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Abstract
The atmospheric heat source/sink (AHS) and snow cover/depth over the Tibetan

Plateau (TP) in late spring play important roles in modulating the evolution of

Asian summer monsoons. However, quantitative estimation of the AHS over the

TP is still a large challenge because of limited observational data. In this work,

both data analyses and numerical simulations from the Weather Research and Fore-

casting model with an updated daily snow-depth data set are conducted to explore

the intrinsic connection between the AHS and snow depth over the TP in May.

Data analyses indicate that only a weak negative relationship exists between snow

depth and the AHS over the western TP. On the other hand, despite the overall con-

sistency in the spatial pattern of the AHS between the reanalysis data sets and the

Weather Research and Forecasting model, a strong cooling effect (about

−14.4 W/m2) appears over the western TP (32�–40�N, 70�–78�E) and the

Nyenchen Tanglha Mountains in the simulation, where the altitude is above

4,000 m with thick snow cover. This characteristic is opposite to that observed in

reanalysis data sets. Further analysis indicates that the underestimated atmospheric

net longwave radiative cooling effect that is associated with snow depth may exag-

gerate the atmospheric heat source in current reanalysis data sets. Large uncer-

tainties in the AHS still exist in current state-of-the-art reanalysis data sets,

especially over the regions of the TP covered by snow.
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1 | INTRODUCTION

The impact of thermal forcing and snow cover/depth over the
Tibetan Plateau (TP) on Asian summer monsoons has long
been investigated. Many previous studies (e.g., Ye and Gao,
1979; Turner and Slingo, 2011; Wu et al., 2012b; Xu et al.,
2013) have found that both the atmospheric heat source/sink

(AHS) and snow cover/depth over the TP strongly influence
the intensity, onset, and rainfall patterns of Asian summer
monsoons. However, the uncertainties in quantitative estima-
tion of the intensity and variation of the AHS and snow cov-
er/depth over the TP have become a bottleneck preventing the
further understanding of the impacts of the TP's AHS and
snow on the variability of Asian summer monsoons.
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In general, the AHS over the TP is composed of three
parts: surface sensible heat, atmospheric latent heat released
from condensation, and the net radiative heat of the air col-
umn (Ye and Gao, 1979). In spring, the TP's thermal condi-
tions are dominated by surface sensible heat (Zhao et al.,
2018). Many studies (e.g., Zhao and Chen, 2001; Duan
et al., 2005; Wang et al., 2014; Ge et al., 2017) have found
a robust statistical relationship between the TP's spring sen-
sible heat source and Asian summer rainfall. However, the
TP's surface sensible heat is an indirect variable because of
the absence of direct observations (it is usually derived from
the bulk formula [Ye and Gao, 1979; Duan and Wu, 2008;
Yang et al., 2011]); plus, obvious discrepancies exist among
different data sets (Zhu et al., 2012; Shi and Liang, 2014).
Meteorological data applications over the TP are constrained
by the sparse surface-station network and biases in satellite-
derived precipitation (Tong et al., 2014), resulting in large
uncertainties in quantitative estimates of the AHS over the
TP (Duan et al., 2014).

Snow cover/depth over the central and eastern TP can be
measured by meteorological stations, but most stations are
located in valleys and on plains. Snow data over most parts
of the western TP and mountains rely on satellite retrieval
(Armstrong et al., 2005; Dai and Che, 2010), and the accu-
racy of MODIS snow data over the TP is approximately
90% compared with in situ snow observations (Pu et al.,
2007). Notably, a robust positive relationship was found
between the TP's winter/spring snow cover/depth and the
summer precipitation amounts over the middle and lower
reaches of the Yangtze River (Chen et al., 2000; Xu et al.,
2012); however, the latter is also in-phase with the spring
surface sensible heat source (Wang et al., 2014) and the
summer AHS (Zhao and Chen, 2001) of the TP. Above-
normal snow over the TP is usually followed by a weak
heating status (Zhang and Tao, 2001) owing to the high
reflectivity of snow. Jiang et al. (2016) pointed out that the
TP's AHS in peak summer is dominated by latent heat and
modulated by tropical convection, which is different from
the connection with snow for the AHS in June. However,
the cooling effect of snow is ambiguous, and only qualitative
results have been provided in previous studies (Zhang and
Tao, 2001; Xu et al., 2012; Wang et al., 2018). Studies on
the intrinsic connection between the AHS and snow depth
over the TP are insufficient. Therefore, a critical issue is
how and to what extent the TP's snow cover/depth cools the
overlying atmosphere.

The goal of this study is to explore the potential relation-
ships between the AHS and snow depth over the western TP
via data analysis and numerical simulation. Following this
introduction, the data and methods are briefly described in
Section 2. Section 3 compares the AHS derived from
reanalysis and Weather Research and Forecasting (WRF)

model data. The potential relationship between the AHS and
snow depth is discussed in Section 4. A summary and dis-
cussion conclude the paper in Section 5.

2 | DATA AND METHODS

2.1 | Data

The data sets used in this paper are as follows:

1. The daily snow depth over the TP is from Dai and Che
(2010) at a spatial resolution of 0.25� × 0.25� for the
years 1979–2016. These data are derived from passive
microwave sensors (SMMR, SSM/I and SSMI/S), and
an inter-calibration method is used to reduce the incon-
sistency among satellite platforms (Dai et al., 2015).
After calibration, the long-term snow depth is highly
consistent and biases in snow depth between the SSM/I
and SSMI/S data decrease from 42.42% to 1.65% and
from 66.18% to −1.5%, respectively. Additionally, the
monthly satellite radiation product GEWEX SRB
(Stackhouse et al., 2004), version 3.0, is used for
1984–2007, gridded at 1� × 1�. Monthly Clouds and the
Earth's Radiant Energy System (CERES) radiation flux
datasets (Wielicki et al., 1996) from 2011 to 2016 are
used here as well, with a spatial resolution of 1� × 1�.

2. The daily reanalysis data sets used here include ERA-
Interim (Dee et al., 2011), JRA-55 (Ebita et al., 2011),
NCEP/NCAR (Kalnay et al., 1996), and NCEP/DOE
(Kanamitsu et al., 2002), for the period 1979–2016.
These reanalysis data sets are gridded at 1.5� × 1.5�

(ERA150), 0.75� × 0.75� (ERA075), 1.25� × 1.25�

(JRA-55), and 2.5� × 2.5� (NCEP/NCAR and
NCEP/DOE). However, radiation flux variables and
snow water equivalent (SWE) data obtained from the
four reanalysis data sets are in monthly intervals from
1979 to 2016.

2.2 | Model, experimental design, and
methods

The Weather Research and Forecasting (WRF) model, ver-
sion 3.7 (Skamarock et al., 2008), is used in this study. The
main physical packages used here include the Thompson
microphysics scheme, the Rapid Radiative Transfer Model
longwave radiation scheme, the Duhia shortwave radiation
scheme, the Noah land surface model, the Mellor–Yamada–
Janjic planetary boundary layer scheme, and the Grell–
Devenyi convective scheme. The composite of these param-
eterizations has been successfully applied in the generation
of the High Asia Reanalysis data set over the TP by
Maussion et al. (2014). The simulation area covers most of
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Asia and the adjacent oceans with a Lamert projection with
a 30-km horizontal resolution (250 × 200 grids), centred at
30�N/90�E, and 50 vertical layers with a top at 50 hPa.

The initial and boundary conditions (updated every 6 hr)
are from the ERA-Interim reanalysis data, gridded at
0.75� × 0.75�. Sea surface temperature (Reynolds et al.,
2007) and snow depth (Dai and Che, 2010) over the TP are
updated daily. The WRF model is reinitialized every 36 hr,
with each run starting at 1200 UTC every day, and the first
12 hr of each run discarded as spin-up time. The remaining
24 hr of the WRF model output data, in intervals of 6 hr,
provide 1 day of output data. There are six total months sim-
ulated in this study, that is, starting at 1200 UTC April
30 and ending at 0000 UTC June 1 for each year from 2011
to 2016. A consecutive reinitialized run has been demon-
strated to be better than long-term integrations with a single
initialization (Lo et al., 2008), and was evaluated in detail
over the TP area by Maussion et al. (2014).

In reanalysis data sets, the AHS is usually estimated by
the apparent heat source method (Yanai et al., 1973):

Q1=Cp
p
p0

� �k ∂θ

∂t
+V

!�rθ+ω
∂θ

∂p

� �
, ð1Þ

where θ is the potential temperature, V
!

is the horizontal
velocity, ω is the vertical p-velocity, p is the pressure, and
p0=1,000 hPa. In Equation (1), k=R/Cp, and R and Cp are
the gas constant and the specific heat at constant pressure of
dry air, respectively.

Integrating Equation (1) from 100 hPa to the surface
pressure ps, we obtain

<Q1>=
1
g

ðps
100

Q1dp=<QR>+LP+Qs: ð2Þ

The values of <QR>, L, P, and Qs are the vertically inte-
grated radiation heating (cooling) effect, the condensation
heat coefficient, the precipitation rate, and the surface sensi-
ble heat flux, respectively.

In the WRF model, the heating profile can be decomposed
by the cumulus scheme (CU), microphysics scheme (MP),
longwave radiation scheme (LW), shortwave radiation scheme
(SW), planetary boundary layer scheme (BL), and nudging
progress (not used in this study). In addition, the total radia-
tion effect should be defined as RA = LW + SW. Thus, the
total heating profile can be estimated by

TH=CU+MP+LW+SW+BL: ð3Þ

Finally, a similar vertical integration (as performed in
Equation (2)) is applied to Equation (3), and then the AHS,

composited by each physical process in the WRF model, can
be obtained, which is helpful in understanding the thermody-
namic effects over the TP.

3 | THE AHS SIMULATED BY THE
WRF MODEL

The surface sensible heat flux over the TP usually reaches
its peak value in May and acts as the dominant component
of the AHS, which is regarded as the critical factor for the
outbreak of Asian summer monsoons (Zhang and Wu,
1998, 1999). As shown in Figure 1, snow cover is con-
fined to regions above 4,000 m over most of the TP. On
the other hand, the snow melts very quickly after May,
and large-scale snow is only detected over the western TP
during the summer (Figure 1b–d). Snow in the western TP
in late spring is less connected with Asian summer precip-
itation because the rainy season over most parts of the TP
starts after June (Zhang and Yao, 1984), and the TP's
AHS is dominated by latent heat released from precipita-
tion after June (Zhao et al., 2018). Also, the snow-albedo
effect plays a significant role in cooling air temperature
(Xiao and Duan, 2016). Therefore, the relationship
between snow and the AHS in May over the TP is less
interrupted by monsoon precipitation, and so results in
May are shown in this study.

Figure 2 shows the spatial distributions of the AHS in
May. The AHS retrieved from the ERA150, ERA075,
JRA55, and WRF data sets displays a common characteris-
tic, that is, it basically decreases from east to west of the
TP. However, there are still large discrepancies in the spatial
distribution and intensity of the AHS among the reanalysis
datasets. For example, minimum centres of the AHS occur
over the western TP in the ERA150 (Figure 2a) and
ERA075 (Figure 2b) data sets. However, low-value points
are found in the JRA-55 data set (Figure 2c) around (34�N,
85�E), and the AHS in the NCEP/NCAR (Figure 2d) and
NCEP/DOE (Figure 2e) data sets presents a minimum centre
around (33�N, 92�E).

Even though ERA150 and ERA075 are derived from
the same data set, with the only difference being their
horizontal resolution (Figure 2a and b), discrepancies still
exist. The ERA-Interim reanalysis data have a spectral
T255 horizontal resolution, which corresponds to a spac-
ing of approximately 79 km (Dee et al., 2011). A higher
resolution makes the output show more detailed informa-
tion, resulting in massive amounts of data, but does not
increase the accuracy of the data, while a coarser resolu-
tion is aliased (https://software.ecmwf.int/). Therefore,
the AHS obtained from the ERA075 data with a horizon-
tal resolution of 0.75� × 0.75� (approximately 80 km)
should hold the true value on behalf of the ERA-Interim
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data. Thus, although the spatial distributions derived from
the ERA150 (Figure 2a) and ERA075 (Figure 2b) data
sets show similar characteristics, some of the more
detailed information cannot be detected in ERA150, such
as the negative centre (about −10 W/m2) shown in
ERA075 above 4,000 m on the western TP (Figure 2b).
Thus, caution should be applied when using a coarser res-
olution of ERA-Interim. The spatial patterns in the
NCEP/NCAR (Figure 2d) and NCEP/DOE (Figure 2e)
data sets show large differences from those in ERA-
Interim and JRA-55, which may stem from the 3D-Var
assimilation system used in the NCEP reanalysis data, as
opposed to the 4D-Var system applied to the JRA-55 and
ERA-Interim data. The 4D-Var approach is more effec-
tive in using observations (Dee et al., 2011), but a higher
resolution topography may be another possible reason for
the better performance in the reanalysis data (Hofer
et al., 2012).

The pattern correlation coefficient of the AHS over the
TP between the WRF model and the reanalysis data sets is
the largest for ERA075 at 0.57, which exceeds the 95% con-
fidence level, indicating that the AHS over the TP is
reproduced well by the WRF model. Although the WRF
model can reproduce the atmospheric heat source over most
parts of the TP, as shown in Figure 2, a notable atmospheric
heat sink exists over the western TP (32�–40�N, 70�–78�E),
the southeastern TP (the Nyenchen Tanglha Mountains) and

the Qaidam Basin in the WRF model, which is opposite to
the case in the reanalysis data sets. An atmospheric heat sink
over the western TP and the Nyenchen Tanglha Mountains
is confined to areas above 4,000 m (Figure 2f) and is pre-
cisely consistent with regions covered by thick snow
(Figure 1a).

There should be some potential relationships between the
snow depth and atmospheric heating status over the
TP. Thus, the large area covered by thick snow over the
western TP, with an orographic height exceeding 4,000 m
(red box, Figure 1a; 32�–40�N, 70�–78�E), is selected for
further investigation. As shown in Figure 3, the atmospheric
heat sink (−14.4 W/m2) is clearly simulated by the WRF
model; however, all of the reanalysis data sets present a pos-
itive atmospheric heat source in this area. Specifically,
NCEP/DOE shows the strongest heating (78.2 W/m2). It is
worth noting that ERA075 depicts the weakest heat source
of 36.0 W/m2 in the western TP, with a negative center
(−10.0 W/m2) apparent in its spatial distribution (Figure 2b).
Thus, the indication is that an atmospheric heat sink can be
manifested regionally in reanalysis data sets, but the signal
is extremely weak. Wang et al. (2018) found that anomalous
western TP snow strongly cools the overlying atmospheric
column. Therefore, is the cooling effect of snow in the WRF
model stronger than that in reanalysis data sets? Or is this
observation simply a bias that is only caused by the WRF
model?

(a) (b)

(c) (d)

FIGURE 1 Climatological distributions of snow depth (units: cm) over the TP in (a) May, (b) June, (c) July, and (d) August. Black solid lines
and dashed curved lines outline the areas of the TP with an average altitude greater than 2000 and 4,000 m, respectively. The red rectangle in
(a) represents the area (32�–40�N, 70�–78�E), covered by thick snow, over the western TP. That rectangle has the same meaning in the following
figures
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Figure 4 shows the variance (SD) of the SWE and AHS
over the TP, as well as the correlation coefficients between
them, derived from the four reanalysis data sets. Except for
NCEP/NCAR, the largest variance in the SWE is greater
than 40 mm, and is detected over the western TP (Figure 4,

left column). Meanwhile, the AHS (Figure 4, middle col-
umn) also exhibits a large variance (greater than 36 W/m2)
over the western TP, which is consistent with the large vari-
ance of the SWE. In general, the variance of the AHS over
the interior TP and the northeast TP is much weaker than
that in the areas covered by snow. Of course, it can be seen
that the variance of Q1 (AHS) over the southeastern TP is
also remarkable. However, it is difficult to attribute that find-
ing to the snow variance because an obvious wet bias occurs
in the WRF model (Jiang et al., 2019) and the AHS is domi-
nated by the latent heat released from precipitation over the
southeastern TP. Although the variances of the SWE and Q1
are consistent over the western TP, their connection is rather
weak in the reanalysis data sets, except JRA-55 (Figure 4,
right-hand column). Previous studies (Wu et al., 2012a; Xu
and Dirmeyer, 2013; Wang et al., 2018) have found that TP
snow is strongly coupled with the atmosphere in numerical
simulations. However, connections between the SWE and
Q1 are not consistent among the reanalysis data sets,

(a) (b)

(c) (d)

(e) (f)

FIGURE 2 Spatial distributions of the AHS (units: W/m2) in May, averaged over 2011–2016, derived from (a) ERA150, (b) ERA075,
(c) JRA-55, (d) NCEP/NCAR, (e) NCEP/DOE, and (f) WRF

FIGURE 3 Area-averaged atmospheric heat source/sink over the
western TP (32�–40�N, 70�–78�E) in May, 2011–2016. Only values
with orographic heights greater than 4,000 m are counted
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indicating an unrobust snow–Q1 relationship in current
reanalysis data sets.

4 | RELATIONSHIP BETWEEN
SNOW DEPTH AND THE AHS

Compared with reanalysis data, numerical modelling is ben-
eficial for separating the parts of the AHS contributed by
each physical process. As shown in Figure 5, the contribu-
tions from the boundary layer, microphysics scheme, cumu-
lus scheme, longwave radiation scheme, and shortwave
radiation scheme to the AHS are relatively distinct in the
WRF model compared with observations.

The boundary layer heating effect mainly comes from
surface sensible heat. It can be seen that a notable low-value
belt in the boundary layer stretches eastwards along with the

southern edges of the TP (Figure 5a), which matches the
snow belt very well (Figure 1a). The maximum heating of
approximately 130 W/m2 from surface sensible heat is
centred around (79�E, 35�N), where there is less snow cover
(Figure 1a). However, the maximum heating areas from the
microphysics (Figure 5b) and cumulus (Figure 5c) schemes
are concentrated at the edges of the TP. The latent heat
release is connected with precipitation, which is enhanced at
the steep edges of the TP. Longwave radiative cooling
(Figure 5e) plays a dominant role in the total radiation effect
(Figure 5d), and the maximum cooling in longwave radia-
tion spreads over the entire western TP, with a maximum
value of approximately −200 W/m2. However, shortwave
radiative heating is almost uniform over the western TP
(Figure 5f).

Vertical heating profiles over the western TP (32�–40�N,
70�–78�E) are shown in Figure 6. The shortwave radiative

FIGURE 4 SDs of SWE (units: mm; left-hand column), Q1 (units: W/m2; middle column) and correlation coefficients (right-hand column)
between SWE and Q1 over the TP in May, 1979–2016, derived from (a–c) ERA150, (d–f) JRA-55, (h–j) NCEP/NCAR, and (k–m) NCEP/DOE.
The hatched regions (right-hand column) denote correlation coefficients significant at the 95% confidence level
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heating exhibits a maximum heating of approximately
2 K/day, and it decreases almost linearly from the surface to
the tropopause. The heating originating from the cumulus

and microphysics processes peaks at 400 and 500 hPa,
respectively, and both have a magnitude of 2 K/day. Bound-
ary layer heating decreases to zero at 400 hPa, and its maxi-
mum heating occurring near the surface is approximately
2 K/day. Generally, the AHS over the western TP, covered
by thick snow, is controlled by longwave radiative cooling,
and the maximum cooling is about −5.8 K/day near the sur-
face. Because only the longwave radiative cooling is nega-
tive (Figures 5 and 6), it should thus be possible to explain
the negative values of the AHS over the western TP
(Figure 2f) by the strong longwave radiative cooling.

Snow over the western TP covers a large area, which can
persist until the summer (Figure 1), and this area is rarely
influenced by deep convection. In this context, it is better for
revealing the potential connection between snow depth and
the AHS. Although the snow-albedo effect is beneficial for
reducing incoming surface shortwave radiation (Xiao and
Duan, 2016; Wang et al., 2018), the atmospheric net short-
wave radiation is not only determined by surface net short-
wave radiation but is also significantly affected by shortwave
radiation at the top of the atmosphere. Thus, the correlation
coefficient between snow depth and atmospheric net short-
wave radiation over the western TP (32�–40�N, 70�–78�E)
from 1984 to 2007 is only 0.31, which is not statistically sig-
nificant. However, the snow albedo reducing the incoming

FIGURE 5 Contributions from each physical scheme to the AHS (units: W/m2) derived by the WRF model in May, 2011–2016: (a) BL;
(b) MP; (c) CU; (d) RA; (e) LW; (f) SW

FIGURE 6 Vertical heating profiles contributed by each physical
process over the western TP (32�–40�N, 70�–78�E) from the WRF
model. Only values with orographic heights greater than 4,000 m are
counted
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surface shortwave radiation is beneficial for surface cooling.
Also, a lower surface temperature reduces the upward surface
longwave radiation, which contributes significantly to the
atmospheric net longwave radiation. Therefore, snow depth
and atmospheric net longwave radiation show a significant
inverse relationship, and their correlation coefficient at the
interdecadal (interannual) scale is −0.75 (−0.59) (Figure 7),
exceeding the 99% confidence level. Both snow depth and
atmospheric net longwave radiation over the western TP
(32�–40�N, 70�–78�E) experience decadal changes roughly
around the year 1997, that is, above-normal snow depth and
dramatic atmospheric net longwave radiative cooling before
1997, whereas both snow and atmospheric net longwave radi-
ative cooling have tended to be weaker since 1997. Therefore,
snow depth is significantly connected with the atmospheric
net longwave radiative cooling not only in terms of the mean
state but also at the interannual and decadal timescales, which
contributes strongly to the atmospheric heat sink (Figure 3f)
over the western TP, as discussed above.

For understanding the bias of net longwave radiative
cooling in the reanalysis data sets and the WRF model,
Figure 8 shows the differences in the net longwave radiation
between the four reanalysis data sets/WRF and CERES in May
during 2011–2016. It is found that net longwave radiative
cooling is significantly underestimated in the reanalysis data
sets, especially over the regions above 4,000 m covered by
thick snow. The maximum positive bias over the western TP is
approximately 60 W/m2, and it appears in all four reanalysis
data sets. However, the positive bias in the ERA-Interim data
(16 W/m2) over the western TP is smaller than that in the other
three reanalysis data sets (Figure 8), and NCEP/DOE exhibits

the highest positive bias (24 W/m2). Thus, the strongest (weak-
est) net longwave radiative cooling is observed in the ERA-
Interim (NCEP/DOE) data, which is consistent with the magni-
tude of the AHS found over the western TP (Figure 3). On the
other hand, a similar spatial pattern of the bias can be found by
using the SRB radiation flux data set from 1984 to 2007, and
the maximum positive bias is only 25 W/m2 (figure not
shown). However, the net longwave radiation reproduced by
the WRF model over the western TP is closest to that in
CERES (Figure 8f), indicating a reasonable net longwave radi-
ative cooling effect in the WRF model. Thus, the net longwave
radiative cooling effect over the western TP, covered by thick
snow, should be strongly underestimated by current reanalysis
data sets, which further influences the estimated AHS.

5 | CONCLUSION AND DISCUSSION

Owing to a lack of adequate meteorological observations
and the complex underlying surface, large uncertainties still
exist in accurately estimating the AHS and snow depth over
the TP, especially over the western TP and mountain areas.
By using multisource reanalysis data sets and the WRF
model, the following results are reported in this paper:

Caution should be applied when using ERA-Interim data
at different horizontal resolutions to examine the diabatic
heating over the western TP. In addition, the robust inverse
relationship between snow depth and the AHS cannot be
detected in current reanalyses. A 6-month consecutive
reinitialized numerical simulation with observed snow over
the TP updated daily has been conducted using the WRF3.7
model. Additionally, a new method has been employed to
quantitatively estimate the AHS with contributions extracted
from each physical process. Compared with the reanalysis
data sets, the AHS over the TP is reproduced well by the
WRF model in terms of spatial distribution. The atmospheric
heat sink can be identified over the western TP and the
Nyenchen Tanglha Mountains, where the surface height is
above 4,000 m and the region is covered by thick snow. Fur-
ther analysis demonstrates that there is a significant inverse
relationship between snow depth and atmospheric net
longwave radiation cooling over the western TP. Thus, due
to the weaker atmospheric response to snow over the west-
ern TP, the atmospheric net longwave radiation cooling is
strongly underestimated by all of the current reanalysis
datasets. Therefore, the AHS over the western TP derived
from reanalysis data sets is much stronger than that derived
from the WRF model over snow regions. Unlike previous
studies, which noted that above-normal snow is usually
followed by a weaker atmospheric heat source, we note that
an atmospheric heat sink may occur over the areas of the TP
covered by thick snow.

FIGURE 7 Standardized time series of snow depth (red) and net
longwave radiation from SRB (blue) averaged over the western TP
(32�–40�N, 70�E–78�E) in May, 1984–2007. Dashed red and blue
lines indicate the corresponding 9-yr running averages. The black thick
solid line represents the year 1997. Only values with orographic
heights greater than 4,000 m are counted
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It is worth noting that the AHS over the Qaidam Basin
has not been discussed in this paper because of our focus on
the interactions between the AHS and snow depth, as well as
the fact that the potential mechanisms are unclear too. The
effects of black carbon aerosol on snow should also be dis-
cussed in future studies, because of its forcing of positive
surface radiative (Ji, 2016). All of the above-mentioned
issues are critical for a deep understanding of the thermody-
namic effects of the TP, and more research should be con-
ducted in the future.
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