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Abstract

Cloud convections over the Tibetan Plateau (TPeHBeen attracted attention of many
researchers, because latent heat release fromadtetmbutes to formation and maintenance of
the summer monsoon circulation. The TP is sendi4@gion due to inland and high elevation,
and water vapor (WV) transport from outside theig Essential for the active cloud convection.
However, it is unclear when and how WV is suppl@cer the TP. Then, WV transport
process was analyzed in 1998 summer using the GA&#halysis data together with a
numerical model, focusing on the large-scale catoh pattern in the Indian monsoon region
and the diurnal variation of WV intrusion from sbuof the Himalayas to the TP. WV
advection into the TP was significant in the caka passing synoptic trough over the plateau,
comparing with the case of extension of upper tspperic anticyclone. Sub-continental scale
circulation for those synoptic cases correspondedhe break/active phase of the Indian
monsoon. When the upper tropospheric anticycloag @aominant, a cyclonic circulation with
a low-pressure area over India prevented the WWVusidn into the TP in the middle
troposphere. In the case of trough passage thetsponded with the break phase of Indian
monsoon, WV was transported directly from the AaabiSea to the southern foot of the
Himalayas with a northward shift of the low-levebnsoon westerlyand it intruded into the
southeastern TP. Numerical experiments showed/Matransport process was composed of
multiple steps in the case of the passing troudWoist air mass was supplied by the monsoon
westerly flow to the southern foot of the Himalaysl500 m above sea level (a.s.l.). The
moisture was brought up to south of the TP at abb00 m a.s.l. during noon to evening due to
development of a mixing layer and the enhancemkuapsiope winds in the southern slope of
the Himalayas. In the southeastern TP, moist seesgterlies converged longitudinally with
the dry northwesterlies prevailing in the rearhd passing synoptic trough. This convergence
area expanded northward from mid-afternoon intortight and disappeared early in the next
morning. Formation of the convergence limitedth@stening area in the southeastern TP.

Recently, satellite images confirm organizatioh cloud convections, that is
mesoscale convective system (MCS), not only théviddal convective clouds. The MCS
formed over the eastern TP sometimes becomes itrgggood the middle and lower reaches
of the Yangtze River. In second part of this siudymation mechanism of MCS over the
eastern plateau was revealed, focusing on thelisstaient of sub-plateau-scale convergences
affected by the longitudinal surface wetness gradi€omposites of re-analysis data and
satellite infrared images showed that large-scal@Skl occurred in the afternoon under the



condition of the eastward expansion of upper trppesc anticyclone with enhancement of
near-surface low pressure in the western plateathe low-level convergence was
systematically formed through the eastward propagabf a thermally induced cyclonic
circulation formed in the north-central plateau dvef the day of the MCS genesis. A
numerical model successively simulated the MCS weage processes in the eastern plateau
with the diurnal evolution of convergences, namélythe formation of wind shear between
southwesterlies and northeasterlies over the stneaged land-surface causing a thermal-low in
the northwest, 2) the eastward propagation of traoity due to steering by upper westerlies in
the night, and 3) the MCS genesis by low-level @gegnce behind the migrated vortex with a
convective instability condition over the easteretwand surface. Numerical sensitivity
experiments confirmed that eliminating either thestern surface sensible heat flux or the
eastern surface latent heat flux prevented thelatroo of the MCS genesis. In particular, the
enhanced southeast-northwest gradation of thegulegeale soil moisture distribution could
effectively form the MCSs in the eastern plateaunduthe monsoon season.

Key words: Tibetan Plateau, water vapor transportation, Indian monsoon activity, mesoscale
convective systems, land-atmosphere interaction, low vortex, soil moisture gradation
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Chapter 1  Introduction

1.1 Function of the Tibetan Plateau to the monsoon circulation

Tibetan Plateau (TP) with average elevation of 40@Cabove sea level (a.s.l) has
dynamically and thermodynamically impacts on sumrmsran monsoon climate. For the
mechanical effect, westerly jet is split into twajor streams at lower and middle troposphere
until early May, and they are located in north awadith of the TP. The southern jet stream
prevents ascending motion and precipitation overrtbrthern India (Sato and Kimura, 2007).
Besides, orographic stationary wave is formed dyaalhy in not only winter but also summer.
According to the sensitivity experiment removinguntains topography using numerical model,
east-west variability of precipitation in the matitude is weakened by small amplitudes of the
orographic stationary wave due to changing of stiwsatk (Manabe and Broccoli, 1990).

The thermodynamical effect is primarily responsitdiethe establishment of the summer
monsoon over Asia (Murakami, 1987). The TP heatiagtributes to reverse of meridional
temperature contrast between Eurasian continentratidn Ocean (Murakami and Ding, 1982;
Li and Yanai, 1996) and to form variations of thermmeoon circulation. Numerical experiment
without TP topography by Hahn and Manabe (1975)ccooet simulated large-scale monsoon
circulation in the lower troposphere, abruptly harard jump of subtropical jet in the upper
troposphere, and northward migration of rainfafaam the Asian monsoon region. Ueda and
Yasunari (1998) indicated that the timing of SoateAsian monsoon onset corresponds well

with the strong heating phase over the TP and Hiyaal which enhances moist monsoon



westerly in the lower troposphere. According t@ tlecent numerical study by Sato and
Kimura (2007), subsidence around the plateau as®ocwith the TP heating suppresses cloud
convection over the northern India and retardshweaitd transition of Indian monsoon rainfall.
There are two heat sources over the TP; one isdahsible heat from plateau surface in
the middle troposphere, and other is latent hdaased from cloud convection. Heat sources
and moisture sinks analysis suggested that serfséaleis dominant over the western TP during
spring through summer, and contribution of therateeat from cloud to middle and upper
tropospheric heating is same as sensible heattbeeeastern TP after monsoon onset (Nitta,
1983; Luo and Yanai, 1984; Yanai et al., 1992; Yarad Li; 1994, Figure 1.1). Ueda et al.
(2003) pointed out that condensation heating géee@rdy convective rainfall near ground
surface over the western plateau slope and sertsling are nearly equal during pre-monsoon
season. Therefore, formation mechanism of cloudvection over the TP during summer

season has been one of important study object &mrymesearchers.

1.2 Convective activity over the TP

The convective activity over the TP has been redeatainly using satellite images due
to lack of in-situ observation site. Murakami (B9&nalyzed deep convective activity in the
Western Pacific and southeast Asia, and he idedtifhat significant active cloud convection
over the southern TP was intensified (weakenetherevening (morning), comparing with other
regions. Local circulation caused by large scabeimtain ranges has been considered to play a

fundamental role in thermally induced diurnal castixee activities, which dominate in the



southern and southeastern TP (Ueno, 1998; Kur@sakiKimura, 2002; Fujinami et al., 2005,
Figure 1.2). In 1998, Doppler-radar observatioriclwhwas carried out at Naqu basin during
summer monsoon season as a part of Global Enedjy\ater Cycle Experiment (GEWEX)
Asian Monsoon Experiment (GAME/Tibet) project. Acding this observation, echo tops
reached to about 17 km above sea level (a.s.|) swithll echo area about 4008 (byeda et al.,
2001, Figure 1.3)Their result indicated that latent heat releassfaboud convection reached to
upper troposphere. Recently, satellite images@safirmed organization of cloud convections,
not only the individual convective clouds. Many tife cloud convective clusters were
observed extensively over the southern TP in tkerradon and evening (Barros et al., 2004).
Precipitation radar (PR) images of Tropical Raink&asuring Mission (TRMM) also indicated
that precipitation systems with more tharf kB* occurred over the eastern TP in the afternoon
and through the night (Hirose and Nakamura, 2008)cording to the statistical analysis of
multiple satellite infrared (IR) images by Li et 008), precipitation with convective systems
(CSs), which was defined as lower than 245 K ofidltop temperature and larger than 90 km of
minimum radius, accounted for more than 60 % ofttha precipitation over the eastern TP, and
the CSs sometimes migrated to eastern China, Si#) and the Bay of Bengal (Figure 1.4).
Yasunari and Miwa (2006) showed some cases ofdetsvard movement of the vortexes with
cloud convective systems, which were formed bydagale convergence over the TP, triggered
flooding in the middle and lower reaches of the ®ae River. Systemized cloud convection in
the eastern TP provides precipitation over the s@mdiplateau region, changes the surface heat

balance, and modifidbe weather in the leeside of the plateau.



On the other hand, synoptic disturbance is pointgdor another important precipitation
system over the plateau. Ueno et al. (2001) ineldcahat weak and frequent precipitation
occurred over the relatively flat areas such asuNbasin, and that passage of the synoptic
disturbance has possibility to be primary triggeausing major precipitation events.
Large-scale low-level convergence induced by pgsaiaynoptic front was suggested for one of
the factor of stratiform precipitation formation rthg evening through night (Shimizu et al.,
2001). Occurrence of nighttime precipitation otrex central TP was explained by formation of
low-level convergence of southwesterlies with e@ste which was caused due to stagnation of
the northwesterly winds flowing in the west of ttieugh at northern and northwestern edge
slopes of the plateau (Ueno et al. 2009). Funatiosynoptic trough to the diurnally induced

cloud convection over the plateau should be ingattd more.

1.3 Water vapor supply intothe TP

The absolute amount of atmospheric moisture overTih is small compared to that at
lower elevations because of low-pressure and lompegature conditions, although the active
cloud convection occurs as described above. Waiagor (WV) supply into the column of the
atmosphere is essential for the formation of aatieed convection under the condition with the
dry atmospheric environment. However, there isstualy described transport process of WV
into the TP, explicitly. Two major sources areecatrized for the WV supply over the TP;
evaporation from land-surface and advection frontside the TP. Using numerical

simulations, Numaguti (1999) estimated that thetrdmution of WV evaporating from the



northern Indian Ocean to the precipitating wategrahe TP was more than 50 % of all oceanic
origins. He also indicated that the recycling rate of praipn between the atmosphere and
the land surface was about 35% over the TBBased on stable isotope observations, Tian et al.
(2001) indicated that oceanic-originated moist@egporated from the Bay of Bengal (BoB),
was the main source of WV in the southern TPThese results indicate that the WV advection
from outside the TP strongly contribute to the watele activity over the plateau.

WV transportation from outside the plateau has ipdig to be affected by Indian
monsoon activity and variability of mid-latitude sterly changing the synoptic condition around
the TP. It is well known that the Indian monsoon has an activalophase with a timescale of
about 15 days or 30-50 days and that the predgitaimount increases or decreases over central
India in the active or break phase, respectiveiyhe Indian Monsoon (e.g., Murakami, 1976;
Kurishunamurti and Bhalme, 1976; Yasunari, 197%uveri, 1980; Yasunari, 1981; Pant, 1983).
The timescale of about 15 days is explained byhasouth oscillation of monsoon westerlies
(Murakami, 1976; Murakami, 1977). The 40-day tioss is caused by the northward
movement of cloud disturbance over the Asian mongegion (60°-120°E), which is initiated
by eastward propagating of clouds corresponded with Madden-Julian Oscillation (e.qg.,
Yasunari, 1979; Yasunari, 1981; Lau and Chan, 1986hang (1981) indicated an inverse
correlation between the precipitation amount intiadrindia and that in the central TP with the
timescale of about 15 and 40 day. This meansattate WV supply into the TP could occur
during the break phase of the Indian monsoon. h@mther sides, Fujinami and Yasunari (2001,

2004) stated that convective activity over the Td& wontrolled by intraseasonal variability with



7-20 days timescale which composed by an eastasgedtation of the Tibetan High in the upper
troposphere and the southward extension of thetrombsphere trough. Yamada and Uyeda
(2006) focused on the differences in synoptic coms, such as the prevailing cumulus
convection with a dominant Tibetan High (Upper HigiH type) and the passage of a synoptic
disturbance (TROUGH; TR type) shown in Figure 1.5he synoptic-scale trough passing is
expected to play an important role in moist airusion from outside the TP. For example,
Ueno (1998) suggested evident moisture intrusiomfsouth of the TP at a 500-hPa level for
westward movement of a synoptic trough with meandewesterlies, which caused the first
heavy precipitation of 1993 monsoon (Figure 1.6¥asunari and Miwa (2006) pointed out that
plateau edge cyclogenesis occurred with the enhagrtieof a southerly moisture inflow from
the Indian plain in association with movement aféascale westerly troughs over the TP and
caused heavy rain in the Yangtze River basin. Ating to the stable isotope observations in
August 2004, WV originated from remote areas, moimf a local source, contributed to
occurring precipitation with a passing trough céserita and Yamda, 2008, Figure 1.7). We
need to reveal impact of phase changing of Indimmsoon to the sub-continental-scale WV
pathway and the linkage between the trough passagjéndian monsoon activity.

Another important factor affecting WV transportationto the TP is the effect of the
Himalayas, which usually prevent the dynamic inttasof WV into higher elevations. Local
circulation with a strong daytime wind speed hasrmbebserved along deep valleys in the
Himalayas (Ohata et al, 1981; Bollasina et al.,2Qfeno et al., 2008). Inoue (1976) observed

an increase in relative humidity with daytime vgliginds. A weak southerly wind continues



during the night in the monsoon season, which apewres nocturnal precipitation at the foot
and in the valley of the Himalayas (Barros et 2000; Ohsawa et al., 2001; Ueno et al., 2001b;
Bollasina et al.,, 2002). Barros and Lang (2003pppsed a mechanism of nocturnal
precipitation by a weakening of the nighttime waligind, stagnating the WV in front of the
Himalayas. Sasaki et al. (2003) conducted numlegijeriments to reveal the WV transport
process over the south of TP during the post-mans®ason (October in 2000), and they
showed that WV penetrated some cols of the Himalassociated with a diurnal variation
caused by a heating contrast between the TP andititieistan plain. At the same time, local
circulation functioned to redistribute the precipbite water between the mountain and valley
when there were weak general flows over the TPgdakt al., 2000; Kuwagata et al., 2001).
For a prevailing mid-latitude trough, the contribat of such topography-influenced local

circulation to diurnal changes of WV distributiamosild be examined.

1.4 Impact of low-level convergence and land-surface condition on
cloud convections

Active cloud convection occurs after WV intrusiontd the TP, and sometimes
organized cloud convection was formed, as describesection 1.2. Formation process of
MCS over the TP is an interest topic for many regess, especially in terms of downstream
weather modification. In the central United Staf@svious studies have identified several key
processes for the formation of MCSs, such as lametleonvergence between warm-moist

southerlies and cold-dry northerlies corresponditf the passage of a synoptic trough or cold



front (e.g., Fankhauser, 1974; Ogura and Chen, ;1&b6cth, 1984), enhancement of the

low-level convergences caused by cloud convectitos$, 1987), or occurrence of convective
instability and forced ascending by the intrusida southerly low-level jet into an air mass with

low equivalent potential temperature (Moore et 2003). Near the coastline of northwestern
South America, the MCSs were triggered by low-les@ivergence in local circulation between

the coastal areas and the Andes mountains (Warrér, 003). MCS propagation toward the

ocean during midnight through early the next magnivas induced by a gravity wave radiated
from a diurnally oscillating heat source of the til@g mixed layer, which was raised up into the
stratified layers of the atmosphere by the elevédedcin (Mapes et al.,, 2003). These studies
suggested that the low-level convergence inducedthey synoptic disturbance or diurnal

local-circulation could strongly contribute to tNECS formation.

Over the TP, the occurrence of a “low vortex” witldiameter of about 400-800 km at
the western and central plateau had been emphasizezla key plateau-scale disturbance after
the monsoon onset on the TP in 1980s (Tao and [i&§l; Zhang et al., 1988, Figure 1.8).
The generation process of the low vortex was erptaiby strong land-surface heating over the
western TP with the dry land-surface condition #mel formation of a shear line between the
southwesterlies prevailing over the southwestem gad the northeasterlies with anticyclonic
circulation over the northern part of the plateaRecently, case studies by Zhu and Chen
(2003a; 2003b) attributed the MCS formation to twvective available potential energy
(CAPE) due to strong land-surface thermal forcingbaroclinic instability caused by the

approach of a synoptic trough, according to radidsosounding data the 3-demensional



numerical simulation. However, the major distribas of the low vortex do not correspond to
the maximum areas of the occurrence frequency oS8 Guch as those in Li et al. (2008)
shown in Fig. 1.4, and also differ from the digfitibns of precipitation identified by modern
satellite images. One of the reasons for the ejmorcies between the appearance of the low
vortex and mesoscale disturbances with precipitati@y be differences in the basement data,
for example, many previous studies were based @mhfective analysis data or model outputs
with coarse resolution. There would be anotherd&mental mechanism of disturbances
formation within the plateau affected by the vatyi@ependent low-level convergences that can
be diagnosed by modern fine-mesh numerical sinmriatcoupled with satellite data analysis.

In semi-arid regions, the soil moisture distribatis another important factor to control
the formation of convective clouds or MCSs. Actoanvective clouds occurred in conjunction
with the advection of high equivalent potential parature (Segal et al.,, 1989) or low-level
convergence (Cheng and Cotton, 2004), due to clsangee land-surface wetness as a result of
irrigation. A sensitivity experiment changing frothe Great Plains of the United States to
homogeneous landscape with short glasses indicdtad a thunderstorm was formed in
association with the increase of convective in$itgbdue to the moistening of the near
land-surface atmosphere with active transpiratimmfcropland (Peilke et al., 1997). In the
Sahel, heterogeneity in the distribution of MCScp#ation was enhanced by partial moistening
of the planetary boundary layer and strengthenihghe convective instability because of
land-surface wet patches caused by prior convegtigeipitation (Taylor et al., 1997; Taylor et

al., 1998; Taylor et al., 2007; Gantner and Kalthe009, Figure 1.9). Over the TP, there is a



large decreasing trend in the surface moisture ftloensoutheast to the northwest, causing a
drastic change in the Bowen ratio of the surfage {Xu and Haginoya, 2001; Xu et al., 2005).
Accordingly, a thermally induced low-pressure systuring the warm seasons prevailed in the
western and central TP (Ye, 1981; Gao et al., 198I) the east, the cloud structure is
characterized by changes in the land-surface wetneééamada and Uyeda (2006) and Yamada
(2008) pointed out that moistening of the land a&cefdue to activation of vegetation throughout
the monsoon season could reduce the evaporaticinoéirops and be lower the cloud base that
increased the precipitation amount under conditiming dominant Tibetan High (Figure 1.10).
Therefore, the land-surface moisture variabilityisritical issue to determine the MCS genesis

over the eastern plateau.

1.5 Purpose of this study

As described above sections, | need to clarify isgsoes for convective activity over the
plateau; one is relation among Indian monsoon iggtimid-latitude wave activity, and diurnal
variation of local circulation in the complex topaghy, which controlled the WV intrusion into
the semi-arid TP, and other is land-surface heatimgact to the MCSs formation over the
eastern plateau. Then, the aims of this studyl pte reveal when and how WV is transported
to the TP with a prevailing synoptic-scale trougind 2) to examine the thermally induced
low-level convergence associated with plateau-sgedelient of the land-surface wetness, and
their contribution to the MCSs formation over tlastern TP.

For the investigation of WV transport, first, théfetence of WV advections over the

10



TP between the two different synoptic condition®R (&nd UH type) was clarified using
reanalysis data. Second, the flow pattern of W\lsafi and over the TP was identified, and the
relation between the intraseasonal variabilitynaf $ynoptic condition and the transport pathway
was clarified. Finally, | carried out numerical silations to understand temporal changes in WV
transport around the Himalayas and over the TP typ&al case of the passing of a synoptic
trough.

On the other hand, the formation processes of M@& the eastern plateau are
examined focusing on two factors; 1) the diurnalesaevelopment of low-level convergences
and their propagation, and 2) the contribution wfface wetness distribution for the MCS
genesis. In order to identify the location of dibances qualitatively, reanalysis data and
hourly geostationary satellite IR data were usedomposite analysis was performed for
development cases of large MCSs to capture thectaaistics of synoptic conditions. Then,

the diurnal formation processes of MCS were diagdassing a fine-mesh numerical model.
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Figure 1.1. Time series of the areally averaged and vertically integrated heat source <Q1> (solid) and moisture sink <Q2> (dashed) (Wm®) for a) western plateau
(REGION 1) and b) eastern plateau (REGION II'). (Yanai and Li, 1994)
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Figure 1.2. @) Tibetan Plateau topography. The solid line is the 3000 m topographic contour. Dotted lines
indicate major valleys A (unnamed) and B (Yarlung-Zangbo River). Dashed lines indicate major mountain
ranges C (including Nyaingentanglha Range) and D (northern part of the Himalayas). b) Average distribution
of cloud-cover frequency at 15 LST for August 1998. c¢) Asin b) but for 21 LST. (Fujinami et al., 2005)
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Figure 1.4. a) Spatial distribution on a 1.5 degree x 1.5 degree grid of Tibetan cloud systems initiations based
on four summers (1998-2001). The dotted contours show the topography at 3000 and 5000 m. b )
Trajectories of summer Tibetan cloud systems moving out of the region in 1998-2001. The blue lines mark
cloud systems propagationg southward while the orange lines mark cloud systems moving out in an easterly

direction. The dashed box is the selected Tibetan region. (Li et a., 2008)
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of the isotopic evolution of the 3D value during the NL-type rainfall period. (Kuritaand Yamada, 2008)
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Figure 1.8. @ The frequency distribution of low-level vortices over the plateau during the period
May-September 1969-1976. b) Distribution of the annual mean number of days of occurrence of hailfall over
the plateau and its surroundings. (Tao and Ding, 1981)
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Figure 1.10. Schematic illustration showing the transition of the rainfall characteristics in a UH type rain event
due to changes in the ground conditions. (Yamada and Uyeda, 2006)
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Chapter 2 Dataand Methods

2.1 Reanalysisdata

WV transport process was analyzed in the maturesommn season (from July to
August) of 1998 using GAME reanalysis data (Yamae&kl., 2003). This reanalysis data was
generated by assimilating the observed data, inmguchore than 100 sonde sites and wind
profiler sites. The highest horizontal resolutmireleased data was 0.5 degrees in the Asian
monsoon region. Horizontal resolution of topograpising assimilation was 0.5625 degrees.
On the other hand, JRA25 with 1.25 degree gridigga@Onogi et al., 2007) was used for the
analysis of the MCSs formation in 1998-2006, beesBAME reanalysis data was constructed

only from April to October in 1998.

2.2 Extraction of analysis cases of UH and TR typesin 1998

For the WV transport analysis, dominant cases welected on the GAME reanalysis field
in order to investigate large-scale circulationugiaog on the differences between the UH and TR
type. The TR type was specified according to twieiga: 1) the geopotential height at 500 hPa,
averaged over an area of 30-40°N and 85-95°E, deedemore than 20 m with a minimum
height of less than 5860 m, and 2) a trough wasgmized over the TP in the 500 hPa synoptic
chart. The UH type stipulated that the 200 hPggtmtial height averaged over an area of
30-40°N and 85-95°E reached more than 12615 mhiaet consecutive days. Accordingly,
five or four cases which included a total of 101@& days were chosen for TR or UH types,

respectively (Table 2.1a). Almost all of the s&delccases were the same as the UH and TR, as
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classified by Yamada and Uyeda (2006).

2.3 MCS extraction and tracking

The behavior of MCS on the TP was examined in tlaune monsoon season (from
July through August) during 1998-2006. TP areasdafined as those more than 3500 m above
sea level (a.s.l.) in the domain of 29-40N, 70-108Bere MCSs are extracted using hourly IR
data observed by the Meteosat-5 (conduct level geostationary satellite located over the
Indian Ocean at O N, 63 E. Original satellite imagre composed by perspective projection
with inhomogeneous latitude/longitude intervalstime range of 5-10 km spatial resolution.
Data were re-sampled with 0.15 (about 15 km) gpdcsg after transformation to brightness
temperature (Tbb) using a conversion table.

Methods of MCS extraction and tracking conformedet@ans and Shemo (1996), and it
has been applicable in the Himalayas and TP regiprihe Barros et al. (2004). First, a
continuous area larger than 4000%amd with Tbb less than 219 K (hereafter, the tactmud
area) was identified. The Tbb threshold with 219skappropriate over the plateau, because
Uyeda et al. (2001) pointed out that echo top afveative precipitation observed by Doppler
radar in the central TP reached to 17 km abovdesed. If grids with Tbb less than 235 K
existed around the target cloud area, the gride wewated as candidate areas of MCS. This
requirement allows the criteria of cumulus conwatdi with precipitation.  Next, target cloud
areas at time t were compared with the image ofhmng later (t+1). If they overlapped more

than 40 % (or greater than“lkm?), they were categorized as the same target cloes| and
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target clouds tracked for more than 6 hours weterdened as MCSs. If two target cloud areas
merged, the larger one was chosen for continuettitrg, and the smaller one was terminated.
In this study, a grid with minimum Tbb was iderddi as the location of MCS and tracked to
calculate the MCS movement. If one snapshot obtiginal Metoesat5-IR image was missing,
the Tbb fields were interpolated on the time seqagand MCS tracking was continued. If the
image continued to be missing for more than 2 hauasking of MCS was stopped at the time
in which the image started to fail, and extractiwas restarted at next 00 UTC (i.e., 06 local
time; LT calculated along 90E).

After the MCS tracking, the initial and extinct &on/time, continuance, maximal area,
max time, and migration length were calculated. ntbmance means the time from the
occurrence of the MCSs to their extinction. Maxdiwas defined the time when the MCSs
reached the maximal area. Migration length inéisdhe distance from the initial to the extinct

location.

24 Numerical design of Non-Hydrostatic Model (NHM) for WV

transportation analysis

In order to diagnose WV transport process from lseu foot of Himalayas to the TP, |
conducted a numerical simulation for all TR typeses in 1998 (Table 2.1b). From this
numerical experiment, the WV transport process wethporal variations from the foot of the
Himalayas to the TP was identified. NHM develojpgdhe Meteorological Research Institute

and the Numerical Prediction Division of the Japdeteorological Agency was used in this
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study. The fundamental equations are three-diroeaki non-hydrostatic and full
compressional. The bulk method including the codth process was chosen for cloud
microphysics (lkawa and Saito, 1991). In this méththe water substance is classified into six
components (water vapor, cloud water, cloud ice, now, and graupel), and the mixing ratio
of each component is calculated. The transformapimcess of water, including graupel, is
important for simulating the precipitation procdssause, as indicated by Uyeda et al. (2001),
the formation of graupel particles is a charactiessof convective clouds over the southeastern
TP. The Kain and Fritsch scheme (Kain and Fritd&90), which is suitable for calculating
cumulus convection at middle latitudes, was uséa dvapotranspiration efficiency and albedo
are 0.3 and 0.2 for land and 1.0 and 0.6 for oggats, respectively. The GAME reanalysis
data with a grid spacing of 0.5 were used for th#ial and boundary conditions. The
calculation was started 12 to 24 hours prior tcheagalysis period for spinup. The vertical
coordinate was the Z*-coordinate with an unequal opterval. The minimum layer depth was
40 m at the lower layer, and the maximum layer ldephs 1200 m in the upper layers. The
horizontal resolutions for a coarse domain and stimg domain were 30 km and 6 km,
respectively. The 30-km grid spacing was nesteithenGAME reanalysis data every 6 hours,
followed by 6 km grid spacing nested in the 30 kmuwation every 3 hours by a one-way
nesting scheme. An interpolated topography datairseeach grid size extracted from
GTOPO30, which obtained from United States GeohlldglBurvey, was used in the model.
Topographic features of the numerical domains hosve in Fig. 2.1. In the first domain, with

30-km grid spacing, the Tanggula and Nyaingentangftountains are recognized (Fig. 2.1a).

25



The complex topographic features in the TP and maglleys transecting the Himalayas can be
recognized only in the second domain, with 6-knd gpacing (Fig. 2.1b). Both domains were

set as large as possible for computational effayien

2.5 Numerical design of Weather Research and Forecasting (WRF)

model for M CSsformation analysis

In order to investigate plateau-scale behavioowf Vortex and formation mechanism
of low-level convergence causing the MCS occurrencenerical experiment was carried out
for three typical cases. Selected reason of tagebds is explained in Section 4.2. The WRF
model, Ver. 3.0.1.1 (Skamarock et al., 2008), wesdu One calculation period covers 120
hours, including one day for a model spin-up (Téh[@). Interpolated topography data was
obtained from GTOPO 30 data constructed by the ddnitates Geological Survey. Two
simulated domains were set, i.e., Domain 1 covefi@gp-50N, 55-115E with 60 km grid
spacing and Domain 2 covering 18-46N, 63-110E Withkm grid spacing (Figure 2.2a).
Large-scale mountain ranges in the plateau, sucfiaaggula and Nyaingentanglha, were
described in the calculation domain 2. The vertmabrdinate was the—coordinate with 31
layers, and the top layer was 50 hPa.

Fundamental equations were constructed using thireensional, non-hydrostatic, and
full compressible. WRF Single Moment (WSM) 6 Scleefilong and Lim, 2006) of the bulk
method was chosen for the cloud microphysics. his $cheme, water was classified into six

components (water vapor, cloud water, cloud ice, now, and graupel), and the mixing ratio
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of each component was calculated. For the cunedusection scheme, the Kain and Fritsch
scheme (Kain and Fritsch, 1990) was used becausgasitsuitable for calculating the cumulus
convection at the mid-latitudes. Land componemnampeters, such as the albedo, soil moisture,
sensible and latent heat fluxes, and soil temperatuere calculated by the Noah land-surface
scheme (Chen et al., 1996; Chen and Dudhia, 200&t &l., 2003), which could reproduce soil
temperature and surface fluxes at the central dibBtateau (e.g. Velde et al., 2009).

JRA-25 was used for the atmospheric initial andngauy conditions for the simulation.
The atmospheric boundary condition was nested e@Gehpurs. The initial land condition,
except for the soil moisture, was produced from I®Aby interpolating the original 2.5 grid
spacing to 1.25 grid spacing. For the soil moestyqua/AMSR-E Level 3 standard product
Version 5.0 (Koike et al., 2004) was averaged fahrty through August during 2002-2006 and
adopted as the initial condition. The soil moistudistribution is shown in Figure 2.2b,
indicating a drastic decrease from the southea#ttdanorthwest in the plateau with wet zones
along the southern foot of the Himalayas and efagteoTP. The Noah land-surface scheme did

not require a boundary condition of all physicainpmnents of land, including the soil moisture.
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Table 2.1

1998 monsoon.

a) Analysis periods for the cases of the TR and UH types during the
b) Periods of NHM simulation for the TR type.

a)
TR type UH type
Case 1 |18 UTC, July 6 — 18 UTC, July8 18 UTC, July 1 — 18 UTC, July 4
Case 2 |18 UTC, July 23 - 18 UTC, July 25 18 UTC, July 17 — 18 UTC, July 19

Case 3 |18 UTC, August 2 — 18 UTC, August 4 18 UTC, July 26 — 18 UTC, August 2
Case 4 [18 UTC, August 11 — 18 UTC, August 13 |18 UTC, August 5 — 18 UTC, August 9

Case 5 |18 UTGC, August 16 — 18 UTC, August 18

b)

Calculated periods

Case 1 18 UTC, July 3 — 06 UTGC, July 10
Case 2 06 UTC, July 23 - 06 UTC, July 27
Case 3 18 UTC, August 1 — 06 UTC, August 6
Case 4 |18 UTC, August 10 — 06 UTC, August 15
Case 5 |18 UTC, August 15 — 06 UTC, August 20
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Table2.2 Periods for three numerical simulation cases of MCSs formation study.

Target day | Caluculated preriod

Jul. 4, 1998 00 UTC Jun. 30 - 00 UTC Jul. 05 in 1998

Jul. 2, 2001 00 UTC Jun. 28 — 00 UTC Jul. 03 in 2001
Aug. 26, 2005 J 00 UTC Aug. 22 - 00 UTC Aug. 27 in 2005
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Chapter 3 Transport processof WV intothe TP
3.1 Relation between monsoon circulation and WV intrusion

WV transportation from the Indian Ocean to thetgda is expected to be affected by
sub-continental scale changes in Indian monsoamstlo A relation between the WV transport
pathway in south-east Asia, including the TP, amel intraseasonal variability of the Indian
monsoon was revealed by Sugimoto et al. (2008)rst,Fhorizontal WV advection was
calculated for Upper High (UH) and Trough (TR) tgpa the domain of 28-35.5°N, 85-100°E
(Ain Fig. 2.1) and compared with the WV advectioom different directions (Fig. 3.1). The
WV inflow from each direction was integrated betwe®00 and 300 hPa in the GAME
reanalysis data. A daily average WV budget of 110%¥kg/day converged in the case of the TR
type. Meanwhile, the convergence amount for thetyfi¢ was nearly O kg/day, meaning that a
large amount of WV intrusion from outside occurfedthe TR type. For both types, about 2.5x
10" kg of WV per day came in from the western boawdeite about 3.9x 1 kg WV went out
to the eastern boarder, including that there wile iconvergence of WV along the east-west
direction over the TP. On the other hand, thelsmly advection was larger for the TR type
and accounted for about 60 % of the total infloanfrall directions. The combined evidence
indicated that the intrusion of WV into the TP frahe south dominated for the TR type but not
the UH type.

Next, in order to identify the main pathway of Winsport over the south of the TP, WV
flux and geopotential height at the lower (850 hBa)l middle (500 hPa) troposphere were

compared for the two types (Fig. 3.2 and Fig. 3.3t 850 hPa (Fig. 3.2), the distributions of
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geopotential height differed over the Indian sultic@mt. In the case of the UH type, a
monsoon trough expanded southward over north Ifdia Fig. 3.2a), and a large latitudinal
pressure gradient occurred over southern India antintensification of the monsoon westerlies
(shown as larger vectors in Fig 3.2b). The rodteesterlies changed towards the north with
cyclonic rotation over the northern BoB. Part aéthortherly flow intruded westward along the
monsoon trough extending in front of the Himalayak contrast, the low-pressure zone over
the northwest of Indiaof shrank in the case of the TR type (Fig. 3.2cjhwai shift in the flow
axis north toward the foot of the Himalayas (Fig2dj. Accordingly, the main monsoon
westerly channel passed over the central Indiacsument from the Arabian Sea to reach the
Himalayan ranges directly. The pathway of the ypetobviously differed from the low-level
flow patterns generally recognized in the monsoeasen (e.g. Kesshavamurty and Awade,
1970; Fujinami and Yasunari, 2004) that indicatomgvailing southeasterly flows from the BoB
to the TP, as shown in Fig. 3.2b. In other wotts, UH type flows represent the features of
averaged Indian monsoon flows. Murakami (1976) aéaa an intraseasonal oscillation of the
Indian monsoon on a 15-day time scale that accom@ahe north (south) shift of monsoon
westerly in the break (active) phase. Precipitatronorthern India increases during the break
phase of the monsoon in central India (i.e. Kurasharthy and Shukla, 2000; Goswami and
Mohan, 2001). Murakami (1986) also pointed out tha precipitation amount at the foot of
the Himalayas had an inverse correlation with tteipitation amount in central India because
of a change in the WV pathway with the oscillatmfrmonsoon westerlies. The daily average

precipitation amount, analyzed using Global Preaimn Climatology Project (GPCP) data,
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over the southern foot of Himalayas in the presase of the TR type was larger than in the case
of the UH type (figures are omitted). Accordinglge differences between the UH and TR
types in terms of the sub-continental-scale flowtgras with latitudinal shifting of the major
WV transportation paths under synoptic-scale cambt correspond to the changing phases of
the Indian monsoon.

The vertical distributions of specific humidity afidx along the main westerlies in the case
of the UH and TR types (transect A-B-C and D-E-FFig. 3.2b and Fig. 3.2 d) are compared in
Fig. 3.4. The distribution of specific humidityashked a similar structure in both types. For
example, there was a decrease in WV with an inergaseight (Fig. 3.4a and 3.4c), and the
main flow of WV was below 700 hPa (Fig. 3.4b andd}. However, the flux near the southern
slope of the Himalayas differed between the twaesyp The amount of WV intrusion over the
TP was larger in the case of the TR, corresponttirigg.3.1. A larger WV flux appeared from
Bangladesh toward the southeastern TP at 500 hiPe icase of the TR type. This difference
was also recognized in the flux distribution of 50®a (Fig. 3.3b and 3.3d). In the geopotential
height fields of the mid-troposphere for the UHd\(Fig. 3.3a), a low-pressure area existed with
its center at 18°N80°E. A cyclonic flow associateih this low-pressure area played an
important function in changing the WV from the Beistward before reaching to the TP. It
moved to the Arabian Sea, passing over northerialffeig. 3.3b). Mujumdar et al. (2005)
identified a similar cyclonic circulation over Iradin the middle troposphere during the active
phase of the Indian monsoon. Therefore, the appearof a low-pressure area in the case of

the UH type is quite reasonable in the active monsphase in India. The formation
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mechanism of the low pressure is the southwarddilof a low-level monsoon trough with an
increase in altitude (Rao and Ramamurthy, 1968 out-off low after passing a trough at 500
hPa by the dynamic effect of TP (Yanai and Wu, 2008n the case of TR type, the
low-pressure area disappeared over India at 500(fBa3.3c), and weak westerlies prevailed
there (Fig. 3.3d). A strong southwesterly flux responding to the front of synoptic trough
expanding around 25-32°N, 90-100°E also appeared Bangladesh (Fig. 3.3c).

Consequently, differences between the UH and TR typterms of the large scale
circulation in the south of the TP correspondedhviite active/break phase of the Indian
monsoon and changed the WV flux direction at thé-troposphere near the southern periphery
of the TP through the establishment of cyclonicumtion with a low-pressure system over the
Indian subcontinent, which affected the moisturddmi over the southeastern TP. Results of
objective-analysis data are inconclusive regardimggmoisture transportation near the massive
topographical features, such as the Himalayas. ntmu ranges usually induce local diurnal
circulation, which plays an important role in loewel moisture transportation that is
unrecognizable in the reanalysis data. In the gegtion, details of the WV transport process
were again identified for the TR type through thee wf a non-hydrostatic numerical model

around the southeastern TP.

3.2 Transport process of water vapor intruding into the southeastern TP
To consider the WV transport process into the Tiedd to reveal the mechanisms of

WV to crossing over the Himalayas, which usually a& a barrier to atmospheric flow. A
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high resolution numerical simulation by NHM was fpemed for five cases of the TR type
(Table 2.1b). The detail numerical design was showSection 2.4. In this section, the WV
transport process from the lower elevations sotitth® Himalayas to 4000 m level over the
southern TP was detailed for Case 1, when the degpel largest trough expanded over the
southern TP. Hereafter, NHM simulations are déscrias NHM_30 and NHM_6, with grid
sizes of 30 and 6 km in different domains (see Eif)), respectively.

First, the reproducibility of synoptic and platesagle circulations by NHM was
validated by GAME reanalysis and METEOSAT5-IR dat&or all cases listed in Table.2.1b, a
westerly wind accompanied by a low-level monsoostesy over northern India and a Tibetan
High centered over the western TP in the upperosppere were simulated well in NHM_30
(figure was omitted). In Fig. 3.5a and b, GAMEnakysis and NHM_30 for July 7-8 showing
geopotential height and wind vectors at 500 hPa camapared. The geopotential height
distribution showed two troughs separated norteetoth around 90°E and controlled WV
intrusion in the southern TP all day on 7-8 Jul@ne of the troughs is in the north of the TP
(around 45°N, 95°E; TR1), and the other is over ThRe(around 30-35°N, 80-98°E; TR2). A
westerly flow penetrates the two troughs along 85N4 Large-scale circulation patterns over
the TP, represented in the GAME reanalysis, wese simulated by NHM.

On the other hand, in the case of the NHM_30, aostzde cyclonic circulation
(Low_A) was formed at the center of the TP at 06 dT 7 July. This Low_A migrated
northeastward and reached 35°N, 100°E at 18 LT &um\8 Westerlies along 35-40°N converged

with easterlies in the northern part of TR2 (Ling. BA similar circulation and low-pressure
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system with a convergence line were recognizedum bther TR cases by NHM simulations.

Cloud areas in the METEOSAT-5 IR images (Fig. 3.a&re compared with the results of
NHM_30 in order to examine in detail the formatiohdisturbances. Over the southern and
southeastern TP, a cloud area corresponding toid2discernable from the afternoon into the
night. Cloud convections were very active ahead R, with southwesterlies crossing over
the eastern Himalayas. In addition, a mesoscaigeation (Cloud_A) developed in the same
area of the Low_A in NHM_30. Over the western @&RJry intrusion with cloud-free areas

distributed with the forming cloud zone (Cloud_B)ahead, which was consistent with the
formation of Line_B by NHM_30. This evidence conied that the NHM could simulate the

mesoscale circulation and the convergence zonedtuwdP.

Temporal changes of WV distribution around the Hayas were identified by
fine-mesh simulation results (NHM_6) nested in tidM_30. Figure 3.6 shows wind and
specific humidity at three-hour intervals at 1500ars.l. on two successive days (7-8 July).
Moist air was flowing from the west along the fadtthe Himalayas below about 2000 m a.s.l.
on July 7. This flow was a part of the main momsaa@sterly intruding from the Arabian Sea
(shown in Fig. 3.2d). In the afternoon, specifiaridity increased in wider areas, especially
over Bangladesh and East India. The simulatednpateéemperature profile showed that the
mixing layer depth over the south of the Himalayes around 500 m in the early morning but
developed to 1500 m in the afternoon (figures anéted). Therefore, the increase in moisture
could be explained by two factors: the low-levetusion of moist air associated with monsoon

westerlies and the development of a mixing layear dkie land.
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During the afternoon, the wind direction also chethdrom west to southwest over
Bangladesh. As shown by latitude-height sectionsiotl speed along 93°E (left in Fig. 3.7), an
upslope wind was simulated all day but was enhancéae mid-afternoon in the southern slope
of the Himalayas. This diurnal change of wind spaethe Himalayan slope was consistent
with the findings of past observational studies d@het al, 1981; Bollasina et al. 2002; Ueno et
al., 2008). WYV flux from the south of the Himalaymcreased along with the enhancement of
daytime wind speed (Fig. 3.7, right). The aftertmaacrease in WV flux corresponded to the
findings of a past observation (Inoue, 1976)herefore, the simulation by NHM_6 suggested
that a strong daytime upslope wind near the Hinedayansported WV in the mixing layer from
low elevations to high elevations over the southiégn From midnight to the next morning, the
specific humidity in the lower elevations decreadad to the disappearance of the mixing layer.
A similar diurnal variation of WV distribution wasepeated on July 8. Accordingly, in the
NHM simulation, WV transportation in front of theirklalayas was controlled by several
important systems, such as a low-level rich mogstuntrusion from the west, the daytime
development of a mixing layer, and a strong upsiejmel intruding into the TP.

Finally, characteristics of the WV distribution owtee southern TP were examined after
the intrusion. Figure 3.8 shows the flux and spediumidity at 5500 m a.s.l. on 7-8 July.
Areas above 5000 m a.s.| are shaded light grayedewzone of more than 0.008 kg/kg (dark
shaded) appeared south of 29°N at 12 LT. This maaseformed with a convergence between a
wetter southwesterly wind intruding from the soofithe TP and drier northwesterly winds in

the rear of the trough and was consistent withciiverconvective zone ahead of TR2, as shown
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in Fig. 3.5. The moisture zone expanded northeasitWy the evening intensification of the
southwesterly crossing over the Nyaingentanglhantsns (about 31°N). The wetter zone
disappeared from midnight to early the next mornohge to the weakening of a moist
southwesterly crossing over the Himalayas. A sinmaisture convergence was repeated on July
8. Using results of a numerical experiment of W¥nsgport in October, Sasaki et al. (2003)
indicated that southerly upslope winds with a maist mass in a valley of the Himalayas
intruded into the southern TP, and general westedver the TP formed a stationary moisture
front. Although they showed only the contributiohan upslope wind for WV intrusion, our
simulation results suggest that the circulationgoatassociated with the synoptic trough affected
the distribution of WV over the southeastern TP.amély, WV transported from the southern
foot of the Himalayas converged zonally over thetsern/southeastern TP but did not expand
widely into the central TP due to northwesterlieofving the trough from the afternoon into the
night. The effect on the WV convergence of a daliinduced upslope wind along the southern
slope of the Himalayas and the synoptic flow pat@ver the TP were systematically driven in
the case of the TR type, and this WV transport ggeavas different from the WV redistribution
caused by the local circulation with mountain ranges explained by Takagi et al. (2000) and

Kuwagata et al. (2001).

3.3 Summary for WV transport process

Many past studies have focused on the thermodyn&mition of the TP with large

diurnal convective activities that are usually aunpanied by strong land-atmosphere
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interactions under a prevailing Tibetan High. Tkisidy focused on the WV transport

processes from the Indian Ocean into the TP ungeeailing of synoptic-scale trough during

the 1998 monsoon season. The major results armartired as follows.

1)

2)

3)

According to the WV budget analysis, a large amaintV/V intruded from the south and
converged over the TP in cases of the TR type. Wdvivergence associated with
horizontal advection was scarce for the UH type.

A composite analysis of GAME reanalysis data showaye differences in the
subcontinental scale WV flow pattern between the &hdl TR, corresponding with the
active/break phase of Indian monsoon activity. tHa case of the UH type, a moist air
mass passing over the BoB in the lower layer rehthehe south of the Himalayas. WV
was then transported westward before reaching theeiTP due to a cyclonic circulation
formed over the Indian subcontinent in the mid-tgghere. On the other hand, in the case
of the TR type, low-level monsoon westerlies werealed to the foot of the Himalayas
passing over central and northern India that pexvid/V intrusion into the TP.

A diurnal variation in WV advection from south dfet Himalayas to the southeastern TP
was identified by NHM in a representative casehaf TR type. The WYV transport was
complexly intertwined with some physical factorsthe lower and middle troposphere.
Then, Schematic diagrams of the transport processeshown in Fig. 3.9. WV supplied
to the south of the Himalayas by monsoon westeiri¢se lower troposphere reached 1500
— 2000 m a.s.l with the development of a mixingelay the afternoon. At the same time,

upslope wind in the southern slopes of the Himaldited the moist air mass to the plateau
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level. Over the TP, a convergence zone of WV vaeaméd by moist southwesterlies in
front of the synoptic trough and a dry northwestdsehind it. This convergence zone
expanded northward in the evening and disappeayedh® next morning due to the
weakening of a moist southwesterly crossing overHimalayas. The results of the NHM

simulation study suggest that WV transportatiorcpsses are composed by multiple steps.
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Fig. 3.1. WV budget calculated in Box A (see Fidl)2in the cases of the TR (black)

and UH (gray) types. Positive/negative values spoed to the inflow/outflow of WV

flux.
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Fig. 3.2. Composites of geopotential height (umi};and WV flux (unit; kg/kgx m/s)
at 850 hPa. Left (right) figures correspond to the (TR) type. Areas above 1500 m
are masked out with black shading.in a) means monsoon trough. A vertical
cross-section of specific humidity and WV flux afpthe transections A-B-C and
D-E-F is shown in Fig. 3.4.
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Fig. 3.4. Height cross-sections of specific hunyiditpper) and WV flux (bottom) in the
case of the UH type (left) and TR type (right). Tdress-sections for the UH type is
along the transection A-B-C in Fig. 3b, and thattfee TR type is along D-E-F (right)
in Fig. 3f. The contour interval of specific humidikg/kg) is 0.002, and that of WV
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Fig. 3.5. Geopotential height and wind vector & @a for a) GAME reanalysis data, b) NHM_30, and
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Chapter 4 Formation of MCSs over the eastern
TP

4.1 MCS distribution and synoptic condition in cases of extensive
developments

MCSs occurrence distribution was examined by metestribed in Section 2.3, and
the mean occurrence number of MCSs extracted imkh&as 106 per year. The location of
the MCSs genesis showed two maximum centersArea A in the southern mountain area and
Area B in the eastern TP, as shown in Figure 4.Tde intensive distribution of Area A was
identified by Barros et al. (2004), but that of theea B was not shown because it was outside of
their analysis area. On the other hand, the tweirmam centers corresponded well with those
described by Li et al. (2008). The distributiortloé extinct location of the MCSs is also shown
in Figure 4.1b. The MCSs in Area A disappeared aimilar location of its occurrence.
However, the MCSs generated in Area B moved sostivaad, and some of them vanished out
of the TP. There was positive correlation betwdlem maximal area and continuance (or
migration length) of the MCSs in Area B (no figure)Therefore, the large MCSs in the eastern
TP had a long lifetime and tended to propagate thsgnces to go outside of the TP.

Next, the occurrence time of large MCSs was exathind he top (low) 60 cases of the
max size of the MCSs, described as Large (Small)S§J@vere chosen in Area B, and the initial
and max time were examined. For about 80 % ofd.a®CS cases, the MCSs were generated
in the afternoon (12-15 LT) and reached their makisize during the evening and through the

night (16-23 LT). The initial time of Small_MCS s&s was irregular, between 12 and 23 LT,
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and the MCSs reached their maximal area duringetteming through early the next morning.
To identify the characteristics of sub-continergaéle circulations for the Large. MCS cases,
geopotential heights with wind vectors were compastethe 200 and 500 hPa level on Japanese
reanalysis data (JRA-25; Onogi et al.,, 2007). Casrip fields were compared with the
climatology during the mature monsoon season (fdauy through August in 1998-2006) in
Figure 4.2. For the Large_MCS condition, the cepfethe Tibetan High extended over the
southeastern parts of the TP in the upper tropospifégure 4.2b). Near-surface low pressure
in the northwestern TP was more intensified thathenclimatology and caused the meandering
of subtropical westerlies and ridge formation oa #dastern TP (Figure 4.2d). At the central
plateau, the meandering westerlies converged witithsvesterlies intruding from northern parts
of the Bay of Bengal. This southwesterly was indud®sy the enhancement of cyclonic
circulation with a low-pressure area over the Indgubcontinent in the mid-troposphere.
According to Yamada and Uyeda (2006) and Sugimoétal.e(2008), those features of the
synoptic circulation corresponded in the activegehaf the Plateau and Indian monsoon, when
land-surface heating was dominant without overpawersynoptic trough condition.
Additionally, low-level convergence formation oveite central TP was similar to that at the
low-vortex occurrence timing, as shown in Zhangakt (1988). On the other hand, the
composition for the Small_MCS cases showed thatuhpger tropospheric Tibetan anticyclone
did not expand to the east and the near-surfaceecgence weakened with no meandering
westerlies under the decayed low-pressure conditidhe western plateau (no figure). In the

case of no MCS formation, the eastern TP coveredifh pressure at 500 hPa because it was
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located at the rear of the synoptic trough. Namklsgge MCSs were generated intensively
during the daytime by the dominant land-surfaceihgawith the low-level convergence under
the condition with a prevailing upper troposphdiilsetan anticyclone.

In order to reveal the effect of the established-level convergence under the strong
land-surface heating condition on the large sizedSvformation over the eastern plateau, the
diurnal evolution of the near-surface pressure \amils was examined with Tbb anomalies for
the Large_MCS cases. The anomaly of the wind ampatential height at 500 hPa was
calculated by subtracting 6-hourly averaged JRAdata for all analysis period days from that
for 60 days of Large_ MCS casedOn the Meteosat5-IR data, the convective index ¢ejined
as 1c=250-Thb if 250-Tbb is positive or Ic=0, wadctlated, and the Ic anomaly was composed
in the same way. Figure 4.3 shows the 6-hourlriral of composed anomaly patterns starting
from 24 hours prior to the evening, when the Law@S development was recognized in Area B
of Figure 4.1.

In the evening of one day before the MCS genesigu(E 4.3a), a low-pressure
anomaly distributed in the northern plateau wighaénter at around 36N/90E, corresponding to
the expansion of the depression emphasized in &igutd. The convergence anomaly was
recognized along the southern periphery of the pogssure anomaly, where the active
convection zone appeared (Figure 4.3f). The thstion of the active convection zone was
similar to the highly frequency zone of the low tearand hailfall occurrences analyzed by Tao
and Ding [1981]. The anomaly pattern persisted amtinight (Figure 4.3b and 4.3g), and the

low-pressure anomaly gradually moved eastward wigakening of convections until noon of
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the next day (Figure 4.3d and 4.3i). Then, stroogvection started over the eastern edge of
the plateau in the evening and developed into IM@Ss. The composite maps suggest that
the occurrence of large-scale MCS in the easterwd®induced by the strong convergences due
to the migration of thermally induced cyclonic cilation formed one day prior to the MCS
genesis. To recover the limit of reanalysis data & understand the three-dimensional
structures of the circulations within the plateaunumerical simulation with finer spatial
resolution was performed for the representativesads the development of Large_MCSs in the

following sections.

4.2 Processes of MCS genesisin WRF simulation

In the 60 days of Large. MCS occurrences in AreatHBee days with significant
low-pressure propagation near the surface weretseléor the numerical experiment, i.e., Jul. 4
in 1998, Jul. 2 in 2000, and Aug. 26 in 2005. d@ktail numerical design was shown in Section
2.5. Simulation results for the case of Aug. 26020wnvere compared with JRA-25 and
Meteosat5-IR images at 500 hPa (Figure 4.4). Tdwedetop temperature in the simulation was
interpreted by the temperature at the highest layiéhr cloud water or cloud ice more than
0.1x10* kg/kg. In the noon of one day before the MCS gangAug. 25), a low-pressure area
was analyzed over the northwestern TP in bothéhealysis and simulation results (Figure 4.4a
and 4.4b). Cyclonic circulation with a low-pressarea developed at 18 LT (Figure 4.4c and
4.4d) and moved eastward from 24 LT (Figure 4.4% 4df) to 12 LT the next day (Figure 4.4i

and 4.4j). However, in the WRF simulation, cyctowgirculation by the low-pressure system
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strengthened the westerlies over the southwestateago from evening to midnight (Figure 4.4d

and 4.4f). The enhanced westerlies induced coewess over the southern plateau with

easterlies associating with anticyclonic circulatiat the east side, and this feature was not
analyzed in the JRA25 data. Scattered clouds vegne@duced in the convergence area by the
simulation, and a similar cloud pattern was foundthe Meteosat5-IR image. Namely, the

WRF could simulate realistic convergence zonesidagrobse the three-dimensional circulation

structures.

In the Meteosat5-IR image, MCS was generated aflldn Aug. 26 and developed in
the southeastern plateau during the evening (Figudle). WRF reproduced the similar pattern
of MCS genesis over the area with convergencesdasgtthe northerly in the rear of the cyclonic
circulation and the southwesterly (Figure 4.4l)n the case of Jul. 4 in 1998, the simulated
MCS located more to the north than in the sateilitages because northerly intrusion with the
migrated cyclonic circulation was limited to 33Nigére 4.5a). In the case of Jul. 2 in 2000,
weakening of southwesterlies prevented the westegpdnsion of the MCS in the WRF (Figure
4.5b). However, the systematic development ofddoand MCS, such as the establishment of
low pressure one day before and traveling of thelooyc circulation to form a low-level
convergence to trigger the MCS genesis, was guntéas to that in the first case. Accordingly,

I concluded that the diurnal development and mignatof thermally induced cyclonic
circulation from the western part played a fundatalerole in the formation of large-scale MCSs
in the east.

To understand the systematic mechanisms of MCSrgme with the migration of
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cyclones, the three-dimensional output of WRF satioh in Aug. 25-26, 2005 was intensively
diagnosed. One day before the MCS genesis, 15lAug. 25, the surface sensible heat flux
was large in the western plateau due to drier Emfhce conditions (Figure 4.6a). This feature
agreed with observational results by Xu and Hagn¢¥001) and Xu et al. (2005), who
mentioned that the sensible heat flux was dominanthe western TP during the mature
monsoon season. Strong sensible heating warmedeifwesurface atmosphere that advected
northeastward and formed the 800-1000 km-scale pmgsure area, as shown in 500 hPa
(Figure 4.6b). At this moment, the low-pressurstaymn was shallow and identified below 400
hPa (Figure 4.6¢c). During the daytime, cloud faiiora was neither simulated in the
low-pressure system nor observed in the Meteofatrages, indicating that the system was
not caused by latent heat release with condensatiGonsequently, the low pressure formed
over the northwestern TP was recognized as a “@ldiow” induced by strong daytime sensible
heating under dry land-surface conditions. In timermal low, southwesterlies converged at
around 85-91E along the 36N with northerlies indubg the intensification of upslope winds
over the northern peripheries of the plateau. I@&yc circulation occurred in the eastern end
of this convergence zone at 18 LT (marked L in Fegd.4d) and remained after sunset. This
process would correspond to the formation of avowtex by Zhang et al. (1988), who described
that a cyclonic vortex was generated by strong-urhce heating over the western plateau and
wind shear between northeasterlies and southwesterl
Next, | examined the processes of the eastward mereof the low vortex. Figure

4.7a is a time sequence of positive vorticity ab $0Pa with averaged zonal wind speed in
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400-450 hPa from Aug. 24 to 27 along the 30-37 Nezm which the moving low vortex was
analyzed. Increase of daytime wind speed and g#ropositive vorticity in the late evening
were found in the western areas, around 81-93dicating that thermally induced low pressure
system developed most of the days with the devedmprof a mixing layer. Through Aug. 25
to 26, evident eastward propagation of the poswniveicity with a phase speed of about 0.67
degrees per hour started from the central platednich was consistent with the eastward
movement of stronger westerlies areas, as markea Wwhite arrow. The layer with positive
vorticity larger than 1.0xI8(s-) reached approximately 370 hPa, where westerfiebout 20
m/s were dominant after 00 UTC on Aug. 26, andghase speed was mainly controlled by
wind speed near the top level of positive vorticityJpper tropospheric anticyclonic circulation
prevailed with the center at 93E/28N, and a middldé trough was approaching from west of
the TP in the early morning of Aug. 25 (Figure 4.8aThe composition of the synoptic chart of
Large_ MCS cases (Figure 4.2b) also indicated tle&tence of a synoptic trough in the west of
the Tibetan High in the upper troposphere. Zhangl.e(1988) pointed out that a low vortex
migrates eastward when it occurs just under théhaor part of the Tibetan High, and our three
simulated cases agreed with their results. In réigi8, the southern part of the trough
gradually tilted eastward, and a stronger geostcopind area ahead of the trough also moved
eastward over the northern TP.

In two other cases, on Jul. 3-4, 1998 and Jul. 2000, there were also areas of
eastward propagation of positive vorticity startingm the western TP two or three days before

the MCS genesis and passing over the central T&yabdfore it (Figure 4.7b and 4.7c) with
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different phase speeds, such as 0.17 and 0.42edegez hour respectively. Both of the cases
showed similar circulation patterns in the uppeptisphere, as shown in Figure 4.8, except that
surface westerlies were weaker in 1998 and prodacgldwer propagation speed. According
to this evidence, | assumed that the near-surfageation of the low vortex was controlled by
the enhancement of upper tropospheric westerlideruconditions of a prevailing Tibetan High
and the approach of the synoptic trough from thstwe

In the afternoon on Aug. 26, the migrated low veorteas intensified with daytime
surface heating over the eastern plateau, andduced low-level convergences between
northerlies and southerlies where the MCS was géeglat 15 LT (Figure 4.9a). In the vertical
cross cutting along the convergence (Figure 4.¢ig, increase of the equivalent potential
temperature in the lower troposphere due to mdisgeby the largely latent heat flux over the
wetter land-surface condition (Figure 4.9c) streeged convective instability in the south of
35N, and the instability contributed to the deveh@mt of large MCSs in the evening. In two
other cases, similar structure of low-level coneaice and instability was recognized, such that
southwesterly in the eastern TP converged neaacinvith northerly/northwesterly in rear of
the migrated low-vortex, and the strong convecingtability formed by surface latent heat flux
(no figure). Consequently, the low-level convergerdue to migration of low vortex and
surface latent heat flux forming the convectivaabdity were suggested as two key factors for

the generation of MCS in the southeastern TP drgdise numerical simulation.
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4.3 Impact of land-surface fluxes on the formation of MCSs

The longitudinal gradient of the surface wetnessrothe plateau provides a
fundamental condition for the development of thdrmas in the west and convective instability
in the east. To investigate the effects of the factors for MCS generation, two sensitive
experiments were carried out by a WRF numericaukition for the previous three MCS cases;
one experiment removed the sensible heat flux tafgeEn 250 W/ at land surface over the
areas exceeding 3000 m until the day before the M&sis (noHFX run), and the other one
removed the latent heat flux larger than 125 Yém the day of the MCS genesis (NnoQFX run).
Accordingly, the sensible (latent) heat flux domethin the western (eastern) plateau was cut off,
as shown in Figure 4.10b and 4.10d.

The evolution of circulations near the plateaufate and the MCS genesis are
compared for Aug. 25-26, 2005 in Figure 4.12. ha tase of the NoHFX run, the low pressure
area in the western plateau calculated in theu@tl(Figure 4.11a) was abruptly weakened at 18
LT before one day of the MCS formation (Figure 4lY1which assured that the system was the
thermal low, and the eastward propagation of the Vortex was not simulated (Figure 4.11e).
Therefore, convergence in the eastern plateau weskemed in the Aug. 26 afternoon, and
convections did not develop into MCS (Figure 4.11f)n the case of the noQFX run,
circulations before the morning of Aug. 26 was sasdhose in the Ctl run (Figure 4.11g and
4.11h). However, MCS was not generated in thehsotithe low-pressure area (Figure 4.11i).
The profiles of an equivalent potential temperatatel5 LT, averaged in the domain of

30-35N/98-102E, were compared between the Ctl am@MX runs (Figure 4.11). Below 480
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hPa, strong convective instability in the Ctl ruasaissolved in the NoQFX run, and abrupt
development of MCS in the Aug. 26 evening was pneek The same sensitivity
experiments were performed for the cases on Jdl. 398 and Aug. 25-26, 2005. For the
NoHFX run, weakening of the low-level convergenda@ mbt induce the MCS formation of the
case of Jul. 1-2, 2000, as in the case of Aug. 52P05. On the other hand, clouds were
generated in the subtropical westerlies in thehsas$tern part of the plateau in the morning and
organized in the afternoon for the case of Jul, B998. However, this developed cloud system
was smaller than that of the Ctl run. For the ngQ&n, the MCS was also not generated in
either case due to the decrease of the convectstahility corresponding with the removal of
the latent heat flux. = The sensitivity experimeassured that changing of the longitudinal
gradient of soil moisture in the plateau deformel thermally induced low-pressure system in
the west or low-level potential instability in tleast, and, as a result, the MCS genesis in the

eastern plateau was suppressed.

4.4 Summary

Diurnal evolution of MCS genesis in the easterndliing the monsoon season was
analyzed using reanalysis data and satellite images three-dimensional formation processes
were diagnosed by numerical experiments focusing tb@ contrasts of plateau-scale
surface-heating components. The content in thépteln are submitted by Sugimoto and Ueno
(2009), and major results are summarized as follows

1) MCS genesis, identified in the 9-year MeteosdRt3mages, was concentrated in the eastern
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and southern TP, as shown in previous studies. pOeite analysis of the reanalysis data and
IR images for the cases of large MCSs in the easié® were characterized by eastward
magnification of an upper tropospheric anticyclomgh intensification of near-surface low
pressure in the western plateau and enhancemeiné¢ ddw-level longitudinal convergence line
in the central TP. Diurnal changes of near-surfeiceulations were composed by eastward
propagation of a cyclonic low-pressure system asdo@ated development of low-level
convergences that agreed with convective areastddten the satellite images.
2) In the numerical simulation, before the day lné tMCS genesis, thermally induced low
pressure occurred over the western TP, correspgmvdih a large sensible heat flux under the
dry land-surface condition in the daytime. The lawrtex moved eastward with the
intensification of the westerlies, which were indddoy stronger geostrophic winds over the
northern plateau under the Tibetan High developnoamtered over southern TP and the
approach of the synoptic trough. In the easteatepl, low-level convergence between the
northerlies and southwesterlies was caused inghieaf the migrated low vortex, and an MCS
was formed, in correspondence with large convedtis@bility over wet surface conditions.
3) A sensitive experiment by cutting off the setesifreat flux over the western TP simulated the
weakening of a low vortex in the west, and no M@$hie east was generated on the following
day. In addition, no MCS developed in the expentrinvolving the cutting off of latent heat

flux over the eastern TP due to the weakeningwflevel convective instability.
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Figure 4.1. a) Frequency distribution of MCS ocenoe counted at every 0.75 degrees of grid

spacing during summer from 1998 to 2006. Elevatiare contoured with an 875 m interval. b)
Same as a), except for the frequency distributid©S decay.
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Figure 4.6. a) Distribution of the sensible heaikflb) The geopotential height, wind, and cloud

distribution are the same as in Fig. 4.4, and cightdongitude cross section of anomalous
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Figure 4.7. a) Time sequence of vorticity along\8&t 500 hPa (contour) and averaged zonal wind
(shaded areas) from 30N to 37N between 450 andB8drom 06 LT on Aug. 24 to 06 LT on Aug.
27, 2005. The propagation of the strong westemya as marked by a white dashed arrow. b)
Same as a), but for vorticity along 32 N and avedazpnal wind between 32N and 37N from 00 LT
on Jul. 1 to 06 LT on Jul. 5, 1998. c¢) Same a®uat) from 06 LT on Jun. 30 to 06 LT on Jul. 3,
2001.
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Figure 4.8. Geopotential height (m: contour with fBOinterval) and zonal wind (m/s: shaded)
distribution at 200 hPa at 03, 15 LT on Aug. 25 88d.T on Aug. 26, 2005. The thick contour is
the topography with 3000 m, and the thick dashed is the axis of the synoptic trough. The
white chain line is the enhanced zonal wind zoriEhe star indicates the location of the low vortex
at 500 hPa. Out of simulation domain was black#d o
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Figure 4.10. Distribution of the surface sensildatiflux for a) the Ctl run and b) the NoHFX run at
15 LT on Aug. 25, 2005. The same but for the lakerat flux for c) the Ctl run and d) the NoQFX
run.
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Figure 4.12. Vertical profile of the equivalent @otial temperature averaged in 30-35N, 98-102E at

15 LT on Aug. 26, 2005. A black (gray) solid limglicates simulated results in the Ctl (NoQFX)
run.
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Chapter 5 Conclusions and Discussion

Over the Tibetan Plateau (TP), active cloud coneestare formed during the summer
monsoon season. We investigated transportatiowaikr vapor (WV) into the TP and
formation of mesoscale convective systems. Hrsgnclude finding of transport process of
WV during mature monsoon season in 1998. Accordin§VV budget analysis, significant
intrusion of WV from south of the TP contributeddn increase of atmospheric moisture over
the plateau in the case of a passing synoptic tr@ligpugh; TR type), comparing with that for
the case of prevailing Tibetan High (Upper High; tiide). In the cases of UH type, monsoon
westerlies passed over southern India, and itserobhainged towards the north with cyclonic
rotation over the northern BoB in the lower trogos@. Formation of cyclonic circulation
with low pressure area accompanying the activealmanonsoon phase caused transportation of
WV to west and prevented the WV intrusion from &owif the plateau into the middle
troposphere. On the other hand, monsoon westatié®d to the north at 850 hPa, and moist
air mass was transported directly to the southeot 6f Himalayas in the case of TR type,
corresponding to the break phase of the Indian omms Disappearance of the low pressure
area over the Indian subcontinent in the mid-trppese allowed intrusion of WV into the TP.
Diurnal variation of WV transport process into tippdateau was diagnosed by numerical
experiment. During early morning through afternoonoist air mass transported by the
monsoon westerlies to the southern foot of the tgas was lifted up to middle troposphere by

development of the mixing layer and daytime enharesd of upslope wind in the southern
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slope of the Himalayas. WYV intrusion with southteeles into the TP was dominant in front
of the synoptic trough from afternoon to night, andas limited in the southeastern part of the
plateau because of prevailing northwesterlies i tbar of the trough. The TR type may
strongly contribute to contrasts of the ground-stef condition, such as soil moisture and
vegetation, between the northwestern and southre@BiRe via a precipitation process.

Second, formation processes of the MCS are studiedcation of occurrence of MCSs
was examined during the mature monsoon seasonl®®@® to 2006 using satellite infrared (IR)
images, and it was concentrated in two areaghieesouthern and eastern TP. Large size MCSs
with long lifetime were formed during afternoondbgh evening, when there was development
of the Tibetan High in the upper troposphere anohgtland-surface heating. The anomaly of
wind and geopotential height at 500 hPa was catedlly subtracting the composite of 6-hourly
reanalysis data for all analysis period days frévat for Large sized MCS cases. The low
pressure anomaly was identified over the northdPnb&fore a day of the MCSs genesis and
propagated eastward. At the same time, a conveeganomaly was formed at the southern
periphery of the low pressure anomaly, in whichudiaconvection was active. In the next
afternoon, MCS occurred over the migrated convergeanomaly area. Behavior of the low
pressure over the plateau, inducing low-level cogeece and formation processes of MCS, was
diagnosed by numerical experiment. In the aftennoefore the day of MCS genesis, a thermal
low occurred over the western TP due to strongaserheating under the dry land condition.
Southwesterlies prevailing in the southwestern ®Rverged with northerlies coupling with

upslope wind in the northern slope of the platesng this convergence induced low vortex.
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The positive vorticity with low vortex propagated ¢astern TP due to eastward migration of
near-surface westerlies. This migration correspdntb upper enhanced westerlies at the
northern part of the Tibetan High, which causedityrease of pressure gradient related to
approach of the synoptic trough. In the afternobthe day of MCS genesis, southwesterlies
converged with northerlies in the rear of the pgatad low vortex. The convergence allowed
formation of an MCS over the eastern TP with weidtgurface condition, where remarkable
latent heat flux contributed to moistening of tHanetary boundary layer and induced strong
convective instability. A sensitivity experimergnnoving sensible heat flux over the western
TP until the day of MCS genesis indicated no-dgwelent of thermal low and no-formation of
low vortex. Occurrence of the MCS was not simuatiue to weakening of low-level
convergence without the migrated low vortex cowoditi On the other hand, MCS was also not
formed in another sensitivity experiment removiagght heat flux over the eastern TP on the day
of MCS genesis, because drying in the planetarymtary layer caused reduction of convective
instability. Then, soil moisture gradation fromu#ieeast to northwest was an important
function for the MCS formation over the eastern TP.

Based on the numerical simulation study for the Wansport, the pumping up of WV to
the same altitude of the plateau surface was atéibto a strong daytime upslope wind.
However, the spatial resolution and calculatinghtégues are insufficient to simulate the
detailed structure of the local circulation alonghwreal topography of the Himalayas. In
addition, few in-situ observatories are availalbenf which to verify the simulation results.

Improved simulation techniques for WV circulationeo the steep slopes and their verification
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by establishing an observation network are requwedlurther studies.

The passing of the synoptic trough was accompahiedhe break phase of the Indian
monsoon that causing increase of precipitatioféosouth of the Himalayas. It is well known
that precipitation in the Himalayas mostly occurghe night, as introduced in Section 1.3. Thus,
there must be a strong linkage between enhancewferthe nighttime precipitation and
prevailing of the WV transport into the TP in these of the TR type.

The present study revealed the importance of soisture gradation from the southeast to
the northwest for MCS formation over the eastern TFhe gradation is primarily determined by
the occurrence of precipitation in the east produiog the convective activity, including the
MCSs themselves. On the other hand, Ueno et GD9)2pointed out that synoptic scale
convergence flowing due to TP topography causetitimge precipitation in the central TP,
which could lead to a northwestward expansion dfwgetness the following morning. As the
occurrence of a precipitation system is quite dmesito sub-plateau-scale surface wetness
heterogeneity and also controls the circulationgpatwithin the plateau, precise information of
the surface flux components and their distributmrer the plateau is required. Recently,
satellite estimation algorithms of the surface fhewe been developed [e.g., Ma et al., 2007],
and the establishment of stations in the northwegiarts is anticipated to assure the formation
of thermal lows.

The stronger westerlies which was migrated the Il vorticity eastward was one of
the highlights to explain the large MCS developmentamada and Uyeda (2006) and Sugimoto

et al. (2008) classified the synoptic conditionuard the plateau during the monsoon season of
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1998 and extracted the pattern of the passing syntwpugh over the central plateau as the “TR
type.” In two-thirds of the Large_ MCS cases in898 TR case followed within 3 days. This
feature suggested that the approach of a mid-teisynoptic trough would be an important
factor in the development of large-scale MCSs ia dast. Actually, occurrence number of
large sized MCSs increased in the years with pliegaof traveling synoptic trough over the TP,
from July through August during 1998 — 2006. Uppesterly jet in the active year of large
sized MCS formation was stronger and its positi@s whifted to south comparing with that in
inactive year. Fujinami and Yasunari (2004) shovileat sub-monthly variability of cloud

convection over the southern plateau was contrddedbcation of quasi-stationary wave train
with wavenumber seven along Asian subtropical j€ur result of additional analysis of jet
track in the active MCS formation year was similarthat in dominant year of submonthly
variability shown in them. Activity of mid-latitledwave train covering over the northern TP
might determine availability of the low vortex mégion, which was necessary to induce

low-level convergence and MCS formation over th&teza plateau.
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