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Abstract : This study compares the relative accuracy and consistency of four split-window land surface
temperature (LST) algorithms (Becker and Li, Kerr et al., Price, Ulivieri et al.) using 24 sets of Terra
{Aqua)/Moderate Resolution Imaging Spectroradiometer {(MODIS) data, observed ground grass temperature
and air temperature over South Korea. The effective spectral emissivities of two thermal infrared bands
have been retrieved by vegetation coverage method using the normalized difference vegetation index. The
intercomparison results among the four LST algorithms show that the three algorithms (Becker-Li, Price,
and Ulivieri et al.) show very similar performances. The LST estimated by the Becker and Li's algorithm is
the highest, whereas that by the Kerr et al.’s algorithm is the lowest without regard to the geographic
locations and seasons. The performance of four LST algorithms is significantly better during cold season
{night) than warm season {day). And the LST derived from Terra/MODIS is closer to the observed LST than
that of Aqua/MODIS. In general, the performances of Becker-Li and Ulivieri et al algorithms are
systematically better than the others without regard to the day/night, seasons, and satellites. And the root
mean square error and bias of Ulivieri et al. algorithm are consistently less than that of Becker-Li for the
four seasons.

Key Words : Land surface temperature, split-window algorithm, MODIS.

1. Introduction

The land surface temperature (LST) plays an
important role in the physics of land surface through
controling the processes of energy and water
exchange between the land surface and the
atmosphere. So, the LST is a useful element for the
wide range of applications, agriculture, numerical and

climate modeling community. However, operational
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observation of LST is far from the needs of
application community both in spatial and temporal
scale. Because the LST is a highly variable in space
and time, and too difficult to observe. Therefore,
retrieval of LST from satellite data can be regarded as
an effective means for the operational observation of
LST. Compared to the ground observed LST, the
LST retrieved from meteorological satellite data can

be defined as a weighted average temperature of

t Corresponding Author: Myoung-Seok Suh (sms416@kongju.ac.kr)
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various components which constitute a pixel.

For the first time, Price (1984) retrieved the LST
from satellite data using split-window method.
Theoretical possibility for the retrieval of LST from
satellite data using split-window method was shown
by Becker and Li (1990). In general, the coefficients
of LST retrieval equations have been obtained from
linear regression between satellite data and simulated
data using radiative transfer model for wide ranges of
surface and atmospheric conditions, and viewing
geometry. Various types of algorithms have been
developed for the retrieval of LST from
meteorological satellite data during the last 20 years
(e.g., Ketr et al., 1992; Watson, 1992; Ulivieri et al.,
1994; Wan and Dozier, 1996; Coll et al., 2005; Wan
et al., 2005). Among the various types of algorithms,
split-window type is most commonly used because it
is not only simple but also accurate in the estimation
of LST. It is based on the two assumptions: One is
that the atmospheric effect can be minimized by
uéing the differential absorption in two adjacent
window channels in the 10.0 ~ 12.5 £m, and the other
is that the emissivity of thermal channels over land
surface are avaliable.

Recently, the various background data (e.g., land
cover and vegetation index) and methods for the
estimation of spectral emissivity have been developed
(Salisbury and D’Aria, 1992; Valor and Caselles,
1996; Peres and DaCamara, 2002). And the quality of
satellite data has been significantly improved in
radiometric resolution (8bits --> 10bits), navigation,
channels (e.g., Moderate Resolution Imaging
Spectroradiometer (MODIS) with 36 channels) and
signal to noise ratio. Also, the LST retrieval
algorithms are clearly improved through inclusion of
satellite viewing angle, surface emissivity, total
precipitable water vapor and the atmospheric lower
boundary layer temperature (Wan and Dozier, 1996;
Sobrino and Romaguera, 2004; Wan et al., 2005). As
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the results, the quality of retrieved LST is being
improved steadily.

In spite of the enormous efforts for the
improvement of LST algorithms from satellite data,
the retrieved LST is not readily available due to the
poor quality. The insufficient quality of retrieved LST
is mainly caused by the combined effects of
spectrally and temporally varying emissivity
according to the surface types, and the absorption and
emission of atmospheric water vapor (Becker and Li,
1990). Also the insufficiency of ground measured
LST for the validation of retrieved LST and the
undetermined procedures for scaling-up from “point”
measurements to the pixel values are another
interfering factors (Coll et al., 2005).

Various validation efforts appear to be reaching the
consensus that root-mean-squared (rms) accuracies of
1~3°C are possible (Prata and Cechet, 1999; Han et
al., 2004; Coll et al., 2005). Accuracies of 3°C are of
marginal use, while accuracies of 1°C are potentially
of great benefit in many applications (Prata and
Cechet, 1999). In addition to that, the accuracies of
LST algorithms are clearly dependent on the
atmospheric conditions and surface properties. In
other words, the performances of LST algorithms are
highly variable according to the regional
environments, such as climatic characteristics and
geographic locations. So, comparative studies about
the different LST algorithms have been performed by
many authors (Vazquez et al., 1997; Han et al.,
2004). They emphasized the necessity of choosing or
developing the optimized LST retrieval algorithm for
the given regional environments. Therefore
comparative study on the accuracies of various LST
algorithms over the South Korea has a meaning for
choosing or developing the optimized LST algorithm.
It is more meaningful because development of LST
algorithms from meteorological satellite data are not
systematically performed in this region except for the
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few studies (Choi et al., 1986; Shin et al., 2004).

The purpose of this study is to investigate the
relative accuracies of various LST algorithms using
MODIS and ground measured air temperature over the
South Korea. And sensitivity of LST algorithms to the
control parameters, such as the LST, fraction of
vegetation and spectral emissivity are analysed. This
results can be used as background informations in the
development of LST retrieval algorithm for the
forthcoming Communication, Ocean and Meteorological
Satellite (COMS) data.

2. Data and Methods

1) Data

The radiances of thermal infrared channels
measured by the satellite radiometers are mainly
affected by the atmospheric conditions (e.g., cloud,
temperature and water vapor profile, aerosol), and
surface conditions (temperature and emissivity),
which are varying with time and space. As a result,
unknown parameters are always greater than the
equations when split-window methods are used for
the LST retrieval, through combinations of two or
three thermal infrared channels. To overcome this
unresolved problem, most of the split-window
methods have been developed on the assumption that
the effective spectral emissivities are known.

In this study, we used the land cover map,
normalized difference vegetation index (NDVI) and
emissivity look up table made by Peres and
DaCamara (2002) to calculate the effective spectral
emissivity of thermal infrared channels. To compare
the performance of LST algorithms according to the
various season and time, 24 cases data in two thermal
infrared bands (IR 31: 10.8um, IR 32: 12.04m) over
the Korean Peninsula measured by MODIS/Terra and

Aqua were used (Table 1). We selected 24 sateilite
data which have minimum cloudy pixels for day and
night by visual inspection. And hourly air
temperature and 1 minute grass temperature observed
at the 70 ground stations and 5 agriculture stations by
Korean Meteorological Administration were used as
the reference data to evaluate the relative accuracy of
LST algorithms.

The land cover map over the Korean Peninsula
used in this study was classified by Kang et al. (2005)
using the time series of NDVI derived from two years
(2003~2004) MODIS data. The definition of land
covers follows the International Geosphere-Biosphere
Program (IGBP)’s criteria to use the emissivity look
up table (Peres and DaCamara, 2002). The monthly
NDVI data obtained from the 2 years (2003-2004)
Aqua/MODIS 1km data by maximum value

composite method were also used for the calculation

Table 1. Summary of Aqua and Terra MODIS images used in
this study

2004 17 Feb. 14:06
2004 26 Mar. 13:29
Aqua/MODIS 2004 9 Apr. 13:41

(day) 2004 23 hul. 13:36
2004 12 Aug. 13:12
2004 30 Oct. 14:07
2004 6 Nov. 14:13

2004 21 Oct. 10:58
Terra/MODIS 2004 7 Nov. 11:40

(day) 2004 15 Nov. 10:51
2005 21 Jan. 11:22

2004 21 Oct. 14:13
Aqua/MODIS 2004 7 Nov. 13:17

(day) 2004 15 Nov. 14:06
2005 21 Jan. 12:59

2004 27 Oct. 23:02
Terra/MODIS 2004 30 Oct. 21:55

(night) 2004 7 Nov. 22:43
2005 21 Jan. 22:25

2004 18 Feb. 02:08

I

I

AquaMODIS | 2004 | 310ct | 0208
(night) 2004 | 7Nov. | 02:14
| 2005 | 21Feb. | 02:50
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of temporal variation of spectral emissivity.

2) Methods

(1) Retrieval of Effective Emissivity

Temporal variation of effective spectral emissivity
of land surface was calculated using Valor and
Caselles (1996)’s vegetation coverage method
(VCM), by the linear combination of the fraction of

vegetation and ground for the given land cover.
Ei=Ey XFVC + &g X (1-FVC) @O

where ¢; is the effective surface spectral emissivity
of each channel (IR 31, IR 32), ¢;, and &;¢ are the
maximum emissivity of the vegetation (v) and the
ground (g) for the given land cover types (i),
respectively. We used the look-up table of emissivity
generated by Peres and DaCamara (2002). FVC is a
fraction of vegetation coverage (FVC) and calculated
using Kerr et al. (1992)’s method.

FVC= NDVI-NDVicy

=S @
NDVicy- NDVics

where, the NDVIcy and NDVIs indicate the
NDVI values when the pixel is fully occupied by
vegetation (completely vegetated) or ground
(completely soil), respectively. The values of NDVI¢y
and NDVIi¢g are decided like the other studies
(Gutman and Ignatov, 1998; Sobrino and Raissouni,
2000) as 0.8 and 0.13, respectively.

(2) Retrieval of LST

Numerous LST retrieval algorithms have been
developed and evaluated using polar orbit and/or
geostationary meteorological satellite, such as
NOAA/AVHRR (Advanced Very High Resolution
Radiometer), Terra/MODIS, and EUMETSAT/
SEVIRI (Spinning Enhanced Visible and Infrared
Imager). Various combinations of thermal infrared
channels from two-channel to four-channel have been
devéloped and evaluated (e. g., Price, 1984; Becker
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and Li, 1990; Kerr et al., 1992; Wan and Dozier,
1996; Sikorski and Kealy, 2002; Sobrino and
Romaguera, 2004). Many works showed that the best
combination is IR10.8 and IR12.0 im because the
two bands are more transparent, and they are carried
at almost all the meteorological satellites (e.g.,
Sobrino and Romaguera, 2004). In addition, their
effective emissivities are not only close to unity but
also less variable than other thermal channels. To .
investigate the current status and relative accuracy of
different LST algorithms, we selected 4 sets of two-
channel LST algorithm among the numerous
algorithms. The selected LST algorithms are as

follows:
@ Price (1984)
5.5 - &3
T,={T31+333(T31- T3] 5 +075Tn E1-6) (3)

@ Becker and Li (1990)

- T3+ T
T,=1274+ (1 + o.156161—€§ - 0.482%5)3—‘i+

2
1-¢ Ae\ T51-Tx

(831 + 832)
£=———, Ac=g31-¢€3 (4-1)
@ Kerretdl. (1992)

T; =fvTveg +( -0 &)

Tveg =131+ 2.6(T31 -T)-24 5-1)

Tsoir =T31+2.1(T31 - T3p)-3.1 (5-2)

@ Ulivieri et dl. (1994)
Ti=T31+ 1.8(T31 - T3p) +48(1-€)-75A¢  (6)

where T31,. T3; and €31, €37 are brightness
temperature and emissivity of MODIS channels 31
and 32, respectively. f, is afraction of vegetation for
the given pixel. Ty, and T, are soil temperature and
vegetation temperature, respectively.

The process for the LST retrieval from MODIS
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Calculation of LST

.
[ = |

Fig. 1. Block diagram of the LST retrieval processes.

o [ T2 1
r

| Land Cover Datia
|/ Emissivity LUT

channels 31 and 32 is shown in Fig. 1. LST can be
retrieved only for the clear pixel, so it is necessary to
eliminate the cloud-contaminated pixels before the
LST retrieval. To minimize the cloud contamination
problems, we selected the relatively clear data
through a visual inspection of visible channel image.
And a simple threshold technique is applied to
eliminate the cloud contaminated pixels because this
study does not focus on the accuracy of cloud
detection algorithm. The most difficult problem in the
threshold technique is to determine the threshold
values (e.g., Saunders and Kriebel, 1988, Suh and
Lee, 1999). In this study, we used the threshold

values dynamically for case by case because the

a?

(@)

properties (especially for LST and cloud top
temperature) of land and cloud are highly variable

according to the geographic locations and seasons.

3. Results

Fig. 2 shows the effective emissivity of MODIS
channels 31 and 32 derived from monthly NDVT and
land cover map using VCM for March and August.
The emissivity maps show a spatial, temporal, and
spectral variations, generally greater at the vegetated
area and channel 32 than the urban area and channel
31. It shows that the variations of effective spectral
emissivity are closely linked with land cover type and
vegetation phenology. So, the emissivities over the
urban and evergreen area show a relatively weak
temporal variation, whereas, those over crop and
deciduous type area show a strong temporal variation.

The sensitivities of spectral effective emissivity to
the errors of +10% and +20% in the FVC are
shown in Table 2. As shown in other studies, the
impacts of FVC errors on the spectral emissivity are
almost negligible in all the land cover types (e.g.,
Vazquez et al., 1997). It indicates that the VCM is a
relatively stable method in the calculation of FVC.

-

Fig. 2. Effective emissivity map of (a) March and (b) August for MODIS Ch 31(left) and Ch 32(right) derived from monthly NDVI and

land cover map using VCM.
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Table 2. Sensitivities of the effective spectral emissivity (ESE) to the errors in FVC. AEm31 and AEm32 represent the differences of
ESE of MODIS channel 31 and 32 when FVC has -10%(-20%) errors and FVC has +10%(+20%) errors

IGBP Land Cover:::

1 - Evergreen Needleleaf Forest

2 - Evergreen Broadleaf Forest . .

3 - Deciduous Needleleaf Forest 0 0 0.0001 0

4 - Deciduous Broadleaf Forest 0 0 0.0001 0

5 - Mixed Forest 0.0001 0.0001 0.0002 0.0002

6 - Closed Shrublands 0.0001 0.0001 0.0003 0.0002

7 - Open Shrublands 0.0001 0.0001 0.0003 0.002

8 - Woody Savannas 0 0 0.0001 0

9 - Savannas 0 0 0 0
10 - Grasslands 0 0 0 0
11 - Permanent Wetlands 0 0 0 0
12 - Croplands 0.0001 0.0001 0.0002 0.0002
13 - Urban and Built up 0.0002 0 0.0003 0.0001
14 - Cropland/Natural Vegetation 0 0 0.0001 0
15 - Snow and Ice 0 0 0 0
16 - Barren or Sparsely Vegetated 0.0001 0 0.0002 0.0001
17 - Water 0 0 0 0

a) Becker & Li b) Price ¢) Ulivieri et al. d) Kerr et al.

Fig. 3. Sample Images of LST derived from four different split window algorithms. Black indicates a warmer LST(scale bar: 260~330K)
and white indicates rivers, dams and other water reservoirs. Upper and lower images are LST of 26 March, 2004 and 12 August,
2004, respectively.
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Spatial distribution of LST over South Korea
retrieved by four algorithms are shown in Fig. 3.
White color (Southern part of Jeju island, Seoul area
and northern part) means the pixels contaminated by
cloud. The white lines and small areas over
Choongchung and Gangwon area mean the rivers and
dams. Spatial variations of LST are closely linked
with the land cover and topography of the Korean
Peninsula. The LST is clearly warmer at the major
cities, such as Daegu, Gwangju, and Daejeon than
suburban and mountain areas due to the urban heat
island effects. As the results, LST is the highest and
lowest at the urban area and high mountain area,
respectively. Although the spatial patterns of LST are
very similar among the four LST algorithms, the LST

values are slightly different among the algorithms.

Becker and Li’s algorithm produces the highest LST,
whereas Kerr et al.’s algorithm produces the lowest
LST without regard to the geographic locations (land
cover and topography) and seasons.

The LST retrieved by four algorithms are different
systematically regardless of the values of LST (Fig.
4), although the differences and order among the four
algorithms vary with seasons. The LST calculated by
Becker and Li is the highest and that by Kerr et al. is
the lowest regardless of the season and LST values.
Whereas, the differences between Ulivieri ef al. and
Price are strongly dependent on the season and LST
values. So, the LST by Ulivieri et al. is warmer than
that by Price during cold season (winter), but the
order is reversed during the warm season (Spring,

Summer, and Fall) and the differences are

a)4 Jan, b)9 Apr.
18000 18000
4 Jan, 9 Apr.
15000 15000
12000 12000
2 g
g 000 S 9000
o o
@ 19
@ e
6000 8000
3000 3000
0 0
285 268 27

214 217 280 283 286 289 281 288 287 290 283 296 299 302 306 308 311 318 M7
Lend Surface Temperature(K} Land Surface Temperature(k)
¢) 12 Aug. d) 30 Oct.
18000 21000
12 Aug. ~——Becker and Li 30 Oct.
15000 «v-- Kerr et al. 18000
-—Price
=x--Ulivieri et al. 15000
12000
3 3 12000
4 c
8 9000 g .
4 E 9000
e 1
6000
6000
3000 P 23000
0 - ° s

288 291 204 287 300 303 305 309 312 315 e 321 324 327 330
Land Surface Temperature(K)

260 283 286 289 282 295

Land Surface Temperature(K)

288 30 304

Fig. 4. Histogram of LST retrieved by the four LST algorithms for 4 selected days. Solid, dotted, dashed and dashed
with ‘X’ represent the LST by Becker and Li, Kerr et al., Price and Ulivieri et al,, respectively.
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proportional to the LST. The reverse in the LST among the LST algorithms, comparison on the 6 pairs

values derived by Price and Ulivieri ef al. with season of algorithms were performed (Fig. 5). The
are related to the LST equations (See the eqgs. (3) and correlations between selected two LST algorithms are
(6)). The Price algorithm is more sensitive to the very high without regard to the pair, ranging from
brighiness temperature difference (AT) and emissivity 0.992 to 0.999. The two pairs (Kerr et al.-Becker &
of channel 31(g3;) than the that by Ulivieri et al. So, Li, Kerr et al.-Ulivieri ef al.) show the maximum
the increases of AT and £3; during summer resulted in correlations. Whereas the RMSE varies significantly
the more increase of the Price’s LST than Ulivieri et from 0.67 to 4.52 according to the pair. The RMSEs
al’s one. of the pairs coupled with Kerr et al. are considerably
To investigate the differences and similarities greater than those of other pairs. And the magnitude
320 T T T T 320 T T T T
R = 0.898 R = 0.998
RMSE = 1,21 RMSE = 1.67
310F % E 310F 7
+ 5 +
2 s00f 1 2 soof E
a P
3 =
= 5
§ 290 1€ 2801 E
=
9
380F E 280F + g
+
270k, L 1 L I 3 270 i 1 L L
270 280 290 300 3o 320 270 280 290 300 31 320
LET(K), Becker & L LST(K), Becker & Li
320 T T T T 320 T T T T
R = 0992 R = 0,996
RMSE = 0.67 RMSE = 3,36
310F 7 310F ]
z 3 +
> .
« 300F E ® 3ok 3 E
=4
= ] +
5 =
S 290F 1 X zs0F k
X =
& @
280 E 280F E
R
270 i L L L 270 i I L L
270 280 290 300 310 320 270 280 290 300 310 320
LST{K), Price LST(K), Price
320 T T T T 320 T T T T
R = 0,999 R = 0999
RMSE = 4.52 RMSE = 2.87
310F ] 310F q
s 3
® 300F i @ so0f 3
5 5
X o
< zo0f 1 & zs0f E
2 9
80t E 280F k|
+
270 L L L L 270 | L i 1
270 280 290 300 310 32Q 27G 280 230 300 3o 320
LST(K), Becker & Li LST(K), Uliveri et al.

Fig. 5. Comparison of LST retrieved by the paired split window algorithms for 6 March, 2004.
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of spread also varies according to the pair, with the
widest spread at the Ulivieri e al.-Price and Kerr er
al.-Price pairs. In general, Kerr e al. is systematically
underestimate the LST compared to the others.
Comparing with other results, such as Han et al.
(2004) and Vazquez et al. (1997), correlations are
very similar without regard to the pairs but the
RMSE:s are different according to the pairs.
Comparison results between paired LST
algorithms for the 8 selected cases are shown in Table
3. The correlations among the paired algorithms are
very high and statistically indistinguishable, but the
average RMSE and bias of the pairs are strongly
dependent on the combination method, ranging from
1.16 (-0.76) to 4.33 (4.32). In general, the RMSE and
biases of the pairs are less than 1.84 K except for the

pairs coupled with Kerr ef al. The best and worst

fitted pairs are Becker-Price and Becker-Kerr ef al.,
respectively. The similar values of RMSE and biases
among pairs for the 8 selected cases indicate that the
differences between algorithms are very systematic.
However, the sign and magnitude of biases at the
Ulivieri et al. -Price pair are changed according to the
season, with positive and small during cold season,
negative and large during warm season. The reasons
for changes of sign and magnitude are explained in
Fig. 4.

As far as we know, the ground observed LST data
over South Korea with good quality are not usable for
the validation of LST derived from satellite. So we
used the air temperature data observed by AWS as a
surrogate. Before the comparison between AWS and
MODIS LST data, collocation of two data is
performed, because the representatives of AWS and

Table 3. Comparison results between paired split-window algorithms for the LST from Aqua/MODIS data

Pairs Date R |RMSE (K)| Bias(K) Pairs Date R  |RMSE(K)| Bias(K)
4Jan. | 0998 1.66 1.65 4Jan. | 0999 3.26 325
17Feb. | 0.998 1.79 1.77 17Feb. | 0999 3.17 3.17
26Mar. | 0998 121 1.18 26Mar. | 0999 2.87 2.87
Becker. | 9Apr | 0998 1.19 117 Ulivieri. | 9Apr | 0999 2.73 273
P 237l | 0991 0.59 0.11 o 23Jul. | 0996 139 1.34
12Aug. | 0997 038 0.17 12Aug. | 0998 138 135
300ct. | 0.995 1.02 0.99 300ct. | 0996 245 244
6Nov. | 0995 146 143 6Nov. | 0997 2.88 2.87
Ave. 0.996 1.16 1.06 Ave. 0.998 252 2.50
4Jan. | 0999 1.10 1.09 4Jan. | 0996 0.63 0.56
17Feb. | 0998 0.96 093 17Feb. | 0992 0.96 0.84
26Mar. | 0.998 1.67 1.65 26Mar. | 0992 0.67 -047
Becker. | 9Apr | 0999 173 172 Ulivier. | AP | 099 0.63 -0.55
cKer 23Jul. | 0996 3.03 2.99 . 23Jul. | 0981 3.04 -2.89
Ulivied | 15 Aug. | 0.996 2.90 2.87 Price 12Aug. | 0989 2.80 271
300ct. | 0996 1.90 1.89 300ct. | 0986 0.98 -0.90
6Nov. | 0996 143 141 6Nov. | 0985 0.49 0.03
Ave. 0.997 1.84 182 Ave. 0.995 1.27 -0.76
4Jan. | 1.000 426 425 4Jan. | 0998 2.62 2.61
17Feb. | 0999 4.18 4.18 17Feb. | 0.996 2.44 241
26Mar. | 0999 452 452 26Mar. | 099 336 3.30
Becker. | OAPT | 099 445 445 Price - 9Apr. | 0997 3.29 328
o Bl | 0997 434 433 Ko 23l | 0988 429 423
12Aug. | 0998 424 423 12Aug. | 099 4.09 4.06
300ct. | 0.998 434 433 300ct. | 0.99 335 334
6Nov. | 0999 428 428 6Nov. | 0994 2.86 2.85
Ave. 0.998 433 43 Ave. 0.996 329 326
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MODIS are different in spatial resolution. To
minimize the differences of spatial representatives
and observation time between two data, we used the 3
x 3 MODIS pixels and the pixels with the temporal
difference less than 5 minutes.

Comparison results with observed air temperature
by AWS and estimated LST by four different
algorithms for the 8-selected cases are shown in
Table 4. In general, the performance of all the LST
algorithms is significantly better during cold season
than warm season. And the differences among
algorithms are smaller than that of any single
algorithm among seasons. The LST derived by four
LST algorithms are greater than the air temperature of
AWS for all seasons, especially during spring and
summer. This overestimation is quite reasonable
because the LST is higher than air temperature during
day time, especially for the afternoon time (Fig. 6) of
the warm season.

Fig. 6 shows the diurnal variations of LST and air
temperature at Andong and Cheolwon agricultural
stations for clear days during winter and summer. The
diurnal variations of LST and air temperature clearly
depend on the seasons and geographic locations. The
difference between LST and air temperature is
relatively small during night time whereas that is very
large during day time, especially during summer. It
suggests that the air temperature during night time
and cold season can be used as a reference
temperature for the validation of LST. Whereas, the
air temperature during day time, especially warm
season, can’t be used as a reference temperature for
the validation of LST.

Comparison results with the observed LST
(observed in agriculture weather stations) and the
estimated LST by the four different algorithms for the
day/night conditions and two satellites are shown in
Table 5. The performances of four LST algorithms

are systematically higher during night time than
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Tabie 4. Comparison restlts with observed air temperature by
AWS and estimated LST by four algorithms for the
selected 8 cases

> |RMSEK)| Bias(K)
Beckerand Li | 0.808 | 0.653 | 238 | -1.44
Ulivieri eral.| 0.805 | 0.648 | 1.83 | -0.29

1‘?4Jlan'T Price 0.806 | 0650 | 195 | 024
(BALLSD) gerr eral. | 0.807 | 0651 | 344 | 2.89

Average | 0.81 | 0.65 240 | 035

Beckerand Li | 0.681 | 0656 | 2.53 | -0.23
Ulivieri eral.| 0.642 | 0464 | 275 | 0581
17Feb. | price 0705 | 0412 | 289 | 154
40LST)| Kerreral. | 0.666 | 0.497 | 479 | 406

Average | 0.67 | 051 324 | 154

Bockerand Li | 0494 | 0.444 | 10.05 | -9.77
Ulivieri er al.| 0490 | 0.449 | 843 | -8.11
26 Mar. | e 0494 | 0244 | 883 | -8.49
(BBOLSD)| gerreral | 0503 | 0240 | 563 | 5.16

Average | 050 | 0.34 8.23 | -7.88

Beckerand Li | 0.343 | 0244 | 837 | -7.63
Ulivieri etal.| 0340 | 0253 | 679 | -5.90
IAPL | price 0344 | 0396 | 725 | 633
(341LST)| werr eral. | 0341 | 0392 | 456 | -3.04

Average | 034 | 032 6.74 | 5.72

BeckerandLi | 0.234 | 0479 | 722 | -5.30
Ulivieri etal.| 0.245 | 0496 | 4.80 | -2.03

égsjﬁls Price 0230 | 0.053 | 7.57 | -534
(B36LSD)| kerreral. | 0254 | 0.065 | 458 | -0.53
Average | 024 | 027 6.04 | 330
Beckerand Li | 0374 | 0.140 | 5.69 | -3.76
12 A Ulivieri etal.| 0.354 | 0.125 | 4.15 | -0.55
13-12&& Price 0390 | 0.152 | 577 | -3.78
(31218 gerreral. | 0370 | 0137 | 4.17 | 0.84
Average | 0.37 | 0.14 495 | -1.81
Beckerand Li | 0.630 | 0.058 | 233 | -1.21
3000, |Ulivierieral. 0629 | 039 | 2.10 | 078
1 4,07LCSL Price 0615 | 0378 | 206 | 0.15
(UOTLSD)| gerreral. | 0.626 | 0392 | 3.83 | 329
Average | 063 | 031 | 2.58 | 068
Beckerand Li | 0.700 | 0.490 | 3.06 | -2.06
6 Nov. |Ulivierieral| 0692 | 0479 | 232 | 054
- | Pri . . 236 | -0.58
(41318 Price 0.699 | 0397

Ketr et al. 0.704 | 0396 | 325 | 236
Average | 0.70 | 0.44 275 | 020

during day time. And the LSTs derived by the four
algorithms using Terra/MODIS are more accurate
than those by Aqua/MODIS, although the differences
in correlations between two satellites are not

significant. In general, the performances of the
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Fig. 6. Comparison of diumal variation of land surface temperature and air temperature observed at the two agriculture
weather stations for clear days. Black and grey lines mean the LST and air temperature, respectively.

Table 5. Summary of comparison resuits with observed LST (observed in agriculture weather station) and estimated LST by four
algorithms for the day/night conditions and two satellites

. Terra/MODIS Aqua/MODIS
Algorithms _ -
R RMSE(K) Bias(K) R RMSE(K) Bias(K)

Becker/Li 0.910 3.8 -1.2 0.917 4.0 1.6
Ulivieri et al. 0.908 37 0.5 0912 50 34
Day Price 0.906 49 32 0.927 6.8 5.8
Kerrezal. 0.909 6.1 49 0919 85 77

Day Ave. 091 4.63 1.85 092 6.08 4.63
Becker/Li 0.965 22 -1.1 0.963 25 13
Ulivieri ez al. 0.965 1.8 02 0.963 31 23
Night Price 0.967 37 33 0.967 6.4 6.1
Kerr et al. 0.967 5.0 4.7 0.965 74 7.1

Night Ave. 0.97 3.17 1.77 0.96 485 420

algorithms by Becker and Li, and Ulivieri et al. are
clearly better than the others without regard to the

day/night and satellites.

Fig. 7 shows the sensitivity of LST algorithms due

to the +1% error in emissivity as a function of Tx;.

The Kerr et al.’s algorithm is not shown in this figure

because it does not have emisisvity term explicitly.

The deviation shown in Fig. 7 can be regarded as a

maximum value for the given temperature and

emissivity error because the maximum deviation is
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Fig. 7. Error propagation in LST due to +1% efror in emissivity
as a function of Tay. Assuming Tsq - Tz = 1K. Surface
emissivity fixed to 31 = 0.96, g30 = 0.97. Filled box,
circle and triangle mean the Price, Becker and Li, and
Ulivieri et al., respectively.

selected among the various combination of emissivity
errors in the channels 31 and 32. The sensitivity of
LST algorithm to the emissivity error is the greatest
in the Price. Whereas, the Ulivieri et al. algorithm is
the least sensitive to the emissivity error and surface

temperature changes.

4. Summary and Discussion

Land surface temperature (LST) is required for a
variety of climatic, hydrologic, ecological, and
biogeochemical studies. Many types of algorithms
were developed for the retrieval of LST using satellite
data. Split-window algorithms were widely used
because of computational efficiency, ease of
application and accuracy. In this study, comparison of
four different split-window algorithms (Becker and
Li, Kerr et al., Price, Ulivieri et al.) has been
discussed using MODIS/Terr (Aqua), and ground
observed LST and air temperature over South Korea.
As far as we know, there is no observed LST data in
South Korea suitable for the validation of LST
derived from MODIS data. So we used the air
temperature and grass temperature for the validation
of LST.
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The effective spectral emissivities of thermal
infrared channels (MODIS channels 31 and 32) were
retrieved by vegetation coverage method (Kerr et al.,
1992) using the fraction of vegetation cover (FVC)
derived from normalized difference vegetation index.
FVC and emissivity over the Korean Peninsula varied
from 0.05 (0.96) to 0.8 (0.99) according to the season
and land cover. The sensitivity analysis of emissivity
to the land cover and FVC error showed that
emissivity is more influenced by land cover error than
by FVC error.

The intercomparison results among the four LST
algorithms showed that the Becker-Li and Price,
Ulivieri et al., and Price algorithms are statistically
very similar, whereas Becker-Li and Kerr ef al., Price
and Kerr ef al. algorithms are statistically quite
different. In general, Becker and Li’s algorithm
produces the highest LST, whereas Kerr et al.’s
algorithm produces the lowest LST without regard to
the geographic locations (land cover and topography)
and seasons.

In general, the performance of four LST algorithms
is significantly better during cold season than warm
season. And the differences among algorithms are
smaller than that of an any single algorithm among
seasons. The four LST algorithms overestimated the
LST compared to the air temperature of AWS for all
season, especially during spring and summer. This
overestimation is reasonable because the LST is
higher than the air temperature during day time,
especially for the afternoon time of warm season.

The performance of four LST algorithms are
systematically superior during night time than during
day time. And the LST derived from Terra/MODIS is
closer to the observed LST than that of Aqua/
MODIS. In general, the performances of Becker-Li
and Ulivieri et al. algorithms are clearly better than
the others without regard to the day/night, season and
satellites. And the RMSE and bias of Ulivieri et al.
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algorithm are consistently less than that of Becker-Li
for the four seasons.

As mentioned by the Becker and Li (1995), the
performance of LST retrieval algorithms depends
primary on the quality of radiative transfer models,
the characteristics of atmospheric profiles and surface
from which the LST algorithms have been developed.
The four LST retrieval algorithms used in this study
have been developed to fit the NOAA/AVHRR
channels 4 and 5, and the regions where the authors
have concerns. And there are some differences in the
band width and spectral response function between
AVHRR channels 4 (10.3-11.30 ¢m) and 5 (11.50-
12.50 um) and MODIS channels 31 (10.78-11.28
pm) and 32 (11.77-12.27 pm). Also there should be
some differences in the atmospheric environments and
the surface conditions between the regions targeted by
authors and the Korean Peninsula. So, when we take
into account the above-mentioned facts, the results
should be understood not in quantitative sense but in
qualitative sense. The results suggest that it is
necessary to develop LST algorithm for the retrieval
of LST over Korean Peninsula using the atmospheric

profiles and surface conditions of this region.
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