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A Simplified Method for Estimating the Total
Water Vapor Content Over Sea Surfaces Using

NOAA-AVHRR Channels 4 and 5
J. A. Sobrino, J. C. Jimenez, N. Raissouni, and G. Soria

Abstract—A simplified method for estimating the total
amount of atmospheric water vapor, , over sea surfaces using
NOAA-AVHRR Channels 4 and 5 is presented. This study has
been carried out using simulated AVHRR data at 11 and 12 m
(with MODTRAN 3.5 code and the TIGR database) and AVHRR,
PODAAC, and AVISO databases provided by the Louis Pas-
teur University (Strasbourg-France), NASA-NOAA, and Météo
France, respectively. The method is namedlinear atmosphere–sur-
face temperature relationship(LASTR). It is based on a linear
relationship between the effective atmospheric temperature in
AVHRR Channel 4 and sea surface temperature. The LASTR
method was compared with the linear split-window relationship
(LSWR), which is based on a linear regression between and the
difference of brightness temperature measured in the same chan-
nels (� = 4 5). The results demonstrate the advantage
of the LASTR method, which is capable of estimating from
NOAA-14 afternoon passes with a bias accuracy of 0.5 g cm2

and a standard deviation of 0.3 g cm 2, compared with the
obtained by the AVISO database. In turn, a global bias accuracy of
0.1 g cm 2 and a standard deviation within 0.6 g cm 2 have been
obtained in comparison with the included in the PODAAC
database derived from the special sensor microwave/imager
(SSM/I) instrument.

Index Terms—AVHRR, PODAAC, water vapor.

I. INTRODUCTION

T HE total atmospheric water vapor () is an important
component for the study of the hydrological cycle and

the Earth’s climate [1]. Efforts have been made by numerous
researchers to estimate over land and ocean surfaces using
AVHRR thermal infrared and special sensor microwave/imager
(SSM/I) microwave remote sensing data. In recent years the
microwave remote sensing techniques have been developed to
retrieve the columnar water vapor over the oceans with a root
mean square accuracy of 0.12 g cmwith a spatial resolution
of 50 km [2]. Our objective in this research is to estimate

over sea surfaces with a spatial resolution of 1 km using
AVHRR data. Sobrinoet al. [3] presented a technique called
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split-window covariance–variance ratio (SWCVR), based on a
quadratic relationship between and the ratio of the spatial
covariance and variance of brightness temperatures measured in
channels4 and5 ofAVHRRinsubsetsof neighboring
pixels. The SWCVR enables us to obtainfrom AVHRR data
over land surfaces with a standard error of 0.5 g cm[4]. The
main shortcoming of the SWCVR technique is that, due to its
mathematical structure, it should be applied over regions with
a certain level of thermal heterogeneity (we recommended a
standard deviation of in the subset 0.5 K). Therefore, it
does not work in most situations over sea surfaces. To solve
this problem we are proposing a simplified technique, named
linear atmosphere–surface temperature relationship(LASTR),
based on a linear correlation between the effective atmospheric
temperatureinAVHRRChannel4andtheseasurfacetemperature
(SST). This method is also compared for a cloud-free situation
with the linear split-window relationship (LSWR) approach,
which is based on the linear relationship exhibited between the
total atmospheric water vapor and the difference of brightness
temperatures [4]–[8].

II. LASTR METHOD

Starting from the radiative transfer equation, for a cloud-free
situation, and considering the emissivity as being equal to one
for a blackbody, the transmittance through the atmosphere from
the surface to the satellite in Channelcan be obtained following
[9, Eq. (20)], as:

SST
(1)

where is the brightness temperature measured at satellite
level in Channel (in our case AVHRR Channels 4 or 5), SST is
the corresponding sea surface temperature at the time satellite
passes and is the effective atmospheric temperature, that can
be considered as the temperature at which radiates the whole at-
mosphere. To solve (1), it is necessary to know SST and.
SST can be obtained using a split-window method. A multitude
of split-window algorithms have been developed in recent years
[10]. In this paper, we propose using two algorithms represen-
tative of the two tendencies which are more promising for ob-
taining accurate SST at global scale: The match-up pathfinder
sea surface temperature (MPFSST) algorithm based on the first-
guess principle [10] and the quadratic algorithm suggested 24
years ago by McMillin [11]. The MPFSST algorithm is based
on the Nonlinear SST (NLSST) algorithm developed by Walton,
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formerly of NOAA/NESDIS [12], and has the following form:

SST SST

(2)

where SST is the satellite-derived SST estimate, and
are brightness temperatures in AVHRR Channels 4 and 5,

respectively, SST is a first-guess SST value, andis the
satellite zenith angle. Coefficients, , , and are estimated
from regression analyzes using co-locatedin-situ and satellite
measurements (or “matchups”) on a monthly basis, and for two
separate atmospheric regimes (dry and medium to moist atmo-
spheres). This produces a statistical algorithm, tuned to bulk
SST measurements. Typically, NOAA produced a set of coef-
ficients using matchups for a certain period; these coefficients
would not be modified until there was a perceived need (i.e.,
after the eruption of the Mt. Pinatubo volcano in June 1991, or
when a new AVHRR was launched).

Moreover, in the case in which we do not have satellite zenith
angle and/or SST , the SST can be obtained from a quadratic
algorithm. In this case we have used the algorithm given by [13,
Eq. 3], assuming the emissivity to be equal to one for a black-
body. The MODTRAN 3.5 atmospheric transmittance radiance
code was used to obtain the effective atmospheric temperature
and the total water vapor content and to predict radiances for
Channels 4 and 5 of NOAA-14 AVHRR with the appropriate
channel filter functions. The simulations were made for a set of
60 radiosounding obtained over the sea which cover the vari-
ability of sea surface temperature (SST) (from 273 K to 330
K) and atmospheric moisture conditions (from 0.15 g cmto
6.71 g cm ) on a world-wide scale. To obtain this variability
the radiosoundings were extracted from the TOVS initial guess
retrieval (TIGR) [14], [15]. The calculations included five ob-
servation angles (0, 11.1 , 24.5 , 32.3 , and 42), one surface
temperature ( is the first boundary layer temperature of
the atmosphere assumed to be equal to the sea surface tempera-
ture for an atmosphere in thermodynamic equilibrium), and the
emissivity equal to one for a blackbody.

As it has been explained previously, to solve (1), it is neces-
sary to know SST and . To obtain the effective atmospheric
temperature we have investigated the correlation between
and SST. Fig. 1 shows the linear fit between and SST
for AVHRR Channel 4 (the most transparent channel) with a
correlation coefficient of 0.95, a bias of 0 K and a standard error
of the estimate of 2.3 K. The relationship can be expressed by

SST (3)

A similar equation, for five LOWTRAN 7 atmospheric
models, is given by [14, Eq. (8) and Fig. 2] demonstrating a
basic linear relationship between model surface air temperature
and mean model atmospheric temperature. To estimate ,
i.e., the total water vapor content of the atmosphere along the
path, a simple linear relationship between and the atmo-
spheric transmittance in Channel 4 is considered (see Fig. 2).
The linear fit proposed from the aforementioned simulated data

Fig. 1. Plot of simulatedT (K) at AVHRR channels four versus SST (K).

Fig. 2. Plot of simulated water vapor content along the pathW (g cm )
versus simulated channel four transmissivity� .

can be expressed by (4) with a correlation coefficient of 0.99
and standard error of the estimate of 0.2 g cm

(4)

Now, we present a sensitivity analysis in order to ascertain how
uncertainty in some of the values of the parameters affects the
retrieved water vapor amount. A simple error analysis based on
formula (4) and (1) yields

SST

(5)

The error estimations was done by assuming that SST
K (see Fig. 1). The errors considered are 0.1 K for the noise

temperature of the AVHRR Channel 4, , 2.3 K for
(according to Fig. 1), and we assumed that the error made in
the determination of the SST by using the MPFSST method is
about 0.6 K [12]. Finally, to evaluate (5), we used two sets of
typical temperature differences values, for a dry atmosphere;
SST K, K, and for a wet at-

mosphere; SST K, K. Thus, ac-
cording to (5) we have that the error associated with the water
vapor columns determination using the LASTR method varies
between 0.6 g cm to 1 g cm approximately.

Fig. 3 summarizes the main steps in the application of the
LASTR method for the calculation of the water vapor content
from AVHRR Channels 4 and 5.
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Fig. 3. Flowchart showing the main steps in the application of the linear atmosphere–surface temperature relationship method.

III. RESULTS

This section gives the results with the corresponding descrip-
tion of the data set (AVISO and PODAAC) used to analyze and
compare, the LASTR, and LSWR methods.

A. AVISO Data

The AVISO database (Archivage, Visualization, Interpréta-
tion, des données des Satellites Océanographiques) is provided
by Météo France for the same days as the AVHRR images [4].
Geopotential, air temperature, and relative humidity are pro-
vided at 14 pressure levels, equivalent to approximately the first
16 km of the atmosphere. The total water vaporis obtained
at each node by summating the water vapor density at each level
from the initial altitude to the altitude corresponding at 100 hPa.
The data have a spatial resolution of 0.5and a temporal sam-
pling of four time a day (0000 AM, 0600 AM, 0000 PM, and
0600 PM). The model enables to obtain over sea surfaces
from AVISO data with a standard error of 0.3 g cmin com-
parison with radiosoundings data [17]. In our case, we have used
a set of 825 data over sea surfaces for the Southwest Mediter-
ranean basin (45N, 35 N; 10 W, 4 E).

The AVHRR images were provided by the receiving station
developed at University Louis Pasteur of Strasbourg, France.
The calibration of the images is achieved using the recommen-
dations advocated by the NOAA [18], [19]. After calibration,
all images were geo-referenced. Scenes of 14001000 pixels,
with a pixel size of 1 km were extracted. NOAA-14 afternoon
images on 9, 10, 13, 14, 17, and 19 March 1997 were selected
for their clear atmospheric conditions. In any case, there are still
some pixels contaminated by clouds. Cloud detection was per-
formed with a threshold method based on the algorithm pro-
posed by [20].

In Table I, we present the results of the comparison between
the water vapor nadir obtained from AVHRR data using (1),
(4) and (3) (in [13]) [hereafter, (quad)] and that ob-
tained from AVISO data (hereafter, ) for each one of
the six days considered and for all data. It should be noticed
that due to the spatial resolution of the AVISO database (0.5),
the (quad) was obtained from the averaging values on

TABLE I
MINIMUM (min), MAXIMUM (max), MEAN (�), STANDARD DEVIATION (�),

ROOT, MEAN, SQUARE DEVIATION (rmsd)AND NUMBER OF DATA (N DATA)
OF THE DIFFERENCEBETWEENW (quad) OBTAINED FROM THE

NOAA-14 AFTERNOONPASSES ANDW OVER SEA SURFACES FORDAYS

9, 10, 13, 14, 17,AND 19 MARCH 1997. THE RESULT FOR ALL THE 825 DATA

CORRESPONDING TO THESUBSET OF THESIX DAYS IS ALSO INCLUDED

boxes of 51 51 pixels centered in the AVISO nodes. More-
over, the comparison has been made only for boxes in which
more than 50% of pixels are cloud free. Table I shows promising
results with a mean difference of about 0.5 g cmand a stan-
dard deviation of 0.3 g cm for all the 825 data.

B. PODAAC Data

The AVHRR pathfinder oceans match-up database (PFMDB)
was obtained from the NASA Physical Oceanography Dis-
tributed Active Archive Center (PODAAC) at the Jet Propul-
sion Laboratory (JPL), California Institute of Technology.
The Pathfinder program was jointly developed by NASA and
NOAA with the goal of providing long-term, consistently
calibrated global change-related data sets to Earth scientists.
PFMDB is a compilation of multiyear, multisatellite data
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Fig. 4. Mean and standard deviation of the difference between the water vapor content at nadir given in the PODAAC database (W ) and the obtained
applying; 1) the LASTR method for nadir view (�W ) and 2) the LSWR method (�W ).

of approximately cotemporal (limited to 30 min), colocated
(limited to 10 km)in-situ sea surface temperature and AVHRR
measurements. The AVHRR data are provided by the Global
Area Coverage (GAC) data stream. The last step in the com-
pilation of the PFMDB is the addition of ancillary data to
the matchups, (i.e., Basin codes, etc.). A detailed description
of the fields and the quality control tests are included in the
AVHRR Oceans PFMDB Version 19 [21]. We have used a set
of 23 788 data corresponding to all the months of the years of
1995, 1996, and 1997. These are the data that pass the filtering
tests: 1) absence of sun glint, 2) absence of sun side, and 3)
cloud tests. The data sets include obtained from the SSM/I
radiometer on board spacecraft of the Defense Meteorological
Satellite Program (DMSP) series [22]. The values were
extracted from a set of geophysical files produced by [2] with
a root, mean, square accuracy of 0.12 g cmand a bias of
0.06 g cm in comparison with radisoundings data. We have
also used the central value in 55 extraction box for AVHRR
Channels 4 and 5 and the SST obtained from the MPFSST
algorithm calculated using coefficients developed for Version
4 of the pathfinder global SST fields [21]. Note, however, that
this value was computed using thein-situ buoy temperature as
the first-guess SST required by the MPFSST algorithm.

In the following, we will show the results of the compara-
tive study we have carried out between the proposed LASTR
method and the LSWR method. We notice that at this stage, for
the LSWR method the coefficients of the linear fit have been
obtained using the same simulated data as for the LASTR (see
section A). This is important to achieve a better comparison be-
tween both methods. Thus, we have obtained: (g cm )

with a correlation coefficient of 0.89
and a standard error of the estimate of 0.6 g cm.

Fig. 4 shows the mean and the standard deviation of the dif-
ference between the water vapor content nadir using the SSM/I
algorithm ( ) given in the PODAAC database and that ob-
tained applying; 1) the LASTR method for nadir view using (1),
(3), and (4) with the SST given in the PODAAC database
(hereafter ) and 2) the LSWR method using the given

fit (hereafter ). The differences are made on a monthly
basis (from 1 January until 12 December) for the three years of
data (1995, 1996, and 1997), and for the whole of 23 788 data
corresponding to all the basins. The results in Fig. 4 show a con-
stant variation of the standard deviation for the LASTR method
during the study period with a value of about 0.6 g cm. The
LSWR method shows similar behavior with a higher standard
deviation value of 0.8 g cm . For the mean value of the differ-
ences, cyclic behavior is shown for both methods. These differ-
ences are important, showing a bias of about 0.13 g cmfor
the LASTR method and greater than1 g cm for the LSWR
method. The above results show that the LASTR method pro-
vides better results than the LSWR method and therefore it is the
method that we propose to obtain from AVHRR data over sea
surfaces.

Finally, it should be no that the above performance has been
made comparing the LASTR estimations ofwith the SSM/I
retrievals which we take as “truth,” and no statement is made
about the effects of precipitation contamination in the SSM/I re-
trievals nor the spatial resolution differences with AVHRR data.
In the near future it will be necessary to have access to a big data-
base of coincident radisosounding and satellite data that permits
comparing the obtained from the LASTR method with the
given by radiosounding in the different oceans.

IV. SUMMARY AND CONCLUSIONS

In this paper, we have developed a simple technique called
LASTR for evaluating from AVHRR data over sea surfaces.
The LASTR method is based on a linear relationship between
the effective atmospheric temperature in AVHRR Channel 4 and
the surface temperature. To analyze the technique, a database
of simulated data (MODTRAN 3.5), AVHRR, PODAAC, and
AVISO data were used. The results indicate that the LASTR is
capable of estimating from NOAA-14 afternoon passes with
a bias accuracy within 0.5 g cm and a standard deviation of
0.3 g cm in comparison with the obtained by the AVISO
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database, while a global bias accuracy of 0.1 g cmand a stan-
dard deviation of 0.6 g cm have been obtained in comparison
with the included in the PODAAC database, derived from
the SSM/I instrument on board spacecraft of the DMSP series.
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