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Abstract: Land surface temperature (LST) is an important parameter at the
land-atmosphere interface. The Collection 6 (C6) MODIS LST products are publicly
available. Three refinements were performed over bare soil surfaces in the C6 MODIS
LST products when compared with the Collection 5 (C5) MODIS LST products. To
facilitate the use of the LST products in a wide range of applications, it is necessary to
comprehensively evaluate the accuracies of the C6 MODIS LST products. In this

study, we validated the C6 MODIS LST products using the temperature-based method
1
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over various land cover types, including grassland, cropland, cropland/natural
vegetation mosaic, Gobi, sandy dune, and desert steppe. In situ measurements were
collected from sites under different atmospheric and surface conditions, including six
SURFRAD sites in the United States, two KIT sites in Portugal and Namibia, and four
HiWATER sites in China. In general, the accuracies of the C6 MODIS LST products
at night are better than those during daytime. The daytime RMSE varies from
approximately 1.5 K to 5.6 K, whereas the night-time RMSE is less than 2 K at all
sites except for the HIWATER SSW site. Furthermore, the accuracies of the C6
MODIS LST products were compared with those of the C5 MODIS LST products
over bare soil surfaces. The C6 MODIS LST products are in excellent agreement with
the in situ LST measurements at the KIT Gobabeb site, with biases of 0.36 K during
the day and 0.24 K at night, and RMSEs of 1.5 K during daytime and 0.74 K during
night-time. However, there are no improvements in the accuracies of the C6 MODIS
LST products when compared with the C5 MODIS LST products due to further

overestimation of emissivities at the four HIWATER sites.

Key words: Land surface temperature, MODIS, temperature-based validation method,

split-window algorithm, in situ measurements.

1. Introduction

Land surface temperature (LST) is an important climate variable, which is related
to surface energy and water balance. It is also a key parameter for various studies
including hydrology, climatology, environment, and ecology (Anderson et al., 2008;
Duan et al., 2014; Sandholt et al., 2002; Weng, 2009). For instance, satellite-derived
LST has been used in land cover and land-cover change analysis (Lambin and Ehrlich,
1997), in estimation and parameterization of surface fluxes (Lu et al., 2013), and in
drought monitoring and surface soil moisture estimation (Wan et al., 2004; Leng et al.,
2014). LST has been identified as an important Earth Surface Data Record (ESDR) by
NASA. Furthermore, LST has been accepted and defined as an Environmental

Climate Variable (ECV) by the Global Climate Observing System (GCOS).
2
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The Moderate Resolution Imaging Spectroradiometer (MODIS) sensor is one of
the key instruments on the Terra and Aqua platforms of the NASA Earth Observing
System. MODIS can provide observational overlap and continuity in conjunction with
the Advanced Very High Resolution Radiometer (AVHRR) onboard the NOAA’s
operational polar-orbiting satellites and the Visible Infrared Imaging Radiometer Suite
(VIIRS) onboard the Suomi National Polar-Orbiting Partnership (S-NPP) satellite.
Two LST retrieval algorithms were developed to generate the MODIS LST products.
One algorithm is the generalized split-window (GSW) algorithm (Becker and Li, 1990;
Wan and Dozier, 1996), which generates LST products at 1 km resolution. The other
algorithm is the physics-based day/night algorithm (Wan and Li, 1997), which
generates LST products at approximately 5 km (Collection 4, C4) and 6 km
(Collection 5, C5) resolution.

The C4 and C5 MODIS LST products were validated using the
temperature-based (T-based) and radiance-based (R-based) methods over various sites,
including bare soil, grassland, silt playa, cropland, and in-land water (Wan et al., 2002,
2004; Wan and Li, 2008; Wan, 2008, 2014; Coll et al., 2005, 2009). The results
indicate that the accuracies of the MODIS LST products are better than 1 K over most
sites except for bare soil sites. Three refinements were performed in the Collection 6
(C6) MODIS GSW LST algorithm over bare soil surfaces to improve the accuracies
of the MODIS LST products (Wan, 2014). The C6 MODIS LST products are publicly
available for the user community. Assessing the accuracies of the C6 MODIS LST
products will help to facilitate the use of the LST products in a wide range of
applications.

The main objective of this study is to comprehensively validate the C6 MODIS
LST products using in situ measurements over various land cover types, including
grassland, cropland, cropland/natural vegetation mosaic, Gobi, sandy dune, and desert
steppe. This paper is organized as follows: Sections 2 and 3 introduces the MODIS
LST products and in situ measurements, respectively, Section 4 describes the
methodologies used in this study, Section 5 and 6 presents the results and discussion

of the validation of the C6 MODIS LST products, and the last section provides the
3
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conclusions of the study.

2. MODIS LST products

The MODIS level-2 LST products (MOD11 L2 and MYDI11 L2) were retrieved
with the GSW LST algorithm from brightness temperatures in MODIS bands 31 and
32 (Becker and Li, 1990; Wan and Dozier, 1996). The GSW LST algorithm is written
as:

T = b+(b+b1 b—jT R (b4+b51_8 bij“_T” 1)
g & 2 g g 2

where T is the LST, ¢ and 4¢ are the mean and difference of the emissivities in bands
31 and 32. The regression coefficients bk (k=0-6) depend on viewing zenith angle
(VZA), surface air temperature (73), and atmospheric column water vapor (CWV).
These coefficients were derived from regression analysis of radiative transfer
simulation data for LST values varying from 7,-16 K to 7,+16 K.

To improve the accuracies of the MODIS LST products, three refinements were
performed in the C6 MODIS GSW LST algorithm over bare soil surfaces (Wan, 2014).
First, two separate sets of coefficients were used to retrieve daytime and night-time
LST over bare soil surfaces in the hot and warm bare soil zone within latitude range
from —38° to 49.5°. In the original GSW LST algorithm, one set of coefficients was
used to retrieve daytime and night-time LST for each group of similar land cover
types. Second, the emissivity differences in MODIS bands 31 and 32 over bare soil
surfaces were adjusted. Third, a quadratic term of the difference between brightness
temperatures in bands 31 and 32 was added into the original GSW LST algorithm.
The refined GSW LST algorithm is expressed as:

T :b0+(bl+b2 17¢ b —]T”T”
& & 2

_ 2)
2

(b +b e +b g_j 312 2 b7(T31_T32)

The MODIS LST products were downloaded from the Reverb website

(http://reverb.echo.nasa.gov/). The MODIS Reprojection Tool (MRTSwath) was used

4
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to convert the MOD11 L2 and MYDI11 L2 products from the sinusoidal projection in
HDF format into a geographic projection in GeoTiff format. The science data set
layers LST, LSE, and quality control (QC) were extracted from the MOD11 L2 and
MYDI11 L2 products. Only high-quality LST data (i.e., QC=0) were used in this

study.

3. In situ measurements
3.1. SURFRAD sites

The Surface Radiation Budget Network (SURFRAD) was established in 1993
with a primary objective of supporting climate research with accurate, continuous,
long-term measurements of the surface radiation budget over the United States
(Augustine et al., 2000). Six SURFRAD sites operated in climatologically diverse
regions and represented various land cover types were selected in this study. Fig. 1
shows the ground photographs of the six sites. Table 1 summarizes the detailed
information on the six sites. These sites provide quality-controlled measurements of
surface upwelling and downwelling longwave radiations along with other
meteorological parameters every 3 minutes before 2009 or every 1 minute after 2009.
The upwelling and downwelling longwave radiations were measured by two
pyrgeometers (Eppley Precision Infrared Radiometer, spectral range 3-50 pm)
deployed at a 10-meter high tower. The spatial representativeness of the pyrgeometer
measurements is approximately 70 x 70 m? (Guillevic et al., 2014). The ground-based
measurements from the SURFRAD sites are good reference data sets for long-term
LST validation (Li et al., 2014). These measurements have been widely used to
evaluate satellite-derived LST products, e.g., ASTER (Wang and Liang, 2009), GOES
(Yuetal., 2012; Xu et al., 2014), and VIIRS (Guillevic et al., 2014; Liu et al., 2015).



142
143

144

145

146
147
148
149

150

151

152

153

154

155

156

157

158

159

A FAA G i - g g W WG

Fig. 1. Ground photographs of the six SURFRAD sites.

Table 1. Detailed information on the six SURFRAD sites.

Site* Latitude  Longitude  Elevation Land cover type Time period (d/m/y)

BND 40.052°N 88.373°W  230m Cropland 01/01/2004-31/12/2005
TBL 40.125°N 105.237°W 1689 m  Grassland 01/01/2004-31/12/2005
FPK  48.308°N 105.102°W 634 m Grassland 01/01/2004-31/12/2005
GCM 34.255°N &9.873°W  98m CNVM # 01/01/2004-31/12/2005
PSU  40.720°N 77.931°W 376 m CNVM # 01/01/2004-31/12/2005
SXF 43.734°N 96.623°W 473 m Cropland 01/01/2004-31/12/2005

*BND: Bondville, Illinois, TBL: Table Mountain, Boulder, Colorado, FPK: Fort Peck,
Montana, GCM: Goodwin Creek, Mississippi, PSU: Penn. State Univ., Pennsylvania,
and SXF: Sioux Falls, South Dakota.

# CNVM: Cropland/natural vegetation mosaic.

3.2. KIT sites

To enable the continuous validation of the LST products derived from
MSG/SEVIRI data over several years, Karlsruhe Institute of Technology (KIT,
Germany) operates four permanent LST wvalidation stations, i.e., Evora (Portugal),
Dahra (Senegal), Gobabeb (Namibia), and RMZ Farm/Farm Heimat (Namibia). The
four stations were set up over large, thermally homogeneous, and flat areas in
different climate zones. In this study, the in situ LST measurements over the Evora
site in Portugal and the Gobabeb site in Namibia were used to evaluate the C6

MODIS LST products. Fig. 2 shows the ground photographs of the two sites. Table 2
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summarizes the detailed information on the two sites.

The Evora LST validation station is located about 12 km south-west of the town
of Evora in the Alentejo region, Portugal. The dominant vegetation types at the station
are isolated groups of evergreen oak trees and grassland (Kabsch et al., 2008, Trigo et
al., 2008). The climate at the station is warm temperate with hot, dry summers, annual
temperature averages between 15 °C and 16 °C and an average annual precipitation of
669 mm. The in situ measurements are collected every minute by three KT-15.85 IIP
infrared radiometers, observing the sunlit background, a tree crown, and the sky at 53°
zenith angle, which is used to estimate atmospheric downwelling radiance. The
KT-15.85 IIP measures thermal infrared radiance in the 9.6-11.5 pm domain and
obtains brightness temperatures with an absolute accuracy of +0.3 K. Surface
emissivity was estimated using fixed end-member fractions (tree=32%,
grass/ground=68%), i.e., the temporal dependence of the cover fractions was ignored
(Ermida et al., 2014). The KT-15.85 IIP emissivity was set to a static value of 0.974,
which is a typical value for vegetation and close to the corresponding LSA SAF
emissivity for SEVIRI channel 9 over Evora.

The Gobabeb LST validation station is located on the large gravel plains (several
thousand km?) of the Namib Desert in Namibia, which are covered by a highly
homogeneous mixture of gravel, sand and sparse desiccated grass. Due to the
hyper-arid desert climate, the site is spatially and temporally highly stable and,
therefore, ideal for long-term validation of satellite products (Gottsche et al., 2013,
2016). The long-term average annual temperature at the Gobabeb site is 21.1 °C
whereas the average annual precipitation is less than 100 mm and highly variable.
Three KT-15.85 IIP infrared radiometers were deployed at the Gobabeb site. Two
radiometers with a field of view (FOV) of 8.5° are mounted next to each other at 25 m
height and observe an area of about 14 m? each. The other radiometer views the sky at
53° zenith angle. All station measurements are collected once per minute. The surface
emissivity of the gravel plain is considered constant and is estimated as 0.94

(Gottsche and Hulley, 2012).
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Fig. 2. Ground photographs of the two KIT sites.

Table 2. Detailed information on the two KIT sites.

Site Latitude Longitude  Elevation Land cover type Time period (d/m/y)
Evora 38.5403° N 8.00328°W 227 m Savannas 01/01/2010-31/12/2010
Gobabeb 23.5510°S  15.0514°E 421 m Gravel 01/01/2010-31/12/2010

3.3. HiIWATER sites

The Heihe Watershed Allied Telemetry Experimental Research (HIWATER) is a
comprehensive eco-hydrological experiment taking place in the Heihe River Basin,
the second largest inland river basin in the arid regions of northwest China (37.7°—
42.7° N, 97.1°-102.0° E). It designed from an interdisciplinary perspective to address
problems that include heterogeneity, scaling, uncertainty, and closing of the water
cycle at the watershed scale (Li et al., 2013). We used the ground-based
measurements at four sites over three land surface types, i.e., Gobi (GB), sand dune
(SSW), and desert steppe (HZZ and JCHM). The four sites are located in large flat
areas around the oasis. Fig. 3 shows the ground photographs of the four sites. Table 3
summarizes the detailed information on the four sites.

The GB site consists of small gravel, bare soil, and small Alhagi sparsifolia. The
SSW site is more uniformly, but sparsely covered by Alhagi sparsifolia. The sand
dune at the SSW site is approximately 10 to 20 m high and the sand is primarily
composed of quartz. The HZZ and JCHM sites consist of bare soil and small Alhagi
sparsifolia.

The GB and SSW sites are each equipped with one Kipp & Zonen CNRI1 net
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radiometer, which observes the surface at nadir from a 6 m height. The HZZ and
JCHM sites are each equipped with two Apogee SI-111 infrared radiometers. One
radiometer observes the surface at nadir from a 4 m height with a footprint of 8 m? at
the JCHM site or a 2.65 m height with a footprint of 3.6 m? at the HZZ site. The other
radiometer views the sky at an effective angle of approximately 55° from zenith to
measure the atmospheric downwelling radiance. The SI-111 infrared radiometers and
CNRI net radiometers are collected once per minute. Surface emissivity at the HZZ
and JCHM sites were measured using the ABB BOMEM MR304 spectroradiometers.
A constant emissivity value of 0.97 was obtained for the HZZ and JCHM sites. More

detailed information on the four sites can be found in Li et al. (2014).

HZZ JCHM

Fig. 3. Ground photographs of the four HIWATER sites.

Table 3. Detailed information on the four HIWATER sites.

Site Latitude Longitude Elevation Land cover type Time period (d/m/y)

GB 38.9150°N 100.3042°E 1567m  Gobi 01/07/2012-30/06/2016
SSW  38.7892°N 100.4933°E 1555m  Sand dune 01/07/2012-30/06/2016
HZ7  38.7652° N 100.3186°E 1735m  Desert steppe 01/07/2012-30/06/2016
JCHM 38.7781°N 100.6967°E 1625m  Desert steppe 01/07/2012-30/06/2016
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4. Methodologies
4.1. In situ LST estimation

For the pyrgeometers at the SURFRAD sites and the CNR1 net radiometers at the
HiWATER sites, the in situ LST measurements were estimated from the upwelling
and downwelling longwave radiations using the Stefan-Boltzmann law:

1 Ul
, :{F —(1-¢,)F } 3)

s
oE,

where 75 is the LST, F' is the surface upwelling longwave radiation, F* is the
atmospheric downwelling longwave radiation, ¢ is the Stefan-Boltzmann constant
(5.67x10®% W m?K*), & is the surface broadband emissivity, which was estimated

from a spectral-to-broadband linear regression equation (Wang et al., 2005):

g, =0.2122¢,, +0.3859,, +0.4029¢,, (4)

where &9, €31, and &3, are the surface narrow-band emissivities of MODIS bands 29
(8.3 um), 31 (10.8 um), and 32 (12.1 um), respectively.

For the KT-15.85 IIP infrared radiometers at the KIT sites and the SI-111 infrared
radiometers at the HIWATER sites, the in situ LST measurements were estimated the
radiance emitted by the surface and the downwelling radiance by the atmosphere:

{
I -5 {R—(l—_ﬂ} 5

&

where B is the Planck function convolved with the spectral response function of the
infrared radiometer, R is the radiance emitted by the surface, which is obtained from

the measurements of the infrared radiometer, & is the surface emissivity for the

\

radiometer spectral channel, and L’ is the downwelling radiance convolved with

the spectral response function of the infrared radiometer. Lttm is equivalent to the

radiance measured by a radiometer that views the sky at an effective angle of

approximately 53° from zenith.

4.2. Temperature-based validation

The temperature-based validation method involves a direct comparison of
10
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ground-based LST measurements and satellite-derived LST products (Coll et al., 2005;
Wang et al., 2008; Wang & Liang, 2009; Guillevic et al., 2012, 2014; Goéttsche et al.,
2013; Ermida et al., 2014; Li et al., 2014; Krishnan et al., 2015). It allows determining
the uncertainties in satellite-derived LST products. In this study, the in situ LST
measurements estimated from the radiometers were used to evaluate the accuracies of
the C6 MODIS LST products (MOD11 L2 and MYDI11 L2).

The LST values of the MODI11 L2 and MYDI11 L2 products were extracted for
the pixel closest to each site in terms of longitude and latitude information. To
minimize the effect of cloud contamination on validation results, only the LST values
with high-quality data (i.e., QC=0) were used for evaluation. The MODIS LST was

matched with the in situ LST using the satellite observation time.

4.3. Robust outlier removal

To obtain robust statistics of LST validation, it is necessary to remove outliers
due to cloud contamination. A popular method for outlier detection is the “3c-edit
rule”. It assumes that a data sequence is approximately normally distributed and a
point further than three standard deviations from the mean is regarded as an outlier
(Pearson, 2002). The probability that a point is wrongly removed as an outlier is
approximately 0.3%. However, the “3c-edit rule” usually fails in practice because
outliers lead to biased estimates of the mean and standard deviation. A robust method
for outlier detection is the “3c-Hampel identifer” (Davies and Gather, 1993). In this
method, the mean is replaced by the median, whereas the standard deviation is

estimated as:

S =1.4826 x median {|xi —-X

m

} (6)
where xm is the median of the data sequence {xi}, S is the standard deviation of the
data sequence {xi}. The constant 1.4826 is chosen to obtain an unbiased estimate of
standard deviation for Gaussian data (Pearson, 2002).

In this study, the data sequence {xi} is the differences between the MODIS LST

and the in situ LST. The match-up data points with the LST differences less than

11
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xm-3S or larger than xn+3S are regarded as outliers. The “3c-Hampel identifer” only

removes a relatively small fraction of outliers (mainly undetected clouds), typically

less than 10% (Gottsche et al., 2013).

5. Results and analyses
5.1. Results for the SURFRAD sites

Fig. 4 shows the scatterplots between the C6 MODIS LST and the in situ LST
during daytime and night-time at the BND, TBL, FPK, GCM, PSU, and SXF sites.
The bias, STD, and RMSE of the differences (LSTmopis-LSTin si) between the C6
MODIS LST and the in situ LST are summarized in Fig. 4.

The C6 MODIS LST during daytime is lower than the in situ LST over all sites,
except for the BND and FPK sites. The smallest absolute bias (approximately 0.2 K)
is obtained for the TBL site, whereas the largest absolute bias (approximately 2.5 K)
is achieved for the GCM site. The largest STD and RMSE (approximately 4.4 K and
4.6 K) are obtained for the BND site, whereas the smallest STD and RMSE
(approximately 1.8 K and 2.4 K) are achieved for the PSU site. The largest STD at the
BND site indicates that this site is more heterogeneous and exhibits a higher spatial
variability of LST. This is consistent with the results reported by Guillevic et al. (2014)
and Wang and Liang (2009).

The C6 MODIS LST at night is lower than the in situ LST over all sites, except
for the PSU site. The bias varies from approximately -1.5 K for the TBL site to
approximately 0.5 K for the PSU site. The STD for all sites is less than 1.5 K, and the
RMSE is less than 1.9 K. The statistics during night-time are less than those during
daytime, especially in terms of STD and RMSE. The daytime STD is greater than 1.9
K for all sites, whereas the night-time STD is less than 1.6 K. Larger daytime STD
could be caused by the spatial variability of LST, which is usually more significant
during daytime than night-time due to the effects of structural shading, evaporative
cooling, and surface-air temperature differences. Therefore, the in situ LST
measurements during night-time are more representative of the LST at the satellite

pixel scale. This is the reason why Wang et al. (2008) only used ground-based LST
12
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Fig. 4. Scatterplots between the C6 MODIS LST and the in situ LST during daytime
and night-time at the six SURFRAD sites, i.e., (a) BND, (b) TBL, (¢) FPK, (d) GCM,
(e) PSU, and (f) SXF.

To investigate the influences of seasonal variations on LST validation results, we
divided all LSTs at each site into four groups in terms of four seasons. Fig. 5 shows
the RMSE of the differences (LSTmopis-LSTin situ) between the C6 MODIS LST and
the in situ LST during daytime and night-time in four seasons at the six sites. Strong
seasonal variations of the RMSE can be found during daytime. The largest RMSE is

obtained in summer, whereas the smallest RMSE is achieved in winter at all sites.
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Relatively larger RMSE can be found in four seasons at the BND site. The reason is
because this site is more heterogeneous and exhibits a higher spatial variability of
LST. Larger RMSE in spring at the BND site could be attributed to cloud
contamination over snow/ice surfaces (Liu et al., 2015). The seasonal variations are
also reported in MODIS and VIIRS LST validation at the SURFRAD sites (Li et al.,
2014; Liu et al., 2015). However, there are no significant seasonal variations of the
RMSE during night-time. The RMSE during night-time is less than approximately 2
K in four seasons at all sites. The better night-time performance is expected because
the thermal heterogeneity is usually higher during daytime and the atmospheric CWV

is lower and the land surface behaves almost homogeneously at night.

6-(3) [ Spring 6-(b) Ispring |1

5 [ Summner | 5 I Summer ||
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1 1r
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Site Site
Fig. 5. Bar plots of the RMSE of the differences (LSTwmobis-LSTin si) between the C6

MODIS LST and the in situ LST during (a) daytime and (b) night-time in spring,

summer, autumn, and winter at the six SURFRAD sites.

Atmospheric water vapor absorption is one of the most relevant error sources in
LST retrieval. To further analyze the effects of atmospheric water vapor on LST
validation results, we divided all atmospheric CWV at each site into four groups in
terms of four seasons. Fig. 6 displays atmospheric CWV derived from the C6 MODIS
atmospheric profile products (MODO0O7 L2 and MYDO07 L2) during daytime and
night-time in four seasons at the six sites. Similar pattern of seasonal variations of
atmospheric CWV can be found during daytime and night-time. The highest CWV is
obtained in summer, whereas the lowest CWYV is achieved in winter. However, the

atmospheric CWV during night-time is lower than the corresponding value during
14
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daytime in four seasons at all sites. Compared Fig. 5a with Fig. 6a, the seasonal
variations of the RMSE of the LST discrepancies during daytime could be attributed
to the seasonal variations of the atmospheric CWV. Larger RMSE of the daytime LST
discrepancies occur in summer under warm and humid atmospheric conditions.
Moreover, smaller RMSE of the night-time LST discrepancies in four seasons could

be due to lower LST and atmospheric CWV at night.

4 4
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Fig. 6. Bar plots of atmospheric CWV derived from the C6 MODIS atmospheric

profile products (MODO07 L2 and MYDO07 L2) during (a) daytime and (b) night-time

in spring, summer, autumn, and winter at the six SURFRAD sites.

5.2. Results for the KIT sites

Fig. 7 displays the comparison of the C6 MODIS LST and the in situ LST during
daytime and night-time at the Evora and Gobabeb sites. The bias, STD, and RMSE of
the differences (LSTwmopis-LSTin sit) between the C6 MODIS LST and the in situ LST
are shown in Fig. 7.

For the results at the Evora site, the C6 MODIS LST is lower than the in situ LST
during the day, with a bias of approximately -1.6 K, whereas the situation is reversed
at night, with a bias of approximately 0.7 K. The daytime STD and RMSE
(approximately 3 K) are approximately twice larger than those (approximately 1.5 K)
at night. More dispersion of the LST discrepancies during daytime is due to higher
contrast between shaded and sunlit background LST. During night-time, the LST
contrast between surface elements, i.e., canopy and background, is very small.

Because of their lower dependency on differential heating/cooling (induced by the
15
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existence of shaded and sunlit areas), night-time data are the most reliable for
validating satellite-derived LST products (Trigo et al., 2008).

For the results at the Gobabeb site, the C6 MODIS LST is slightly higher than the
in situ LST during daytime and night-time, with a bias of approximately 0.3 K. The
daytime STD and RMSE (approximately 1.5 K) are approximately twice larger than
those (approximately 0.7 K) at night. The results indicate that the C6 MODIS LST is
in excellent agreement with the in situ LST at the Gobabeb site, especially at night

with accuracy better than 0.8 K.
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Fig. 7. Scatterplots between the C6 MODIS LST and the in situ LST during daytime

and night-time at the two KIT sites, (a) Evora and (b) Gobabeb.

As mentioned in Section 2, three refinements of the GSW LST algorithm were
performed in the C6 MODIS LST products over bare soil surfaces. The Gobabeb site
is located on large gravel plains (several thousand km?), which are covered by a
highly homogeneous mixture of gravel, sand, and sparse desiccated grass. To
investigate whether the C6 MODIS LST products have better performance over bare
soil surfaces, we compared the C5 and C6 MODIS LST products at the Gobabeb site.
The comparison results are shown in Fig. 8. The accuracies of the C6 MODIS LST
products are much better than those of the C5 MODIS LST products. Two reasons can
explain the better performance of the C6 MODIS LST products. One reason is that
two separate sets of coefficients were used in the C6 GSW algorithm for daytime and
night-time LST retrievals over bare soil surfaces. The two sets of GSW coefficients

accounts for a wider range of atmospheric and LST conditions over bare soil surfaces.
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The other reason could be attributed to the application of the emissivity adjustment
model over bare soil surfaces. The C5 MODIS emissivities in bands 31 and 32 are
nearly a constant (€31=0.964 and &3,=0.972) throughout the whole year at the Gobabeb
site. Similar results are obtained for the C6 MODIS emissivities in bands 31 and 32
(631=0.962 and £3,=0.976). The mean of the emissivities in bands 31 and 32 for C5
and C6 is nearly equal. However, the difference of the emissivities in bands 31 and 32
changes from 0.008 for C5 to 0.014 for C6. Wan (2014) pointed out that the GSW
algorithm is more sensitive to the change in the difference of the emissivities in bands

31 and 32 than that in their mean.
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Fig. 8. Scatterplots between the C5 (C6) MODIS LST and the in situ LST during (a)
daytime and (b) night-time at the Gobabeb site. Each pair of the corresponding C5
and C6 pixels used for LST validation is the same pixel. The number of pixels is

slightly less than that shown in Fig. 7b due to different version of QC data.

5.3. Results for the HIWATER sites

Fig. 9 shows the scatterplots of the C6 MODIS LST versus the in situ LST during
daytime and night-time at the GB, SSW, HZZ, and JCHM sites. The bias, STD, and
RMSE of the differences (LSTmopis-LSTin siu) between the C6 MODIS LST and the
in situ LST are summarized in Fig. 9.

The C6 MODIS LST during the day is lower than the in situ LST at all sites, with
the bias varying from approximately -2.5 K for the GB site to approximately -4.7 K
for the JCHM site. Larger STD and RMSE during daytime are obtained at the four

sites, with STD > 2.2 K and RMSE > 3.3 K. These results indicate that the C6
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MODIS LST products underestimate the daytime LST at the four sites due to an
overestimation of surface emissivities.

The C6 MODIS LST at night is lower than the in situ LST at all sites except for
the HZZ site. The absolute bias varies from approximately 0.2 K for the HZZ site to
approximately 2.6 K for the SSW site. Except for the SSW site with a STD of
approximately 1.3 K, the STD at the other sites less than 1 K. The results indicate that
there are relatively large spatial variations in LST at the SSW site, which is consistent
with the results reported by Li et al. (2014). Compared with the daytime results, the
night-time results have better accuracies. This is because the atmospheric CWV is
lower and the land surface behaves almost homogeneously at night. Therefore, the in

situ LST during night-time is more representative of satellite-derived LST than that

during daytime.
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Fig. 9. Scatterplots between the C6 MODIS LST and the in situ LST during daytime
and night-time at the four HIWATER sites, i.e., (a) GB, (b) SSW, (¢) HZZ, and (d)
JCHM.

The four HIWATER sites are located over bare soil surfaces. To evaluate the
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performance of the C6 MODIS LST products over bare soil surfaces, we compared
the C5 and C6 MODIS LST products at the four sites. Fig. 10 displays the bias, STD,
and RMSE of the differences (LSTmopis-LSTin sit) between the C5 (C6) MODIS LST
and the in situ LST during daytime and night-time at the four sites. There are no
improvements in the accuracies of the C6 MODIS LST products when compared with
the C5 MODIS LST products. The accuracies of the C6 MODIS LST products are
even slightly lower than those of the C5 MODIS LST products in terms of the RMSE.
To analyze the reasons for the worse performance of the C6 MODIS LST products,
we calculated the mean and STD of the C5 (C6) MODIS emissivities in bands 31 and
32 at the four sites. The results are summarized in Table 4. For comparison, the mean
and STD of the ASTER emissivity in band 14 given by Li et al. (2014) are also shown
in Table 4. Compared with the C5 MODIS emissivities, the emissivity adjustment
model leads to the increase in both of the C6 MODIS emissivities in bands 31 and 32
at the four sites. The further overestimation of surface emissivities leads to the more
underestimation of LST. The C5 MODIS emissivity in band 31 (11.03 pum) is closer to
the ASTER emissivity in band 14 (11.3 pm) than the C6 MODIS emissivity is. These
results indicate that the improvements in the C6 MODIS LST algorithm do not take

effect at the four sites.

Table 4. Mean and STD of the C5 (C6) MODIS emissivities in bands 31 and 32 at the
four HIWATER sites. For comparison, the mean and STD of the ASTER emissivity in

band 14 are also shown.

MODIS C5 MODIS C6 ASTER *
Site e (1103 e (12.02um)  en (1103 e (12.02um) &4 (11.3 um)
pm) pm)
GB 0.971£0.001  0.976+0.001 0.978+£0.005 0.982+0.004 0.96540.002
SSW 0.967+0.002 0.973+0.002 0.973+£0.004 0.978+0.003 0.958+0.001
HZZ 0.975+0.003  0.979+0.003 0.984+0.001 0.988+0.001 0.97340.003
JCHM  0.969+0.002 0.974+0.001 0.984+0.001 0.988+0.001 0.97340.002

* Source: Li et al. (2014).
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Fig. 10. Bar plots of the bias, STD, and RMSE of the differences (LSTmopis-LSTin_sit)
between the C5 (C6) MODIS LST and the in situ LST during (a) daytime and (b)
night-time at the four HIWATER sites.

6. Discussion
6.1. Issues of the MODIS C6 LST products

Three refinements were implemented in the C6 MODIS LST products over bare
soil surfaces, but some issues are still found in the C6 MODIS LST products. In
addition to the effects of sensor calibration, geolocation errors, and cloud masking,
atmospheric water vapor absorption and surface emissivity uncertainty are two most
relevant error sources in LST retrieval.

Over the past few decades, great efforts have been made to improve the
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accuracies of satellite-derived LST products from thermal infrared data, e.g., NOAA,
MODIS, VIIRS, and ASTER. A comprehensive review of TIR LST retrieval
algorithms were presented by Li et al. (2013a). Accurate characterization of
atmospheric effects in these LST retrieval algorithms under warm and humid
conditions 1is still a challenging task. As shown in Fig. 5a, the C6 MODIS LST
products have larger RMSE of the LST discrepancies in summer when both of
atmospheric CWV and LST are high. In previous studies, inaccurate characterizations
of atmospheric effects under warm and humid conditions were also observed in the
VIIRS (Guillevic et al., 2014) and ASTER (Gillespie et al., 2011) LST products.

The MODIS GSW LST algorithm used the classification-based emissivity
method to correct the effects of surface emissivity. The key point of this method is to
properly classify the land surface and then to assign the emissivity from
classification-based look-up tables (Snyder et al., 1998; Li et al., 2013b). The
classification-based emissivity method could result in surface emissivity uncertainty
in two aspects. One aspect is that the accuracy of emissivity estimation depends on
the accuracy of the land cover type product. Misclassifications in the land cover type
product would lead to emissivity errors. The other aspect is that emissivities used in
the MODIS GSW LST algorithm were derived from fixed values depending on a
limited number of land cover types and do not fully encompass the natural variation in
emissivity, especially over bare soil surfaces. The incorporation of a dynamic
emissivity product generated by the temperature and emissivity separation (TES)
algorithm (Hulley and Hook, 2011) into the GSW LST algorithm would be a way to
further improve the accuracies of the MODIS LST products, especially over bare soil
surfaces.

The emissivity adjustment model was used in the C6 MODIS GSW LST
algorithm to adjust emissivity over bare soil surfaces (Wan, 2014). This model is
useful to reduce the C6 MODIS LST errors. As shown in Fig. 8, the accuracies of the
C6 MODIS LST products (RMSE of approximately 1.5 K during daytime and
approximately 0.7 K during night-time) are much better than those of the C5 MODIS

LST products (RMSE of approximately 3.3 K during daytime and approximately 2.6
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K during night-time) at the Gobabeb site. However, the emissivity adjustment model
could also lead to further overestimation or underestimation of emissivities at some
sites. As shown in Fig. 10 and Table 4, the further overestimation of emissivities leads
to the more underestimation of the C6 MODIS LST products at the four HHWATER
sites, when compared with the C5 MODIS LST products. Furthermore, Wan (2014)
reported that the emissivity adjustment model leads to the further underestimation of
emissivities at the Farafra site. The mean error of LST at the Farafra site increases
from 1.01 K for the C5 MODIS LST products to 1.87 K for the C6 MODIS LST

products.

6.2. Challenges of temperature-based validation

As pointed out by Yu et al. (2012), there are many challenges in the
temperature-based validation of satellite-derived LST products. Because of large
spatial variations in LST, in situ LST measurements are difficult to represent LST
measurements at the satellite pixel scale, especially during daytime. As shown in
Section 5, large uncertainties in LST can be found during daytime, with RMSE value
up to 5.6 K at the JCHM site. Because atmospheric water vapor is less and the land
surface behaves more homogeneously at night, in situ LST measurements during
night-time are more representative of LST at the satellite pixel scale. Therefore, Wang
et al. (2008) only used ground-based LST measurements during the night to validate
the MODIS LST products.

To obtain high quality data from ground-based LST measurements to validate
satellite-derived LST products, previous studies conducted field campaigns only over
large homogeneous sites, such as lake, snow, grassland, silt playa, and cropland fields
(Wan et al., 2002, 2004; Coll et al., 2005, 2009). Fig. 11 shows the scatterplots
between the C6 MODIS LST and the in situ LST at the sites of Wan et al. (2002, 2004)
and Coll et al. (2016). The RMSE of the LST discrepancies is less than 1 K. The
results indicate that the temperate-based validation can provide suitable validation
results for well-defined and dedicated sites. Therefore, quantitative assessment of

satellite-derived LST products requires dedicated and high quality in situ LST
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measurements over sites that are homogeneous at the satellite pixel scale. Moreover, it
is necessary to use multiple TIR radiometers with high accuracy at multiple points

within a satellite pixel to well characterize the validate site.
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Fig. 11. Scatterplots between the C6 MODIS LST and the in situ LST at the sites of

Wan et al. (2002, 2004) and Coll et al. (2016).

TIR field radiometers always collect ground-based measurements at nadir,
whereas satellite sensors with wide field-of-view, e.g., MODIS, AVHRR, and VIIRS,
collect most observations off-nadir. Such observation difference could be a possible
reason resulting in the discrepancies between in situ LST and satellite-derived LST.
On the one hand, larger VZA results in longer atmospheric optical length. Significant
decrease of atmospheric transmittance with increase of atmospheric water vapor
introduces significant errors in the GSW algorithm when LST is high. On the other
hand, larger VZA leads to larger discrepancies of observed targets and their areas
between TIR field radiometers and satellite sensors, especially over spatially
heterogeneous validation sites. To investigate the effects of the observation difference,
we compared the C6 MODIS LST with VZA less than 30° with the situ LST during
daytime and night-time at the four HIWATER sites. The results are shown in Fig. 12.
Compared with the results in Figs. 9 and 12, the bias, STD, and RMSE with VZA less

than 30° are better than those with all VZA, especially during daytime.
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Fig. 12. Scatterplots between the C6 MODIS LST with VZA less than 30° and the in
situ LST during daytime and night-time at the four HIWATER sites, i.e., (a) GB, (b)
SSW, (¢) HZZ, and (d) JCHM.

7. Conclusions

We validated the C6 MODIS LST products using in situ measurements collected
from sites under different atmospheric and surface conditions, including six
SURFRAD sites in the United States, two KIT sites in Portugal and Namibia, and four
HiWATER sites in China.

The average bias and RMSE during daytime at the six SURFRAD sites are -0.71
K and 3.07 K, respectively, whereas those at night are -0.6 K and 1.52 K, respectively.
Significant seasonal variations of the RMSE can be found during daytime. The largest
RMSE is obtained in summer, whereas the smallest RMSE is achieved in winter at the
six SURFRAD sites. Inaccurate characterizations of atmospheric effects under warm
and humid conditions are observed in summer when both of atmospheric CWV and
LST are high. There are no significant seasonal variations of the RMSE at night. The
night-time RMSE is less than approximately 2 K in four seasons at the six SURFRAD

sites.
24



588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614
615
616
617
618

Compared with the C5 MODIS LST products, the C6 MODIS LST products are
in excellent agreement with the in situ LST measurements at the Gobabeb site, with
biases of 0.36 K during the day and 0.24 K at night, and RMSEs of 1.5 K during
daytime and 0.74 K during night-time. The results show that the emissivity
adjustment model incorporated into the C6 MODIS GSW LST algorithm is useful to
reduce the C6 MODIS LST errors over bare soil surfaces. However, the emissivity
adjustment model leads to further overestimation of emissivities at the four
HiWATER sites. There are no improvements in the accuracies of the C6 MODIS LST
products when compared with the C5 MODIS LST products. The RMSEs of the C6
MODIS LST products are even slightly larger than those of the C5 MODIS LST
products. The results indicated that the classification-based emissivity method cannot
well characterize the spectral variation in emissivity over bare soil surfaces. The
incorporation of a dynamic LSE product generated by the TES algorithm into the
GSW LST algorithm would be a way to further improve the accuracies of the MODIS
LST products.

The accuracies of the C6 MODIS LST products at night are better than those
during daytime. The daytime RMSE varies from approximately 1.5 K at the Gobabeb
site to approximately 5.6 K at the JCHM site, whereas the night-time RMSE is less
than 2 K at all sites except for the SSW site. The results indicate that night-time data
are the most reliable for the validation of satellite-derived LST products due to lower
atmospheric water vapor and more homogeneous of the land surface. To
comprehensively evaluate the accuracies of satellite-derived LST products, the
radiance-based validation method can be used to validate daytime LST products over

a more diverse set of conditions on a global scale.
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