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Attribution of the Tibetan Plateau to northern drought

Yuzhi Liu", Yaohui Li%, Jianping Huang'*, Qingzhe Zhu' and Shanshan Wang?

The Tibetan Plateau (TP), which is lo-
cated in Asia and has an average elevation
of over 4000 m, acts as a raised source
of heat [1] and an isolated region of hu-
midity in the atmosphere [2]. The TP
serves as a ‘world water tower’ because it
stores large amounts of water as glaciers,
lakes and rivers [2]. Furthermore, pre-
vious studies have found that the east-
ward outflow of water vapor and clouds
away from the TP contributes signifi-
cantly to precipitation over downstream
regions. However, the dynamic mecha-
nism behind these observations is still un-
clear. It is known that the key driver in
the transportation of air and water re-
sources from the TP is the wind field. Un-
der global warming, the poleward limit
change of the tropical Hadley circulation
and the thermal effect of the terrain over
the TP forces the mid-latitude subtropi-
cal westerly jet (SW]J) to shift [3]. How-
ever, the true effects of the SWJ shift
are unclear. Therefore, to reduce uncer-
tainties in weather forecasting and cli-
mate prediction, a dynamic explanation
of the relationship between atmospheric
circulation and its influence on precipi-
tation over the northern area of China is
urgent.

Here, we propose a dynamic mecha-
nism of the northern drought attributable
to the TP in summer. The TP, similar
to a very large engine, drives the nearby
movement of water vapor, clouds and
aerosols. This ‘strengthening effect’ con-
trols precipitation near the TP and can
trigger flooding or droughts in down-
stream regions. The northern drought is
driven by the collocation of the SWJ posi-

tion and the TP strengthening effect. The
meridional shift in the SWJ is the deter-
mining factor of the northern drought in
summer. When the SWJ shifts northward,
the upper-level westerly wind is weak-
ened; thus, the water vapor, clouds or
dusty clouds over the TP are transported
northward less often, reducing precipita-
tion and causing more frequent droughts.
In contrast, when the SWJ shifts south-
ward, the northern area of China ex-
periences increased precipitation in the
summer.

In summer, the TP is a significant
moisture source because it produces
abundant water vapor and plays an
important role in supplying water vapor
to the north. As indicated in Fig. 1a, since
1979, water-vapor transport has demon-
strated significantly diminishing trends,
and summer precipitation has presented
a decreasing trend over the northern area
of China [4]. Simultaneously, driven by
the ‘elevated heat pump’ effect of the TP,
convective clouds frequently form due to
abundant water-vapor convergence over
the TP, which is another kind of water
resource transported to the north from
the TP. In addition, the TP is located at
the conjunction of several dust sources.
Dust aerosols can be entrained over the
TP by the convergence process [S] and
transported efficiently downstream by
the TP strengthening effect.

Moreover, dust aerosols can mix with
clouds, forming dusty clouds (i.e. clouds
in a dust-plume environment). As shown
in Fig. 1b, over the boundaries of the TP,
which correspond to a high cloud fre-
quency [6], satellites frequently observe

dusty clouds in summer. Dust aerosols
could influence the microphysical prop-
erties of clouds by augmenting the for-
mation and growth processes of ice crys-
tals in the clouds. It was found that dust
aerosols in convective clouds may pro-
duce a secondary indirect effect (i.e. the
cloud lifetime effect) over the TP. Dust
particles decrease the effective radii of
ice particles in convective clouds, pro-
longing the life of these clouds and trig-
gering increased cloud development over
the TP [7]. Furthermore, driven by west-
erly circulation, these dusty clouds move
eastward and merge with cloud clusters
along the movement path and could thus
contribute to rainfall over the northern
area of China [7]. Therefore, the changes
in water vapor, clouds, dust aerosols
and dusty clouds transport from the TP
could partially alter precipitation over the
northern area of China.

Regarding the outflows of water va-
por, dusty clouds, cloud condensation
nuclei and ice nuclei from the TP to-
wards the north, the intensity of the west-
erly wind in upper levels of the atmo-
sphere is critical, and the position of the
SWJ has a determining influence on this
intensity. As indicated in Fig. lc, the
center of the SWJ indicates a significant
northward shift during July and August
over the region of 30°~60°N, 90°-110°E.
Correspondingly, as shown in Fig. 1d,
the upper-tropical wind speeds over the
30°-45°N belt, especially in the north-
ern area of East Asia, are significantly
weakened.

As illustrated above, a dynamic mech-
anism of the summer drought in the
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Figure 1. Mechanism of the TP's attribution to northern drought. (a) Trend distribution of water-vapor flux (kg m=" s=) from the surface to 200 hPa
(shading) and water-vapor flux vector (arrow) in July—August for the 1979-2015 period. The area enclosed by the black bold curve is the main body
of the TP. The dotted symbol denotes a trend significant above the 90% confidence level. (b) The frequency distribution of dusty clouds obtained from
CALIPSO and CloudSat observations during 2007—-15. (c) Time series of the jet stream center’s position anomalies over the region of 30°—60°N, 90°—
110°E during 1979-2015. (d) Distribution of horizontal wind-speed trends (shading; m s~' decade™") and wind vectors (arrows) at 500 hPa in July-August
from the ERA-interim data for the 1979-2015 period. The area enclosed by the black bold curve is the main body of the TP. The dotted symbol denotes
a trend significant above the 90% confidence level. (e) Schematic of the northern drought attributed to the TP.

northern area of China is shown in
Fig. le. As the SWJ shifted northward
in the summer, particularly in July and
August, during 1979-2015, the upper-
level wind speed weakened significantly.
Simultaneously, the wind speed in the
lower tropospheric atmosphere also
weakened (figures omitted). Conse-
quently, the transport of water vapor
from the TP to the north decreased
and, as the outflow of dusty clouds
from the TP decreased, the atmosphere
over the northern area of China tended
to become drier. Simultaneously, the
transport of dust aerosols, which can
serve as ice nuclei in clouds, from the
TP to the north decreased; meanwhile,
the anthropogenic aerosols, especially
sulfate aerosols, demonstrated a high
increasing trend over the northern area
of China. In this northern area, under a
relatively dry atmospheric environment
and scarce dusts serving as ice nuclei in
clouds, abundant anthropogenic aerosols
may suppress rainfall due to a deficit in
the amount of water vapor and ice nuclei.
In summary, under the dynamic control
of the shift in the SWJ in summer, the
outflow of water vapor and clouds from
the TP decreased, which is dominantly
attributable to the rainfall reduction over
the northern area of China. Additionally,
although the role of dust aerosols in
affecting the rainfall over the northern
area of China is uncertain, the possible
decrease in dust-aerosol transport be-
cause of the weakening of the Plateau
effect on the northern drought could be
non-negligible.
With  global

drought may occur more frequently in

warming, northern
China, threatening climate adaptation
in this area. Thus, weather forecasting
and climate prediction will face new
challenges because of the resulting
uncertainties. Here, we established a
new position index for the SWJ that links
summer precipitation over the northern

area of China with the SWJ position:

IndexSW] = Pos{Max [u(30°
—60°N, 90° —110°E)]}
—Meanpos (1)

where Pos denotes the latitude with the
maximum wind speed over the region of
30°-60°N, 90°~110°E in the year, u de-
notes the zonal mean wind speed and
Meanpos denotes the average position of
the SWJ center over the region in July and
August during the investigated period.
A positive Indexgy value corresponds
to a northward shift in the SWJ over
the region, while a negative Indexg
value denotes a southward shift in the
SWJ. This index can be integrated into
precipitation forecasting systems to im-
prove precipitation forecasts in summer
over the northern area of China (to
some degree). The index is applicable for
summer-precipitation forecasts over the
northern area of China under a warmer
climate and can aid in the prevention of
flood and drought disasters.

In addition to the SWJ, associations
of other branches of atmospheric circu-
lation with the drought have been re-
vealed, in which the changes of some cir-
culation branches are induced by TP’s
thermal effect [8]. The thermal forc-
ing of TP in summer can contribute to
strong ascent locally and the large-scale
South Asian high in the upper tropo-
sphere and also be closely related to the
onset and intensity of the Asian summer
monsoon (ASM) [9]. Moreover, the sig-
nal of anomalous TP heating can spread
outwards to a larger area. Furthermore,
the contributions of the TP not only to
drought in northern areas, but also to
drought in other regions of China have
been investigated. It was reported that
weak heating by the TP and vigorous
convection activities over the Philippines

area are likely responsible for the extreme
summer drought in southwest China.
In addition, it was found that the snow
in winter or spring on the TP, as the
most important thermal variable, has
a closely lagged impact on summer
precipitation in eastern China; increased
snow on the TP in the preceding winter
is one of the important factors causing
summer drought in northern China and
southern China. In contrast, decreased
winter snow on the TP usually causes the
Yangtze valley to experience more severe
droughts. Therefore, the influence of
the TP on nearby droughts is a complex
process.

In summary, the TP is considered to
be attributable to the drought in northern
China by different mechanisms. In gen-
eral, the TP’s thermal contrast with the
oceans to its south and east and snow
conditions over the TP [10] can induce
the weakening of the ASM, and then
contribute to the drought over north-
ern China. Importantly, the weakening
trend in TP thermal forcing after the
mid-1970s is considered to be associ-
ated with the weakness of the ASM and
contributes to summer drought over
northern China and wetness over north-
western China. Overall, the atmospheric
circulation, especially the ASM and west-
erly jet, plays important role in the trans-
port of water vapor, clouds, condensation
nuclei and ice nuclei from the TP. So far,
on the attribution of the TP to north-
ern drought, more research has focused
on the role of the TP in transporting wa-
ter vapor, whereas few studies have in-
volved the effects of clouds, condensation
nuclei and ice nuclei transportation from
the TP. In future, a comprehensive anal-
ysis of the impacts of atmospheric circu-
lation, clouds, water vapor, aerosols and
other aspects induced by the changes in
the thermal and dynamic features of the
TP under a warming climate is urgently
needed.
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