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The high level of accuracy demanded for the sea surface temperature retrieval from
infrared data requires an accurate determination of directional sea surface
emissivity (SSE). Previous models have permitted calculating SSEs using a physical
characterization of sea surface roughness and emission. However, these result in
complex equations, and make an operational application difficult. This paper
presents a simple SSE algorithm based on a parametrization of one of these models,
which was selected as a reference since it reproduces SSE experimental data to a
reasonable level of accuracy. The parametrization provides the SSE variation with
observation angle and wind speed from a given nadir SSE value, using only one
channel-dependent coefficient. This coefficient and the nadir SSE value are given
for the IR bands of several current satellite sensors: ENVISAT-AATSR,
EOSTerra/Aqua-MODIS, NOAA17-AVHRR and MSG-SEVIRI. The average
standard error of the SSE estimate using the proposed equation is¡0.0009.

1.

Introduction

The accuracy currently required for the sea surface temperature (SST) determination
for applications in climate monitoring and operational oceanography is ¡0.3 K, as
defined by the International Tropical Ocean Global Atmosphere (TOGA) program
(Barton 1992). This accurate SST retrieval demands an accurate determination of
the sea surface emissivity (SSE) in the mid-wave and long-wave infrared (IR) regions
for any observation geometry and sea surface roughness.
Several of the current and future satellite missions use IR observations at offnadir viewing angles in the along-track direction, such as the Advanced Along Track
Scanning Radiometer (AATSR) (Llewellyn-Jones et al. 2001) on board ENVISAT
with a forward observation of 55u. Moreover, the observation angles at the image
edges of satellite sensors with wide swaths in the across-track direction are quite
large. This is the case of polar-orbit satellite sensors, such as the Advanced Very
High Resolution Radiometer (AVHRR/2 and AVHRR/3) on board NOAA 14–18
(NOAA 2006) and the Moderate Resolution Imaging Spectrometer (MODIS) on
EOS Terra/Aqua (Barnes et al. 1998). The 55u scan angle of these instruments increases
to approximately 65u at the surface due to the Earth’s curvature. Additionally, even
larger observation angles (up to about 75u) are used by the geostationary satellites,
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such as the Spinning Enhanced Visible and Infrared Imager (SEVIRI) on board
Meteosat Second Generation (MSG) (Aminou et al. 1999). At these large viewing
angles, the SSE shows a significant decrease from the value at nadir. For instance, there
is an SSE reduction of about 1.5% at 11 mm and of 2.4% at 12 mm from 0u to 55u, as
shown by experimental data (Smith et al. 1996, Niclòs et al. 2005) and models (Masuda
et al. 1988, Watts et al. 1996, Wu and Smith 1997). This fact must be taken into account
for SST retrieval from satellite observations at large angles, since this SSE decrease
leads to a significant SST error, e.g. about 21.2 K around 55u (François and Ottlé
1994). Therefore, an accurate determination of SSE is needed at these angles. In
addition, SSE must account for wind speed, which causes an increase in the roughness
of the sea surface, and has an important effect on SSE at a macro level (i.e. there is no
change in the SSE of individual surface wave facets, since each one can be considered as
a plane surface) as a result of radiance reflections.
SSE estimates can be obtained by models such as those of Masuda et al. (1988)
and Wu and Smith (1997). The problem with these models, which are based on a
physical characterization of the sea surface roughness and emission, is that they are
rather complex and therefore not useful for operational purposes. For this reason, it
would be desirable to have an accurate algorithm with as simple a parametrization
as possible. In this paper, we present a simple parametrization of the SSE
dependence on both wind speed and observation angle in the atmospheric windows
of the IR region (i.e. 3–5 mm, 8–9 mm and 10–12 mm, approximately).
In the next section, the existing theoretical models for estimating the SSE are
analysed, pointing out the theoretical basis of each one, their differences and their
accuracies. Once the most accurate model is selected, the SSE dependence on
observation angle, wavelength and wind speed are studied, and the equation for the
SSE parametrization is proposed in §3. Section 4 includes the results for the IR
channels of ENVISAT-AATSR, EOS Terra/Aqua-MODIS, NOAA-AVHRR and
MSG-SEVIRI. Finally, the conclusions are summarized in §5.
2.

Previous models

The SSE depends on: (i) the sea surface roughness, which is generated by the surface
wind, U; (ii) the complex refractive index, n, which varies with salinity and sea
temperature; and (iii) the observation angle at which the sea surface radiance is
measured. Additionally, it depends on other factors, such as the presence of foam
(Niclòs et al. 2007b), which appears only for wind speeds larger than 10 m s21 (Masuda
et al. 1988), and oil slicks. On this basis, the model of Masuda et al. (1988) established:
(i) the emission geometry, considering the rough sea surface to be composed of many
facets whose slopes can be defined using a normal and isotropic Gaussian distribution
with the surface wind; (ii) the effect of salinity on the refractive index; and (iii) the
difference between the observation angle and the incident angle. The monochromatic
effective emissivity is written in this model as (Masuda et al. 1988):

 
Ð1 Ðp
2
eðn, xÞcos x mn {4 exp {tan2 hn s2 dmn dw
ps2 me 0 0
~eðn, me , U Þ~
,
ð1Þ
Ð1 Ðp
2
cos x mn {4 expð{tan2 hn =s2 Þdmn dw
ps2 m 0 0
e

2

where s 50.003 + 0.00512 U and x is the angle between the emission direction and the
normal of a wave facet tangent, which are defined by the angles he and hn respectively,
where me5coshe and mn5coshn; and e(n, x) is the emissivity for each facet, which can be
obtained as:
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where r(n, x) is the total reflectivity. For an IR radiometer, this is a simple average
value of the two polarization complex reflectances, which are provided for the air–sea
interface by Fresnel’s formula as a function of the complex refractive index for the sea
water, n.
The paper of Masuda et al. (1988) provided tabulated SSEs as a function of the
observation angle and the surface wind speed for several wavelengths in the IR
window regions, both for pure and sea water. These tabulated values have been
widely used as a reference model for estimating SSE.
In a previous work (Niclòs et al. 2005), we studied the SSE angular dependence
using measurements carried out from a fixed oilrig in the Mediterranean as a part
of the WInd and Salinity Experiment campaign (WISE) of the ESA’s Soil
Moisture and Ocean Salinity (SMOS) mission. Emissivities were measured by a
Cimel Electronique CE 312 radiometer (Legrand et al. 2000) from October to
December 2000. SSEs were determined for observation angles up to 65u and wind
speeds up to 15 m s21, with an accuracy of ¡0.004 (Niclòs et al. 2005). The
model of Masuda et al. (1988) was in agreement with the experimental data up to
50u. However, we found a discrepancy between the SSEs computed by this model
and the SSE values measured for observation angles larger than 50u. This is in
accordance with previous observations of Smith et al. (1996). The computed
SSEs show a negative bias, which needs to be corrected to avoid SST errors
for off-nadir viewings. The relative error introduced by the model of Masuda
et al. (1988) was larger than ¡1% at 65u (see figure 1). However, a precision of at
least ¡0.5% is required to obtain an SST precision of ¡0.3 K (Wu and Smith
1997).
The model of Wu and Smith (1997) reproduces the effective SSE for any wind
speed and observation angle more accurately (see figure 1), even for angles larger
than 50u. The difference between the SSE values obtained using this model and the
experimental data were always lower than the measurement accuracy (¡0.004),
while the disparity between the measurements and the results of the model of
Masuda et al. (1988) were more than four times larger than the experimental
accuracy at 65u. Thus, the model of Wu and Smith (1997) is considered as the
reference in the present study. Wu and Smith (1997) accounted for the contribution
of the radiance emitted by the sea surface reflecting back on itself, which is
significant at high observation angles and wind speed values. In order to take this
effect into account, the e(n, x) introduced in equation (1) was replaced by (Wu and
Smith 1997):
e’ðn, xÞ~eðn, xÞz½1{eðn, xÞPðhr Þēðn, mr Þ,

ð3Þ

where e(n, x) is now the emissivity at a facet point given by equation (2); P(hr) is the
probability that radiance arriving at this point with a local zenith angle hr originates
from the sea surface, with this being a function of the roughness dimensions; and
ē(n, mr) is the mean emissivity of the sea surface that contributes to the radiance
emitted at this angle, where mr5coshr52cosxcoshn2coshe.
The reflected emission causes a higher SSE increase with wind speed, removing
the negative bias shown by the model of Masuda et al. (1988). The spectral and
angular dependence of the SSE given by the model of Wu and Smith (1997) can be
observed in figure 2.
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Figure 1. Angular variation of the sea surface emissivity (SSE). Comparison of experimental
values (Niclòs et al. 2005) and theoretical SSEs computed by the model of Masuda et al.
(1988) and the model of Wu and Smith (1997). Measurements with the Atmospheric Emitted
Radiance Interferometer (AERI) (Smith et al. 1996) for wind speed, U, of about 5 m s21 are
also shown.

The model of Wu and Smith (1997) is a physical characterization of the sea
surface emission, including the reflected emission, which explains its high level of
accuracy. It is, however, mathematically complex. For this reason, in the next
section we develop a simple algorithm, based on the values computed by the
physical model of Wu and Smith (1997), to calculate accurate SSE as a function of
wind speed and observation angle.
3.
3.1

The algorithm
A simple parametrization

The angular variation of SSE (see figures 1 and 2) suggested a parametrization in
terms of a cosine function, but with a smaller decrease with angle, which could be
attained by introducing additional coefficients. However, the higher complexity
of the spectral dependence hinders a simple characterization of this spectral
variability when using tables of SSE values at constant wavelength steps. Using
as a reference the SSEs computed by van Delst and Wu (2000), following the
model of Wu and Smith (1997) for wavelengths from 3 to 16 mm, different
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Figure 2. SSE dependence on wavelength and observation angle, as given by the model of
Wu and Smith (1997) for a wind speed U50 m s21.

possible spectral fitting functions were tested. Finally, we concluded that the
angular dependence could be adequately reproduced by an equation such as the
following:
h 
ibl ðU Þ
,
ð4Þ
el ðh, U Þ~el ð00 Þ cos hal ðU Þ
where el(h, U) is the spectral SSE as a function of the observation angle, h
(radians) and the surface wind speed, U (m s21), and where el(0u) is the
corresponding SSE value at nadir, which has negligible dependence on surface
wind speed (with a relative standard deviation lower than ¡0.006% for U values
from 0 to 15 m s21 (Masuda et al. 1988, Wu and Smith 1997, Niclòs et al. 2005)).
The parameters al(U) and bl(U) are the fitting coefficients, which, in principle,
depend on both wavelength and surface wind speed.
The SSEs of the model of Wu and Smith (1997) (provided by van Delst and Wu
(2000)) were spectrally fitted to equation (4) for wind speed values from 0 to
15 m s21, using the Levenberg–Marquardt non-linear least-squares algorithm (Moré
1977). Fit standard errors, sf,l, lower than ¡0.0009 in emissivity were obtained for
all cases. Figure 3 shows the spectral dependence of the al(U) and bl(U) fitting
coefficients for wind speed values of 0 and 15 m s21.
Note that al(U) has a relative variation of ¡19% with U, but very little spectral
variability is observed (lower than ¡3%). On the other hand, bl(U) shows heavy
dependence on the wavelength (relative deviation of ¡21% between 3 and 16 mm)
and a low variability with U (lower than ¡4%). It is worth noting that the spectral
dependence of bl(U) shows the same shape as the sea surface reflectivity, i.e. 12el(h)
for a plane sea surface (Masuda et al. 1988), as a consequence of the water refractive
index spectrum (see figure 4).
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Figure 3. Spectral dependence of the fitting coefficients of equation (4), al(U) and bl(U), for
wind speed values of 0 and 15 m s21.

Therefore, the dependence of el(h, U) on wavelength is just the opposite of that
shown by bl(U) (see figures 2 and 3(b)). This fact means that the spectral dependence
of el(h, U) is larger for larger observation angles (figure 2), which is in agreement
with the results of the model of Wu and Smith (1997) and the experimental data.
Figure 5 shows the spectral dependence of the relative decrease of SSE from nadir
De
el ð00 Þ{el ð550 , U Þ
to 55u,
, together with bl(U). The angular decrease is
~
e l
e l ð 00 Þ
spectrally correlated with bl(U), showing that the effect of this parameter in
equation (4) is to increase the spectral SSE dependence with the observation angle, since
bl(U) is in turn inversely
 correlated
Dewith el(h, U). For instance, e11 mm(0u).e15 mm(0u), but
b11 mm,b15 mm and so De
v
e 11mm
e 15mm (see figures 2, 3(b) and 5).
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Adaptation to channel-integrated values

This spectral study demonstrated the good performance of the proposed equation
for any wavelength within the mid-wave and long-wave IR. Since all radiometers

Figure 4. Spectral variation of the complex refractive index, n5N2i K, for pure water. The
real part, N, is obtained from Hale and Querry (1973) and the imaginary part, K, from
Segelstein (1981). The Friedman (1969) corrections for sea water, which are also spectrally
dependent, produce only a slight increase of about 0.005 in N and a decrease of about 0.002
in K.

Figure 5.

Spectral dependence of the relative SSE decrease from 0u to 55u,

U50 m s21. bl(U) spectral values are also shown for comparison.

De
e

, for
l
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measure radiance within spectral bands, rather than single wavelengths, the
following step was to check equation (4) for finite-width channels. Therefore,
equation (4) was similarly rewritten for a channel i as:
h 
ibi ðU Þ
,
ð5Þ
ei ðh, U Þ~ei ð00 Þ cos hai ðU Þ
where ei(h, U) and ei(0u) are now SSE values integrated within a spectral band i from
the computed spectral values and ai(U) and bi(U) are fitting coefficients for the
considered band. The SSE values calculated with the model of Wu and Smith (1997)
were used again to check the validity of equation (5) for obtaining the SSE for a
spectral band in the IR region. The SSE values for a defined channel were obtained
by convolution of the spectral SSEs of Wu and Smith (1997) with its normalized
filter function. First, SSEs were calculated for the particular IR bands of three
sensors: MSG-SEVIRI, EOS Aqua-MODIS and the multi-channel radiometer CE
312. The SEVIRI channels were selected as representative of the usual spectral
bands placed in the IR region, since they are similar to the bands of sensors such as
AVHRR-NOAA and AATSR-ENVISAT. The MODIS bands were chosen because
of their full coverage of the IR atmospheric windows. The CE 312 radiometer was
used by the authors (Niclòs et al. 2005) in order to check and prove the soundness of
the model of Wu and Smith (1997). This radiometer has similar bands to the
SEVIRI’s (channel effective wavelengths of 8.82, 10.80 and 11.96 mm. See the
effective wavelengths for the SEVIRI channels in table 1). The use of the CE 312
bands allowed us to check the parametrization results, comparing them with the CE
312 measurements (Niclòs et al. 2005) and the emissivities calculated using the
model of Wu and Smith (1997), showing a good agreement.
The channel SSEs calculated for wind speed values from 0 to 15 m s21 were fitted
to equation (5) obtaining standard errors, sf,i, lower than ¡0.0007 in emissivity for
all bands. These values proved the soundness of this equation for finite bands within
the IR windows. Figure 6 shows the angular dependence of the SSEs given by
equation (5) for the SEVIRI-MSG spectral channels located at 3.9, 8.7, 10.8 and
11.9 mm for 0 and 15 m s21, in comparison with the integrated values provided by the
model of Wu and Smith (1997).
The analysis of the ai(U) and bi(U) values confirmed again the assumption of
unique wind speed dependence for ai(U) and spectral dependence for bi(U).
Figure 7 shows the bi(U) parameters obtained for the SEVIRI-MSG spectral
channels and wind speed from to 15 m s21, together with the spectral variation of
bl(U) for U50 m s21. This figure can help to understand why a lower bi(U) value
was obtained for channels with effective wavelengths around 11 mm, and gives an
idea of which values can be expected for satellite channels centred at other
wavelengths within the IR. Notice the small variability of bi(U) with wind speed,
which can be neglected.
3.3

The algorithm simplification

The unique dependence of the algorithm on U is introduced by the coefficient ai(U).
Taking into account the low variability of ai(U) coefficients with the different
spectral channels, we considered an average value of these parameters for each wind
speed, a(U). A linear regression between a(U) and U, a(U)5c U + d, yielded a slope of
c520.037¡0.003 s m21, and an intercept value of d52.36¡0.03. The regression error
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Table 1. Equation (6) parameters for the IR bands of AATSR, AVHRR/2, AVHRR/3,
SEVIRI and MODIS (both on EOS Aqua and Terra). leff,i is the channel effective
wavelength, sf,i is the fit standard error and Ri2 is the coefficient of determination.
Channel leff,i (mm)

ei(0u)

s(ei(0u))

bi

s(bi)

sf,i

Ri2

AATSR
(ENVISAT)

IR 3.7
IR 11
IR 12

3.74
10.86
12.05

0.97468
0.99199
0.98778

0.00006
0.00003
0.00005

0.0550 0.0019 0.0010
0.0343 0.0015 0.0008
0.0508 0.0019 0.0009

0.997
0.996
0.997

AVHRR/2
(NOAA 14)

3
4
5

3.77
10.79
12.00

0.97495
0.99174
0.98823

0.00006
0.00003
0.00005

0.0548 0.0019 0.0010
0.0347 0.0015 0.0008
0.0498 0.0019 0.0009

0.997
0.996
0.997

AVHRR/3
(NOAA 16)
(NOAA 17)
(NOAA 18)

3B

3.72
3.76
3.77
10.92
10.81
10.79
11.99
11.93
12.02

0.97440
0.97483
0.97494
0.99192
0.99184
0.99187
0.98835
0.98887
0.98807

0.00006
0.00006
0.00006
0.00003
0.00003
0.00003
0.00005
0.00005
0.00005

0.0553
0.0549
0.0549
0.0348
0.0346
0.0344
0.0493
0.0480
0.0503

0.0019
0.0019
0.0019
0.0015
0.0015
0.0015
0.0019
0.0018
0.0019

0.0010
0.0010
0.0010
0.0008
0.0008
0.0008
0.0009
0.0009
0.0009

0.997
0.997
0.997
0.996
0.997
0.996
0.997
0.997
0.997

4
5

SEVIRI
(MSG)

4
7
9
10

3.92
8.71
10.79
11.94

0.97613
0.98482
0.99176
0.98875

0.00006
0.00005
0.00005
0.00003

0.0539
0.0449
0.0347
0.0483

0.0019
0.0017
0.0015
0.0018

0.0010
0.0008
0.0008
0.0009

0.997
0.997
0.996
0.997

MODIS
(Aqua)
(Terra)

20

3.78
3.78
3.99
3.99
3.98
3.97
4.07
4.04
4.47
4.47
4.55
4.55
8.56
8.53
11.02
11.02
12.04
12.03

0.97527
0.97535
0.97687
0.97694
0.97681
0.97681
0.97733
0.97725
0.97891
0.97897
0.97907
0.97911
0.98439
0.98432
0.99229
0.99229
0.98813
0.98823

0.00006
0.00006
0.00006
0.00006
0.00006
0.00006
0.00006
0.00006
0.00006
0.00006
0.00006
0.00006
0.00005
0.00005
0.00003
0.00003
0.00005
0.00005

0.0546
0.0546
0.0533
0.0532
0.0533
0.0533
0.0529
0.0530
0.0514
0.0514
0.0513
0.0512
0.0455
0.0456
0.0342
0.0342
0.0508
0.0506

0.0019
0.0019
0.0019
0.0019
0.0019
0.0019
0.0018
0.0018
0.0018
0.0018
0.0018
0.0018
0.0017
0.0017
0.0015
0.0015
0.0019
0.0019

0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0010
0.0009
0.0009
0.0009
0.0009
0.0008
0.0008
0.0008
0.0008
0.0009
0.0009

0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.997
0.996
0.996
0.997
0.997

21
22
23
24
25
29
31
32

of the estimate of a(U) using this linear equation was ¡0.03 (about ¡1.5%) and the
coefficient of determination was 0.989. Figure 8 shows a(U) as a function of U.
Consequently, equation (5) was simplified to:
h 
ibi
ei ðh, U Þ~ei ð00 Þ cos hðc Uzd Þ
,
ð6Þ
where bi is a function of the considered spectral band and a(U) has been replaced
with a(U)5c U + d, where c and d are the constant coefficients given above.
In order to test the approximation assumed for a(U), channel-dependent values
were also considered in equation (6), ai(U)5ci U + di, but no significant improvement
was obtained in the algorithm accuracy.
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Figure 6. Comparison of the SSE estimations using the model of Wu and Smith (1997) and
the SSE values determined by equation (5), with the corresponding parameters for each
channel of the SEVIRI (MSG). Both SSEs are integrated values for the IR channels of this
sensor, which have effective wavelengths of 3.92, 8.71, 10.79 and 11.94 mm, respectively.

4.

Results

Applying equation (6) to several sensor channels and wind speed values, and using
the obtained parameters c and d, bi was recalculated for each spectral channel. Fit
standard errors, sf,i, lower than ¡0.0009 were obtained in this case.
Average values of bi can be considered for each spectral channel due to the light
dependence of this coefficient on U. Table 1 shows the bi parameters obtained for
the IR channels of AATSR, AVHRR/2 and AVHRR/3 (NOAA 14 to NOAA 18),
MODIS (Terra and Aqua) and SEVIRI. It is worth noting that we only include the
coefficients for the spectral bands placed in the spectral windows where radiance
measurements can be used for SST retrieval by means of atmospheric and SSE
corrections. The corresponding errors, s(bi), are the standard deviations of the bi
values obtained for the different wind speed conditions, which are always larger
than the parameter fit standard deviations. The small s(bi) values again show the
negligible wind speed dependence for bi.
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Figure 7. bi(U) parameters for the SEVIRI-MSG IR channels and several wind speed values
from 0 to 15 m s21, together with the spectral dependence of this parameter for U50 m s21 as
an example.

The input ei(0u) of equation (6) can be determined using the model of Wu and
Smith (1997) at nadir. This is the case for the integrated values included in table 1.
The error s(ei(0u)) in table 1 is just the standard deviation of the values obtained
for wind speeds from 0 to 15 m s21 using this model. However, the input ei(0u) can

Figure 8. Average values of the ai(U) coefficients of equation (5), a(U), as a function of U,
together with the linear regression.
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be directly measured at nadir by users, or it can also be obtained from spectral
emissivity databases, such as the ASTER library (http://speclib.jpl.nasa.gov/).
Channel values calculated from spectral SSEs of the ASTER library, which were
measured in the laboratory using a sample of sea water, differ from the ei(0u)
values of table 1 by approximately ¡0.0010, with this value being slightly
dependent on the spectral band. Moreover, differences of ¡0.0015 are obtained
from the comparison of CIMEL integrated emissivities determined using the
model of Wu and Smith (1997), the spectral values of the ASTER library and
the measurements of Niclòs et al. (2005). These differences are lower than the
measurement accuracy of ¡0.004. Any of these possibilities can be used to
determine this input without modifying the emissivity angular variation, which
follows the proposed equation.
In the case of SSE determination for the MODIS channels, which have 10
detectors per band with different filter functions for each one, the integration was
performed as:
10 Ð
el ðh, U ÞfJi ,l dl
1 X
Ð
,
ð7Þ
ei ðh, U Þ~
10 J ~1
fJi , l dl
i

where ei(h,U) is the SSE for the MODIS channel i, el(h,U) is the monochromatic
SSE, and fJi,l is the filter function for the J detector of the ith band.
Equation (6) was used to determine ei(h, U) for h g [0, 65] u and U g [0, 15] m s21,
with the bi and ei(0u) values provided in table 1, as well as the constant c and d
parameters (c520.037¡0.003 s m21 and d52.36¡0.03), in order to check the
accuracy of the parametrization for each channel. The maximum observation angle
of 65u was chosen as the angular threshold for which the model of Wu and Smith
(1997) was previously validated (Niclòs et al. 2005). These results were compared to
the SSE computed through channel integration of the values of the model of Wu
and Smith (1997). Low standard errors were obtained, proving the soundness of this
simplified algorithm (see the final two columns of table 1). Overall, the estimated
error of the parametrization provided by equation (6) is lower than ¡0.0010 for any
channel. The lowest error is introduced for those channels at 9 and 11 mm.
Additionally, s(ei(0u)) is minimum for channels at around 11 mm, proving the
soundness of this spectral band for the SSE determination, and therefore for the SST
retrieval, as discussed in previous work (Niclòs et al. 2004).
A sensitivity analysis was carried out to evaluate the effect of the uncertainty of
each input of equation (6). The square emissivity error, stotal,i2, can be considered as
the square sum of the uncertainties due to the parametrization fit error, sf,i2, and the
uncertainties of the SSE estimates at nadir, u(ei(0u)) 2; the surface wind speed, u(U)i 2;
and the observation angle, u(h)i 2, as follows:
stotal, i 2 ~sf, i 2 zuðei ð00 ÞÞ2 zuðhÞi 2 zuðU Þi 2 ,

ð8Þ

where u(x)5(e(h,U)/x) s(x), with x being each of the input parameters.
Figure 9 shows a comparison of the contribution of each uncertainty to the total
emissivity error. We considered errors of s(U)5¡1m s21 and s(h)5¡0.00175 rad
(¡1u) for wind speed and observation angle, respectively; the fit error, sf,i and the
errors of ei(0u) and s(ei(0u)) are given in table 1.
The main source of uncertainty of the proposed equation is the fit error, as the
rest of the terms have a negligible effect. Therefore, the total emissivity error can
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Figure 9. Uncertainty terms of equation (8) grouped by spectral bands, i.e. for band
effective wavelengths of around 4, 8.7, 10.9 and 12 mm (see table 1). Bars give the average
values for each group and the error bars show standard deviations.

be approximated to the fit error included in table 1, with a maximum error of
¡0.0010.
Finally, two SST algorithms have been analysed to determine the effect of this
error on the SST retrieval: the single-channel equation and the split-window
technique.
The emissivity correction in a single-channel algorithm can be written in terms of
temperature as (Coll and Caselles 1994, Coll et al. 1994):
DTEC

SCi ðh,

W , U Þ~

1{ei ðh, U Þ
fi ðh, W Þ,
ei ðh, U Þ

ð9Þ

where fi(h,W) is a coefficient that depends on the spectral band, i, surface
temperature, Ti,SURF(h), and atmospheric properties, T ;i atm ðh, W Þ and ti(h,W),
which are dependent on the column water vapour content, W:
fi ðh, W Þ~

Ti, SURF ðhÞ
ni {1
z
Ti, SURF ðhÞ{T ;i atm ðh, W Þ ð1{ti ðh, W ÞÞ,
ni
ni

ð10Þ

where ti(h) is the atmospheric transmittance and T ;i atm ðhÞ is the effective
atmospheric temperature in the downward direction (McMillin 1975). The
parameter ni is a channel-dependent radiometric parameter (Price 1984), which is
obtained from the potential approximation of the Planck function: Bi(T)5mi Tni.
The error in SST due to an error in the emissivity can be obtained as follows:
uSST



LDTEC SCi ðh, W , U Þ
1
sðei ðh, U ÞÞ~

ð
e
ð
h,
U
Þ
Þ~
fi ðh, W Þsðei ðh, U ÞÞ: ð11Þ
SC, i i


Lei ðh, U Þ
ei ðh, U Þ2

Equations (9) to (11) were calculated for the AVHRR channel 4 as an example,
for which n454.70535¡0.00013. A cloud-free, latitude equally distributed database
of 402 radiosoundings (SAFREE; François et al. 2002) was used to determine the
atmospheric magnitudes involved in the coefficient f4(h,W). The radiative transfer
code MODTRAN 4 (Berk et al. 1999) was used to simulate the atmospheric
magnitudes for angles up to 65u and then f4(h,W) was calculated for the AVHRR.
Equation (11) was applied using this coefficient, together with emissivity values for
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this sensor and wind speeds from 0 to 15 m s21. An SST error of ¡0.04 K with a
standard deviation of ¡0.009 K can be obtained as a consequence of the estimated
SSE error when a single-channel algorithm is used.
The emissivity correction in the split-window technique can be written in terms of
temperature as (Coll and Caselles 1994, Coll and Caselles 1997):
DTEC

SWi ðh,

W Þ~aðW Þð1{eðhÞÞ{bðW ÞDeðhÞ,

ð12Þ

where e(h)5(e4(h) + e5(h))/2; De5e4(h)2e5(h); and a(W) and b(W) are coefficients
dependent on the atmospheric properties, which were calculated for the atmospheric
profiles from the SAFREE database. In this case, the error in SST due to an error in
the emissivity can be again obtained by the propagation of errors as follows:
i  
hh
i1=2
:
ð13Þ
uSST SW ðeðh, U ÞÞ~ sðe4 ðh, U ÞÞ2 zsðe5 ðh, U ÞÞ2 a2 4 zb2
In this case, an SST error of ¡0.08 K with a standard deviation of ¡0.03 K is
obtained. Therefore, the effect of the SSE estimate error when the proposed
parametrization is used on the SST determination is relatively low, and is
considerably lower than the required accuracy of ¡0.3 K for SST.
5.

Summary and conclusions

Current satellite missions use off-nadir observations of IR radiance in both alongtrack and across-track directions. This fact, together with the high-accuracy
requirement for SST satellite measurements, demands accurate IR SSE determinations under any viewing geometry, including those large observation angles at which
the SSE shows a significant decrease.
A previous study of the SSE dependence on the observation angle and the sea
surface roughness, carried out using in situ measurements (Niclòs et al. 2005),
allowed us to compare the soundness of the existing IR SSE models. We concluded
that the model of Wu and Smith (1997) accurately reproduced the experimental
SSEs for any roughness and observation conditions, but the significant complexity
of this model was also highlighted.
The aim of this paper was to develop an algorithm based on the model of Wu and
Smith (1997) to easily determine accurate SSEs as a function of the wind speed and
the observation angle, whilst avoiding the complexity of the original model. The
algorithm was developed through the proposal of an initial spectral parametrization,
its adaptation to actual IR bands and a final simplification in order to give an
operational equation. The spectral parametrization, given by equation (4), whose
coefficients al(U) and bl(U) were shown in figure 3, can be used for spectral
radiative transfer modelling. The final channel-dependent parametrization (equation (6)) allows the retrieval of channel SSEs from the value at nadir using only three
coefficients, from which only one depends on the spectral channels under
consideration. The SSEs obtained have an average standard error of estimate of
¡0.0009. The parametrization was adapted for several satellite sensors, and the
coefficients are provided for their IR bands. The objective is to give channel SSEs
that can be used in the split-window technique, with terms depending on the
emissivities of the two split-window channels for the emissivity correction (Niclòs
et al. 2007a).
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The application of this parametrization to satellite imagery of wind speed will
permit the production of SSE maps for each IR spectral band. The SSE will be
calculated on a pixel-by-pixel basis accounting for the variable observation angle, as
well as the possible variation of wind speed. Imagery of wind speed is provided by
microwave sensors such as the Advanced Synthetic Aperture Radar (ASAR) on
board ENVISAT together with AATSR, the Advanced Microwave Scanning
Radiometer for EOS (AMSR-E) on EOS Aqua together with MODIS, the
Advanced Scatterometer (ASCAT) on board MetOp-A together with AVHRR/3,
the altimeter Poseidon-2 on Jason-1, and the scatterometer QuikScat of NASA (free
data available on http://www.ssmi.com). The SSE maps generated using wind speed
data could be used to determine SST more accurately using, for example, splitwindow techniques.
In addition, notice that the difference between SSEs provided by the model of Wu
and Smith (1997) and the values obtained using the proposed parametrization for 0
and 15 m s21 is lower than 0.5% for angles up to approximately 60u (Wu and Smith
1997). For this reason, our parametrization introduces a real simplification within
the angular range, where the SSE shows light dependence on wind speed, since
although viewing geometry of remote sensing measurements is available, surface
wind speed maybe difficult to determine for each IR radiance image due to problems
with overlapping. However, wind speed data could improve the SSE estimates,
especially for large observation angles.
The implementation of this SSE parametrization in future split-window or dualangle algorithms for satellite SST retrieval could improve accuracy of that
currently required for climate and oceanography investigations. Currently, the
inclusion of functions of the form f(sec(h)21) in multi-channel algorithms is very
common, with this expression being related to the increase of the atmospheric
optical path with the observation angle, or to the decrease of the SSE with the
angle, depending on the study. A regression analysis of the angular dependence of
the SSE against terms sec(h)21 shows better fitting results when more polynomial
terms are taken into account. Consequently, it could be considered as the sum of a
polynomial series expansion with terms sec(h)21, which is equivalent to a
Maclaurin series of a cosine function raised to an exponent. This is the expression
of the parametrization proposed in this work by means of a simple observation of
the physical dependences of the SSE. However, our equation also includes the
wind speed effect, which is important for off-nadir viewings. Therefore, the use of
this parametrization in multi-channel algorithms could improve the SST
determination from images acquired with large observation angles. In addition,
it could be used not only in multi-channel techniques, but also in single-channel
and dual-angle algorithms.
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