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ABSTRACT

The South Asian summer monsoon (SASM) is the most important climate system in Asia. Using observa-
tional data from the HEST2006 (Himalayan Exchange between the Surface and Troposphere 2006) campaign
and large-scale grid data, this paper analyzed the SASM impact on local meteorological parameters including
radiation, temperature, humidity, and wind in the Himalayas. The SASM experienced one active and one
break period during the HEST2006 campaign. The local meteorological parameters exhibit great differences
between the active period and the break period of the SASM. The radiation fluxes are greater in the break
period than in the active period. The air temperature and specific humidity are lower, but soil temperature
and wind speed are higher in the break period than in the active period. Further analysis indicates that the
SASM greatly affects the meteorological features of the Himalayan region.
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1. Introduction

As one of the most important climate systems,

the South Asian summer monsoon (SASM) greatly in-

fluences the atmospheric processes over Asia (e.g., Li

and Yanai, 1996; Webster et al., 1998; Hsu et al., 1999;

Goswami and Xavier, 2003; Goswami et al., 2003). Ex-

amples of the importance of the SASM include the ac-

celeration of lower-level westerly wind in the tropical

East Indian Ocean, the seasonal reversal of the tro-

pospheric meridional temperature gradient, and the

formation of cyclonic vortices in the Bay of Bengal

or the Southeast Arabian Sea (e.g., Lau and Yang,

1997; Matsumoto, 1997; Wang and Lin, 2002; Liu et

al., 2002; Zhang et al., 2004; Ding and Liu, 2006).

The heavy and light rainfalls associated with the dif-

ferent monsoon troughs over South Asia are usually

observed during the active and break periods of the

SASM (Krishnamurti and Ardanuy, 1980; Webster et

al., 1998; Krishnamurthy and Shukla, 2000; Ding and

Sikka, 2006).

The Tibetan Plateau (TP) is the most impor-

tant geographic feature of Asia, with its average al-

titude above 4000 m and an area over 2.3×106 km2.

Strong solar radiation makes the elevated plateau sur-

face a heating source, which drives atmospheric pro-

cesses (Ye and Gao, 1979). The TP therefore plays

important roles in the Asian climate systems (Flohn,

1957; Ye, 1981; Chen et al., 1985; He et al., 1987;

Yanai et al., 1992; Li and Yanai, 1996; Wu and Zhang,

1998; Zhang et al., 2004; Yanai and Wu, 2006; Sato

and Kimura, 2007). Its heating greatly contributes to

the SASM onset by reversing the upper-tropospheric

meridional temperature gradient in the southern TP

(Yanai and Li, 1994; Li and Yanai, 1996; Wu and

Zhang, 1998). On the other hand, the evolution of the

SASM itself contributes greatly to the atmospheric

circulation, moisture conditions, and precipitation
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over the TP (Luo and Yanai, 1983; Chen et al., 1985;

He et al., 1987; Zhang et al., 2004; Gao et al., 1985;

Yao et al., 2009).

The altitude of Himalayas averages above 6000 m,

and the mountain range extends more than 2000 km

along the southern edge of the TP and adjacent to the

SASM region. The Himalayas forms the border along

which the atmospheric systems of the TP and SASM

interact most. After the SASM onset, water vapor

passes through the Himalayas from the Bay of Bengal

to the interior of Tibet (Gao et al., 1985). Both the

Himalayan circulation and large-scale monsoon flows

greatly affect the diurnal variation of precipitation in

the Himalayas during monsoon season (Barros and

Lang, 2003). Most recent results suggest that the Hi-

malayas can produce a strong monsoon by insulating

warm, moist air over continental India from the cold

and dry extratropics (Boos and Kuang, 2010). Studies

of the Himalayan meteorological parameters have indi-

cated features of the atmospheric temperature, mois-

ture, and wind conditions in the Khumbu, Kali Gan-

daki, and Rongbuk valleys (Tartari et al., 1998; Egger

et al., 2000, 2002; and Zou et al., 2008). The results re-

vealed that strong up- and down-valley winds existing

in the Himalayas could be thermally driven by strong

solar radiation. Although Ueno et al. (2008) and

Meinke et al. (2007) revealed that the precipitation

in the Himalayan Khumbu valley is closely related to

the monsoon weather in Nepal, few recent studies have

focused on the impacts of the SASM on Himalayan me-

teorological phenomena, despite the proximity of the

mountain range to the SASM.

In June 2006, the HEST2006 (Himalayan Ex-

change between the Surface and Troposphere 2006)

observational campaign was carried out in the Rong-

buk valley on the northern slope of Mt. Qomolangma,

in which the radiation, temperature, moisture, and cir-

culation were continuously observed within the active

and break periods of the SASM. The objectives of the

present study are 1) to identify the active and break

periods of the SASM during the HEST2006 campaign,

during which the synoptic situations exhibit major

changes over the South Asian region, 2) to present

comprehensively the radiative, thermal, moisture, and

wind conditions in the Himalayas corresponding to the

SASM active and break periods, and 3) to discuss the

influences of the SASM on Himalayan meteorology.

2. Measurements and observational data

To better understand the air mass/energy ex-

change processes between surface and air in the Hi-

malayas and their responses to the South Asian sum-

mer monsoon, the HEST2006 campaign was carried

out in the Rongbuk valley on the northern slope of

Mt. Qomolangma by the Chinese Academy of Sci-

ences in June 2006. The star in Fig. 1a denotes the

campaign field in the middle Himalayas. Figure 1b

shows the topography of the Mt. Qomolangma region

with 1000-m elevation intervals. The Rongbuk val-

ley starts from three glaciers on the northern slope of

Mt. Qomolangma, i.e., the East, Middle, and West

Rongbuk glaciers. It then runs northward with an ap-

proximately 20◦ trend west of due north, turning to

the east at the end of the valley. Two other glaciers,

the Jiuda and Gezhongkang, are located in the west-

ern mountains of the valley. The valley floor, approx-

imately 1000-m wide and 1000-m deep, lies approx-

imately 5000 m above sea level, and is surrounded

by mountains reaching over 6500 m in height in the

neighboring regions. The valley surface is semiarid

and primarily covered by soil, stones of various sizes

and scattered small vegetation.

During the HEST2006 campaign, three observa-

tion sites were established along the Rongbuk valley

from south to north, located at (A) 28.25◦N, 86.82◦E,

4765 m, (B) 28.17◦N, 86.84◦E, 5050 m, and (C)

28.13◦N, 86.86◦E, 5171 m, respectively. The MAWS

systems (Vaisala MAWS101) were used at the three

sites to measure global and net radiation fluxes, soil

and surface air temperatures, relative humidity, pres-

sure, and surface wind speed at 10-min intervals from

1 to 30 June 2006. In addition, a wind profiler (Vaisala

LAP3000) was operated at Site B in the middle of the

valley to monitor the wind speed from approximately

150 to 2500 m above the ground with a 50-m verti-

cal resolution at 30-min intervals. The wind speed

between the surface and 150 m was obtained using a

logarithmic interpolation method. The global and net

radiation fluxes, soil temperature, surface air tempera-
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Fig. 1. Topography of the Tibetan Plateau. (a) An

overview, with the star denoting approximately the cam-

paign field. (b) The topography of Mt. Qomolangma with

1000-m contour intervals. In (b), shadings denote regions

with altitude higher than 6000 m, and the three observa-

tion sites A, B, and C are denoted by circles and distributed

along the Rongbuk valley from north to south.

ture, and surface specific humidity were averaged over

the three sites to represent the local atmospheric prop-

erties in the Rongbuk valley.

In addition to the observation data, this

study uses the large-scale gridded reanalysis data

from the National Centers for Environmental Pre-

diction/National Center for Atmospheric Research

(NCEP/NCAR) to calculate average daily quan-

tities at 8-h intervals of the geopotential height,

temperature, relative humidity, and wind speed.

The data are available at http://www.nomad2.

ncep.noaa.gov/ncep−data/. The precipitation data

are from the Global Precipitation and Climatology

Project (GPCP), available at ftp://precip.gsfc.nasa.g

ov/pub/gpcp-v2/psg.

To describe the relation of the wind to the Rong-

buk valley topography, the horizontal wind speed was

divided into axial and normal wind speeds according

to the valley direction. The positive or negative axial

wind represents the southerly or northerly (i.e., down-

or up-valley wind), and the positive or negative normal

wind represents the westerly or easterly.

3. Evolution of the South Asian summer mon-

soon

3.1 The SASM evolution in 2006

Figure 2 shows the longitude-time sections of

zonal wind (U) along 0◦–180◦E averaged for 5◦– 15◦N

(Fig. 2a) and meridional wind (V ) along 0◦–90◦E av-

eraged for 5◦S–5◦N (Fig. 2b). The rapid acceleration

of the westerly over the North Indian Ocean in late

May (approximately Day 140) characterized the onset

of the monsoon. Over the course of a few days, the

westerly wind intensified with speed greater than 10.0

m s−1 and established itself between 45◦ and 105◦E

(Fig. 2a), and a southerly accelerated to greater than

10.0 m s−1 over the western Indian Ocean (Fig. 2b).

After its onset, the monsoon experienced several ac-

tive periods from late June to mid July, mid to late

August, and late September to early October. Dur-

ing these periods, the westerly extended farther east-

ward to approximately 150◦E with wind speed greater

than 10.0 m s−1. The break periods of the monsoon

occurred in mid June, late July, and early and mid

September, which were characterized by lulls in the

westerly. These active and break periods of the SASM

varied from days to weeks, consistent with previous

studies (Webster et al., 1998).

To quantify the SASM evolution, previous stud-

ies adopted several indices (Webster and Yang, 1992;

Lau and Yang, 1997; Webster et al., 1998; Goswami

et al., 1999; Wu and Wang, 2001; Li and Zeng, 2002),

and this study uses the Webster and Yang (1992) index

(WYI) as a monsoon index to describe the broad-scale

variability of the SASM. This index is defined by a

time-mean zonal wind (U) shear between 850 and 200

hPa, namely, U850–U200, averaged over the South
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Fig. 2. Longitude-time sections of (a) 850-hPa zonal velocity component (U) along 0◦–180◦E, averaged between 5◦ and

15◦N, with the westerly (U > 0) shaded, and (b) 850-hPa meridional velocity component (V ) along 0◦–90◦E, averaged

between 5◦S and 5◦N, with the southerly (V > 0) shaded. All data are 5-day running means in m s−1.

Fig. 3. Variation of the SASM index from May to July 2006, after Webster and Yang (1992).

Asian region (0◦–20◦N, 40◦– 110◦E) (Fig. 3). The

WYI increased to a positive value from mid May and

maintained large values from 26 to 31 May during the

onset of the SASM. The WYI showed a small varia-

tion of ±1 m s−1 from 1 to 12 June, which was related

to the unsteady monsoon variation. It maintained a

large negative value from 13 to 21 June, experienced a

two-day transfer from 22 to 23 June, and increased to

a large positive value from 24 to 30 June. The aver-

aged values were –3.2 and 4.3 m s−1 for 13–21 and 24–

30 June, respectively, and they were characterized as

one break and one active period during the HEST2006

campaign.

3.2 Synoptic situations over the South Asian

region

The SASM experienced one break and one active

period during the HEST2006 campaign, and the co-

inciding synoptic situations over the South Asian re-

gion should be different between them. Figure 4 shows

the 500-hPa geopotential height field, averaged for the

whole campaign period (Fig. 4a) and the break (Fig.

4b) and active (Fig. 4c) SASM periods. During the

entire campaign (Fig. 4a), a weak low pressure con-
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Fig. 4. Horizontal distributions of geopotential height at

500 hPa during (a) the campaign, (b) SASM break, and

(c) SASM active periods, with a contour interval of 4 m.

The star denotes the observation region.

trolled most of the TP and extended southwest to the

Arabian Sea. During the break period (Fig. 4b),

the TP low pressure in Fig. 4a became stronger,

with strong westerly dominating the observation re-

gion. But during the active period (Fig. 4c), the

low pressure system in Fig. 4a moved to the north

of the plateau, and a strong low appeared over the

Arabian Sea with a centered geopotential height value

lower than 5832 m. This low extended eastward to

the Bay of Bengal and formed a second low pressure

there. During this period, the observation region was

controlled by both the southwesterly from the Bay of

Bengal and the westerly from the TP low.

Affected by the synoptic situations, the thermal,

moisture, and convective conditions over the South

Asian region may also be different between the SASM

break and active periods. Figure 5 shows the air tem-

perature distributions at 500 hPa for the campaign

period, the break, and the active SASM periods over

the South Asian region. During the campaign (Fig.

5a), the temperature exceeded 270.0 K over the

Fig. 5. Horizontal distributions of temperature at 500

hPa during (a) the campaign, (b) SASM break, and (c)

SASM active periods. The star denotes the observation

region.

eastern TP and exhibited a maximum value of 271.5 K

at 32.5◦N, 90◦E. This high temperature over the east-

ern TP region in Fig. 5a weakened somewhat during

the SASM break period (Fig. 5b) and became much

stronger during the active period (Fig. 5c). During the

same active period, the maximum temperature center

remained at the same location as that in Fig. 5a, but

with a higher central value of more than 273.5 K. A

second high temperature appeared over the northern

Indian region. Figure 6 presents the specific humidity

distributions at 500 hPa for the three periods. The

maximum specific humidity occurred over the eastern

TP with maximum values larger than 5.0, 4.5, and 6.0

g kg−1 during the campaign, break, and active peri-

ods, respectively. The moisture was much greater over

the Arabian Sea and the Bay of Bengal during the ac-

tive period than during the break period. Figure 7

shows the distributions of precipitation at the three

periods related to the convection conditions. Dur-

ing the campaign (Fig. 7a), the east-west oriented

precipitation belt was located within 10◦–15◦N over
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Fig. 6. Horizontal distributions of specific humidity (g

kg−1) during (a) the campaign, (b) SASM break, and (c)

SASM active periods, with a contour interval of 3.0 g kg−1.

Fig. 7. Horizontal distributions of the pentad-mean pre-

cipitation (mm day−1) during (a) the campaign, (b) SASM

break, and (c) SASM active periods, with values larger

than 50 mm day−1 shaded.

the South Asian region, displaying two maxima over

the Arabian Sea and the Bay of Bengal but with the

maximum values less than 25.0 mm day−1. During

the SASM break period (Fig. 7b), the east-west ori-

ented precipitation belt in Fig. 5a moved to south

of 10◦N, and the two maximum precipitation centers

were located at approximately 5◦N. During the SASM

active period (Fig. 7c), the precipitation belt extended

northward to approximately 20◦N, and maximum pre-

cipitation amounts were greater than 30.0 mm day−1

over the Arabian Sea and the Bay of Bengal. In sum,

the synoptic situations and the thermal, moisture, and

convective conditions over the South Asian region dis-

play large differences between the SASM break and

active periods.

4. Local atmospheric properties in the Hi-

malayas related to the SASM evolution

The different synoptic situations over the South

Asian region illustrate the different thermal, mois-

ture, and convection conditions observed between the

SASM break and active periods. For example, the

strong westerly in Fig. 4b brought cold and dry air

from the Eurasian continent to the observation region

and caused temperature to fall (Fig. 5b) and mois-

ture to decrease (Fig. 6b). The lower precipitation

rate (Fig. 7b) over the observation region suggests

weak convection and clear days. During the SASM

active period, however, the strong southwesterly from

the Bay of Bengal brought the warm and wet oceanic

air to the observation region, increased temperatures

(Fig. 5c) and moisture (Fig. 6c) there. The greater

amount of precipitation (Fig. 7c) suggests strong con-

vection and more cloudy days over the observation re-

gion. The different synoptic situations, thermal, mois-

ture, and convection conditions over the observation

region influence the observed atmospheric properties

in the Himalayas, and in the following sections, those

properties, including the radiative, thermal, and mois-

ture conditions and winds are described during the

campaign, SASM break, and active periods.

4.1 Radiation conditions

Figure 8a shows the diurnal variations of the

global and net radiation fluxes, averaged for the
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campaign, SASM break, and SASM active periods.

During the campaign period, the global radiation flux

displayed a sine-like variation that increased from ap-

proximately 0500 LT (local time), reached a maximum

of 984.2 W m−2 at 1110 LT and a second maximum

of 974.2 W m−2 at 1200 LT, and then decreased to

0 at approximately 1900 LT. The net radiation flux

displayed a similar diurnal cycle to that of the global

radiation flux, with a net heating (positive net radia-

tion flux) from approximately 0700 to 1800 LT and a

net cooling (negative net radiation flux) for the rest of

the time. The maximum net heating (478.3 W m−2)

and net cooling (–72.0 W m−2) occurred at 1110 and

1920 LT, respectively. The global and net radiation

fluxes during the SASM break period showed similar

diurnal cycles as those during the campaign period,

but with the maximum values of 1107.2 and 533.6 W

m−2 for the global and net radiation fluxes, respec-

tively. During the SASM active period, however, af-

ter reaching the maximum of 893.4 and 464.1 W m−2

at approximately 1100 LT, the global and net radia-

tion fluxes rapidly decreased along multi-teeth curves.

The amplitudes of the global and net radiation fluxes

were 984.2 and 550.3 W m−2 for the campaign pe-

riod, 1107.2 and 615.6 W m−2 for the SASM break

period, and 893.4 and 524.5 W m−2 for the SASM

active period. The large difference of radiation condi-

tions between the SASM break and active periods is

mainly caused by the weather conditions. The weather

records showed that 8 days were clear with fewer than

20% cloud amounts during the SASM break period

(totally 9 days), and 6 days were cloudy with more

than 70% cloud amounts during the SASM active pe-

riod (totally 7 days). The dominant clear and cloudy

days correspond to the weak and strong convections

during the SASM break and active periods in Figs. 7b

and 7c, respectively, which further indicates the strong

and weak solar irradiances. The multi-teeth radiation

curves during the SASM active period were also due

to the cloud-cover effects.

4.2 Thermal and moisture conditions

Figure 8b shows the diurnal cycles of the soil

and surface air temperatures during the three peri-

ods. During the campaign period, the soil temper-

ature varied consistently with the global radiation

flux with approximately 1 h lags, increasing from the

minimum 1.1 ℃ at 0510 LT to the maximum 36.8

℃ at 1240 LT, with an amplitude of 35.7 ℃. The

soil temperature exhibited a diurnal variation dur-

ing the SASM break/active period similar to that of

the campaign period, but with a larger/smaller ampli-

tude of 41.2 ℃/33.3 ℃, which was primarily caused

by the strong/weak solar radiation condition. During

the campaign period, the surface air temperature in-

creased from the minimum value of 1.0 ℃ at 0550 LT

to the maximum value of 11.9 ℃ at 1350 LT, with an

amplitude of 10.9℃. The surface air temperature was

lower during the SASM break period than the SASM

active period, due to the much lower tropospheric tem-

perature (see Figs. 5b and 5c) and stronger downward

wind flow transport (see Section 4.3) during the break

period than during the active period. The specific hu-

midity in Fig. 8c varied in a small range, with low val-

ues occurring in the afternoon. The specific humidity

during the SASM break period was smaller than dur-

ing the active period, due to the stronger downward

wind flow transport (see Section 4.3) of less moisture

from the lower troposphere (see Figs. 6b and 6c) to

the surface during the respective periods.

4.3 Winds

Figure 9 shows the diurnal cycles of the axial wind

from the surface to 6500 m (the top of the valley) dur-

ing the campaign, break, and active periods. During

the campaign period (Fig. 9a), a weak up-valley wind

(negative value) appeared from approximately 0200 to

1000 LT at surface and extended upward to 5400 m.

From approximately 1000 to 0200 LT, a down-valley

wind (positive value) prevailed in the whole valley,

with two maximum values of 12.8 and 12.5 m s−1 oc-

curring at 1600 and 1930 LT at 5150 m, respectively.

The strong afternoon down-valley wind in the Rong-

buk valley is mainly driven by the local thermal forcing

due to the snow-ice cover over the Mt. Qomolangma

(Zou et al., 2008). The axial wind showed a similar

diurnal cycle during the SASM break/active period

as that in Fig. 9a, but with strengthened/weakened

wind speed. For example, the two maximum down-

valley wind speeds in Fig. 9a were strengthened to
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16.9 and 16.2 m s−1 during the SASM break period

(Fig. 9b), and weakened to approximately 10.0 m

s−1 during the SASM active period (Fig. 9c). The

strengthened/weakened axial wind was caused primar-

ily by the stronger/weaker solar radiation during the

SASM break/active period as in Fig. 8a. Figure 10

shows the diurnal cycles of normal wind in the Rong-

buk valley during the three study periods. During the

campaign (Fig. 10a), the westerly (positive value) per-

sisted for nearly the whole day, except for the easterly

Fig. 8. Diurnal variations of the global and net radiation fluxes (a), soil and surface air temperatures (b), and specific

humidity (c) during the campaign, SASM break, and SASM active periods.
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Fig. 9. Diurnal cycles of the axial wind from the valley

surface to sub-valley height (6500 m) during (a) the cam-

paign, (b) SASM break, and (c) SASM active periods. The

contour interval is 2.0 m s−1, with negative values dashed.

in the morning. The diurnal cycle of normal wind was

similar to that of the axial wind, but with a smaller

amplitude, due to a branch valley running east from

the western Jiuda glacier. The normal wind in the af-

ternoon is strengthened/weakened during the SASM

break/active period due to the strong/weak solar ra-

diation condition.

5. Conclusions

The HEST2006 observational campaign was con-

ducted in the Rongbuk valley on the northern slope of

Mt. Qomolangma from 1 to 30 June 2006. The me-

teorological parameters, including the radiation, tem-

perature, moisture, and wind, were continuously ob-

served within the SASM active and break periods.

Fig. 10. Diurnal cycles of the normal wind from the valley

surface to sub-valley height (6500 m) during (a) the cam-

paign, (b) SASM break, and (c) SASM active periods. The

contour interval is 1.0 m s−1, with negative value dashed.

Great differences were found in the synoptic situations

over the South Asian region between the SASM ac-

tive and break periods. For example, the cyclonic vor-

tices were stronger over the Arabian Sea and the Bay

of Bengal, with larger amounts of precipitation and

higher moisture conditions in the SASM active period

than in the break period. The different synoptic situ-

ations over the South Asian region affected the local

atmospheric properties in the Himalayas. For exam-

ple, the radiation fluxes and temperatures were much

lower in the SASM active period than in the break pe-

riod, while the specific humidity was much higher in

those respective periods. Further discussion suggests

that the SASM evolution greatly affects Himalayan

atmospheric properties through modified radiation
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Fig. 11. Sketch map of possible impacts of the South

Asian summer monsoon on the local meteorology in the

Himalayas.

conditions by the cloud amounts in different synop-

tic situations. During the SASM active period, the

strong cyclonic vortices over the Arabian Sea and Bay

of Bengal resulted in a strong southerly that brought

warm and wet air northward to the observation re-

gion. Cloudy weather with strong convection then

dominated the observation region, as documented in

local weather records. The cloudy weather blocked

the solar irradiance and resulted in low radiation flux

at the surface that further lowered the soil tempera-

ture and the thermally driven winds. During the break

monsoon period, however, clear sky dominated the ob-

servation region due to the dry and cold air from the

strong continental westerly, resulting in the strongest

radiation and thermal conditions. The strong solar

radiation and thermal conditions further caused the

strengthening of the wind speed in the Himalayas (see

Fig. 11).

This study provides insight that the SASM

greatly affects local meteorology in the Himalayas,

and it consequently affects the regional climate and

environment of the TP through the surface-to-air ex-

change processes. Further studies are therefore needed

to understand the relationship between the SASM and

Tibetan climate systems.
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