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Abstract The study during the past twenty years on the Tibetan Plateau driven air-pump (TP-SHAP) and its impacts on
the Asian summer monsoon is reviewed. The impact mechanisms are summarized from the perspective of energy (),
potential vorticity—diabatic heating (PV—Q), and angular momentum conservation (AMC) constraint. It is demonstrated
that the surface sensible heating on the plateau’s slopes plays a significant role in changing the energy of the air parcel
moving towards the plateau and generating its vertical pumping. The PV forcing induced by the TP-SHAP generates a
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strong and vast cyclonic circulation surrounding the plateau in the lower troposphere, which transports abundant water
vapor from the sea to the land to feed the continental monsoon rainfall. Through changing the thermal and circulation
structure over the TP, the plateau surface sensible heating also produces minimum absolute vorticity and potential
vorticity in the upper troposphere in the subtropics, and induces a monsoonal type meridional circulation under the
constraint of angular momentum conservation. It provides a favorable large-scale ascending background for the monsoon
development over the vast Asian summer monsoon area. A brief comment on the recent discussion of the TP impact on

Asian monsoon formation is provided as well, and an outlook on future study is given at the end.
Keywords Tibetan Plateau (TP), Tibetan—Iranian Plateau (TIP), Asian monsoon, Sensible heat driven air-pump (SHAP),

Water vapor transpotation
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Fig. 1
(b, d) 90°E during 1986-1995. (Adapted from Wu et al., 2007)

(a, b) July and (c, d) January mean cross sections of potential temperature (contours, units: K) and winds (vectors, units: m s ') along (a, ¢) 30°N and
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Fig. 2 July mean vertical heating profiles over the Tibetan Plateau and the
Bay of Bengal during 1979-2010. Yellow and red lines represent total
heating and vertical diffusive heating over the Tibetan Plateau, respectively;
purple and blue lines denote total heating and convective heating over the

Bay of Bengal, respectively
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Fig. 3 Distributions of differences in wind (vectors, units: m s ') and vertical velocity (—w, color shadings, units: 107 Pa s™') at the =0.991 between
experiment NOSH (no sensible heating) and experiments (a) ALLSH (sensible heating on all surface), (b) SLPSH (sensible heating on slope), and (c) TOPSH
(sensible heating on top). Left panels indicate the experiment designs, right panels indicate interpretations of the relevant mechanisms. Orange shadings
represent mountain and heavy red bars denote the imposed surface sensible heating. In middle panels, the dashed rectangle indicates the prescribed mountain

base. (Adapted from Wu et al., 2007)
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Fig. 4 JJA (June, July, and August) mean precipitation rate (color shadings, units: mm d') and 850-hPa winds (arrows, units: m s ') from GCM model for (a)
control experiment CON with full topography, (b) experiment TOP_NS in which sensible heating at the top of the Tibetan Plateau is removed, (c) experiment
HIM in which surface elevations north of the Himalayas is set to zero, (d) experiment HIM_NS, which is the same as the HIM run except the surface sensible
heating on the Himalayas is set to zero. In Figs. b, d, red lines indicate sensible heating is removed. Purple contours surround elevations higher than 1500 m and

3000 m, the same below. Right panels provide corresponding mechanisms. (Adapted from Wu et al., 2012)
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Fig. 5 JJA mean precipitation (color shadings, units: mm d ') and 850-hPa winds (arrows, units: m s '): (a) Control experiment CON with full topography; (b)

experiment L_S in which no topography is presented; (c) differences between Fig. a and Fig. b; (d) experiment TIP_M in which TIP (Tibetan—Iranian Plateau)

is added but without surface sensible heating to the atmosphere; (¢) experiment TIP_SH showing the impacts of TIP surface sensible heating on the ASM

(Asian summer monsoon). (Adapted from Wu et al. 2012)
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Fig. 6 JJA mean differences of potential temperature (color shadings, units: K) and circulation (arrows, units: m s ') in near surface (6=0.991) from GCM

model: (a) between CON (experiment with sensible heating) and TIP_NS (experiment without sensible heating), (b) between CON_dry (dry experiment with

sensible heating) and TIP_ NS dry (dry experiment without sensible heating). The rectangle indicates the north (24°-28°N, 75°-100°E) of South Asian summer

monsoon region. (Cited from He et al., 2015)
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Fig. 7

JJA mean absolute vorticity (color shadings, units: 10> s') and meridional circulation (streamline) averaged over (a) the eastern Pacific

(160°E-90°W), (b) the ASM area (70°-90°E). Heavy red curves with arrows indicate circulation directions; white dashed curves denote the ridge line locations

(zonal wind u=0) of the subtropical anticyclone; gray shadings indicate topography
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Fig. 8 JJA mean air temperature (color shadings, units: K) and wind field (arrows, units: m s ') at (a, b) 300 hPa and (c, d) 100 hPa from WRF model for the

experiments of (a, ¢) CTL and (b, d) the differences between CTL and TP_NS. In Figs. b and d, the black arrows and the dotted regions denote wind differences

and temperature differences above 95% confidence levels. (Adapted from Wu et al., 2016)
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Fig. 9 Profiles over the Tibetan Plateau (37°N, 95°E) produced from numerical experiments of (a) air temperature, (b) lapse rate, and (c) temperature
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Fig. 10 Schematic diagram indicating the formation of the area of minimum PV (potential vorticity) forcing near the tropopause due to thermal forcing over

the main body of the TP. P. indicates critical pressure level, vectors indicate anticyclonic circulation, “C” and blue denote cold temperature, “W” and pink

denote warm temperature. (Cited from Wu et al., 2016)
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Fig. 11 JJA mean distributions of differences in (a) 150-hPa absolute vorticity
(shadings, units: 10~ s™") and (b) potential vorticity (units: PVU, 1 PVU=10"°
K m? s kg!) along 35°N simulated by experiment CTL and experiment
TP_NS (CTL minus TP_NS). Dotted regions denote statistical significance of
the differences above the 95% confidence level. (Adapted from Wu et al., 2016)
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Fig. 12 (a) The length of day (LOD) on the summer solstice; (b) July mean cloud fraction (upper panel) and surface downward short wave radiation
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(units: W m%, lower panel); (c) annual evolution of daily short wave radiation (units: W m?) averaged along 75°-100°E at the TOA (top of
atmosphere), white dashed line denotes the 480 W m > contour, the white rectangle indicate the South Asian summer monsoon (SASM) region
(24°-28°N) during JJA. Annual evolution of surface northerly wind (units: m's™') occurrence averaged along 75°~100°E from (d) ERA-interim in 2001,
(e) experiment CON, (f) experiment NOTIP (no TIP topography). The red rectangles in Figs. d—f indicate the SASM region (24°-28°N) during JJA.
(Adopted from He et al., 2015)
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Fig. 13 JJA mean distributions from ERA reanalysis data: (a) 200-hPa geopotential height (blue solid lines, units: dagpm) and 400-hPa geopotential height

(green dashed lines, units: dgpm), 200-400 hPa mass-weighted mean temperature (red solid lines, units: K); (b) 500-hPa vertical velocity (shadings, units:

hPas '), 200400 hPa mass-weighted mean temperature (red contours, units: K), surface entropy more than 356 K (purple stippled; units: K), and the 300-hPa

contour of =0 (black dashed line); (c) 60°~100°E averaged diabatic heating O/c, (shadings, units: K d™") and adiabatic heating (blue dotted contours, units: K d"),

ridgeline (black dashed line), and mean temperature deviation (red contours, interval: 5 K) from the area (0°-50°N, 40°-160°E). (Cited from Wu et al., 2015)
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Fig. 14 Schematic diagram of the 7-0Q. mechanism contributing to the longitudinal location of the upper-troposphere temperature maximum (UTTM). Strong
monsoon convective latent heating induces upward motion (blue upward arrows) along the subtropics, and results in local development of a vertical northerly
shear (black arrows). Further, it induces an eastward decreasing temperature gradient over the heated layer in the upper troposphere, and eventually leads to the
formation of the UTTM and the intensified South Asian High (SAH) to the west of the heating. The vertical southerly shear over the western Eurasian subtropics
is caused by strong surface sensible heating at surface and longwave radiation cooling (red downward arrow) in the upper troposphere. It contributes to the
formation of the UTTM and SAH on the eastern side of the cooling. The black arrows denote the meridional wind driven by heating, the orange arrows denote the
Coriolis force (fv) which is in geostrophic balance with the pressure gradient force, the blue solid line denotes the SAH at 200 hPa, the pink solid line denotes air
temperature at 300 hPa, and the pink dashed line denotes u=0 contour at 300 hPa. (Cited from Wu et al., 2015)
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