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ABSTRACT. The MODerate resolution Imaging Spectroradiometer (MODIS) land surface temperature
(LST) data have been widely used for air temperature estimation in mountainous regions where
station observations are sparse. However, the performance of MODIS LST in high-elevation glacierized
areas remains unclear. This study investigates air temperature estimation in glacierized areas based on
ground observations at four glaciers across the Tibetan Plateau. Before being used to estimate the air
temperature, MODIS LST data are evaluated at two of the glaciers, which indicates that MODIS
night-time LST is more reliable than MODIS daytime LST data. Then, linear models based on each of
the individual MODIS LST products from two platforms (Terra and Aqua) and two overpasses (night-
time and daytime) are built to estimate daily mean, minimum and maximum air temperatures in glacier-
ized areas. Regional glacier surface (RGS) models (mean /-mean-square differences: 3.3, 3.0 and 4.8°C
for daily mean, minimum and maximum air temperatures, respectively) show higher accuracy than local
non-glacier surface models (mean root-mean-square differences: 4.2, 4.7 and 5.7°C). In addition, the
RGS models based on MODIS night-time LST perform better to estimate daily mean, minimum and

maximum air temperatures than using temperature lapse rate derived from local stations.
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1. INTRODUCTION

Air temperature (T,;,) is an important input for hydrological,
ecological and climate models. Extensive studies related to
recent global warming have demanded more representative
air temperature observations, especially in high-elevation
areas (Liu and Chen, 2000; Qin and others, 2009; Cai and
others, 2017). Since the Tibetan Plateau (TP) is considered
as one of the most sensitive areas in the world to climate
change, it has attracted numerous modeling studies on
hydrology and glacier changes (Caidong and Sorteberg,
2010; Gao and others, 2012; Zhang and others, 2013; Lutz
and others, 2014; Gao and others, 2015). However, the
data-sparse problem of T, is a limitation in mountainous
areas (Zhang and others, 2016a), and can be worse for hydro-
logical and glacier mass-balance modeling in glacierized
regions such as the TP (Yang and others, 2011; Gao and
others, 2012; Zhang and others, 2012, 2015). The well-
known temperature lapse rate (TLR) with increasing elevation
is commonly used for T, interpolation (Li and others,
2013a), especially in glacierized basins over the TP (Zhang
and others, 2013, 2015; Immerzeel and others, 2014; Gao
and others, 2015). However, the TLR can vary both tempor-
ally and spatially (Minder and others, 2010; Li and others,
2013a). In reality, the limited number of stations within or
near a mountainous river basin may create large uncertainty
in the representativeness and accuracy of the estimated TLR,
mainly because most stations are located in valley and low-
altitude areas (Zhang and others, 2016a).
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Land surface temperature (LST) is an important variable in
the studies of land surface physical processes (Wan, 2008; Li
and others, 2013b; Wu and others, 2015). To alleviate the
data-sparse problem, remotely sensed LST data have been
widely used for T,;, estimation based on the strong correl-
ation between LST and T,; in mountainous areas around
the world (Fu and others, 2011; Benali and others, 2012;
Kilibarda and others, 2014; Kloog and others, 2014; Good,
2015; Zhang and others, 2016a). Compared with the
limited station observations, the use of satellite LST data is
an optimal option for adequately characterizing the temporal
and spatial patterns of LST in broad regions (Li and others,
2013b). Owing to the middle spatial and temporal resolution,
MODerate resolution Imaging Spectroradiometer (MODIS)
LST products have been successfully used in various fields
including surface radiation (Bisht and others, 2005; Wang
and others, 2005), evaporation (Tang and others, 2010),
urban heating island (Imhoff and others, 2010; Pichierri
and others, 2012), climate change (Qin and others, 2009;
Cai and others, 2017), hydrological modeling (Wang and
others, 2009; Zhou and others, 2015), lake surface tempera-
ture (Schneider and others, 2009; Zhang and others, 2014)
and air temperature estimation (Benali and others, 2012;
Zhu and others, 2013; Zhang and others, 2016a). MODIS
LST products are generated using the generalized split-
window algorithm developed by Wan and Dozier (1996),
with accuracies better than 1 K on homogeneous surfaces
(Wan and others, 2002; Wan, 2008). Careful validation


mailto:zhangfan@itpcas.ac.cn
https://doi.org/10.1017/jog.2018.6

Zhang and others: Daily air temperature estimation on glacier surfaces in the Tibetan Plateau using MODIS LST data 133

and evaluation of remotely sensed LST data is the basis of effi-
cient application (Bosilovich, 2006). Validation of MODIS
LST over various vegetated land cover types such as grass-
lands, pastures, forests and croplands shows relatively low
accuracies with root-mean-squared-differences (RMSDs) of
1-4 K owing to a lack of accurate observations of emissivity
and pixel heterogeneity (Bosilovich, 2006, Wang and others,
2008; Wang and Liang, 2009; Li and others, 2014; Krishnan
and others, 2015).

MODIS LST data used in cryosphere science are applied
mainly for validation and evaluation in Greenland (Hall
and others, 2008a, Koenig and Hall, 2010), the Arctic
(Langer and others, 2010; Westermann and others, 2011,
2012) and Antarctic areas (Hall and others, 2004; Scambos
and others, 2006; Wang and others, 2013b; Meyer and
others, 2016). The TP has an average elevation of 4000 m
and extensive distribution of glaciers (Yao and others,
2012). It is also referred to as ‘the Third Pole’ outside the
Arctic and Antarctic regions (Qiu, 2008). The previous valid-
ation and accuracy evaluation studies of MODIS LST data in
the TP are focused mainly on vegetated land cover (Wan and
others, 2002; Yu and Ma, 2011; Wang and Min, 2014; Min
and others, 2015). However, the performance of MODIS
LST on glacier surfaces in the TP remains unknown
because of the limited temperature measurements in glacier-
ized areas.

In this study, we comprehensively evaluate the perform-
ance of MODIS LST for T,;, estimation in glacerized areas
of the TP. MODIS LST data are firstly compared with
ground measured LST at two glacier sites to evaluate the
accuracies of MODIS LST on glacier surfaces. Both MODIS
daytime and night-time LST data are further used for T, esti-
mation. The estimated T,;, are evaluated with observed daily
mean air temperature (Tiean), Minimum air temperature
(Tmin) and maximum air temperature (Tn,y) at each glacier
site. TLR is commonly used for T,;, estimation in glacierized
basins (Immerzeel and others, 2014; Zhang and others,
2015). For further evaluation, performances of the T,;, esti-
mation from MODIS LST are also compared with those
using TLR.

2. DATA

2.1. Ground measurements

Surface temperatures of four glaciers (Parlung Zangbo, Xiao
Dongkemadi, Zhadang and Muztagh Ata) observed from
automatic weather stations (AWSs) in the TP were used in
this study (Fig. 1). The first three AWSs provide daily mean
(Tmean), Minimum (T,;,) and maximum (T ax) air temperature
measurements; Muztagh Ata provides Tmean Only. The Ty,
data were derived from 10 min sampled data collected by
an HMP45C sensor with accuracy of £0.2-0.5°C. The Xiao
Dongkemadi glacier station also provides direct LST meas-
urement through the use of an Apogee Precision Infrared
Thermocouple Sensor (IRTS-P) with an accuracy of 0.3 K
over the glacier surface (Huintjes and others, 2015). The
Parlung Zangbo station provides half-hourly radiation data
measured by a CNRT net radiometer with an uncertainty
level of £10% for daily totals (Guo and others, 2011). The
radiation data were further used to retrieve LST based on
the Stefan-Boltzmann law with the correction of emissivity.
An emissivity value of 0.99 was assigned, which is well in
the range of reference values used in other snow/glacier
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studies (Hall and others, 2008a, Westermann and others,
2012). It should be noted that only the Xiao Dongkemadi
and the Parlung Zangbo stations provide directly or indirectly
observed LST data. Detailed information of the four AWSs is
given in Table 1.

In this study, to conduct a more comprehensive evaluation
for practical application, the TLR method was also com-
pared. To build locally reliable TLR for comparison with
Tair estimation using MODIS LST, Trean, Tmin @and Thax data
from 19 China Meteorological Administration (CMA) stations
around the four glacier sites were used (Fig. 2a). Selected
CMA stations around each AWS were indicated as ‘neighbor-
ing stations’ represented by red triangles in Figure 2a. It
should be noted that all of the CMA stations selected are
located in non-glacierized areas, whereas the four AWSs
are set up on the surface of four glaciers far away from
each other.

2.2. MODIS LST

Products of version 5 of MODIS Terra (MOD11A1) and Aqua
(MYD11AT1) LST/E Daily L3 Global 1 km Grid were used in
this study. Both MODIS/Terra and Aqua provide two daily
observations including one for daytime and one for night-
time. The two overpass times for Aqua are ~1:30 (Aqua
night-time) and 13:30 (Aqua daytime) local time. For Terra,
the crossing times are ~10:30 (Terra daytime) and 22:30
(Terra night-time). The accuracy of MODIS LST is reported
to be within 1K (Wan and others, 2002). Each grid of
MODIS LST product has a quality control (QC) flag ranging
from 0 to 3 indicating average errors of <1, 1-2, 2-3 and
>3 K, respectively. LST data with a QC flag of 3 were
removed for this study.

3. METHODS

3.1. Evaluation of MODIS LST on glacier surface

In this study, MODIS LST data on glacier surfaces were eval-
uated in two ways. The first was to compare MODIS LST with
the observed LST at Xiao Dongkemadi and Parlung Zangbo
glaciers. This method is used most often in previous studies
of snow/glacier surfaces (Koenig and Hall, 2010; Langer
and others, 2010; Westermann and others, 2011, 2012;
Hachem and others, 2012) because it provides a direct evalu-
ation. The Pearson correlation coefficient (R), RMSD and
mean absolute difference were used as the evaluation criteria
(Wang and others, 2008; Hachem and others, 2012). In the
second method of evaluation, daily mean air temperatures
were used to indirectly evaluate MODIS LST data at all the
four AWSs, following studies in other polar regions (Hall
and others, 2008a, Wang and others, 2013b). The Pearson
correlation coefficient was used as evaluation measurement
in this method.

3.2. T, estimation using MODIS LST

3.2.1. Estimation methods

The linear regression is the most commonly used method to
estimate T,;, from MODIS LST because the method is con-
ceptually simple and its results are easy to interpret (Zhang
and others, 2011, 2016b, Benali and others, 2012). Several
advanced statistical models have also been developed for
more accurate estimation of T,;, such as random forests (Xu
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Fig. 1. Map of the Tibetan Plateau marking AWS locations. The Landsat images describing land covers in natural color modes with the
capturing dates included. The outline of the MODIS grid is also plotted.

and others, 2014), M5 model tree (Emamifar and others,
2013) and cubist regression (Wang and others, 2014).
However, the absolute differences of performance between
these complex models and the simple linear regression are
generally small (Meyer and others, 2016; Zhang and
others, 2016a). In addition, given the limited sample sizes,
complex or machine learning methods are not suitable for
this study because they generally demand a large number
of variables and samples. Thus, the method of linear regres-
sion that uses LST as a predictor variable was employed for
Tair (Tmeans Tmin and T,y estimation in this study. It should
be noted that, MODIS LST data have four instantaneous
observations per day and four models for each station. The
four models take Aqua night-time (LSTan), Aqua daytime
(LSTap), Terra night-time (LSTyn) and Terra daytime (LSTtp)
LST as predictor variable, respectively, as below:

Tair = a1 X LSTan + b1, (1)
Tair = a» X LSTap + by, (2)
Tair = a3 X LSTyN + b3, (3)
Tair = a4 X LST1p + by, (4)

where, a;, ay, as, as, by, by, bz and b, are all regression
coefficients.

3.2.2. Comparison of regional glacier surface and local
non-glacier surface model

T.ir estimation using MODIS LST is based on the empirical
relationship between T,;, and LST, which is believed to be
locally accurate (Benali and others, 2012). In addition, the
T.i—LST relationship may vary depending on land cover
type (Vancutsem and others, 2010). Since we here focused
on the T,;, estimation on glacier surfaces, we first divided
all of the available stations for each glacier into two classes
of non-glacier surface (i.e. CMA) and glacier surface (i.e.
AWS) stations. Regressions were built at each neighboring
CMA station, and the best regression equation with the
highest R* values was chosen as the predicting equation
(i.e. model) representing non-glacier stations; this equation
is referred to as the local non-glacier surface (LNGS)
model. To conduct a fair comparison with the LNGS
model, the local glacier surface model built by samples
from local glacier AWS was not used for T,;, estimation.
Instead, the best model with the highest R* values among
the other three glacier AWSs was chosen as the model repre-
sentative of glacier stations and referred to as the regional
glacier surface (RGS) model.

The RGS and LNGS models were compared to determine a
more reasonable and accurate T, estimation method using
MODIS LST. The better one was further compared with the
method using TLR to evaluate the performance for T ;, estimation.

Table 1. Descriptions of the four automatic weather stations (AWSs) on glacier surfaces

Station Longitude/latitude ~ Elevationm ~ Mean annual air temperature°C Time period Available data

Parlung Zangbo 96.93/29.25 4804 -3.7 Jan 2012-Dec 2012 Radiation, Thean, Tmin and Tpax
Xiao Dongkemai 92.08/33.07 5621 -8.6 Jan 2009-Dec 2009  LST, Tmeans Tmin and Trax
Zhadang 90.65/30.47 5800 -7.9 Jan 2012-Dec 2012 Treans Tmin @nd Thax

Muztagh Ata 75.07/38.29 5900 -17.7 Aug 2011-Jul 2012 Tmean
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Fig. 2. Locations of selected CMA stations for estimating TLR for each glacier AWS (a), and their annual mean temperatures and elevations (b).
The numeric labels in (a) are in order of distance to corresponding AWS. The annual mean temperatures in (b) are in the reverse order.

3.2.3. Evaluation of the estimation method using
MODIS ST

Two approaches were used to assess the performances of
MODIS LST for T, estimation. One is comparison with
observed T,;, at glacier AWS and the other is comparison
with T;, estimation using the TLR method.

3.2.3.1. Evaluation by comparison with T, observa-
tions.  RMSD was selected for the measurement of model
performance (Zhang and others, 2011, 2016a, Kilibarda
and others, 2014) by comparison with T,;, observations. To
identify any significant differences among different models
or methods, we used the Welch'’s paired t-tests based on
the residuals produced by different models/methods
following Williamson and others (2013). Mann-Whitney
tests were also conducted for reference owing to the non-nor-
mality of the samples.
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3.2.3.2. Evaluation by comparison with TLR.  For com-
parison, TLR was estimated through linear regression on the
relationship between T;, and elevation (Li and others, 2013a,
Immerzeel and others, 2014) based on neighboring stations
around the glacier AWS by Eqn (5).

Tar =ty +t; X Z+t, X Lat, (5)
where, Z is elevation; Lat is latitude; to, t; and t, are all regres-
sion coefficients, and t; is the estimated TLR. We considered
the possible effects of latitude on TLR (Rolland, 2003)
because the variation range of latitude for CMA stations
around the four glaciers can be as large as 1.7-2.7 degrees.
Since some uncertainties may be introduced by the possibly
serious collinearity problems caused by adding latitude, the
multicollinearity tests were conducted in this study. The vari-
ance inflation factor (VIF) is often used for diagnosing the
multicollinearity problem and a VIF value >5 or 10 is
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generally considered to be serious (Stine, 1995; Craney and
Surles, 2002). The test results showed that the VIFs for TLR
regressions are all <1.6 indicating that the collinearity
problem may not be big. Considering the spatial variation
of TLR, a locally reliable TLR was obtained for each glacier
AWS based on a sensitivity test on the number of neighboring
stations. For each glacier AWS, stations within a 300 km
radius were added one by one for estimating TLR in order
of distance from the AWS. The smallest number of stations
that passed the significance test at the 0.05 significance
level was selected. Monthly TLRs were further built for T,;,
estimation based on the selected stations.

When estimating T,;, including Tinean, Tmin @and Tinax by
using TLR, all data of neighboring stations were first con-
verted to values at sea level (0 m here) using the TLR, and
were then interpolated to the location of glacier AWS by
using the inverse distance weighted (IDW) method (Jarvis
and Stuart, 2001). The final estimate was calculated from
the IDW-interpolated value at sea level to that at the eleva-
tion of the glacier AWS by using the TLR. Although previous
studies show differences in the implementation of TLR, the
performance was found to be similar (Stahl and others, 2006).

For independent validation and comparison, the glacier
AWSs were not used for TLR building. For each glacier, T,
observations from AWS were used as independent validation
data for both methods, including that using MODIS LST and
that using TLR. To conduct a fair comparison with TLR, only
cloud-free days were selected for evaluation of T,;, estima-
tion using TLR and MODIS LST. In addition, the results
based on the four pass times of MODIS LST may not be com-
parable due to the non-corresponding days with different
daily available LST data. Thus, a comparison based on
days with four available daily MODIS observations was
also conducted although the sample counts were limited.

4. RESULTS

4.1. Evaluation of MODIS LST on glacier surface

The comparison of MODIS LST with observed LST at glacier
surfaces of Xiao Dongkemadi and Parlung Zangbo is shown
in Figure 3. The RMSDs of MODIS LST on Xiao
Dongkemadi (3.8-5.3°C) were generally smaller than those
on Parlung Zangbo (5.0-12.5°C). With RMSDs of 3.8-4.9
and 5.0-5.8°C, MODIS night-time LSTs recorded at ~22:30
and ~01:30 local time showed higher accuracies than
daytime LST recorded at ~10:30 and ~13:30 local time with
RMSDs of 5.2-5.3 and 8.2-12.5°C at Xiao Dongkemadi and
Parlung Zangbo, respectively (Table 2). Terra LST with mean
RMSDs of 4.5 and 6.6°C showed higher accuracy than
Aqua LST with mean RMSDs of 5.1 and 9.1°C at Xiao
Dongkemadi and Parlung Zangbo, respectively. This result
is similar to previous studies in which Terra LST are found to
be more accurate than Aqua LST in the TP (Yu and Ma,
2011; Min and others, 2015). In addition, MODIS/Terra
night-time LST with an averaged RMSD of 3.3°C presented
best accuracy in this study.

The validation results of high-quality MODIS LST (i.e. LST
data with MODIS claimed errors <1 K) are also summarized
in Table 2. The results are generally similar to those that did
not exclude low-quality data, except that high-quality MODIS
night-time LST at Xiao Dongkemadi showed clearly higher
accuracies than all the MODIS night-time LST with RMSD
decreases of 1.5 and 0.7°C for Terra and Aqua, respectively.
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A comparison of MODIS LST to Tean Observations at the
four glaciers (Fig. S1) revealed high correlation coefficients of
0.78-0.94, except that low R values of 0.44-0.61 are
observed for MODIS daytime LST at Parlung Zangbo.
MODIS night-time LST with high mean R values of 0.91
shows higher correlation with Tean than MODIS daytime
LST with mean R values of 0.78.

4.2. Evaluation of daily air temperature estimation on
glacier surface

4.2.1. Tmean €Stimation

Figure 4 shows significant differences for Thean estimation
using the RGS and LNGS models. The averaged RMSD of
the LNGS model is 5.0°C, which is larger than 4.3°C of the
RGS model. In particular, the performance improvement by
replacing the LNGS model with the RGS model showed an
RMSD decrease of 1.2 and 0.4°C for cases using MODIS
daytime LST and night-time LST, respectively. Thus, the
RGS models with better performance than the LNGS
models were used for further analysis.

The averaged RMSD of T, estimation from the TLR
method was 5.2°C which is larger than 4.3°C of the RGS
model based on MODIS LST (Fig. 5). In particular, RGS
model based on MODIS night-time LST showed relatively
high and stable accuracy with an averaged RMSD of 3.8°C,
which is better than that of the TLR method. A fair compari-
son based on days with four available daily MODIS
observations indicated that the RGS model based on
MODIS night-time LST, with a mean RMSD of 3.3°C, is
superior to the RGS model based on MODIS daytime LST,
with a mean RMSD of 4.2°C (Fig. S2), for Tyean estimation.
The RGS model based on MODIS/Terra night-time LST pre-
sented the best performance with a mean RMSD of 3.0°C.

Figure 5 also shows that the methods for Tean estimation
based on MODIS LST clearly outperformed those using TLR
except for Xiao Dongkemadi, where a high accuracy of
~2.1°C was obtained using the TLR method. However, the
TLR method produced relatively low accuracies of 4.4-8.7°C
at the other three glaciers, where higher accuracies of 2.7-
7.5°C were obtained by the RGS model using MODIS LST,
except for the RGS model based on Aqua daytime LST at
Parlung Zangbo owing to the lower accuracies of LST (Figs 3,
S1).

4.2.2. Tnin estimation

Similar to what was found in T,nean €stimation, the RGS and
LNGS models showed significant differences for T, estima-
tion with averaged RMSDs of 4.3 and 5.5°C, respectively
(Fig. 6). The performance improvements between RGS and
LNGS models were significant with RMSD decrease of 1.8
and 0.5°C for cases using MODIS daytime and night-time
LST, respectively. This also indicates the necessity of apply-
ing the RGS model for T, estimation when using MODIS
LST.

For most cases, significant differences were shown
between methods using TLR and the RGS model based on
MODIS LST (Fig. 7) with averaged RMSDs of 4.7 and 4.3°C
for Tin estimation, respectively. The RGS model based on
MODIS night-time LST showed an even lower mean RMSD
of 3.5°C. Days with four daily MODIS observations indicated
that the RGS model based on MODIS night-time LST, with a
mean RMSD of 3.0°C, is superior to the RGS model based on
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Fig. 3. Comparison of MODIS and observed LST at Xiao Dongkemadi and Parlung Zangbo stations. ‘TD’, Terra Day; ‘TN’, Terra Night; ‘AD’,
Aqua Day; ‘AN’, Aqua Night.

MODIS daytime LST, with a mean RMSD of 4.7°C for Ty,
estimation (Fig. S3). The RGS model based on MODIS/
Terra night-time LST presented the best case with a mean

lower accuracies with higher averaged RMSDs of 5.3 and
7.5°C, respectively, compared with Tiean (4.3 and 5.0°C)
and Tmin (4.3 and 5.5°C) estimations. In addition, the per-

RMSD of 2.9°C. formance improvements of the RGS model compared with
the LNGS model for cases using MODIS daytime and
night-time LST, with RMSD decreases of 2.0 and 2.5°C,
respectively, were both relatively large.

The TLR method and the RGS model based on MODIS LST

showed significant differences in T, estimation for all cases

4.2.3. Tnax €stimation
The RGS and LNGS models showed significant differences
for Tinax estimation (Fig. 8). Both models produced obviously

Table 2. Validation of MODIS LST at Xiao Dongkemadi and Parlung Zangbo stations. The number of samples (N), Pearson correlation
coefficient (R), mean absolute difference (MAD) and root-mean-squared-difference (RMSD) are listed

Station Type All data Excluding low-quality data
N R MAD °C RMSD °C N R MAD °C RMSD °C

Xiao Dongkemadi Terra Day 130 0.84 4.0 5.2 39 0.79 3.8 5.5
Terra Night 207 0.92 2.5 3.8 94 0.97 1.8 2.3
Aqua Day 82 0.90 3.6 5.3 27 0.89 3.2 5.2
Aqua Night 251 0.88 3.7 4.9 124 0.92 3.2 4.2

Parlung Zangbho Terra Day 101 0.41 6.1 8.2 37 0.37 7.0 9.1
Terra Night 269 0.81 3.5 5.0 119 0.84 2.6 4.3
Aqua Day 136 0.60 11.5 12.5 34 0.13 10.9 121
Aqua Night 239 0.77 4.3 5.8 101 0.74 4.1 5.8
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(Fig. 9), which is consistent with T ean and Tiin. The aver-
aged RMSD of 5.9°C for the TLR method is comparable
with 5.3°C for the RGS model using MODIS LST. The RGS
model based on MODIS night-time LST showed relatively
better performance with an averaged RMSD of 4.5°C,
whereas the accuracies are remarkably lower than those of
Tmean and T, estimation. As shown in Figure S4, a fair com-
parison based on days with four daily MODIS observations
indicated that the RGS model based on MODIS night-time
LST, with a mean RMSD of 4.8°C, is superior to that based
on MODIS daytime LST, with a mean RMSD of 5.7°C for
Tmax estimation. The RGS model based on MODIS/Aqua
night-time LST with a mean RMSD of 4.5°C performed the
best.

5. DISCUSSION

5.1. Limitations of MODIS LST on glacier surfaces
of the TP

5.1.1. MODIS night-time LST

A clear cold bias frequently occurs at night for MODIS LST.
This was particularly true for MODIS/Aqua night-time LST
at the Parlung Zangbo, resulting in the maximum error
among all four MODIS night-time LST terms (Table 2). This
can be largely explained by deficiencies in the MODIS
night-time cloud-detecting algorithm (Ackerman and
others, 1998). A relatively large proportion of undetected
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clouds exists in MODIS night-time LST (@Dstby and others,
2014; Zhang and others, 2016b). When undetected cloud
pixels exist, cloud top temperatures will take the place of
true LSTs, resulting in much lower values. A cold bias of
more than 10°C existed in up to 38 cases of MODIS night-
time LST observed at the Parlung Zangbo. Such large errors
resulted from undetected clouds have also been observed
in other regions (Langer and others, 2010; Westermann and
others, 2011, 2012).

5.1.2. MODIS daytime LST

During the daytime, obvious warm bias existed for many
cases, and almost throughout the year for Aqua daytime
LST observed at Parlung Zangbo, which resulted in extremely
large errors (Fig. 3). This result can be partly explained by the
possible failure in atmospheric correction, as indicated by
Ostby and others (2014). It should be noted that MODIS
daytime LST is also affected by undetected clouds
(Williamson and others, 2013), although such influence is
significantly smaller than for MODIS night-time LST
(Ackerman and others, 1998; Zhang and others, 2016b).
Hall and others (2008b) also discussed other possible
reasons such as the mixed-pixel effect of melting water
ponds within the pixel. However, this factor was less likely
to be the dominant factors in the present study. Figure 10
plots the heterogeneity of MODIS pixel used. The variability
of altitudes within pixels of the Xiao Dongkemadi and
the Parlung Zangbo stations was small with standard errors
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Night; ‘AD’, Aqua Day; ‘AN’, Aqua Night. Asterisks indicate the significance of the differences: *** indicates 0.001 significance level; **
indicates 0.01 significance level; * indicates 0.05 significance level; letters without asterisks indicate insignificant differences.

of only 75 and 63 m, respectively. However, a relatively
large proportion of non-glacier areas was covered within
both MODIS pixels with fractions of 28 and 32% for
Xiao Dongkemadi and Parlung Zangbo, respectively.
During the day, LST is generally higher than T,;, whereas
LST on glacier surfaces cannot exceed the melting point
(e.g. 0°C) (Hall and others, 2006) even when T,;, is above
0°C. Thus, daytime enhances the strong LST difference
between glacier and non-glacier area within MODIS pixels,
especially in warm seasons. Similarly, obvious temperature
differences of >10°C are observed between snow and
snow-free surfaces in summer over a high-arctic tundra
(Westermann and others, 2011). Therefore, the warm-bias
errors for our study may be largely attributed to pixel
heterogeneity.

5.1.3 Comparison with other evaluation or validation
studies

Previous validation over the TP has focused mainly on areas
with vegetated land cover. Yu and Ma (2011) obtained
RMSD values of 3.1-5.3°C across three test sites with differ-
ent land cover types (farm land, forest and desert grassland) in
the northeastern TP. Min and others (2015) found a general
RMSD of 5.3°C at an alpine meadow-dominated station in
the eastern TP. Wang and Min (2014) obtained an RMSD
of 2.2°C for MODIS night-time LST observed at the Linzhi
area in the southeastern TP. All of these studies included pro-
blems of pixel heterogeneity to varying degrees. However,
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our study featured obviously higher errors in MODIS
daytime LST owing to the strong contrast between glacier
and non-glacier area within MODIS pixels, especially at
Parlung Zangbo.

Compared with validation studies for glacier/ice surfaces
in the Arctic (Qstby and others, 2014) and Greenland (Hall
and others, 2008a, Koenig and Hall, 2010) areas, where
ice surfaces are relatively homogeneous, an obviously
larger warm bias for MODIS daytime LST was found in this
study owing to the strong pixel heterogeneity. In the TP, gla-
ciers are generally small (<1 km?) (Guo and others, 2014).
The mixed-pixel problem is a known limitation in MODIS
LST observation; downscaling is needed for future studies
on glacier surfaces of the TP using MODIS LST.

Despite the larger RMSDs for MODIS daytime LST than
those reported in previous studies (Wan and others, 2002;
Coll and others, 2005), the evaluation results of MODIS
night-time LST are generally consistent with them (Bosilovich,
2006; Wang and others, 2008; Wang and Liang, 2009; Li and
others, 2014; Krishnan and others, 2015). The minimum
RMSDs of the Xiao Dongkemadi and the Parlung Zangbo sta-
tions were only 2.3 and 4.3°C, respectively, which is within
the range of 2.2-4.6°C observed for MODIS night-time LST
over the TP (Yu and Ma, 2011; Wang and Min, 2014; Min
and others, 2015). The night-time LST could be more homoge-
neous within the pixels due to the absence of large uncertainty
introduced by solar radiation at daytime (Wang and others,
2008; Yu and Ma, 2011).
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5.1.4. Data quality

To further evaluate the effects of MODIS-claimed QC flags,
the evaluation excluding low-quality data (i.e. QC > 1) was
also examined (Table 2). Except for the clear improvement
for Terra night-time LST observed at Xiao Dongkemadi, gen-
erally comparable accuracies or limited improvements can
be obtained after removing the suspicious data. This indi-
cates the dominating effect of pixel heterogeneity for
MODIS daytime LST and also reveals the fact that undetected
clouds may still exist after removing the low-quality data. It
should be noted that removing the suspicious data can
largely reduce the available sample amounts.

5.2. Comparison between the RGS and LNGS models

The RGS models showed consistently higher accuracies than
the LNGS models for estimations of Tnean, Tmin @and Trax (Figs
4, 6, 8). This indicates that there may be strong differences of
T.i—LST relationship between glacier and non-glacier sur-
faces, and RGS models should be used on glacier surfaces.
It should be noted that the LNGS model was trained using
samples from non-glacier stations and validated using obser-
vations from glacier stations. Due to the large variation of ele-
vation among non-glacier stations, we also tried to add the
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elevation information to LNGS model to test if it could get
higher accuracies, and such LNGS models are built as:

T.ar=a+bxLST+cxZ, (6)

where LST is MODIS LST data including four instantaneous
observations as mentioned before; Z is elevation; a, b and
c are all regression coefficients. However, after adding the
factor of elevation, the LNGS models produced even lower
accuracies (Fig. S5). This may be because the temperature
variation with altitude is discontinuous between glacier-
and non-glacier surfaces (Wang and others, 2013a); thus,
such effects derived from non-glacier observations may be
strongly biased for glacierized areas and lead to more errors.

Figure 11 shows the regression models between T,; of
AWSs and MODIS LST at four pass times at different glaciers.
For each MODIS pass time, differences were noted among
models of the four glaciers, which indicates that different
models may need to be built for obtaining locally accurate
estimations on glacier surfaces. However, obtaining suffi-
cient T,, observations on individual glacier surface is
extremely difficult. In addition, the performances of fixed
models, especially those based on Terra night-time LST,
built at a given glacier AWS shows highly acceptable valid-
ation results at the other glaciers (Figs 5, 7, 9). This indicates
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that the T,;—LST relationship may not vary greatly among dif-
ferent glacier sites and the RGS models are recommended for
T,ir estimation.

5.3. Implications, uncertainties and future
developments for T;, estimation using MODIS LST

in glacierized areas over the TP

Both MODIS daytime and night-time LST have shown
relatively good performances in T, estimation in many
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mountainous areas around the world including the TP
(Zhang and others, 2011, 2016a, Benali and others, 2012).
Problems such as obvious warm bias were identified with
MODIS daytime LST in glacierized areas as shown in this
study. We attribute its evident deficiency to the mixed-
pixel problem resulting from strong temperature heterogen-
eity in the daytime. This problem affects the performance
of MODIS daytime LST in T, estimation. However,
MODIS night-time LST showed much lower bias than
MODIS daytime LST in glacierized regions. Thus, MODIS

Zhadang Muztagh Ata

%  Automatic weather station

Fig. 10. Distribution of land covers and elevations within MODIS pixels at four glacier AWSs. Land covers (upper) are described by Landsat
images observed during the time period of data used in this study. Elevation (lower) information within MODIS pixels are drawn from ASTER

GDEM dataset (http:/gdem.ersdac.jspacesystems.or.jp/).
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night-time LST are strongly recommended in glacierized
areas of the TP.

Terra night-time LST appeared to be more reliable than
Aqua night-time LST illustrated by the higher accuracies in
T.ir estimation (Fu and others, 2011; Zhang and others,
2011). Generally lower bias of Terra LST than Aqua LST
was found in this study (Section 4.1) and other validation
studies of the TP (Yu and Ma, 2011; Min and others, 2015).
Thus, the RGS models based on Terra night-time LST are
recommended for T, estimation (Figs 11, S6 and S7).

Our study indicates that the best accuracies of Tyean and
Tmin estimation using MODIS LST, with RMSDs of 3.0 and
2.9°C, respectively, are clearly higher than that of T,y esti-
mation, with an RMSD of 4.5°C. This result is consistent
with those reported in other studies (Benali and others,
2012; Good, 2015); however, the reported performance dif-
ferences at ~1.5°C are larger and the accuracies of T,y esti-
mation are obviously lower than those in other regions
(Zhang and others, 2011; Xu and others, 2014; Oyler and
others, 2016). Trax occurs during the day; therefore, clouds
can greatly affect the accuracies of MODIS LST
(Williamson and others, 2013) as well as the T,;—~LST rela-
tionship (Zhang and others, 2016b). In addition, the lower
accuracy of Ty estimation can be largely attributed to the
strong influence of pixel heterogeneity on daytime LST.
Future studies may need to develop advanced downscale
methods for obtaining more accurate and fine LST data on
glacier surfaces. It should be noted that compared with this
study, a much larger RMSD was found for air temperature
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estimation from MODIS LST in the Antarctic (Meyer and
others, 2016) where ice sheets are widespread, which may
be largely due to: (1) Antarctic area has more extremely
low temperatures (<—35°C) which are hard to predict
(Meyer and others, 2016); (2) the accuracies reported from
their study are actually for instaneous air temperatures,
whereas those from this study focus on daily air temperatures.

Undetected clouds present in MODIS night-time LST have
obviously negative effects on T,;, estimation (Zhang and
others, 2016b). The estimation accuracies using MODIS
LST can be greatly improved by screening samples (Zhang
and others, 2016b). In addition, removing suspicious data
based on MODIS claimed QC flags can also contribute to
more accurate estimation (Williamson and others, 2013;
Zhang and others, 2016a). This option was not used in the
present study owing to limited T, observations from
glacier AWSs. Future study is needed to obtain additional
ground measurements at glacier surfaces and to build more
reliable and accurate models for glacierized regions. In add-
ition to LST, other variables including latitude, longitude, ele-
vation, Julian day and solar zenith have been used in several
studies to improve the estimation accuracies (Benali and
others, 2012; Xu and others, 2012; Janatian and others,
2016; Zhang and others, 2016a). Owing to the relatively
short time series of T, observations and the limited
number of stations, some variables including latitude, longi-
tude and elevation were not used in this study. The Julian day
was tested as an auxiliary variable and only slight improve-
ments were achieved with the RMSD decrease of <0.01°C.
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Future research may benefit from including more efficient
auxiliary variables.

5.4. MODIS LST vs TLR for T,; estimation in
glacierized basins

5.4.1. Uncertainty of TLR

TLR is often assumed to have a constant value of ~0.65°C/
100 m in glacierized regions (Hock and Holmgren, 2005;
Arnold and others, 2006; Machguth and others, 2006).
However, several studies have reported that TLR is not a
spatial or temporal constant owing to variability in the micro-
climatic conditions (Rolland, 2003; Li and others, 2013a). In
this study, the spatial representativeness of TLR was consid-
ered through sensitivity tests. Figure 12 shows that the TLR
of Trmean can vary substantially depending on the number of
neighboring stations. When the number is small, only insig-
nificant lapse rates and relatively weak R can be obtained.
A high correlation coefficient of ~0.8 between T,;, and eleva-
tion appeared when station number was big enough;
however, TLR still changed with a relatively large variation
as the station number kept increasing. The first value of
station number that passed the 0.05 significance test was
chosen (Fig. 12); and these values are 6 for the Parlung
Zangbo, 5 for the Xiao Dongkemadi, 4 for the Zhadang
and 4 for the Muztagh Ata stations, respectively. We also
conducted the sensitivity tests for Ty, and Trax and achieved
similar results. Finally, for each AWS, the annual mean air
temperature shows generally good negative correlation
with elevation among the neighboring stations selected
(Fig. 2b). The temporal variation of TLR was also analyzed
in this study. Monthly TLR was selected because it generally
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has higher accuracy than daily TLR. In this study for T, ean
interpolation, the averaged RMSE produced using monthly
TLR (5.2°C) was found to be smaller than that using daily
TLR (5.9°C). This may be because fluctuations in microcli-
mates may affect the general pattern of TLR.

TLR can be affected by microclimatic conditions such as
terrains, humid conditions and valley winds in various moun-
tainous regions around the world (Rolland, 2003; Minder and
others, 2010), including the TP (Li and Xie, 2006; Kattel and
others, 2013; Liu and others, 2013). In particular, the tem-
perature inversion in high-altitude or glacierized regions
adds more complexity (Nilsson, 2009; Li and others,
2013a). Strong differences between the TLRs of low- and
high-altitude regions have also been reported in the TP (Liu
and others, 2013). Limited high-altitude stations may intro-
duce large errors (Immerzeel and others, 2014). The TLR at
the glacier surface may be clearly different from that in
non-glacierized regions (Nilsson, 2009). Our study con-
firmed that large estimation errors can be introduced at the
glacier surface over the TP based on TLR derived from low-
altitude stations.

5.4.2. Implications for selection of T,;, estimation from
TLR or MODIS LST in glacierized areas

Both TLR (Stahl and others, 2006; Zhang and others, 2015)
and MODIS LST (Benali and others, 2012; Zhang and
others, 2016a) have shown good performance in T,;, estima-
tion in mountainous areas. In glacierized areas, MODIS/Terra
night-time LST showed highly acceptable performances in
Tair (Tmean and Tn,;n) estimation, which were generally
better than TLR in most cases as shown in the present study.
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The most evident deficiency of MODIS LST is the missing
data owing to cloud blockage (Yu and others, 2016; Zhang
and others, 2016a; Zhu and others, 2017). Interpolation for
MODIS LST may introduce more uncertainties although
some advanced methods have been developed (Xu and
Shen, 2013; Yu and others, 2014). In addition, the problems
of undetected clouds, data quality and mixed pixels may also
introduce errors. The TLR based on meteorological stations in
glacierized areas may generate more accurate T, estima-
tion. However, MODIS LST is strongly recommended for
Tair estimation in glacierized areas where stations are sparse.

It should be noted that this study is not intended to negate
the importance of TLR; we also tested performance for stations
located in non-glacierized regions. The TLR method showed
comparable performance in T estimation compared with
thatusingMODIS LST (Fig. S8). This indicates thatif station net-
works are sufficiently dense and the produced TLR is locally
reliable, TLR is an efficient method and is highly recom-
mended because of its simple concept and ease of use.
However, MODIS LST can be a good alternative for more
accurate T;, estimation in glacierized basins where high-alti-
tude stations are too scarce to generate locally reliable TLR.

6. CONCLUSION

In this study, MODIS LST data were used for Tai (Tmean, Tmin
and Ty estimations. The performances were evaluated by
comparing with actual T,;, observations as well as with the
results produced by the TLR method. Since careful validation
is the basis of efficient application of remotely sensed LST,
MODIS LST data were first compared with in-situ LST mea-
surements of AWSs at two glaciers. The comparison results
indicated that MODIS daytime LST data may have large
errors (with mean RMSD of 8.0°C) on glacier surfaces of
the TP likely owing to the mixed-pixel problem. In
comparison, MODIS night-time LST (with mean RMSD of
4.0°C), especially MODIS/Terra night-time LST (with mean
RMSD of 3.3°C), shows much lower bias. It was found that
the selected regression models built at the RGS for the estima-
tion of T; showed higher accuracy than those at LNGS. The
performances of the RGS models based on MODIS night-
time LST with mean RMSDs of 3.3, 3.0 and 4.8°C, were all
obviously better than those of the RGS models based on
MODIS daytime LST with mean RMSDs of 4.2, 4.7 and
5.7°C for the estimations of Tiean, Tmin @and Trax ON glacier
surfaces of the TP, respectively. The accuracies of Tiean
and T, estimations were significantly higher than those of
Tmax €stimation using MODIS LST. Compared with the TLR
method (with mean RMSDs of 5.2, 4.7 and 5.9°C for Tean,
Tmin and Thax estimations, respectively), the RGS models
based on MODIS night-time LST produced better accuracies.
Thus, regression using MODIS night-time LST can be a good
alternative method for TLR for more accurate T,;, estimation
in glacierized areas in the TP.
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