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Abstract:

 This study presents preliminary results of the validation of the Moderate Resolution Imaging Spectroradiometer (MODIS) daily LST products (MOD/MYD11A1, Version 5) using longwave radiation ground measurements obtained at 12 stations in the North Arid and Semi-Arid Area Cooperative Experimental Observation Integrated Research program. In this evaluation process, the broadband emissivity at each station was obtained from the ASTER Spectral Library or estimated from the MODIS narrowband emissivity Collection 5. A comparison of the validation results based on those two methods shows that no significant differences occur in the short-term validation, and a sensitivity analysis of the broadband emissivity demonstrates that it has a limited effect on the evaluation results. In general, the results at the 12 stations indicate that the LST products have a lower accuracy in China’s arid and semi-arid areas than in other areas, with a mean absolute error of 2–3 K. Compared with the temporal mismatch, the spatial mismatch has a stronger effect on the validation results in this study, and the stations with homogeneous land cover have more comparable MODIS LST accuracies. Comparisons between the stations indicate that the spatial mismatch can increase the influence of the temporal mismatch.
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1. Introduction

Land surface temperature (LST) is a key parameter in climatological and environmental studies [1,2]. Obtaining LST data is important considering its common use in environmental studies and resource management. Measuring LST from ground-based instruments at the regional and global scales is practically impossible; however, the use of satellites in the thermal infrared (TIR) region is a viable option [3]. Evaluating satellite LST retrievals is critical to their application, and the feedback from validation activities also helps improve the generation of these products [4,5]. LSTs are very difficult to validate because of their large spatial and temporal variation, particularly during the daytime. Therefore, the careful selection of validation sites is essential [5,6,7].

Multiple daily LST products (on the global scale) are generated by the science team of the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the NASA Terra and Aqua Earth Observation System (EOS) satellites. MODIS LST products have been used in various studies since their release. However, the errors caused by LSTs have been mostly disregarded in these studies. Although MODIS LSTs provide a potentially inexpensive means of validating and improving existing land surface and climate models, these products were often ignored by the modeling community until recently. The major concern regarding the use of these LST products is that their accuracy has not been adequately assessed on a global scale, although some validation work has been conducted in previous studies [6,8,9].

Surface longwave radiation is related to LST and emissivity [10,11]. Recently, high-quality long-term longwave radiation measurements have become globally available, such as measurements from FLUXNET [12,13], Surface Radiation Budget Monitoring (SURFRAD) [14,15], Baseline Surface Radiation Network (BSRN) [16,17], and Atmospheric Radiation Measurement (ARM) [18,19,20]. It is helpful to investigate the efficacy of these measurements when evaluating satellite LST products. MODIS Collection 4 LST/emissivity products were evaluated using longwave radiation measurements collected at FLUXNET sites [21]. It was concluded that the MODIS Collection 4 LST/emissivity has an obvious negative bias as high as -3 K. Substantial improvements have been made to MODIS Collection 5 LST/emissivity products [22]. In this study, the MODIS Collection was evaluated using the longwave radiation measurement data from observation sites in the northern arid region of China. Additionally, the effects of the parameter emissivity and the spatial and temporal mismatches are discussed.



2. Study Area

China has large arid regions. In these regions, the LST is a sensitive factor to the local ecology and environment. Therefore, the study area is selected in the northern arid region of China, and the validation stations (shown in Table 1) are mainly located in the eastern part of the region (see Figure 1). The arid region in northern China covers approximately 4.0 × 106 km2, which is over 30 percent of the total land area in China. The region includes most of the Xinjiang Uygur Autonomous Region, the Inner Mongolia Autonomous Region, and the Ningxia Hui Autonomous Region, as well as parts of Gansu, Shanxi, and Hebei provinces. The study area spans 35°N to 50°N and a 50° longitudinal swath. The temporal change across the region is over two hours. In this study, the arid and semi-arid regions were defined according to the study of Song et al. [23], as shown in Figure 1.

Figure 1. Study area and locations of the validation stations.
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Table 1. Information regarding the stations in this study.



	
Name

	
Abridged Notation

	
Latitude Longitude

	
Elevation (m)

	
Land Cover

	
Available Data a






	
A’rou freeze/thaw observation

	
AR

	
38.0444N

	
3033

	
Alpine meadow

	
2008, 2009




	
100.46E




	
Naiman desertification research station

	
NM

	
42.9288N

	
361

	
Degradation grassland desert

	
2008




	
120.6978E




	
Yingke oasis station

	
YK

	
38.8571N

	
1519

	
Cropland (maize)

	
2008, 2009




	
100.4103E




	
Yuzhong semi-arid climate and environmental station

	
YZ

	
35.9500N

	
1965

	
Low grass

	
2008, 2009




	
104.1330E




	
Shapotou observation

	
SPT

	
37.3200N

	
1227

	
Desert

	
2009




	
105.1100E




	
Maqu comprehensive climate and environmental station in the Yellow River source region

	
MQ

	
33.8872N

	
3423

	
Wetland

	
2008




	
102.1416E




	
Miyun station in Beijing

	
MY

	
40.6308N

	
350

	
Interplant (apple tree and corn)

	
2008, 2009




	
117.3235E




	
Jinzhou cropland ecosystem observation station

	
JZ

	
41.1841N

	
22

	
Cropland (maize)

	
2008, 2009




	
121.2107E




	
Dongsu wilderness grasslands ecosystem station in Inner Mongolia

	
DS

	
44.0889N

	
970

	
Desert steppe

	
2008, 2009




	
113.5742E




	
Tongyu grass station of CEOP-based observations

	
TYG

	
44.5673N

	
184

	
Grassland

	
2008, 2009




	
122.9170E




	
Tongyu farmland station of CEOP-based observations

	
TYF

	
44.5913N

	
184

	
Cropland

	
2008, 2009




	
122.9280E




	
Huazhaizi desert station

	
HZZ

	
38.7652N

	
1726

	
Desert steppe

	
2008, 2009




	
100.3186E






a The data are presented for the months of July, August, and September each year listed in the last column. Figure 1 shows the location of each site.










3. Method

The methodology of this study consisted of two parts: evaluation of the MODIS LST MOD/MYD11A1 using the ground-based LSTs obtained from the station’s longwave radiation data, and evaluation of the LST spatial heterogeneity of the validating stations. The study flowchart is shown in Figure 2. The detailed methodology is as follows.

Figure 2. The flowchart of the study. “MODIS NB_Emissivity” is for the MODIS narrowband emissivity products retrieved by the day/night algorithm. “GB_LW Data” is the ground-based longwave radiation data. “ASTER SL Data” is the ASTER spectral library data. “NB_AW Data” is the ground-based LST obtained from “GB_LW Data” and the broadband emissivity retrieved based on “MODIS NB_Emissivity”. “ASTER_AW Data” is the ground-based LST retrieved from “GB_LW Data” and broadband emissivity from the “ASTER SL Data”. “BE_MODIS Results” is a comparison of results between the “NB_AW Data” and “MODIS LST MOD/MYD11A1”. “ASTER_MODIS Results” is a comparison of results between the “ASTER_AW Data” and “MODIS LST MOD/MYD11A1”.
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3.1. LST Retrieval from the Ground Measurements

Longwave radiation ground measurements were obtained from the stations (Figure 1). Based on thermal radiative transfer theory, the upwelling longwave radiation at the surface level depends on the LST, emissivity, and downwelling longwave radiation [10]:
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(1)




Where L↑ is the surface upwelling longwave radiation, L↓ is the surface downwelling longwave radiation, εb is the surface broadband emissivity, δ is the Stefan-Boltzmann constant (5.67 × 10−8 W·m−2·K−4), and TS is the land surface temperature. Therefore, the ground-measured surface temperature can be obtained according to Equation (2):
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(2)




In Equation (2), εb is a key parameter because L↑ and L↓ are observational data parameters, and δ is a constant. In this study, 3–14-µm broadband emissivity values are assumed to be equal to the emissivity (εb) of the entire longwave range of Earth’s natural surface material, which peaks at 9.7 µm according to Wien’s displacement law. The error associated with this assumption can be ignored [21]. The 3–14-µm broadband emissivity for each site was derived in two ways. One method involved retrieving the information from the spectra of the ASTER Spectral Library [24], and the other method involved estimating the information from the MODIS narrow emissivity Collection 5 in the thermal infrared region [11].


In the first method, the emissivity at each site was derived using the spectra from the ASTER Spectral Library, based on its land cover type. In support of the Advanced Spaceborne Thermal Emission Reflection Radiometer (ASTER) on NASA’s Terra platform, the ASTER Spectral Library was compiled and made available from the website [25]. The library is a collection of contributions in a standard format with ancillary data from the Jet Propulsion Laboratory (JPL), the Johns Hopkins University (JHU), and the United States Geological Survey (USGS). The latest version of the library, Vision 2.0, is available online or via CD, and it includes the spectra of minerals, rocks, lunar and terrestrial soils, manmade materials, meteorites, vegetation, snow, and ice; in total, more than 2300 types of spectrums are available [26]. The library is one of the most comprehensive collections of spectra.

In the second method, the MODIS narrowband emissivity derived from the MODIS day/night LST algorithm was used to estimate the broadband emissivity parameter. Following Ogawa et al. [27], a multiple regression was obtained, as shown in Equation (3):
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(3)




where [image: there is no content] is the broadband emissivity and ε29, ε31, and ε32 are the narrow emissivities of MODIS bands 29, 31, and 32, respectively. a, b and c are coefficients and statistical parameters that demonstrate the suitability of the regression.
Wang et al. [11] demonstrated that there are no significant differences in the coefficients of different types of materials, except for ice, water, and snow, although different materials influence the coefficients. Therefore, the use of one set of coefficients to calculate the broadband emissivity will not result in a significant error. Considering the diversity of land covers of the sites, a set of coefficients that are suitable for all the data was used to calculate the broadband emissivity [24], as demonstrated in Equation (4):
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(4)




The satellite-estimated broadband emissivity was compared with three-year ground-based emissivity measurements at Gaize (32.30°N, 84.06°E, 4420 m) in the western Tibetan Plateau; the result shows that the broadband emissivity calculation from MODIS narrowband emissivities agrees with the ground measurements quite well, with a standard deviation of 0.0085 and a bias of 0.0015 [11]. To match the 1-km spatial resolution LST products, the LST/Emissivity products with a 5-km spatial resolution at each site were resampled to 1-km resolution. Then, the broadband emissivity at each station was calculated following Equation (4) by resampling the multiple narrow emissivity data.



3.2. Spatial Heterogeneity Analysis

Because of the stable performance and larger footprints of the pyrgeometers equipped at the validation stations, the longwave radiation ground measurements are more suitable for validating the MODIS LSTs than the other direct ground-measured LST data, such as the infrared radiometer SI-100 series. However, the pixels of MODIS MOD11A1 LSTs, with a 1-km resolution, are large scale compared with those of the four-component radiation sensor, and the differences caused by the spatial mismatch effect at different sites warrant further discussion. In this study, the semi-variance analysis method was used to analyze the effects on the validation results based on the higher resolution land surface temperature data retrieved from Landsat Thematic Mapper (TM) images.

Matheron [28] synthesized a geographical statistical theory, namely, the regionalized variable theory, from some of the scattered statistical application results. The conventional variogram of the geostatistics, defined formally in Equation (5), can distinguish the spatial variation in regions within a magnitude of one or two spatial scales simultaneously and can describe the randomness and structure of the regionalized variable. We assume that Z is a realization of a two-dimensional random process, Z(x), using the following variogram:
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(5)




where Z(x) and Z(x + h) are the random variables at positions x and x + h separated by vector h, with a spatial lag in both distance and direction. In this context, we consider the land surface temperature, which is scattered from the surface grid of the TM land 2 × 2-km image, as regionalized variable Z(x), in which lag h is treated as the distance only. Then, we can estimate the variogram as follows:
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(6)




Based on Equation (6), the relevant γ°(h) was calculated according to the distance variable h. Taking h as the x-axis and γ°(h) as the y-axis, the variogram can be drawn. The diagram directly shows the characteristics of the spatial variation of the regionalized variable Z(xi), which is the land surface temperature in this study. Therefore, we can analyze the properties of the spatial variable and the structure of the land surface temperature variable, which indicates the land surface temperature heterogeneity at the validation sites.

Four important parameters are included in the variogram diagram: the nugget (C0), sill (C + C0), structural variance ratio (C0/(C + C0), and range (A0). The γ°(h) function increases from a nonzero value to a relatively stable constant value that varies with h. When h = 0, the γ°(h) value is a nonzero value C0, namely, γ°(0) = C0 and C0 is the nugget of the variogram. The stable constant value is the sill (C + C0) of the variogram. When γ°(h) reaches the sill, the value of the variable h is A0, namely, the range of the variogram. To analyze the spatial heterogeneity of the regionalized variable LST, C0 was employed to indicate the level of Z(x) randomness, which may be caused by the internal variation in Z(x) over a smaller distance h than the sampling distance, or it may be derived from the sampling error. C + C0 can represent the largest extent of the regionalized variation. C0/(C + C0) represents the ratio of the nugget to the total spatial variation, and it can be used to weigh the randomness of the regionalized variable. A0 is the mean distance over which the spatial autocorrelation of Z(x) exists.




4. Data and Reprocessing


4.1. MODIS Data

As a part of the NASA EOS project, two MODIS instruments were placed on the Terra and Aqua satellite platforms to provide information for global studies of atmosphere, land, and ocean processes [29]. Aqua passes overhead at approximately 1:30 p.m. (ascending mode) and 1:30 a.m. (descending mode) local time, whereas Terra passes at 10:30 a.m. (descending mode) and 10:30 p.m. (ascending mode) local time. The MODIS instruments have distinct advantages in terms of their global coverage, high radiometric resolution and dynamic ranges, and accurate calibration in the thermal infrared (TIR) bands [30]. MODIS land surface temperature products provide global temperatures and emissivities with daily or quasi-daily temporal resolutions and either a 1-km spatial resolution, retrieved using the generalized split-window algorithm [31], or a 5-km spatial resolution, retrieved using the MODIS day/night LST algorithm [32]. In this study, MODIS Collection-5 LSTs at a 1-km spatial resolution (MOD/MYD11A1) were evaluated, while the synchronous Collection-5 LSTs at a 5-km spatial resolution (MOD/MYD11B1) were downloaded to calculate the land surface broadband emissivity of each station based on Equation (4).

The MOD/MYD11A1 product pixels were determined based on the location of the validation stations. Then, the validated pixels were further selected through the LST product quality control field (QC = 0) and the sensor view zenith angle field (SVZ < 40°). To calculate the broadband emissivities of the stations, emissivity data in band 29, band 31, and band 32 were selected from the MOD/MYD11B1 corresponding to the MOD/MYD11A1 pixels that had been previously selected.



4.2. TM Data

The Landsat Thematic Mapper (TM) images have been extensively studied for various purposes [33,34]. The remote sensor has a thermal band (TM6) with a wavelength range of 10.45–12.45 µm and a nominal ground resolution of 120 m × 120 m. This spatial resolution of Landsat TM6 is high enough for analyzing the detailed spatial patterns of thermal variations across the Earth’s surface. Therefore, at each station, a TM image with a clear sky and a pass time close to MODIS was selected to retrieve the land surface temperature at each site for the scale-effect analysis.

The TM land surface temperature was obtained from the following expression of the radiative transfer equation (RTE) applied to the thermal infrared region:
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(7)




where Lsensor,λ is the at-sensor radiance or top of atmospheric (TOA) radiance, ελ is the land surface emissivity, Bλ(TS) is the blackbody radiance given by Planck’s law, TS is the LST, [image: there is no content] is the downwelling atmospheric radiance, τλ is the total atmospheric transmissivity between the surface and sensor, and [image: there is no content] is the upwelling atmospheric radiation. The atmospheric parameters [image: there is no content] , τλ, and [image: there is no content] can be calculated using MODTRAN [35]. Therefore, from Equation (7), TS is calculated by inverting Planck’s law. The inversion of Equation (7) can be interpreted as a correction of the atmospheric and emissivity effects on the data obtained by the sensor.
A convenient atmospheric correction tool, which was developed on a public access website [36] for the thermal bands of the Landsat-5 and Landsat-7 sensors, was used to calculate the atmospheric parameters. The Atmospheric Parameter Calculator uses the National Centers for Environmental Prediction (NCEP) modeled atmospheric global profiles [37], which were interpolated to a particular date, time, and location, as input. The upwelling and downwelling radiances were retrieved using the MODTRAN radiative transfer code and a suite of integration algorithms for the site-specific atmospheric transmission [38,39]. The atmospheric parameter results are shown in Table 2. Because some sites are in close proximity, 10 TM image files can completely cover the 12 sites. To calculate the ελ in Equation (7), a modification of the NDVI Thresholds Method-NDVITHM was used, which depends on the NDVI data obtained from TM3 and TM4 bands. This method works well compared with reference methods, such as the method based on the TISI indices [40] noted by Sobrino et al. [41].

Table 2. Atmospheric parameter results.


	TM Image Files a
	Latitude
	Longitude
	Passover Time (GMT)
	τ
	Lu
	Ld





	L5120029_02920090715
	44.61
	122.79
	02:22:37
	0.6
	2.67
	4.24



	L5120031_03120090715
	41.76
	121.81
	02:23:25
	0.62
	3.02
	4.7



	L5121030_03020090810
	43.18
	120.72
	02:30:42
	0.84
	1.22
	2.05



	L5123032_03220090922
	40.32
	116.7
	02:43:22
	0.89
	0.82
	1.38



	L5126029_02920090725
	44.6
	113.52
	02:59:51
	0.76
	1.73
	2.85



	L5130034_03420090806
	37.47
	105.02
	03:26:45
	0.76
	01.8
	3.02



	L5130035_03520090806
	36.04
	104.59
	03:27:09
	0.81
	1.37
	2.29



	L5131036_03620090728
	34.61
	102.64
	03:33:35
	0.89
	0.68
	1.18



	L5133033_03320090811
	38.89
	100.81
	03:44:58
	0.94
	0.44
	1.78



	L5133034_03420090811
	37.47
	100.38
	03:45:21
	0.93
	0.46
	0.81





a The first column in the table lists the TM image names used to analyze the spatial heterogeneity, and the last eight digits of the image file names indicate the acquisition data. The second and third columns show the center location of each image. The last three columns are the atmospheric parameters from the atmospheric correction tool.




The emissivity retrieved from the TM3 and TM4 bands has a resolution of 30 m. To match the emissivities retrieved from the TM3 and TM4 bands, the TM6 thermal infrared band images were resampled at a 30-m spatial resolution. Next, the TM land surface temperature was calculated using the method described above. To analyze the site’s heterogeneity, a 2 × 2-km region centered on the site was selected from the TM retrieval land surface temperature images as the analysis region for each site. In this context, the semi-variance was introduced to compare the diversity of the scale effect between the sites. The GS+ software was applied to analyze the variogram for each site. Prior to this analysis, the TM land surface image grids were discretized to scatter points with a 30-m distance.





4.3. Ground Measurements

The China Northern Arid and Semi-Arid Region Cooperative Experimental Observation Integrated Research program was implemented to obtain a series of field observations focused on China’s arid and semi-arid areas. The program is an allied observation experiment by several research institutions, including the Institute of Atmospheric Physics-Chinese Academy of Sciences (CAS), the Cold and Arid Regions Environmental and Engineering Research Institute-CAS, Lanzhou University, Beijing Normal University, the Gansu Meteorological Bureau, the Institute of Soil and Water Conservation-CAS, the Institute of Botany-CAS, and the Xinjiang Meteorological Bureau. The continuous observational dataset covers hydrology, soil, atmosphere, and ecology in the northern arid and semi-arid regions of China.

The longwave radiation is measured by pyrgeometers. The field-of-view of the pyrgeometers mounted on a 10-meter tower is approximately 74.6 m in diameter. For the different observation objects, the sensors were not all installed at the same height; the heights ranged from 10 to 35 m. The diameters of the sensor footprints ranged from 74.6 m to 130.6 m. High-quality surface longwave radiation measurements acquired with the pyrgeometers at the 12 stations (in Figure 1) were obtained during three months in 2008 and 2009, namely, July, August, and September, which compose the growing season. All the ground measurements at the 12 stations are 30-min averages. For consistency with the MODIS LSTs, the ground measurements were selected based on the viewing time field associated with the MODIS LST products.




5. Results and Discussion


5.1. Presentation of Validation Results

Based on the scatter plot for each site in Figure 3, the validation results derived from the two different emissivity retrieval methods for obtaining the land surface temperature from the ground-measured longwave radiation data agree well. The two fit lines in each figure are very close. In general, the scatter is mostly near the 1:1 line (the black line in the scatter plot). However, there are a few outliers positioned far from the y = x line that are mostly located below the y = x line; thus, the MODIS LSTs that have large errors correspond to these underestimated data. One explanation for the outliers is that the cloud effect was not completely eliminated; as a result, the pixels in the MODIS land surface product images appear to represent a lower temperature than the ground-measured temperature. Additionally, the representativeness of the ground measurements and the scale effect may be questionable.

Figure 3. Plots of the ground-measured LSTs vs. MODIS LSTs at the 12 sites. The black diamonds (ASTER_MODIS(C)) indicate the evaluation results for the ground-station LSTs based on the broadband emissivity data from the ASTER Spectral Library compared with the MODIS LSTs. The pink circles (BE_MODIS(C)) indicate the evaluation results for the ground station LSTs based on the broadband emissivity data from the MODIS narrowband emissivity products compared with the MODIS LSTs. MS_LST (x-axis) is the LST obtained from a station’s measured longwave radiation. The linear fit of ASTER_MODIS corresponds to the ASTER_MODIS(C) plots, and the linear fit of BE_MODIS(C) corresponds to BE_MODIS(C). (a) The plot of AR station; (b) the plot of DS station; (c) the plot of HZZ station; (d) the plot of JZ station; (e) the plot of MQ station; (f) the plot of MY station; (g) the plot of NM station; (h) the plot of SPT station; (i) the plot of TYF station; (j) the plot of YK station; (k) the plot of TYG station; (l) the plot of YZ station.
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Table 3 shows the validation results; there is a high level of agreement between the MODIS 1-km land surface temperature products (MOD/MYD11A1) and the ground-measured land surface temperatures for the AR, NM, JZ, TYG, TYF, and HZZ stations, with a bias of <1 K. However, at the DS, MQ, and YK stations, the biases are within 1–2 K. In general, most of the biased values are positive, which means that the MODIS LST products are underestimated compared with the ground-measured data. The poorest validation result occurred at the SPT station, with a 3.8 K error. With the exception of the SPT station, the mean absolute errors (MAEs) of the stations are within 2–3 K, and the root-mean-square errors (RMSEs) are all less than 4 K. The validation results showed that MODIS LST is obviously underestimated at the SPT station. The surface cover at the SPT station is desert, which is different than that at the other stations. Therefore, a possible explanation for this result is that the emissivities of the MODIS V5 land surface temperature products are universally overestimated in desert areas, as noted by Hulley [42], which leads to an underestimated LST by MODIS V5 in deserts. In contrast, at the stations with other land surface covers, the MODIS LSTs had a high level of accuracy.


Table 3. Summary of validation sites.



	
Station

	
Bias (GMS-MODIS) a

	
MAE (|GMS-MODIS|) a

	
RMSE a




	
TASTER-TMODIS

	
TBE-TMODIS

	
TASTER-TMODIS

	
TBE-TMODIS

	
TASTER-TMODIS

	
TBE-TMODIS






	
AR

	
−0.49

	
−0.46

	
2.32

	
2.31

	
3.19

	
3.19




	
DS

	
1.01

	
1.18

	
1.99

	
2.07

	
2.79

	
2.88




	
HZZ

	
0.11

	
−0.08

	
2.51

	
2.54

	
3.24

	
3.25




	
JZ

	
−0.05

	
0.07

	
1.85

	
1.88

	
2.68

	
2.72




	
MQ

	
1.67

	
1.69

	
3.40

	
3.41

	
4.72

	
4.73




	
MY

	
−1.24

	
−1.21

	
2.03

	
2.01

	
2.56

	
2.54




	
NM

	
0.92

	
0.95

	
1.99

	
2.01

	
3.04

	
3.05




	
SPT

	
3.80

	
3.81

	
5.46

	
5.52

	
6.97

	
7.15




	
TYF

	
0.87

	
0.89

	
2.83

	
2.84

	
3.72

	
3.73




	
YK

	
−1.74

	
−1.68

	
2.66

	
2.65

	
3.27

	
3.27




	
TYG

	
0.78

	
0.82

	
2.52

	
2.52

	
3.37

	
3.37




	
YZ

	
1.95

	
1.99

	
2.75

	
2.77

	
3.67

	
3.70






a This table includes the results bias (Ground Measurements-MODIS LSTs), MAE (|Ground Measurements-MODIS LSTs|), and RMSE for the land surface temperature ground measurements obtained using the emissivities from the ASTER Spectral Library (TASTER) and MODIS emissivity products, which are both compared with the MODIS LSTs (TMODIS).










5.2. Temporal Mismatch

In this study, the ground-measured data are half-hour time aggregates (30-min temporal average), whereas the Terra and Aqua imagery are effectively temporally instantaneous (acquired in 5-min temporal swath/scenes). From the WATER (Watershed Allied Telemetry Experimental Research) experiment [43] conducted in the Heihe River Basin, which is China’s second largest inland river basin, high-frequency longwave radiation data are available for the AR, HZZ, and YK stations. The data are 10-min averages that have been used to validate the MODIS 1-km LSTs (MOD/MYD11A1) [44]. A comparison of the validation results of the 10-min averages of the ground-measured data with the results in this study shows similarities (except for the results from the YK station): at the AR station, the biases are 0.30 K and −0.49 K, respectively; at the HZZ station, the biases are 0.51 K and 0.11, respectively. At the YK station, the bias between the GMS (ground-measured data) and MOD (MODIS land surface temperature) is 0.06 K based on the 10-min averages, whereas in this study, the bias is −1.74 K. The scatter diagram shows that large biases mainly exist in the high-temperature regions. Comparisons between the different stations indicate that a difference occurs in the temporal mismatch effect. The only explanation for the discrepancies between the three stations is that the fragmented land cover at the YK station exacerbates the mismatch effect.



5.3. Spatial Mismatch

Figure 4 provides 2 × 2-km land surface temperature images retrieved from the TM images, which are centered on each station. The analysis focuses on the central 1 × 1-km region because the spatial resolution of the MODIS LSTs is 1 km. The 2 × 2-km land surface temperatures at AR can be divided into two main subareas, namely, the low-temperature area in the upper-left corner and bottom-left corner, and the high-temperature zone in the center. The land surface temperature in the central 1 × 1-km region is approximately 24.7–25.2 °C. In the 2 × 2-km region at the HZZ station, with the exception of the upper-right low-temperature region, the land surface temperature ranges within 47.6–48.8 °C. The YK station is surrounded by fragmented cropland, so the land surface temperature at this station is composed of small sub-regions and is greatly heterogeneous. Similarly, we found that at the JZ, MQ, TYF, and TYG stations, the central 1 × 1-km land surface temperatures are more uniform than those at the MY, NM, SPT, YZ, and DS stations. From the images shown in Figure 4, the YK station’s land surface temperature is more heterogeneous than that at the other stations, and the land surface status of the YK station leads to a larger temporal mismatch. Therefore, these findings indicate that strong land surface spatial heterogeneity can exacerbate the temporal mismatch, particularly in high-temperature regions.

Figure 4. TM land surface temperature image of a 2 × 2-km region centered on each site. (a) AR station; (b) DS station; (c) HZZ station; (d) JZ station; (e) MQ station; (f) MY station; (g) NM station; (h) SPT station; (i) TYF station; (j) YK station; (k) TYG station; (l)YZ station.
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Figure 5 shows the variogram and the optimal model curve at each station. The optimal models of the 12 stations are different. For the HZZ, JZ, MY, TYG, TYF, and YZ stations, the optimal models are exponential models. For the YK, DS, and SPT stations, the optimal models are Gaussian models. For the NM, MQ, and AR stations, the optimal models are spherical models. The optimal models are determined by the r2 and residual sum of squares (RSS) of the models. Table 4 provides the important parameters of the variogram. The C0 (nugget) and C0/C + C0 (structure variance ratio) provided in Table 4 demonstrate that a small amount of spatial heterogeneity is caused by a random factor, mostly less than 5 percent. For the HZZ, TYG, TYF, and MQ stations, C + C0 < 1 indicates that the variations are all small. A0 indicates the autocorrelation scale of the regionalized variable. The A0 values of the AR, DS, HZZ, MQ, and NM stations are all close to 1 km, which means the autocorrelation scales of these stations are approximately 1 km and the land surface temperature units at these stations are close to the resolution of the MODIS LSTs. Therefore, the station validation results that were obtained using dozens of meters of high-resolution ground-based data to validate the 1-km resolution MODIS LSTs are reasonable. The validation biases of these stations are primarily less than 1 K.

Figure 5. Variograms of all stations. (a)AR station; (b)DS station; (c) HZZ station; (d) JZ station; (e) MQ station; (f) MY station; (g) NM station; (h) SPT station; (i) TYF station; (j) YK station; (k) TYG station; (l)YZ station.
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Table 4. Summary of the variogram model.


	Sites
	Nugget C0
	Sill C0 + C
	Nugget/Sill C0/(C0 + C)
	Range A0
	Coefficient of Determination r2
	RSS (Residual Sum of Squares)





	AR
	0.01800
	0.75500
	0.023841
	889.00
	0.997
	0.00573



	DS
	0.04000
	8.08900
	0.004945
	945.00
	0.978
	4.900



	HZZ
	0.01000
	4.02900
	0.002482
	885.00
	0.990
	0.258



	JZ
	0.01000
	10.0290
	0.000997
	473.00
	0.997
	3.450



	MQ
	0.03900
	0.90100
	0.043285
	1382.0
	0.999
	0.00245



	MY
	0.01000
	3.78700
	0.002641
	294.00
	0.979
	0.790



	NM
	0.01000
	8.88200
	0.001126
	959.00
	0.997
	1.760



	SPT
	0.21800
	3.04100
	0.071687
	244.00
	0.985
	0.940



	TYF
	0.03400
	0.21900
	0.155251
	272.00
	0.900
	0.00214



	YK
	0.09000
	5.41200
	0.01663
	171.00
	0.989
	0.766



	TYG
	0.00100
	0.39400
	0.002538
	292.00
	0.996
	0.00139



	YZ
	0.13000
	8.26900
	0.015721
	507.00
	0.985
	3.190












The validation at the SPT station is inferior to that at the other stations (see Section 5.1 and Table 3), with a bias of 3.8 K (GMS-MOD), an A0 of approximately 244 m, and a C + C0 value of 3.041 (Table 4). The A0 and C + C0 values at the SPT station are not the smallest values among all the validation stations, and the effect of the heterogeneity of the land surface temperature at the SPT station is not expected to be the strongest. The analyses suggest that the MODIS LST at the SPT station is less accurate than that at the other stations. The SPT station is the only station located in the desert region. Thus, the land cover type is responsible for the underestimation of the MODIS LST products at the SPT station; this finding supports the explanation in section 5.1, which agrees with Hulley’s study [42].





5.4. Sensitivity Analysis of Emissivity

To quantify the effect of the broadband emissivity estimation error, we established a series of biases Δεb (±0.001, ±0.002, ±0.003, ±0.004, ±0.005, and 0.01) based on the εb value obtained from the ASTER Spectral Library (shown in Figure 6). The results provided in Table 2 show that for the two methods, the obtained emissivities closely correspond. The emissivities obtained from the ASTER Spectral Library are fixed, whereas the emissivities from the narrowband MODIS emissivity products vary with time. When the data used to validate the results only include three months in one or two years (2008 and 2009), the changes in the emissivities are too small to affect the validation results. Thus, the error of the ground-based land surface temperature (ΔTS) varies with time, as shown in Equation (8):

Figure 6. Results of the sensitivity analyses of the broadband emissivities for each station. The y-axis indicates the ΔTS in Equation (8). The x-axis indicates the sequence numbers of longwave radiation data used to evaluate the MODIS LSTs during the daytime or nighttime. (a) AR station; (b) DS station; (c) HZZ station; (d) JZ station; (e) MQ station; (f) MY station; (g) NM station; (h) SPT station; (i) TYF station; (j) YK station; (k) TYG station; (l) YZ station.
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(8)




where εb is the broadband emissivity of the station obtained from the ASTER Spectral Library, Δεb is the setting bias, and TS(εb) and TS(εb + Δεb) are the corresponding land surface temperatures when the land emissivities of the station are εb and (εb + Δεb), according to Equation (2). Figure 6 shows the curve of the results for ΔTS at the 12 stations, and Table 5 provides a summary of the results of the emissivity. Based on Figure 6 and Table 5, the following are concluded:
(1) ΔTS varies directly with Δεb in parallel form. Based on Equations (8) and (2), Equation (9) can be formulated as:
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(9)




where F↑ − F↓ is the value of the ground-measured longwave upwelling radiation minus the value of the ground-measured longwave downwelling radiation. In the equation, the values Ts, σ, and F↑ − F↓ are fixed when considering different εb values for the same ground-measured longwave radiation. [image: there is no content] is very close to 1 and can be considered 1 when its value is much smaller than F↑ − F↓ and [image: there is no content] . Therefore, ΔTS primarily yields a value proportional to Δεb, and the curved lines for different Δεb values vary parallel to each other in every image. There are two primary sections for every station’s curve because the ground-measured data include both the day-measured longwave data and the night-measured data; the beginning section of the figure includes the daytime results, and the second section includes the nighttime results. This result also indicates that the same emissivity estimation error yields a greater land surface temperature error during the day than during the night, as calculated using Equation (2) from the ground-measured longwave radiation data.
(2) The maximum MAE is <0.3 when the estimation emissivity |error| is ≤0.01 (see Table 5), whereas the MAE of the validation results ranges within 2–3 K. The results show that the broadband emissivity calculated from the MODIS narrowband emissivity using Equation (4) agrees well with the ground-based measurements of emissivity at Gaize (32.30°N, 84.06°E, with an elevation of 4420 m) in the western Tibetan Plateau, with a standard deviation of 0.085 and a bias of 0.0015, according to Wang et al. [11]. Therefore, the validation error of all the stations that results from that method of obtaining the broadband emissivity is less than 0.037 K, which is the maximum average absolute error value of all the stations, when the emissivity bias = 0.002. Compared with the validation results with a MAE of 3 K, the effect of the emissivity estimation with a MAE of 0.037 K can be considered insignificant.

(3) In summary, the validation results from the two emissivity methods are nearly the same. However, the results between the various stations differ. An extreme value appears at the HZZ station, with a discrepancy of 0.2 K between the two methods. According to Equation (2), the only parameter that can cause this difference is the broadband emissivity. The broadband emissivity value that is calculated using the ASTER Spectral Library is a constant value based on the cover types of the stations. In contrast, the broadband emissivity value calculated from the narrowband emissivities in the thermal regions is a value that varies with time and space. Therefore, because the emissivity at the HZZ station changes more over time compared to the other stations for the three months studied, a large difference occurs. The two methods for obtaining broadband emissivity are both suitable for short-term validation, and significant emissivity changes do not occur regionally. In contrast, for land areas with emissivities that change quickly over time and space or over a long period, estimating the stations’ broadband emissivities from the MODIS narrowband emissivity Collection 5 in the thermal infrared region is the optimal choice.







Table 5. Summary of the emissivity sensitivity analyses for all stations a.


	Station
	E0.01 (K)
	E0.005 (K)
	E0.004 (K)
	E0.003 (K)
	E0.002 (K)
	E0.001 (K)





	AR
	0.1573
	0.0786
	0.0629
	0.0472
	0.0315
	0.0157



	HZZ
	0.2271
	0.1136
	0.0909
	0.0682
	0.0454
	0.0227



	YK
	0.1414
	0.0707
	0.0566
	0.0424
	0.0283
	0.0141



	DS
	0.2625
	0.1313
	0.1050
	0.0788
	0.0525
	0.0263



	JZ
	0.1030
	0.0514
	0.0412
	0.0309
	0.0206
	0.0103



	MQ
	0.1536
	0.0768
	0.0614
	0.0461
	0.0307
	0.0154



	MY
	0.1447
	0.0724
	0.0579
	0.0434
	0.0289
	0.0145



	NM
	0.1899
	0.0949
	0.0759
	0.0570
	0.0380
	0.0190



	SPT
	0.1794
	0.0912
	0.0729
	0.0547
	0.0365
	0.0182



	TYF
	0.1872
	0.0936
	0.0749
	0.0561
	0.0374
	0.0187



	TYG
	0.2515
	0.1257
	0.1004
	0.0754
	0.0503
	0.0251



	YZ
	0.2262
	0.1131
	0.0905
	0.0678
	0.0452
	0.0226





a In this table, the second column shows the average of ΔTS at each station, based on Equation (2), by adding a ±0.01 difference to the ASTER estimation broadband emissivity value. Similarly, the last five columns are the average of ΔTS obtained by adding ±0.005, ±0.004, ±0.003, ±0.002, and ±0.001 to the broadband emissivities, respectively.





6. Summary

The MODIS LST emissivity products provide global temperature and narrowband emissivity data in thermal infrared bands at daily, eight-day, and monthly time intervals. This study presents the validation results of the MODIS 1-km-resolution daily LST products (MOD/MYD11A1) using ground-measured longwave radiation data from 12 stations located near the semi-arid and arid regions of North China, based on thermal radiative transfer theory. The important factors that impact the validation results are discussed.

The results show that there are general underestimations of the MODIS LST product MOD/MYD11A1, which corroborates Wan’s finding [6], in which the values of the MODIS emissivity products are usually overestimated in semi-arid and arid regions; as a result, the MODIS LST products are underestimated. The validation results indicate that the accuracy of the fine-quality MODIS LST products (the QC field is 0) is less than 1 K at most of the stations (7 out of 12), with the MAE within 2–3 K at all stations, except at the SPT station. The results at the SPT station exhibit lower accuracy MODIS LST products in the desert region. The discussion of the temporal and spatial mismatches indicates that spatial heterogeneity can affect the results obtained using this validation method. The use of ground-measured data from stations with the most spatial heterogeneity can yield more reasonable validation results. Moreover, strong spatial heterogeneity can aggravate the effect of the temporal mismatch on the validation results. At the stations with strong spatial heterogeneity, the radiance-based method (R-based) is an advanced alternative method for validation, which does not rely on ground-measured LST value but does require both LSE spectra and measured atmospheric profiles over the validation site at the time of the satellite overpass [45]. The comparisons that used the two methods to obtain the broadband emissivity for the stations yielded nearly the same validation results. Based on the different results obtained from the two methods at the different stations, an optimal method for obtaining the broadband emissivity is proposed, although the assumption is limited because the emissivity of the material does not vary with its LST when this method is used for estimating broadband emissivity during daytime and nighttime. Based on a comparison of the error attributable to the broadband emissivity estimation in the daytime with that in the nighttime, the effect of the validation results in the daytime is significantly larger than that in the nighttime. However, the overall validation error caused by the emissivity estimation is minor, with a MAE of less than 0.037 K, and it can even be ignored when compared with the MAE of the validation results (2–3 K).
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