV at 1 × 1 km2 resolution (10 am local time); centre panel: ATSR-2 TCWV aggregation at SSM/I spatial resolution; right panel: collocated SSM/I TCWV
(1 pm local time).
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These (preliminary) values have been used to retrieve TCWV data
for a subset of the ATSR-1, ATSR-2 and AATSR missions, in order to as-
sess the potential of the proposed approach.

The retrieval algorithm implementing Eq. (29), named AIRWAVE,
was used for all the tests presented in the following.

4. Retrieval results and comparisons with independent TCWV
retrievals

To establish the capability of the AIRWAVE approach to retrieve
TCWV, it has been tested on a set of ATSR data. The ATSR TOAmeasure-
ment products (Level 1) used for the testing are from the so called “3rd
reprocessing”, which was initially released in 2013 as v2.1 and then, in
final formal release, at the end of 2014 as v3.0. The differences between
v2.1 and v3.0 of the TOA data are minimal, mostly relating to contents
and structure of the archive, while there are no algorithmic differences
for the data itself. More detailed information on the ATSR products can
be found in (IDEAS+, 2014).

The TOA products consist in radiances (in the VIS channels) and BTs
values (in the TIR channels), spatially distributed on a 1 × 1 km2 (pixel)
regular grid using nearest neighbour interpolation. In addition to the
measured radiances, the TOA products contain auxiliary information
on the instrument calibration, a cloud mask and a land/sea mask at
pixel scale, for both nadir and forward views. The ATSR cloud mask is
the result of a series of nine independent tests to SWIR, MIR and TIR
measurements (Saunders & Kriebel, 1988), described in detail in (ESA,
2007). The cloud masks are used here to select cloud free pixels com-
mon to nadir and forward views, while the land/sea mask is used to
select “water surfaces”, including inland waters. The BTs selected for
the AIRWAVE retrieval are converted into radiance using the Plank's
law before any further manipulation.

For a preliminary assessment of the quality of the ATSR TCWV
obtained with the AIRWAVE approach, we compared the retrieved
TCWV to co-located water vapour columns from the European Centre
for Medium Weather Forecast (ECMWF) ERA-Interim product (Dee
et al., 2011) and to the TCWV from the Remote Sensing Systems Special
Sensor Microwave Imager (RSS SSM/I) version 7 (Wentz, 1997, 2013).

ERA-Interim is a global atmospheric reanalysis from1979 to present.
It is producedwith time resolution of six hours (0, 6, 12 18GMT) at T255
spectral resolution (~80 km or 0.75°) on 60 vertical levels.

The SSM/I series of instruments has been carried on-board the De-
fence Meteorological Satellite Program (DMSP) satellites since 1987.
These are near-polar orbiting satellites, and the different instruments
are referred to by the satellite number, with F08 being the first one of
the series. Ocean measurements derived from the radiometer observa-
tions include Surface Wind Speed, Atmospheric Water Vapour, Cloud
Liquid Water, and Rain Rate. In this paper, daily water vapour data
from F08, F10, F13, F14, F15, F16 and F17 have been used.

The spatial resolution of the ERA-Interim global fields used here is
0.75° × 0.75°, while that of SSM/I is 0.25° × 0.25°. The ATSR TCWV
have been retrieved at 1 × 1 km2 resolution and subsequently aggregat-
ed to ERA-Interim and SSM/I scales. Defining a cell size equal to the spa-
tial resolution of each validation dataset, ATSR coverage of each cell can
be calculated as the ratio of the number of available data to the expected
number of measurements within the grid cell itself. This information
can be used for data screening: the percentage of available ATSR mea-
surements for each grid cell (ERA-Interim or SSM/I) can be used to dis-
criminate data of different grid cell coverage. A minimum 10% coverage



Table 6
Statistical results of ATSR-1 vs. SSM/I and ERA-Interim TCWV comparison for 2–5
December 1991, 1993 and 1995.

2–5 Dec AIRWAVE Vs. N Median
(g/cm2)

RMS
(g/cm2)

Median
(%)

RMS
(%)

1991 SSM/I 265,885 0.05 0.42 2.18 15.72
ERA-Interim 49,863 0.00 0.45 −0.11 17.50

1993 SSM/I 263,004 0.00 0.42 0.15 16.04
ERA-Interim 42,293 −0.03 0.45 −1.25 18.00

1995 SSM/I 226,355 −0.07 0.43 −2.80 16.24
ERA-Interim 44,906 −0.05 0.46 −1.94 17.18
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of the ERA-Interim and SSM/I grid cells was required for the ATSR
TCWV, in order to obtain a significant sample for robust statistical anal-
ysis. For the comparison with ATSR, the closest in time was selected.

Fig. 1 shows an example of the aggregationmethod described above.
It refers to a daytime portion of ERS-2 obit 3207 on 1st December 1995
(ATSR-2). The left panel shows the TCWV at 1 × 1 km2 resolution, with
the grid of available SSM/I data superimposed in black; the centre panel
shows the ATSR-2 TCWV aggregated at SSM/I scale; the right panel
shows the corresponding SSM/I vapour columns. The small map at the
bottom right indicates the location of the selected scene (Bay of Bengal,
close to Sri Lanka). The gaps in ATSR data are due to the presence of
clouds, and it can be noted that in many cases the SSM/I grid cell is
only partially filled with ATSR data.

Despite the significant time lag between the two acquisitions (about
3 h), the ATSR-2 TCWV field closely resembles the SSM/I field for this
complex atmospheric situation, for which the TCWV data range from
about 1 g/cm2 to more than 4 g/cm2 over a spatial range of few
kilometres. It can also be noticed that the ATSR-2 retrieval extends
very close to the coastlines as opposed to the SSM/I ones.
4.1. Inter-comparisons for selected test cases

The Level 2 inter-comparison exercise was carried out for the test
cases listed in Table 5. The choice of test cases was dictated by ATSR
TOA products availability and by the requirement of a significant
distance in time from platform or instrumental manoeuvres, in order
to avoid possible data contamination. It should be noted that approxi-
mately five days are needed to ATSR to obtain a quasi-global coverage,
because of its limited swath (500 km). This implies for the time
windows in column 4 and 5 of Table 3 that each ERA-Interim or SSM/I
grid cell is “visited” by ATSR only once or twice. We stress again that
our inter-comparison exercise is between single measurements and
not between time averaged (and therefore smoothed) global fields.
Time lags betweenmeasurementsmay then be critical, as water vapour
is a rapidly varying atmospheric parameter. The statistical variances
Fig. 2. TCWV zonal averages comparison for 2–5 December 1995. ATSR-1 (red), ERA-Interim (bl
figure legend, the reader is referred to the web version of this article.)
reported below are thus to be considered as conservative estimates of
the TCWV precision.

TCWV retrieved with the AIRWAVE method can be affected by the
presence of stratospheric aerosols that were not accounted for in the
evaluation of the parameters used in the retrievals. To assess the sensi-
tivity of the TCWV to the presence of atmospheric (stratospheric) aero-
sols, the measurements of ATSR-1 between the 2nd and the 5th of
December 1991, 1993 and 1995 have been selected. In fact, 1991 was
characterised by the large stratospheric aerosol load produced by the
Pinatubo eruption, which progressively dissipated by 1995 (Reynolds,
1993; Lambert et al., 1997). The results of the inter-comparison be-
tween AIRWAVE and SSM/I and ERA-Interim are reported in Table 6.
In the table, N is the total number of SSM/I (ERA-Interim) data contain-
ing at least 10% of valid ATSR retrievals, Median is the median value of
the ATSR-SSM/I (ERA-Interim) difference (absolute and percentage),
and RMS is the total rootmean square difference (absolute and percent-
age). For the comparison, both day-time and night-time TCWV were
used.

The results reported in Table 6 indicate that, at least for the selected
periods, the huge variation of the stratospheric aerosol load between
1991 and 1995 has a negligible impact on the AIRWAVE retrievals,
with differences always below 0.07 g/cm2 (2.8%) when compared to
SSM/I or ERA-Interim. In addition, the RMS of the differences is below
0.46 g/cm2 (or 18%) for all the three cases. This is a further indication
of the stability and robustness of the AIRWAVE method. The RMS re-
ported in Table 4 is not representative of the TCWV actual precision,
as it results from the combination of both the atmospheric and the ran-
dom noise contributions, but can be considered as an upper limit.

The test case 2–5 December 1995 was selected to check the consis-
tency between the ATSR different instruments, since in those days we
have a perfect overlap of the ATSR-1 and ATSR-2 missions, at least in
terms of available orbit products. After TCWV aggregation, both ATSR-
1 and ATSR-2 TCWV were compared to both collocated ERA-Interim
and SSM/I water vapour columns.

TCWV zonal averages and their relative standard deviations have
been computed. Results are shown in Fig. 2 for ATSR-1 and in Fig. 3
for ATSR-2. In the figures, the red dots represent the ATSR-1 (2) zonal
averages plotted as a function of latitudes, the vertical red segments
indicate the related standard deviation while the black dots are the
ERA-Interim or SSM/I zonal averages, and the grey areas indicates
their standard deviation range. These plots have been created using
day-time and night-time TCWV (indicated by the label “Illum: all” in
each panel).

AIRWAVE TCWV agreement with both ERA-Interim and SSM/I data
is excellent. Average and standard deviation agree very well for both
validation datasets between 50 S and 50 N, whereas ERA-Interim data
are significantly underestimated by AIRWAVE data at latitudes below
50 S. Such discrepancy is much less evident in the comparison to SSM/
ack, left plot), SSM/I (black, right plot). (For interpretation of the references to colour in this



Fig. 3. Same as Fig. 2 but for ATSR-2.
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I. In general no differences can be noted between the two ATSR
instruments, suggesting a consistent dataset amongst the different
instruments.

The 2–5December 2002 test casewas selected as it similarly allowed
direct comparison of ATSR-2 and AATSR datasets. Fig. 4 and Fig. 5 show
theATSR-2 and AATSR zonal average comparisons (same notation as for
Fig. 2 and Fig. 3).

Again, the agreement between (A)ATSR and ECMWF or SSM/I is ex-
cellent for latitudes above 50 S, while both ATSR-2 and AATSR underes-
timate ERA-Interim data below 50 S. On the other hand, still acceptable
agreement with SSM/I is shown down to 60 S.

The above described results indicate that:

• The zonally averaged (A)ATSR-1/2 TCWVs are in excellent agreement
with the corresponding ERA-Interim and SSM/I for latitudes above
50 S;

• the degree of (A)ATSR-1/2 TCWV zonal variability (i.e. the TCWV
standard deviation for each latitude bin) is very similar to that of
ERA-Interim and SSM/I; and

• significant deviations from ERA-Interim are found for latitudes below
50 S, although they are less significant in the SSM/I comparison

The first two points demonstrate that the retrieved TCWVs are inde-
pendent of the SST and of the absorption cross section variability.

A possible explanation for the deviation found at latitudes below
50 S could be related to the estimate of the δ parameter used in the cal-
culation ofα and β (see Eqs. (26)–(27)). In fact, we have used aweight-
ed average of the δ values estimated for tropical and mid latitude
regions and therefore this could lead to less accurate retrievals at high
latitudes. A second hypothesis can be the possible inaccuracies in the
cloud screening at low latitude regions where, especially over the
Fig. 4. TCWV zonal averages comparison for 2–5 December 2002. ATSR-2 (red), ERA-Interim (bl
figure legend, the reader is referred to the web version of this article.)
ocean, very low clouds are not easily detectable from space-borne
thermal infrared radiometers, such as ATSR. This would result in the es-
timate of an “above cloud top” water vapour column instead of TCWV
and, thus, to an underestimate of the columnar content. However, as
the observed deviations are larger when comparing to ERA-Interim
than to SSM/I, and are not observed for latitudes above 50 N, further
investigation is anyway needed.

Tables 7–10 report the same quantities of Table 6with additional in-
formation on the illumination conditions, and summarise the statistical
results for the two overlapping test cases. The analysis has been per-
formed for day-time measurements (Day), night-time (Night) and day
and night measurements together (All), to assess the robustness of the
proposed approach to changes in the illumination conditions. Table 11
reports the same results obtained for the 5–6 August 2008 time win-
dow, where only AATSR was compared to ERA-Interim and SSM/I, in
order to preliminarily assess possible seasonal variations in the quality
of retrieved TCWV.

The following conclusions can be drawn:

1) No appreciable difference between day-time and night-time
retrievals is observed;

2) RMS b15% when comparing with SSM/I (b20% for ERA-Interim);
3) median bias b±0.12 g/cm2 (±4.8%) in all conditions; and
4) no seasonal dependence is apparent (to be confirmed).

The different RMS values found in comparing TCWV to ERA-Interim
or to SSM/I are due to the different grid cell sizes: the TCWV variability
in a 0.75° × 0.75° cell is likely to be significant, and the ATSR retrievals
are performed for cloud free scenes only. This implies that the probabil-
ity of full coverage of an ERA-Interim cell is extremely low (about 2% of
analysed cases) and, hence, the TCWV values are in general representa-
tive of only a portion of the cell area. This problem is also present when
ack, left plot), SSM/I (black, right plot). (For interpretation of the references to colour in this



Table 7
ATSR-1 vs. SSM/I and ERA-Interim (2–5 December 1995).

2–5 Dec. 1995 N Median
(g/cm2)

RMS
(g/cm2)

Median
(%)

RMS
(%)

ATSR-1 vs. SSMI All 226,355 −0.07 0.43 −2.80 16.24
ATSR-1 vs. ERA-Interim All 44,906 −0.05 0.46 −1.94 17.18
ATSR-1 vs. SSMI Night 119,155 −0.12 0.43 −4.74 17.02
ATSR-1 vs. ERA-Interim Night 22,690 −0.07 0.42 −2.68 17.02
ATSR-1 vs. SSMI Day 107,200 −0.02 0.44 −0.65 15.97
ATSR-1 vs. ERA-Interim Day 22,216 −0.03 0.49 −1.14 17.73

Fig. 5. Same as Fig. 2 but for AATSR.
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considering SSM/I data, although less relevant due to the smaller grid
cell size (0.25° × 0.25°).

The inter-comparison results presented in this work are not to be
interpreted as a validation, but rather as qualitative indicators of the po-
tential accuracy and precision of TCWV retrieved with the AIRWAVE
method. A more extended validation exercise will be carried out after
refining the algorithm and completing the ATSRs missions processing,
considering both satellite–satellite and ground–satellite comparisons.

4.2. Estimation of retrieval precision

One of the basic assumptions for an accurate and precise TCWV
retrieval from ATSR is that of a perfect collocation between the two
views, i.e. the nadir and forward field of view should be relative to the
same sea surface area. For the Level-1 product version 3, used in this
work, the collocation has been verified to be within one pixel size
(±1 km) on statistical basis (IDEAS+, 2014). This is sufficient for our
purposes, because it implies that a nadir measurement is necessarily
included in the corresponding forward pixel area, which is about
3 × 2 km2. However, for single cases the collocation might be insuffi-
ciently accurate, with detrimental effects on retrieval accuracy and
precision. A specific study will be dedicated to the assessment of this
potential source of error and the related contribution to the TCWV
uncertainty budget will be assessed.

A rough estimate of the precision of the AIRWAVE retrieval at
1 × 1 km2 resolution can be done as follows. Based on the analysis
Smith, Mutlow, Delderfield, Watkins, and Mason (2012), we assume
the random errors of the TIR channels to be of the order of 0.04 K for
ATSR-2 and AATSR, and 0.1 K for ATSR-1. The equivalent in radiance is
0.13% for ATSR-2 and AATSR, and about 0.3% for ATSR-1. Assuming the
four measurements, i.e. the two TIR radiance taken at the two viewing
angles, to be statistically independent, the overall random error is
given by the square root of the sum of the variances, i.e. 0.25% and
0.6%. To get the AIRWAVE TCWV precision we multiply these numbers
for about 50 (α and β in Eq. (29)), resulting in a precision of 12% for
ATSR-2 and AATSR and 30% for ATSR-1.

The direct inter-comparison of ATSRs is not as trivial as it could have
been expected. In fact, while ERS-2 (ATSR-2) and ENVISAT (AATSR) fol-
low exactly the same track with a delay of about 30 min, the ERS-1
(ATSR-1) satellite has 24 h delay with respect to the ERS-2 satellite
track. This means that a direct comparison could be performed only
on monthly or seasonal averaged global fields.

A simple experiment was therefore designed to quantify the effect
of time delay between TCWV retrievals. It consists in independently
comparing the ATSR retrievals (e.g. ATSR-1 and ATSR-2) and the corre-
sponding SSM/I data selected for the inter-comparison. In fact, as de-
scribed above, for each ATSR instrument the SSM/I data were selected
by minimising the time lag between measurement and thus the SSM/I
data for a given geographic position may differ for the various ATSR se-
lections. In practice, for the 2–5 December 1995 and 2002 time slots, we
computed the histograms of percentage difference between ATSR-1/
ATSR-2 and ATSR-2/AATSR matches, and of the corresponding SSM/I
TCWV.

In Fig. 6, the left panel shows the ATSR-1–ATSR-2 (blue line) and
SSM/IATSR-1–SSM/IATSR-2 (red line) percentage difference histogram,
the right panel shows the ATSR-2–AATSR (blue line) and SSM/IATSR-2–
SSM/IAATSR (red line) percentage difference histogram. Each panel
reports the median and standard deviation values for ATSR (blue) and
SSM/I (red).

This simple exercise demonstrates that if we compare the SSM/I
values extracted at (or close to) ATSR-1 and ATSR-2 measurement
times, we get a standard deviation of about 14%, which is almost totally
due to the TCWV variability over time, as the SSM/I results are obviously
independent of any ATSR variability. This is confirmed when consider-
ingATSR-2 andAATSR (30min time lag): in this case the SSM/I standard
deviation reduces to 5%. We could then empirically estimate the preci-
sion of the ATSR TCWV (at SSM/I grid scale), by assuming that the
SSM/I standard deviation is a goodmeasure of the atmospheric variabil-
ity. Let's consider the ATSR variance, σtot, and split it into the retrieval
and atmospheric contributions, σretr and σatm respectively. It holds:

σ2
retr ¼ σ2

tot−σ2
atm ð30Þ

Using the values estimated above for the ATSR-1–ATSR-2 case, we
have:

σ2
retr ¼ 18:44ð Þ2− 13:14ð Þ2 ¼ 167:37 ð31Þ

This means that the combined random error for ATSR-1 and ATSR-2
is about 13%. For the ATSR-2–AATSR case we have:

σ2
retr ¼ 7:87ð Þ2− 5:11ð Þ2 ¼ 35:82 ð32Þ



Table 10
AATSR vs. SSM/I and ERA-Interim (2–5 December 2002).

2–5 Dec. 2002 N Median
(g/cm2)

RMS
(g/cm2)

Median
(%)

RMS
(%)

AATSR vs. SSMI All 241,903 −0.03 0.36 −1.23 13.38
AATSR vs. ERA-Interim All 46,622 0.01 0.44 0.50 16.45
AATSR vs. SSMI Night 135,212 −0.03 0.36 −1.21 13.40
AATSR vs. ERA-Interim Night 25,157 0.01 0.43 0.49 16.38
AATSR vs. SSMI Day 106,691 −0.03 0.35 −1.25 13.35
AATSR vs. ERA-Interim Day 21,469 0.01 0.45 0.51 16.54

Table 8
ATSR-2 vs. SSM/I and ERA-Interim (2–5 December 1995).

2–5 Dec. 1995 N Median
(g/cm2)

RMS
(g/cm2)

Median
(%)

RMS
(%)

ATSR-2 vs. SSMI All 256,240 −0.04 0.36 −1.48 13.98
ATSR-2 vs. ERA-Interim All 46,547 −0.02 0.43 −0.58 16.71
ATSR-2 vs. SSMI Night 133,966 −0.03 0.36 −1.24 14.09
ATSR-2 vs. ERA-Interim Night 24,155 0.0 0.41 −0.04 16.38
ATSR-2 vs. SSMI Day 122,274 −0.04 0.36 −1.72 13.85
ATSR-2 vs. ERA-Interim Day 22,403 −0.03 0.44 −1.38 17.08
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The combined ATSR-2 and AATSR random error is roughly 6%. The
ATSR-2 and AATSR instruments are known to be extremely well cali-
brated and very similar in terms of radiometric noise. Hence, we can
infer that the random variability is equally distributed between the
two instruments, so that the expected standard deviation of ATSR-2
and AATSR TCWV is about 4%. This implies that the expected random
error value for ATSR-1 is close to 15%. The ATSR-1 radiometric stability
will be further investigated, as there are indications of performancedeg-
radation of the thermal infrared channels during its lifetime. The TCWV
random error found here (15%) is thus to be considered as a conserva-
tive estimate and we expect it to vary during the mission.

5. Future developments

The results reported in this work highlight the validity of the
adopted retrieval method. However, the current approach potentially
suffers from some shortcomings or potential sources of errors, which
are listed below and that will be addressed in the future.

6. Forward model parameters

The retrieval parameters used in this work are independent of lati-
tude and season, a limitation that might induce a loss of accuracy at
high latitudes and/or unrealistic seasonal variations. A practical solution
to this potential problem is currently under development and consists
in the creation of look-up-tables (LUTs) of pre-computed parameters
relative to different seasons, latitudes and viewing angles.

7. Sea surface emissivity

The sea surface emissivity term in Eq. (29), here called Δε, can be
written as follows:

Δε ¼ α � ENAD
ΔσNAD

þ β � EFWD

ΔσFWD
ð33Þ

or:

Δε ¼ α � λ1 ln ε1ð Þ−λ2 ln ε2ð Þð ÞNAD
ΔσNAD

þ β � λ1 ln ε1ð Þ−λ2 ln ε2ð Þð ÞFWD

ΔσFWD
ð34Þ
Table 9
ATSR-2 vs. SSM/I and ERA-Interim (2–5 December 2002).

2–5 Dec. 2002 N Median
(g/cm2)

RMS
(g/cm2)

Median
(%)

RMS
(%)

ATSR-2 vs. SSMI All 228,560 −0.03 0.35 −1.00 13.46
ATSR-2 vs. ERA-Interim All 43,828 0.01 0.43 0.43 16.65
ATSR-2 vs. SSMI Night 121,940 −0.02 0.35 −0.86 13.59
ATSR-2 vs. ERA-Interim Night 22,713 0.02 0.42 0.59 17.04
ATSR-2 vs. SSMI Day 106,620 −0.03 0.35 −1.17 13.32
ATSR-2 vs. ERA-Interim Day 21,118 0.01 0.44 0.29 16.22
In (34), the subscripts either discriminate the 10.8 and 12 μm chan-
nels (1, 2) or the viewing geometry (NAD, FWD). In the current config-
uration of our retrieval scheme, for ε we used the values produced by
Filipiak (2008), from the database hosted at Institute of Atmospheric
and Environmental Science of the University of Edinburgh (Edinburgh
DataShare, 2008). This dataset consists in computed emissivity spectra
for pure water and seawater (35 PSU), suitable for radiative transfer
simulation of observations of thermal imagers, such as the series of
ATSRs. The refractive indices are tabulated as a function ofwavenumber
(500–3500 cm−1) and temperature (274, 287, and 300 K). The emissiv-
ities are tabulated as a function of wave number (600–3350 cm−1),
view angle (0–85°), temperature (270–310 K), and wind speed
(0–25m/s at 12.5 m above sea level). In our setup we selected emissiv-
ity spectra relative to a wind speed of 3m/s and a SST value of 290 K. To
estimate Δε, these spectra have been convolved with the ATSR filter
functions. The sensitivity of Δε to temperature and wind speed varia-
tions is under investigation and will be the subject of a separate study.
However, from preliminary analyses we estimate that the impact on
TCWV should not exceed ±0.3 g/cm2 in extreme cases.
8. Carbon dioxide

The possible impact of CO2 variations (trends) has been preliminar-
ily assessed. Similarly to the sea surface emissivity treatment, let's call
ΔCO2 the CO2 term in (29). The CO2 term can be written as:

ΔCO2 ¼ α � ΔσCO2;NAD

ΔσNAD
þ β

ΔσCO2;FWD

ΔσFWD

� �
� ρCO2 ð35Þ

The absorption cross sections are estimated throughMODTRANRTM
simulations including the AMF correction. From preliminary calcula-
tions it appears that the AATSR instrument is the most sensitive to pos-
sible CO2 variations, due to its 12 μm band being slightly displaced
towards longer wavelengths. If we assume a CO2 trend of about 2.0
ppm/year (see e.g. Schneising et al., 2011) we expect a detectable drift
in TCWV of about −0.04 g/cm2/year. We are currently setting up our
system to allow the processing of the full ATSR dataset and, after com-
pleting the analysis, we will be able to evaluate, and possibly remove,
this systematic error.
Table 11
AATSR vs. SSM/I and ERA-Interim (5–6 August 2008).

5–6 Aug. 2008 N Median
(g/cm2)

RMS
(g/cm2)

Median
(%)

RMS
(%)

AATSR vs. SSMI All 157,805 −0.04 0.38 −1.46 14.91
AATSR vs. ERA-Interim All 27,687 −0.04 0.42 −1.64 16.46
AATSR vs. SSMI Night 86,437 −0.01 0.38 −0.27 14.53
AATSR vs. ERA-Interim Night 14,458 0.01 0.41 0.41 16.11
AATSR vs. SSMI Day 71,368 −0.07 0.37 −2.86 14.65
AATSR vs. ERA-Interim Day 13,229 −0.10 0.42 −4.01 17.57



Fig. 6. ATSR (blue) and SSM/I (red) percentage difference histograms. Left: ATSR-1–ATSR-2 (2–5 December 1995); right: ATSR-2–AATSR (2–5 December 2002). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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9. Conclusions

A new total column water vapour retrieval scheme for multi-view
thermal infrared instruments for sea surfaces and cloud-free scenarios,
has been presented and discussed in detail. The Advanced Infra-Red
WAter Vapour Estimator approach, briefly AIRWAVE, which is based
on the analysis of the 10.8 and 12 μm channels only, is applied to all
three ATSR instruments, with the aim of creating an accurate and pre-
cise long-term dataset of water vapour columns, covering the period
1991–2012.

The most relevant difference with respect to previous approaches
lies in the physical estimate of the retrieval parameters, which are not
estimated through empirical fitting to independent TCWV data, but
rigorously calculated using radiative transfer models and precise infor-
mation on the instrumental characteristics. This allows for the full
decoupling from the different contributions of the physical quantities
involved in the radiative transfer, such as the sea surface emissivity
and the atmospheric carbon dioxide content. The contribution of sea
surface temperature and of atmospheric aerosols is minimised through
the combination of nadir and forward view retrievals, where relative
factors are estimated through radiative transfer model simulations.
For this purpose, a dedicated radiative transfer model has been devel-
oped and used to evaluate the impact of variations of atmospheric con-
stituents such as ozone and nitric acid onto measured radiances and to
account for different atmospheric scenarios. The retrieval parameters
are estimated off-line through radiative transfer simulations, no RTM
calculations are needed during AIRWAVE processing. This allows a
very efficient processing, thus making this approach suitable for the
complete analysis of the three ATSR missions, spanning from 1991 to
2012.

The preliminary AIRWAVE data showed excellent accuracy and an
estimated precision ranging from about 4% (AATSR and ATSR-2) to
15% (ATSR-1) when compared to independent SSM/I and ECMWF
ERA-Interim water vapour columns, i.e. when TCWV data are aggregat-
ed at coarser resolution. The estimated precision at 1 × 1 km2 resolution
ranges from about 12% for ATSR-2 andAATSR to 30% for ATSR-1. Amore
accurate quality assessment exercise will be carried out in the next
future, and will be based on the validation against water vapour col-
umns derived from radiosondes and on the inter-comparisonwith inde-
pendent satellite products. Future developments will include for
example additional latitudinal and seasonal variations of the retrieval
parameters; corrections for sea surface emissivity dependence on
wind speed; the correction for CO2 trends, and the retrieval of above
cloud top water vapour column.

The possibility of extending AIRWAVE retrieval to land scenes is
constrained by the availability of extremely accurate auxiliary informa-
tion on land emissivity And will be tested in the future.

The proposed AIRWAVE approach can readily be applied to the next-
to-fly Copernicus Sentinel-3 SLSTR TIR measurements, as SLSTR is the
advanced version of the ATSR family. The required instrumental infor-
mation, i.e. the spectral functions and the radiometric calibration accu-
racy, are currently being determined in the laboratory and should be
available by mid-2015. A set of TCWV retrieval parameters specific to
SLSTRwill be determined and the retrieval tested on synthetic products
as soon as they become available.
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Appendix A

To test the validity of the geometric correction to the AMF for the TIR
channels of ATSR, we have analysed the ratio between the MODTRAN
water vapour optical depths (including the continuum) computed for
different viewing angles, and the corresponding optical depths calculat-
ed at nadir (0 degrees) for the following scenarios:

• 10.8 and 12 μm bands;
• 12 view angles from 0 to 55 degrees;
• 18 TCWV values (from 0.2 to 9 g/cm2); and
• 6 atmospheric models (Tropical, Mid-Lat summer and winter, Sub-
Artic summer and winter, and US Standard).

For each ATSR mission, we have plotted this ratio, which corre-
sponds to the definition of the Air Mass Factor (see Palmer et al.,

http://www.remss.com
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2001), as a function of the viewing angle. Results are shown in Fig. A1, in
which the 10.8 μm AMFs are the black crosses, the 12 μm AMF are the
red crosses, and the simple geometric AMF = 1/cos(view angle) is the
solid black curve. The three plots refer to ATSR-1 (upper), ATSR-2
(middle) and AATSR (lower)
Fig. A1.ATSRTIRAMF vs. viewangle. Upper plot: ATSR-1;middleplot: ATSR-2; lower plot:
AATSR.
From the plots shown the following considerations can be drawn:

1) The geometric AMF is a good approximation for 10.8 μmband for all
angles up to 55 degrees.

2) The geometric approximation for the 12 μm band slightly overesti-
mates the modelled AMF for angles N40 degrees.

The different behaviour of the two channels explains the value we
found for the effective cross section ratio value 1.6 ± 01, instead of
the simple geometric value of 1/cos(55°) = 1.74. In other words,
by using the MODTRAN optical thickness evaluated at different an-
gles, we accounted for possible AMF dependence on the atmospheric
state.

Appendix B

A simple (empirical) exercise has been carried out, aiming at verify-
ing the assumption of a constant “δ” under different atmospheric
conditions.

Consider Eq. (29) and the definition ofα andβ of Eqs. (26) and (27).
Calling Δσrat the ratio of FWD to NAD effective cross sections, Eq. (29)
becomes:

TCWV ¼ ΦNAD

1−
Δσ rat

δ

þ ΦFWD

1−
δ

Δσ rat

ðB:1Þ

Eq. (B.1) can be written as:

TCWV ¼ δ �ΦNAD

δ−Δσ rat
þ Δσ rat �ΦFWD

Δσ rat−δ
ðB:2Þ

From B.2 we get:

TCWV � δ−Δσ ratð Þ ¼ δ �ΦNAD−Δσ rat �ΦFWD ðB:3Þ

B.3 becomes:

δ � TCWV−δ �ΦNAD ¼ TCWV � Δσ rat−Δσ rat �ΦFWD ðB:4Þ

Finally, solving for δ we get:

δ� ¼ TCWV−ΦFWD

TCWV−ΦNAD
� Δσ rat ðB:5Þ

B.5 can then be used for testing our assumption of “constant δ” by
using:

• ECMWF (or SSM/I) coincident water vapour data as “TCWV” in B.5
• AIRWAVE “pseudo-columns” from ATSRmeasurements (see Eq. (17))
• AIRWAVE effective absorption cross section ratio (i.e. =1.6, see
relation 28)

If we consider the data of 2–5 December 1995 and 2–5 December
2002 as test cases, through B.5 we can easily estimate the variability of
δ as function of the TCWV values from ERA-Interim or SSM/I. Fig. B1 il-
lustrates the results obtained for the three ATSRs for these dates using
ERS-Interim as reference water vapour column. In each plot, we report
the date and the number of single TCWV measurements used for the
calculation (N4 × 104), along with the average value of the “measured”
δ along with its standard deviation. The horizontal blue line represent
the δ value estimated through RTM simulations.



Fig. B1. B δ as function of TCWV (ERA-Interim). Plot a): ATSR-1 (2–5 Dec. 1995); plot b): ATSR-2 (2–5 Dec. 1995); plot c ): ATSR-2 (2–5 Dec. 2002); plot d) AATSR (2–5 Dec. 2002).
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Same results are obtained when using SSM/I (not shown here).
The following conclusions can be drawn:

a) The average δ values are equal to those estimated from our RTM
simulations for all ATSRs;

b) the variability of δ is very small for all TCWV values, with the excep-
tion of the 0 b TCWV b 1 g/cm2 range (cloud/see ice contamination,
low S/N ratio); and

c) the δ values appear to be more stable than expected from our RTM
simulation results.

The rational for not using in the AIRWAVE design these extremely
good results, is based on the following considerations:

• It is assumed here that atmosphere observed in ECMWF (or SSM/I) is
that observed by the ATSR instruments, which is obviously not the
case, and

• we cannot separate the different sources of random and systematic
errors, present in both AIRWAVE and ECMWF (or SSM/I), and that
could impact this analysis.

Thus, we decided to restrict our testing on δ stability to the use of
RTM simulations only, which may not be fully exhaustive but for
which we have full control of all variables.

As a final consideration, we could have “tuned” AIRWAVE using the
above described method, in order to minimise biases and variability
when comparing to ECMWF or SSM/I. We intentionally avoided such
“contamination” of our approach, in order to keep our retrieval as
much as possible independent of other datasets.
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