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Abstract. The phenomenon that the warming rate of air temperature is amplified with elevation is termed elevation-
dependent warming (EDW). It has been clarified that EDW can accelerate the retreat of glaciers and the melting of snow,
which would have significant impacts on regional ecological environment. Owing to the lack of high-density ground
observations in the high mountains, there is a widespread controversy on the existence of the EDW. Current evidences are
mainly derived from some typical high mountains such as the Swiss Alps, the Colorado Rocky Mountains, the Tropical
Andes and the Tibetan Plateau/Himalayas. Rare evidences in other mountains have been reported, especially in arid regions.
In this study, EDW features in the Chinese Tianshan Mountains (CTM) are detected using a unique high-resolution (1 km, 6-
hourly) air temperature data set (CTMD). The results showed that there are significant EDW signals at different altitudes on
different time scales. The warming rate of the minimum temperature in winter shows significant elevation dependence,
especially above 4000 m. The greatest altitudinal gradient in the warming rate of maximum temperature is found above 2500
m in April. For the mean temperature, the warming rates in January, February and March show prominent EDW features but
with different significances. Within the CTM, the Tolm Mountains, the eastern part of the Borokoonu Mountains, the Bogda
Mountains and the Balikun Mountains are the representative regions that show significant EDW features on different time

scales. This new evidence partly explains the accelerated melting of glaciers in spring in the CTM.
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1 Introduction

The elevation-dependent warming (EDW) indicates that the warming rate of air temperature is amplified with elevation,
especially in the high mountain regions. Normally, two criterions (regional warming amplification and altitude warming
amplification) should be met concurrently to be recognized as a typical EDW phenomenon (Rangwala and Miller, 2012).
The regional warming amplification means the warming rate of air temperature in a certain mountain is greater compared to
other regions outside this mountain. The altitude warming amplification means the warming rate is greater in the high-
altitude areas than the low-altitude areas within the same mountain. However, owing to the high sensitivity of glaciers and
snow to climate change, mountains are regarded as the outposts of global climate change (Sorg et al., 2012). Previous studies
have reported the potential widespread existence of the elevation-dependent warming (EDW) phenomenon, which is an ideal
early indicator of climate warming in mountain systems under global climate change (Dong et al., 2015). EDW could
accelerate the changes in the mountain ecosystems, cryosphere systems, water cycles and biodiversity, leading to irreversible
and profound impacts on the regional ecological environment and socioeconomic development (Mountain Research
Initiative EDW Working Group, 2015; Rangwala and Miller, 2012). Therefore, the detection and exploration of the spatial
and temporal differentiation characteristics of EDW not only plays an inestimable and important role in the in-depth
understanding of regional climate change and in improving the predictive ability of mountain climate, but also in

maintaining the relative stability and ecological balance of these natural mountain ecosystems.

Current evidences for the EDW phenomenon mainly stem from multi-source data detections and regional climate models.
The main data resources include ground meteorological stations, radiosonde, reanalysis, and remote sensing data. In general,
from a regional perspective, the European Alps, Himalayas-Tibetan Plateau, South American Andes, and North American
Rocky Mountains are hotspots for EDW studies (Wang et al., 2014; Thakuri et al., 2019; Guo et al., 2019; Pepin et al., 2019).
From the perspective of the significance of EDW, the seasonal scale is more significant than the annual scale (Mountain
Research Initiative EDW Working Group, 2015; Rangwala and Miller, 2012). Furthermore, the warming rate of the
minimum temperature is greater than that of the maximum and mean temperatures (Rangwala and Miller, 2012; Mountain
Research Initiative EDW Working Group, 2015).

The results of global mountain detection based on multi-source observation data show that the warming trend of the annual
mean temperature is more significant with rising elevation in the northern Tibetan Plateau, eastern Loess Plateau, Yunnan-
Guizhou Plateau, Appalachian Mountains, Southern Rocky Mountains, Alps, Andes, and Inner Mongolia Plateau (Wang et
al., 2014). The warming rate has been found to be more intense in the high-altitude regions of Western Europe and Asia
based on a global high-altitude observation data set (Diaz and Bradley, 1997). The significant EDW phenomenon of the
annual maximum and minimum temperatures in the Alps has been detected based on ground observation sites (Beniston and
Rebetez, 1996). The temperatures in the Alps at different altitudes show distinctly different seasonal trends. The minimum

temperature rises faster at high altitudes than at low altitudes (Jungo and Beniston, 2001). A significant EDW phenomenon
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for the annual mean temperature in tropical alpine areas has been detected based on global radiosonde data (Seidel and Free,
2003). The warming trends for the maximum and minimum temperatures show significant elevation dependence in the
2000-4000 m altitude range of the Rocky Mountains (Diaz and Eischeid, 2007; Mcguire et al., 2012). The climate warming
trend for the Qinghai-Tibet Plateau from 1961 to 1990 was proportional to the altitude, especially in winter (Liu and Hou,
1998). In the high-altitude areas (above 4000 m) of the Qinghai-Tibet Plateau, the increment in the mean temperature over
four seasons and on the annual scale is greater than that in the low-altitude areas (Du, 2001); the temperature warming rate
increases by 0.16 < 10a™ for every 1 km increment in altitude (Wang et al., 2012). The satellite data also showed that
climate warming on the Tibetan Plateau is altitude-dependent, especially at an altitude of 3000—4800 m (Yan and Liu, 2014).

Although many studies have detected EDW phenomena in different mountains globally, there is still widespread controversy
and no consensus has been reached on the existence of EDW. The main reason behind this is the scarcity of ground
observation data, especially in mountains above 3000 m (Rangwala and Miller, 2012; Mountain Research Initiative EDW
Working Group, 2015). Even the detection of EDW is different within the same mountain that uses different observations
(i.e. different number of sites or different site locations). For example, some studies have shown a significant prevalence of
EDW since the second half of the 20th century over the Tibetan Plateau (Liu et al., 2009; Rangwala et al., 2009). However,
an analysis claimed that the EDW over the Qinghai-Tibet Plateau is not significant based on the observations from 71
ground stations and 56 reanalysis grid data (You et al., 2010). Similarly, EDW has been found to be not significant at
altitudes above 5000 m based on the observations from 25 ground stations and 0.5<grid data combined with WRF model
simulations (Gao et al., 2018b). Although satellite data compensates for the deficiencies of ground observation stations to a
large extent, the associated short time series, low spatial resolution, and large system errors limit the reliability of EDW
signal detection. It can be concluded that a uniform high-resolution air temperature dataset is the basic premise for accurate
EDW detection.

As the largest independent latitudinal mountain system, the farthest mountain system from the ocean, and the largest
mountain system in the arid regions of the world, the Tianshan Mountain system is extremely important for assessing the
climate change and ecological environment in north-western China and the entire nation because of its special geographical
location and complex terrain (Chen et al., 2016). As the “water tower” of Central Asia, the Tianshan Mountain system not
only breeds many rivers, but also produces a unique desert oasis ecosystem (Sorg et al., 2012; Chen et al., 2016). There are
approximately 9035 glaciers with an area of ~9225 km? and water resources of 1011 km?® in the Chinese Tianshan
Mountains (CTM, Fig. 1) (Shi et al., 2009). However, in recent years, most glaciers in the CTM are in a state of accelerated
degradation due to climate warming (Ding et al., 2006; Chen et al., 2016; Sorg et al., 2012). The warming rate in the CTM
has reached 0.32—0.42 °C10a™ in the past 50 years, which is much higher than the national average (Gao et al., 2018a; Xu et
al., 2018). However, EDW in the CTM still lacks systematic detection. Current research on climate warming in the CTM

does not provide sufficient solid evidence for the EDW phenomenon. Therefore, in this study, EDW features in the CTM are
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comprehensively and systematically detected based on a unique high-resolution (1 km, 6-hourly) air temperature dataset
(hereafter referred to as CTMD) (Gao et al., 2018a). The present study reveals the EDW characteristics for different
temperature indicators on different time scales.

2 Data and Methods

According to the two basic criteria for the diagnosis of mechanisms responsible for EDW, regional warming amplification
and altitude warming amplification is detected, respectively. The former feature is compared with other regions, such as
plateaus, mountains, and low-altitude areas (basins and plains), to detect whether the warming trend in the mountain is
greater. The latter criterion focuses on the warming trend differences within the mountains (e.g., different altitude ranges),
which is to determine whether warming amplification in the high-altitude areas is more significant than the low-altitude
areas. To detect the regional warming amplification, a monthly temperature dataset at the 0.5< latitude-longitude grid
(hereafter referred to as CMAO05) over continental China from the China Meteorological Data Sharing Service System of the
National Meteorological Information Centre was evaluated and compared with the CTMD. The CMAOQ5 dataset was
generated by integrating the data collected at high-density ground stations (approximately 2400 national meteorological

observation stations) since 1961. The common time period 1979-2016 was extracted for the comparison.

Previous studies have shown that the ECMWE’s third generation reanalysis product, ERA-Interim has a small large-scale
error and it could capture the annual and seasonal climatologies very well (Gao et al., 2012, 2014, 2017). Because the system
bias of ERA-Interim is mainly from the height discrepancy between ERA-Interim model height and observations (Gao et al.,
2012, 2014, 2017). Thus, the bias could be significant reduced for local climate trend investigation via an appropriate
elevation correction procedure. A robust approach based on internal vertical lapse rates derived from different ERA-Interim
pressure levels was developed for downscaling 0.25<°grid ERA-Interim temperature to 1 km grid (Gao et al., 2018a). This

scheme is fully independent of meteorological stations via Equation (1).
Tikm = Terao2s + T X AR 1)

Tera_o2s is the original 6-hourly ERA-Interim 2-m temperature at 0.25<grid. I" describes the ERA-Interim internal lapse rates
derived from the temperatures and geopotential heights at different pressure levels. For example, I'soq 700 indicates the lapse
rate between 500 hPa and 700 hPa pressure level, which is calculated by the temperature differences divided by geopotential
height differences between these two pressure levels. Ah is the height difference between ERA-Interim model height and 1
km grid. More information on the downscaling scheme and the CTMD could be found at Gao et al (2012, 2017, 2018a).

Therefore, the unique high-resolution (1 km, 6 h) air temperature dataset (CTMD) for the Chinese Tianshan Mountains from
1979 to 2016 is at 1 km spatial resolution (total 356133 grids) with a time step of 6-hourly at 00, 06, 12, and 18 UTC. This
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dataset was validated by 24 meteorological stations on a daily scale, indicating a high reliability for the climatology trend
investigations (Gao et al., 2018a). In this study, the 6-hourly data was aggregated to the minimum temperature (Tmin),
maximum temperature (Tmax), and mean temperature (Tmean) on monthly, seasonal, and annual time scales. A standard
linear regression was applied to calculate the warming rate in each grid from 1979-2016 for the CTMD and CMAO5 datasets,

respectively. The corresponding equation is given by:
y=ax+ )

where, y are the temperatures (Tmin, Tmax and Tmean) on different time scales, x is the time series from 1979-2016, and

the fitting coefficient (slope) a indicates the warming rate.

To detect the altitude warming amplification within the CTM, the whole altitude range is divided into 14 groups with a 500
m interval. The 14 altitude groups are: <500 m, 500-1000 m, 1000-1500 m, 1500-2000 m, 2000—2500 m, 2500-3000 m,
3000-3500 m, 3500-4000 m, 4000-4500 m, 4500-5000 m, 5000-5500 m, 5500-6000 m, 6000-6500 m, and >6500 m. The
number of grids in each group is 3139, 30810, 83018, 70229, 46545, 43400, 39579, 28256, 8789, 1666, 496, 150, 54, and 4,
respectively. The standard linear regression was also used to assess the significance of EDW for different altitude groups. In
such an analysis, vy is the warming rate from 1979-2016 for each altitude group. Due to a different number of grids in each
altitude group, the averaged warming rate of each group was used for the regression. x is the 14 altitude groups (natural
positive integer 1 to 14). Thus, the fitting coefficient (slope) represents the magnitude of significance of EDW. The

coefficient of determination (R?) and confidence test (p-values) illustrate the goodness of the fit.

3 Results
3.1 Regional warming amplification of the CTM

The annual and seasonal temperature trends in the CTM are weaker than those over continental China with respect to the
mean temperature (Tmean), maximum temperature (Tmax), and minimum temperature (Tmin), except during spring (Table
1). The warming rates in spring Tmax and Tmin both exceed 0.6 °C 10a™, which is much higher than that of CMAQ5. The
annual Tmin shows the greatest warming trend with a rate of 0.347 °C 10a™, followed by a Tmax and Tmean warming rate
of 0.323 and 0.245 °C 10a™, respectively, in the CTM. While summer has a much higher gradient than autumn for Tmean
and Tmin, it shows a comparable rate for Tmax. Winter has the lowest rates compared with other seasons for the three
temperature trends, with even a decreasing trend (—0.085 °C 10a™) observed for Tmean. In general, Tmin and Tmax show
comparable rates in spring. A more significant increment in Tmin compared with Tmax is observed in summer and autumn.
However, the trends of CTMD are consistent with the national scale (CMAO05), wherein Tmin and Tmax show higher rates
than Tmean on the annual scale (Table 1).
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However, the warming rate varies from month to month, which is more significant than that from season to season. All
temperature trends are negative in January and December in the CTM, which is different from that over continental China.
The decreasing rate is more significant in January than in December. It is worth noting that Tmax decreases slightly in May,
while Tmin warms significantly at a rate of 0.624 °C 10a™ in the CTM. The largest warming rates are observed for both the
CTM and land surface of China in March for all the temperature types. However, the CTM has a higher magnitude of
warming rate. The warming trend is 1.339 °C 10a™*, which is almost double than that over the whole of China (CMAO5).
Both rates exceed 0.8 °C 10a™ for Tmean and Tmin in the CTM in March. April shows the second largest Tmax and Tmean
warming trends in the CTM, which are also higher than that over continental China. For Tmin, May and June have rates
greater than 0.6 °C 10a™. In general, a more significant increment in Tmin is seen from March to June compared with the
other months. March and April show remarkable warming trends for Tmax and Tmean (Table 2). In the entire CTM, Tmin
warms faster than Tmax and Tmean. In general, regional warming amplification is significant in March and June for all
temperatures. The trend for Tmax also increases faster in the CTM in February and April compared with the entire land
surface of China. The warming rates in Tmean and Tmin in the CTM are faster than the whole of China in April and May,

respectively.

3.2 Warming amplification with altitude within the CTM

To detect the altitude warming amplification features in the mountain areas, the CTM is divided into 14 groups with a 500 m
altitude interval. It is worth noting that the temperature trends in different elevation groups are significantly different
compared with that of the entire CTM. Fig. 2 shows the Tmin trends at different elevations from 1979-2016 for four
representative months (January, February, April, and December). As the number of grids in each elevation group is different,
the boxplots show the inner-quantile range (25% to 75%) and median value. Meanwhile, linear regression is applied based
on the average values, which indicate the altitude dependence of the warming trend (i.e. the significance of EDW). In general,
the EDW characteristics are significant for Tmin in January, February, April, and December. All lines of best fit are at the
0.001 significance level (p<0.001). The temperature trends are positive at altitudes higher than 5000 m, with the median
values greater than 0 °C 10a™ above 4000 m in January (Fig. 2a). The median values of most elevation groups are above the
reference line in February, although the corresponding line of fit has a lower slope (0.033) compared with that of January
(Fig. 2b). The 75% quantile ranges of the trends for all elevation groups in April are higher than 0 °C 10a™ (Fig. 2c). All
trends are positive for the regions nearly above 4000 m in April. The prevalence of EDW is most significant in December
with the highest slope (0.064, p<0.001). Although, most lower altitude grids (<4000 m) show negative trends, the trends
become positive at altitudes higher than 5000 m (Fig. 2d).

Although the slope (0.017) of the trend is not remarkable, a significant EDW trend (p<0.001) is seen for Tmax in March (Fig.
3a). Differing from that of April, August, and September, the same trend is observed for all elevation groups in March.

Furthermore, all warming rates are greater than 0.8 °C 10a™. Significant elevation-dependent cooling can be found at the
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altitude range of 0-2500 m for Tmax in April. However, the temperature warming rate increases sharply (slope=0.069,
p<0.001) with increment in the altitude from 2500 m to 7100 m. The median values are higher than 0.4 °C 10a™ (Fig. 3b).
Similar to April, EDW begins at a height of 4000-4500 m in August and September. However, the warming rates are greater
in September with the most positive values compared with August (Figs. 3¢ and 3d). In general, while Tmax warming is not

widespread, it is more significant at higher elevations.

For Tmean, the EDW trend is most significant in January with the best significant level (slope=0.036, p<0.001, Fig. 3a).
However, the warming rates in January are only slightly above 0 °C 10a™ at higher elevations. Although February and March
also show significant EDW at the 0.005 and 0.05 significant levels, respectively, the warming rates are much higher in
March than in February with an average median value of approximately 0.8 °C 10a™ (Figs. 4b and 4c). Significant EDW
occurs above an elevation of 4500 m in August (slope=0.037, Fig. 4d). The performances for all months and seasons are

provided in the supplementary material (Fig. S1-S13).

3.3 Spatial distribution pattern of the warming trend over the CTM

To better detect the EDW features, four typical zones with high mountains (above 3000 m) were selected, namely Zone 1
(represented by the Tolm Mountains), Zone 2 (central Tianshan, including the eastern part of the Borokoonu Mountains),
Zone 3 (represented by the Bogda Mountains), and Zone 4 (represented by the Balikun Mountains) (Fig. 5). The monthly
minimum temperature trends of January in the higher altitude mountains are significantly greater than the surrounding low-
altitude areas, especially in Zones 3 and 4 (Fig. 5a). The highest warming trend (exceeding 1.0 °C 10a™) is found around the
eastern Bogda Mountains (above 3000 m) in Zone 3. The lowland to the north of the Bogda Mountains shows a cooling
trend (Fig. 5a). Zone 4 also shows a significant EDW phenomenon (0.3-0.6 °C 10a™), wherein high mountains such as the
Balikun are much warmer than the surrounding lowlands. Although the warming trend of Zone 1 is not as significant as that
of Zones 3 and 4, compared with the Ili Valley (cooling trend), the warming rate is still remarkable (~0.4 °C 10a™). In
December, the warming trend is more significant in Zone 1 compared with the other Zones (Fig. 5b). The trend in the Tolm
Mountains (exceeding 0.4 °C 10a™") is much higher than that in the 1li Valley (cooling trend), which is located in the northern
part of Zone 1. The warming rate at high altitudes in Zone 3 is higher (0.2—0.4 °C 10a™) than that in the lowlands. There is
no obvious warming amplification in the high-altitude mountains of Zone 4 compared with the low-altitude areas (Fig. 5b).
However, it is worth noting that even in the same mountainous area, such as in the Bogda Mountains in Zone 3, the warming

rate in the east is significantly faster than that in the northwest.

The maximum temperature in March in the entire CTM warms significantly with rates ranging from 0.9 to 2.0 °C 10a™ (Fig.
6a). The highest warming rate can be observed in the western Ili Valley. However, all typical zones show strong EDW
features. The areas above 4500 m in Zone 1 have trends higher than 1.4 °C 10a™. The smoothed contour of 3000 m

corresponds to a distinct boundary in Zone 2. The temperature warming rates are almost higher than ~1.5 °C 10a™ in the
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areas above 3000 m, while the rates are smaller in the low altitude areas (Fig. 6a). The difference between the warming rates
220 in the high-altitude and low-altitude areas is the most significant in Zone 3. The temperature warming trend on the hilltop of
the Bogda Mountains is much higher than that at the foot of the mountains (Fig. 6a). The temperature warming rate in Zone
4 ranges from 1.3 to 1.6 °C 10a™. The trend differences between the high-altitude and low-altitude areas in Zone 4 are not as
significant as those in Zone 3 (Fig. 6a). However, the warming rate on the hilltop is much higher than that in the

neighbouring lowlands (Fig. 6a).

225 The spatial distribution of the maximum temperature in September shows a distinctive east-west differentiation. The
warming rates in Zones 3 and 4 are greater than those in Zones 1 and 2 (Fig. 6b). The EDW feature is not significant in Zone
4. In contrast, the temperature in the high-altitude areas shows a slower warming trend (approximately 0.2—0.3 °C 10a™) than
that in the low-altitude areas in Zone 3 (Fig. 6b). A slight EDW phenomenon can be seen in the Tolm Mountains in Zone 1.
However, Zone 2 shows remarkable EDW in September compared with the other zones. Similar to March, areas above 3000
230 m warm faster than the lowlands, especially the Ili Valley (Fig. 6b). In summary, Zone 2 is found to be a significant EDW

area in the maximum temperature for March and September.

Zones 1 and 4 tend to show the EDW phenomenon for the monthly mean temperature in January (Fig. 7a). The temperature
decreases (by approximately —0.2 to —0.4 °C 10a™) in the Ili Valley but increases (approximately 0.05 to 0.15 °C 10a™) in the
Tolm Mountains, especially in the high-altitude areas (Fig. 7a). Zone 4 warms faster than the regions outside the zone.
235 However, the warming trend is not significant in the high elevation areas compared with the lowlands within this zone (Fig.
7a). The temperatures show cooling trends in Zones 2 and 3. Nevertheless, the high-altitude areas are warmer than the low-
altitude regions, especially in the Bogda Mountains of Zone 3 (Fig. 7a). The differences in the temperature trends of different
terrains in Zone 2 are not indistinctive. The spatial distribution of the warming rate in February is similar to that in January.
However, the trend in most areas of the CTM is positive (Fig. 7b). Zones 3 and 4 show obvious EDW phenomena in
240 February. The difference between the temperature warming rates in the high and low terrains of these two zones exceeds 0.2 °C
10a™. The trend in the high terrains of Zone 2 is greater than that in the valleys in the western part of the zone (eastern Ili
Valley). However, the temperature in the south of the zone is warming faster than in the high mountains in the northern part
of Zone 2 (Fig. 7b). The southwestern Tolm Mountains in Zone 1 are warming up faster than the north-eastern mountains. In
general, the warming trend of mean temperature is not as dramatic and significant as that of the minimum and maximum
245 temperatures in the CTM. The spatial distribution of warming trends for all months and seasons could be found in the

supplementary material (Fig. S14-S30).

4 Possible hypotheses and mechanisms

The air temperature changes are mainly affected by two aspects: one is the vertical energy exchange between the ground and
atmosphere that leads to periodic changes on the daily and annual scales; the other is the temperature advection caused by

8
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the movement of the cooling and heating masses, which leads to non-periodic changes. Numerous studies shown that the
atmospheric circulation not only affects the latitude and zonality of climate via the zonal distribution of circulation, but also
expands the influence range of sea-land and topography via the energy and water transportation (Dickinson, 1983; Harding
et al., 2001). On a local scale, the ice and snow albedo, cloud cover, water vapor and radiation flux, and aerosols (including
black carbon) are considered to be the main influence factors of EDW (Mountain Research Initiative EDW Working Group,
2015; Rangwala and Miller, 2012). However, whether clouds, water vapour and aerosols, the core mechanism is that they
affect the absorption of solar short-wave radiation by the land surface and the long-wave radiation outward from the land
surface (Shi et al., 2020; Zhang et al., 2018). The balance of surface energy is changed, which leads to increasing/decreasing
near-surface air temperature. In other words, the surface energy balance is the key mechanism that affects seasonal and inter-
annual changes of EDW (Rangwala and Miller, 2012).

Surface albedo is a comprehensive indicator of many factors that affect the surface energy balance. It is also the core factor
and key variable that controls the surface energy budget (Dickinson, 1983; Harding et al., 2001; Wang et al., 2005). Surface
albedo directly affects the absorption of solar radiation, which in turn affects the net surface radiation. Thus, it has an
unusually significant effect on temperature regulation. Surface albedo determines the distribution of radiant energy between
the land surface and atmosphere (Wang et al., 2005). Sometimes, its subtle changes would affect the energy budget of the

land-atmosphere system, which causes significant regional climate change (Harding et al., 2001; Dickinson, 1983).

Many factors such as terrain, vegetation cover, ice and snow, soil moisture, soil physical properties, and meteorological
conditions could affect surface albedo (Zhang et al., 2018). For high mountain regions, vegetation cover and ice/snow cover
are the two most important factors (Dickinson, 1983; Zhang et al., 2016; Zhang et al., 2018). They could change the surface
albedo, soil moisture, net surface radiation, and the distribution ratio of sensible heat, latent heat, as well as soil heat flux
(Wang et al., 2002; Wang et al., 2005). Thus, surface albedo varies significantly with the seasonal variations of ice/snow
cover and vegetation cover (Wang et al., 2002; Wang et al., 2005). For the whole CTM, small glaciers are more sensitive to
the warming climate. The annual glacial retreat rate could be —2.3<10° kg m?below 3000 m, especially in Zone 2 (Deng et
al., 2019). The snow cover and its duration also show a decreasing trend (Sorg et al., 2012; Deng et al., 2019). Guo and Li
(2015) found the decreasing trend of the ratio of snow fall to precipitation (S/P) in the CTM, especially in the four typical
zones 1 to 4 in this study. The changed S/P may be a cause of EDW in these zones. In sum, although many hypothetical
mechanisms of EDW have received widespread attention, most of them are limited to phenomenon description and
qualitative analysis. There is a lack of quantitative investigation on the core processes, dominant factors as well as temporal-
spatial differences of EDW.
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5 Discussion and Conclusions

Based on our analysis, it can be seen that the EDW phenomenon is very complicated for a large mountain system. It is hard
to arbitrarily judge the prevalence of EDW in a mountain system. Based on comprehensive quantitative analysis, we believe
that significant EDW signals exist in the CTM on local scales with respect to different temperature types. While previous
studies have mainly focused on the EDW of annual and seasonal temperatures, the monthly scale has not received sufficient
attention. However, seasonal temperatures cannot clearly reflect the EDW characteristics. In complex terrains, monthly
temperature changes are more significant, especially during season transitions. For example, rapid warming in March would

accelerate the melting of ice and snow, affecting the glaciers and regional water resources in the mountains.

Compared with the warming trend over the national land surface, the CTM is warming faster in spring. However, on a
monthly scale, the warming rates are more complicated. The warming gradients of the three temperature indicators (Tmin,
Tmax, and Tmean) in March and June in the CTM are higher than those over the entire national land surface on average.
Besides, the trends of Tmax in February, Tmax and Tmean in April, and Tmin in May are also higher than the national

average. Therefore, EDW detection based on the monthly scale is more reasonable and accurate.

It cannot be simply concluded that the high-altitude areas are warming faster than the low-altitude areas. Quantitative
analysis is necessary to provide solid evidence of the EDW phenomenon. Via altitude grouping and a linear regression
model, we quantitatively determined the significance of EDW along with the detailed performance of the warming trends at
different altitudes. In the case of Tmin, January, February, April, and December show significant EDW trends (p<0.001).
The most significant EDW phenomenon is found in December. In other words, Tmin is associated with strong EDW in
winter. The Tmin warming rates for the areas above 5000 m are always positive, which could lead to the faster melting of
snow. For Tmax, March, April, August, and September show different elevation-based sensitivities. The largest EDW trend
is found in March. However, the significant EDW phenomenon can only be found at altitudes above 2500 m, 4000 m, and
4500 m in April, August, and September, respectively. The Tmax warming trends in March and April are always positive in
the CTM. January, February, and March also show significant EDW signal/phenomena over the entire CTM for Tmean. In
August, the EDW phenomenon can be detected in areas higher than 4500 m.

The CTM is a large mountain system consisting of many mountains. Therefore, EDW characteristics are diverse in different
mountains. The EDW of Tmin in January is significant in the Bogda and Balikun Mountains, while it is significant in
December in the Tolm Mountains. For Tmax in March, all the typical mountains exhibit EDW characteristics, especially the
central CTM and Bogda Mountains. A significant EDW signal of Tmax is observed in September in the central CTM
(eastern part of the Borokoonu Mountains). The most significant EDW signal of Tmean is observed in the Tolm and Balikun

Mountains in January. The Bogda and Balikun Mountains exhibit significant EDW features in February.
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Even in the same mountainous area, significantly different mechanisms of EDW are observed for different topographies,
altitudes, and seasons. Although many hypothetical mechanisms such as ice/snow albedo, cloud cover, water vapour and
radiant flux, and aerosols have received widespread attentions most of mechanisms are still limited to phenomenon
description and qualitative analysis. Quantitative research on the core processes, dominant factors, and spatial-temporal
differences in EDW remains inadequate. Future studies should focus on conducting in-depth quantitative research on the
mechanism of EDW based on regional climate models and field surveys, especially in Zones 1 and 2 with accelerating
glacier retreat.

6 Data availability

The data set is released at https://doi.org/10.1594/PANGAEA.887700 with a Network Common Data Form (NetCDF)
format. The coverage of data set is 41.1814-45.9945 N, 77.3484-96.9989 E. The spatial resolution is 1km and the total

number of grid point is 818126 for a larger Chinese Tianshan Mountains region (which includes more surrounding areas.
This study used 356133 grids). The time step is 6-hourly at 00, 06, 12, and 18 UTC. The data set contains 288 NetCDF files
and one user guidance file. The monthly temperature data set at 0.5<latitude-longitude grid (CMAGQ5) over the continental
China is provided by the China Meteorological Data Sharing Service System of the National Meteorological Information
Center (http://data.cma.cn/data/cdcdetail/dataCode/SURF _CLI_CHN _TEM_MON_GRID_0.5.html, last access: 28 June
2020).
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Table 1. Annual and seasonal temperature trends (°C 10a) in the CTM (based on CTMD) and continental China
(based on CMAOQ5) from 1979-2016.

CTMD CMAO05
Tmin Tmean Tmax Tmin Tmean Tmax
Spring 0.633 0.522 0.640 0.557 0.518 0.513
Summer 0.441 0.342 0.266 0.472 0.378 0.388
Autumn 0.302 0.200 0.270 0.551 0.420 0.458
Winter 0.014 -0.085 0.115 0.432 0.327 0.361
Annual 0.347 0.245 0.323 0.503 0.411 0.430

Note: the bold and underlined value indicates a greater warming trend in the CTM than continental China
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435 Table 2. Monthly temperature trends (°C 10a™) in the CTM (based on CTMD) and the continental China (based on
CMAQ5) from 1979-2016.

CTMD CMAO05

Tmin Tmean Tmax Tmax Tmean Tmin
January -0.133 -0.269 -0.235 0.343 0.212 0.256
February 0.313 0.177 0.605 0.558 0.549 0.523
March 0.835 0.818 1.339 0.651 0.752 0.672
April 0.441 0.537 0.664 0.547 0.516 0.522
May 0.624 0.211 -0.082 0.475 0.284 0.345
June 0.752 0.476 0.422 0.516 0.344 0.390
July 0.227 0.331 0.280 0.472 0.416 0.411
August 0.342 0.217 0.095 0.429 0.375 0.363
September  0.246 0.237 0.330 0.559 0.495 0.486
October 0.273 0.180 0.227 0.524 0.398 0.434
November  0.386 0.183 0.252 0.569 0.368 0.455
December  -0.137 -0.164 -0.025 0.394 0.219 0.303

Note: the bold and underlined value indicates a greater warming trend in the CTM than continental China
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Figure 2: Box plots of monthly minimum temperature trends in different elevations from 1979-2016. (a) January, (b)

445 February, (c) April, and (d) December. Thick horizontal lines in boxes show the median values. Boxes indicate the
inner-quantile range (25% to 75%) and the whiskers show the full range of the values. The red dashed lines represent
the significance of EDW.
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450 Figure 3: Box plots of monthly maximum temperature trends in different elevations from 1979-2016. (a) March, (b)
April, (c) August, and (d) September. Thick horizontal lines in boxes show the median values. Boxes indicate the
inner-quantile range (25% to 75%) and the whiskers show the full range of the values. The red dashed lines represent

the significance of EDW.
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465 Figure 6: Monthly maximum temperature trends (a) March and (b) September for the entire CTM from 1979-2016.

23



https://doi.org/10.5194/tc-2020-188 rg
Preprint. Discussion started: 10 August 2020 The Cryosphere > EG U
© Author(s) 2020. CC BY 4.0 License. Discussions §
m
80°E 85°E 90°E 95° E
1 1 [l 1

&

0 100 200

m—— km -

45° N+ 45" N

° -1
40° No  Temperature trend (°C 1?a ) Smoothed | ..
i contour (m)

o — 3000
0.2561 0.157 0.064 -0.028 -0.121 -0.215 -0.308 -0.401 -0.494 -0.587 -0.681 — 4500
T T T T
80" E 85" E 90° E 95" E
BO°E B5°E 90°E 95° E
1 1 1 1
A b
0 100 200
1 km

45° N -45° N

L] -1
40° N Temperature trend (°C 10a™) Smoothed 400 N
; contour (m)
3000
0.594 0.518 0.442 0.366 0.290 0.215 0.139 0.063 -0.012 -0.088 -0.164 —— 4500
L] L] L] L]
80°E 85°E 90° E 95° E

Figure 7: Monthly mean temperature trends (a) January and (b) February for the entire CTM from 1979-2016.
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