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ABSTRACT

In recent years, an increased occurrence of loss and damage of property and human casualties over the

southern rim area of the Himalayas, caused by landslides following intense rainfall events, has been reported.

An analysis of Tropical Rainfall Measuring Mission (TRMM)-gridded rainfall data shows that events with an

exceedance probability of 1.6% for 200mm/d rainfall are common over this region during the monsoon

season. An improved understanding of the mechanisms, which lead to such events, is important for their

prediction and to estimate the impact of climate change on their recurrence. In this study, we analyse such an

extreme precipitation event, which hit the Uttarakhand region of the central Himalayas on 13 September 2012.

We use the operational regional weather forecast model COSMO at a convection-permitting resolution of

2.8 km to simulate this event. The spatial pattern of daily-accumulated precipitation and atmospheric state

profiles simulated by the model compared well with the TRMM-gridded data and radiosonde observations,

which adds confidence to our model results. Our analysis suggests a three-step mechanism leading to this event:

(1) development of an easterly low-level wind along the Gangetic Plain caused by a low pressure system over

the central Gangetic Plain; (2) convergence of moisture over the north-western part of India, leading to an

increase of potential instability of the air mass along the valley recesses, which is capped by an inversion

located above the ridgeline; and (3) strengthening of the north-westerly flow above the ridges, which supports

the lifting of the potentially unstable air over the protruding ridge of the foothills of the Himalayas and triggers

shallow convection, which on passing through adjacent folds initiates deep convection.
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1. Introduction

Deep and severe convective events occurring in the vicinity

of mountainous regions leading to anomalous rainfall and

subsequent flooding, have been the focus of research for a

long time due to their often disastrous outcome for human

settlements and ecosystems (Maddox et al., 1978; Caracena

et al., 1979; Nair et al., 1997; Das et al., 2003, 2006; Houze

et al., 2011; Webster et al., 2011; Rasmussen and Houze,

2012; Rasmussen et al., 2014). Houze et al. (2011) identified

the occurrence of a synoptic-scale channel of anomalously

moist flow towards the mountain barrier in Pakistan (July�
August 2010) to be responsible for the development of very

wide precipitating mesoscale convective systems (MCS)

producing huge runoff and flooding. Rasmussen and Houze

(2012) investigated into the meteorological settings leading

to a flash flood event in the city of Leh, India, in August

2010. They presented a conceptual model showing the

propagation of diurnally generated isolated convective cells

over the Tibetan Plateau to the west, which develop into

MCSs energised by moist air advected from the Arabian Sea

and the Bay of Bengal rising from the south-western foothills

of the Himalayas. In both events, one of the main sources

for precipitating MCSs was the transport of anomalous

moist air to this region from the Arabian Sea during the

monsoon season caused by mid-latitude atmospheric block-

ing patterns (Tibaldi and Molteni, 1990; Matsueda, 2011).

Generally, the horizontal temperature gradient resulting

from a thermal low-pressure system (deepest in July) over

the arid regions of Pakistan and north-western India,
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sustains the low-level south-westerly flow from the Arabian

Sea (Findlater, 1969; Wu et al., 1999; Shrestha and Barros,

2010). Houze et al. (2007) present a schematic of the

occurrence of deep convection indicated by strong Tropical

Rainfall MeasuringMission (TRMM) radar echoes over the

western sub-region (also documented by Barros et al., 2004;

Zipser et al., 2006), produced by an inversion-capped low-

level monsoonal flow, which accumulates instability via

surface heating until this instability is released by orogra-

phically induced lifting. With backward trajectory analysis,

Medina et al. (2010) show that the typical deep convective

events observed during monsoon in the western indentation

of the Himalayas between the Karakoram and the Hindu

Kush Mountains is usually preceded by this south-westerly

monsoonal flow traversing the Thar Desert, while increasing

the buoyancy of the moist air. They also show that orog-

raphic lifting by the foothills of the Himalayas triggers deep

convection by removing the upper and lower lid inhibiting

convection and releasing the deep potentially unstable layer.

Consistent with the above studies, Romatschke et al. (2010)

and Romatschke and Houze (2011) found that during the

monsoon season deep convective core echoes develop

preferentially over the western indentation mainly between

noon and midnight, which suggests diurnal heating as a key

trigger mechanism. Most of these diagnostic studies are

based on satellite retrievals, which often only provide a

snapshot of the convective systems during their evolution.

It remains a challenging task, however, to understand

and predict under which conditions these deep convective

systems lead to anomalously high rainfall and flooding,

which is aggravated by the lack of continuous observa-

tions from surface and radiosonde stations in this region.

Simulations with numerical atmospheric circulations mod-

els, if properly set-up, may close this gap. They provide

the complete three-dimensional evolution to characterise

the variability in the organisation of the meteorological

settings leading to these kinds of events and enable to judge

the importance of the different contributing mechanisms

and, eventually, improve our forecasting skills for these

extreme events.

In this study, we analyse the deep convective storm event,

which occurred on 13�14 September 2012 over the north-

western foothills of the Himalayas. The event yielded about

200mm of precipitation around midnight of 13 September

2012 in Ukhimath Tehsil of the Rudraprayag district,

Uttarakhand, India (as per Disaster Mitigation and Man-

agement Center 2012 report, www.dmmc.uk.gov.in). Such

events are not uncommon in this region; Nandargi andDhar

(2012) presented an analysis of extreme rainfall events over

the Himalayas, showing that 45 raingauge stations in

Uttarakhand recorded 250�300mm/d. This is supported

by the daily maximum rainfall estimated from TRMM

3B42(V7) data for this region (bounded box in inset map

of Fig. 1) from 1998 to 2013. The exceedance probability for

maximum rainfall of 200mm/d in this region for the June�
July�August�September (JJAS) period is 1.6%. The inset

map in Fig. 1 also shows the average annual precipitation

(1998�2013), outlining a north-westerly belt parallel to the

Himalayas, encompassing the Uttarakhand state, which

receives the major rainfall. The flash flood associated with

the extreme precipitation during midnight of 13 September

2012 in the Rudraprayag district, triggered a landslide and a

debris flow in the early hours of 14 September 2012. The

event was associated with loss of life and severe damage to

infrastructure and property reported for 34 villages.

The objective of this study is to investigate the mechanism

and evolution of this extreme rainfall event along with the

meteorological settings leading to this event and to explore if

mesoscale weather forecast models can simulate such events.

This study specifically tries to capture timing, positioning

and corresponding precipitation amounts using a high-

resolution operational numerical weather forecast model in

convection permitting mode. The simulations are evaluated

using available observations. Section 2 provides a brief

description of the numerical model and the data used in this

study. The details of the event and the experimental design of

the study are discussed in Section 3. Results and discussion

are presented in Section 4 with a focus on the meteorological

setting, the mechanism for convection initiation and an

Fig. 1. Daily maximum precipitation for the NW subset of India

(see inset) from 1998 to 2013. The time-series for each year are

overlaid. The inset map also shows the average annual accumu-

lated precipitation for this region (1998�2013). The Uttarakhand

state is highlighted with thicker boundary lines in the inset map.

Also, shown is the Cumulative Distribution Function [CDF,

Pr(X5x)] of the daily maximum rainfall for JJAS (1998�2013).
The exceedance probability of 200mm/d was estimated as 1.6%.
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overview of hydrometeor evolution. A summary and our

conclusions can be found in Section 5.

2. Model and data description

The operational numerical weather prediction (NWP)model

COSMO is developed and maintained by the Consortium of

Small-scale Modelling (COSMO) (Doms and Schaettler,

2002; Steppeler et al., 2003; Baldauf et al., 2011), which is an

association of several European national weather services

(www.cosmo-model.org/). At the German Meteorological

Service (Deutscher Wetterdienst, DWD), the model is run

at different resolutions, namely COSMO-EU (spatial scale

of 7 km) and COSMO-DE (spatial scale of 2.8 km, in

convection permitting mode). These resolutions have also

been used in this study. The model uses the Runge�Kutta

dynamical core to solve the compressible Euler equations

using the modified time-splitting approach of Wicker and

Skamarock (2002). The equations are formulated in a terrain

following co-ordinate system with variable discretisation

using the Arakawa C-grid. The physical packages used in

COSMO consists of (1) the radiation scheme based on the

one-dimensional two-stream-approximation of the radiative

transfer equation (Ritter and Geleyn, 1992); (2) a single

moment cloud microphysics scheme that predicts cloud

water, rainwater, cloud ice, snow and graupel (Lin et al.,

1983; Reinhardt and Seifert, 2006); (3) a shallow and deep

convective scheme based on the parameterisation of Tiedtke

(1989); (4) a turbulence parameterisation with the level 2.5

scheme of Mellor and Yamada (1982) and the Blackadar

mixing length scale (Blackadar, 1962), resulting in a flux

gradient representation for subgrid-scale flux with diffusion

coefficients and a turbulent length scale; (5) a surface

transfer scheme in the framework of the above turbulence

scheme to compute the transfer coefficients for heat and

momentum obtained as a lower boundary condition (Doms,

2001; Raschendorfer, 2001); (6) and a lower boundary

condition provided by the multilayer soil and vegetation

model TERRA (Doms et al., 2011).

The initial and boundary condition for the COSMO

model was obtained from the analysis of the formerly

operational global NWP model GME (Majewski et al.,

2002) with a resolution of 20 km. The TRMM 3B42

(V7)-gridded rainfall product at 0.258�0.258 resolution

(Huffman et al., 2007) is used for comparison with modelled

precipitation. The radiosonde soundings for stations within

the model domain are Jodhpur (26.308N, 73.018E), Patna
(25.608N, 85.108E), Delhi (28.588N, 77.208E), Patiala

(30.338N, 76.468E) and Kabul (34.558N, 69.218E). The

sounding data were obtained from www.weather.uwyo.

edu/upperair/sounding.html. The measurements were either

incomplete or missing for station Patiala for the study

period and hence not used.

3. Experiment design

The extreme precipitation event was simulated with a two-

step, one-way nesting using two domains with horizontal

grid resolutions of 7 km and 2.8 km (hereafter D1 and D2

respectively, see Fig. 2). The resolution of the D2 domain is

still quite coarse and does not fully resolve the complex

topography of this region, which we acknowledge as one of

the limitations of this study. The outermost domain D1

encompasses the Hindu Kush Himalayan region, the

Tibetan Plateau, the Thar Desert in the south and the

Taklamakan Desert in the north, and some of the major

river basins (AmuDarya, Tarim in the north, and Indus and

Ganges on the south). The Hindu Kush Himalayan range

extends over more than 3500 km from Afghanistan in the

west toMyanmar in the east, along with the Tibetan Plateau

in the north and the Indo-Gangetic Plain in the south, all

exerting a strong control on the synoptic weather systems in

the region. The initial and boundary condition for the larger

D1 domain was interpolated from the GME analysis.

The D1 domain was initialised at 0000 UTC 11 September

2012 and integrated for 94 hours until 2200 UTC 14

September 2012, with a model time step of 60 seconds.

The Tiedtke convective scheme parameterisation was used

for deep convection. The hindcast simulation output from

Fig. 2. Model domain and orography (m) with relevant

geographical features. D1 and D2 have horizontal model resolu-

tions of 7 km and 2.8 km respectively. The Ukhimath station in

Uttarakhand state (masked in yellow), where the flood event took

place is marked with X (30.308N, 79.258E).
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the D1 domain was then used as the initial and boundary

conditions for the smaller D2 domain. The D2 domain

encompasses the northwestern part of the Indo-Gangetic

Plain, the western indentation of the Himalayas and the

Uttarakhand state (masked region in Fig. 2), which is the

focus area of this study. The D2 domain was initialised at

0000 UTC 12 September 2012, and integrated for 70 hours,

till 2100 UTC 14 September 2012, with a model time step of

20 seconds. The deep convection parameterisation was

turned off for the D2 simulations, because on this resolution

it is assumed that deep convection can be resolved explicitly

by the model, in contrast to shallow convection for which

the subgrid-scale parameterisation was switched on. The

latter handles the vertical redistribution of heat and

moisture by shallow convection, but does not impact

precipitation generation directly. This setup is also the

operational configuration for COSMO-DE at DWD.

4. Results and discussion

4.1. Spatial and temporal distribution of precipitation

The spatial pattern of the 3B42 (V7) daily precipitation

product from the TRMM satellite was compared with the

model results for the smaller D2 domain. Over the Uttarak-

hand state, the model underestimates the spatial extent of

the daily-accumulated precipitation when compared to the

TRMM product; both data show, however, consistent

spatial patterns for the precipitation maxima along the

lower and upper foothills of the Himalayas as outlined by

the two boxes (see comparison between Fig. 3a and b). This

qualitative agreement makes us confident to further in-

vestigate the mechanisms behind the extreme rainfall event

based on the model results. Figure 3c shows the modelled

daily-accumulated precipitation over this area along with its

complex topography at the 2.8 km resolution of the D2

domain. Ukhimath Tehsil is located on the protruding

foothills of the Himalayas with adjacent dissected valleys on

either side, which open up towards the southwest. The

simulated maximum daily accumulated rainfall for the

event sums up to over 200mm/d over the location ‘o’,

which is somewhat to the east of Ukhimath Tehsil (see

Fig. 3d). The model does not produce any extreme pre-

cipitation in Ukhimath Tehsil itself, while the maximum

precipitation is consistent with the TRMM data over the

region. In the model rainfall starts around 1700 UTC

(�0530 LT) and reaches its maximum during the midnight

of 13 September 2012. In the following sections, we will

Fig. 3. (a) Daily accumulated precipitation on 13 September 2012 from TRMM 3B42 data; (b) Daily accumulated precipitation on 13

September 2012 simulated using COSMO (D2 domain). Two bands of precipitation are outlined by frames [in (a) and (b)] along with the

borders of Uttarakhand state. (c) Zoomed modelled accumulated precipitation with the local topography at the resolution of the D2 model

domain (2.8 km). The topography contour interval is 500m reaching from 2000 to 6000m elevation. (d) Time-series of accumulated

precipitation at location marked ‘o’ (red) and the surrounding grid cells (grey), starting 12 September 2012. The precipitation accumulation

shown in the spatial distributions is derived from 0000 UTC to 2330 UTC.
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focus on the meteorological conditions and the potential

mechanism behind this rainfall event based on the model

and aided by the observations.

4.2. Meteorological setting before and during the

rainfall event

A low pressure system, which extends to mid-tropospheric

levels (up to 650 hPa) along the central part of the Gangetic

Plain, acts like a conveyor belt driving moist air originating

from the Bay of Bengal and the Arabian Sea across central

India at lower levels along the Gangetic Plain towards

north-western India. Figure 4 depicts the synoptic condi-

tions for the simulation period before the storm event

at 13 September 0000 UTC for the D1 domain. The low-

level monsoonal flow to the Indian subcontinent bifurcates

along the Aravalli range [also referred to as the hydro-

meteorological dryline by Chiao and Barros (2007)] into a

southerly flow traversing the Indus Plain and a westerly flow

traversing across central India (Fig. 4a). The cyclonic

circulation contributes to a strong easterly component at

the foothills of the Himalayas, transporting moist air

towards the western indentation, where it decelerates as it

meets the southerly flow traversing the Indus Plain. The

convergence of the low-level easterly wind with the southerly

near-surface transport ofmoist air directly from theArabian

Sea results in a higher water vapour mixing ratio in the

upper Indus Plain and the Gangetic Plain compared to the

surrounding region. The low-level easterly component,

which extends up to 750 hPa, also transports moist air

towards the Uttarakhand state (Fig. 4b and c). At 750 hPa,

warm and dry air flows north-easterly from Afghanistan

towards the Indus Plain, which finally outflows into the

Arabian Sea (Fig. 4b). At mid-level (500 hPa), a dry north-

westerly flow prevails over the Uttarakhand state (Fig. 4d).

Moist air is transported in the lower atmosphere in a sort

of conveyor belt along Jodhpur, Patna, Delhi and Patiala,

before decelerating at the western indentation. From mid

to upper levels, the westerly flow passes through Kabul

towards the study area. Observations of the vertical struc-

ture of the atmosphere were available from radiosondes

launched at 13 September 0000 UTC over Jodhpur, Patna,

Delhi and Kabul and are compared in Fig. 5 with the

simulated thermodynamic structure of the atmosphere at

these locations. Modelled (in brackets) and measured values

of precipitable water compare well at Jodhpur, Delhi and

Kabul [59 (64)mm, 81 (64)mm, 61 (59)mm and 20 (17)mm]

except in Patna [81 (64)mm], where the model under-

estimates the precipitable water. The temperature profiles

are wet-adiabatic for Jodhpur (Fig. 5a), Patna (Fig. 5b) and

Delhi (Fig. 5c), which lie on the moist side of the monsoon

region accompanied with high precipitable water content.

Fig. 4. Simulated atmospheric state variables for the D1 domain on 13 September 0:00 UTC: air temperature (K, colour shading), wind

vectors (m/s, see scale in d) and water vapour mixing ratio (g/kg, green contour lines) at pressure levels a) 925 hPa, b) 750 hPa, c) 825 hPa

and d) 500 hPa. The ‘x’ mark represents the Ukhimath town. The location of radiosonde stations over the domain in Jodhpur (J), Patna

(P1), Delhi (D), Patiala (P2) and Kabul (K) are also marked.
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In general, the vertical profiles of temperature and dew point

are well captured by the model. However, the model tends to

be moister above 500 hPa in Jodhpur and misses the thin dry

layer of air around 700 hPa. A sounding profile extracted

from the model further westward (by 2 degrees, not shown

here) did capture this thin dry layer with drier air atop. This

suggests that the radiosonde might have drifted slightly

westward due to the outflow at this level (see Fig. 4c), and

hence shows drier air compared to the model. At Patna, the

model tends to be relatively dry below 700 hPa causing the

underestimation of precipitable water. The model also

misses the low-level inversion present in Jodhpur and Patna.

On the dry side, in Kabul, both temperature and dew

point are well captured by the model with dry air around

700�800 hPa (also observed westward near Jodhpur), a thin

layer of relatively moist air at 600 hPa, and very dry air

above 400 hPa. This is consistent with similar observations

made by Medina et al. (2010) near the western indentation,

suggesting the presence of mid-level moist monsoonal air

mass between the two sources of dry air.

During storm evolution, the low-level south-westerly

flow from the Arabian Sea intensifies, whereas the easterly

flow along the foothills of the Himalaya weakens (Fig. 6a).

Below 925 hPa, the southerly flow along the Indus Plain

strengthens and widens reaching up to the western edge

of the Uttarakhand state, where it veers northward.

At 825hPa, the easterly flow along the foothills of the

Himalayas also starts weakening after 0600 UTC and retreats

backward with the development of a warmer north-westerly

flow, accompanied by the outflow of warm dry air over

the Indus Plain from Afghanistan and the strengthening

of the north-westerly flow over the upper Indus at 750 hPa

(Fig. 6b and c). At 500 hPa, the dry north-westerly flow over

the Uttarakhand state also strengthens gradually.

Fig. 5. Simulated (magenta) and measured (black) atmospheric soundings on 13 September 0000 UTC at (a) Jodhpur, (b) Patna, (c)

Delhi and (d) Kabul. The model soundings were extracted from D1 domain for grid columns nearest to the sounding locations.
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4.3. Mechanism of convection initiation at Ukhimath

Tehsil

The orography near Ukhimath Tehsil consists of ridges

protruding from the foothills of the Himalayas with

dissected valleys on either side. The circulation generated

by this topography is found to influence convection

evolution for this particular event. Figure 7a shows the

convergence of the moist easterly wind (from the Gangetic

Plain, see Fig. 4b) towards the valley recesses, uphill and

downhill of Ukhimath Tehsil. The convergence of moisture

along these foothills increases the water vapour mixing

ratio and the equivalent potential temperature of the air

entering the valley recesses, where the flow is blocked.

Accordingly, the boundary layer is moistened in these

pockets during the daytime hours.

To examine the vertical structure of the atmosphere before

convection initiation, a vertical cross-section AA’ oriented

along the storm evolution path showing wind vectors,

equivalent potential temperature (ue) and potential tempera-

ture (u) is presented in Fig. 7c. Along this cross-section, ue
decreases with height up to 8 km, indicating a potentially

unstable layer, while u increases with height everywhere.

This setting is similar to the situation presented by Medina

et al. (2010) for a deep convective event near the western

indentation during the monsoon season. The vertical

structure of the atmosphere in the valley recesses upstream

of Ukhimath Tehsil (D) is even better illustrated by the

averaged vertical profiles of wind speed and vertical

gradients of u and ue (Fig. 7b). At the levels below the

ridges, there is a steady up-valley flow (positive V wind),

which advects moist air and increases the potential instabil-

ity of the blocked airmass below. TheFroude number (Fr) of

this low-level air mass was also calculated to check, if this

flow is blocked/unblocked by the protruding hill (Ukhimath

Tehsil, 850m in elevation from the valley). The Froude

number is calculated as Fr�(U/NH), where U is the

upstream wind speed perpendicular to the hill, N is the

Brunt�Väisälä frequency and H is the height of the hill. Fr

was estimated to be less than 1, indicating that this low-level

air mass is blocked. On the other hand, the maxima in the

vertical gradient of u above the ridges and a minima in the

vertical gradient of ue below the ridges suggests the presence

of strong stable layer above the ridge, which acts as a lid

inhibiting convection. The wind changes direction above the

ridges and becomes weak north-westerly with relatively high

wind speeds above 6 km, which advects dry air over the

region.

The potential instability of the air mass below the lid

increases as a result of persistent influx of moist air and

diurnal heating. After 0800 UTC (�0545 LT), the south-

easterly wind at 825 hPa towards the valley recess from

the Gangetic Plain decelerates along with the strengthening

of the mid-level north-westerly flow from the western

Fig. 6. Simulated atmospheric state variables for the D1 domain on 13 September 1700 UTC: air temperature (K, colour shading), wind

vectors (m/s, see scale in d) and water vapour mixing ratio (g/kg, green contours) at pressure levels a) 925 hPa, b) 750 hPa, c) 825 hPa and

d) 500 hPa. The ‘x’ mark represents the Ukhimath town. The location of radiosonde stations over the domain in Jodhpur (J), Patna (P1),

Delhi (D), Patiala (P2) and Kabul (K) are also marked.
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indentation. Figure 8a shows the change in wind direction at

850 hPa from south-easterly to north-westerly from 0000 to

1400 UTC. The strengthening of north-westerly winds from

4 to 6 km is clearly visible in Fig. 8b and c, which enhances

the advection of dry air at the lower levels and increases the

instability of the air mass below. In consequence, the

development of a strong vertical wind shear above the ridge

(Fig. 8b) pushes the potentially unstable layer above the

protruding ridge of Ukhimath Tehsil (Fig. 8c) and produces

the necessary uplift to overcome the lid and trigger convec-

tion. The effect of vertical wind shear is also clearly visible in

the slope of the contours of ue in Fig. 8c. The vertical

gradient of ue has a minimum around 4.5 km, along with the

maximum of the north-westerly wind speed and a local

minimum in the vertical gradient of u at 1400UTC,when the

convection is triggered (see Fig. 8b and c).

The convergence of low-level moist air in the valley

upstream to Ukhimath Tehsil and the development of a

strong north-westerly dry wind above the ridges, pushes

the potentially unstable air mass eastward over the pro-

truding foothills of the Himalayas, which generates the

necessary uplift to erode the lid and trigger convection.

This orographic lifting of potentially unstable air acts as

a trigger mechanism for deep convection over this region,

which is consistent with and corroborates the findings from

previous studies (Sawyer, 1947; Houze et al., 2007; Medina

et al., 2010; Houze, 2012).

4.4. Microphysics of the convective storm

The mid-level north-westerly wind advects the poten-

tially unstable air mass above the foothills in Ukhimath

Tehsil after triggering shallow convection and generates a

precipitating system spreading out to approximately 40 km

in the horizontal at upper levels (along cross-section AA’),

with cloud tops near the freezing level (near 5.2 km).

Fig. 7. (a) Simulated atmospheric state variables for the D2 domain on 13 September 0000 UTC: equivalent potential temperature (K,

colour shading), wind vectors (m/s) and water vapour mixing ratio (g/kg, green contours) at 825 hPa. The ‘x’ and ‘o’ marks represents the

Ukhimath town and the location of maximum precipitation, respectively. (b) Vertical profiles of averaged U and V wind components,

gradients of potential temperature and equivalent potential temperature, along the cross-section AA’ in the valley upstream of Ukhimath

town (indicated by D). (c) Cross-section AA’ of equivalent potential temperature (K, colour shading), wind vectors (m/s) and potential

temperature (K, black contours).
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Figure 9a shows the spatial extent of the vertically

integrated rain-water mixing ratio (qr) superimposed on

the 2.8 km resolution topography and 500 hPa wind vectors

at 1515 UTC. This shallow convective cloud system is

already well developed around 1400 UTC above Ukhimath

Tehsil and precipitates via warm rainfall processes as it

crosses this barrier (Fig. 9b, snapshot of the hydrometeors

at 1515 UTC). As the updraft continues while the cloud

system is advected over the barrier, graupel formation

initiates at 6 km height by freezing raindrops. Figure 9b

shows the average vertical hydrometeor profiles taken at the

location with maximum vertically integrated rainwater

content, along AA’ (D). The peak cloud-water mixing ratio

(qc) of around 2.5 g/kg is located near the freezing level and

decreases sharply above. The rain-water mixing ratio

increases gradually from this level downwards, reaching a

maximum of 1 g/kg near the surface. The raindrop forma-

tion accelerates after 1445 UTC by the collision-coalescence

mechanism. The cross-section also shows the presence of

graupel above the freezing level in the early formation phase

(just barely visible in the figure at 6 km). Also, a thin layer of

cirrus clouds was present at a height of 14 kmwith snow and

ice mixing ratios (qs and qi) in the order of less 0.001 g/kg

(not visible in Fig. 9c due to contour levels). This modelled

height of cirrus clouds over the region is consistent with

the vertical frequency distribution of observed cirrus

clouds during JJAS over India (Subrahmanyam and

Kumar, 2013). At mid-level, the strong north-westerly wind

advects the precipitating cloud system further eastward of

Ukhimath Tehsil. This system survives while advected from

one ridgeline to the other, taps the low-level moisture in

the valley and reaches the foothills of the adjacent ridgeline

at 1645 UTC. During this propagation, the cloud top height

increases gradually from 6 to 8 km, with snow and ice

particle formation above 6 km, which contribute to the

increase in graupel mixing ratio (qg) by riming, while the qc

Fig. 8. (a) Simulated atmospheric state variables for the D2 domain on 13 September 1400 UTC: equivalent potential temperature (K,

colour shading), wind vectors (m/s) and water vapour mixing ratio (g/kg, green contours) at 825 hPa. The ‘x’ and ‘o’ marks represent the

Ukhimath town and the location of maximum precipitation, respectively. (b) Vertical profiles of averaged U and V winds, gradients of

potential temperature and equivalent potential temperature, along the cross-section AA’ in the valley upstream of Ukhimath town (D).
(c) Cross-section AA’ of equivalent potential temperature (K, colour shading), wind vectors (m/s) and potential temperature (K, black

contours).
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and qr profiles remain quasi-stationary. As this system

crosses the second ridgeline, the cloud top of the convective

system reaches the upper level cirrus clouds and triggers a

strong updraft at the upper level leading to deep convection

with the cloud top height reaching 14 km at 1815 UTC (not

shown). Figure 10a shows the vertically integrated rain-

water mixing ratio at 1845 UTC, which outlines the

horizontal extent of raindrop formation with peak concen-

trations over the region (‘o’) where maximum precipitation

was simulated. The vertical hydrometeor profile shows

high qg values extending from 5 to 13 km with peak mixing

ratios of 3.5 g/kg around 6 km (Fig. 10b). Strong updrafts

also transport cloud and rain drops up to 11 km, where

they exist as super-cooled drops. Snow and ice particles

extend from 6 to 14 km, with qs peaking nearly to 1 g/kg at

10.5 km and qi peaking to 0.5 g/kg at 13 km height. The

graupel-dominated microphysical process is primarily due

to riming of snow and freezing of raindrops or freezing

of raindrops by collision with ice particles. Below the

melting level, raindrop formation is intensified by melting

of graupel with peak qr reaching 2 g/kg. At this time,

a second shallow convective system develops over the ridge

line of Ukhimath Tehsil, which also propagates eastwards

and eventually dissipates along with the deep convective

storm by 2245 UTC.

This convective rainfall event simulated for the D2

domain, lasted for almost 8 hours. Mid-level advection

and graupel formation played an important role in the

evolution of the storm and the spatial distribution of the

rainfall. Similar findings were presented as a conceptual

model by Medina and Houze (2003) for the Mesoscale

Alpine Programme (MAP) storms, where the rapid lifting

of low-level moist air above the terrain enhanced graupel

formation with large enough fall velocities to fall out

Fig. 9. (a) Simulated atmospheric state variables for the D2 domain on 13 September 1515 UTC: vertically integrated rain-water mixing

ratio (g/kg, colour shading) and wind vectors (m/s) at 500 hPa. The ‘x’ and ‘o’ marks represent the Ukhimath town and the location of

maximum precipitation, respectively. (b) Averaged vertical profiles of hydrometeors at precipitation maximum (D), along the cross-section

AA’. (c) Cross-section AA’ of hydrometeors (qr in colour shading, qc, qi, qg, qs in solid lines from 0.2 to 2.4 g/kg at intervals of 0.4 g/kg),

wind vectors and temperature (black contours, showing the melting level). [qx refers to mixing ratio of different hydrometeors, with x being

cloud water (qc), cloud ice (qi), graupel (qg), snow (qs) and rain (qr)].
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quickly (i.e. release precipitation), which is also coined as

‘cloudburst’ in Indian meteorological parlance.

5. Conclusions

Our analysis of daily maximum rainfall from TRMM data

over Uttarakhand state shows that extreme rainfall events

exceeding 200mm/d are not uncommon in this region given

an exceedance probability for 200mm/d rainfall for the JJAS

period of around 1.6%. Given the uncertainty of TRMM

data over higher elevations (Barros et al., 2000; Iguchi et al.,

2009; Rasmussen et al., 2013), this exceedance probability

could be an underestimate. One event with such an extreme

rainfall, which occurred on the midnight of 13 September

2012 and caused flash flood and landslide in Uttarakhand

state, is examined in detail in this study using the operational

weather forecast model COSMO in a convection permitting

configuration. The modelled results are compared with

available satellite retrievals and radiosonde observations.

Satellite-retrieved daily-accumulated precipitation from

TRMM compares well with the modelled structure of

maximum precipitation over the region. The radiosonde

observations over Jodhpur, Patna, Delhi and Kabul were

also compared with the model simulations near these

locations. In general, the vertical profiles of temperature

and dew point are well captured by the model and add

confidence on the modelled results for an in-depth investiga-

tion of the mechanism of the extreme rainfall event.

The mechanisms leading to this extreme rainfall event

based on the numerical model analysis is illustrated in

Fig. 11 and summarised below:

(1) A low pressure system along the central part of the

Gangetic Plain produced a low-level easterly wind

along the Gangetic Plain adjacent to the foothills of

the Himalayas, which transports moist air towards

Fig. 10. (a) Simulated atmospheric state variables for the D2 domain on 13 September 1845 UTC: vertically integrated rainwater mixing

ratio (g/kg, colour shading) and wind vectors (m/s) at 500 hPa. The ‘x’ and ‘o’ marks represent the Ukhimath town and the location of

maximum precipitation, respectively. (b) Averaged vertical profile of hydrometeors at precipitation maximum (D), along the cross-section

AA’. (c) Cross-section AA’ of hydrometeors (qr in colour shading, qc, qi, qg, qs in solid lines from 0.2 to 2.4 g/kg at intervals of 0.4 g/kg),

wind vectors and temperature (black contours, showing the melting level). [qx refers to mixing ratio of different hydrometeors, with x being

cloud water (qc), cloud ice (qi), graupel (qg), snow (qs) and rain (qr)].
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the north-western part of India and to the inner

valley recesses along the path including the valleys

adjacent to Ukhimath Tehsil. This moist easterly

flow meets the warm and moist southerly flow

coming directly from the Arabian Sea at the western

indentation resulting in a convergence of moisture.

(2) This moisture transport towards the valley recesses

increases the potential instability of the air, which is

capped by an inversion layer located above the

ridgeline, during the daytime.

(3) The retreat of the low-level easterly wind with the

strengthening of the north-westerly flow, and the

development of mid-level wind shear above the ridge

line, advects this potential unstable layer above the

protruding ridge of Ukhimath Tehsil, triggering

shallow convection. This precipitating convective

system moves eastward along another fold of valley

and ridge, triggering deep convection, which pro-

duced high rainfall over the region by intensification

of graupel formation with large enough fall velo-

cities to fall out quickly as precipitation.

This study suggests a possible mechanism for extreme

rainfall event generation over this region, which confirms

and corroborates the earlier findings of Houze et al. (2007)

andMedina et al. (2010) over the western indentation of the

Himalayas. It also demonstrates that mesoscale models like

COSMO can be used to simulate such events. However, more

modelling studies with multiple events and radar obser-

vations over the region are essential to better understand the

full spectrum of these deep convective events over the region.
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