Chapter 2
Western Disturbances — Dynamics
and Thermodynamics

Abstract To further expand our knowledge of the weather systems called western
disturbances (WDs), in this chapter we present the dynamical basis of WDs. The
mechanism of WD formation with details on the evolution of such storms are dis-
cussed, and a detailed explanation of the energetics and thermodynamics of the
winter storms provided. The various studies on WDs using various tools such as
satellite information or numerical modelling techniques are reviewed and summa-
rized. Last but not the least, the influence of surface variability in terms of orogra-
phy and land use — land cover impacts on WDs are in this chapter.

The previous chapter dealt with WDs in an introduction that detailed providing the
typical structure and origin of these extra-tropical systems. To further expand our
knowledge of these systems, this chapter develops the dynamical understanding of
the WDs. The various studies on WDs using various tools such as satellite informa-
tion or numerical modelling techniques are have been reviewed and summarized.
And finally the influence of surface variability in terms of orography and changes in
land use and land cover changes on WDs are discussed in this chapter.

Before proceeding with the working sections of the chapter detailing information
about the WDs we briefly review the Himalayas. As will be discussed later, the
Himalayas have a major impact on WDs and in further chapters we will note that
there is a reciprocal impact from WDs on the Himalayas also. Hence, an introduc-
tion to the Himalayan mountain range is prudent. The Himalayas have been illus-
trated clearly in the Fig. 1.1 in the previous chapter. A detailed idea of the Himalayan
extent and topography has been illustrated in Fig. 2.1. The Himalayas extend
2500 km which stretches from 34 to 36°N, 27° E and 27-28°N, 90° E with a width
of 250400 km (Barry 2008). West to east this mountain range is divided into
regions called as the north-western Himalayas, central Himalayas and eastern
Himalayas. Bordering on the northern edge of the Himalayas is the Tibetan Plateau.
Moreover, the western part of the Himalayas is bordered by the Hindu-Kush range.
According to Barry (2008), the Himalayas from north to south can be divided into
three major ranges. The Greater Himalayas in the north have the highest mountains,
with an average height of 6000 m. South of this range, in the middle, is the Lesser
Himalayas with average peak height of 2000-3300 m. And down south the range is
called the outer Himalayas or the Siwaliks which are shorter with peak height
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Fig. 2.1 (a) Schematic representation of cascading Himalayan mountain ranges (Pir Panjal- Great
Himalaya-Zanskar-Ladhak-Karakoram) and western-central-eastern Himalayan region (b)
Topographic (x10° m) overview of the Himalayas

averaging 900-1200 m. The Himalayas have a natural variability in land-cover
patterns. Thus, the land-use and land-cover variability and topographic heterogenity
are the characteristic features of the Himalayas (Dimri 2012). The climatic condi-
tions for the temperature parameter show variability over the Himalayan region due
to the variation in the orography (Dimri 2004) and the land use (Dimri 2009), as also
reported in the study Dash et al. (2007). Temperature predictably decreases with
altitude, and the mountain range also shows a normal latitudinal gradient over the
lower Himalayas. Precipitation patterns over the Himalayas also have a large varia-
tion due to the heterogeneous topography and variation in the surface cover (Dimri
2012). From an ecological stand point, the Himalayas have an outer monsoon for-
est, a zone of inner coniferous forest, and a border zone in the north of arid steppe.
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With increased human intervention, there has been clear changes in the land-use and
land-cover variability of the region especially because of more unplanned urbaniza-
tion, agriculture and industrialization (Kala 2014).

The Himalayas, due to their unique geographical position, provide a physical
barrier that plays an important role in global weather patterns (Fig. 2.1), acting as a
heat source during the summer and a heat sink during the winter. Topographic het-
erogeneity, land-use variability, and varying snow-cover extent are important cli-
mate actors affecting the Indian summer monsoon (ISM) (Boos and Kuang 2010).
During winter, the Himalayan region is prone to severe weather and the large
amounts of snowfall produced by WDs (Schiemann et al. 2009). Regional spring
snowmelt runoff contributes 15-44 % of the discharge to the tributaries of the Indus,
and 6-20 % of the Ganges discharge (Ramasastri 1999). Spring runoff becomes
especially important in the case of a delayed monsoon onset (Bamzai and Shukla
1999; Liu and Yanai 2002), and is a factor in pre-monsoon flooding and landslides
(Agrawal 1999; Thayyen et al. 2012).

2.1 Dynamics of Western Disturbances

In this section we examine the dynamics, energetics and thermodynamics of WDs.
WDs are synoptic systems with associated large-scale circulation patterns. Various
process studies into the energy and water budgets for large-scale synoptic systems
are required to determine the dynamics of the systems. After reviewing many
papers, Gupta and Mandal (1987) as well as Raju et al. (2011) noted the importance
of large-scale synoptic systems in the generation, transfer and transformation of
kinetic energy in the middle latitudes and their various patterns in the lower lati-
tudes. The available potential energy for the extra-tropical cyclonic weather systems
is drawn from the latitudinal/meridional temperature gradient (between different
latitudes) (Dimri et al. 2004). The difference in the temperatures between the tropics
and mid-latitudes or even the polar region play a significant role in generating the
extra-tropical cyclones. The literature review also suggested that the WD kinetic-
energy budget will be a more interesting topic to study since WDs are systems that
move in the borderline zone of tropics and extra-tropics (Raju et al. 2011). Although
WDs are considered similar to extra-tropical systems, they differ from such systems
because their frontal structures dissipate due to the friction of the surface as they
migrate long distances. Also, their movement across Himalayan orography causes
energy changes that are different than those seen in the usual mid-latitude systems.
A synthesis of the various studies on WD kinetic-energy budget is provided here for
a deeper understanding of the WDs.

A study by Ananthakrishnan and Keshavmurty (1973) analysed the generation of
kinetic energy over India during the winter season by diagnosing the meridional
wind and the zonal wind flow. The study reported that the adiabatic kinetic energy
within WDs is consumed by zonal wind flow along its track due to enhanced meridi-
onal wind flow and vice versa. Gupta and Mandal (1987) explained the behavior of
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the kinetic-energy generation function during a WD. Their study revealed that the
increase (decrease) in the kinetic energy content of the system could not be related
directly to the positive (negative) contribution of the kinetic-energy generation
function. Further, the zonal component of the kinetic energy generation function
acted as a source, while the meridional component behaved as a strong sink in the
upper levels throughout the life cycle of the system. Analysis of meteorological
global reanalysis datasets enables researchers to examine the unique characteristics
of specific synoptic events. Many of these reanalyses depict the large-scale circula-
tion characteristics of WDs reasonably well despite weak constraints due to data
paucity in the Himalayas (Mohanty et al. 1998, 1999). As an example, Roy and
Bhowmik (2005) successfully used gridded datasets of the Indian Meteorological
Department global- model output to thermodynamically analyse the WDs over the
Delhi region. The study revealed that there is external advection of water vapor over
aregion as a consequence of the passage of WDs. The atmosphere during the winter
season over the region is relatively dry and cannot result in precipitation due to
convection at the local level. Hence, the external source of moisture incursion is a
necessity for the WD related winter precipitation. In association with the moisture
influx, convective activity is observed as the energy realized when the conditional
instability is released, the latter termed the convective available potential energy
(CAPE). The CAPE values increase during a WD passage, providing the required
energy for the storm to form. According to Agnihotri and Singh (1987), during
winters the shortwave solar radiation is absorbed mostly in the lower levels of the
atmosphere due to the presence of the moisture. During WD occurrences due to low
level moisture incursion, there is enhanced absorption of the incident solar radiation
in the lower levels, which is another source of energy for the storm. Mohanty et al.
(1999) performed a comparative analysis of the dynamical and thermodynamical
characteristics between weak and active WD using observational analysis. The
study reports higher amounts of precipitable water and higher convergence of hori-
zontal heat flux during an active WD than in a weak WD. The role of the Himalayan
orography in blocking and guiding the integrated moisture fluxes within the model
reanalysis for an active WD over northern India is shown by Raju et al. (2011),
confirming the early diagnosis of Ananthakrishnan and Keshavmurty (1973). It
reported that zonal and meridional formation of kinetic energy was in opposition to
generation. The study also showed a strong rise in the convergence of the flux of
kinetic energy and weak adiabatic production of kinetic energy during the passage
of an intense WD. Towards the centre of the low pressure area of the WD, destruc-
tion of kinetic energy took place, whereas generation of the energy occurred west of
the centre of an intense WD.

Access to satellite imagery changed tools and methodologies in weather fore-
casting and have proven to be essential elements of improved effectiveness
(Houghton 1987). Studies related to the WDs using satellite data have provided
detailed information on the topic. The first synoptic charts for India, with input from
satellite imagery showing jets and cloud systems, were produced in 1970 (Srinivasan
1971). This study reported the formation of the clouds associated with troughs in
the SWJ which is indicative of the precipitation associated with the WDs. Satellite
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imagery and charts available were used to analyse the cloud bands associated with
WnDs, classifying cloud patterns in terms of the relationship between geometry and
cloud area (Rao and Moray 1971). Such structure-based cloud imagery helped in
assessing the evolution of WDs over time and provided an analysis of the life cycle
of an evolving WD. Based on 10 years of satellite information, three broad catego-
ries were suggested by Agnihotri and Singh (1982). A significant finding of this
study was that there are important secondary extra-tropical depressions traveling
with large-scale westerlies and approaching northwest India. Detailed analysis of
the cloud formation associated with the WDs are described in the previous chapter.

Other than using satellite imagery to study cloud systems associated with the
WDs, this imagery has been used to analyse other details about these systems. Using
NOAA-6 satellite products, Sharma and Subramaniam (1983) pointed out the link-
ages of WDs with the low-level easterly troughs responsible for intensification of
the WD. They provided further support that this linkage caused expanded associ-
ated precipitation far to the south. A relationship between cloud-top temperatures
and WD rainfall in the relatively drier month of November was proposed by
Veeraraghavan and Nath (1989). They used Arkin’s methodology to estimate the
precipitation caused by WDs using the cloud-top temperatures. But this methodol-
ogy did not provide accurate rainfall estimates when compared with the actual aver-
agerainfall based on the data provided by the gauge stations because the methodology
was not used on a region of variable orography like Himalayas. Puranik and Karekar
(2009) used satellite observations from multiple platforms to delineate the cold-air
intrusion and the moisture pathways. Their objective was to demonstrate the capa-
bility of Advanced Microwave Sounding Unit -B (AMSU-B), flying onboard the
NOAA satellite, to monitor WDs in five different microwave frequencies. Now data
assimilation of satellite data into modelling techniques are providing yet greater
accuracy for the model simulated outputs when compared with the observational
analysis. Rakesh et al. (2009) is one of the studies including satellite data into
numerical weather prediction.

Satellite information has been an important tool in studying the interaction of the
mid-latitude systems with tropical systems. An important aspect of the interaction
between the tropics and mid-latitudes is the emergence of cloud surges, which are
due to the interaction of tropical and mid-latitude flows, and are clearly visible in
satellite imagery. When the existence of large amplitude troughs in subtropical
westerlies impinge on low-latitude synoptic disturbances, this first ‘interaction’
shows signs of cloud deformation north-eastward from the lower latitudes Kalsi and
Halder 1992). Such interactions during summer monsoon months add to increased
monsoonal flow. A similar case of tropical and extra-tropical interaction led to the
massive disaster over the Kedarnath region in June 2013. Interaction between WD
and MT caused the formation of dense clouding and resulting in the heavy precipi-
tation observed over northern India (IMD 2013), as also seen by satellite imagery.
This cloud system was termed a transient cloud system (Pandey and Pandey 2014;
Chevuturi and Dimri in review). Detailed analysis of interaction of tropical and
mid-latitude systems are described in the next chapter.
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2.2 Modelling Studies Related to Western Disturbances

A survey of modelling attempts of WD events is described here. Table 2.1 presents
the framework associated with various modelling studies and major findings of the
studies. The main focus is on significant milestones in WDs’ modelling studies that
enhanced process understanding and model improvement. While greater under-
standing of the WDs needs no justification, model improvement is important for the
improvement in forecasting and prediction of the WDs. The first mathematical
description of cyclonic waves in the baroclinic westerlies was introduced by
Charney (1947), which provided a theoretical basis for numerical weather predic-
tion (Charney 1948; Charney et al. 1950). Here, we mainly rely on existing dynami-
cal numerical models of WDs. Rao and Rao (1971) considered that the observed
zonal wind profile is unstable with respect to the small superimposed disturbance,
most notably for a perturbation wavelength of around 7000 km at 28°N. Such baro-
clinic instability is a possible mechanism for energy release and the development of
a WD. They also analysed the periodicity and wavelength of the WD in the form of
wave disturbances. They found out that WDs have a periodicity of about 9 days and
a wavelength of about 6.0 10° m in early stages and 8.5 x 10° m in the later stages
of development. Ramanathan and Saha (1972) applied a primitive equation in a
barotropic model at 500 hPa to predict the evolution of WDs and investigated the
role of initial and boundary conditions on forecast accuracy. The study used two
cases of WDs to analyse the forecast ability of the model using east-west cyclic
boundary conditions. They developed encouraging and important applications of
dynamical models to predict WD movement. Chitlangia (1976) employed a moving
coordinate system to study the mean structure of a WD. The study used data from
six WD cases in the model. Hoskins and Karoly (1982), using a steady-state-
linearized- five-layer baroclinic model, established the role of subtropical forcing to
produce appreciable response in mid- and high latitudes. In low latitudes, it estab-
lishes that longer wavelengths propagate poleward and eastward, whereas shorter
wavelengths are trapped in the equatorward side of the jet. This trapped jet enhances
the evolution of embedded WDs. A comprehensive analysis of a WD simulated
within a global spectral model reported by Dash and Chakrapani (1989) showed
improvement in forecast skill with respect to geopotential heights and wind magni-
tude associated with a WD, and thus associated precipitation. deSilva and Lindzen
(1993) investigated stationary waves in the northern hemisphere winter using sta-
tionary and time-dependent, linear primitive equation models. In tandem with
Nigam and Lindzen (1989), they found that small displacements of the SWJ causes
significant changes in stationary wave response right in the troposphere and in the
lower troposphere. This behavior could be used for long-range forecasting of the
associated synoptic weathers such as WDs. Predictability of precipitation associ-
ated with WDs increased with the introduction of boundary-layer and convection
schemes in numerical models (Azadi et al. 2001; Das et al. 2003; Das 2005; Hatwar
et al. 2005; Dimri and Chevuturi 2014; Chevuturi et al. 2014).



33

2.2 Modelling Studies Related to Western Disturbances

(panunuoo)

"SQUIAYOS

uonezue)ewered 19y1o ) 03 pareduiod

SE S)[NSAI 19119q JAIS QWAYDS SNNWND
IQ[IA-SHeg pue awayds Tgd ued-SuoH
‘suonorpaid

ogroads jurod opraoid o3 9[qe Jou

JNQ QOUBAPE UI {7/ SUIAISAS IQJUIM JO JUI)XD
pue AJISUSUI JSLIAI0J O} J[qE SI [opOW Y],
‘SIsATeue

9A10dsal Ay} YIIM JUIWAAITE MOYS
surayed uonenon puim pue uonelidroord
pare[nunode Y 7 JO SP[AY 1SLII0J Y,

‘[epowt 1oAe] om) ofdurs € yyim uorssaxdop
[eordor)-er)xo ue uey) sOT)SLIOIOBIEYD
xo[dwoo a1ow smoys areydsoune

JO 2IMONIS [BONIOA A} ‘(JM © Surng
“JO1I9 }SBII0J 20NPAI

pue uonnjosax aroxdw 03 parmbar ing ‘g
Jo JuawaAaow 2y} 3o1paid A[[e1oud3d pinod
[opOW BaTe PAIIWI] Y PIM (A JO ISBIAI0]
*90UBQINSIP

9[qeIsun A[[eoruI[o0Ieq € 0] SONSLIJORIBYD
Terwis smoys juowdo[oasp (M QUL

s3urpuy jueoyrugdig

IMIN-SHOL

cmm.mcom nsomﬁ‘_m.c_.mvm
‘Tepeor[g ‘[1910 ‘ony
€L00s1dd QATIOAAUOD)

SOWAYOS UONBZLIdJoWERIE]

uy 09 (TI'TA) SWIN

(AMINDN)

[epow Tenoads [eqor3

wy 091 | 1Ke[ 8T ‘081 dADN

(1@ LID) [opouw

[enoads 1eqorn

(1opowt

[eordure) wasks

ol 9)BUIPI00D SUTAOIN

[epow ordonoreq

BOTR-POYIWI]

ST uonenba aAnTwILd

pasn ejep

[euoneAIasqO

uonnjosay pasn [opoIN
[opowt
[eIUOZLIOH

L661 uef 1¢—81

L661 UBl 1T-61 9661
uef /1-GT ‘S661 Uef
01-8 “¥661 29 0¢-LT

861 TeIN €—4°d LT
S961

uel 0761 ‘T961 9°d
YT—€T *T961 UBf 9T-ST
“7961 UB[ 17-0T ‘6561
42d ¥—¢ *6561 Ue[ S

6961 Uef -1
‘8961 99d ST—CT

€961 99d LI-TT
PasSNoSIp aSBd (M

(1002)
Te 10 Ipezy

(6661)
‘Te 30 vidnn

(6861)
tuedenyey)
pue yseq

(9L61)
eIsuepIy)

(cLem
ByES pue
LN

(1Le1)
ory pue oey

QouaIeoy

s110139 Surjepows 3uisn sAIPMIS AN Y} Jo Arewrwing 1 d[qeL



2 Western Disturbances — Dynamics and Thermodynamics

34

‘mdino [opow ay) ur

pajorpaid-1apun SI [[ejuIRI JO A)JISUSIUL Inq
SISATeue UONBOYLIoA oY) 1M [[om oredwiod
jseoa10) oy ut surdyed uoneyidioalg
"uonN[OSAI [OPOW [BIUOZLIOY

JIoUL PUB SUWIAYDS JATJIOAUOD II[[IA-SHOF
pue swayds Tgd ued-3UoH JO UONRUIQUIOD
s pajussarder 101aq ST (M JO
uone[nwIs Jey) s1sa33ns sisA[eue AJANISUIS
*SISATeUE UOTJEOYLIOA O} UT PIAISSqO

JOu 2INONI)S AUy dwos Funuasardar

s Suore g Jo Arsuaiur pue

JuSwRAOW Ay} parnided uone[nwIs [OPoJ
‘uoneydroald

PIBIdOSSE pUB (JAA JO UOB[NWIS paoidut
0} PEJ[ Urewop Jouy Ay} Ul SAINJeaf
[eorydeiSodoy jo uonejuasaidar 1op0g
“WR)SAS Ay} Jo ddourApR UI g/ pAordop
[[9M 9IB SINJE9) (JAA SISBOAI0J [OPOIN
‘uor3ar

AU} JOAO UOTJBAISQO AU} UM [[om oredwiod
uonejidioard pue puim pejeroosse pue

M JO SISBO2I0J [9pOW Jet) MOYS S)NSAY
s3urpuy jueoyrugdig

(0661) 'Te 19 nINUWRUYSLIY]
ur [1e3op ur uondLosap [9poIN

ued-Suoyq
‘repeyoe|g

ued-Suoyq

ued-3uoyq

ueJ-3uoyq

ueJ-3uoyq
€L00s1dd

IO[IIA-SHod
‘Yosyg-urey]
TRID ‘ony]

WIIA-SHRG

WIN-SHeg

1915

[191D
QAT)IRAUOD)

SOWAYOS UONBZLIdJoWRIE]

uy 0¢
‘uy 09 Uy 06

uy 09

wy 0¢
‘ury 09 “ury 06
wy 01
‘ury O¢ “ury 06

uy o1

‘uny O¢ Uy 06
uonnjosay
[opowr
[eIuOZLIOH

wo)sKS JSBOAI0J SISATeUR
Bale pajrl] (QINIL

(TI'zA) SWIN

(T1'TA) SININ

(TI'TA) SWIN

SININ

SINIA
pasn [opoA

00T 9°d

8-6 T00T Arenuef /[—¢[

6661 uef

GT—0T :L661 uef 1781

6661 UBf ST-1C

6661 UBf SC—ICT

100C doS 9191

100T doS 911

PasSNOSIp aSBd (M

(5002)
‘T8 30 JemIBH

(9002)
‘e 19 g

(#002)
e 39 g

(¥007) Hwiq

(€000)
Te 39 seq

(2002) sed
QOUAIJOY

(panunuod) 17 dqeL



35

2.2 Modelling Studies Related to Western Disturbances

(ponunuod)

‘uonnquysip uoneydioard snooua3ore)ay jo
uonorpaid ay Joedur s30939 [89130]0109)UW
[eoo1 pue AydeiSodoy xordwo)

-aaem Agssoy omyder3odo) e se pajordop

s1 seAe[ew Ty Jo odo[s UIOYINOS I9A0
QUO[2Ad Areuorie)s-1senb jo uonenuwis y
oM

SOINJBIJ 9[BISOSOW PIJeId0sse ay) Juasardar
[opow 9y} YIIm S(IAA QATIOR JO UOTR[NWIS
‘S Surdiow

JO SaseD Ul SISA[RUER UONBAIIS]O (IIM
uostredwod uo uonnqrnsip uonejidroard
SN0AUA3019)aY SMOYs pue [[om uonejidioard
ay Jo uonnqLysip [eneds soje[nUIS [OPOJA
‘s19jowered [eo130[0109)oW

pajorpaid [apowr jo uonesridde uo paarasqo
sem uonorpaid ayoueeae pasoiduy
‘SuOIgaI snourejunow

9y} 19A0 [rejurel 301paxd 0} [opowr oy} Jo
Anpiqedes poo3 moys y g/ oidn sjseda1o]
"wa)sAS oY)

SMO[S UOIYM SBIq JYSI[S SMOUS Inq SISA[eue
Y YIM [[om saredwiod saInjed) pojeroosse
pue woysAs ondouAs pajenuirs [pojA

OSILLI-Ures]

ued-Suoy IO[N-SHRg

YosIL-urey]

ued-3uoy 1EXfs)

ued-3uoy IO[TN-SNeg

wy O] ‘W O¢ (ST'SA) SdIV
wy 001 SINVY
u 09 (TreA) SWIN

wy 0¢ (ST'SA) SdIV
(Jopou [ed1)STIEYS puUB

[opOUI IOA0D MOUS [ITM

uny (¢ |paersoiur) [opour SN

uy o1

‘uy ¢ Uy 06 SININ
u 0¢

ury 09 ‘U 06 (T1'TA) SININ

S00¢T 9°4
90¢ *S00T uef £0—+00T
33d 1€ *900T Uef -1

0661 9°d 1€-LC

L661 9°d 9T—¢¢
L6614 T1-8 °L66]1
Q24 T *L661 UBf 0T-LT

L00T 924 L€ 'S00T

uef $0—00T 92 0F
€002

9od 0291 ‘700T Arenueg
LT—€T 100 TN ST—€T

700¢ Arenuef 91—

8661 TN
T1°9661 UBf GT S661
24 ¥1 *€661 TBIN T

(z100) 1uIq
puB [BMWIS

(+000)
‘Te 30 e

(6002)
KyueyoN
pue LI

(L007) 11D
pue [emuas

(S000) T8 10
UBSBAIULIS

(000 sed

(5002)
210 1pezy



2 Western Disturbances — Dynamics and Thermodynamics

36

‘uo13a1 ueAe[ewIyg

Q) J9A0 SAIPMIS (JAA 10F 9)INS 159q Y} 2q 0)
punoJ SI UWIAYDS YOSILLI-UIRY puB SWaYdSs
K)ISIOATU() TOSUOZX ‘owayods sdrsAydororu
uonejidioard pue pnopo o[eds-pus eig

‘pans 189q ST uonezLd)oweIed odeyms
PUB] DY ‘MYAV YA suonenuils SqM 104

‘S JO suwIsTuBRydoW
uonejidioard pejeroosse oy YIm

Suore Surotoy oydesSoro pue orwreukp jo
samea) parmded s[opowr 2JewI[d [RUOISAY
"HAA JoA0 synsax

10139q SUIMOYS UOTIN[OSAT JOUY YIM [[oM
uonoerayut uoneyidoaid pue Aydeiodoy
ay) sarnyded Sureosumop [edTweuAp [9pOJ
‘uone[IuIsse

TeA € YIM UOTB[NWIS UI PAAIISQO

SI s3se0210] uonejrdioald Jo Juowaroidwy
‘sjose)ep

A[EIes SIAOIA Jo uonelodioour Jnoyim
UoIR[NWIS JOAO $}[NSAI paAoIdur SMoys
yoeoidde JBA € YIIM UOTIRZI[RTITUT JSBOAI0]
s3urpuy Jueoyrudig

(sxr)
KNsIoATUN)
1osuox YOSILL-UTes]
(nsx)
Ayiszoatun S[quIasud
19SUOK | TAUQAJ( [[91D)
A1oanoadsar
(6861 oIPaLL)
XnJj SSeN
(0661 2nUMOY
pue £103210))
XnJj SSeN
Se[sioH e
Qwayds
QInso[o
[e00] UON 1e10
€L00s1dd QATIORAUOD)

SQWAYOS UOTIRZLIdJoWEIe]

wy 6
wy LT Wy [

uy G1 ‘U G

(U 6Z~) 4€T0

uy Q1 “wy 09

wy o1
Uy € Uy 06

uonnjosay
[opow
[eIUOZLIOH

(MIV) TIM

(MYAV) JIM

OINHY Pue ¢INIPEH

EIND3Y

uone[IuIsse reAqe¢
Sursn ($'¢A) SNIN

(e1ep paALIOp SIAOIN
[JIM) UOTIR[IUIISSE

TeA(IE Suisn SN
pasn [9poN

00T
q2d €111 *200T 924
8- ‘T00T Arenuef /¢

LOOT BN CI-T1

*L00T 99d 8T—LT *LOOT
Q24 T1-0T *€00T e[
TT-1T *€00T 9°d S1-LI

L00T—0661

1000861

00z 1dv €2

L00T 924 11-8
PIsSNOSIP 358 (IM

#1020
LNNAdYD)
pue Lwi

(€100)
‘Te 30 sewoy ],

(€102)
[e 30 LI

(2107) 130AIN
pue LI

(Z100)
‘Te 30 wdnSseq

(6002)
Ie 32 ysoyey
ERNEIEIEN

(Ponunuod) 1z AqeL



2.2 Modelling Studies Related to Western Disturbances 37

Benchmark studies for understanding the model of the physics and dynamics
associated with WDs are reviewed next. From Azadi et al. (2001), Fig. 2.2a depicts
the sea-level pressure chart during the 18—19 January 1997 WD event as seen in the
observations reanalysis. In this figure, a clear surface low associated with the WD is
observed. The corresponding MM5V3 (Mesoscale Model 5 Version 3) simulations
for eight experiments with different combinations of planetary boundary layers and
cumulus parameterization schemes are shown in Fig. 2.2b corresponding to the
observation, Fig. 2.2a. This study provides guidance about the best combination of
parameterization of physical processes from the various available options to config-
ure the model to capture the dynamical structures of WDs. In this study, the analysis
and prediction of field variables like sea level pressure, geopotential height, tem-
perature, wind and precipitation are used as indicators of the best modelling output.
Further, Dimri (2004), investigated the impact of topography and model resolution
on the simulation of the WD on 23 January 1999 using MM5V3 and showed clearly
that the evolution of the of WD in terms of its low pressure at 500 hPa is stronger
when realistic topography is present (Fig. 2.3d, e, and f) than in a corresponding no
topography experiment (Fig. 2.3a, b, and c). Similarly, more organized precipitation
fields along the upwind slopes of the Himalayan complex are seen when realistic
topography is present (Fig. 2.4d, e, and f) than in the corresponding no topography
experiment (Fig. 2.4a, b, and c). Further, Dimri et al. (2004) study analysed the
simulation of an intense WD using a mesoscale model (MMS5) run at high resolu-
tion. According to the study, the model simulation at high resolution could capture the
intensity and movement of the WD with accuracy. But the study of Azadi et al. (2005)

S0E 80E 708 80 90E

Fig. 2.2 Reanalysis of sea level pressure at 0000 UTC on (a) 19 Jan 1997 and (b) corresponding
24 h forecast of sea level pressure in 08 difference model experiments (Source: Met Appli. Azadi
et al. 2001). Figure 1.3b is given on the next page
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Fig. 2.3 500 hPa Geopotential height (m) after 48 h model forecast valid at 0000 UTC on 23 Jan
1999 over flat (a, b and ¢) and normal topography (d, e and f) with different model horizontal
resolutions

showed that the same model could not accurately capture the advection during a
WD and thus failed to simulate the observed speed of the system.

The associated intensification and modulation of the WD is further illustrated in
Fig. 2.5a using results of WRF model simulations for the WD on 7 Feb 2002 and
compared with the corresponding reanalyses results. Figure 2.5a depicts model-
simulated 500 hPa wind, geopotential height, and wind speed which show similar
cyclonic structure as in the corresponding with two reanalyses results presented in
Fig. 2.5b and c respectively. The two reanalyses datasets are - Modern Era
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Fig. 2.4 Precipitation (cm/24 h) after 48 h model forecast valid at 0000 UTC on 23 Jan 1999 over
flat (a, b and ¢) and normal topography (d, e and f) with different model horizontal resolutions

Retrospective Analysis for Research and Applications (MERRA) and National
Center for Environmental Prediction — National Center for Atmospheric Research
Reanalysis Project (NCEP-NNRPII). The wind speed shown in the shaded grey
region depicts the flow intensifying along the cyclonic circulation. The overall wind
pattern indicates that the model could simulate anomalous cyclonic circulation as
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Fig. 2.5 500 hPa wind (m/s; arrow); geopotential height (m; red contour) and wind speed above
22 m/s (grey shed) in (a) model, (b) MERRA and (¢) NCEP-NNRPII on 07 Feb 2002 0000 UTC

seen in the corresponding verification analysis with higher magnitude. The corre-
sponding geopotential field corroborates with the mid-tropospheric trough over the
Indo-Pak region. The figure depicting model-simulated geopotential height is simi-
lar to the corresponding observational reanalysis. The trough/depression is depicted
over Pakistan and north-west India which forms the cyclonic circulation.
Correspondingly, the model also shows the high wind speeds due to the stronger
storm simulation. The well-marked low developed over the region, and movement
of the said low pressure system is depicted well in the model simulation. The model
simulates a more intense storm, thus, over predicting all associated fields leading to
stronger cyclonic circulation and stronger wind speed in comparison with the obser-
vation data. Corresponding thermodynamical factors, maximum convective avail-
able potential energy (CAPE) and convective instability (CINE) are presented in
Fig. 2.6a and b respectively. It depicts the spatial distribution of CAPE and CINE on
7 February 2002 elongated along the Himalayan topography. These figures show
that during passage, the WD interacts with topography generating enough energy
for intensification of the winter storm, thus enhancing associated precipitation over
northern India. Such interplay of the WD with topography provides an explanatory
inference for the propensity of increased weather activity (Dimri and Niyogi 2012).
Increase in CAPE is the release of energy from the instability in the atmosphere that
s associated with the orographic lifting of unstable moist air. The kinetic energy
generated through conversion of CAPE maintains the convective system during the
WD occurrence. During the peak of the WD, CAPE provides support for
intensification, which over time reduces significantly the dissipation of the energy
and thus weakens the WD. Similarly there is also an increase in the CINE as seen in
the figure across the region of WD occurrence. Though this parameter acts as an
inhibiting agent for convection, the higher values of CAPE promote the WD. The
high values of CINE in a region of high CAPE values indicates the development
of the synoptic system in the vicinity. Overall there clearly is an increase in the
values of CAPE and CINE in correspondence to the occurrence of precipitation.
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Fig. 2.6 Spatial distribution of model simulated maximum (a) CAPE (J/kg) and (b) CIN (J/kg) on
07 Feb 2002 0000 UTC

Roy and Bhowmik (2005) observed similar high values of CAPE and CINE
associated with the days of occurrence of precipitation during WDs.

Another study by Chevuturi et al. (2014) was intended to analyse winter hail-
storms over India using numerical weather prediction. This is still under the purview
of our book as the study reported that the winter hailstorm was caused by the pres-
ence of a WD. Hailstorms are highly convective events and are uncommon during
the cold and dry winter months. But this study describes how winter hailstorms are
caused by the WD and in turn also provides a detailed description of the baroclinic
conditions developed during a WD. We have mentioned the baroclinicity associated
with the WDs before as described by Singh and Agnihotri (1977), but in this section
we will describe the condition in much greater detail as per the study of Chevuturi
et al. (2014). In the study, the vertical cross section of the field variable along the
axis of core precipitation zone of the storm is shown in Fig. 2.7. The area-averaged
values over the 1°x1° grid around the region of peak precipitation is shown in
Fig. 2.8. The region over and around 77.2° E and 28.6°N would be considered the
NCR (national capital region/New Delhi) or the region of study/interest. Over NCR
the geopotential height anomaly shows an increase around 400-200 hPa (Fig. 2.7).
This increase is associated with the dipping in the perturbation geopotential height
contour lines. These changes are due to the tropopause fold penetrating the tropo-
sphere. The dip in the tropopause height values is also observed in the station data
over New Delhi. This tropopause lowering is associated with baroclinic instability
occurring over the region (Bush and Peltier 1994). The increased storm intensity
over the region is caused by the baroclinic instability due to the passing WD and the
development of cyclonic circulation. The mid-latitude migratory WD attains higher
intensities in the form of a baroclinically unstable disturbance specifically over the
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Fig. 2.7 Longitude-pressure cross section (at the line across preak precipitation spatial distribu-
tion of the storm) at 1700 UTC 17 Jan 2013 for geopotential height anomaly (shaded) and pertur-
bation geopotential height (m; contour)

Indian region (Rao and Rao 1971; Singh and Agnihotri 1977). This instability in the
mid- to upper-tropospheric levels generates the turbulent convective energy required
for the development of updrafts during storm occurrence. With the availability of
moisture in the atmospheric column, the instability leads to heavy precipitation.
This is the usual baroclinic condition associated with a WD. While not all WDs over
northern India lead to hail formation during winter, some of the intense WDs may
lead to the hail formation. Heymsfield et al. (2005) describes how strong convective
updrafts (with vertical wind speed greater than 5—10 m/s) suppress homogenous
nucleation to form the ice particles which grow to form hail. However, lower wind
speeds would not contain enough energy to develop a strong hailstorm. In cases of
WDs occurrences where such updrafts are, the hail formation may be possible over
northern India. The instability developed in the mid-tropospheric levels due to the
WD increases the propensity for baroclinic atmosphere in the upper half of the tro-
posphere. When the temporal variation of temperature profile of the region is
analysed, a dip is observed in the —60 °C isotherm around 1600-1700 UTC
(Fig. 2.8). This lowering corresponds to the tropospheric fold discussed before.
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Fig. 2.8 Time-pressure cross section (area averaged over the grid around NCR) for CAPE (J/kg;
shaded), temperature (°C; black contours) and specific humidity (g/kg; blue contours)

The lowering in the tropopause causes the incursion of colder stratospheric layers
into the warmer troposphere. This in turn causes development of a steep tempera-
ture gradient as seen in the figure, which enhances upper-level instability. Still the
reasons for instability in the lower layers are yet not clearly addressed. To under-
stand the lower layer instability, temporal variation in area-averaged CAPE and
specific humidity are represented in the black and blue contours of Fig. 2.7 respec-
tively. In this figure, an increase of moisture over NCR in the lower levels of the
atmospheric column is observed along with development of CAPE from around
1300 UTC. The source of this low-level moisture incursion is primarily from the
Arabian Sea and, to a lesser extent from the Bay of Bengal. The moisture conver-
gence develops buoyancy which enhances the propensity of increase of CAPE in the
atmospheric column. There is reduction in CAPE values in subsequent time periods
after 1300 UTC. The increase of CAPE defines the potential energy that is available
to drive a storm and release of CAPE in the form of kinetic energy promotes storm
development. Along with this, the low-level moisture incursion provides the buoy-
ancy required for the air parcel to rise. Thus, upper-level baroclinic instability is due
to the presence of the WD embedded within the SW1J.
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Various other studies examined the sensitivity to model the physics, spatial
horizontal-model resolution, topography, domain, etc. towards the representation of
WDs, and exhibited a systematic bias with the error in WD simulation increasing
with integration time (Dimri and Mohanty 2009). These model biases can be
reduced through the assimilation of satellite-derived atmospheric temperature pro-
files (Rakesh et al. 2009), surface observations (Dasgupta et al. 2012), and improved
boundary conditions such as land-use maps (Thomas et al. 2013). This combination
has provided significant improvement in the simulated precipitation intensity and
dynamics associated with WD dynamical evolution from the forecasters’ point of
view and also the control factor of complex Himalayan topography within the model
physics (Semwal and Dimri 2012). Accurate real-time prediction of WDs, which
result in heavy snowfall and gale speed winds, allows for timely warnings of ava-
lanches and landslides (Srinivasan et al. 2005). Dimri and Ganju (2007) and Dimri
(2009) analysed the impact of orography and land-use interaction during mesoscale
simulations using a regional climate model for WD simulation. Das et al. (2003) and
Das (2005) were studies specifically directed tomesoscale modelling for forecasting
of WDs over mountainous regions. These two studies identified model details for
improved accuracy of mountain weather forecasting over the Indian region.
Performance of the operational global circulation model called T80, used at National
Centre for Medium Range Weather Forecasting (NCMRWF) for forecasting WDs,
has also been studied (Gupta et al. 1999). They analysed four WD cases in detail to
study the performance of the model for various qualitative and quantitative vari-
ables. The study showed an overall fair performance of the model, but still there was
under prediction of the heavy precipitation event.

Even with some short-comings, there has been a marked improvement in the
understanding of model simulation strategies in recent decades. This has enabled
assessment of WD structure and dynamics with a level of detail that was very elu-
sive earlier. These enhancements and improvements over time have been tabulated
in the Table 2.1. These studies in the future will help forecasters in assessing these
factors in advance through modelling efforts. Though there have been improve-
ments, most studies still demonstrate deficiency in WD forecasting. Improvements
have been suggested in the form of improved parameterization schemes specific for
the mountainous regime of the Himalayas where the WDs occur. Improvements in
developing a better observational network over this region, which has paucity of
data, can improve the understanding of the weather systems impacting the region.

2.3 Interplay With Himalayan Orography
and Land-use — Land-Cover Interactions

From the discussions in the previous and the current chapter, we can say that surface
interactions have a significant impact on the extra-tropical systems, the WDs. Two
types of surface interactions of WDs will be discussed in this section. The first is the
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interaction with the orography or the height variability of the surface. Orography
acts as a barrier to the circulation patterns and weather systems and so has a signifi-
cation impact on their dynamics. The second is the interaction with variability in the
land-use and land-cover patterns over the region impacted by the WDs. Land-
surface interactions have more of a thermodynamical impact on the atmosphere
above them. Overall these two interactions have a significant impact on not only the
origin and structure but also the movement and intensity of the WDs.

The first influence of orography is during the origin and migration of the WDs.
After the formation of the depressions in the eastern Mediterranean, as these
approach the highlands of Iran these systems break into two (Mull and Desai 1947).
Their first portion moves north-eastwards towards northern Iran and is termed pri-
mary. Whereas the second portion moves over the Persian Gulf and southern Iran
and is termed the secondary. This part of the depression is what ultimately forms the
WDs that impact India. Though, this term secondary should not be confused with
the secondaries of the induced WDs which have been discussed previously. The
tendency of the parent depression to break up into the two depression due to the Iran
Highlands is specific during winters since the SW1J lies over the region during this
season. Further, during the migration of the depressions eastward, there is the pos-
sibility of orography influencing the structure of the WDs. Pisharoty and Desai
(1956) reported that the weather systems that start out as frontal systems arrive over
India in an occluded state without the frontal structure in the lower levels but the
structure maintained in the higher levels of atmosphere. The rough orography of
Iran, Afghanistan and Western Pakistan remove the frontal structure from the lower
levels of this system due to friction. The distribution of orography within the path of
the WD system tends to develop the secondaries as discussed before (Malurkar
1947). According to Mull and Desai (1947), as the depression center crosses near a
mountain range, the cold front gets cut off from the warm front and the development
of secondaries is possible. But for the orography to impact the WD depression, it is
required that the system is sufficiently close to the mountain. A head-on interaction
of the orography with the migrating depression may cause the depression to com-
pletely collapse if the depression height is lower than that of the mountain. Whereas
if the height is higher, the lower portion of the depression is eroded (Mull and Desai
1947; Pisharoty and Desai 1956). This causes the reduction in the kinetic energy of
the system which revives with the influx of fresh warm and moist air in the lower
levels. This forms the occluded structure of the WD, with the frontal depression in
the upper levels and low level buoyancy due to the moist-air incursion.

The final impact of orography on the WDs is the impact the Himalayas have on
the WDs when the weather systems finally arrive over India and interact with the
mountain range. The interplay of WDs with the topography of the Western
Himalayas determines spatial and vertical distribution of precipitation. According
to Dash et al. (2009), the rest of the Indian region receives most rainfall during
monsoons but northwestern India receives up to 15 % of its annual precipitation
during the winters and this is related to the interaction of WDs with the orography
(Yadav et al. 2012). The annual precipitation pattern derived from Tropical Rainfall
Measuring Mission (TRMM) satellite radar data shows gradients across the range,
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from east to west, and fivefold differences between major valleys and their adjacent
ridges (Barros et al. 2000; Lang and Barros 2002; Anders et al. 2006). Dimri and
Chevuturi (2014) reported that the precipitation patterns associated with the WDs
showed an axis along the Himalayan orography. The interannual variability of pre-
cipitation in the Nepal region of the Himalayas is dependent on the timing of the
summer monsoon onset along the Himalayan range and is linked to the trajectories
and strengths of the monsoon depressions forming over the Bay of Bengal (Lang
and Barros 2002; Barros et al. 2006). Lang and Barros (2004) defined the WDs as
“westerly waves trapped and intensified by the unique large-scale topographic fea-
tures, most notably the notch formed by the Himalayas and Hindu Kush mountains”.
The interannual variability of these systems is high and is dependent on the intensity
of the circumpolar westerly jet and the location of the incoming disturbance with
respect to the Tibetan Plateau. They also reported that orographic forcing is the
dominant factor maintaining the precipitation due to WDs over the Himalayas.
Evolution of the large-scale flow into an accurate geometric formation with respect
to the orography causes significant precipitation over the region. Similarly, the ori-
entation of major drainage basins and catchment areas can also lead to local differ-
ences in the distribution of precipitation (Barry 2008). The upper-level flow may
interact with topography in variable ways to affect the low-level cloud motion in the
valley. The precipitation to cloudiness scaling suggests a strong stationary behavior
of orographic land-atmosphere interactions based on elevation class and ridge-
valley scales (Barros et al. 2004). This is to be expected as topography plays a cru-
cial role in modifying these WD weather systems (Dimri 2004). This study analysed
the sensitivity of model simulation of WDs with horizontal model resolution. The
reports suggested that finer resolutions simulate precipitation better as, at finer reso-
lutions, the orographic effect and corresponding sub-grid mesoscale forcing are
better represented within the model. Similar studies of Mohanty and Dimri (2004),
Dimri (2009); Dimri and Mohanty (2009) described topographic interaction of WD
cyclonic circulation and Himalayan orography. According to the studies, in the
Himalayan mountainous region, the precipitation is location specific and dependent
on the orography. Raju et al. (2011) studied the role of the Himalayan orography in
blocking and guiding the integrated moisture fluxes during an active WD occur-
rence, as previously discussed. Though the Himalayas block the winter storms and
cause precipitation on the windward side, exceptionally violent rainstorms can
overcome orographic barriers and penetrate far into otherwise arid regions in the
northwestern Himalayas at elevations above 3000 m (Bookhagen et al. 2005).
Otherwise, in general, blocking effects prevail and penetration occurs along river
valleys or mountain passes (Barros et al. 2006). Winter depressions are either
strongly blocked or deflected by the Himalayan topography.

Orographic forcing of the Himalayas on the WDs has also been studied by Dimri
and Chevuturi (2014) using a numerical simulation method. Figure 2.9 shows the
vertical cross-sectional distribution of vorticity and precipitation along with topog-
raphy across 33°N for a WD during January 2002. Here increased positive vorticity
is observed over and along upslope orography particularly at 76.5° E from 14
January 2002 to 16 January 2002. Intensification of cyclonic circulation is associ-



48 2 Western Disturbances — Dynamics and Thermodynamics

Fig. 2.9 Vertical cross

section of vorticity (x10° a 14Jan2002 00UTC :
s—!, shaded), model 100 — ¥ 30
precipitation (cm/day; 200 L - -;I ' ::
green line) and observed - ' | ‘ 14 s
precipitation (cm/day; ¢ o | , 2 Mo
purple line) along 33°N for 2 - M wE [P
the WD case studied 3 e s § s
v’ =10
5 700 & g -15
a 800 4 GO -20
500 2 B
1000 0 -3
40
b
100
16
200
o 14
¢ 12
— 400 E‘
-E 500 10 E
s 5 g
g o0 2
P oy
s00] 2
1000 0
Cc - 16Jon2002 00UTC
‘ ]
200 I' ;'fm
14
T ,
£ wof AN <
\ o
§ =y L
g™ ° 2
E 7001 N ¥
800
900
1000

[=3
<
o
5
]
o
o
N
o
o
‘_:.
L¢]

Pressure Levels (hPo)

ﬁ§§§§§§§§§
m-—
ﬁ'S
Precipitation {cm)




2.3 Interplay With Himalayan Orography and Land-use — Land-Cover Interactions 49

ated with increased positive vorticity, which in turn will intensify the WD and hence
increase associated precipitation. It is also clearly seen that positive vorticity is
closely associated with the maxima of precipitation. The distribution of vorticity
along the rising topography of the Western Himalayan region causes the orographic
forcing producing the precipitation by the WDs. It is seen that upslope increased
cyclonic vorticity corresponds to increased precipitation which could be seen in
increased precipitation in model fields and observation fields as well. Though quan-
titatively precipitation fields differ, their distribution along the topographic upslope
and/or downslope is similar. This figure illustrates the precipitation forming mecha-
nism along the upslope topography. There is also formation of an associated posi-
tive vertical wind flow along the topography which causes the rising air parcel. The
increased vertical-velocity associated increase convective activity is noted along the
region which further forms clouds and causes precipitation. Similar positive vortic-
ity along the orography of the Himalayas during a WD occurrence was reported by
Hara et al. (2004).

WD model simulations show that the implementation of a sub-grid land-use
scheme leads to a more realistic simulation of precipitation and surface air tempera-
ture (Dimri 2009). The sub-grid scheme provides a more accurate representation of
resolvable sub-grid-scale processes and atmospheric/surface circulations that result
in a better representation of the storm. With a set of modelling experiments, Dimri
and Niyogi (2012) provided insight into the interplay of topographic and WD circu-
lation during the 21-23 January 1999 case. Figure 2.10a, b and ¢ presents a longi-
tude and vertical cross sectional distribution of meridional wind and air specific
humidity at 34°N latitude at 0000 UTC on 21, 22 and 23 January 1999 respectively.
This cross section was chosen because the highest topographic variability is seen
across this latitude. Higher vertical wind shear in the lower troposphere and stronger
meridional wind from the surface to 500 hPa along the Kashmir valley (~73° E) is
discernible during the WD event. Also, contrast in meridional winds from the sur-
face to 200 hPa is seen around ~67° E. Along the valley topographic boundaries, the
wind is weaker, while in the middle of the valley, the wind is stronger. Also, an
increase in air-specific humidity up to the mid-troposphere over the valley is clearly
visible, which is lower along the valley topographic slopes/boundaries.

To investigate the precipitation mechanisms associated with WDs, a case during
20-22 December 2006 was investigated by Dimri et al. (2013). They documented
the distribution of moisture variables and vorticity modulation due to topography in
the intensification of WD. The Asian Precipitation -- Highly Resolved Observational
Data Integration Towards Evaluation of the Water Resources (APHRODITE;
Yatagai et al. 2012) (for the 24-h cumulative at 0000 UTC on 22 December 2006)
shows a large daily precipitation event (see Fig. 2.11a). Note that the western
Himalayan region has a limited observational network and most of the available
reanalyses are based on the assimilation of satellite measurements, upper-air obser-
vations, and limited ground observations. Furthermore, the number of stations per
grid cell is available for APHRODITE. This information was used to determine to
what extent the gridded precipitation was determined from station data or derived
using an interpolation between the stations. The climate over the western Himalayas
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Fig. 2.11 Twenty-four hour cumulative precipitation on 22 December 2006 in (a) observational
data (APHRODITE) and (b) the corresponding REMO simulated field, and geopotential height
(m; shade) and vector wind (m/s; arrow) in the REMO simulation at (¢) 850 hPa on 20 December
2006, (d) 500 hPa on 20 December 2006, and (e) 500 hPa on 20 December 2006
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is colder and drier than that of other Himalayan regions, and therefore the daily time
resolution of APHRODITE is more reliable than the monthly time resolution of
other datasets and is, to date, the finer precipitation reanalysis available (25 km reso-
lution). Also representation of vertical and horizontal discretization of topography
in the analytical methodology makes this dataset comparably better than other
observational reanalysis as it inputs the role of topography while preparing the
reanalysis. The simulated precipitation from the Regional Climate Model (RCM)—
REMO (Jacob et al. 2007) for this event is shown in Fig. 2.11b. The model simula-
tion uses global ERA-Interim reanalysis data (Dee et al. 2011) to supply large-scale
boundary conditions (LBCs). REMO uses the GTOPO30 topography data of the US
Geological Survey (USGS). The domains were chosen to cover the whole area of
India including the Himalayas. REMO RCM simulated the regional climate with a
spatial resolution of 0.23° (~25 km). Such model resolution was chosen to match
APHRODTIE resolution. In the model and the corresponding observation, the peak
precipitation appears across the Himalayan range, with the model showing the wet
bias. The RCM geopotential height field at 850 hPa (Fig. 2.11c) shows a well-
defined surface low associated with cyclonic circulation over 33°N, 65° E in the
northwest of the western Himalaya two days earlier. The system develops on 20 and
21 December 2006 as it moves over the western Himalaya (Fig. 2.11d and e), indi-
cating that such systems can be adequately depicted from the RCM’s simulation.
Figure 2.12 illustrates the vertical distribution of geopotential anomaly and specific
humidity during that period. The clear influence of the topographic valley floor,
upslopes, and downslopes are discernible in defining the spatial organization of
precipitation.

The vorticity and relative humidity distribution over this period are presented in
Fig. 2.13. The vertical deflection of flow induced by the topography results in adia-
batic cooling, and, if sufficient moisture is available from clouds, will eventually
lead to precipitation. Convergence on the upslope/windward side due to decreased
velocity through orographic retardation will deform or slow down the flow, generat-
ing a mid-troposphere positive vorticity at the peak of the storm (Fig. 2.13a and b).
Higher relative humidity is seen in the regions of positive vorticity (Fig. 2.13b and c).
A weaker negative vorticity occurs along the topographic surface toward the
windward side with positive vorticity over the leeward side and over the valley
floors. The effects of stronger valley flows are twofold: first, these stronger valley
flows reduce upslope moisture flow by channeling it, and second, the lateral circula-
tions constrained by the valley boundaries provide conditions for precipitation
formation. This suggests the models’ robustness for mountainous regions at the
event scale.

Important mountainous physical processes that need an explicit driving mecha-
nism in the model physics are discussed and deliberated in Barros and Lettenmaier
(1994), Leung and Ghan (1995) and Bindlish and Barros (2000). Barros and
Lettenmaier (1994) had shown earlier efforts of modelling and certain type of
precipitation over mountains and associated runoff. Lin et al. (2001) has shown



2.3 Interplay With Himalayan Orography and Land-use — Land-Cover Interactions 53

Fig. 2.12 Lon-pressure
cross section vertical
distribution at 34°N
latitude of model simulated
geopotential height (m;
continuous black contour)
and air specific humidity
(x1e-3; shaded) at 0000
UTC during active WD (a)
20 Dec 2006 (b) 21 Dec
2006 (c) 22 Dec 2006 (Left
hand side vertical axis
corresponds to the pressure
distribution and right hand
side vertical axis
corresponds to the
topography x10* m)

a 20dec2006

Height(*1e-2 m)

Pressure (hPa)

80E

6 9 12
Longitude
b 21dec2006

Pressure (hPa)
Height(*1e-2 m)

3 6 9 12
Longitude
Cc 22dec2006

Pressure (hPa)
Height(*1e-2 m)

75E

6 9
Longitude



54 2 Western Disturbances — Dynamics and Thermodynamics

19dec2006

e
o

9
8
—_ 7
&
< 6
o
5 5
1]
3 4
& 3
2
1
0
65E 70E 75E  80E 85E
Longitude
c 21dec2006 10
9
8
7
g
3 6
4] 5
>
g 4
o 3
2
1
0
65E 70E 75E  80E 85E
Longitude
e 23dec2006
10
9
8
7
g
3 6
o 5
3
é 4
o 3
2
1
0
65E 70E 75E  80E 85E
Longitude

20dec2006

e
o

9 9
6 8
3 7
0 6
-3 5
-6 4
-9 3
-12 >
-15 1
1000 0
65E 70E 75E 80E 85E
Longitude
d 22dec2006 0
100 4
9
200 -
8
3001 .
400 - 6
500 - 5
6004 4
v
700-’ 3
800 >
900 1
1000 0
65E 70E  75E  80E  85E
Longitude
f 24dec2006

e
o

Mo =« p w & 0 ® N © ©

70E
Longitude

75E  80E 85

Fig. 2.13 Lon-pressure distribution of vorticity (xle-5/s; shade), relative humidity (%, broken
contour), and topography (x10° m; shaded bar) on (a) 19 December 2006, (b) 20 December 2006,
(¢) 21 December 2006, (d) 22 December 2006, (e) 23 December 2006, and (f) 24 December 2006

at 35°N Lat in the REMO simulation



References 55

environmental controls favoring heavy precipitation events over the mountainous
regions. A theoretical framework of influence of stable moist airflow on precipita-
tion over the mountains and its formulation in the idealized model condition is
reviewed and proposed by Smith (2006). Roe (2005, p. 665) provided holistic
review of the precipitation mechanism over mountains: ‘orographic precipitation is
intrinsically a transient phenomenon, It tends to occur during the passage of a pre-
existing weather disturbance, and precipitation rates can vary substantially during
the course of a single storm as a synoptic conditions change...’. This review gave an
insight about the orographic interaction and precipitation mechanism over the
mountains. The most recent review by Houze Jr (2012, p. 42) has provided the latest
insight into the orographic precipitation mechanism. ‘It provided variety of oro-
graphic effects that profoundly modify the structure of major precipitating cloud
systems through combinations of dynamical response, terrain shape and size, and
alteration of microphysical timescales...’.

The influence of various sections of the Tibetan Plateau and orography (referred
as ‘regional mountain uplift’) is proposed by Chakraborty et al. (2002). He sug-
gested that the presence of the western Tibetan Plateau is more instrumental to the
formation of ISM than the eastern Tibetan Plateau. Boos and Kuang (2010) illus-
trated that the presence of the Himalayan orography and adjacent mountains sustain
the present day strength of ISM. There is an important finding that the orographic
insulation of low-entropy extra-tropical air masses by the narrow mountain chains
(i.e. ‘thermal insulation’) rather than the diabatic heating of the entire elevated pla-
teau maintains the ISM (Tang et al. 2013).

The above discussion is focused on the impact on the WDs themselves of the
interactions between WDs and surface. These interactions might also have an impact
on the orography and land surface. These impacts will be separately elucidated in
the last chapter of this book.
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