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Abstract. Based on radiosonde observations from the spring and summer of 20162017,
we verified the existence of an anomalous warm atmospheric layer, and quantified the
heat contribution of suspended dust over the Tarim Basin (TB) in Northwest China. The
atmospheric layer was identified between 300 and 500 hPa over the TB, with 2.53 and
1.39 K average intensities in spring and summer, respectively. The Taklimakan Desert
(TD), i.e., the world’s second largest moving desert, is contained in the TB, emits large
amounts of dust particles, which remain suspended over the TB. Using Cloud—Aerosol
Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) data, we found that dust
can be lifted as high as the upper atmospheric layer, i.e., between 3.0 and 5.5 km above
mean sea level, over the TB. Consequently, suspended dust can exert a maximum heating
effect of approximately +0.45 and +0.25 K in spring and summer, respectively. The heat
contributions of dust to the anomalous warm atmospheric layer over the TB in spring and
summer were 13.77 and 10.25%, respectively. In view of the topographical feature, the
TB is adjacent to the Tibetan Plateau (TP), which acts as an elevated heat source in spring
and summer. The warm atmospheric layer over the TB seems a northward extension of
Tibet heat source, the concept of which is proposed in this study. Such a northward
“extension” of the elevated heating by the Tibetan Plateau may be a controlling factor of
the regional climate, especially in the western section of the “Silk Road Economic Belt”
and therefore, requires further investigations.

Keywords: Suspended dust; Heat source; Northward extension; Tibetan Plateau; Tarim
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1 Introduction

The Tarim Basin (TB), is situated north of the Tibetan Plateau (TP), covers an area
of 5.3x10° km?, and contains the Taklimakan Desert (TD), which occupies the main part
of the TB and is a major dust source in Asia (Gong et al., 2003; Wang et al., 2005). Based
on Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) data,
Liu et al. (2019) identified high emissions of dust particles from the TD; these dust
particles can remain suspended over the TB for a long time (Huang et al., 2008; Ge et al.,
2014; Cheng et al., 2020). Therefore, it is important to investigate the distribution of
suspended dust and its impact on the Earth’s climate system.

Dust is a heat-absorbing aerosol that heats the atmosphere (Yang et al., 2009; Yang
et al.,, 2021a, 2021b, 2021c); it can change the vertical radiation distribution in the
atmosphere and affect the regional and global climate (Huang et al., 2011; Sun and Zhao,
2020). When dust is suspended, it heats the atmospheric layers containing it (Huang et al.,
2006a, 2006b; Huang et al., 2015; Liu et al., 2014; Jia et al., 2018; Xie et al., 2013; Su et
al., 2020). The radiative forcing of dust over the TB and its contribution to climate change
in Central Asia are scientific topics that require further clarification, and it is necessary to
quantify the heating induced by dust in the upper atmosphere over the TB.

Previous studies that investigated the radiative effect of suspended dust over the TB
were mainly based on satellite observations and numerical models. Using CALIPSO data,
Huang et al. (2009) found that dust induced significant radiative forcing and heating over
part of the TB. Gu et al. (2006, 2016) and Law et al. (2006), based on numerical results,
elucidated the impact of dust on air temperature in the upper layers; nevertheless,
regarding this aspect, in situ observations are sparse.

In this study, we used ground-based and radiosonde observations, as well as
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reanalysis and satellite data, from the spring and summer of 2016-2017 for investigating
the vertical air-temperature distribution and the three-dimensional structure of suspended
dust over the TB, while quantifying the heating effect of suspended dust on the
atmosphere. Based on our findings, we propose the concept of northward extension of the
Tibetan heat source.

The rest of the paper is organized as follows: section 2 describes the data and
methodology used in the study. Section 3 presents the main results and discussion.
Conclusions are given in section 4.

2 Data and methodology

2.1 Radiosonde observations

We used radiosonde observations from six radiosonde stations situated in the TB for
the spring and summer of 2016-2017 (Fig. 1), namely Kashi (KS), Akesu (AKS), Kuerle
(KEL), Ruogiang (RQ), Minfeng (MF), and Hetian (HT); from these data, we deduced
the air-temperature profiles, which were measured twice per day (08:00 and 20:00
UTC+8). The observations were automatic and continuous, with 1 min temporal
resolution, and the original data were processed into averages with 25 hPa interval. We
also used in situ observations from six meteorological stations (i.e., KS, AKS, KEL, RQ,
MEF, and HT) for classifying and statistically describing events with dusty conditions.
2.2 Reanalysis data

We also used The Fifth-Generation European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis (ERA-5) and Modern-Era Retrospective Analysis for
Research and Applications, Version 2 (MERRA-2) reanalysis data for the spring and
summer of 2016-2017 are used. The ERA-5 reanalysis data in this study have a 0.50.5°

latitude/longitude spatial resolution and 37 pressure levels in the vertical direction. The
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MERRA-2 data are collected on a regular latitude-by-longitude grid of 0.500 %< 0.625<
with 42 pressure levels in the vertical direction. The temporal resolutions of air
temperature from the two sets of reanalysis are one month. The ERA-5 data are the latest
global atmospheric reanalysis produced by the ECMWF based on the Integrated
Forecasting System (IFS) Cy41r2 (Hersbach et al., 2020). Notably, ERA-5 data were
generated from an ECMWF IFS spectral model and did not yet assimilate the impact of
acrosols on meteorology (Simmons, 2006). Therefore, if the effects of aerosols are not
considered in the reanalysis model, the modeling error will be underestimated, which
could somehow reflect the error induced by dust aerosols in the reanalysis field. The
MERRA-2 data are an update of NASA’s previous satellite reanalysis system and include
additional observations and improvements on the Goddard Earth Observing System,
Version 5 (GEOS-5) Earth-system model. The MREEA-2 data are different from the
ERA-5 data, since aerosols and their interactions with weather and climate have been
considered (Randles et al., 2017).
2.3 Satellite data

Cloud-Acerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) was
launched on April 28, 2006, for studying the impact of clouds and aerosols on the Earth’s
radiation budget and climate. The CALIPSO satellite includes the following three
instruments: the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), the
Imaging Infrared Radiometer (IIR), and the Wide Field Camera (WFC). In this study, the
CALIPSO Level 1B and Level 2 Vertical Feature Mask (VFM) datasets (i.e., aerosol
profile), containing the half-orbit (i.e., day or night) of calibrated and geolocated single-
shot (i.e., highest resolution) lidar profiles, were used for detecting dust events. The

CALIPSO Level 1B product provides profiles of the total attenuated backscatter at 532
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and 1064 nm; the feature classification from CALIPSO Level 2 VFM was used for
distinguishing the types of aerosols. The seasonally averaged CALIPSO Level 2 VFM
product was used for identifying the top height of the dust profile.
2.4 Method for distinguishing the anomalous warm atmospheric layer

First, based on the radiosonde air-temperature observations from each station in the
TB in the spring and summer of 2016-2017, we fitted the air temperature using the
following equation:

Tr = aH + b, (1)

where T is the fitted air-temperature in °C, a is the mean slope, H is the altitude in hPa,
and b is a constant. Second, according to eq. (1), the fitted air-temperature profile was
calculated from the altitude data. Table 1 presents the fitting equations for each station.

The air-temperature difference AT was calculated by comparing the radiosonde
observations with the fitted air temperature:

AT =Ty — T, (2)

where T, is the radiosonde air temperature and T is the fitted air temperature based on
eq. (1). This method serves as a good indicator of anomalous air-temperature variations:
Positive and negative AT values indicate that the atmosphere is heating and cooling,
respectively, while the absolute values indicate the warming/cooling intensity.
2.5. Method for estimating the dust effect on the air temperature

In the analysis, the dust effect on temperature was estimated based on the
observation minus reanalysis (OMR) method proposed by Ding et al. (2013, 2016), which
assumes that differences between observations and reanalysis models reflect the impact
of unresolved processes. In this sense, investigating the differences between the

observations and ERA-5 reanalysis data can provide an opportunity to reveal the heating
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effect of dust aerosols.

OMR =Ty — Ty, 3)
where Ty is the radiosonde air temperature and Ty is the ERA-5 air temperature, which
does not include the impact of dust aerosols and assimilates only limited upper-
atmosphere observations (Simmons, 2006); hence, this method is a good indicator of dust
heating. The signs and magnitudes of the OMR values have the same meanings as those

of AT.
3 Results and discussion

3.1 Anomalous warm layer over the TB

In the troposphere, air temperature (hereinafter referred to simply as temperature)
generally decreases linearly with increasing altitude; however, temperature exhibited an
anomalous lapse rate over the TB. Figures. 2a—f present profiles of the temperature
difference (AT) between the radiosonde observations (T) and the fitted air temperature
(Tr)(see Section 2) at the KS, AKS, KEL, HT, MF, and RQ stations in the spring and
summer of 2016-2017. A relatively warm layer is observed between 700 and 300 hPa in
the spring and summer over the TB (shading in Figs. 2a—f); however, the temperature
differences exhibit obvious discrepancies among the stations. According to the locations
of the six observational stations (Fig. 1), we divided the TB into northern (i.e., KS, AKS,
and KEL) and southern (i.e., HT, MF, and RQ). In the northern TB, although the height
of the warm layer was consistent between the two seasons, the warming in spring was
more intense than the one in summer. Conversely, in the southern TB, the warming in
summer extended to altitudes beyond the ones it reached in spring, with more pronounced
warming at altitudes higher than 400 hPa.

In this study, we focused mainly on temperature anomalies at 500-300 hPa altitude.
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The mean AT values between 500 and 300 hPa at each station in spring and summer are
shown in Figs. 3a and b, respectively. In spring, the AT values at each station were
positive and ranged from 2.29 to 2.73 K, with 2.53 K mean; in summer, the AT values
were smaller than those in spring, varying from 1.21 to 1.57 K, with 1.39 K mean. Overall,
an anomalous warm layer was identified between 500 and 300 hPa over the TB.

3.2 Distribution of dust aerosols in the warm layer over the TB

Dust aerosols are the principal particulate type in the atmosphere over the TB (Cheng
et al., 2020). The distribution of dust aerosols is key for evaluating their radiative forcing.
We analyzed the vertical distribution and variation of dust based on the CALIPSO Level
1B and 2 VFM datasets over the TB, and determined the distribution of the top height of
the dust profile over the TB.

The CALIPSO product, which documents aerosols over bright surfaces and beneath
thin clouds in clear skies (Vaughan et al., 2004; Winker et al., 2006), was used for
identifying dust aerosols. We used the total attenuated backscatter coefficient at 532 nm
for classifying particles from CALIPSO and identifying dust aerosols. To identify dust
aerosols, values of 0.0008—0.0480 km™ sr'! were chosen as the thresholds for the total
attenuated backscatter (Liu et al., 2015; Jia et al., 2015). The left panels of Fig. 4 show
the CALIPSO orbit—altitude cross-section of the 532-nm total attenuated backscattering
coefficient on July 4, 5, 25, and 27, 2016, along the CALIPSO trajectory presented in Fig.
1. The gray shading in Fig. 4 indicates the topography, while the deep blue area denotes
the absence of a signal owing to clouds, which the laser could not penetrate. As shown in
Fig. 4 (left panels), the total attenuated backscatter ranged from 0.002—0.005 km™ sr'’.
Based on the thresholds for identifying dust aerosols, July 4 and 5, 2016, were two

severely dusty days. Meanwhile, the dust layer was also evident in clear days; however,
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its range and intensity were reduced compared with dusty days.

CALIPSO data revealed that vertically extended dust layers were widespread
throughout the TB with peak lidar returns between 2.5 and 5.5 km above mean sea level
due to strong convective activity during dusty as well as clear days (Cheng et al., 2020);
this is consistent with other studies (Huang et al., 2009; Liu et al., 2015). The right panels
of Fig. 4 also show that thick dust plumes were present over the entire TB. Moreover, the
geographic setting of the TB, which is surrounded by high mountains, generates
atmospheric circulation that favors the formation of long-lasting suspended dust
(Tsunematsu et al., 2005).

Figure 5a presents the frequencies of dust events observed by ground stations in the
spring and summer of 2016-2017 throughout the TB. The frequencies of dust events at
the MF, HT, RQ, KS, KEL, and AKS stations were 55.43, 50.00, 53.26, 33.70, 22.83, and
34.24% in spring and 60.33,42.93, 50.54, 2.72, 4.89, and 17.39% in summer, respectively.
Therefore, the frequencies of dust events in the southern TB were obviously higher than
those in the northern TB. Here, dust events include dust storms and cases of blowing and
floating dust; of these dust events, cases of floating dust constitute the majority,
accounting for more than 50% in the southern TB (Fig. 5b). These results are consistent
with the findings of Zhou et al. (2020). This is because when cold air streams with
different intensities intrude the TB, the wind fields converge strongly and rise in the areas
of the HT and MF stations; hence, these areas experience dusty weather more frequently
than the other areas (Han et al., 2005).

Information on the dust-top height (DTH) can elucidate the vertical structure of dust.
The DTH is defined as the height above the surface elevation and exhibits significant

seasonal variations over the TB, as shown in Figs. 5c—d, where the blank area represents
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the default observed value. Over the TB, DTH in spring was higher than that in summer,
with 3.0-5.5 km range. We note that the variations here resemble those of the boundary-
layer height (BLH) (Luo et al., 2017). A previous study suggested that the BLH is
essential for determining the vertical distribution of dust in the TB (Li et al. 2021). In
contrast to urban districts (Ding et al. 2016; Huang et al. 2018), the BLH in the TD was
especially high, i.e., higher than 5 km, according to sounding data obtained from a month-
long intensive field campaign conducted in July 2016 (Wang et al., 2019).

According to the above, spring and summer are the seasons when dusty weather
occurs more frequently in the TB, especially in its southern part, while dust can be
suspended in the upper layer for a long time. As an important component of absorbing
aerosols, dust aerosols constitute an elevated heat source in the atmosphere (Lau et al.,
2006), and we reveal the contribution of suspended dust to the anomalous warm layer
over the TB based on in situ observations in the following.

3.3 Spatial and temporal features of the heating effect of dust aerosols

Previous studies reported that the dust emitted from the TD has anomalously strong
optical absorption properties, and thus, pronounced heating ability (Ge et al., 2010; Huang
et al., 2015). Based on the OMR method (see Section 2), we estimated the effects of dust
aerosols on the temperature; for this, we used radiosonde observations and ERA-5)
reanalysis data. The ERA-5 reanalysis data likely involve a certain amount of errors;
however, they are widely used and are considered to be reliable (Hersbach et al., 2020).

In this study, we focused mainly on temperature anomalies at 500-300 hPa altitude.
Figure 6 presents the vertical profiles of the temperature difference between the
radiosonde observations and ERA-5 data at 500-300 hPa altitude in the spring and

summer of 2016-2017. As mentioned in Section 2, the effect of aerosols on the
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temperature can somehow infer by calculating the OMR value. As shown in Fig. 6, dust
can heat the atmosphere between 500 and 300 hPa over the TB in spring and summer;
however, there are clear temporal and spatial variations.

In spring, all stations recorded heating between 500 and 300 hPa with 0.30 K mean
OMR value. The initial height of the warm layer in summer was higher than that in spring,
particularly at the HT and MF stations. The average OMR values indicated that the warm
layer was between 400 and 300 hPa, with 0.13 K mean intensity. Results showed that the
heating intensity in summer was significantly weaker than that in spring. In the southern
TB, the average OMR values of the warm layer in spring and summer were 0.31 and 0.17
K, respectively; in the northern TB, the average OMR values of the heating layer in spring
and summer were 0.28 and 0.12 K, respectively. Therefore, the heating intensity in the
southern TB was stronger than that in the northern TB.

Although the heating effect of suspended dust over the TB was confirmed through
the in-situ observations, we were unable to evaluate it in its entirety due to the limited
number of stations. To address this issue, we used the MERRA-2 reanalysis data to
supplement the observation data. The main reasons for this were the following: First, one
of the advantages of the MERRA-2 data is the assimilation of aerosol observations,
thereby providing a multidecadal reanalysis in which aerosol and meteorological
observations are jointly assimilated within a global data-assimilation system (Gelaro et
al., 2017); more importantly, MREEA-2 considers the interactions of aerosols with
weather and climate (Randles et al., 2017). Then, Fig 7a shows the relationship between
radiosonde temperature observations and MERRA-2 data at 500-300 hPa altitude in the
spring and summer of 2016-2017. The linear fitting slopes between the radiosonde

temperature observations and MERRA-2 reanalysis data were 0.993 and 0.995 in 2016
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and 2017, respectively, with coefficients of determination (R?) equal to 0.997. In addition,
we calculated the mean square error (MSE) between the radiosonde observations and
MERRA-2 data for each layer between 500 and 300 hPa in 20162017 (Fig. 7b). We used
the MSE for measuring the deviation of the two data sets and found that the MSE of each
layer was between 0.06 and 0.10. Therefore, it is feasible to use MERRA2 data as
observations for analyzing the heating effect of suspended dust over the entire TB.

Figures 7c—d show the distributions of the OMR values averaged over 500 and 300
hPa in the spring and summer of 2016-2017. The mean OMR values between 500 and
300 hPa were relatively high in the southern TD both in spring and summer, which is
consistent with the dust occurrence frequency (Figs. 5a—b). Accordingly, the heating
intensity by dust was greater in spring (with approximately +0.45 K maximum) than in
summer (with approximately +0.25 K maximum). In summary, dust aerosols can exert a
heating effect and are responsible for the atmospheric warming between 500 and 300 hPa
over almost the entire TB. The results demonstrate clearly that dust can heat the upper
atmosphere over the TB; suspended dust serves as a critical “bridge”. This is a unique
atmospheric phenomenon in China.

Combined with Figs. 2 and 6, Table 2 shows the contribution of suspended dust to
the abnormal heating layer at 500-300 hPa altitude over the TB, with 13.77 and 10.25%
average contributions in spring and summer, respectively. It is clear that the dust radiative
forcing contributes heat to the warm layer over the TB. In fact, we found that the water
vapor at 4-7 km altitude (i.e., almost at the same height as that of the dust layer) was
nearly saturated during the daytime over the TB (not shown). The water vapor would
absorb solar radiation and heat the atmosphere; hence, it may be an important heat

contributor to the warm layer over the TB. Furthermore, the radiative properties of the
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surface, atmospheric trace gases, and clouds also influence the aerosol-radiation
interactions (IPCC, 2013). Therefore, the warm layer over the TB is likely a result of
multiple factors. There are still many unknown issues that warrant further research.
3.4 Concept of the northward extension of the Tibetan heat source

The above results show that there is a suspended dust layer over the TB in spring
and summer (Figs. 4 and 5), which changes the temperature stratification (Fig. 6), and a
heating layer appears between 300 and 500 hPa with approximately +0.45 and +0.25 K
maximums in spring and summer, respectively, covering almost the entire basin (Figs.
7c—d). Topographically, the TB is adjacent to the TP (Fig. 1), which acts as an elevated
heat source in spring and summer (Duan et al., 2013; Wonsick et al., 2014). The warm
atmospheric layer over the TB seems a northward extension of the Tibetan heat source;
therefore, we propose the concept of the northward extension of the Tibetan heat source,
as illustrated in Fig. 8. Considering the important roles of TP and TB in affecting the
climate along the Silk Road Economic Belt (Liu et al., 2020; Zhao et al., 2020), more
attention is required regarding the impact of the northward extension of the Tibetan heat
source on the regional climate. Moreover, the northward extension of the Tibetan heat
source can be attributed to the extreme weather conditions. In recent years, heavy
precipitation events have occurred frequently in Xinjiang, e.g., the KS, AKS, and HT
stations recorded an extreme precipitation event, lasting for more than 100 h from May
15 to 21, 2018, during which precipitation broke the annual historical extremum in many
places, while seriously endangering the local economy and people’s lives. The northward
extension of the Tibetan heat source and its thermal effect on regional precipitation
anomalies in spring and summer require further analysis. Therefore, a comprehensive

study of the influence of the northward extension of the Tibetan heat source on regional
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weather and climate is necessary.
4 Conclusions

Dust aerosols can warm the climate, but the net influence of dust aerosols on global
climate is rather uncertain (Penner, 2019). Aerosol-radiation interactions require
knowledge of the spectrally varying aerosol extinction coefficient, single scattering
albedo, and phase function (McComiskey and Feingold, 2008; Loeb and Su, 2010; Kahn,
2012), which can, in principle, be estimated from the aerosol size distribution, shape,
chemical composition, and mixing state (Sicard et al., 2014; Lacagnina et al., 2015; Li
and Sokolik, 2018). This leads to large uncertainties in quantifying the dust radiative
effect in models. In contrast to other studies (Gu et al., 2006, 2016; Law et al., 2006;
Huang et al., 2009), this is the first in situ observational evidence on the heating effect of
dust aerosols over the Tarim Basin (TB). Although we avoided these complex processes,
it is undeniable that errors still exist. The main conclusions are as follows:

A relatively warm layer was observed between 700 and 300 hPa in spring and
summer over the TB. We focused on the temperature anomalies at 500-300 hPa altitude,
and found that, in spring, the AT values at each station were positive, ranging between
2.29 and 2.73 K; in summer, the AT values were smaller than those in spring, ranging
between 1.21 and 1.57 K.

Dust can heat the layer between 500 and 300 hPa in spring and summer over the TB;
this heating effect exhibits clear temporal and spatial variations. The heating intensity in
summer (i.e., 0.13 K mean OMR value) was significantly weaker than that in spring (i.e.,
0.30 K mean OMR value). In the southern TB, the average OMR values of the heating
layer were 0.31 and 0.17 K in spring and summer, respectively; in the northern TB, the

average OMR values of the heating layer were 0.28 and 0.12 K in spring and summer,
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respectively. Dust radiative forcing was one of the heat contributors to the warm layer
over the TB. Topographically, the TB is adjacent to the Tibetan Plateau, which acts as an
elevated heat source in spring and summer. The warm atmospheric layer over the TB
seems to be a northward extension of the Tibetan heat source. Therefore, in this study, we

proposed the concept of the northward extension of the Tibetan heat source.
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Figure captions

575  Figure 1. Topographical map of the study domain and distribution of the stations in the
Tarim Basin (TB). The contours of the terrain height are in km above mean sea
level. The solid lines indicate the trajectory of the CALIPSO satellite over the
TB on July 4 (20:22 UTC; black line), 5 (07:02 UTC; red line), 25 (20:40 UTC;
blue line), and 27 (20:28 UTC; green line), 2016, of which, July 4 and 5 were

580 characterized by dusty weather, while July 25 and 27 were clear days.

Figure 2. Temperature-difference (AT) profiles in the spring and summer of 2016-2017
at the (a) Kashi (KS), (b) Akesu (AKS), (c) Kuerle (KEL), (d) Hetian (HT), (¢)
Minfeng (MF), and (f) Ruogiang (RQ) radiosonde stations. Shadings indicate the
layer with positive AT.

585  Figure 3. Average AT between 500 and 300 hPa in (a) spring and (b) summer. Dots
indicate the site locations, while different colors indicate different heating
intensities.

Figure 4. The altitude—orbit cross-section of the 532-nm total attenuated backscattering

intensity (left panels) and classified particles (right panels) on July (al and bl)

590 4, (a2 and b2) 5, (a3 and b3) 25, and (a4 and b4) 27, 2016, along the trajectory
of the CALIPSO satellite over the Tibetan Plateau, as presented in Fig. 1. Gray
shadings indicate the topography.

Figure 5. Frequencies of (a) dust events and (b) dust events including dust storms and

cases of blowing and floating dust at the (a) Kashi (KS), (b) Akesu (AKS), (c)

595 Kuerle (KEL), (d) Hetian (HT), (¢) Minfeng (MF), and (f) Ruogiang (RQ)

stations in the spring and summer of 2016-2017; the blue dashed line represents

the boundary between spring and summer. Seasonal distribution of the dust-top

25



height in km over the Tarim Basin in (c) spring and (d) summer, inferred from
CALIPSO.
600  Figure 6. Profiles of the temperature difference (radiosonde observations minus ERA-5
data) in the spring and summer of 2016-2017 at the (a) Kashi (KS), (b) Akesu
(AKS), (¢) Kuerle (KEL), (d) Hetian (HT), (e¢) Minfeng (MF) and (f) Ruogiang
(RQ) radiosonde stations.
Figure 7. (a) Relationship between radiosonde temperature observations and MERRA-2
605 data at 500-300 hPa altitude in the spring and summer of 2016-2017. (b) Mean
square errors (MSE) between the radiosonde observations and MERRA-2 data at
each layer between 500 and 300 hPa. Distributions of the temperature difference
between MERRA-2 and ERA-5 data (OMR) averaged over 500—300 hPa in the
(c) spring and (d) summer of 2016-2017. Black dots indicate the site locations.
610  Figure 8. Conceptual scheme of the northward extension of the Tibetan heat source, which
is partially attributed to the heating effect of suspended dust aerosols over the
Tarim Basin. Solid and dashed lines represent the dust-influenced and dust-free
temperature profiles, respectively. Yellow arrows denote solar radiation,
including the components reflected and absorbed by clouds, dust aerosols, and
615 the surface. Red arrows at the surface denote sensible heat. White solid arrows
denote turbulent and convective mixing in the planetary boundary layer. White

dashed lines indicate the altitude.

620

26



Table 1. Fitting equations for each station based on eq. (1).

Station Season Fitting equation
Spring Tr = 0.117H — 77.564; R? =0.983
KS
Summer Tr = 0.109H — 64.468; R? = 0.994
Spring Tr = 0.115H — 77.786; R? = 0.981
AKS
Summer Tr = 0.109H — 65.186; R? = 0.992
Spring Tr = 0.113H — 77.682; R? = 0.981
KEL
Summer Tr = 0.110H — 65.349; R? = 0.992
Spring Tr = 0.117H — 76.374; R? =0.981
HT
Summer Tr = 0.106H — 60.881; R? = 0.988
Spring Tr = 0.117H — 76.382; R? = 0.981
MF
Summer T = 0.106H — 60.502; R? = 0.986
Spring Tr = 0.115H — 76.971; R? =0.981
RQ

Summer Tr = 0.108H — 62.300; R? = 0.989
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Table 2. Contribution of suspended dust to the anomalous warm atmospheric layer at

500-300 hPa altitude over the TB.

Station KS AKS KEL

Spring Summer  Spring  Summer  Spring  Summer

Contribution (%)
17.51 29.00 11.83 7.87 10.30 3.16

Station HT MF RQ

Spring Summer  Spring  Summer  Spring  Summer

Contribution (%)
14.65 4.06 15.13 6.94 13.21 10.46
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Figure 1. Topographical map of the study domain and distribution of the stations in the
Tarim Basin (TB). The contours of the terrain height are in km above mean sea level. The
solid lines indicate the trajectory of the CALIPSO satellite over the TB on July 4 (20:22
UTC; black line), 5 (07:02 UTC; red line), 25 (20:40 UTC; blue line), and 27 (20:28 UTC;
green line), 2016, of which, July 4 and 5 were characterized by dusty weather, while July

25 and 27 were clear days.

29



(a) (b) {c)

2004 T T T T T T T e T T T T =
KS l—— Spring AKS I KEL I
1 | 1 |
1 -9000
I 1 | ] |
400 - | . | 7 I ]
1 1 |
;-(E | i | i | —5500 é
< ] | | =
o 600 1 7 1 11 | b =]
2 I | I | | T
i {3000
o 1 1 { |
800 - 1 - 1 e | :
1 b 1 b | {1500
| | | ]
1 | |
1000 L L L | LI ! T T LI T T T T ! T T T T ! AL T L ! T T LI
108 6 420 2 46 810108 -6 420 2 4 6 8 10-10-8 6 4 2 0 2 4 6 8 10
() AT(K) (® ATK) ® AT(K)
200 4 T~ T T T 4 =X T T T T T B Y T T T 3
HT ! MF ! RQ :
1 - 9000
| ] | 7 |
400 | | 1 | s | E
| | |
E | | | | | - 5500 g
= | | | =
@ 800 + | ., | ] | ] 2
2 I | 1 | J . o
8 1 < 3000
o { 1 I I
800 o I E 1 4 | -
| 4 | R | 1500
1 | | | 4
| 1 |
1000 A DL B | LI ! T T T LI LA L R | LI I| L L L LA B | LI I\ T T L
108 6 420 2 46 810-10-8-6-4-20 246 8 10-10-8 6 -4 2 0 2 6 8 10
AT (K) AT(K) AT(K)

665  Figure 2. Temperature-difference (AT) profiles in the spring and summer of 2016-2017
at the (a) Kashi (KS), (b) Akesu (AKS), (c¢) Kuerle (KEL), (d) Hetian (HT), (¢) Minfeng
(MF), and (f) Ruoqiang (RQ) radiosonde stations. Shadings indicate the layer with

positive AT.
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Figure 4. The altitude—orbit cross-section of the 532-nm total attenuated backscattering
intensity (left panels) and classified particles (right panels) on July (al and bl) 4, (a2 and
b2) 5, (a3 and b3) 25, and (a4 and b4) 27, 2016, along the trajectory of the CALIPSO

satellite over the Tibetan Plateau, as presented in Fig. 1. Gray shadings indicate the

topography.
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and summer. Seasonal distribution of the dust-top height in km over the Tarim Basin in

(c) spring and (d) summer, inferred from CALIPSO.
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Figure 6. Profiles of the temperature difference (radiosonde observations minus ERA-5

data) in the spring and summer of 20162017 at the (a) Kashi (KS), (b) Akesu (AKS), (¢)

Kuerle (KEL), (d) Hetian (HT), (¢) Minfeng (MF) and (f) Ruoqgiang (RQ) radiosonde

stations.
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Figure 7. (a) Relationship between radiosonde temperature observations and MERRA-2
data at 500-300 hPa altitude in the spring and summer of 2016-2017. (b) Mean square
errors (MSE) between the radiosonde observations and MERRA-2 data at each layer
between 500 and 300 hPa. Distributions of the temperature difference between MERRA -
2 and ERA-5 data (OMR) averaged over 500-300 hPa in the (¢) spring and (d) summer

0f 2016-2017. Black dots indicate the site locations.
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Figure 8. Conceptual scheme of the northward extension of the Tibetan heat source,
which is partially attributed to the heating effect of suspended dust aerosols over the Tarim
Basin. Solid and dashed lines represent the dust-influenced and dust-free temperature
profiles, respectively. Yellow arrows denote solar radiation, including the components
reflected and absorbed by clouds, dust aerosols, and the surface. Red arrows at the surface
denote sensible heat. White solid arrows denote turbulent and convective mixing in the

planetary boundary layer. White dashed lines indicate the altitude.
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