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ABSTRACT

The mid-wave infrared band (3-5 pm) has been widely used for atmospheric soundings. The sunglint
impact on the atmospheric parameter retrieval using this band has been neglected because the reflected
radiances in this band are significantly less than those in the visible band. In this study, an investigation
of sunglint impact on the atmospheric soundings was conducted with Atmospheric InfraRed Sounder ob-
servation data from 01 July to 07 July 2007 over the Atlantic Ocean. The impact of sunglint can lead to
a brightness temperature increase of 1.0 K for the surface sensitive sounding channels near 4.58 pm. This

contamination can indirectly cause a positive bias of 4 g kg

~!in the water vapor retrieval near the ocean

surface, and it can be corrected by simply excluding those contaminated channels.
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1. Introduction

The sun produces very powerful radiation through
the entire electromagnetic spectrum, although the ra-
diation decreases rapidly with increasing wavelength
from its spectral radiance peaks in the visible band
(Zavody and Birks, 2004). The contribution reflected
by the sea surface is highest in the sunglint areas where
the sea surface acts as a specular reflector. For the un-
dulating oceanic surface, diffuse reflection is expected,
and the reflected solar radiation is much less than the
theoretical value calculated from the Fresnel equations
for a plane surface. Sunglint occurs commonly and
contaminates an approximately elliptical area a few
hundred kilometers across the track but over thou-
sands of square kilometers along the swath in the satel-
lite observations.

The mid-wave infrared bands (MWIR: 3-5 pm)
and long-wave infrared bands (LWIR: 7-15 pm) have
been used for retrieving surface and atmospheric pa-
rameters over the ocean from satellite-based instru-
ments, such as AIRS (Atmospheric InfraRed Sounder),
TAST (Infrared Atmospheric Sounding Interferometer),
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and MODIS (Moderate Resolution Imaging Spectro-
radiometer). Some channels in these wavelengths are
surface sensitive and can be contaminated by sunglint.

For remote sensing of the sea surface temperature
(SST), the MWIR window channels can be signifi-
cantly contaminated by sunglint (Khattak et al., 1991;
Singh and Ferrier, 1997). Even for the LWIR window
channels, sunglint contamination has been shown to
cause an increase of a few tens of millikelvins over
the open ocean. The phenomenon has gone unno-
ticed due to the spatial variability in surface and at-
mospheric conditions (Zavody and Birks, 2004). This
contamination on MWIR window channels is dramat-
ically larger than that on LWIR window channels and
should not be neglected, and errors as large as 15 K in
the MWIR channel can be caused by sunglint (Robin-
son et al., 1984). To some extent, surface sensitive
sounding channels in the MWIR band should also be
contaminated, although they are less sensitive to the
surface than the window channels.

For atmospheric soundings, the MWIR band com-
bined with LWIR channels has been widely used (Aires
et al., 2002; Seemann et al., 2003; Susskind et al., 2003;
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Li et al., 2007; Chahine et al., 2006). However, it is
difficult to observe the sunglint signal in a radiance
image of the surface sensitive sounding channels due
to the significant angle dependence of the brightness
temperatures (BT) resulting from the slanted path of
the observations and the relatively weak sensitivity
of these channels to the surface reflection. As a re-
sult, the sunglint impact on atmospheric parameter
retrieval from the MWIR band has not been discussed
in the previous studies.

To examine the impact of sunglint on atmospheric
soundings from satellites, the AIRS data over the
ocean in the daytime was used in this study to retrieve
atmospheric temperature and water vapor profiles
with a one-dimensional variational (IDVAR) physical
retrieval algorithm.

2. Data

Satellite-based hyperspectral (or advanced) in-
frared (IR) sounding measurements are a principal
source of water vapor and temperature data over areas
where conventional in situ observations are relatively
sparse. Hyperspectral IR sounders such as the At-
mospheric InfraRed Sounder (AIRS) onboard NASA’s
EOS Aqua platform, and the Infrared Atmospheric
Sounding Interferometer (IASI) onboard the Europe’s
Metop-A satellite are providing unprecedented global
atmospheric temperature and moisture profiles with
high vertical resolution and accuracy. Along with
an Advanced Microwave Sounding Unit (AMSU) that
provides atmospheric profiles in most cloudy regions,
the advanced IR sounders are able to provide sound-
ings with much better vertical resolution, greater ac-
curacy (e.g., 1 K for temperature, 15% for water-vapor
mixing ratio) (Tobin et al., 2006), and higher spa-
tial resolution (i.e., 12-14 km at nadir) than previous
sounders. The advanced IR sounding data have been
shown to be significant to atmospheric research and
the monitoring of the Earth’s environment (Chahine
et al., 2006) as well as global numerical weather pre-
diction (NWP) models (Le Marshall et al., 2006) and
regional tropical cyclone forecast models (Li and Liu,
2009; Liu and Li, 2010).

ATRS was launched on 4 May 2002 and is the
first of a new generation of high spectral resolution
IR sounders. It has 2378 channels covering 649-1136
em~!, 1217-1613 ecm~!, and 2181-2665 cm™! (8.8
15.4 pm, 6.2-8.2 um, and 3.75—4.58 pm, respectively).
AIRS is able to sense the atmospheric temperature,
water vapor, trace gases, and surface skin tempera-
ture with high vertical resolution and accuracy. This
instrument sweeps along its orbit gathering data that
is sectioned into pieces. Each piece is called a “gran-
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ule.” The spatial coverage of each AIRS data granule
is roughly 2250 km x 1650 km. Each cross-track swath
consists of 90 fields of view (FOVs), with 13.5 km spa-
tial resolution at nadir.

3. Method

The CIMSS (Cooperative Institute of Meteorolog-
ical Satellite Studies) Hyperspectral IR, Sounder Re-
trieval (CHISR) algorithm has been developed to re-
trieve atmospheric temperature and moisture profiles
from advanced IR sounder radiance measurements in
clear skies and some cloudy sky conditions on a sin-
gle field-of-view (SFOV) basis (Li and Huang, 1999;
Li et al., 2000; Wu et al., 2006; Weisz et al., 2007).
In the physical retrieval, a forward model F(x) re-
lates the state vector « to the measurements vector Y.
Therefore, F' has the same dimension as Y. Given the
atmospheric parameter profiles, surface temperature,
and surface emissivity, the AIRS observation vector
has the form

Y = F(a), (1)
where the individual elements are calculated by the
AIRS clear-sky fast radiative transfer model developed
by Strow et al. (2003). A general form of the solution
minimizes the following penalty function (Rodgers,
1976):

J(@) = (2 —x.)"S; (& — o) +
Y — F(2)]" S 'Y — F(2)], (2)

where x, is the background information matrix of x,
S, is the assumed background error covariance matrix
that constrains the solution, and S, is the observa-
tion error covariance matrix, which includes instru-
ment noise plus the assumed forward model error. To
solve the equation, a Newtonian iteration is used:

(i'nJrl = én + J//(i:n)_l . Jl(i.n) ) <3)

and the following quasi-nonlinear iterative form (Eyre,
1989) is obtained:

Sty =(KIS71- K, +SH)~!.

KIS (8Y, + K, - 82) (4)

where d&, = &, — x,, Y, = Y™ — Y(2,), and
K = OF/0x represents the linear or tangent model
of the forward model F', which is used to calculate
the AIRS observations from the inputs, including the
atmospheric parameter profiles and surface parame-
ters. Due to a large number of unknowns in the inverse
problem and the instability of the solution, it is usu-
ally difficult to retrieve the surface temperature and
emissivity spectrum as well as atmospheric parameters
directly from hyperspectral resolution IR radiances. In
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Fig. 1. (a) MODIS visible composite at 1600 UTC on 02 July 2007 (Red = 0.650 ym , Green = 0.56 pm, and
Blue= 0.44 pm; the blue and red lines correspond to AIRS observation angles at —19.2° and +19.2° , respec-
tively; the green box represents the AIRS granule); retrieved SSE from the experiment (b) with and (c) without
the MWIR channels; SST retrieval error (d) with and (e) without the MWIR channels by comparison with the
ECMWEF reanalysis for Granule 160 at 1600 UTC on 02 July 2007 overlaying the 11-um brightness temperatures
(K) (black/white) image. The impacted areas are denoted by yellow circles.
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Fig. 2. (top) The mean BT spectrum in the sunglint area (angle = —19.2° )
and the sunglint-free area (angle = 4+19.2°); (middle) the mean BT difference
spectrum between the two selected observation angles; (bottom) the difference
spectrum between the mean BT residuals along the two selected observation

angles.

the CHISR algorithm, the emissivity eigenvectors
(EVs) are used to represent a hyperspectral IR emis-
sivity spectrum, so that the surface emissivity spec-
trum and the atmospheric parameters can be derived
simultaneously from hyperspectral IR radiances in a
physical iterative approach (Li et al., 2007; Li and Li,
2008). In this study, this algorithm was used to in-
vestigate the effects of the sunglint on AIRS sounding

retrieval.

4. Experiments and results

In this study, an investigation of angle dependence
of the retrieval, which is related to the sunglint ar-
eas, was performed for AIRS observations with the
latitudes of 0°~40°N and the longitudes of 60°-30°W
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from 01 July to 07 July 2007 over the Atlantic Ocean.
That location is one of the clearest areas affected by
sunglint and allowed us to find enough cloud-free pix-
els at each angle. Due to the fact that the AIRS FOV
is quite large (12-14 km), cloud contamination is not
a negligible issue (Wei et al., 2004). Consequently, the
MODIS cloud mask was used to determine the clear
AIRS FOVs (Li et al., 2004). Roughly 250 samples
were available at each angle. The atmospheric temper-
ature and moisture retrieval were evaluated against the
European Center for Medium-Range Weather Fore-
casts (ECMWF) temperature and moisture reanaly-
sis profiles from the nearest grid point in space, which
were temporally interpolated to the AIRS observation
time. As a result, the retrieval comparison was easily
performed with a large variety of atmospheric condi-
tions.

To investigate the impact of sunglint in the MWIR,
band on the soundings from AIRS, experiments with
and without this band were performed. 575 channels,
including 14 MWIR channels, were used in the original
algorithm. In the experiment with the MWIR obser-
vations, the sea surface emissivity (SSE) model devel-
oped by Nalli et al. (2008) was used to produce the
SSE spectrum. This model was developed for remote
sensing applications over ocean, which depends on sea
surface wind speeds and observation angles. The emis-
sivity look-up table is based on the Hale-Querry re-
fractive indices and Cox-Munk wave slopes. The wind
speed was set to 5 m s~! because the calculation shows
that the wind dependence of the emissivity is relatively
weak.

For Granule 160 on 02 July 2007, the retrieved SSE
at 11 pm and the SST errors from the two experiments
are shown in Fig. 1. The corresponding MODIS vis-
ible composite is also shown in this figure. It can be
seen that the overestimation of the SST as well as the
underestimation of the SSE in the experiment with
the MWIR channels correspond to the sunglint areas
shown in Fig. la. Additionally, these biases have not
been found for the AIRS granules in the night time
or in sunglint-free areas. This indicates that the bi-
ases of the retrieved surface parameters are related to
sunglint. Also, excluding the MWIR channels could
reduce these biases. The comparison of the results
from the two experiments confirms that sunglint con-
tamination on the MWIR channels should have a great
impact on surface parameter retrieval.

To quantitatively investigate the observation bias
caused by sunglint, the mean BT spectrums for all
channels used in the retrieval at the two symmetric
observation angles represented by blue and red lines
in Fig. 1la, which correspond to the sunglint areas,
the sunglint-free areas, and their differences are pre-
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sented in Fig. 2. In the top panel, the two BT spectra
agree well because they have the same slanted obser-
vation paths when the wave number is <2400 cm™!.
Dramatic differences are caused by the sunglint in the
channels with larger wave numbers. It appears that
the sunglint has no impact on the channels used in
the retrieval. However, there are noticeable differ-
ences shown in the middle panel at these selected chan-
nels. Without considering the sunglint, the differences
would be attributed to the varying surface and atmo-
spheric conditions as well as the observations uncer-
tainties. To extract the sunglint impact on the obser-
vations, the BT residuals (observed —calculated) are
derived using the ECMWF reanalysis, which can help
reduce the impact of the atmosphere variation on the
differences. The differences between the BT residuals
along the blue and red lines are shown in the bottom
panel. It can be seen that the residual differences at
most of surface sensitive channels from 800 to 1000
em~! are <0.2 K, which is comparable with the ob-
servation uncertainties. However, it is clear that the
BT residual differences at surface sensitive sounding
channels near 2200 cm~!, which are mostly affected
by the sunglint in the previous selected channels, are
significantly greater than those at the surface sensitive
channels in the LWIR band. For this granule, the BT
residuals at 4.85 ym (2182 cm~!) are shown in Fig. 3.
This impact could exceed 1 K in the sunglint areas.
The results indicate that the sunglint has dramatic
impacts on the observations at the MWIR sounding
channels.
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Fig. 3. The BT residuals at 4.85 pum for Granule 160 at
1600 UTC on 02 July 2007 overlaying the 11-pum bright-
ness temperatures (K) (black/white) image. The im-
pacted area is denoted by a yellow circle.
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Fig. 4. Retrieved sea surface emissivity (impacted area denoted by a red circle) and water vapor
mixing ratio retrieval error at each angle from the retrieval experiments with (the left) and without
(the right) the MWIR channels for the AIRS data from 01 to 07 July 2007 over Atlantic Ocean in

the day time.

Actually, the water vapor mixing ratio (WR) re-
trieval is not directly affected by the sunglint because
the MWIR channels used are mostly sensitive to sur-
face and atmospheric temperatures near surface. As
a result, the surface temperature and emissivity spec-
trum are impacted in the simultaneous retrieval, as
shown in Fig. 1. At the same time, the errors in the
retrieved surface parameters dramatically decrease the
WR retrieval accuracy and precision.

To further analyze the sunglint impact on atmo-
spheric and surface parameter retrievals, the means
and standard deviations of the retrieved SSE at each
angle for all clear pixels from 01 to 07 July 2007 in the
selected domain were calculated and are shown in Fig.
4. The means and standard deviations of the differ-
ences between the retrieved and ECMWF reanalysis
WR at four different levels near sea surface are also
shown in the figure. It can be seen that the bias could
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Fig. 5. (top) Water vapor mixing ratio and (bottom) temperature error statistics
(RMSE: root means square error; BIAS: bias; STD: standard deviation) with and
without the MWIR channels for the AIRS data (24962 clear pixels) over Atlantic
Ocean from 01 July to 07 July 2007 in the day time by comparison with the ECMWF

reanalysis.
exceed 4 g kg™! at the level closest to the sea surface.
Additionally, it is noted that this impact decreases
with decreasing pressure. It may be explained by the
fact that the peaks of the sounding channel weighting
functions closer to the surface are more sensitive to
the surface conditions. The accuracy and precision of
the WR retrieval near the surface can be dramatically
improved by excluding MWIR channels.

The error statistics analysis for the two experi-
ments at all observation angles are shown in Fig. 5.
The experiment without the MWIR channels obtained
significantly better results than that with the MWIR

radiances for the WR retrieval. Additionally, the bi-
ases in the retrieved temperature profiles from 870 to
980 hPa were reduced by excluding the MWIR chan-
nels, whereas they increased at other levels. It seems
that the channels with a smaller sunglint signal should
not be removed from the retrieval. However, these re-
sults suggest that these channels should be excluded to
prevent possible negative impacts on the atmospheric
parameter retrieval until a correction method is devel-
oped to reduce the contamination in the MWIR ob-
servations. For example, a radiative transfer model
taking sunglint into account could be used to calcu-
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late the solar radiation, which would allow all possible
channels in the retrieval process.

5. Summary

The sunglint impact on atmospheric parameter re-
trieval using surface sensitive MWIR sounding chan-
nels over the ocean has been widely neglected in the
satellite data application communities. It has been
indicated that sunglint leads to a BT increase of 1.0
K for some surface sensitive channels near 4.58 pm.
Our comparison shows that sunglint has dramatic im-
pacts on the WR retrieval at the pressure levels >750
hPa using AIRS MWIR radiances. Significant WR
retrieval improvement can be obtained by simply ex-
cluding MWIR channels. This result can be broadly
used to improve the WR retrieval accuracy over the
ocean using different infrared instruments. Addition-
ally, a sunglint correction method based on a physical
model should be developed for including the contami-
nated sounding channels in the retrieval.
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