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Abstract
This study investigates the sub-synoptic scale circulation aspects associated with the extreme rainfall event occurred over the 
North Indian state of Uttarakhand located in the western Himalayas (WH) during the 15–18 June 2013 period. A diagnosis 
based on hourly ERA5 reanalyzed circulation products archived on finer grids reveals that sustenance of heavy rains during 
the event period is supported by a propensity of cyclonic vorticity sources channeled toward the WH region through a narrow 
quasi-steady conduit in the lower troposphere from the ISM circulation. The equatorward segregating mesoscale potential 
vorticity (PV) structures from the quasi-stationary upper level PV anomaly (trough) during the event administered two path-
ways for vorticity sources. The first pathway is from the base of the trough culminating into longer horizontal conduit path 
from the western Arabian Sea, lending perpetual cyclonic vorticity support to the ISM environment. The second pathway is 
from the right flank of the trough, which promotes sustained environment of deeper mesoscale convergence zone, potentially 
unstable atmosphere and strong ascent over the Uttarakhand region. The convergence zone is potentially viewed as a region 
for strong monsoon and extratropical circulation interactions to occur on finer horizontal scales of motion, where significant 
vertical synchronization of positive PV advection is realized during the 16–17 June 2013 period. In addition to orographic 
precipitation enhancements, deeper advective synchronization noticed at sub-synoptic time periods is accredited to the 
nearly doubling 24-h rainfall amounts in the foothill region of Uttarakhand during the event period. The ERA5 diagnosed 
diabatic heating additionally indicates that precipitating systems at higher (foothill) elevations contribute to upper (lower) 
tropospheric heat sources.

1 Introduction

The western part of the Himalayas (WH) (Fig. 1) has been 
constantly witnessing extreme rainfall episodes during the 
Indian summer monsoon (ISM) months (June–September) 
in recent decades (e.g., Joshi and Kumar 2006; Rasmus-
sen and Houze 2012; Mujumdar et al. 2012; Nandargi and 
Gaur 2013; Dobhal et al. 2013; Manish et al. 2013; Chaud-
huri et al. 2015; Vellore et al. 2016; Nandargi et al. 2016; 
Bharti et al. 2016; Priya et al. 2017; Pant et al. 2018). 
The extreme rainfall categorization follows the conven-
tion used by the India Meteorological Department (IMD), 
i.e., heavy and extremely heavy rainfall days are the days, 
when 24-h precipitation accumulations are observed to 
exceed 64.5 mm and 245 mm, respectively (Guhathakurta 
et al. 2011). Among various intense and torrential rain 
events reported from the WH region, the extreme rain 
event occurred over the North Indian state Uttarakhand 
(see Fig. 1 for the location) during the 15–18 June 2013 
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period has been in the focal point of many recent scientific 
investigations (see Dobhal et al. 2013; Ray et al. 2014; 
Kotal et al. 2014; Joseph et al. 2015; Shekhar et al. 2015; 
Sikka et al. 2015; Vellore et al. 2016; Chevutri and Dimri 
2016; Ranalkar et al. 2016a, b; Rajesh et al. 2016; Kumar 
et al. 2016; Houze et al. 2017; Krishnamurti et al. 2017; 
Parida et al. 2017; Xavier et al. 2018). These investigations 
generally concur with the presence of anomalous large-
scale extratropical circulation and its interaction with ISM 
circulation during the period of extreme rains over the 
WH region. The tenet behind the circulation interactions 
is a phasing of southward advancing cold/dry extratropical 
circulation aloft and northward advancing low-level warm/
moist ISM circulation. Vellore et al. (2016) additionally 
indicate that such circulation interactions are more condu-
cive in the background of moderate ISM circulation condi-
tions, i.e., neither active/vigorous nor weak monsoon situ-
ations (Rajeevan et al. 2010; Krishnan et al. 2000; Vellore 
et al. 2014). The circulation interactions tend to favor an 
environment of increased potential buoyancy in the vicin-
ity of WH foothills and heavy rainfall occurrence follows 
in concert with orographic lifting of air (e.g., Dubey et al. 
2013; Vellore et al. 2016; Hazra et al. 2017; Krishnamurti 
et al. 2017). Boreal summertime extreme rain episodes 
are also proposed to have associations with large ampli-
tude quasi-stationary Rossby wave trains within the syn-
optic wavenumber range between 6 and 8 (Petrukhov et al. 
2013; Coumou et al. 2014). Further, a recent study based 
on complex network methodology indicates that remote 
influences on extreme rainfall over the Indian region and 

tropical–extratropical circulation couplings broadly come 
from upper level Rossby wave-associated physical mecha-
nisms (Boers et al. 2019).

Various observational and numerical modeling studies 
have examined the unprecedented occurrence of extremely 
heavy precipitation over the Uttarakhand region during the 
period 15–18 June 2013 (e.g., Houze et al. 2017; Krishna-
murti et al. 2017; see the references therein). Nonetheless, 
the sub-synoptic scale complement to the dynamics of 
large-scale circulation interactions during the event period 
largely lacks pellucidity from these investigations—in par-
ticular, from the viewpoint of longer span of torrential rains 
and significant spatiotemporal variability in rainfall intensi-
ties observed over the mountainous terrain of Uttarakhand 
during the event period (cf. Table 1 and Fig. 1 of Ranalkar 
et al. 2016a). Vellore et al. (2016) briefly highlighted the 
finer scale circulation responses across the WH region dur-
ing the event period based on the unbalanced mesoscale 
circulation aloft and mesoscale orographic forcing. Some 
studies also point out that long-lived convective systems can 
be promoted by favorable wind shear environment along the 
windward side of the mountains, as well as through con-
vective regenerative mechanisms (e.g., Maddox et al. 1979; 
Doswell 1987; Romero et al. 2000; Foresti and Pozdnouk-
hov 2012; Soderholm et al. 2014). In this context, Kotal 
et al. (2014) surmised on the circumstances of regenerative 
mesoscale convective cell generations to longer span of tor-
rential rains during the event period. They also suggested 
the possibility of a low-level convergence zone development 
as a consequence from circulation interactions. Rajesh et al. 

Fig. 1  Topography (shaded; 
in meters) over the study 
region. The inset indicates the 
region of Uttarakhand. Sta-
tions (Dehradun, Kedarnath, 
Chamoli, Nainital, Champawat 
in Uttarakhand and the Indian 
capital New Delhi) and the 
regions referenced in the study 
are shown on the figure.[Ter-
rain elevations below (above) 
2.4 km asl is referred to as the 
Lesser Himalaya (Greater and 
Trans Himalaya)] (Source: U.S. 
Geological Survey)



633Sub-synoptic circulation variability in the Himalayan extreme precipitation event during…

1 3

(2016) also recognized from the coarser reanalysis prod-
ucts that there is a harmonization of upper level potential 
vorticity (PV) and low-level moisture convergence to favor 
the precipitation enhancements over the WH region during 
the event period. However, their study clearly pinpointed 
the criticality of requirement of much finer spatiotemporal 
analyses for better insights into the prognosis of mesoscale 
PV processes and interaction mechanisms.

In view of the large equivocation from the aforesaid 
studies, the finer scale augmentations to large-scale circula-
tion environment during the extreme precipitation period 
clearly recall for better comprehensibility. More particularly 
on rationales of regional scale convergence zones and other 
possible dynamical mechanisms are in support of circulation 
maintenance and longevity of the Himalayan precipitation 
during the event period. In this study, we intend to provide 
some insights into this issue by primarily focusing on the 
finer scale spatiotemporal sub-synoptic details during the 
event period. The latest European reanalysis ERA5 datasets 
(Hersbach and Dee 2016; https ://cds.clima te.coper nicus 
.eu) archived at hourly intervals on finer horizontal grids 
(0.3° × 0.3° grid resolution) are used for the analysis. Obser-
vational analyses also include the infrared (IR) radiance/
imagery data archived at 30 min intervals from the Meteo-
sat-7 geostationary meteorological satellite (https ://eopor tal.
eumet sat.int) and the Tropical Rainfall Measuring Mission 
(TRMM; Huffman et al. 2007; https ://pmm.nasa.gov) pre-
cipitation products. The observations and circulation diag-
nostics for this event from ERA5 are given in the following.

2  Observations and ERA5 circulation 
diagnostics

To begin with a succinct retrospect of large-scale circulation 
aspects from earlier studies focused on this event, the ISM 
circulation rapidly progressed northward toward the region 
of Uttarakhand Himalayas (see Fig. 1 for the location) dur-
ing the event period in mid-June 2013 much earlier than the 
normal precipitation onset for this region. The large-scale 
environment at upper levels during this time includes: (1) 
rapid ridge intensification and blocked anticyclonic circu-
lation over the western part of Eurasia, (2) baroclinically 
amplifying upper level trough from Russia concurrent with 
Rossby wave-breaking (see also Sect. 3.1) signatures in the 
middle latitudes, and (3) significant splitting of the Tibetan 
anticyclone (Hsu and Plumb 2000; Popovic and Plumb 2001; 
Vellore et al. 2016) in the subtropical latitudes. In conse-
quence to this evolution, the downstream environment of the 
aforesaid intensifying ridge resulted in upper level westerly 
trough thinned and intruded far equatorward into the tropical 
latitudes, and also exerted strong upper level jet accelera-
tions poleward of the WH region.

2.1  Rainfall

The reader is referred to the following literatures Kotal et al. 
(2014), Ray et al. (2014), Sikka et al. (2015), Ranalkar et al. 
(2016a; b), where rain gauge observations during the event 
period are reported in detail and is briefly presented here. 
Confined regions of observed heavy downpour during the 
period 15–18 June 2013 over the Indian state of Uttara-
khand state and neighborhood were attributed to multi-day 
incessant rains. The highest percentage of rainfall departure 
(+ 191%) from the climatological normal is seen over this 
region in June 2013 and this profound excess came from 
this particular event (e.g., Sikka et al. 2015; Kaur and Puro-
hit 2014). Figure 2a shows the spatial distribution of 24-h 
precipitation accumulations from TRMM. One can see that 
precipitation accumulations were rather widespread extend-
ing from the northwest Indian states to western part of Utta-
rakhand on 15 June 2013. The extreme rainfall conditions 
began to confine over the western and eastern parts of Utta-
rakhand during the subsequent 2 days (see also Fig. 2 of 
Kotal et al. 2014; Shekhar et al. 2015). The 24-h observed 
precipitation totals ending at 16, 17, and 18 June 2013 from 
24 foothill stations of Uttarakhand state were 2170, 3716, 
1978 mm, respectively, and the reported mean subdivisional 
rainfall from various districts of Uttarakhand was 72, 134, 
and 81 mm, respectively (Ray et al. 2014; cf. Table 1 of 
Ranalkar et al. 2016a). One can clearly notice that nearly 
twice large amounts of 24-h rainfall accumulations were 
reported from lower foothill elevations on 17 June 2013, i.e., 
during the period 03 UTC 16 June 2013–03 UTC 17 June 
2013. Table 1 shows observed 24-h precipitation accumula-
tions during this period from various stations located over 
the Lesser Himalayan elevations (< 2.4 km asl) of North 
Indian states Uttarakhand and Himachal Pradesh (see Fig. 1 
for the regions). Note that the two neighboring lower foothill 
stations Dehradun and Kalsi (see Table 1 for the elevations 
and locations) in Uttarakhand received extremely heavy 24-h 
rainfall accumulations of 338 mm and 370 mm, respectively. 
This is also + 375% above the daily normal values for this 
day (Srivatava and Guhathakartha 2013; Dube et al. 2014). 
Also another station, Paonta in proximity to these two sta-
tions located on the northeastern part of Himachal Pradesh 
also received 24-h accumulations of 410 mm (see also Fig. 3 
of Kotal et al. 2014; Ray et al. 2014). More stations located 
over the eastern part of Uttarakhand such as Haldwani 
(see Table 1 for the location and elevation), Nainital, and 
Champawat (see Fig. 1 for the locations) reported extreme 
rains (exceeding 200 mm) during the 24-h period ending on 
18 June 2013 (Ray et al. 2014). Interestingly, data sparse 
higher elevation locations of Uttarakhand (e.g., Kedarnath; 
see Fig. 1 for the location) reported relatively lesser 24-h 
rain accumulations as compared to the lower elevations. For 
example, the reported mean rainfall from an observatory 

https://cds.climate.copernicus.eu
https://cds.climate.copernicus.eu
https://eoportal.eumetsat.int
https://eoportal.eumetsat.int
https://pmm.nasa.gov


634 R. K. Vellore et al.

1 3

near Kedarnath was 107 mm day−1 and 70 mm day−1 at 
Chamoli (see Fig. 1 for the location) during the 15–17 June 
2013 period [Dobhal et al. 2013 (cf. Fig. 2); Ray et al. 2014 
(cf. Table 3.4)]. 

2.2  Circulation

Figure 3 shows the ERA5 reanalyzed 700 hPa and 500 hPa 
horizontal winds, geopotential heights, and horizontal wind 
convergence for the period 14–17 June 2013. The synop-
tic setup on 14 June 2013 includes two distinct meso-α 
scale (200–2000 km; Orlanksi 1975) cyclonic circulation 

environment, where the first is associated with the monsoon 
low (ML) centered at 20° N, 84° E originated from north-
west Bay of Bengal prior to this time. The second is an off-
shore cyclonic circulation in the lower troposphere centered 
at 20° N, 66° E over northern Arabian Sea (Fig. 3a–d). The 
former shows a west–northwest movement in time, while the 
latter remains nearly quasi-steady which becomes less appar-
ent and merges with the former after 15 June 2013. Closed 
isolines of geopotential heights over the central part of India 
show a tendency of tilting in southwest–northeast direction. 
The moisture-laden air streams along the southern and east-
ern flanks of the circulation around the ML are directed 

Fig. 2  a 24-h precipitation accumulations (mm) over the northern part of India from TRMM. b, c Hourly brightness temperature differences 
diagnosed from METEOSAT-7 infrared satellite products during 15–19 June 2013 over b Kedarnath and c Dehradun
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toward the WH region during the event period (Fig. 3e–h). 
A strong meridional momentum on the eastern flank of the 
ML is noted, which is facilitated by the sharp zonal height 
gradients and a quadruple pattern of low (meridional orien-
tation) and high (zonal orientation) pressure environments 
evident at mid-levels centered over northern part of India.

Two distinct small amplitude or shortwave ridge patterns 
(red-dashed lines in Fig. 3) at mid-levels are noticed on mes-
oscale below the zonally shed parts of the large-scale Tibetan 
anticyclone at upper levels (see Vellore et al. 2016; see also 
Fig. 7a, b). Notice that the shortwave ridge pattern from 
the eastern shed part is strongly influenced by flow interac-
tions with the high terrain of the Himalayas and distinctly 
protrudes into the front flank of upper level trough (Fig. 3g). 
One can normally expect that small amplitude ridges gener-
ally tend to weaken as they move into large amplitude wave 
troughs at upper levels. However, there is a prevalence of 
this shortwave ridge pattern during the entire event period 
due to slow eastward progression and rapid southward pro-
gression of the upper level westerly trough (Fig. 3k). Also, 
a synoptic scale ascent is however limited with the move-
ment of this shortwave ridge pattern over the Himalayan 
terrain, but warm air advection supported by ridging coupled 
with orographic ascent could promote the precipitation. The 
other ridge pattern is relatively weaker, which extends from 
the Arabian Peninsula toward northwestern part of India 
(Fig. 3e, g). Note that meridional evolution of anticyclone 
located to the west of the ML is, rather rapid compared to its 
zonal expansion, i.e., the eastward extension of ridge over 
the Arabian Peninsula is constricted by the far equatorward 
extent of the upper level trough (see the 5800 m isoline in 
Fig. 3i, k). Significant mesoscale wind convergence regions 
(or fringes of cyclonic vorticity) resulting from zonal wind 
shear are evident from lower-to-mid levels, notable are the 
one moving toward Uttarakhand region from northwest and 
other from the Arabian Sea (Fig. 3i–l). The northward move-
ment of ML is apparently promoted more by the anticyclonic 
tendency in relative vorticity (e.g., Anthes and Hoke 1975) 
on the eastern side of the ML and less westward drift by 
β-effect. The sharp zonal gradients in height (v-wind) field 
tend to enhance the lower-to-mid level cyclonic vorticity 
on the eastern flank of the ML. The high-pressure environ-
ment to its east aids to align the plumes of cyclonic vorticity 
directed toward the WH region in an organized manner from 
the Arabian Sea. Also, it aligns the upper level flow normal 
toward the WH region, thereby providing a veering wind 
structure in the vicinity of Uttarakhand region (e.g., Fig. 3g, 
h). Thus, the Uttarakhand region during the event period 
is thermally separated by warm air advection (also an area 
of isentropic lifting) from its east and equatorward advanc-
ing cold air from its west together with perpetual supply of 
cyclonic vorticity sources from the ISM environment.

The vertical structure of horizontal winds in the vicinity 
of the WH region shows east–southeasterly (along-barrier 
winds) at low levels, while southerlies (normal to the WH 
barrier) are seen at upper levels from the downstream envi-
ronment of the equatorward deepening westerly trough at 
and later than 15 June 2013. Such sheared wind struc-
ture in the vertical on the windward side of the mountains 

Table 1  Observed 24-h precipitation accumulations (mm) ending at 
0300 UTC 17 June 2013 over the Uttarakhand region (see also Kotal 
et al. 2014; Ranalkar et al. 2016a, b)

Station name Latitude (°N), 
longitude (°E)

Elevation (m) Rainfall (mm)

Dehradun 30.32, 78.05 667 370
Purola 30.87, 78.08 1503 410
Haridwar 29.92, 78.12 276 220
Uttarkashi 30.73, 78.43 1297 210
Tehri 30.37, 78.43 1672 170
Mussorie 30.46, 78.07 1836 150
Devprayag 30.14, 78.60 785 160
Roorkee 29.84, 77.92 254 150
Kirtinagar 30.21, 78.75 748 100
Rudraprayag 30.28, 78.98 973 90
Karnaprayag 30.26, 79.22 981 90
Jollygrant 30.19, 78.18 553 224
Ranichauri 30.20, 78.52 1592 205
Rishikesh 30.11, 78.28 371 145
Kalsi 30.53, 77.84 558 391
Srinagar 30.22, 78.77 688 133
Mukteshwar 29.46, 79.66 2047 240
Kausani 29.84, 79.60 1673 210
Haldwani 29.22, 79.51 421 200
Nainital 29.36,79.46 1747 180
Champawat 29.34, 80.09 1650 100
Pithoragarh 29.57, 80.23 1523 69
Almora 29.59, 79.65 1432 90
Matela 29.62, 79.62 1211 97
Pantnagar 29.02, 79.48 232 58
Ramnagar 29.39, 79.11 354 56
Ranikhet 29.64, 79.42 1700 43
Pati 29.40, 79.93 1520 206
Lohaghat 29.40, 80.09 1670 139
Sitarganj 28.93, 79.70 198 75
Gangolihat 29.65, 80.04 1718 103
Bageshwar 29.83, 79.77 1020 160
Joshimath 30.55, 79.57 2146 110
Jakholi 30.39, 78.89 1539 110
Chamoli 30.29, 79.56 2199 80
Tharali 30.07, 79.50 1458 170
Bharsar 30.05, 79.00 2247 122
Dhanauri 29.93, 77.97 269 151
Mean 157.5
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Fig. 3  500  hPa (left panel) and 700 (right panel) hPa geopotential 
heights (m), horizontal winds (full barb = 5  m  s−1) and horizontal 
wind convergence (shaded; × 10–5 s−1) during the period 14–17 June 

2013. Locations of Dehradun and Kedarnath are indicated on the fig-
ure. L and H are low-pressure and high-pressure markers. ML Mon-
soon low (Source: ERA5 reanalysis)
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Fig. 3  (continued)
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is also conceptualized to favor quasi-stationary terrain-
locked convection and repeated development of convective 
cells at the same location along idealized mountain ridges 
(Soderholm et al. 2014). Some studies further indicate that 
windward side mountain slopes are preferred regions for 
precipitation enhancements from meso-γ scale stationary 
rainfall cells (Foresti and Pozdnoukhov 2012). As also 
will be seen later, a narrow region of high PV air, where 
the vorticity acquired from the cyclonic tendency of air 
parcels traversing southward to regions of lower Corio-
lis parameter f is funneled over the Arabian Sea (~ along 
20° N) and penetrate into the ISM environment (see also 
Fig. 8d). Briefly, the ISM environment exhibits a cycloni-
cally curved (warm) conduit trajectory through which air 
streams possessing cyclonic vorticity are channeled toward 
the western Himalayan foothills. The quasi-steady mid-
level ridging patterns from both sides of the ISM envi-
ronment and dry air advection from extratropics into the 

northwestern parts of India constantly tend to confine this 
conduit trajectory intact during the event period.

2.3  Satellite imagery

The aforementioned conduit trajectory can be clearly noticed 
from the METEOSAT-7 infrared satellite cloud imagery 
shown in Fig. 4a, where the conduit heads to west of the 
Uttarakhand region on 15 and 16 June 2013, while it tilts 
to east of this region from 17 June 2013 as the lower tropo-
spheric height low moves closer to this region (see Fig. 3j, 
l). It is also noted from multi-spectral satellite observations 
(METEOSAT and TRMM) that distinct regions of sig-
nificantly colder cloud tops (brightness temperatures less 
than 210 K) embedded within the mesoscale organization 
of clouds are seen over the Uttarakhand region during the 
periods of intense rain activity (see also Houze et al. 2017). 
These colder cloud tops are often regions of cloud systems 
with possible overshooting tops where unstable tropospheric 

Fig. 4  a Six-hourly METEOSAT-7 infrared satellite imagery shown 
for the period 15–18 June 2013. Location of Uttarakhand (see also 
Fig.  1) is marked by ⊕  indicated by an arrow on the top figure 
(Source: https ://eopor tal.eumet sat.int). b Hourly METEOSAT-7 

infrared satellite imagery during 15–16 June 2013 over the Uttara-
khand region. Shaded are the brightness temperatures (units in K). 
Dehradun district, Uttarakhand is marked by ⊗ (Source: https ://eopor 
tal.eumet sat.int)

https://eoportal.eumetsat.int
https://eoportal.eumetsat.int
https://eoportal.eumetsat.int
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Fig. 4  (continued)
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air can penetrate into stable regions of stratosphere (e.g., 
Schmetz et al.1997; Bedka et al. 2010). Krishnamurti et al. 
(2017) also indicated convective clouds of greater vertical 
extent across the WH region during this event from the lim-
itedly available satellite passes of the CALIPSO (https ://
eowwe b.larc.nasa.gov/PRODO CS/calip so). The Kalpana-1 
infrared satellite imagery also indicated organized cloud pat-
tern seen to the poleward regions of Uttarakhand during the 
event period with cloud top temperatures (CTTs) ranging 
between − 40 and − 20 °C (see Kotal et al. 2014), while 
CTTs as low as − 80 °C in association with deep convec-
tion were generally prevalent over the northern Arabian Sea 
(not shown).

Hourly infrared satellite imagery from METEOSAT-7 
focused over the Uttarakhand region on 15 and 16 June 2013 
is shown in Fig. 4b. One can clearly see pockets of colder 
cloud tops from 10 UTC 15 June 2013 in the vicinity of 
Dehradun over the western side of Uttarakhand State, while 
more organized cloud clusters on meso-β scale (20–200 km) 
is noticeable from 16 June 2013 both over the western and 
southeastern parts of Uttarakhand. Notice that the western 
districts Dehradun and Uttarkashi exhibit colder mesoscale 
cloud tops embedded within the organized cloud pattern 
spread over the western part of Uttarakhand during the 
06–15 UTC 16 June 2013 period, when extreme hourly 
rains were reported from these locations. Figure 2b, c shows 
the time series of brightness temperature (BT) differences 
(between IR band: 10.5–12.5 µm and water vapor absorp-
tion band: 5.7–7.1 µm), where larger positive BT differences 
are interpreted as convective cells of larger vertical extent 
(Schmetz et al. 1997). Note that positive BT differences are 
seen in a continuous manner at Kedarnath (higher elevation; 
see Fig. 1) during the 15–16 June 2013 period, while Deh-
radun (foothill station) shows such positive BT differences 
only at intermittent spans on 16 June 2013. That is, cloud 
columns with colder cloud tops are largely noticed over the 
foothill region, while the temporal evolution of CTTs indi-
cates slightly warmer cloud tops at higher elevations indicat-
ing the presence of shallower, but more organized stratiform-
type precipitating systems (see also Houze et al. 2017).

2.4  Thermodynamic background and diabatic 
heating

Thermodynamic analysis from ERA5 indicates that the 
western part of Uttarakhand in the vicinity of Dehradun (see 
Fig. 1 for the location) exhibits strong convective instability 
during the period 13–16 June 2013. Briefly, a thermody-
namic environment of potentially unstable air (local change 
of equivalent potential temperature θe with height is nega-
tive; North and Erukhimova 2009; see also the review by 
Krishbaum et al. 2018) with greater probabilities of severe 
convection is recognized in the vicinity of Uttarakhand 

region. Figure 5a–e show a planview of water vapor mixing 
ratios and pressure diagnosed on θ = 325 K surface during 
the period 15–18 June 2013. Figure 5g–l show the humid-
ity parameters along the vertical cross-section A″–B (shown 
in Fig. 5d) during the same period. One can clearly notice 
stronger transport of moisture by the monsoon winds along 
the conduit and isentropic ascent (winds crossing isobars) in 
the vicinity of WH region. This is markedly separated by dry 
descending air located to its west whose equatorward exten-
sion is far into tropical latitudes. There is a sharp zonal mois-
ture contrast across northwestern part of India and a distinct 
tongue of lower mixing ratios are seen over the region imme-
diate south of Uttarakhand in association with southward 
advancing dry air intrusions (Fig. 5a–f). A near saturation 
(lower relative humidity) seen within 800–400 hPa (below 
800 hPa) over the Indo-Gangetic Plains and along the foot-
hill region on 15 June 2013 substantiates potentially unstable 
environment in the vicinity of Uttarakhand region (Fig. 5g). 
Also notice the deeper transition zone located to the west of 
Uttarakhand region distinctly separates the subtropical dry 
air descent and humid monsoon air. There is a perpetual 
downward advancement of dry air from mid-to-lower levels 
and a narrow region of sharp relative humidity contrast (sim-
ilar to a moisture front) seen to the west of Dehradun and 
Kedarnath in Uttarakhand (Fig. 5g–l). In an airmass sense, 
this mesoscale moisture front in the vertical bears some 
resemblance with the dry line or dry front seen horizontally 
over the U.S. Southern Plains (e.g., Fujita 1958; Hoch and 
Markowski 2005). One can clearly envisage a convective 
triggering from lifting of moist air over the Uttarakhand 
region ahead of the subtropical dry air descent. This dry air 
descent also serves as a shield by not letting the monsoon air 
penetrating further west of Uttarakhand in time.

Therefore, looking at the contrasting rainfall intensi-
ties between lower and high elevations of Uttarakhand 
(Kotal et al. 2014; Ranalkar et al. 2016a, b) during the 
event period, one can presume that larger sub-synoptic rain 
amounts appear to have come from shorter, but copious 
rain spells from less-organized convection with possibili-
ties of convective cell regeneration or stationary convec-
tive cells at the same location over the western districts of 
Uttarakhand. At the same time, relatively less abundant 
hourly rain amounts, but more incessant for longer periods 
came from more organized cloud clusters at higher eleva-
tions. The column-integrated mean (850–200 hPa) diaba-
tic heating, following Yanai et al. (1973), diagnosed from 
ERA5 is shown in Fig. 6 to further exemplify this conjec-
ture. One can clearly see profound latent heat release over 
the Uttarakhand region from extreme rain activity during 
the 15–17 June 2013 period and also a moist convective 
environment along the conduit trajectory. There are clear 
indications of a trail of cyclonic vorticity sources from the 
northern Arabian Sea marching toward the WH foothills 

https://eowweb.larc.nasa.gov/PRODOCS/calipso
https://eowweb.larc.nasa.gov/PRODOCS/calipso
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Fig. 5  a–f Planview of water vapor mixing ratio (shaded; g  kg−1), 
isobars (dashed line; hPa), and horizontal winds (full barb = 5 m s−1) 
on θ = 325 K surface during the period 15–18 June 2013. g–l Verti-
cal view of water vapor mixing ratio (solid contours; g  kg−1), relative 

humidity (shaded; %) and dew point depressions (dashed contours; in 
°C) along the cross-section A″–B shown in d. Locations of Dehradun 
and Kedarnath in Uttarakhand are shown on the figure. Dark arrows 
indicate dry air intrusions (Source: ERA5 reanalysis)
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Fig. 5  (continued)
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due to greater latent heat release both from convective 
and stratiform precipitating types (bottom panel of Fig. 6). 
The heating structure generally reveals that higher [lower] 
elevations of Uttarakhand, where catastrophic floods were 

reported appear to come from upper [lower] tropospheric 
heat sources.

To sum up briefly, mesoscale manifestations of large-
scale circulation environment clearly exhibit propensity 

Fig. 6  ERA5 mean column-integrated diabatic heating (W  m−2) (top panel) 850–200 hPa (center panel) 850–500 hPa, and (bottom panel) 500–
200 hPa diagnosed for the period 15–17 June 2013 (Source: ERA5 reanalysis)
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of cyclonic vorticity sources from the ISM environment 
and continued moisture supply toward the Uttarakhand 
Himalayas during the period 15–18 June 2013. The ISM 
environment channels the dynamic and thermodynamic 
scalars through a cyclonically curved conduit trajectory 
from the Arabian Sea. This trajectory is aligned by evolu-
tion of mesoscale ridging patterns from both sides. With 
additional consequence to wave-breaking events, a vertical 
conduit of dry air descent emerges in the vicinity of the 
base of eastward advancing large amplitude upper level 
trough located to the west of the Uttarakhand Himalayas. 
This vertical conduit inhibits the penetration of moisture-
laden monsoon air further west and northwest of Uttara-
khand Himalayas, thereby promoting a quasi-steady poten-
tially unstable environment over the Uttarakhand region, 
i.e., continued moist convection was preferred at lower 
elevations from the upslope ascent and semi-organized 
convection at higher elevations. As the spatiotemporal 
mesoscale responses of large-scale circulation interac-
tions are critically essential for construing the preferred 
rain locations, a clear understanding of the finer scale 
responses to large-scale circulation interactions is impera-
tive for better reasoning of the rapid surge and changes in 
rainfall intensities during the event period. Therefore, we 
further examine the fine temporal evolution of PV diag-
nosed on isentropic surfaces, for better view of the three-
dimensional structure of the horizontal flow at mid-levels, 
in the following.

3  Potential Vorticity (PV) analysis

The PV diagnosed on isentropic surfaces is expressed as 
follows:

where ζθ is the relative vorticity, θ is the potential tempera-
ture, g is the acceleration due to gravity, and p is the pressure 
(Bluestein 1992; Holton and Hakim 2013). The PV is gener-
ally positive in the northern hemisphere and is expressed in 
potential vorticity unit (PVU; 1 PVU = 10–6  m2 s−1 kg−1 K).

3.1  Rossby wave‑breaking (RWB) events

The anticylonic breaking of mid-latitude Rossby waves is 
typically characterized by low PV air, which folds pole-
ward over the high PV air and this can be clearly noticed 
at higher isentropic surfaces in the subtropical latitudes 
(e.g., Homeyer and Bowman 2013). Wave-breaking 
events seen on the equatorward side of the mid-latitude 

(1)

PV =
(

�� + f
)

(

−g
��
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)

= (absolute vorticity) × (static stability),

waveguide tend to generally produce upper level positive 
PV anomalies or PV streamers (typically seen with large 
meridional orientation and vertical extension) that can 
have profound consequences to the downstream extreme 
weather episodes (e.g., Hoskins et al. 1985; Appenzeller 
and Davies 1992; Knippertz and Martin 2007; Martius 
et al. 2008). That is, the RWB serves as vertical con-
duits for tropical–extratropical mass exchanges, across 
the Himalayan terrain in this investigation, through which 
high PV air is injected from higher latitudes into lower 
latitudes. Vellore et al. (2016) indicated that such isen-
tropic descent of high PV air from high latitudes assist in 
enhancing the mid-level cyclonic vorticity over the WH 
region to expedite deeper vertical circulation during the 
WH extreme rain episodes.

First, a cursory examination of the 300 hPa horizontal 
wind and geopotential height fields indicate that a baro-
tropic or baroclinically driven wave-breaking signature in 
its classic form is rather less apparent during the event 
period (Fig. 7). That is, the RWB signatures exhibited 
less significant anticyclonic curvature and zonal extent 
of meridional-negative PV gradients. The RWB generally 
results in subtropical tropopause folds that can extend 
much deeper into the troposphere and this scenario poten-
tially can generate an environment for strong convection 
(see Sawyer 1947; Danielsen 1968; Hoskins et al. 1985). 
There are two successive wave-breaking signatures noticed 
just prior to and during the event period. The first RWB 
signature produced a positive-tilted shortwave trough seen 
to the east of the Ural Mountains over Russia (within the 
region 50–60° N, 70–80° E in Fig. 7a) during the period 
12–14 June 2013 (see also Fig. 8a, b). The ambient atmos-
pheric environment during this time includes a polar low 
on the Eurasian Arctic side (see Fig. 7a) protruding into 
the Siberian Plateau. There is an advancing polar jet (PJ; 
Fig. 7b) seen along the southern flank of the polar low 
merging into the nearly straight subtropical westerly jet 
stream (STJ) along the 40°N latitude belt. Anomalous 
height excess is also noted between the Mediterranean and 
the WH region at this time indicating a gradual buildup of 
anticyclonic circulation over the western part of Eurasia 
(not shown). The trough in association with STJ amplifies 
in time through the movement of cold shortwave trough 
(located on the downstream side of the evolving Eurasian 
anticyclone) into the long-wave trough. One can clearly 
notice that the cold wave trough emerges from the northern 
branch of the PJ drops to south facilitating a trough merger. 
This strengthens the amplitude of the long-wave trough 
resulting in a positive-tilted trough axis with the trough 
base located just northwest of the Uttarakhand region dur-
ing the period 15–17 June 2013 (Fig. 7b). Strong height 
gradients seen over the poleward side of the eastern shed 
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part of the Tibetan anticyclone at upper levels also lead 
to generation of mesoscale jetlets poleward of the Uttara-
khand region. Thus, the deepening of the long-wave trough 

is promoted by successive RWB events and PV streamers 
resulting from these events and their propagation into the 
ISM region is discussed in the following.

Fig. 7  300 hPa geopotential 
heights (solid contours; brown) 
and horizontal winds (isotachs-
shaded; full barb = 5 m s−1) on 
a 14 Jun 2013 and b 16 June 
2013. Polar low, subtropical and 
polar jet streams are indicated 
on the figure. Also shown is the 
location of Uttarakhand ( ⊗ ), 
and low/high (L/H) markers 
(Source: ERA5 reanalysis)
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Fig. 8  Potential vorticity 
(shaded; 1 PVU = 10–6 kg−1 
 m2 s−1 K), Montgomery stream 
function (divided by accelera-
tion due to gravity—contour 
interval = 30 m), and horizontal 
winds (full barb = 5 m s−1) 
diagnosed on the θ = 330 K sur-
face for the period 13–15 June 
2013. The upper level trough is 
indicated by thick dashed lines. 
Location of Uttarakhand is 
indicated by ⊗ . L, H = Low and 
High markers (Source: ERA5 
reanalysis)
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Fig. 8  (continued)
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3.2  PV streamers and mesoscale PV structures

Figure 8 shows the planview of PV distribution diagnosed on 
θ = 330 K surface during the period 13–15 June 2013. This 
surface generally samples mid-tropospheric (stratospheric) 
air at low (high) latitudes and is positively sloped from mid-
levels in the vicinity of the WH region to about 200 hPa at 
higher latitudes during this period. As will be seen later, 
the upper level PV anomaly descends along this isentropic 
surface and gradually protrudes deeper into the tropical lati-
tudes in time. In response to the underlying topography and 
diabatic effects, PV streamers split through the upper level 
fold boundaries resulting in formation of smaller filamentary 
streamers. These mesoscale filaments from the base of the 
trough are also found to be effective at and below 330 K 
isentropic surface (see also Chen 1995; Morgenstern and 
Davies 1999; Wernli and Sprenger 2007). We refer these 
PV filaments as mesoscale PV structures detached from 
the main PV streamer, but embedded within the large-scale 
circulation. The PV modulations in the vicinity of the WH 
region can also be attributed to various other factors such 
as strong wind shear, stretching and shrinking mechanisms 
as the air traverse over the rugged Himalayan terrain, diaba-
tic processes from convective environment and interactions 
between the upper and lower level PV anomalies. For this 
analysis, PV magnitudes larger than 1.5 PVU seen over the 
extratropical latitudes represent the PV streamers advanc-
ing toward the equatorward side. The air streams possessing 
high PV from the ISM circulation are referred as PV blobs 
or plumes to contrast the general convention of PV stream-
ers from extratropics (Appenzeller and Davies 1992). The 
impact of PV streamers on the neighborhood tropospheric 
environment not only depends on the static stability of the 
ambient environment in which the streamer is embedded, 
but also on its size and intensity of the streamer. Also, the 
dry intrusions of PV anomaly into the troposphere lead to 
vorticity changes with ascent [descent] ahead of [behind] 
the PV anomaly (e.g., Hoskins et al. 1985). As will be also 
seen, the PV streamer during the event period exhibited a 
larger meridional extent extending from the Arctic region 
far southward into the tropical latitudes (see also Fig. 8d).

During the first RWB event (13–14 June 2013), there is 
only little equatorward penetration of PV streamers from 
high latitudes in association with a shortwave trough induced 
by the wave-breaking (Fig. 8a, b). These PV streamers 
excurse into the developing positive-tilted trough along the 
eastern flank of the anticyclonic air mass located between 
60° E and 80° E. Narrow regions of filamentary tropospheric 
PV streamers (0.6–1.5 PVU) originating from the equator-
ward flank of the STJ are isentropically advected toward 
the WH region. However, the zonal extent of tropospheric 
high PV streamers thin out during the later part of 14 June 
2013 in consequence to weakening of the first RWB signal 

(Fig. 8b, c). More lobes of PV disengage from the base of the 
trough are advected toward the Uttarakhand region by the 
mid-level northwesterlies at this time. Another upper level 
trough from the polar environment emerges from the east of 
the Ural Mountains, which significantly deepens southward 
at and later than 15 June 2013 (Fig. 8c, d). This results in 
greater zonal and meridional extent of PV streamers directed 
into the westerly trough environment in addition to the PV 
remnants in the subtropical westerly trough environment 
from before. The second RWB event commences over the 
west Siberian Plains (about 60° N and east of 60° E) at this 
time and the trough axis penetrates much deeper from high 
latitudes to subtropical latitudes. In other words, significant 
curvature in the STJ is evident during this period, where the 
shortwave trough induced by the first RWB event catches 
up with the long-wave westerly trough resulting in more 
deepening, increased curvature, and wind speeds across the 
meridian 70° E (see also Fig. 7). The trough axis gradually 
becomes more convex downward curved from high latitudes 
with its base tipping toward the WH region. This curvature 
also aids greater equatorward extent of mesoscale PV struc-
tures from the trough base (or streamer’s tip) and advection 
toward the WH region (Fig. 8d).

Tropospheric high PV plumes (2–3 PVU; higher cyclonic 
vorticity plumes) from the ISM environment and their trans-
port pathway around the ML are distinctly visible after 12 
UTC 15 June 2013 on the θ = 330 K surface (Fig. 9a) and 
below (not shown). The path of these PV plumes is notably 
consistent with the METEOSAT-7 cloud imagery (Fig. 4a). 
It is evident that meso-α scale ML pressure region imbed-
ded in the ISM environment is clearly sandwiched between 
the evolving ridging pattern from both sides (Fig. 9a). With 
this ambient setup, there is another branch of filamentary 
PV structures traversing along the eastern flank of the anti-
cyclonic circulation over the Arabian Peninsula to augment 
mid-level cyclonic vorticity into the conduit trajectory (see 
also Fig. 8d). The equatorward moving air along the east-
ern side of the anticyclonic circulation generally acquires 
cyclonic vorticity tendency following the conservation of 
absolute vorticity. The conduit trajectory apparently com-
mences at about 50° E (Fig. 8d) and channels cyclonic 
vorticity air around the ML. The endurance of this trajec-
tory is assisted by positive vorticity enrichments from the 
equatorward advancing air and PV enhancements from dia-
batic heat sources from the ISM environment. Therefore, 
the aforesaid mesoscale filamentary PV structures from the 
base of the equatorward advancing trough have two path-
ways. One is a northwesterly path toward the WH region 
and other toward the western Arabian Sea (Fig. 8d). In the 
former one, a backing wind structure is noted in associa-
tion with cold air advection (and lower θe) in the vicinity 
of the trough base. The latter pathway is associated with 
deeper swath of northeasterlies down to 700 hPa from the 
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Fig. 9  Potential vorticity 
(shaded; 1 PVU = 10–6 kg−1 
 m2 s−1 K), Montgomery stream 
function (divided by accelera-
tion due to gravity—contour 
interval = 30 m), and horizon-
tal winds diagnosed on the 
θ = 330 K surface for the period 
15–18 June 2013. Dashed 
lines (A–B, B′–C, C–D, R–R′, 
S–S′, T–T′, X–X′ and Y–Y′) are 
referenced in the study for the 
cross-sectional analysis. L, H 
low and high markers (Source: 
ERA5 reanalysis)
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Fig. 9  (continued)
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Fig. 9  (continued)
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Fig. 9  (continued)
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eastern flank side of the strengthening anticyclone centered 
over the Arabian Peninsula. This circulation setup leads to 
large shear-induced cyclonic vorticity enhancements within 
a very narrow region (located just south of 20° N) extending 
from west to east over the Arabian Sea and also promotes 
greater westward extent of southwest–northeast orientation 
of flow around ML (see also Fig. 3g, h). There is also a clear 
transition from mid-level northerlies turning into westerlies 
from north to south across this narrow region on 15 and 16 
June 2013 (see Figs. 3 and 8d). In short, a quasi-stationary 
anticyclonic circulation centered over the Arabian Penin-
sula adjacent to southward penetrating upper level trough 
deeper into tropical latitudes lends support to continued 
cyclonic vorticity into the ISM environment from west to 
east through a narrow conduit trajectory over the Arabian 
Sea (see Fig. 8d).

Also notice that the PV fluxes from the Arabian Sea 
are also further augmented by a return flow/PV reinforce-
ments branching around the slowly northward advancing 
ML (Figs. 8d, 9a–c) during the period 15–16 June 2013. In 
addition, the evolution of mid-level ridging located to the 
east of ML apparently not only holds and aligns the con-
duit trajectory toward the WH region, but also orients the 
upper level flow to southerly/southwesterly phasing with 
downstream flow environment of the trough (Fig. 9c, d). In 
succession with west–northwest migrating ML on 16 June 
2013, the deeper cyclonic vorticity plumes embedded within 
the ISM circulation between θ = 310 and 330 K are advected 
in an organized manner toward the WH region along the 
conduit trajectory (see Fig. 9d, e). The mesoscale PV fila-
ments from northwesterly dry PV streamers tend to interact 
with the southeasterly advection of monsoonal PV plumes 
approaching the Uttarakhand region during the period 16–17 
June 2013 (Fig. 9f). The tropospheric PV enhancements near 
the foothill region below mid-levels, are in part governed 
by latent heat release from precipitation and in part due to 
destruction of upper level PV and interaction between lower 
and upper level PV anomalies when they come in phase.

Figure  10 shows the vertical structure of horizontal 
winds, PV, and convective stability examined along the 
cross-sections X–X′ and Y–Y′ (see Fig. 9e for their locations) 
to further substantiate the equatorward latitudinal extent of 
mesoscale PV structures from the base of trough. One can 
notice a PV tongue gradually descending along the 330 K 
isentrope above a convectively unstable lower troposphere 
and imminent to enrich the cyclonic vorticity of monsoon 
flow from the Arabian Sea. With greater cold air advec-
tion/backing wind structure in the vertical around the tip 
of the fold approaching into the northern part of India after 
1200 UTC 17 June 2013, the conduit trajectory gradually 
shifts eastward advecting the monsoon PV plumes to further 
east of Uttarakhand and western Nepal by the deep-layered 
southwesterlies from the Arabian Sea (Fig. 9g, h). This also 

enhances the orographic component of precipitation over 
this region in association with the flow orientation normal 
to the Himalayan barrier on the windward side. In addition, 
monsoonal PV plumes have a tendency of merging with 
tropospheric PV along the poleward flank of anticyclone 
located to the east of Uttarakhand region (see Fig. 9h). This 
is further illustrated using the backtrajectory analysis in the 
following section.

3.3  Backtrajectory analysis

Figure 11 shows the Lagrangian backtrajectory of air parcels 
reaching the locations M, N, and O, where M [N] is located 
over [northwest of] the Uttarakhand region. The parcel 
trajectories from lower-to-mid troposphere (500–700 hPa) 
reaching M on 16 June 2013 show a warm–moist conduit 
trajectory toward the Uttarakhand region through which air 
parcels of higher cyclonic vorticity (of the order of  10–4 s−1) 
are transported by meridional momentum. Air parcels pos-
sessing smaller θe (cold/dry air) within 400–600 hPa layer 
originating from the base of the upper level trough descend 
to regions of larger θe at N at this time. Trajectories reaching 
the locations slightly northeast of N (and southwest of M) 
also show similar descending path from aloft and ascending 
monsoon air trajectories from below 500 hPa (not shown). 
Therefore, the region located to southwest of M can be 
potentially envisaged where monsoon and extratropical cir-
culation interactions to occur on finer motion scales. This 
is also presumably good rationale for torrential rain occur-
rence over the western part of Uttarakhand during the event 
period as compared to the eastern part (south and east of 
M), which is rather more influenced by orographic precipi-
tation enhancements. Further, the anticyclonic trajectory of 
the parcels from lower and upper troposphere reaching O 
on 17 June 2013 are strongly influenced by the prevailing 
high-pressure environment over the Arabian Peninsula and 
also from the descending fold that is reaching far into the 
tropical latitudes to favor mid-to-lower tropospheric vorti-
city enhancements along the southern side of the conduit 
trajectory.

In short, there is a trail of continued supply of cyclonic 
vorticity seen along a narrow near circular conduit path 
(eastern swath extending from northern Arabian Sea to 
the Himalayan foothills and the western swath from the 
base of the trough to the northern Arabian Sea; see also 
Fig. 8d). The conduit path is anchored by ridging patterns 
on its either sides (see Figs. 3 and 9). The eastern swath of 
equatorward advancing trough lends support for the hori-
zontal advection of dynamic and thermodynamic scalars 
(vorticity and moisture) toward the WH foothills, while 
the western swath appears to promote vorticity sources 
from the Arabian Sea. The foregoing analysis indicates 
that there is sustenance in the ambient circulation setup 
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for a few days on either sides of the WH region coupling 
the northward advancing monsoon circulation and south-
ward intruding extratropical circulation. A two-way inter-
action mechanism at sub-synoptic periods is conceptual-
ized in the following: (1) sub-synoptic scale precipitation 
enhancements from the context of mesoscale convergence 
responses (in the vicinity of M and N in Fig. 11) across 
the Himalayan barrier in response to monsoon and extrat-
ropical circulations, and (2) the far-reaching extratropical 

circulation acting as a vorticity source to replenish the 
cyclonic vorticity of monsoon flow which can further 
assist in event longevity. As deep convective environment 
often tends to occur on the eastern side of the large-scale 
upper level PV anomalies with consequences to reductions 
in static stability (Hoskins et al. 1985), we examine the 
vertical structure of PV anomaly spanning around the WH 
region in the following.

Fig. 10  A cross-section of horizontal winds (full barb = 5  m  s−1), 
potential vorticity (shaded; 1 PVU = 10–6  kg−1  m2  s−1  K), and con-
vective stability 

(
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)

 (only negative magnitudes are shown 
in blue-dashed lines; units in K  Pa−1) along the cross-sections X–X′ 

(left panel) and Y–Y′ (right panel) (see Fig.  9e for the locations) at   
09 UTC and 21 UTC 17 June 2013. Also the isoline of θ = 330 K is 
shown by thick solid black line and monsoon PV plumes are indi-
cated by ⊗ (Source: ERA5 reanalysis)
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4  Mesoscale complement to large‑scale 
circulation interactions

Since there is no unique choice of PV threshold to define 
dynamic tropopause in tropical and subtropical regions 
(e.g., Holton et al. 1995; Kunz et al. 2011), 1 PVU isoline is 
used for tracking the upper level PV anomaly in this study. 
First, an axial sweep over the longitudes between 60° E 
and 85° E is carried out about the PV maximum centered 
approximately at 43° N, 69° E (Fig. 8b) to infer the three-
dimensional structure of the flow beneath subtropical fold 
at upper levels from 14 June 2013. The vertical structure 
from this sweep generally shows a bi-fold structure of upper 
level PV anomaly descending down to 600 hPa on the rear 
flank side of the upper level trough and the leading edge of 
the PV anomaly (or the streamer’s tip) passes right over the 
θ = 330 K surface. The mesoscale PV filaments detached 
from the base of the trough exhibit deeper folds in the down-
stream trough environment with multiple folds along the 
front flank of the trough bringing the high PV air down to 
500–700 hPa. The stratification is generally dry stable (moist 
unstable) aloft (below 600 hPa) with backing [veering] wind 
structure evident at the rear [front] flank side of the trough 
during the 14–15 June 2013 period.

4.1  Subtropical folding and convergence zone

Figure 12 shows a snapshot of the vertical structure of hori-
zontal winds, PV, horizontal wind divergence, and convec-
tive stability (vertical gradient of θe) and also a planview of 
PV and horizontal winds on θ = 330 K at 04 UTC 15 June 

2013. The fold signature seen to the downstream side of the 
trough (along A–B1) profoundly reaches down to 900 hPa 
destabilizing the lower troposphere over the northern Pun-
jab Plains of the Indo-Pak region together with significant 
lower-to-mid-tropospheric convergence enhancements 
in this region (Fig. 12b). The descending fold seen at the 
upstream side of the trough (along A–A1) tends to remain 
quasi-steady with the leading edge located on θ = 330 K 
surface during the 14–15 June 2013 period (Fig. 12a). The 
downward advection of air streams into the troposphere 
through the fold enhances the cyclonic vorticity and ascent 
at mid-levels and also distinctly separates moist convectively 
unstable low-level environments that are seen adjacent to the 
Sulaiman Mountain Range of Pakistan and over the Thar 
Desert of India (Fig. 12b). The deeper fold generation is 
indicative of dry air intrusions from aloft to a greater depth 
with dew point depressions as high as 35 °C seen to the 
west of this fold. In other words, there is a sharp horizon-
tal gradient in dew point depressions in the vicinity of the 
descending fold, which distinctly separates the humid envi-
ronment seen to its east over the Thar Desert (Fig. 12b). 
The presence of strong PV anomaly at mid-to-lower levels 
is also indicative of mid-level steepening of lapse rates and 
vorticity generating ascent ahead in the direction of moving 
PV maximum.

Therefore, a strong mesoscale convergence zone is gener-
ated with significant ascent beneath the detached mesoscale 
PV structures seen over the regions located to the northwest 
of the Uttarakhand region (Fig. 12c). Note that this con-
vergence zone is recognized, within the box region shown 
in Fig. 9b, with deeper vertical extent up to 400 hPa and 

Fig. 11  Lagrangian backtrajec-
tories of air parcels reaching 
pressure levels (indicated in 
boxes) at a 30°N, 79°E, b 32°N, 
77°E, and c 18°N, 68°E. Parcels 
reaching M and N start from 
00 UTC 14 June 2013 and end 
at 12 UTC 16 June 2013 (60 h 
parcel trajectories), and parcels 
reaching O (85 h parcel trajec-
tories) end at 12 UTC 17 June 
2013. Wider (narrower) arrows 
are indicative of parcel descent 
(ascent). Shaded regions are ter-
rain elevations shown in meters 
(Source: ERA5 reanalysis)
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significant lower-to-mid tropospheric ascent as opposed 
to the low-level mesoscale convergence zones conjectured 
by Kotal et al. (2014). Regions of large PV gradients are 
also noted in areas of significantly sloped tropopause and 
steeply sloped isentropic surfaces θ = 320 K and 330 K (a 
steep isentrope dip to a depth of about 200 hPa) within a 
horizontal distance of 400 km poleward side of the deep 
fold (Fig. 12b). Warm advection of air dominates the lower 
troposphere together with a convective unstable environ-
ment (negative regions in Fig. 12a–c) underneath the PV 

anomaly. The upper troposphere is influenced by cold advec-
tion of air in the vicinity of the streamer descent indicating 
an upper level front over this region (Fig. 12b). The disen-
tangling mesoscale PV structures downstream of the trough 
tend to have isentropic transport pathways between θ = 320 
and 330 K surfaces during the 00-12 UTC 15 June 2013 
period, while less PV descent below 330 K surface is noted 
in the upstream side of the trough (Fig. 12a). Over the ISM 
domain, a PV maximum of about 4 PVU is seen at the center 
of the ML and diabatic heat-induced PV enhancements are 

Fig. 12  a–c Vertical structure of horizontal winds (full 
barb = 5  m  s−1), θe (contour interval = 3  K), horizontal wind diver-
gence (blue-dashed contours; × 10–5  s−1; only negative contours are 
shown), and convective stability 

(

−��
e
∕�p

)

 [shaded; negative (posi-
tive)—unstable (stable) regime] along A–A1, A–B1 and A–B; units in 
K  Pa−1). d Potential vorticity (shaded; 1 PVU = 10–6 kg−1  m2 s−1 K), 

Montgomery stream function (normalized by acceleration due to 
gravity; contour interval = 30 m) and horizontal winds diagnosed on 
the θ = 330  K surface at 0400 UTC 15 June 2013. Vertical arrows 
indicate ascent (µb  s−1). Thick solid and dashed black contours are 
isolines of 1 PVU and θ = 330  K in a–c. Locations of mountain 
ranges and valleys along the cross-section are indicated on the figure
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also noted around its southern flank through which blobs of 
high PV air are transported from the Arabian Sea between 
500 and 700 hPa.

Note that these monsoonal PV blobs are well separated 
from the descending PV streamer in the vicinity of the WH 
region at this time (Fig. 12d). Thus, a three-dimensional 
outlook gives indications of deeper folds/dry air intrusions 
along the front flank of the upper level trough and potential 
regions for circulation interactions to occur on finer scales 
of motion. This is precisely over the region swept across 

the cross-section A–B (particularly along the segments 
of the cross-sections R–R′, S–S′, and T–T′ within the box 
shown in Fig. 9b). In other words, this is the region where 
the mesoscale circulation interactions appear to be rather 
crucial for the confined regions of heavy rainfall over the 
Uttarakhand region in conjunction with a persisting dry air 
shielding from deeper folds located to its west. Therefore, 
the vertical structure of circulation evolution and thermo-
dynamic variables is discussed in the following.

Fig. 13  Vertical structure of potential vorticity (shaded; 1 PVU = 10–

6 kg−1  m2 s−1 K), equivalent potential temperature θe (contour inter-
val = 3 K), horizontal winds (full barb = 5 m s−1) and horizontal wind 
divergence (blue-dashed contours; × 10–5  s−1; only negative part is 
shown) along the cross-section A–B (see Fig.  9a) during the 15–17 

June 2013 period. Locations of Dehradun and Kedarnath in Utta-
rakhand are indicated along the cross-sections. Also the isolines of 
θ = 320 and 330  K (θe = 330  K) are shown by thick (solid) dashed 
lines. Monsoon PV plumes are indicated by ⊕ Ascent (µb  s−1) is 
shown by vertical arrows. (Source: ERA5 reanalysis)
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4.2  Vertical structure within the mesoscale 
interaction zone

Figure 13 shows the vertical structure of PV, θe, horizon-
tal winds, horizontal wind divergence, vertical motion, and 
convective stability along the northwest–southeast oriented 
cross-section A–B, which passes through Dehradun, Uttara-
khand (see Fig. 9b for the location) on 15 June 2013. South-
eastward progressing larger PV from the upper level PV 
anomaly are evident along A–B with the PV descent down 
to 700 hPa over the regions southeast of the Hindu Kush 
Mountain range of Afghanistan (first mountain peak along 
A–B; see also Fig. 12c for the location) early on 15 June 
2013. Also notice the gradually intensifying mesoscale con-
vergence zone (of the order of  10–4 s−1) in time over northern 
part of India along the front flank of the trough resulted 
from the tropospheric destabilization through descending 
folds (Fig. 13b–d). The deeper convergence zone is clearly 
evident on a horizontal scale of a few hundreds of kilom-
eters over the region across the cross-section A–B. A similar 
scenario is also noted along the segment parts of the other 
cross-sections shown within the box region in Fig. 9b (not 
shown). The destabilization significantly promotes con-
vectively unstable lower-to-mid tropospheric environment 
juxtaposed with significant ascent in the region northwest 
of Uttarakhand. The regions of ascent imply the regions pro-
moted by strong positive PV advection, i.e., advection of 
higher PV toward lower values by horizontal winds.

Significant positive PV advection is noticed aloft and a 
scenario emerges consistent with Hoskins et al. (1985) who 
indicated that circulation gets unbalanced (ageostrophic), 
when a PV anomaly moves over to a region and intense 
warm advection aloft occurs in the areas of large positive 
PV advection coincident with areas of ascent at mid-lev-
els (Fig. 13d). The low-level moisture-laden monsoon air 
parcels are advected toward the foothill region and acquire 
greater tendency of ascending or upgliding along the isen-
tropes, while approaching toward the PV anomaly, which 
also facilitates deeper moist convective environment over 
Uttarakhand and the regions to its northwest. This is also 
evidenced in the vertical structure of θe, where relatively 
drier column of air within the 800–400 hPa layer gradually 
turns into moist column with the approaching monsoon air 
at Dehradun (Fig. 14e) due to positive [negative] advection 
of θe by the monsoon [relatively drier subtropical] winds. 
Also notice that time evolution of the vertical structure of 

isoline θe = 330 K indicates that dry air penetration toward 
the region of convergence is rather three-dimensionally con-
sistent from the west (Fig. 14a–d).

4.3  Advective interactions

It is noted that horizontal PV advection by monsoon winds 
is apparently pronounced at higher elevations at Kedarnath 
during the 15–17 June 2013 period, i.e., there is a greater 
tendency of phasing or interaction between the upper and 
lower level PV advection at higher elevations of Uttarakhand 
during the entire event period (Figure not shown). Briefly, 
the advective interactions of PV and moisture between extra-
tropical and monsoon air are more (less) significant at higher 
(foothill) elevations of Uttarakhand on 15 June 2013. The 
fold significantly drops down below to mid-levels and holds 
the prevalence of a strong convergence zone within the box 
region (Fig. 9b) and a greater vertical alignment of positive 
advection of scalars is realized throughout the entire day 
on 16 June 2013 (Fig. 15). The synchronization of positive 
PV advection by monsoon winds and positive PV advection 
aloft at lower foothill elevations is clearly evident from 06 
UTC 16 June 2013 (Fig. 15a). The positive moisture advec-
tion over northern part of India is also more pronounced and 
seen to penetrate much deeper to about 400 hPa and above 
during this time. However, its vertical extent is constrained 
in time by northeastward penetration of the fold into the 
region (Fig. 15b).

Figure 16 shows the vertical structure of PV, θe, horizon-
tal winds, horizontal wind divergence, and ascent along the 
cross-section A″–B (see Fig. 5d for the location) during the 
16–17 June 2013 period. The rising magnitudes of PV over 
the WH region during this period can be attributed to the 
mesoscale interactions with descending PV structures from 
aloft together with the latent heat release from precipita-
tion over the Uttarakhand region. The monsoonal PV blobs 
(marked by ⊕ ) from lower-to-mid troposphere approaching 
the foothill region through the conduit trajectory (A–B–C–D; 
see Fig. 9a for the location) are strongly interacting with the 
subtropical PV descent from aloft on 16 June 2013. This 
cyclonic vorticity interaction apparently tends to inten-
sify the convergence zone and associated ascent over the 
Uttarakhand region (Fig. 16). Further, it is noteworthy to 
mention here that the aforesaid strong phasing periods of 
low-level monsoon and upper level extratropical flows com-
mencing from 06 UTC 16 June 2013 (Fig. 15a) are also 
coincident with rapid surge in observed rainfall intensities 
to as high as 30–40 mm h−1 over the western districts of 
Uttarakhand [cf. Figure 1 of Ranalkar et al. (2016a)]. There 
is a sustained period of observed rainfall intensities greater 
than 20 mm h−1 on 16 June 2013. A slow eastward pro-
gression of dry air shielding located to the west of Utta-
rakhand region during the 15–17 June 2013 period allows 

Fig. 14  a–d Vertical structure of the θe = 330  K isoline along the 
cross-sections R–R′, S–S′, T–T′, and A–B (see also Fig. 9a, b for the 
locations) during the 14–18 Jun 2013 period. Arrows indicate direc-
tion of low θe advection toward the northern part of India. e Vertical 
profiles of at Dehradun for the period 14–17 Jun 2013. Locations of 
Dehradun and Kedarnath are shown on the figure (Source: ERA5 rea-
nalysis)

◂
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the moisture-laden monsoon air streams penetrating into the 
western part of Uttarakhand favoring an intensive convec-
tive environment and rains. The rapid eastward progres-
sion of the aforesaid dry air shielding after 17 June 2013 
results in precipitation reduction over the western districts 
of Uttarakhand (Fig. 15b). Further, eastward drifting of the 
conduit trajectory by the southeastward advection of cold/
dry subtropical air from the descending fold (see Fig. 9g, 
h) favors orographic precipitation enhancements over the 

eastern side of the Uttarakhand and western Nepal. A cross-
section passing through the station (a slight tilt of eastern 
end of A–B passing through Champawat—see Fig. 1) also 
indicated stronger convergence zone with PV interactions 
in addition to favored orographic uplift over this region (not 
shown). To summarize, the rapid rise in precipitation inten-
sities during the sub-synoptic periods on 16 June 2013 is in 
conjunction with strong synchronization of scalar advective 
interactions on mesoscale in addition to orographic effects 

Fig. 15  a Vertical structure of PV advection by horizontal winds 
(shaded; × 10–4  kg−1  m2  s−2  K—only positive advection is shown), 
horizontal winds (Max vector = 40  m  s−1) along the cross-section 
A–B (see Fig.  9a for the location) at 3-h intervals on 16 June 2013 
Also isoline of 1 PVU (θ = 320 and 330 K) is shown by thick solid 
(dashed) line. Location of Dehradun in Uttarakhand is shown in the 

figure (Source: ERA5 reanalysis). b Vertical structure of moisture 
advection by horizontal winds (shaded; × 10−4  g  kg−1  s−1), horizon-
tal winds (maximum vector = 40 m s−1) along the cross-sections A″–B 
(southeastern part of the cross-section A–B; see Fig. 5d) on 16 June 
2013. Dashed lines are the dew point depressions (°C). Location of 
Dehradun is shown in the figure (Source: ERA5 reanalysis)
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over the Uttarakhand Himalayas. The precipitation conse-
quences over the western and eastern districts of Uttara-
khand appear to significantly come from orographic influ-
ences with greater possibilities of quasi-static convective 
environment on 15 and 17 June 2013.

5  Summary

This study revisits our earlier work to further augment the 
understanding of finer scale dynamical processes associated 
with the extremely heavy rainfall (≥ 240 mm day−1) event 
occurred over the North Indian state of Uttarakhand located 

in western Himalayas (WH) during the 15–18 June 2013 
period. Various studies hitherto reported about this event 
largely associated the causes for extreme rainfall to oro-
graphic lifting of moist large-scale monsoon flow and large-
scale circulation interactions across the Himalayan barrier. 
The circulation interactions are associated with the north-
ward advancing low-level Indian summer monsoon (ISM) 
and southward advancing large amplitude mid-latitude 
westerly troughs. Nonetheless, there is a large ambiguity in 
the finer scale understanding of the causal mechanisms. In 
particular, on the reasoning behind the persistence of intense 
rainfall with significant spatiotemporal variability for a few 
consecutive days over a confined region of Uttarakhand 

Fig. 15  (continued)
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Himalayas. This study investigates this issue using finer spa-
tiotemporal analyses from the latest ERA5 reanalysis prod-
uct focusing on the sub-synoptic/mesoscale complement of 
large-scale circulation interactions during the event period.

Examination of sub-synoptic circulation analyses reveals 
that there is a continuous propensity of positive vorticity 
sources from the ISM environment during the event period, 
which is channeled toward the WH region to enhance the 

longevity of the precipitation event. This channel is a nar-
row quasi-steady curved horizontal conduit in the lower-
to-mid troposphere embedded within the ISM environment 
whose curvature is regulated by the mesoscale evolution of 
mid-level ridge pattern adjacent to the right of ISM environ-
ment. There is a vertical conduit of dry air descent from the 
downstream side of upper level westerly trough inhibiting 
the moisture-laden monsoon air penetrating further west 

Fig. 16  Vertical structure of potential vorticity (shaded; 1 
PVU = 10–6  kg−1  m2  s−1  K), horizontal winds (full barb = 5  m  s−1) 
and horizontal wind divergence (blue-dashed contours; × 10–5  s−1; 
only negative part is shown) along the cross-section A″–B (southeast-
ern part of the cross-section A–B; see Fig. 5d) during the 16–17 June 
2013 period. Locations of Dehradun and Kedarnath in Uttarakhand 

are indicated along the cross-sections. Also the isolines of θ = 320 
and 330 K (θe = 330 K) are shown by thick dashed (solid) black lines. 
Monsoon PV plumes are indicated by ⊕ and green arrows on the fig-
ure indicate vertical p-velocity (µb  s−1) maxima (Source: ERA5 rea-
nalysis)



663Sub-synoptic circulation variability in the Himalayan extreme precipitation event during…

1 3

and northwest of the Uttarakhand advocating a persisting 
potentially unstable moist environment over the Uttarakhand 
region. A vast latitudinal extent of this vertical conduit is 
also recognized to the west of ISM environment in conse-
quence to equatorward evolving upper level potential vorti-
city (PV) anomaly, which steadily endures the aforesaid hor-
izontal conduit path. Further, the equatorward sequestered 
mesoscale potential vorticity (PV) structures emerging from 
the upper level PV anomaly renders pathways for vorticity 
sources during the event period. One from the base of the 
trough culminating into longer horizontal conduit path from 
the western Arabian Sea lending perpetual cyclonic vorticity 
support to the ISM environment. The other is a northwest-
erly pathway through the vertical conduit from right flank 
of the trough to promote a sustained environment of deeper 
mesoscale convergence zone and strong ascent over the WH 
region. A schematic of the processes discussed in this study 
is briefly shown in Fig. 17.

This deeper convengence zone is realized as the potential 
region for monsoon and extratropical circulation interactions 
to occur on mesoscale, where there is a vertical synchroni-
zation or phasing of positive advective interactions of PV 
(and moisture), which is clearly noticeable at higher eleva-
tions (e.g., Kedarnath) during most of the event period. Such 
synchronization is less conspicuous at foothill elevations 

(e.g., Dehradun) on 15 June 2013, which suggests the traits 
of orographically induced precipitation component for the 
enhanced foothill rainfall at this time. But, there is a sig-
nificant vertical alignment of positive advection of PV and 
moisture noted on 16 June 2013, which is apparently coin-
cident with the rapid surge in observed rainfall intensities 
along the foothill elevations of western side of Uttarakhand 
Himalayas. Although it is implied that there is a sustained 
PV source from continued precipitation and associated latent 
heating over the WH foothill region, the PV enhancements 
over the WH region and their interactions with the upper 
level PV anomaly are clearly discernible to support the ver-
tically aligned interactions on 16 June 2013. The persist-
ing sub-synoptic periods of the aforesaid vertically aligned 
interactions can be attributed to the expeditious rise and 
sustenance of heavy rainfall intensities. The aforesaid mes-
oscale convergence zone and the pattern of monsoon–extrat-
ropical PV interactions move eastward after 17 June 2013 in 
consequence to eastward progression of the upper level PV 
anomaly causing an eastward drift in the conduit trajectory 
carrying vorticity sources from the ISM region. This causes 
increased (reduced) rainfall intensities over the (western) 
eastern Uttarakhand and western Nepal. Also, the satellite 
observations and ERA5 diagnosed diabatic heating struc-
ture suggest that precipitating systems at higher (foothill) 

Fig. 17  A schematic of the pro-
cesses described in this study
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elevations of Uttarakhand contribute to upper (lower) tropo-
spheric heat sources. In other words, larger sub-synoptic rain 
amounts came from shorter but copious spells with possibili-
ties of convective regeneration/stationary convective cells at 
the same location along the lower elevations, while relatively 
less abundant hourly amounts but more incessant for longer 
periods from organized cloud clusters at higher elevations.
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