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ABSTRACT: Near-surface air temperature lapse rate (NSATLR) is vital for hydrological simulation and mountain cli-
mate research in snowmelt-dominated regions. In this study, NSATLRs of two vertical zones (i.e., mountain grassland—
coniferous forest belt and alpine meadow belt) of the Manasi River basin on the northern slope of the Tianshan Mountains
were calculated using the near-surface air temperature data from 18 observation stations. Furthermore, temporal variations
of NSATLRs of these two vertical zones at seasonal, monthly, and daily scales were analyzed, combined with altitudinal
differences of local environments. The results show that the temporal variations of NSATLRs are different between these
two vertical zones. The steepest monthly NSATLR occurs in July in the mountain grassland-coniferous forest belt and in
April in the alpine meadow belt. In spring, summer, and autumn, the hourly NSATLRs in the mountain grassland—coniferous
forest belt generally steepen with increasing solar radiation and vice versa, contrary to those in the alpine meadow belt.
During winter, the hourly NSATLRs on sunny days are overall positive at night but negative during the day in the moun-
tain grassland—coniferous forest belt. The findings of this study indicate that it is necessary to divide mountains with similar
local environments to the study area into different vertical zones to accurately estimate NSATLR, and the use of a fixed
NSATLR for different months and vertical zones is not suitable for snowmelt runoff modeling in snow-dominated regions
such as the northern slope of the Tianshan Mountains.

SIGNIFICANCE STATEMENT: This study aims to investigate the altitudinal and temporal variations of near-
surface air temperature lapse rate (NSATLR) on the northern slope of the Tianshan Mountains and how mountain
environments affect NSATLR. This is important because altitudinal differences of mountain environments lead to dif-
ferent NSATLRs, and these altitudinal variations on the northern slope of the Tianshan Mountains are different from
those on the Alps at the same latitude. Our results explain how altitudinal differences of mountain environments affect
NSATLRs; hence, using a fixed NSATLR for different months and vertical zones is inappropriate, and estimating
NSATLR:s for different vertical zones is necessary.
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1. Introduction The near-surface air temperature lapse rate (NSATLR) is a
classical index that describes the altitudinal variation in
NSAT (Dodson and Marks 1997; Gardner et al. 2009). It is
also a key parameter of the snowmelt runoff model, which is
sensitive to the value of NSATLR (Abudu et al. 2016). The
commonly used value of NSATLR (—0.65°C per 100 m) is the
average of various global environments (Barry 1992;
Dodson and Marks 1997). However, the spatial variation of
NSATLR is apparent. For example, the average yearly
NSATLR in different regions of the Alps varies from —0.80
to —0.39°C per 100 m (Rolland 2003). Thus, using a fixed
value in regions with different environments is problematic
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The near-surface air temperature (NSAT) is an important
attribute of mountain climate, and a key factor affecting the snow-
melt process (Aizen et al. 1997; Barnett et al. 2005; Immerzeel et al.
2010; Oerlemans 2005; Sorg et al. 2012). However, limited by the
irregular and sparse distribution of observation stations in moun-
tain areas, it is difficult to obtain spatially continuous near-surface
air temperature data accurately from the limited in situ observa-
tion data (Minder et al. 2010).

Many studies have investigated the temporal variation of
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s NSATLR in alpine regions (such as the Alps, Rocky Moun-
tains, Himalayas, and Tianshan Mountains), and the impacts
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FIG. 1. (a) Mechanism showing air humidity affecting the change speed of the NSAT, and (b) vegetation coverage and soil moisture af-
fecting longwave radiation from the land surface. The horizontal arrows represent the relationship between the left and right factors, and

the vertical arrows represent the variation of each factor.

(Kattel et al. 2015; Li et al. 2013; Marshall and Losic 2011). The
NSATLR is generally steeper during the day and warmer
months than that during the night and colder months; namely,
the steeper NSATLR occurs with stronger solar radiation
(Blandford et al. 2008; Harding 1979). One explanation is that
solar radiation is the major heat source indirectly affecting the
rise of NSAT, and the increase in solar radiation can widen the
gap of NSATs at different elevations under certain conditions,
for example, when the change speed of NSAT at low elevations
is larger than that at high elevations. Note that the change speed
of NSAT (or land surface temperature) refers to the magnitude
of the increase or decrease of NSAT (or land surface tempera-
ture) per unit of time, and its unit is degrees Celsius per second.

Air humidity has a negative relationship with NSATLR, as
moist atmospheres produce weaker NSATLRs (Pepin et al.
1999). The specific heat capacity of air increases with humidity
(relative humidity), and a larger specific heat capacity leads
to a lower change speed of the NSAT (Fig. 1a). Therefore,
an increase in air humidity can slow down the change speed
of the NSAT, which is not conducive to the occurrence of
large NSAT differences. The impact of synoptic conditions
on NSATLR is obvious and complex, and there is often an
interaction with the terrain. During synoptic-scale events,
geographic differences of NSATLR are substantial, as at-
mospheric conditions (such as vertical structure and humid-
ity) on the windward side are different from those on the
leeward side (Minder et al. 2010). For example, when the
southward cold air mass is blocked by terrain, cold air fills
low-elevation regions and uplifts warm air to high-elevation
regions along the windward side. Consequently, a temperature
inversion will appear at the windward side, and NSATLR at the
windward side will be quite different from that on the leeward
side (Lundquist and Cayan 2007; Clements et al. 2003; Whiteman
et al. 1999).

Although many studies have discussed the factors affect-
ing NSATLR, there has been no study on how altitudinal
differences in mountain environments (such as vegetation

coverage, soil moisture, and relative humidity of near-
surface air) affect NSATLRs. However, vegetation cover-
age and soil moisture are two key factors affecting the
change speed of land surface temperature and the level of
longwave radiation from the land surface (Fig. 1b). In con-
trast, the change speed of NSAT is negatively related to
near-surface air humidity (Fig. 1a).

Furthermore, unlike the horizontal variation of NSATLR,
there is limited study on the altitudinal variation of NSATLR
caused by the altitudinal variations of mountain environ-
ments. In fact, the NSATLRs at different vertical belts may
be obviously different due to the altitudinal variations of veg-
etation coverage, soil moisture, and near-surface air humidity.
Thus, using the same value of NSATLR for different vertical
belts may be problematic too. For instance, the mountain ver-
tical belts in the northern slope of the Tianshan Mountains
(located in a continental arid climate region) are different
from those of the Alps Mountains (located in a continental
humid climate region) at the same latitude. For the former,
the vertical belts in ascending order of altitudes are the moun-
tain desert belt, mountain grassland belt, mountain coniferous
forest belt, alpine meadow belt, and snow—ice belt. However,
the belts correspond to the broadleaved forest belt, coniferous
forest belt, alpine grassland belt, alpine desert belt, and snow—
ice belt for the latter. Overall, vegetation coverage, soil mois-
ture, and near-surface air humidity on the northern slope of
the Tianshan Mountains first increase and then decrease with
elevation, whereas they continued to decrease with elevation
in the Alps. Thus, the altitudinal variation of NSATLR on the
northern slope of the Tianshan Mountains may differ from
that in the Alps and other mountains.

For the Tianshan Mountains in China, existing studies on
estimating NSATLR focus on five regions with different local
climates (Fig. 2), including the Urumgqi River basin (URB),
Kaidu River basin (KRB), Yili River basin (YRB), Kunma
Like River basin (KLRB), and Kegicar Baqi Glacier (KBG)
(Bai 1989; Chen et al. 2013; Deng et al. 2015; Dou et al. 2011;
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FI1G. 2. (a) Location of the Manasi River basin, and (b) spatial distribution of 18 observation
stations. The background of (b) is a true-color composite image of Landsat 8 in summer, in
which the light cyan represents permanent snow and ice. Labels beginning with “G” (i.e., G216,
G217, G218, and G312) are national roads, numbers 1-18 are temperature stations, and white

dashed lines link the number to the location.

Han et al. 2008; Wang et al. 2019; Zhang et al. 2009, 2014;
Zhao et al. 2015). For the URB, the monthly NSATLRs range
from —0.25° to —0.75°C per 100 m during the snowmelt pe-
riod, and the largest monthly NSATLR appears in July below
2000 m but April above 2000 m (Abudu et al. 2016). For the
KRB, the annual NSATLR on the south slope (—0.30°C per
100 m) is weaker than that on the north slope (—0.48°C per
100 m), and the monthly NSATLRs range from —0.65° to
0.31°C per 100 m, which steepens from January to July and
weakens from July to December; besides, the positive values
of the monthly NSATLRs of January, February, and December
indicates that temperature inversion is existence during
this period (Shen et al. 2016). For the YRB, the annual
NSATLR is —0.55°C per 100 m, and the monthly NSATLRs
range from —0.25°C per 100 m (January) to —0.77°C per 100 m
(July) (Ye 1997). However, the NSATLR in the Manasi River

basin is still unclear because of the lack of observation stations
above 1000 m. A constant value (—0.6°C per 100 m) or the
NSATLR in a nearby basin (Urumgi River basin) are com-
monly applied as a substitute in practical applications (Feng
et al. 2000; Luo et al. 2013; Wang et al. 2019). However, the
NSATLR in snowmelt-dominated regions varies greatly with
the accumulating and melting of seasonal snow, and the
local environments of these two nearby regions are not
same although they are both located on the northern slope
of Tianshan Mountains.

This study aims to investigate the altitudinal and temporal
variations of NSATLRs in Manasi River basin on the north-
ern slope of the Tianshan Mountains based on NSAT data
from 18 observation stations, and the influence of mountain
environments on the altitudinal and temporal variations of
NSATLRs in the study area.
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FI1G. 3. (a) Altitudinal variations in local environments, and (b) the change speed of near-surface air temperature and
land surface temperature in the study area.

2. Study area

The Manasi River basin is the largest snowmelt-dominated
basin on the northern slope of the Tianshan Mountains (Fig. 2).
The headwater of the Manasi River is situated at an elevation
of ~5280 m, from which it descends to ~500 m at its outlet
near the Hongshanzui hydrological station. Hundreds of gla-
ciers and abundant seasonal snow in the mountain areas of
Manasi River make it the basin with the most abundant solid
water resources in this region (Hu 2004). In particular, seasonal
snowmelt dominantly contributes to the spring runoff of the
Manasi River, and it is a vital water resource for oasis irrigation
and other purposes during spring when rainfall is low but water
demand is high (Feng et al. 2018).

The mountain area of the Manasi River is divided into five
vertical belts based on the altitudinal variations of landform fea-
tures and vegetation types (Hu 2004), namely the mountain de-
sert belt (400-1100 m), mountain grassland belt (1101-1600 m),
mountain coniferous forest belt (1601-2400 m), alpine meadow
belt (2401-3800 m), and snow-ice belt (3801-5020 m). In
general, air humidity, vegetation coverage, and soil moisture
increase from the mountain desert belt to mountain conifer-
ous forest belt but decrease from mountain coniferous for-
est belt to snow—ice belt. Thus, change speed of NSAT and
land surface temperature decrease from mountain desert
belt to the mountain coniferous forest belt but increase
from the mountain coniferous forest belt to the snow-ice
belt, according to the reasons shown in Fig. 1. In addition,
solar radiation in the study area increases from December
to July but decreases from July to December (Hu 2004).
The variations of land surface temperature and longwave
radiation from the land surface are the same as that of solar
radiation, because solar radiation is the major energy source
warming the land surface, and longwave radiation from the land
surface is positively correlated with land surface temperature.

The altitudinal variation of soil moisture shown in Fig. 3a is
supported by the fine-resolution soil moisture data of China
(Meng et al. 2021). The altitudinal variation of vegetation
coverage shown in Fig. 3a is supported by the global MODIS
Vegetation Continuous Fields product (DiMiceli 2017). Air
humidity refers to relative humidity; in fact, there is no air

humidity data that can be used to depict the elevation profile
of air humidity, and the altitudinal variation of air humidity in
the study area comes from our experience.

3. Data and method
a. NSAT data

The NSAT data were collected by 18 temperature sensors
at elevations ranging from 1052 to 3920 m, covering four of
the five vertical belts of the study area (Table 1). The temper-
ature sensors were installed in solar radiation shields, and
the locations of the 18 stations were relatively flat and open.
Air inside and outside the solar radiation shield can circulate
through the multilayer gaps of the solar radiation shield. In
addition, the measured data would be more accurate if there
were artificial ventilation. Figure S1 of the online supplemental
material illustrates the placement and environment of the
sensors for various belts. The stations in the mountain conif-
erous forest belt were installed at glade rather than under
tree canopies. The NSAT data at 18 stations could capture
the altitudinal variation of NSAT in the study area, al-
though the spatial distribution of these stations is not opti-
mal, as most parts of the study area are unreachable. The
recording durations of the NSAT data at the 18 stations are
not the same, because of the different installation dates of
these temperature sensors. For stations located in the moun-
tain grassland and mountain coniferous forest belts, the
data cover April 2014-March 2015, whereas they cover
April 2015-March 2016 for the alpine meadow belt and
snow—ice belt. The temporal resolution of the temperature
measured in the alpine meadow belt and snow-ice belt is
2 h, but it is 1 h for the mountain grassland and mountain
coniferous forest belts. This is because the memory size of
the sensor installed in the alpine meadow belt and snow—-ice
belt is not large enough for per-hour observations.

The height of the temperature sensor is approximately 30 cm
above the ground, which is lower than the commonly used in-
stallation height of 2.0 m. The height of 30 cm is a compromise
to accommodate available research funds and the harsh envi-
ronment in the study area. In addition, according to observation
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TABLE 1. Details of the 18 observation stations installed in different mountain vertical belts.

Mountain vertical belt No. Elev (m) Aspect Data recording duration
Mountain grassland belt 1 1052 Sunny slope Apr 2015-Mar 2016
2 1106 Shady slope
3 1194 Shady slope
4 1204 Semishady slope
5 1216 Semishady slope
6 1270 Shady slope
7 1350 Sunny slope
8 1360 Semishady slope
9 1450 Semishady slope
Mountain coniferous forest belt 10 1714 Shady slope Apr 2015-Mar 2016
11 2100 Semisunny slope
12 2222 Semishady slope
13 2317 Shady slope
Alpine meadow belt 14 2676 Shady slope Apr 2014-Mar 2015
15 2997 Semishady slope
16 3285 Shady slope
17 3550 Sunny slope
Snow-ice belt 18 3920 Sunny slope Apr 2014-Mar 2015

data of several years in the study area, the snow depth at the
observation stations is often lower than 25 cm (Feng et al
2018). However, temperature sensors may be snow covered
when seasonal snow is thick enough. In this scenario, the mea-
sured data would be snowpack temperature instead of near-
surface air temperature. Hence, these data should be removed
from the estimation of NATLR to reduce error. To remove the
data that were suspected to be snow covered, a conservative
threshold of the daily amplitude of snowpack temperature was
used in this study. In general, the daily amplitude of NSAT
is greater than that of the snowpack temperature, influenced
by the thermal insulation effect of snowpack. A conservative
threshold (2.56°C) was supposed as the largest daily amplitude
of the snowpack temperature and assumed that stations with
daily amplitude above 5.0°C is not snow covered according to
observation data around the study area. First, the daily ampli-
tude of all stations was calculated based on the measured data.
Second, stations with daily amplitude below the threshold and
with a maximum NSAT below zero were selected as candidate
stations covered by snow. Third, the candidate stations were
finally labeled as snow covered if there are some nearby stations
with daily amplitude above 5°C during the same day; otherwise,
only the candidate stations with daily amplitude below 1°C
were labeled as snow covered. Please note that it is inevitable
that some stations will be mislabeled, because there is no pre-
cise threshold of the daily amplitude of snowpack temperature
and there may be an intersection between the maximum-daily
amplitude of the snowpack temperature and the minimum-daily
amplitude of the NSAT.

b. Estimation of NSATLR

The hourly, daily, monthly, seasonal, and annual NSATLRs
were estimated by linear regression approach. The annual,
seasonal and daily NSATLRs were calculated based on the
annual, seasonal, and daily average NSAT, respectively. The

monthly NSATLR was computed as the mean of all daily
NSATLRs for the month. First, a three-point moving average
filter was applied to the original NSAT data to reduce the lo-
cal noise and improve the comparability. Next, the NSATLRs
were only estimated when NSAT data were simultaneously
available at three or more observation stations. This criterion
improves the reliability of the NSATLRs, although it reduces
the number of days for which the NSATLRs can be estimated
(Gardner et al. 2009).

The snow-ice belt was not considered, as the sensor in-
stalled in this belt was snow covered for most of the year, ex-
cept in summer. Third, the mountain grassland and mountain
coniferous forest belts were grouped into one vertical zone,
and the alpine meadow belt was regarded as another vertical
zone for NSATLRs estimation. As mentioned in section 2,
the mountain coniferous forest belt can be regarded as an in-
flection point for the altitudinal variations in local environ-
ments, considering that soil moisture, vegetation coverage,
and air humidity increase the from mountain desert belt to
mountain coniferous forest and decrease above this belt.
Thus, it is valuable to group vertical belts below the inflection
point together as one vertical zone and vertical belts above
the inflection point as another vertical zone, and to assess the
NSATLRs of these two vertical zones.

4. Results
a. Seasonal variation of NSATLR

The annual NSATLR is —0.53°C per 100 m for the moun-
tain grassland—coniferous forest belt and —0.62°C per 100 m
for the alpine meadow belt. They are close to the annual
NSATLR in the YRB (—0.55°C per 100 m) (Ye 1997), but
larger than that in the KRB (which is —0.30°C per 100 m on
the south slope and —0.48°C per 100 m on the north slopes)
(Shen et al. 2016).
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FIG. 4. Scatterplots of seasonal average NSAT data with elevation in the (top) mountain grassland—coniferous forest belt and (bottom)
alpine meadow belt. Independent variable y and dependent variable x represent the seasonal average NSAT and elevation, respectively.

For the mountain grassland—coniferous forest belt, the sea-
sonal NSATLRs range from —0.85° to 0.31°C per 100 m (Fig. 4,
top panels). The positive seasonal NSATLRs during winter
(December, January, and February) indicate that NSATSs in-
crease with elevation during this period, which differs from that
in spring (March, April, and May), summer (June, July, and
August), and autumn (September, October, and November). In
addition, the annual NSATLR is weakened by the positive sea-
sonal NSATLR in winter.

The steepest seasonal NSATLR for the mountain grass-
land—coniferous forest belt occurs in summer, the season with
the strongest solar radiation. This phenomenon is closely re-
lated to the differences in the change speed of NSAT at
different elevations, and the seasonal variation of solar ra-
diation. A steeper NSATLR indicates a larger NSAT dif-
ference between low- and high-elevation areas, and vice
versa. For the mountain grassland—coniferous forest belt,
the change speed of NSAT at low-elevation areas is higher than
that at high-elevation areas (Fig. 5). Meanwhile, NSAT at
low-elevation areas is generally higher than that at high-
elevation area in all seasons except winter. Thus, the NSAT
difference between low- and high-elevation areas increases
with longwave radiation in all seasons unless there is a tem-
perature inversion (Fig. 5a; D, > D). Given that the strongest
solar radiation in summer can cause the highest land surface
temperature and longwave radiation from the land surface, the
largest NSAT difference between low- and high-elevation
areas will also appear in summer.

For the alpine meadow belt, annual NSATLR is —0.62°C
per 100 m, and the seasonal NSATLRs range from —0.78° to
—0.42°C per 100 m (Fig. 4, bottom panels). The steepest sea-
sonal NSATLR occurs in spring (during the snowmelt period)
instead of summer. This phenomenon is closely related to the

altitudinal variation of seasonal snow and its high albedo and
cooling effects on NSAT. The detailed reasons for this are dis-
cussed in section 4b.

b. Monthly variation of NSATLR

For the mountain grassland—coniferous forest belt, the
monthly NSATLRs are positive from December to February
(Fig. 6a). Most of the study area is affected by the cold air
mass from the northwest during this period. Blocked by the
terrain, the cold air mass stacks at the foot of the mountain
and uplifts warm air to high-elevation areas, thus forming a
stable temperature inversion layer (Hu 2004). The relatively
weak value of the monthly NSATLR in November (—0.22°C
per 100 m) indicates that temperature inversion may have
occurred, but the temperature inversion layer is unstable
and thin. The variation in the monthly NSATLR from posi-
tive value in February (0.41°C per 100 m) to negative value
in March (—0.22°C per 100 m) suggested that the tempera-
ture inversion layer weakens quickly from the end of Feb-
ruary to the beginning of March. The positive value of the
monthly NSATLRs in December, January, and February
(ranging from 0.32° to 0.41°C per 100 m) in this study is
slightly larger than that found in KRB (ranging from 0.16°
to 0.32°C per 100 m) (Shen et al. 2016), which means that
temperature inversion in the study area is more obvious
than that in the KRB.

The monthly NSATLRSs steepen gradually from March to
July, and then gradually weaken from July to November for
the mountain grassland—coniferous forest belt, which is con-
sistent with the monthly variation of solar radiation (Hu 2004;
Zuo and Hou 2017). During this period, land surface tempera-
ture generally increases with increasing solar radiation and
vice versa. The temporal variation of longwave radiation from
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version (a) does or (b) does not occur; Lr; and Lr, are longwave radiations at different times, and D4, D,, D3, and D,
present the absolute difference of NSATSs between the low and high elevation under different situations.

the land surface is the same as that of the land surface tem-
perature, because they are positively correlated. Mean-
while, the change speed of NSAT at low-elevation areas is
higher than that at high-elevation areas. As a result, NSAT
differences increase from March to July with increasing
longwave radiation (Fig. 5a; D, > D;) but decrease from
July to November with decreasing longwave radiation (Fig. 5a;
D, < D).

For the alpine meadow belt, the NSATLRs are negative
during all months, ranging from —0.88°C per 100 m in April
to —0.26°C per 100 m in December. The steepest monthly
NSATLR occurs in April, similar to the results reported by
Blandford et al. (2008) in the Rocky Mountains. Another
peak of the monthly NSATLRs appears in September, that is,
the beginning of the snow accumulation period.

During the snowmelt period, the monthly NSATLRs of the
alpine meadow belt generally steepen from March to April
and then weaken from April to June. In March and April, the
impact of seasonal snow on the NSAT difference between
low- and high-elevation areas is stronger than that of the

other factors. This is because seasonal snow at low-elevation
areas will melt and disappear first, and the snow surface tem-
perature can be more than 20°C lower than that of nonsnow
surface under the same solar radiation conditions (Feng et al.
2018). Thus, longwave radiation from the snow surface is
obviously lower than that from nonsnow surface. This phe-
nomenon will be more significant with an increase in solar
radiation, as the nonsnow surface temperature increases
quickly but the snow surface temperature never exceeds
0°C. Hence, NSAT differences between low-elevation areas
(nonsnow surface) and high-elevation areas (snow surface)
were indirectly increased by increasing solar radiation from
March to April. In addition, the cooling effect of snow on
NSAT further aggravates the NSAT difference between
snow and nonsnow surfaces (Baker et al. 1992). However,
the variation of the NSAT differences switches to a con-
trasting state after all seasonal snow melts from April to
June. According to field observation data, seasonal snow in
the alpine meadow belt disappears during early May (Feng
et al. 2018). Thus, from May to June, the NSAT differences
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FIG. 7. As in Fig. 5, but in the alpine meadow belt.

between low and high elevations decrease with increasing
longwave radiation, because the change speed of NSAT at
high-elevation areas is higher than that at low-elevation
areas, and NSAT at high-elevation areas is lower than that at
low-elevation areas (Fig. 7b; Dg < D).

In addition, the monthly NSATLRs from November to
February could not describe accurately the altitudinal
change in NSAT in the alpine meadow belt. A stable tem-
perature inversion layer is found during this period be-
tween 2676 and 2997 m. The monthly average NSAT at
2676 m is larger than at 2997 m but lower than that at 3285 m.

Therefore, the monthly NSATLRs from November to February
are still negative when all the NSAT data in the alpine meadow
belt were used to estimate the NSATLRs.

c¢. Daily variation of NSATLR

Only the daily variations of NSATLR on sunny days were
analyzed. The daily variation of NSATLR is influenced by
many random factors, especially on rainy, snowy, and cloudy
days. However, on sunny days, it can be assumed that
NSATLR is mainly affected by the diurnal variation of solar
radiation. To obtain generalizable results on the daily variation
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FI1G. 8. Daily variation of NSATLRs on sunny days in the mountain grassland—coniferous forest belt. Blue curves
present the results of the sinusoidal fit. The mathematical formula describes how the 10-day average hourly
NSATLRs (y) change with time (x). Green dots indicate the average of 10-day hourly NSATLRs. Boxes and whiskers
show the inner quartile and full range of the hourly NSATLR data, respectively.
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of NSATLR on sunny days, NSAT data on 10 sunny days for
each season were selected to calculate 10-day average hourly
NSAT and 10-day average hourly NSATLRs. In addition, Beijing
time referred in this section is 2 h ahead of the local time in
Xinjiang, China. Sunny days were determined by checking his-
torical weather data around the study area. Historical weather
data include information such as weather conditions (sunny,
cloudy, rainy, and snowy) and hourly NSAT. Moreover, the
daily NSAT curve resembles a sinusoid on sunny day. Thus,
only days that weather conditions in the historical weather
data were sunny and daily NSAT curves resemble sinusoid
were finally considered as sunny day.

For the mountain grassland—coniferous forest belt, the vari-
ation of the hourly NSATLR in spring, summer, and autumn
is different from that in winter (Fig. 8). For example, the
hourly NSATLRs are positive and generally steepen or
weaken with increasing or decreasing NSAT, respectively, in
spring, summer, and autumn. However, the hourly NSATLRs
are overall positive at night but negative during the day in
winter. In other words, temperature inversion at night is obvi-
ous in winter on sunny days, and it will weaken and disappear
during the day. This phenomenon suggested that temperature
inversion caused by southward cold air mass is not existent on
sunny days during this period, and the temperature inversion
at night mainly caused by cold lake effect. In spring, summer,
and autumn, NSAT and its change speed at low-elevation areas
are both higher than that at high-elevation areas. Thus, the
NSAT difference between low- and high-elevation areas in-
creases with increasing longwave radiation during the warming
process but decreases with decreasing longwave radiation during
the cooling process, as shown in Figs. 5a and 9.

In the alpine meadow belt, NSATLRs generally weaken
with increasing NSAT and vice versa during spring, summer,
and autumn, when the temperature inversion is absent (Fig. 10).
During this period, NSAT at low-elevation areas is higher than
that at high-elevation areas, while the change speed of NSAT at
low-elevation areas is lower than that at high-elevation areas.
Thus, the NSAT difference decreases with increasing longwave
radiation and vice versa (Figs. 7b and 11). Variation of the
hourly NSATLR in winter differs from those in spring, summer,
and autumn. For example, temperature inversion was observed
during the day, which disappears at night. In general, the
NSATLR weaken with NSAT from night to day until tempera-
ture inversion occurs at 1400 Beijing time.

In general, the daily variation of the 10-day average hourly
NSATLRs resembles a sinusoidal pattern. Therefore, a sine
function was used to simulate the daily cycle of NSATLR on
sunny days. The results show that the coefficient of determi-
nation is greater than expected, namely, the fitting of the daily
cycle of the NSATLR on sunny days is effective. In addition,
the coefficients of determination in winter are both the lowest
for the mountain grassland—coniferous forest belt and alpine
meadow belt.

5. Discussion

The lack of the NSAT data above 1000 m in the Manasi
River basin has resulted in the absence of the NSATLR data
for a long time. In this study, the NSATLRs of two vertical
zones on seasonal, monthly, and daily scales were estimated
and analyzed for the first time, combined with the altitudinal
differences of mountain environments. Although the number
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FI1G. 10. As in Fig. 8, but in the alpine meadow belt.

of data are limited, these results are still valuable until alter-  other regions. Besides, there is no study revealing the impacts
native data become available, and the monthly NSATLRs of vertical environment differences on the NSATLRs up to
provided in this study will benefit future studies on snowmelt now, which is one of the major factors affecting the NSATLR.
runoff simulation, as the NSATLRs provided in this study are  The findings of this study that the value and temporal varia-
at least more accurate than a constant or the NSATLRs from  tion (especially at monthly and daily scales) of the NSATLRs
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differ greatly in different vertical zones is therefore inspiring
for future study in regions with similar vertical environments.
For example, the mountains with similar altitudinal environ-
ments should be divided into different vertical zones to accu-
rately estimate the NSATLR.

However, there are five obvious limitations in this study.
First, the interpretation on how the altitudinal environment
differences affect the NSATLR is speculative, and the results
will be more scientific if they come from simultaneous obser-
vation data (such as the outgoing longwave radiation and air
humidity), although the interpretation makes sense. Second,
the NSATLRs provided in this study would be more repre-
sentative if the stations were evenly distributed in the study
area and there were years of data available. Third, the estima-
tion results will be more comparable if the height of the sta-
tions is the same as that of the meteorological stations.
Fourth, the mislabeling of the stations (snow cover or not) is
inevitable, which will influence the estimation accuracy of the
NSATLR too. Therefore, more work needs to be done in the
future if more data are available. Fifth, the NSAT data from
different zones did not cover the same time period and thus
the results might be influenced by the interannual variability.

6. Conclusions

The annual NSATLR is —0.53°C per 100 m for the moun-
tain grassland-coniferous forest belt and —0.62°C per 100 m
for the alpine meadow belt. The NSATLRs vary greatly at
seasonal, monthly, and daily scales. During the snowmelt pe-
riod (from March to July), the monthly NSATLRs range
from —0.4° to 0.85°C per 100 m in the mountain grassland—
coniferous forest belt and from —0.59° to —0.88°C per 100 m
in the alpine meadow belt. The steepest monthly NSATLR
occurs in July in mountain grassland—coniferous forest belt,
while it occurs in April in alpine meadow belt.

The altitudinal difference of the NSATLRs between two
vertical zones is obvious. The temporal variation of the
NSATLRs at the mountain grassland—coniferous forest belt
is different from that at the alpine meadow belt, especially
at daily scale. In spring, summer, and autumn, the hourly
NSATLRs in the mountain grassland—coniferous forest belt
generally steepen with increasing solar radiation and weaken
with decreasing solar radiation on sunny days, which is oppo-
site to that in the alpine meadow belt. In addition, the sine
function is effective for the fitting of daily variation of the
hourly NSATLRs.
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