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Abstract— Near-surface air temperature lapse rate (NSATLR)
is one of the key criteria for judging atmospheric stability. It
is an important model parameter in glacier, hydrology, ecology,
climate, and meteorology in high mountains such as the Tibetan
Plateau (TP). However, due to the complex interaction between the
atmosphere and land surface, retrieving NSATLR from remotely
sensed data is challenging. In this article, we develop a novel model
based on the MODIS data to estimate the daily 5-km NSATLR over
the TP. The input parameters of the model include digital elevation
model and the near-surface air temperature estimated from the
MODIS data. By combining moving window and specified criteria,
the pixel-based NASTLR with a 5-km spatial resolution over the TP
is estimated. In addition, we also estimate the NSATLR based on
the meteorological data over the TP (NSATLRin situ) to evaluate
the accuracy of NSATLR estimation model. Results demonstrate
that the NSATLR estimate agrees well with NSATLRin situ in the
eastern TP, with an overall root-mean-square error of 1.51 °C/km
and a mean bias error of −0.78 °C/km. Larger deviation exists
in the southern TP. Thanks to the evident advantages of simplicity,
the availability of input parameters and the independence from the
meteorological data, the developed model can be applied to larger
areas.

Index Terms—Lapse rate, meteorological data, MODIS, near-
surface air temperature, Tibetan Plateau.

I. INTRODUCTION

N EAR-SURFACE air temperature lapse rate (NSATLR)
refers to the lapse rate of near-surface air temperature

(NSAT) decreases with altitude. It is generally assumed that
the NSAT decreases by 6.5 °C for per kilometer increase in
altitude [1], [2], [3], whereas NSAT in the real atmosphere does
not always decrease at a constant rate. For example, with the
phenomenon of temperature inversion, NSAT increases with
altitude [4]. In recent decades, with the intensification of global
warming, the glacier melting has accelerated, and the amount
of ice-snow melting water has increased. The NSAT, which
is directly related to global warming, has become a research
focus [5].
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Due to the unique geographical conditions and complex nat-
ural environment, the Tibetan Plateau (TP) has an important im-
pact on the climate change in its surroundings and even the world
[5], [6]. NSATLR can be used to analyze the spatial distribution
characteristics of NSAT and simulate the surface environment in
mountainous areas such as the TP. Investigations on the surface
environment of the TP are of great significance to climate change
studies but they only hold scarce scientific data [7]. The spatially
continuous NSATLR can provide more accurate parameters
for glacier study, hydrological, and ecological simulations [8],
[9], [10], thus making possible more comprehensive theoretical
study for examining the fragile ecosystem of the TP. In addition,
the investigation of NSATLR can also improve the accuracy
of regional NAST downscaling [11], and provide input data
support for the development of NSAT datasets with high spatial
resolutions.

At present, the commonly used NSATLR estimation method
is simple linear regression based on in situ NAST and elevation
[12], [13]. In addition, there are also a few studies using multiple
linear regression models to estimate NSATLR. In a multiple
linear regression model, NSAT is the dependent variable, and
elevation, longitude, latitude, and other parameters are the in-
dependent variables, and the coefficient of elevation is used
as NSATLR [14]. For large areas with complex terrain and
climate conditions, meteorological stations are usually divided
into several subregions according to specific rules (e.g., lon-
gitude, latitude, and climate), and the overall NSATLR of each
subregion is calculated, respectively [7], [15]. A few studies have
reported the estimation of NSATLR by using meteorological
data around the TP [16], [17], [18]. In general, the NSATLR
over the TP has strong seasonal characteristics, with shallow
NSATLR in summer and steep NSATLR in winter [19], [20].
Guo et al. [21] showed that the annual average NSATLR in the
TP was 5.9 °C/km. A bimodal seasonal pattern was found in the
Himalayas, with two maximum values before and after the mon-
soon [22]. However, the above NSATLR estimation methods can
only obtain the NSATLR at stations, which cannot describe the
spatially continuous NSATLR for large areas. In addition, due to
the vast area and complex geographical environment of the TP,
it is very difficult to construct enough number of meteorological
stations. Therefore, the representativeness of NSATLR estimates
based on meteorological data is particularly insufficient.

With the continuous development of remote sensing tech-
nology, the scientific communities have applied satellite ther-
mal infrared remote sensing to obtain large scale NSAT data,
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which provides the possibility for obtaining spatially continuous
NSATLR. For example, Wang et al. [23] used the NSAT data
estimated by MODIS surface temperature and elevation data
to conduct regression analysis within a 10 km×10 km moving
window. It was found that the NSATLR at nighttime in the north-
ern and central parts of the TP was lower than that at daytime,
but the NSATLR at daytime in the eastern part of the TP and
the Hengduan Mountains was lower than that at nighttime. At
present, most of the methods based on remotely sensed thermal
infrared surface temperature data to estimate NSAT use elevation
as a universal input parameter [24], [25]. In addition, NSATLR,
as the regression coefficient of elevation in the NSAT estimation
models, has been indirectly included in the process of estimating
NSAT. Therefore, most of the NSAT products based on remotely
sensed thermal infrared surface temperature estimation cannot
be used to estimate NSATLR. In the process of estimating NSAT
based on remotely sensed thermal infrared surface temperature
data, most methods use a variety of surface variables and in
situ NAST data as auxiliary parameters to achieve accurate
NAST estimates [5], [26]. MODIS atmospheric profile products
have potential advantages in estimating NSAT, which do not
depend on auxiliary surface variables and in situ NSAT data.
Therefore, it is worthy to explore the possibility of using the
MODIS atmospheric profile product to obtain NSAT of the TP
and provide input data support for the NSATLR estimation.

In this context, this article develops a novel model for esti-
mating NSATLR from MODIS atmospheric profile product, and
produces 5-km daily NSATLR over the TP from 2010 to 2019.
The input parameters of the model include the elevation data
and MODIS atmospheric profile product, and the NSATLR is
estimated by combining moving window and specified criteria.
In the process of estimating NSATLR, the size of the moving
window is constantly changed to satisfy specified criteria, thus,
strictly controlling the input data of the model to obtain more
credible NSATLR values. In addition, since NSATLR cannot be
obtained directly from in situ data, the estimated NSATLR lacks
valid validation datasets. Therefore, we also estimate NSATLR
from the ground measurements at 86 stations in the TP. The
NSATLR estimates based on in situ data is hereinafter referred
to as NSATLRin situ. The NSATLR estimate is then compared
with NSATLRin situ to verify the effectiveness of the NSATLR
estimation model.

II. STUDY AREA AND MATERIALS

A. Study Area

As described previously, the area under examination in this
article is the TP (25o - 40oN, 75o - 105oE). The huge mountains
and high-altitude characteristics of the TP have a significant
impact on the climate of Asia and even around the world. The
terrain of the mountains is complex and the vertical throw is large
(see Fig. 1), resulting in complex and diverse vertical changes
of temperature. The average altitude of the TP is more than
4 km. Thus, the TP is known as the “third pole” in the world and
plays an important role in the global climate and atmospheric
circulation.

Fig. 1. Distribution of CMA stations and elevation of the TP. The divided
seven areas are also shown.

TABLE I
DIVISION OF SEVEN SUBREGIONS IN THE TP (ACCORDING TO [15])

Due to the complex topography and diverse climate changes
on the TP, validation analysis of NSATLR in different subregions
is required. Li et al. [15] divided the TP into seven subregions
in their study of NSATLR in mainland China (see Fig. 1), and
the division of these subregions is shown in Table I. Under this
division framework, each subregion has similar climatic char-
acteristics and certain elevation variations. The same division
framework is used in this article to divide the meteorological
stations on the TP into seven subregions, and only six subregions
are used in this article because no meteorological stations exist
in Area 1.

B. Datasets

1) MODIS Data: MODIS is an important sensor on board
the earth observation system (EOS) Terra and Aqua satellites. A
dedicated research showed that the NSAT retrieval from Terra
MODIS data is more accurate than that of Aqua MODIS data
[27]. Thus, we use the MODIS atmospheric profile product
(MOD07_L2) derived from the Terra MODIS data in this article.
This product has a spatial resolution of 5-km. Specifically, the
atmospheric temperature profiles and pressure levels included in
MOD07_L2 atmospheric product are used in this article. From
the atmospheric temperature profiles, atmospheric temperatures
at 20 vertical atmospheric pressure levels are available, namely
1000, 950, 920, 850, 780, 700, 620, 500, 400, 300, 250, 200,
150, 100, 70, 50, 30, 20, 10, and 5 hPa. Affected by the
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cloud contamination, the MOD07_L2 product can only provide
the atmospheric temperature profile and pressure levels under
clear-sky conditions. The MOD07_L2 products from 2010 to
2019 are provided by the U.S. Geological Survey Land Pro-
cess Distributed Active Archive Center (https://search.earthdata.
nasa.gov).

2) Meteorological Data: In this article, the average daily in
situ NAST, sunshine hours, evapotranspiration, wind speed and
relative humidity provided by China Meteorological Adminis-
tration (CMA, http://data.cma.cn/) are used. The time range is
from 2010 to 2019, and the temporal resolution is daily. The
NAST is measured at 2 m above the ground surface. According
to the extent of the TP, a total of 86 meteorological stations,
of which more than 70% are distributed in the eastern and
southern regions of the TP, are selected in this article. A reliable
NSATLRin situ estimation requires enough stations. Therefore,
this article mainly uses the in situ NSAT data in the eastern
and southern regions of the TP, which have relatively dense
distribution of stations. The station distribution is shown in
Fig. 1.

3) Digital Elevation Model: Digital elevation model (DEM)
is a digital simulation of terrain through elevation data. It is
an entity ground model that represents ground elevation in the
form of a set of ordered numerical arrays. The DEM dataset,
with a 90-m spatial resolution, are produced by the shuttle radar
topography mission (SRTM). The DEM dataset can be obtained
from the United States Geological Survey FTP site (https://srtm.
csi.cgiar.org/) or the spatial information consortium.

III. METHODOLOGY

The estimation of NSATLR based on the MODIS atmospheric
profile product (i.e., MOD07_L2) includes two steps. The first
one is to determine the pixel-based NSAT from the MOD07_L2
product using the parameterization scheme. The second one is
to estimate the pixel-based NSATLR based on the NSAT and
elevation using moving window. At the same time, the daily
NSATLRin situ at 86 stations over the TP is used as validation
data to explore the credibility of NSATLR estimation model.

A. Calculation of NSATLRin situ Based on the in situ
Measurements

As described previously, the commonly used NSATLR esti-
mation methods include multiple linear regression in addition to
simple linear regression. The simple linear regression refers to
a linear regression of NSAT on elevation

Ta = a× Z + b (1)

where Ta is the NSAT; Z is elevation; a and b are regression
coefficients and a is the estimated NSATLR.

The multiple linear regression refers to the establishment of
multiple regression models with NSAT as the dependent variable
and multiple independent variables such as altitude, longitude,
and latitude

Ta = a0 + a1 × Z + a2 × Lon+ a3 × Lat (2)

where Lon is longitude, Lat is latitude; a0, a1, and a2 are
regression coefficients, and a0 is the estimated NSATLR.

One should note that the independent variables used in the
multiple linear regression model may have multiple collinearity,
which makes the coefficient of elevation in the regression equa-
tion unstable. The multicollinearity test is realized by calculating
the variance expansion factor (VIF). When the VIF value is
higher than 5, it is considered that the multicollinearity of inde-
pendent variables is serious. In this article, the multicollinearity
test is carried out based on the in situ NSAT to determine whether
it is feasible to use multiple linear regression model to estimate
NSATLRin situ in the TP.

The estimation of NSATLRin situ needs to be conducted
separately for each station. First, the spatial distances between
the station under examination and other stations are calculated,
and 15 to 25 neighboring stations are selected. Second, the
NSAT and elevation at 15 stations are linearly regressed to
determine whether they reached the significance level (0.1). If
the evaluation standard of significance level (0.1) is satisfied, the
regression coefficient of elevation is taken as the final NSATLRin

situ of the station. Otherwise, the number of neighboring stations
is increased until the significance level meets the requirements.
If the significance level is still unqualified when the number of
neighboring stations exceeds 25, the station under examination
does not have a valid NSATLRin situ value. Finally, NSATLRin

situ of each station is obtained by repeating this process.

B. Estimation of NSATLR Based on MODIS Atmospheric
Profile Product

1) Determination of NSAT From MOD07_L2 Product: First,
the NSAT over the TP is determined using the MOD07_L2
product. An atmospheric temperature profile of the MOD07_L2
product has 20 vertical atmospheric pressure levels, but there is
no corresponding relationship between the air temperature and
NSAT. The parameterization scheme for determining NSAT here
is based on the troposphere hydrostatic atmospheric assumption.
Specifically, the atmospheric pressure levels and temperature
profiles provided by the MOD07_L2 product are used to de-
termine the NSAT according to the fact that the temperature
changes with the increase of altitude in most cases [28], [27]

Ta1 = TL1
a +

ALR

ρg
(PL1 − P S) (3)

where Ta1 is the NSAT estimated by MOD07_L2 product; PL1 is
the pressure level closest to the surface; PS is the surface pressure
level provided by MOD07_L2 product; TL1

a is the atmospheric
temperature corresponding to PL1; ρ is the air density; g is the
gravitational acceleration; and ALR is the adiabatic lapse rate.

According to the two pressure levels close to the ground in the
MOD07_L2 product, the troposphere hydrostatic atmospheric
assumption can be written as

PL2 − PL1

ΔH
= −ρg (4)

where PL2 is the pressure level above PL1, and ΔH is the
elevation difference between two atmospheric pressure levels.

https://search.earthdata.nasa.gov
https://search.earthdata.nasa.gov
http://data.cma.cn/
https://srtm.csi.cgiar.org/
https://srtm.csi.cgiar.org/
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The ALR is retrieved from two pressure levels closest to the
ground of the MOD07_L2 atmospheric product as follows:

ALR =
TL2
a − TL1

a

ΔH
(5)

whereTL2
a is the atmospheric temperature corresponding to PL2.

Combining (3), (4), and (5), NSAT can be calculated as

Ta1 = TL1
a +

TL2
a − TL1

a

PL2 − PL1
(P S − PL1). (6)

All variables required by (6) can be obtained from the
MOD07_L2 atmospheric profile product. Thus, without any
ancillary data, the NSAT under clear-sky conditions can be
retrieved based completely on the MOD07_L2 product.

MODIS atmospheric profile product estimates the instanta-
neous NSAT, including NSAT at multiple times of day and
night. This study uses MOD07_L2 product to estimate the
instantaneous temperatures at multiple moments in a diurnal
cycle (10:30 and 22:30 local solar time), and then averages
them to obtain the daily average NSAT. MOD07_L2 product
and the process of estimating NAST have uncertainties [30],
[30]. Hence, the estimated NAST needs to be further processed.

Zhu et al. [27] evaluated the reliability of MODIS atmospheric
profile product for estimating NSAT in two completely different
regions. The results showed that the NSAT estimated by MODIS
atmospheric profile product was underestimated compared with
the in situ NSAT, while the surface temperature obtained from
MODIS cloud products was overestimated. Therefore, the NSAT
with higher accuracy can be obtained by averaging the two
products. According to this finding, this article uses this av-
eraging scheme to obtain more accurate NSAT. The formula is
as follows:

Ta =
Ta1 + Ts

2
(7)

where Ta is the NSAT estimated by the averaging scheme; Ta1

is the NSAT estimated by the MOD07_L2 atmospheric profile
product; and Ts is the surface temperature provided by the
MOD07_L2 product.

2) Estimation of NSATLR Based on Pixel-Based NSAT: Con-
sidering NSATLR is more accurate in local areas, this article
uses a moving window approach to estimate NSATLR pixel by
pixel. The pixel values in the moving window need to meet
the following criteria for the estimation of NSATLR: 1) NSAT
is highly correlated with elevation, and the significance level is
within 0.1; 2) there is a certain elevation difference in the moving
window and it is generally believed that when the elevation
difference is larger than 10 m, the estimated NSATLR is credible;
and 3) the number of effective pixels accounts for more than half
of the number of pixels in the moving window. When estimating
the NSATLR value pixel by pixel, it is necessary to determine
whether the pixel value in the moving window meets the above
criteria. If not, the size of the moving window is incrementally
increased from 5×5 to 15×15 at a step of 2×2 until the pixel
value in the moving window meets the required criteria, and the
optimal moving window size is obtained. Then, NSATLR value
of the central pixel of the moving window is obtained by linear
regression of the NSAT and elevation in the moving window.

The abovementioned process is repeated for each effective pixel
to generate a daily spatially continuous NSATLR in the TP. It
is worth noting that when using the data on DOY 90, 180, 270,
and 360 of 2010 to carry out the test of moving window size, we
found that more than 80% of the pixels met the several criteria
of NSATLR estimation when the moving window is 5 × 5,
whereas less than 2% of the pixels met the criteria when the
moving window is more than 15 × 15. Therefore, considering
the distance between pixels and test results, the moving window
is selected from 5 × 5 to 15 × 15 at a step of 2 × 2.

3) Evaluation Strategy: First, the accuracy of daily NSAT
based on MOD07_L2 is evaluated using daily in situ NSAT
collected from 86 ground stations over the TP from 2010 to
2019. The evaluation indexes of NSAT include mean bias error
(MBE), RMSE, and coefficient of determination (R2).

Second, the accuracy of NSATLR is examined from two
aspects: 1) comparative analysis of NSATLRin situ and NSATLR
to evaluate the effectiveness of NSATLR estimation model;
and 2) NSATLR is analyzed from the temporal and spatial
characteristics, and compared with previous research to further
evaluate the reliability of NSATLR estimated in this article.

IV. RESULTS

A. Estimated NSATLRin situ

The results of multicollinearity test of 86 stations in the TP
show that there is serious multiple collinearity in the process of
using multiple linear regression method to estimate NSATLR
when elevation, longitude, and latitude are used as independent
variables. Here, results of DOY 90, 180, 270, and 360 of 2010
are taken as examples. On DOY 90, there are 36 stations with
the VIF value of latitude independent variable greater than 5 (the
maximum value is 22.01), and 33 stations with the VIF value
of longitude independent variable greater than 5 (the maximum
value is 41.41). On DOY 180, there are 27 stations with the
VIF value of latitude independent variable greater than 5 (the
maximum value is 183.92), and 23 stations with the VIF value
of longitude independent variable greater than 5 (the maximum
value is 90.47). On DOY 270, there are 31 stations with the
VIF value of latitude independent variable greater than 5 (the
maximum value is 232.52), and 27 stations with the VIF value
of longitude independent variable greater than 5 (the maximum
value is 90.47). On DOY 360, there are 22 stations with the
VIF value of latitude independent variable greater than 5 (the
maximum value is 26.63), and 21 stations with the VIF value
of longitude independent variable greater than 5 (the maximum
value is 129.04). Therefore, this article uses the simple linear
regression method to estimate the NSATLR.

Fig. 2 shows the spatial distribution of NSATLRin situ in four
seasons from 2010 to 2019. Overall, the average NSATLRin situ

in spring (March to May), summer (June to August), autumn
(September to November), and winter (December to Febru-
ary) are concentrated in the range of 0.45–9.34 °C/km, 0.44–
6.86 °C/km, 0.45–8.89 °C/km, and 0.35–9.04 °C/km, respec-
tively. Fig. 3 shows the spatial distribution NSATLRin situ on
DOY 90, 180, 270, and 360 of 2010. Similar to the spatial
distribution characteristics of NSATLRin situ in four seasons,
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Fig. 2. Spatial distribution of the average NSATLRin situ in the four seasons
from 2010 to 2019. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

Fig. 3. Spatial distribution of the NSATLRin situ on DOY 90, 180, 270, and
360 of 2010. (a) DOY 90. (b) DOY 180. (c) DOY 270. (d) DOY 360.

the southern and western NSATLRin situ are deeper than the
eastern NSATLRin situ. On day 270, the deeper NSATLRin situ

are the least, and on day 360, the deeper NSATLRin situ are the
most.

Fig. 4 shows the overall monthly variation characteristics of
NSATLRin situ from 2010 to 2019. In general, the NSATLRin

situ in the central and southwestern parts of the TP are higher
than those in the eastern part. The NSATLRin situ in winter and
spring is deeper, and the NSATLRin situ in summer and autumn
is shallower.

B. Estimated NSAT Based on MODIS Data

According to the atmospheric pressure levels and temperature
profiles provided by MOD07_L2 product, the NSAT of the TP
from 2010 to 2019 is estimated. The in situ NSAT data are
used to examine the estimated NAST. The results are shown
in Fig. 5. The estimated NSAT and the in situ NSAT have R2

of 0.50–0.60, RMSE of 5.62–5.99 °C, and MBE of −1.74 to

Fig. 4. Monthly variations of NSATLRin situ from 2010 to 2019.

0.55 °C. Except for the positive value in 2010, the MBE are
negative from 2011–2019, indicating that the estimated NSAT
is lower than the in situ NSAT. This is because the atmospheric
pressure levels used to estimate NSAT is lower than the surface
pressure. The atmospheric profile extrapolation can reduce the
underestimation by hydrostatic interpolation, but there are still
some errors. It is worth noting that there is a large deviation
between the NSAT of the TP directly estimated by MOD07_L2
product and the in situ NSAT. Therefore, the averaging scheme
is needed to further address the NSAT.

Fig. 6 shows the overall performance of the estimated NSAT
after using the averaging scheme [namely, (7)]. The estimated
NSAT and the in situ NSAT have R2 of 0.80 to 0.84, RMSE
of 3.90 to 4.48 °C, and MBE of 1.52–2.46 °C. The accuracy
of NSAT after using the averaging scheme has been improved
to some extent. The improved NSAT can be used to estimate
NSATLR.

C. Estimated NSATLR Based on MODIS Data

1) Evaluation of the Estimated NSATLR: Based on the
NSATLR estimation model, we estimate the daily NSATLR in
the TP from 2010 to 2019. In this article, the remotely sensed
NSATLR is compared with the NSATLRin situ at meteorological
stations to evaluate the accuracy of the NSATLR estimation
model.

The NSATLRin situ values of the six subregions are compared
with the estimated NSATLR. As shown in Fig. 7, the RMSEs in
Area 6 and Area 7 are smaller than those in other areas; the
RMSE of Area 4 is the largest with a value range of 2.20–
2.92 °C/km. In general, the RMSE value in the west is larger
with multiyear average value of 2.53 °C/km. The RMSE in the
central and eastern TP is lower with multiyear average value of
1.38 °C/km.

The MBE value of the Area 4 is positive, ranging from 1.44
to 2.35 °C/km and the multiyear average value is 2.01 °C/km,
indicating the estimated NSATLR is higher than the NSATLRin

situ in Area 4. The MBE of Area 2 is larger, ranging from 1.91
to 1.42 °C/km and the MBE of Area 6 is the smallest, ranging
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Fig. 5. Density plots between the in situ NSAT and the estimated NSAT based
on the MOD07_L2 product from 2010 to 2019.

from 1.04 to 0.71 °C/km. It is worth noting that the MBE values
of subregions except Area 4 are all negative, indicating that the
estimated NSATLR in this article is higher than the NSATLRin

situ in most areas of the TP.
2) Time Series Analysis: To explore the temporal variation

characteristics of NSATLR and NSATLRin situ in the TP, the
number of pixels with effective NSATLR values and the location
of station are comprehensively considered and five stations are

Fig. 6. Density plots between the in situ NSAT and the estimated NSAT based
on the averaging scheme from 2010 to 2019.

Fig. 7. RMSE and MBE of six subregions in the TP.
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Fig. 8. Time series of NSATLR and NSATLRin situ at the five stations in
2010, 2015, and 2019.

selected for analysis. These five stations are: Jiulong (29oN,
87.6oE), Batang (30oN, 99.1oE), Dege (31.8oN, 98.58oE), Lhaze
(29.08oN, 99.1oE), and Tsedang (29.25oN, 91.77oE). Among
them, Jiulong, Batang, and Dege are distributed in the eastern
TP, while Lhaze and Tsedang are distributed in the central
and southern TP. This article extracts daily NSATLRin situ and
corresponding NSATLR from five stations in 2010, 2015, and
2019 for the time series analysis.

It can be seen from Fig. 8 that the NSATLRin situ and
NSATLR values of Jiulong, Batang, and Dege stations have
little difference and have no obvious seasonal characteristics.
NSATLRin situ are generally lower than NSATLR at the above
three stations. The change range of NSATLRin situ is small for
many years, while the change range of NSATLR is large. The
values of NSATLR and NSATLRin situ at Lhaze and Tsedang
stations are quite different. Since NSATLRin situ is more ac-
curate in local areas, the estimated NSATLRin situ is credible
when the number of adjacent pixels or stations is enough. There
are more and denser stations in the eastern TP, and the estimated
NSATLRin situ are small and close to NSATLR. The number of
stations in the central and southern TP is small and sparse, so
that the estimated NSATLRin situ are large [15], [23], which is
quite different from NSATLR.

3) Temporal and Spatial Distribution Characteristics: Fig. 9
shows the spatial distribution of the annual average NSATLR in
the TP from 2010 to 2019. The NSATLR has obvious temporal
and spatial characteristics. The annual average NSATLR in most
areas of the TP are concentrated in 1–8 °C/km. Meanwhile, it is

Fig. 9. Spatial distribution of annual average NSATLR from 2010 to 2019.
(a) 2010, (b) 2011, (c) 2012, (d) 2013, (e) 2014, (f) 2015, (g) 2016, (h) 2017, (i)
2018, (j) 2019.

basically consistent with the conclusions of previous researches.
For example, Kattel et al. [22] showed that the monthly average
NSATLR of the Himalayas in the southern TP varies from 3.4 to
5.6 °C/km. He and Wang [18] showed that the monthly average
NSATLR of the TP varies from 3 to 7 °C/km. The deep NSATLR
pixels are mainly concentrated in the northern, southwestern
and central parts of the TP, while the shallow NSATLR pixels
are mainly concentrated in the southeastern part of the TP. It
can be seen from Fig. 1 that those regions have low altitudes
and complex terrain. In 2010, 2018, and 2019, there are more
pixels with deep NSATLR values. While in 2014 and 2015,
there are more pixels with shallow NSATLR values and those
pixels are mainly concentrated in the southeast. In general, the
NSATLR and NSATLRin situ have similar spatial distribution
characteristics.

Fig. 10 shows the spatial distribution of average NSATLR over
the TP in spring, summer, autumn and winter in 2010, 2015 and
2019, respectively. In spring, the year of 2018 has the largest
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Fig. 10. Spatial distribution of seasonal average NSATLR over the TP.

number of deep NSATLR pixels, followed by 2015 and 2010. In
summer, the number of pixels with deep NSATLR in 2015 and
2019 is more than that in 2010. The shallow NSATLR values
of the southeastern and eastern TP increase in comparison with
the spring. Li et al. [31] and Kattel et al. [12] pointed out that
the shallow NSATLR of the southeastern TP in summer may
be caused by the Indian monsoon. Summer monsoons from the
Indian Ocean bring sufficient moisture to the plateau, forming
more clouds and rainfall in the southeastern TP. This leads to
an increase in reflected solar radiation and the release of latent
heat at high altitudes, resulting in an increase in temperature,
thus narrowing the temperature difference between low and high
altitudes, leading to a shallower NSATLR. In autumn, there are
more pixels with shallow NSATLR in 2010 and 2019 than in
2015. Compared with spring and summer, the number of pixels
with shallow NSATLR over the TP increases in autumn. In
winter, the year of 2019 has more pixels with deep NSATLR,
followed by 2010 and 2015. In general, the NSATLR of the
TP is deeper in spring and winter than in summer and autumn.
Therefore, NSATLR and NSATLRin situ have similar temporal
distribution characteristics.

In some small areas of the TP, the inversion phenomena occur
all around the year. According to the online high-resolution
map, these small regions are mostly lakes or basins. These small
regions are more prone to deep inversion in summer, while in
spring, autumn and winter, the number of regions with inversion
phenomena decreases and the inversion value becomes shallow.
This may be due to the high altitudes and some snow areas of
the TP. As temperature rises and snow melts in summer, cold
air accumulation at lower altitudes and warm airflow at higher
altitudes are more exposed to these more complex terrains, lead-
ing to such inversions phenomena [32]. In addition, this may also

Fig. 11. Percentage of inversion pixels for 12 months from 2010 to 2019.

be related to local topographic conditions and meteorological
factors [15].

Fig. 11 shows the percentage of inversion pixels over the
TP for 12 months from 2010 to 2019. Except for the abnormal
values, the percentage of inversion pixels in the TP is no more
than 12% and no less than 2%. Overall, the percentage of
inversion pixels in spring and winter is higher than in summer
and autumn, which is consistent with previous studies [12],
[33], [34]. Among them, the percentage of inversion pixels in
spring and winter is higher, and the range is 2.6%–8.1% and
2.3%–11.1%, respectively. The percentage range of inversion
pixels in summer is 2.6%–4.8%. The percentage of inversion
pixels in autumn is the smallest, with the range of 2.2%–5.8%. In
addition, the proportions of inversion pixels in the three seasons
are relatively stable except for the larger proportion of inversion
pixels in winter.

D. Analysis of the Relationship Between NSATLR and
Meteorological Factors

To further explore the relationship between NSATLR and
multiple meteorological factors, this article analyzes the correla-
tion between NSATLR and sunshine hours, evapotranspiration,
wind speed, and relative humidity (see Fig. 12).

There is a positive correlation between sunshine hours and
NSATLR. Sunshine hours represent the energy of solar radia-
tion, which is incident to the ground through the atmosphere.
Some of its energy is reflected and some is absorbed by the
ground and the atmosphere. The near surface atmosphere also
obtains heat from the ground. However, the atmosphere on
the TP is thin, which is not conducive to the preservation
of heat and dissipates more heat. In spring, summer, autumn
and winter of 2010 to 2019, the mean correlation coefficients
between sunshine hours and NSATLR are 0.19, 0.21, 0.12, and
0.27, respectively. The correlations between sunshine hours and
NSATLR are stronger in winter and weaker in autumn.

There is a positive correlation between the surface evapo-
transpiration and NSATLR. Evapotranspiration is the process
of surface soil and vegetation transporting water vapor to the
atmosphere, which is a complex physical and biological process.
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Fig. 12. Correlation analysis between NSATLR and hours of sunshine (a),
evaporation (b), wind speed (c), and relative humidity (d) from 2010 to 2019.
(a) Hours of Sunshine. (b) Evaporation. (c) Wind Speed. (d) Relative Humidity.

The latent heat caused by evaporation in high altitude areas
can change NSATLR. In spring, summer, autumn, and winter
of 2010 to 2019, the mean correlation coefficients between
evapotranspiration and NSATLR are 0.21, 0.20, 0.13, and 0.37,
respectively. The correlations between evapotranspiration and
NSATLR are stronger in winter and weaker in autumn.

There is a positive correlation between wind speed and
NSATLR. Wind would promote the loss of ground energy and
take away the heat in the air. The greater the wind speed, the
faster the energy loss in the air. The stronger wind speed can
also make NSATLR deeper [23]. In spring, summer, autumn
and winter of the years from 2010 to 2019, the mean correlation
coefficients between wind speed and NSATLR are 0.29, 0.29,
0.25, and 0.28, respectively. The correlations between wind
speed and NSATLR are stronger in spring, summer and winter,
and weaker in autumn.

There is a negative correlation between relative humidity and
NSATLR. Li et al. [34] found that NSATLR tends to be shallower
with higher temperatures and higher relative humidity through
the study of NSATLR in China. Shen et al. [17] pointed out
that the difference in NSATLR on the northern and southern
slopes of Tianshan Mountains is related to factors such as
air temperature, relative humidity, and wind speed. In spring,
summer, autumn, and winter of the years from 2010 to 2019,
the mean correlation coefficients between relative humidity and
NSATLR are −0.26, −0.22, −0.13, and −0.36, respectively.
The correlations between relative humidity and NSATLR are
stronger in winter and weaker in autumn.

V. DISCUSSION

The MODIS atmospheric product is introduced in this article
to establish the NSATLR estimation model, which simplifies the
estimation process of remotely sensed NSATLR. Comparison
with NSATLRin situ estimated based on meteorological data

shows that the values of RMSE and MBE are within reasonable
limits, confirming the reliability of the NSATLR estimation
model.

Previous studies were mostly based on meteorological data,
showing the temporal characteristics and overall regional vari-
ation of the average NSATLR over the TP and its surrounding
areas [22], [23], [35]. However, it is still difficult to reflect the
spatially continuous distribution pattern of NSATLR in the TP.
With the development of remote sensing technology, remotely
sensed thermal infrared data provide the possibility to quantita-
tively obtain the spatially continuous NSATLR. Wang et al. [23]
estimated the NSAT of the TP based on the statistical relationship
between the MODIS surface temperature and the in situ NSAT.
Then, the estimated NSAT combined with elevation data was
subjected to regression analysis within a moving window of
10 km×10 km, and the spatial distribution of NSATLR in the
TP was obtained. The lack of enough elevation difference within
the 10 km×10 km window and the lack of correlation between
temperature and elevation may produce unrealistic NSATLR.
Based on MODIS LST data and in situ NSAT, Zhang et al.
[36] estimated NSAT by multiple linear regression method and
obtained the NSATLR. It is found that directly calculating the
lapse rate of MODIS LST at night can simulate the monthly
average NSATLR with high accuracy. These studies have a
great dependence on meteorological data. However, the complex
topography and climate in the TP may easily lead to large errors
in estimating NSAT from surface temperature based only on
statistical relationships.

The model proposed in this article is based entirely on the
MODIS atmospheric profile product to estimate NSAT, making
the model simple and easy to use. In addition, the size of the
moving window is continuously changed during the model es-
tablishment process to meet required criteria, thus, strictly con-
trolling the input data of the model for more reliable NSATLR
estimation. The RMSE and MBE of the obtained NSATLR
compared with the NSATLRin situ are within a reasonable range.

The developed NSATLR estimation model has confirmed its
applicability in the TP with complex terrain and climate change.
In the process of model construction, it is necessary to control the
elevation difference of pixels in the moving window to ensure
the accuracy of NSATLR. Therefore, the potential application
of this model in other areas with little terrain fluctuation remains
to be studied. In addition, the parameterization scheme for
determining NSAT in this article is based on the troposphere
hydrostatic atmospheric assumption. The atmospheric profile
extrapolation can reduce the underestimation by hydrostatic
interpolation, but there are still some errors. This is because
the atmospheric pressure levels used to estimate NSAT is lower
than the surface pressure.

VI. CONCLUSION

Accurate spatially continuous NSATLR is useful in a variety
of scientific fields, including climate change research, hydro-
logical research, and ecological research. However, due to the
complex interaction between the atmosphere and land surface
systems, it is far from simple to retrieve NSATLR entirely from
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remotely sensed data. In this article, a new NSATLR estimation
model has been proposed based on MODIS atmospheric profile
product, which is independent of a variety of auxiliary surface
variables and meteorological data. At the same time, in the
process of model establishment, the size of moving window is
constantly changed to meet required criteria to obtain NSATLR
with high accuracy.

The results show that in the central and western TP, the
NSATLR estimated by remote sensing-based method is un-
derestimated compared with NSATLRin situ estimated by me-
teorological data and the RMSE is 1.38 °C/km. However, in
the eastern of TP, NSATLR is overestimated compared with
NSATLRin situ, and the difference between the two is large,
with an annual mean RMSE of 2.53 °C/km. According to the
time series characteristics of NSATLR and NSATLRin situ, the
difference between them is small in the eastern TP, while large in
the central and southern TP. This phenomenon may be related to
the density of stations, i.e., the number of stations in the eastern
TP is far more than that in the central and southern TP.

This article shows that NSATLR in the northern, western,
and central TP is deeper than that in the southeast. Overall, the
NSATLR of the TP is deeper in spring and winter, and shallower
in summer and autumn. There are more inversion phenomena in
spring and winter, and less inversion phenomena in summer and
autumn. In addition, the correlation analysis between NSATLR
and meteorological factors shows that NSATLR is positively
correlated with sunshine hours, evapotranspiration and wind
speed, and negatively correlated with relative humidity. Among
them, NSATLR is highly correlated with wind speed and relative
humidity. In winter, NSATLR is more sensitive to changes in
meteorological factors than in autumn, and is more susceptible
to them.

The simplicity, easy availability of input parameters, the
independence from meteorological data, and the excellence of
estimation results are the outstanding advantages of the devel-
oped NSATLR estimation model in this article. The NSATLR
based on the developed model would help to better examine
the mountain climate and provide more accurate parameters for
glacier, hydrological and ecological simulation.
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