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Abstract On 16 June 2013, intense and continuous rainfall together led to the collapse of

moraine-dammed lake (Chorabari Lake) and devastated the entire land of Uttarakhand,

Himalaya. This caused heavy floods in Uttarakhand (28�430-31�270 latitudes and 77�340–
81�020 longitudes) along with unprecedented damage to life and property. Timely prediction

andwarningof such severe localweather systemsover complex terrain are thefirst step towards

disaster mitigation and bears huge societal impact. In this study, weather research and fore-

casting (WRF) model was configured at high spatial resolution (2 km) to simulate the

Kedarnath heavy rainfall event over Uttarakhand region of India during 16–17 June 2013.

Results showed that theWRFmodel was able to predict theKedarnath heavy rainfall. Location

and intensity of heavy rainfall were captured by the WRF model when verified with in situ

measurements and satellite-retrieved rainfall products. Moreover, the explicit impact of

topography in triggering this extreme weather event has been discussed using a diagnostic

modelwhichdemonstrated that orographic component of rain rate is quitehighover this region.
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1 Introduction

Rainfall is probably the most important parameter that is predicted by numerical weather

prediction (NWP) models, though the skill of rainfall prediction is the poorest compared to

other parameters, e.g., temperature and humidity (Kumar et al. 2014b). Since rainfall
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affects society directly or indirectly, the accuracy and skill of rainfall prediction at varying

spatio-temporal scales are strongly desirable. Rainfall forecast from the NWP models has

improved over the last decades with the continuous progress in both numerical model and

data assimilation techniques (Bauer et al. 2011; Benedetti et al. 2005; Kumar et al. 2014b;

Lopez 2011). However, the prediction of extreme localized rainfall events over high

complex terrain using NWP models remains a challenge due to insufficient model reso-

lution, poor representation of orographic effects over complex terrain, lack of good-quality

data over remote areas and insufficient land-surface parameterization.

In view of the paramount importance of the intense rainfall from economic, societal and

scientific points, extensive work has been carried out over the years (Francis and Gadgil

2006; Guhathakurta and Rajeevan 2008; Khaladkar et al. 2009; SenRoy and Balling 2004;

SinhaRay and De 2003). The analysis of 100 years of surface rainfall observations over the

Indian monsoon region suggested that the mean monsoon seasonal rainfall has not changed

significantly (Goswami et al. 2006), but several locations across India showed an

increasing trend in heavy rainfall occurrence ([70 mm/day) during the summer monsoon

season. Moreover, increase in extreme rainfall ([120 mm/day) events during the Indian

monsoon has been particularly strong in the last 50 years (Goswami et al. 2006). Kishtawal

et al. (2010) assessed the impact of urbanization on the heavy rainfall climatology during

the Indian summer monsoon. Rajeevan et al. (2008) analysed the variability and trends of

extreme rainfall events over India with the help of years of gridded daily rainfall data.

Guhathakurta et al. (2011) found that the extreme rainfall and flood risk are increasing

significantly in the country except some parts of central India.

Various sensitivity experiments (Bohra et al. 2006; Das et al. 2006; Kumar et al. 2008)

were performed to assess the impact of NWP model for extreme rainfall events. Das et al.

(2006) used the MM5 mesoscale model to predict a cloudburst event over the Himalaya

and demonstrated that the MM5 model was able to predict the heavy rainfall event.

However, the location of the cloudburst was displaced by tens of kilometres. Kumar et al.

(2008) performed a number of experiments with the WRF model and suggested that the

highly localized, heavy rain was the result of an interaction of synoptic-scale weather

systems with the mesoscale, coastal land-surface features. Moreover, WRF system was

able to reproduce the heavy rainfall event and the associated dynamical and thermo-

dynamical features. Bohra et al. (2006) suggested that the implementation of very high

resolution global/regional models with advanced data assimilation techniques could sig-

nificantly enhance the usefulness of the NWP model. Chang et al. (2009) assessed the

impact of land-surface parameterizations on the simulation of the Mumbai heavy rain

event. They performed sixteen numerical experiments for various land-surface schemes

with different land-use/land-cover conditions and showed that the rainfall prediction from

the WRF model was better than the MM5 model in terms of both location and intensity.

Anabor et al. (2009) studied mesoscale convective system (MCS) events over south-eastern

part of the South America using the WRF model at 10-km spatial resolution. Wang et al.

(2014) studied the rainstorm process occurred in the North China using the WRF model

and focused on net budget of water vapour. Authors found that net budget of water vapour

was always positive during the rainstorm process because the zonal deficit was much

smaller than the meridional surplus. Wang et al. (2014) used one-way interactive nested

domain having spatial resolution of 27, 9 and 3 km. Srinivasan (2013) provided

prospective views on ways to predict, manage and adapt to heavy rainfall events in the

future. However, prediction of high-impact rain events over complex topography through

numerical models still remains a field of ongoing research.
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Considering these aspects in the present study, the WRF model was configured at high

resolution to predict an extreme rainfall event overWestern Himalayan region on 16–17 June

2013, which devastated the state of Uttarakhand, India. The scope of this study is to assess the

skill of theWRFmodel at high spatial resolution (2 km) over complex terrain to simulate the

catastrophic rainfall and understand the nature of the anomalous behaviour of this event, and to

suggest how future disasters in this part of the world might be better anticipated and predicted

through the use of high-resolution regional models. Moreover, the linkage of topography in

triggering this high-impact event has also been discussed using a diagnostic model.

2 Uttarakhand disaster

The upper Himalayan territories of Himachal Pradesh and Uttarakhand are mainly covered

with forests and mountains. These areas, besides being important pilgrimage centres, are

also famous as tourist attractions especially during the hot summer months of the Indian

subcontinent. However, this region is prone to various forms of geological and meteoro-

logical hazards. In addition, there is a clear indication that not only the frequency of such

hazards is increasing with time but also their intensity and impact on the lives and

livelihood of inhabitants of the region is increasing in severity.

In year 2013, the monsoon winds arrived early in India and reached this region almost

2 weeks in advance (India Meteorological Department (IMD) Report 2013). The glaciers

melt faster when water falls on ice, and the massive run-off began to engorge catchment that

caused heavier flow in the rivers. During 14 to 17 June 2013, Uttarakhand received con-

tinuous heavy rainfall, and when this was combined with the melting snow (due to high

temperature during summer season) resulted in the formation and expansion of moraine-

dammed lakes, creating a potential danger from dammed lake outburst floods. On 16 and 17

June 2013, heavy rains together with moraine-dammed lake (Chorabari Lake) burst caused

flooding of Saraswati and Mandakini Rivers in Rudraprayag district of Uttarakhand (Dobhal

et al. 2013). This had caused severe floods, landslides, large-scale loss of lives, properties

and damages. Prolonged heavy down pour on 16 and 17 June 2013 resembled ‘cloud burst’-

type event (except for amount of precipitation of 100 mm/h) in the Kedarnath valley and

surrounding areas that damaged the banks of River Mandakini for 18 km between Kedar-

nath and Sonprayag, and completely washed away Gaurikund (1990 m asl), Rambara

(2740 m asl) and Kedarnath (3546 m asl) towns (Dobhal et al. 2013). The roads and

footpath between Gaurikund and Kedarnath were also damaged. There were reports of loss

of large number of human lives and damage to the property and livestock. On 17 June alone,

the state of Uttarakhand received more than 340 mm of rainfall, which was 375 % more

than the daily normal (65.9 mm; Dube et al. 2013; India Meteorological Department (IMD)

Report 2013). The development of this convective activity over Indian region is illustrated

in Fig. 1 using visible channel images from Kalpana satellite. It can be clearly seen that

westerlies advect the optically thick clouds over the north-western Himalayan region where

they remained stationary during 16–17 June and caused large-scale destruction.

3 Model description

The mesoscale model employed in this study was the weather research and forecasting

(WRF; Skamarock et al. 2008) model version 3.4. The WRF is a limited area, non-

hydrostatic, primitive equation model with multiple options for various physical
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parameterization schemes. This version employed Arakawa C-grid staggering for the

horizontal grid and a fully compressible system of equations. The time-split integration

used a third-order Runge–Kutta scheme with a smaller time step for acoustic and gravity

wave modes. A more complex micro-physics scheme WSM6 used here is an extension of

the single-moment 3-class (WSM3) scheme, which additionally predicts the mixing ratio

of snow and graupel hydrometeors. Hong and Lim (2006) found that for high-resolution

grid, the amount of rainfall increases and peak intensity is stronger as the number of

hydrometers increases. The cumulus physics scheme was Kain–Fritsch (KF) (Kain and

Fritsch 1990) for the cumulus convection parameterization scheme for outer domain only,

and the Yonsei University (YSU) scheme for planetary boundary layer (Hong and Dudhia

2003; Hong and Pan 1996). The KF scheme is a mass-flux parameterization scheme that

determines the strength of convection from convective available potential energy when

deep convection is triggered (Kain and Fritsch 1990). The KF scheme mixes the air by

convection as well as related updrafts and downdrafts, and it rigorously conserves mass,

Fig. 1 Evolution of large-scale convective system over northern India during 15–18 June 2013 using
Kalpana AVHRR visible channel
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thermal energy, total moisture and momentum (Kain and Fritsch 1993). The YSU plane-

tary boundary layer (PBL) is responsible for vertical sub-grid-scale fluxes due to eddy

transports in the whole atmospheric column, not just the boundary layer (Hu et al. 2010).

Thus, when a PBL scheme is activated, explicit vertical diffusion is de-activated with the

assumption that the PBL scheme will handle this process. The PBL schemes determine the

flux profiles within the well-mixed boundary layer and the stable layer and thus provide

atmospheric tendencies of temperature, moisture (including clouds) and horizontal

momentum in the entire atmospheric column. The Rapid Radiative Transfer Model

(RRTM; Mlawer et al. 1997) and Dudhia scheme (Dudhia 1989) were used for long-wave

and short-wave radiation, respectively. These physics parameterization schemes have been

shown to be useful when simulating WRF precipitation events over Indian region in earlier

studies (Kumar et al. 2014b; Wang et al. 2014). WRF forecast experiment was conducted

with a two-way nested domain, i.e., outer domain (domain 1: longitude 72.6�E–85.4�E and

latitude 25.3�N–36.3�N) consisting of 240 9 240 grid points with 6-km horizontal grid

resolution and inner domain (domain 2: longitude 75.3�E–81.7�E and latitude 27.7�N–
33.3�N) consisting of 361 9 361 grid points with 2-km horizontal grid resolution. Wang

et al. (2014) used one-way nesting to run the WRF model at high (3-km) spatial resolution

for net budget of water vapour in North China, whereas, in this study, two-way nesting was

used to perform the model simulations, where domains at different grid resolutions were

run simultaneously and communicate with each other. The coarser domain provided

boundary value for the nest, and the nest fed its calculation back to the coarser domain. The

high-spatial-resolution (2-km) domain resolved the complex topography more accurately,

and the two-way nesting communicates this information from finer resolution domain to

coarser resolution domain which improves the simulations of coarser domain and subse-

quently improves the model prediction. Topography, land use/land cover and other geo-

graphical informations at 30-s resolution were taken from United States Geological Survey

(USGS). The model had 36 vertical levels with top of the model atmosphere located at

10 hPa. WRF model simulation starts from 0000 UTC 16 June 2013 for 24-h prediction

valid at 0000 UTC 17 June 2013. NCEP GDAS analyses available at 1� 9 1� spatial

resolution are used to produce initial and lateral boundary conditions for WRF model run.

4 Influence of orographic and synoptic conditions preceding
the catastrophic rainfall

4.1 Orographic effects

The orographic precipitation is enhanced in the range of 200–300 % over the complex

Himalaya terrain (Barros et al. 2000, 2004). In this case, not only the elevation but also the

spatial arrangement of the topographic gradients determines the precipitation patterns. The

elevation map of study domain is shown in Fig. 2 which represents very complex terrain

over this region. The enhancement of precipitation as it interacts with the underlying

topography is probably one of the major causes of high-impact rain events over this region

(Das et al. 2006). To further investigate the role of topography, a diagnostic model VDEL

based on topographically induced vertical motion (Sinclair 1994) is used to estimate

orographic precipitation for the catastrophic rainfall event. This model is based on the

premise that the enhancement of orographic precipitation is due to forced uplift of moist air

over elevated terrain. As such, the vertical velocity near the ground (ws) is considered as a
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function of low-level flow (Vs) and topography of height zs(x, y) (hence the name VDEL,

Thompson et al. 1997) and is approximated by:

ws � �qs g Vs :rzs

where qs is the relative density of air at the surface and g is the acceleration due to gravity.

In VDEL model, condensation arises by means of saturated adiabatic ascent. The

amount of condensate produced at pressure level p, per unit time is proportional to the rate

of ascent, w(p), which is parameterized as function of height. The vertical velocity profile

is composed in two parts: the large-scale wm from the model and terrain-induced wt such

that

w pð Þ ¼ wm pð Þ þ wt pð Þ

and

wt pð Þ ¼ wsG pð Þ

where G(p) is the function that specifies how the terrain-induced vertical velocity decreases

from the surface to zero at the top of the condensing layer. The exact form of G(p) can be

found in Sinclair (1994). It is to be noted here that the large-scale vertical motions caused

by fronts and other processes in the free atmosphere also contribute to ascent over

mountains. But the focus of the present study is to diagnose the contribution of topography

in triggering the heavy rainfall event.Finally, the rainfall rate at the ground is obtained as

R ¼ kS
g

Z plcl

0

dFk pð Þ:w pð Þdp

where k is a factor dependent on relative humidity (RH) and is responsible for modulating

rainfall with moisture availability. It is well known that orographic rainfall is a strong

function of low-level RH. The form of k as given in Sinclair (1994) reflects this

Fig. 2 Elevation map of the state of Uttarakhand (m)
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dependence as well as the modulation of mid-tropospheric condensation by ambient RH.

The form of dF is discussed in detail by Sinclair (1994), and it mainly models the con-

densation rate at each pressure level. When we calculate the condensate at each height, the

variable fall times of hydrometeors can be included at each vertical layer. This is done by

assuming that the condensate drifts a vector distance VDt downwind before landing, where

Dt is the sum of the formation plus the fall time to the surface from the vertical layer.

The VDEL model can be implemented for a single sounding measurement as well as for

a numerical model. In the present case, VDEL model is initialized from WRF model on 16

June 2013 and the orographic precipitation obtained from the VDEL model is shown in

Fig. 3. It can be clearly observed from Fig. 3 that the orographic component of rain rate is

quite high inside the marked ellipse which was the area of maximum impact. This sim-

ulation suggests that the topography, in particular with its orientation to the low-level wind

fields, and the moisture availability had a major role in this extreme precipitation event.

4.2 Synoptic condition

The mean sea-level pressure and low-level (850 hPa) winds available from ECMWF

analysis at 0000 UTC during 13 June 2013 to 16 June 2013 are shown in Fig. 4, which

shows the location of monsoon low changed from day to day during this period. A

monsoon low-pressure area occurred over the north-west Bay of Bengal on 13 June 2013

(Fig. 4a) which had a general north-westward movement. The ECMWF analysis of the

lower tropospheric wind and sea-level pressure fields showed the progress of south-east

monsoon current from south- to north-west up to Uttarakhand and simultaneously move-

ment of a western disturbance across north India from west to east. The westerlies and the

monsoon system virtually locked over the Uttarakhand and neighbouring regions during

this period (Fig. 4d). The strength of the monsoon wind flow was relatively weaker in the

Himalayan region (Fig. 4d), but as a result of this system, a strong south-easterly wind flow

over Uttar Pradesh, Uttarakhand and Himachal Pradesh pumped moisture into the region

from both the Arabian Sea and Bay of Bengal. The analysis suggested that due to strong

Fig. 3 Orographic precipitation rate (mm/h) as simulated by VDEL model
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interaction between an oncoming trough in the westerlies and the strong south-easterly

monsoon wind flow in association with a monsoon low-pressure system over the north

Indian region, resulting development of lower tropospheric wind convergence over the

Uttarakhand and neighbouring regions (IMD report 2013). This, coupled with strong

orographic effect due to high terrain when coupled by the strong moisture feeding from

both the Arabian Sea and Bay of Bengal, triggered heavy rainfall activity downstream of

the trough, over the north Indian region in a similar moisture pumping phenomena as

observed during the Leh flash flooding storm of 2010 (Rasmussen and Houze 2012).

However, the Uttarakhand episode was unique in that the line of convergence of the two

weather systems was nearly stationary for hours at a time, due to orographic focussing of

convective cell activity over limited region (Buzzi and Foschini 2000) resulting in huge

amount of accumulated rainfall over the north-western Himalayan region causing wide-

spread flooding.

5 Results and discussions

Three different merged rainfall products available from CMORPH, JAXA GSMaP and

TRMM 3B42 (Kumar et al. 2014b) at spatial resolution of 8, 10 and 25 km, respectively,

were used in this study to assess the skill of the WRF model rainfall prediction (Fig. 5). All

the three merged rainfall products (Fig. 5a–c) represented the heavy rainfall over the

Uttarakhand region. More intense rainfall was produced by CMORPH product locally over

Uttarakhand compared to TRMM and JAXA rainfall products. JAXA and TRMM rainfall

products showed larger spatial distribution compared to CMORPH rainfall product; 24-h

Fig. 4 Spatial distribution of mean sea-level pressure (shaded; hPa) and low-level (850 hPa) winds (vector;
m/s) from ECMWF analysis at 0000 UTC of a 13 June, b 14 June, c 15 June and d 16 June 2013
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accumulated rainfall forecast from WRF model (at 2-km spatial resolution) was able to

reproduce the maximum rainfall over the Uttarakhand region, and the spatial distribution

of rainfall was similar to TRMM- and JAXA-derived rainfall data. WRF model predicted

rainfall was higher in intensity compared to TRMM and JAXA rainfall products. Over the

Himalayan high orographic region, JAXA rainfall showed very small values which was

higher in TRMM rainfall product. The possible reason may be that rain-gauge informations

are used in the TRMM 3B42 rainfall product which shows more realistic representation of

rainfall over this region. Satellite estimated merged rainfall product shown the light rainfall

over the south-eastern part of the Punjab which missed in the WRF rainfall forecast.

Moreover, WRF model overestimated the rainfall over the Himalayan’s high topographic

region. Two ground stations, Nainital, Uttarakhand (longitude 79.46�E and latitude

29.36�N), and Champawat, Uttarakhand (longitude 80.09�E and latitude 29.34�N), mea-

sured rainfall are used in this study to compare the WRF model predicted hourly rainfall.

Figure 6 shows that WRF model predicted rainfall is able to capture the observed rainfall

over Nainital region, except large mismatches in initial forecast hours. These discrepancies

may be due to initial model spin-up period. WRF model is slightly under-predicted the

rainfall beyond 19-h forecasts for Nainital station. Large overestimation was found in WRF

model simulated rainfall over the Champawat region, though the trend was similar.

Figure 7 shows the integrated value of hydrometer (snow, ice, graupel and rain) forecast

at the time (1500 UTC 16 June 2013) of intense rainfall (reported by Indian Meteorological

Fig. 5 Spatial distribution of accumulated merged rainfall (mm) product from a CMORPH, b JAXA
GsMap and c TRMM 3B42 product during 0000 UTC 16 June 2013–0000 UTC 17 June 2013. d Spatial
distribution of 24-h rainfall forecast (mm) from WRF model
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Department, India). Storm-producing clouds generally contain a deep mixed-phase zone

and also form the precipitation in the ice phase as hail, graupel and snow particles. In this

case, WRF model is able to simulate the hydrometer at the time of heavy rainfall. It was

evident from Fig. 7 that high value of snow and graupel occurred just over the Kedarnath

region. At the same time, rainfall forecast within 1 h (Fig. 7d; 1500 UTC to 1600 UTC)

also showed that WRF model was able to capture this heavy rainfall. It was interesting to

note here that WRF model was able to predict the heavy rainfall over the Kedarnath region

where integrated values of all the hydrometers were large compared to other locations.

According to Doswell et al. (1996), certain ingredients needed to be in place for a high

precipitation event, which included low tropospheric moisture inflow, lifting mechanism

for transporting the moisture to higher level and instability to support vertical motion.

Simultaneously other factors acting synergistically: non-precipitating environment in the

neighbourhood to ensure that the moisture is not lost in the way, concentration of moisture

coupled with upper-tropospheric divergence over a small region escalate severe localized

precipitation (Reale et al. 2001). To study the dynamics at the time of the event, we

investigated vertical development of different atmospheric variables in a north–south cross

section. As explained earlier, the large-scale transport of moisture triggering the event was

carried through a southerly low-level jet, so it was natural to consider the south-to-north

variation of the meteorological parameters.

As seen from Fig. 8a, the relative humidity was uniformly high at lower troposphere

(surface to 500 hPa) and dry in upper levels that provided the required source of moisture,

inhibiting the entrainment of dry air into the updrafts. It was interesting to note from

Fig. 6 Comparison of the WRF model hourly rainfall forecast with ground observations over Nainital and
Champawat, Uttarakhand, regions
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Fig. 8b that the model simulated a strong and isolated region of lower-level moisture con-

vergence just south of 31 N (centre of the extreme event) with upper-level divergence

denoted by negative values of moisture convergence. Additionally, zonal and meridional

components of the vertically integrated atmosphericmoisture transport fieldswere calculated

at the time of event (Fig. 9). Total moisture content of the atmosphere plays a vital role in the

development of hazardous atmospheric phenomena such as thunderstorms and severe

weathers (Howarth 1983). The spatial map of vertically integrated moisture transport (in

vector; Fig. 9) characterized by dense vectors in the region of interest which signified ample

supply of moisture tomaintain saturated upslopemotion resulting in quasi-stationary system.

Figure 10a illustrates the model simulated vertical wind profile, showing very strong

updrafts, which is typical of orographic forcing triggering instability. The slight tilt of the

updrafts (in this case, southwards) was a common feature associated a severe convection

that extended the life of the storm, because the precipitation does not fall directly into the

updraft and the warm air intake can continue (Ludlam 1963). Similarly Fig. 10b demon-

strates the south–north cross section of the horizontal divergence profile, in which diver-

gence maxima was seen at the location of the event, with upper-level maxima tilted

towards south, which was consistent with the precipitation pattern.

In Fig. 11, wind profiles for three locations A (28.0 N, 76.0 E), B (30.5 N, 79.1 E) and

C (28.0 N, 82.0 E) had been plotted. Region A was representative of flow at the south-

western region facing Arabian Sea, while C characterized the easterly flow from the Bay of

Bengal. B signified the vertical developments at the centre of the event. The vertical wind

profile at the inflow region corresponding to C showed a strong easterly jet stretching from

Fig. 7 Spatial distribution of integrated value of hydrometer a qsnow (kg/kg), b qice (kg/kg) and c qgraupel
(kg/kg) at the time of heavy rainfall (1500 UTC 16 June 2013). d Spatial distribution of rainfall forecast
(mm) from WRF model between 1500 UTC and 1600 UTC 16 June 2013
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Fig. 8 Vertical distribution of a relative humidity (%) and b moisture convergence (kg/kg/s) along the
latitude. These values represented the average behaviour of longitude 78�E–80�E

Fig. 9 Spatial distribution of vertically integrated moisture transport (in vector; kg/m/s) and moisture
convergence (shaded), where dense vectors signified ample supply of moisture. Triangle showed the
location of Kedarnath region
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Fig. 10 Vertical distribution of a vertical winds (m/s) and b horizontal divergence (s-1) along the latitude.
These values represented the average behaviour of longitude 78�E–80�E

Fig. 11 Wind profiles for three locations A (28.0N, 76.0E), B (30.5N, 79.1E) and C (28.0N, 82.0E).
Location B showed the Kedarnath region
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900 hPa to 500 Hpa and having its maximum near the surface, consistent with the presence

of a low-level jet (LLJ). This wind maximum was also evident in the wind field and is

shown in Fig. 1, wherein significant easterly flow moved parallel to the Himalayan ranges

from 13 June 2013. The build-up of high winds till mid-troposphere was observed due to

forced orographic lifting. Earlier studies (Rasmussen and Houze 2012; Kumar et al. 2014a)

showed that the low-level moisture flowing upslope into the storm system was of particular

importance for many flash flooding events. The most interesting plot was for the region B,

which was roughly the convergence point of both the flows and junction of maximum

disaster. The veering of wind direction at the upper levels towards eastward direction

resulted in near cancellation of advection and storm propagation culminating into a quasi-

stationary system. The individual convective updrafts, apparent as strong vertical winds,

moved with a speed and direction roughly comparable to the mean flow of the tropospheric

layer containing the updraft, which when flowing in a direction opposite to the storm

propagation made the system nearly stationary (Doswell et al. 1996). In this particular case,

steep terrain-induced updrafts combined with strong large-scale flow and a slow moving

system allowed high precipitation rates to persist for a relatively long duration.

6 Conclusion

A simulation study has been performed usingWRFmodel at high resolution for severe rainfall

event over Uttarakhand region of India during 16–17 June 2013 which devastated the temple

town of Kedarnath. Model predicted rainfall is compared with satellite-derived merged

rainfall products. Results show that the WRF model is able to predict the intensity of the

Uttarakhand heavy rainfall episode. It is observed that the spatial distribution of heavy rainfall

is well captured by the WRFmodel when verified with satellite-retrieved rainfall products. A

comprehensive diagnostic assessment and comparisons of themoisture fieldswere conducted,

wherein we focused on the precipitation and its relationship with moisture transport its

divergence/convergence in the atmosphere, and the dependency of vertical development with

wind flows in an orographic topography. Vertically integrated moisture transport analysis

indicates the convergence of moisture flow in the region triggering and sustaining the intense

rainfall episode. The vertical distribution of relative humidity and horizontal divergence also

show favourable atmospheric conditions predecessing the storm. Moreover, VDEL model

initialized from the WRF model showed that the orographic component of rain rate is quite

high over this region and suggests that the topography, in particular with its orientation to the

low-level wind fields, and the moisture availability had a major role on extreme precipitation

event. It is demonstrated in this study that resolving the complex topography at finer scales in a

numerical model has the capability to provide higher prediction skill.
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