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Abstract

Given the close relationship between surface melt in polar
areas and ice surface temperature (IST), it is important to
develop an effective IST retrieval method. However, the studies
concerning this topic are relatively limited. In this context, this
paper proposes an effective approach to retrieve IST in the
Antarctic area by presenting a modified split-window algo-
rithm (SWA) and introducing a polynomial fitting for atmo-
spheric transmittance simulation. The effectiveness was quan-
titatively validated by a comparative study with a Moderate
Resolution Imaging Spectroradiometer (MODIS) IST product
(MOD29) and automatic weather station (AWS) data. The com-
parisons indicated that the proposed method shows a robust
performance in Antarctic IST retrieval for MODIS data: the
bias was —0.61 K and the root-mean-square error (RMSE) was
1.32 K for the Zhongshan Station data set; the bias was —1.62 K
and the RMSE was 2.34 K for the Ross Ice Shelf data set.

Introduction

The study of the polar areas has been the subject of great in-
terest in recent decades, as the polar areas are sensitive to the
global environmental change (GEC) and interact closely with
many environmental factors in the GEC systems (Wynne and
Lillesand, 1993; Peter et al., 1999; Harvey and Green, 2013).
Among the various changes in the polar areas, the issue of
surface melt deserves special attention and discussion since
it contributes to the accelerated disintegration of the ice sheet
(Zwally et al., 2002). Surface melt has a direct relationship
with surface temperature. Consequently, extracting accurate
ice surface temperatures (ISTs) can provide further insight into
the process of the surface melt.

Although a lot of automatic weather stations (AwSs) have
been established in the polar areas (Steffen et al., 1996; Laz-
zara et al., 2012), they are far from sufficient for IST moni-
toring in the broad polar areas. Compared with AwWS data,
remotely sensed imagery can provide fruitful and timely data
for Earth observation across both time and space. In particu-
lar, the application of thermal infrared (TIR) data can offer a
more practical approach to I1ST information extraction. Recent
studies have seen an increasing application of TIR data to land
surface temperature (LST) retrieval (Tang et al., 2008; Xiao
et al., 2008; Pena, 2009; Nichol, 2009; Rajasekar and Weng,
2009; Jimenez-Munoz et al., 2014).

Tingting Liu, Zemin Wang, and Muye NIU are with the
Chinese Antarctic Center of Surveying and Mapping, Wuhan
University, 129 Luoyu Road, Wuhan, P.R. China
(zmwang@whu.edu.cn).

Xin Huang is with the State Key Laboratory of Information
Engineering in Surveying, Mapping and Remote Sensing,
Wuhan University, 129 Luoyu Road, Wuhan, P.R. China.

Liqin Cao is with the School of Printing and packaging,
Wuhan University, 129 Luoyu Road, Wuhan, P.R. China.

Zhongxiang Tian is with the National Marine Environmental
Forecasting Center, 8 Dahuisi Road, Beijing, P.R. China.

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

Research into TIR-based LST estimation has experienced
significant progress in recent decades. Multispectral TIR sen-
sors (e.g., the Moderate Resolution Imaging Spectroradiometer
(MoDIS)) have gradually replaced other sensors (e.g., the Scan-
ning Multichannel Microwave Radiometer (SMMR) on Nimbus-7
(Comiso, 1994), the Along-Track Scanning Radiometer (ATSR)
on ERS-1 (Stroeve et al., 1996), and the Advanced Very High
Resolution Radiometer (AVHRR) on NOAA (Leshkevich et al.,
1993, Bolgrien et al., 1995; Key et al., 1997; Veihelmann et al.,
2001)) as the main data source for LST estimation. Furthermore,
the split-window algorithm (Swa) has been found to be an ef-
ficient approach for LST estimation. Recently, a few studies have
investigated TIR-based IST estimation. Hall et al. (2004) pro-
posed a procedure to produce a standard MODIS-based polar sea
ice product suite (MOD29). The relationship between melt sea-
son IST and the mass balance of Greenland (2000 to 2005) was
analyzed in the research of Hall et al. (2006). The difference
between 1ST products and AwWS data over Greenland was further
analyzed by Hall et al. (2008), to address the uncertainties and
limitations associated with the existing IST products. Other
studies have focused on ice surface emissivity (Hori et al., 2006;
Hwang et al., 2008), 1ST and ice extent analysis (Liu et al., 2009;
Sobota, 2011; Shu et al., 2012; Hall et al., 2013), 1ST-based ap-
plication (Ciappa et al., 2012), and so on. However, an effective
IST estimation process for the Antarctic area is still required.
Most of the existing Swas (Coll et al., 1994; Franca and Crack-
nell, 1994; Thenkabail et al., 2007) require some parameters and
coefficients that are difficult to estimate in the real world, since
the in situ data used to calculate the parameters and coefficients
are often quite difficult to obtain in the Antarctic area.

In this paper, to address these shortcomings, an effec-
tive Swa-based approach is proposed for IST retrieval in the
Antarctic from MODIS data. The notable advantages of the
proposed method include the following two aspects:

1. Development of an effective IST estimation method for the
Antarctic area. First, the modified sSwA developed by Qin
et al. (2001) is introduced into the IST retrieval, which
requires only two parameters (surface emissivity and
atmospheric transmittance), without the complicated esti-
mation of other coefficients and parameters. Furthermore,
in the procedure of atmospheric transmittance estimation,
the relationship between water vapor and atmospheric
transmittance is simulated by a series of polynomial func-
tions, replacing the traditional linear fitting.

2. Validation of the proposed method based on Aws data.
Although Qin’s method (2001) has been successfully
used in many areas (Mao et al., 2005), its effectiveness
in the polar areas has not yet been verified. For this
purpose, in this study, the method is modified and
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extended to application in the Antarctic. Based on the
AWS data (from Zhongshan Station and the Ross Ice
Shelf), a comparison between the retrieved IST results
and the MOD29 product is conducted.

The rest of this paper is organized as follows. The experi-
mental data and study areas are described in the next Section,
followed by theoretical aspects of the proposed processing
chain, including the swa, the emissivity, and atmospheric
transmittance estimation. The next Section presents the algo-
rithm validation and the experimental results, comparisons,
and discussion, followed by the Conclusions.

Data Source

Satellite Data

The MODIS radiometer is operational onboard the polar orbit-
ing Terra and Aqua satellites of the NASA Earth Observing
System (EOS). It has a viewing swath width of 2,330 km and
covers most of the Earth’s surface within several days. The
satellite data products used in this research came from the
MODIS radiometer. The general information about these data
products is summarized in Table 1.

However, the accuracy of MOD35_L2 is limited. Improvement
of this product has been implemented, reducing the misidenti-
fication of cloud as clear to 16.3 percent, but the improvement
does not change the misidentification of clear as cloud (Hall
et al., 2012; Liu et al., 2004; Frey et al., 2008)). Moreover, a
further comparison (Liu ef al., 2010) showed that the MOD35
product performs better over open water than over sea ice.
The M0OD29 product was used to evaluate the accuracy of
the proposed method by comparing it with the retrieved I1ST
results. This product, which is generated using the MODIS L1b
data, the geolocation product, and the cloud mask product,
contains the sea ice extent product, the IST product, and so on.

In Situ Data

In this research, in situ data (air temperature and wind speed)
from Awss were used as reference. The two sets of in situ data
are plotted collectively in Plate 1. One set was provided by
the weather station located at Zhongshan Station, which is the
second Chinese Antarctic research expedition station. The de-
tailed location of this weather station is 69°22’S / 76°22’E (the
red star in Plate 1), on the Larsemann Hills, Prydz Bay, East
Antarctica. The other set was provided by the AwSs from the

TasLE 1. THE MODIS Data Probucts USED IN THIS RESEARCH

The TIR bands used to retrieve the IST in this research were Product Resolution  Used bands Application
derived from the MODIS L1b data (MOD021KM). MOD021KM Band 2. Band 19 IST retrieval using
has 36 spectral bands between 0.405 and 14.385 pm, among MOD021IKM  1km g 431 Band 32 the proposed method
which the infrared bands 31 and 32 (centered on 11.03 and Calibration for
12.02 um, respectively) were used to retrieve the IST. The MODO03 1 km Band 1 MOD021KM
ground resolution of these two bands is 1 km. The MODIS geo- Toud ol 1
location data (MOD03) were used to reproject the MOD021KM MOD35_L2 1 km Band 1 c ?u I\/II)IOXSOEGII?ITZH
data. In addition, a MODIS cloud mask product (MOD35_L2) Or. 1 :
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Plate 1. Automatic weather stations located in the Antarctic area. The stations used in this research are shown in red, with the Zhong-
shan Station AWS marked by a red star and the Ross Ice Shelf AWSs marked by red dots. The green triangles show the other AWSs from
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Antarctic Meteorological Research Center (AMRC) and the AWS
program (AMRC and AWS, 2014). To date, 133 AwSs have been
built in the Antarctic as part of this program. The locations
of these Awss are shown in Plate 1, marked by green triangles
and red dots. In this Plate, the red dots and red star represent
the stations considered in this study, and the corresponding
data were used as references for the method validation.

Experimental Data Selection
Only data acquired from the ice shelf were used in the experi-
ments, since the MOD29 and MOD35 products are available for
the polar sea ice, Greenland, and the ice shelf in the Antarctic,
but unavailable for the Antarctic ice sheet. The Ross Ice Shelf
is one of the biggest ice shelves in the Antarctic. The pixels in
satellite images covering this region can therefore be regarded as
pure pixels. Taking this factor into account, comparisons were
conducted using AWS data from the Ross Ice Shelf. In the experi-
ments, 165 cloud-free scenes from December 2004 to December
2013 were chosen, with several instances shown in Figure 1.
Additional experiments were conducted using the weather
station data from Zhongshan Station. In this part, 33 scenes
identified as cloud free by MOD35 during December 2004 and
December 2013 were chosen, six of which are shown in Figure 2.

Due to the particularity of the Antarctic climate and the
impact of the polar night, only images from the summer were
used to retrieve the IST.

The AwWS data are sometimes uncertain. Under clear sky
conditions, the temperature sensor can overheat when the
downward solar irradiance exceeds 240 Wm and the wind
speed is less than 4 ms™ (Hudson et al., 2005; Hall et al.,
2008; Shuman et al., 2014). Strong winds can, however, sup-
press this effect. Thus, in this research, the acquired air tem-
perature values were not considered if the wind speed was
less than 4 ms™. It should be noted that all the MODIS-based
IST values (retrieved results and MOD29 product) correspond
to the location and time of the AWS measurements.

Methods

The theoretical basis for satellite-image-based LST is that the
total radiance emitted by the ground increases rapidly with
the increase in temperature (Qin et al., 2001). Although much
effort has been devoted to retrieving LST from remotely sensed
imagery, this study proposes an effective approach for Antarc-
tic 1ST retrieval. The flowchart of the proposed MoDIS-based
IST retrieval method is shown in Figure 3.
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Figure 1. Four scenes of the MODO21KM data from the Ross Ice Shelf. The number of each scene consists of two parts, the year and the
Julian Day Number: “2013” is the year; “339,” “335,”“342,” and “358” are the Julian Day Numbers: (a) 01 December 2013 (No. 2013-
335), (b) 05 December 2013 (No. 2013-339), (¢) 08 December 2013 (No. 2013-342), and (d) 24 December 2013 (No. 2013-358).
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Figure 2. Six scenes of the MOD0O21KM data from Zhongshan Station. The number of each scene consists of two parts, the year and the
Julian Day Number: “2008,” “2009,” “2010,” “2011,” “2012,” and “2013” are the years; “339,” “335,” “342,” and “358” are the Julian
Day Numbers: (a) 09 December 2008 (No. 2008-344), (b) 01 December 2009 (No. 2009-335), (¢) 12 December 2010 (No. 2010-346),
(d) 06 December 2011 (No. 2011-340), (e) 27 December 2012 (No. 2012-361), and (f) 24 December 2013 (No. 2013-358)

Split-Wind(_)w Algorithm Theory' ) atmospheric window) for a given temperature. It was first pro-
The swa is one of the multichannel LST retrieval methods. Its posed by McMillin (1975), and was initially used to retrieve sea
principle is based on the relationship between the radiance surface temperature (sST). The swA has also been further modi-

and temperature in the two infrared windows (the 11 to 12 pm fied for SST retrieval (McClain et al., 1985; Barton et al., 1989;
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Niclos et al., 2007; Vincent, 2000) and LST retrieval (Price,
1984; Tang et al., 2008; Xiao et al., 2008; Pefia, 2009; Nichol,
2009; Rajasekar and Weng, 2009; Jimenez-Munoz et al., 2014).

The SwA used in the MOD29 retrieval procedure is imple-
mented as a regression model, which can be described as the
following equation (Hall et al., 2004):

Ts=a+ bT,, + c(T,, — T,,) + dl(T,, — Ty,)(secO—1)] (1)

where T, is the surface temperature; T,,and T,, are the bright-
ness temperatures of bands 31 and 32 in the MOD021KM data,
respectively; 0 is the sensor scan angle; and a, b, ¢, and d are
the regression coefficients. In this procedure, large quantities
of in situ data are used to determine the empirical relation-
ship and its corresponding coefficients in Equation 1 through
a least squares regression method.

In this research, an improved SWA was used to imple-
ment the MODIS-based IST retrieval in the Antarctic area. This
improved version of swa, which was developed by Qin et al.
(2001), requires only two essential parameters (emissivity and
transmittance), and can be described as the following simple
regression function:

Tg=A,+ AT, — AT, (2)

where A,, A,, and A, are the coefficients, which are deter-
mined by the atmospheric transmittance, the ground emissiv-
ity, and viewing angle:

A = a31D32 (l_ Cal - D31) _ aazD31 (l _Caz - Daz) (3]
’ (DSZCSI - D31caz) (Dszcn - DSICSZ)

D

31

D32C31 - D31C32)

_ b31D32 (1 - Ca1 - D31)
(D32631 - D31C32)

A1:1+( (4)

D

31

+ b32D31 (1 - Csz - Daz)
(DSZCSI - DSICSZ)

A =
’ (D32C31 - D31C32)

where a,,;=—64.60363, b,,=0.440817, a,,=—68.72575,
b,, =0.473453, and

C =¢1(0) (6)

i 1%
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D;=[1-70)1 + (1 -¢) 7(0)] (7)

where 7,(6) is the atmospheric transmittance of the i* band (i
= 31, 32) on the sensor scan angle 6, and ¢, is the surface emis-
sivity of the i band (i = 31, 32).

Equations 6 and 7 indicate that the key steps in this
method refer to emissivity acquisition and transmittance
estimation. This makes it easier to retrieve IST without the
complicated estimation of other coefficients and parameters.

Surface Emissivity

Surface emissivity is defined as the ratio of the radiant energy
of an object to the radiant energy of a standard black body at the
same temperature. It reflects the different physical characteris-
tics of different land-cover types. Ice/snow surface emissivity is
a key parameter for IST retrieval (Warren, 1982; Key and Hae-
fliger, 1992). Several spectral libraries are available for various
types of terrestrial surface emissivity, such as the ASTER (the
Advanced Spaceborne Thermal Emission Reflection Radiom-
eter) Spectral Library (Baldridge et al., 1999) and the MODIS UCSB
(University of California, Santa Barbara) Emissivity Library (Wan
et al., 1994). A number of field campaigns have also been car-
ried out to measure ice/snow emissivity (Hori et al., 2006; Key
and Haefliger, 1992). Emissivity varies with ice/snow surface
conditions, such as surface melt (Hori et al., 2006; Salisbury et
al., 1994; Wald, 1994), snow grain size (Stroeve et al., 1996), and
sensor scan angle (Key and Haefliger, 1992; Hori et al., 2006).
According to Stroeve et al. (1996), a 0.1 percent bias in emis-
sivity corresponds to a 0.1 K deviation in IST. In this study, the
emissivity over the Antarctic was set to 0.993 (for band 31) and
0.990 (for band 32), referring to the research of Hall et al. (2008).

Atmospheric Transmittance

Atmospheric transmittance describes the magnitude of the
thermal radiance (TR) attenuation. Attenuation occurs under
the influence of the atmospheric constituents and atmo-
spheric scattering when the TR is transferred to sensors. The
atmospheric constituents, such as N,, O,, and CO,, are rela-
tively stable; therefore, their influences can be assumed to be
constant and can be simulated by the standard atmospheric
profiles (Qin et al., 2001). Aerosols can result in atmospheric
scattering, but their influence on TR transfer is insignificant
considering their low level in the atmosphere. In contrast, wa-
ter vapor significantly contributes to TR attenuation. The vari-
ance of atmospheric transmittance depends on the dynamic of
the water vapor content in the standard atmospheric profiles.
Therefore, atmospheric transmittance can be estimated by
simulating its relationship with water vapor content.

Water Vapor Retrieval

Various approaches (Chesters et al., 1983; Kleespies and Mc-
Millin, 1990; Birkenheuer, 1991) have been proposed for water
vapor retrieval. The satellite-data-based approaches focus on
the absorption of water vapor when the reflected solar radi-
ance is transferred down to the land surface and up through
the atmosphere (Kaufman and Gao, 1992). In Kaufman'’s
research (1992), the relationship between transmittance (z,)
and the total precipitable water vapor (w) was defined as the
ratio of several bands. This principle is based on the differ-
ence between the atmospheric absorption and the atmospheric
window. In this study, a two-band ratio approach was applied:

T, =T1,/T; (8)

where r; is the reflectance of band 19, which is the absorption
band; and r;is the reflectance of band 2, which is the window
band. The relationship between the transmittance and the
total precipitable water vapor (w) can be expressed using an
exponential equation:

w = ((a — Inz,)/p), R* = 0.999 (9)
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where R*is the determination coefficient indicating the accu-
racy of the method, with = 0.02 and = 0.651. The two-band ratio
method makes it easier to retrieve water vapor content from sat-
ellite images without any in situ data or simulated coefficients.

Simulation of the Relationship between Water Vapor and Atmospheric
Transmittance

It is difficult to directly estimate atmospheric transmittance
from satellite data or other atmospheric data. In general, atmo-
spheric transmittance is acquired through simulation using
local atmospheric data, especially water vapor content. Simu-
lation of the relationship between atmospheric transmittance
and water vapor can be built through atmospheric modeling
programs such as MODerate resolution atmospheric TRANs-
mission (MODTRAN). MODTRAN (Berk et al., 2006) is a “narrow
band model” atmospheric radiative transfer program, and its
spectral range extends from the ultraviolet into the far-infrared
(0 ~50000 cm™), with a spectral resolution of up to 0.2 cm™.

In the Antarctic, the volume of water vapor is much lower
than other regions, and it contributes little to the annual pre-
cipitation. According to the observation data, the minimum
and maximum values of water vapor were set as 0.05 g/cm? and
3.0 g/cm?, respectively. For this range of water vapor content,
the relationship between water vapor content and atmospheric
content is approximately nonlinear. Thus, a series of polyno-
mial fitting functions were used to describe the relationship be-
tween transmittance and water vapor, replacing the traditional
linear fitting. Please see the next Section for more details.

866 November 2015

Results and Discussion

Algorithm Validation
The fitting results of the relationship between water vapor con-
tent and atmospheric transmittance are presented in Figure 4.
In Figure 4a and 4b, the dotted lines show the change
trend of the atmospheric transmittance with the increase in
water vapor in the two MODIS thermal channels, bands 31 and
32, respectively. As the water vapor increases, the atmospher-
ic transmittance decreases sharply. Within this range, water
vapor has presented a linear relationship with atmospheric
transmittance in most of the previous studies (Qin et al.,
2001; Mao et al., 2005). However, in this study, it was found
that this relationship can be better represented by a polyno-
mial function. The solid lines in Figure 4 a and 4b show the
results of polynomial fitting, and the corresponding polyno-
mial equations are provided as follows:

z,, = 0.9955 — 0.00299 x W, — 0.02926 x W,,? (9)
7,, = 0.98822 — 0.00902 x w;, — 0.02193 x w,,* )

In Figure 4, higher determination coefficients (R?) corre-
spond to more accurate results. A small value for the residual
sum of squares (RSS) also indicates a relatively high accuracy.
The accuracy for the linear-fitting-based regression analysis
and the fitting results are provided in Figure 5.

The lower accuracy and the linear fitting results in Figure
5 indicate that the linear fitting cannot accurately describe the
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Figure 6. A comparison of satellite-derived ISTs (retrieved IST and MOD29 product) and in situ AWS ISTs from Zhongshan Station. From Decem-
ber 2004 to December 2013, 33 cloud-free scenes with a corresponding wind speed of greater than 4 ms?* were chosen for the comparison.
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Figure 7. The differences between the air temperature and the retrieved IST, and those between the air temperature and the MOD29
product, for Zhongshan Station.

TaBLE 2. THE ACCURACY OF THE RETRIEVED IST AND
THE MOD29 PRODUCT FOR ZHONGSHAN STATION

relationship between water vapor and atmospheric transmit-
tance. In contrast, the polynomial fitting can better describe
this relationship.

Accuracy
Data )
Bias (K) RMSE (K) Comparison
Retrieved IST 0.62 132 The retrieved IST obtained by the proposed method was
il — . compared with the MOD29 product and the Aws data. The first
MOD29 -1.34 1.81 comparison was conducted based on the data from Zhong-

shan Station (Figure 6). This figure presents the results of the

TaBLE 3. THE EIGHT SCENES WITH THE GREATEST DIFFERENCE (ABSOLUTE VALUE) retrieved IST, the MOD29 product, and the AWS data.

VALUES. IT wAs EVALUATED THROUGH VISUAL INTERPRETATION WHETHER EACH SCENE
waAs IMPACTED BY Fog/CLouD

The differences
between the

The differences
between the

Number air temperature and  air temperature and Comments
the retrieved IST (K) the MOD29 (K)

2004-359 -1.76 -2.87 Fog/cloud
2004-363 -2.48 —-2.82 Fog/cloud
2005-353 -3.02 -3.58 Fog/cloud
2008-360 -1.98 -2.87 Fog/cloud
2009-365 -1.74 -2.02 Clear

2010-352 -2.59 —-2.56 Fog/cloud
2011-352 -2.18 -2.67 Fog/cloud
2012-365 -1.61 -2.2 Clear

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

Referring to the AWS data, the bias and root-mean-square
error (RMSE) for the retrieved 1ST and the MOD29 product are
provided in Table 2.

The retrieved IST exhibits a much higher accuracy than the
MOD29 product. In addition, the differences between the air
temperature and the retrieved IST, and those between the air
temperature and the MOD29 product, are presented in Figure 7.

In Figure 7, the difference (absolute value) values of eight
sets of samples are much higher than those of the others (Ta-
ble 3). After visual interpretation by employing MOD021KM
data, it was found that two of these scenes were clear and six
scenes were affected by suspected fog or cloud. Taking these
six scenes out of the calculation, the revised bias and RMSE are
reported in Table 4. The accurate results imply that the preci-
sion of the results is related to the precision of the MOD35
product. However, it is difficult to determine the accuracy of
the MOD35 product due to the similar spectral characteristics
between cloud and snow/ice.

Hall et al. (2004) found that the differences were slightly
greater when wind speeds were lower, and were less when
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Figure 8. Comparison of satellite-derived ISTs (retrieved IST and MOD29 product) and in situ AWS ISTs for the Ross Ice Shelf. From

December 2004 to December 2013, 165 cloud-free scenes with a corresponding wind speed of greater than 4 ms* were chosen for the
comparison: (a) Carolyn AWS, (b) Elaine AWS, (c) Gill AWS, (d) Margaret AWS, (e) Schwerdtfeger AWS, and (f) Vito AWS

TaBLE 4. THE AccurAcY OF THE RETRIEVED IST anD THE MOD29 TaBLE 5. PEARSON’S CORRELATION COEFFICIENTS BETWEEN WIND SPEED AND THE
ProDUCT FOR ZHONGSHAN STATION, WITHOUT THE SiX SCENES LISTED IN DIFFERENCES BETWEEN THE AIR TEMPERATURE AND THE RETRIEVED IST/MOD29
TaBLE 3 As “Fog/CrLoup” ProbucT FOR ZHONGSHAN STaTioN (N = 33)
D Accuracy The differences between the  The differences between
ata : :
. air temperature and the the air temperature and
B K RMSE (K
ias (K) SE (K) retrieved IST the MOD29
Retri d IST -0.24 0.94 .
omeve Wind speed -0.368* -0.352*
MOD29 -0.98 1.45

*P<0.05; ns: no significant correlation.
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Figure 9. The differences between the air temperature and the retrieved IST, and those between the air temperature and the MOD29
product, for the Ross Ice Shelf: (a) Carolyn AWS, (b) Elaine AWS, (c) Gill AWS, (d) Margaret AWS, (e) Schwerdtfeger AWS, and (f) Vito AWS.

In the above experiments, the proposed method exhibited
a better IST retrieval performance for the Zhongshan Station
data. Similar experiments were implemented using the MODIS-
based results and the AWS observation data from the Ross Ice
Shelf. The results are shown in Figure 8.

The differences between the air temperature and the
retrieved IST, and those between the air temperature and the
MOD29 product, for each AWs, are presented in Figure 9.

According to Figures 8 and 9, the retrieved 1STs and the
MOD29 product present a better agreement than the AWS 1STs.
The corresponding accuracy of these experiments is summa-
rized in Table 6.

The improvement in accuracy achieved by the retrieved 1ST
results can be clearly observed in this table. The wind speed

wind speeds were higher. Thus, the wind speed data were
utilized in the experiment, as shown in Figure 7, to determine
whether the wind speed affected the differences between the
air temperature and the retrieved 1ST/MOD29 product in this
research. A statistical analysis of the correlation between wind
speed and the differences between the air temperature and the
retrieved IST/MOD29 product is summarized in Table 5.

The Pearson’s correlation coefficients give a value between
1 and -1, where 1 and -1 indicate totally positive and nega-
tive correlation, respectively, and 0 indicates no correlation.
In Table 5, the results show that the differences between the
air temperature and the retrieved 1ST/MOD29 product were
both positively correlated with wind speed.
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TaBLE 6. THE AccURACY OF THE RETRIEVED ISTs AND THE MOD29 ProbucT For THE Six AWSs oN THE Ross ICE SHELF

AWSs
Data
Carolyn Elaine Gill Margaret Schwerdtfeger Vito
Retrieved IST -2.46 -1.26 -0.98 -1.35 -2.07 -1.70
Bias (K)

MOD29 -3.27 -2.27 -1.97 -2.10 -2.89 -2.69

Retrieved IST 2.91 2.02 2.01 2.40 2.47 2.44

RMSE (K)

MOD29 3.59 2.72 2.60 3.17 3.21 3.49

values obtained during the same period are also presented in
Figure 9. The statistical analysis results, showing the correla-
tions between wind speed and the differences between the air
temperature and the retrieved 1ST/MOD29 product, are summa-
rized in Table 7, where no significant correlation is observed.
This implies that the difference between I1ST and air tempera-
ture was not impacted by wind speed.

Discussion

According to the experiments, an immediate conclusion is
that the proposed method generates a higher accuracy than
the MOD29. A further analysis follows.

Most of the available in situ records of air temperature in
polar areas are from AwSs. In consideration of the cost and the
power consumption, thermistors and passive shields are used
in Awss, both of which have been shown to be significantly af-
fected by high solar radiation and low wind speeds (Genthon et
al., 2011). According to some researchers (Hudson et al., 2005;
Hall et al., 2008; Genthon et al., 2011; Shuman et al., 2014), this
uncertainty usually occurs when the downward solar irradiance
exceeds 240 Wm? and the wind speed is less than 4 ms™. This
effect cannot be easily corrected since it is shield dependent.
Therefore, only air temperature values acquired when the wind
speed was greater than 4 ms? were considered in this research.

The biases in Tables 2, 4, and 6 were calculated using mean
values, which represent the deviation of the MODIS-based IST
from in situ records. The biases of the retrieved 1STs were 0.72
~ 0.92 K less than for the MOD29 product, indicating that the re-
trieved 1STs were accurate. The biases, which are not presented
in the above comparisons, were also calculated for all the data
from Zhongshan Station and the Ross Ice Shelf (-1.46 K for the
retrieved IST and —2.34 K for the MOD29 product). The negative
bias indicates that the MODIS-based IST is lower than the in situ
air temperature. This is mostly due to the difference between
the surface and air temperature, which commonly exists in the
presence of atmospheric temperature inversion (Marks, 2002).
This bias is consistent with the findings of Hall et al. (2008),
where the MODIS-based LsTs were —2 K lower than the Aws-
derived air temperatures. Furthermore, Koenig and Hall (2010)
found a -3 K bias, and Shuman et al. (2014) found a -5 K bias.

However, some instances (see Figures 7 and 9) indicate that
the MoDIS-derived IST is slightly higher than the corresponding
air temperature. Referring to Miller’s research (1956), this phe-
nomenon is probably caused by the mixing of warmer air from
aloft during storms, which was also mentioned in Hudson and
Brandt (2005). Furthermore, clouds are another aspect that can
make the surface warmer, in that they have a scattering effect
on radiation transfer in the atmosphere, which can affect the
incoming solar radiation.

Although the difference between the MODIS-derived ISTs and
the observation-based records is clear, the proposed method
presents a better performance than MOD29. This can be attrib-
uted to the application of polynomial fitting in analyzing the
relationship between water vapor and atmospheric transmit-
tance. A similar conclusion was also presented in Ouaidrari’s
research (2002), in which a quadratic split-window equation
provided better accuracy than a linear split-window equation
for AVHRR-derived LST.
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TaBLE 7. PEARsON’S CORRELATION COEFFICIENTS BETWEEN WIND SPEED AND THE
DIFFERENCES BETWEEN THE AIR TEMPERATURE AND THE RETRIEVED IST/MOD29
ProbucT, FoR THE Ross IcE SHELF (N = 165)

The differences between the
air temperature and the
MOD29

The differences between the
air temperature and
the retrieved IST

Wind

ns ns
speed

ns: no significant correlation.

A limitation of this method is that its accuracy is affected by
clouds or fog. The accuracy of the I1ST retrieval method there-
fore relies on the accuracy of the cloud detection result. Even
though there have been effective methods developed for cloud
detection (Liu et al., 2004; Frey et al., 2008), they are extremely
difficult to apply in the polar areas. The similar spectral reflec-
tance between cloud and ice/snow makes it difficult to auto-
matically identify cloud; therefore, it is not easy to determine
whether the weather condition is “cloud free” or “cloudy.” As a
result, some studies have relied on passive-microwave-derived
IST to solve this problem associated with optical data (Cavalieri,
1984; Germain and Cavalieri, 1997; Cavalieri, 1994). However,
the IST retrieval accuracy from passive microwave data is unsta-
ble since the emissivity is variable, depending on the ice/snow
conditions (such as melt or dry) (Mcfarland et al., 1990).

Conclusions

This paper has proposed an approach to retrieve ice surface
temperature (IST) in the Antarctic region, based on a modified
split-window algorithm (SwA) and atmospheric transmittance
estimation. Through a MODTRAN simulation and regression anal-
ysis, we propose to build the relationship between atmospheric
transmittance and water vapor using a polynomial form, replac-
ing the traditional linear fitting. In this way, more accurate
results were obtained in our experiments. The effectiveness was
quantified by a comparison with the MOD29 product and Aws
data from Zhongshan Station and the Ross Ice Shelf from 2004
to 2013. The results showed that the proposed method can gen-
erate a higher accuracy than the MOD29 product. In addition,
the influence of wind speed on the differences between 1ST and
air temperature was characterized, with a correlation between
wind speed and the differences observed for Zhongshan Sta-
tion, but no significant correlation found for the Ross Ice Shelf.
Overall, our study is able to provide technical support and a
processing framework for Antarctic surface melt detection.
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