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सार — उ�राखडं म� 18 अक ट्ूर 2021 को हुई अप्रा्या वषार के कारण उ�राखडं के कुमाऊं �ेत और गढ़वाल �ेत के आस-

पास के िजल� म� भटसखलल, मलूे का पवाह और ूाढ़ आई, िजसके प�रणामसववप जल जीवल, कृ�ष, प�रवहल, परर् ल और अनर �ेत� 
को भार� लकुसाल हुआ। वारमाल प�रघ्ला के ्सलॉिप्क और ग्रा्मक अधररल से मधर भारा के ऊपर ्लमल-दाू �ेत क� ग्ा 

का पाा चला है, िजसके प�रणामसववप 17 से 19 अक ट्ूर ाक ूगंाल क� खाड़� से भारा के गांगेर �ेत म� ाेज दि�ण-पटव� हवाएँ 

(ए्मॉस्े�रक �रवर) चलीं। पटवर क� ओर ूढ़ाे पि�मी �व�ोभ (WD) के गहल दोणी �ारा ए्मॉस्े�रक �रवर के सपं कर  और अवरोधल 

के कारण उ�राखडं म� अ्र्धक वषार हुई। हालां�क,एकस-ू�ड डॉपलर मौसम रेडार और 123 सवचा्ला मौसम/वषारमापी स्ेयल� के 

आकंड़े ूाााे ह� �क अ्धकांय �ेत म� और अ्धकांय समर प्ा घं् ा वषार क� दर हलक� से मधरम ाीवाा (10-20 ्ममी/घं् ा) क� थी। 
उधम ्संह लगर, चपंावा, ललैीााल और पौड़� िजल� के 7 स्ेयल� म� लगभग 1 घं् े  क� अव्ध के ्लए वषार क� दर अ्रां ाीव          

(50-100 मी्र/घं् ा) थी। उ�राखडं म� जटल 2013 क� अ्र्धक भार� वषार क� प�रघ्ला, िजसले पटरे उ�राखडं राजर को पभा�वा �करा, 
के �वपर�ा वारमाल प�रघ्ला कुमाऊं �ेत पर क� �दा थी और उ�राखडं के कुमाऊं �ेत  म� 18 अक ट्ूर, 2021 को 24 घं् े म� अू ाक क� 
सूसे अ्धक वषार देखी गई। ्सलॉिप्क �व�ेषण और NWP मॉडल मागरदयरल के आधार पर अच्छ स्�काा के साथ उ�राखडं म� 
संभा�वा वषार और इस प�रघ्ला के पभाव का पटवारलमुाल 5 �दल पहले ह� कर �दरा गरा था। इस अ्र्धक वषार क� प�रघ्ला के ्लए 

IMD-GFS (T-1534) NWP मॉडल से 10 �दल� ाक का पटवारलमुाल  �दरा गरा।      
 
ABSTRACT. The unprecedented rainfall observed over Uttarakhand on 18th October, 2021 caused landslides, 

debris flow and floods over the Kumaun region and adjoining districts of the Garhwal region of Uttarakhand, which 
resulted in huge damage to life, agriculture, transport, tourism and other sectors. The synoptic and dynamic study of the 
current event showed the movement of the Low-Pressure Area over central India resulting in the strong southeasterly 
winds (Atmospheric River) over Indo-Gangetic planes from the Bay of Bengal from 17th to 19th October. The interaction 
and blocking of the Atmospheric River by the deep trough of eastward-moving Western Disturbance (WD) caused 
extreme rainfall over Uttarakhand. However, the X-band Doppler Weather Radar and 123 Automatic Weather/raingauge 
Stations data suggest that the hourly rainfall rate was of light to moderate intensity (10-20 mm/h) over most of the area 
and at most of the time. The rainfall rate was extremely intense (50-100 mm/hour) for around 1-hour duration in 7 
stations of Udham Singh Nagar, Champawat, Nainital and Pauri districts. Unlike the June 2013 extremely heavy rainfall 
event over Uttarakhand which impacted the whole Uttarakhand state, the present event was concentrated over the 
Kumaun region and the highest ever 24-hours accumulated rainfall was observed on 18th October, 2021 in Kumaon region 
of Uttarakhand. The expected rainfall as well as the impact of the event over Uttarakhand was forecasted 5 days in 
advance with good accuracy based on the synoptic analysis and NWP model guidance. The predictability of the IMD-
GFS (T-1534) NWP model was found to be up to 10 days for this extreme rainfall event. 

 

Key words – Exceptionally heavy rainfall, Mid-level westerly trough, Atmospheric river, Himalayan rainfall 
forecasting, NWP model. 

  
 
1.  Introduction 
 

The normal date of withdrawal of the southwest 
monsoon from Uttarakhand is 28th September [Pai et al., 
2020]. In the year 2021, the monsoon withdrew from the 
entire state of Uttarakhand on 8th October, 2021 due to the 

establishment of an anti-cyclonic circulation in the lower 
tropospheric levels over northwest India and substantial 
reduction in moisture content & rainfall. The weather 
remained dry over Uttarakhand after the withdrawal of the 
southwest monsoon till 15th October, 2021. The heavy to 
extremely heavy rainfall event occurred over Uttarakhand
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Figs. 1(a-c). 24-hour accumulated observed rainfall for (a) 17th October (b) 18th October and (c) 19th October. The isohyets are drawn at the 
interval of 50 mm 

 
 

 
from 17th to 19th October, 2021 with the peak rainfall 
activity on 18th October, 2021. The severity of this 
extreme weather event was highest over Uttarakhand state 
however, its medium effect was also observed over 
northwest Indian states of Himachal Pradesh and Uttar 
Pradesh. The heavy rainfall activity and thus damages 
were highest over the Kumaun region and adjoining 
districts of the Garhwal region of Uttarakhand. The most 
severely affected districts due to exceptionally heavy 
rainfall were Nainital, Champawat, Udham Singh (US) 
Nagar and Almora. Fig. 1 shows the observed 24-hour 
accumulated rainfall over Uttarakhand from 17th to 19th 
October. Heavy to exceptionally heavy [ADGM(R), 2015] 
rainfall occurred at most places in the Kumaun region on 
18th October. However, the Garhwal region received light 
to moderate rainfall at most places with isolated heavy to 

very heavy rainfall in Tehri & Uttarkashi districts on 18th 
October. Light to moderate rainfall occurred at most 
places with heavy to extremely heavy rainfall at isolated 
places in Uttarakhand on 17th October. Light to moderate 
rainfall also occurred at a few places in the Garhwal 
region and at most places with heavy to very heavy 
rainfall at isolated places in the Kumaun region on 19th 
October. The occurrence of very heavy to extremely 
heavy rainfall is not unusual in the month of October. A 
study [Nandargi et al., 2016] of more than 100 years of 
extreme rainfall events and severe rainstorms over 
Uttarakhand showed that the maximum frequency of 
extreme 1-day rainfall (≥100 mm) was recorded in the 
month of October and the stations at higher altitudes 
recorded extreme rainfall during October. A study of 
extreme rainstorms over the Northwest Himalayas from 

(a) 

(b) (c) 
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TABLE 1(a) 
 

Old and new recorded highest 24-hour accumulated rainfall of IMD’s stations of Kumaun region. (b) Significant rainfall (>400 mm)  
observed in 24 hours over other stations in Kumaun region of Uttarakhand 

 
(a) 

Station Date of establishment of 
observatory/No. of years of data 

Old record of 24-hour accumulated 
rainfall in mm and date of occurrence 

Observed 24 hours accumulated rainfall 
in mm (0300 UTC of 18th October to 

0300 UTC of 19th Oct, 2021) 

Pantnagar 25 May, 1962 228 (10/07/1990) 403.2 

Nainital 31 years of data 313.7 (15/09/1957) 401 

Mukteshwar 01 March, 1897 254.5 (18/09/1914) 340.8 

Pithoragarh 43 years of data 200.7 (24/06/1921) 212.1 
 

(b) 

District Station Type of rain gauge Observed 24 hours accumulated rainfall in mm (0300 UTC of              
18th October to 0300 UTC of 19th October, 2021) 

Nainital 

Nainital AWS 535 

Jeolikot AWS 506.5 

Bhimtal ARG 413 

Champawat 
Champawat AWS 593 

Lohaghat AWS 401 

Udham Singh Nagar 
Gular Bhoj ARG 473 

Rudrapur AWS 484 
 

 
TABLE 2 

 
Life losses and damages reported by SEOC due to heavy rainfall-induced disasters in Uttarakhand from 17thto 19thOctober 

 

District Disaster type 
Human losses/damages Damage to 

buildings Damage to roads 
Dead Injured Missing 

Nainital Landslide/heavy rainfall 35 5 - 74 
1-National highway 

4-State highway 
63-Village motorway 

Champawat Landslide/heavy rainfall 11 4 - 2 
1-National highway 

2-State highway 
70-Village motorway 

Almora Landslide/heavy rainfall 6 2 - 40 37-Village motorway 

Pithoragarh Heavy rainfall 3 2 - - 
3-State highway 
7-Border roads 

40-Village motorway 

US Nagar Heavy rainfall 2 3 - 101 1-Village motorway 

Pauri Landslide/heavy rainfall 3 2 - - 10-Village motorway 

Uttarkashi 
Cold/stranding due to 

snowfall during trekking 
expedition 

10 2 2 -  

Chamoli Landslide/heavy rainfall 3 4 - 15 80-Village motorway 

Bageshwar 

Heavy rainfall and 
Cold/stranding due to 

snowfall during trekking 
expedition 

6 - 1 - 9-Village motorway 
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TABLE 3 
 

Chief amount of 24-hour rainfall observed in Uttarakhand. (a) > 115.5 mm rainfall observed at 0300 UTC of 18th October (b)  > 150 mm  
rainfall observed at 0300 UTC of 19th October and (c)  > 115.5 mm rainfall observed at 0300 UTC of 20th October, 2021 

 
(a) 

District 
0300 UTC of 17th to 0300 UTC of 18th October 

Station Type of raingauge Rainfall in mm 

Champawat 

Champawat AWS 286 

Pancheshwar AWS 258 

Bastia ARG 244 

Lohaghat AWS 194 

Chalthi AWS 190 

Champawat AWS 177.5 

Tanakpur AWS 172 

Champawat Manual 160 

Banbasa Manual 143 

Lohaghat Manual 133.3 

Nainital 
Bhimtal ARG 179 

Nainital AWS 134 

Udham Singh Nagar Kashipur AWS 181 
 
 

(b) 
District 0300 UTC of 18th to 0300 UTC of 19th October District 0300 UTC of 18th to 0300 UTC of 19th October 

 Station Type of raingauge Rainfall in mm  Station Type of raingauge Rainfall in mm 

Almora 

Takula AWS 283 Nainital Nainital AWS 535 

Matela AWS 237.5 Jeolikot AWS 506.5 

Jageshwar AWS 230 Bhimtal ARG 413 

Almora Manual 220 Nainital Manual 401 

BhainsiyaChhana AWS 220 Mukteshwar Manual 340.8 

Almora AWS 202 Haldwani Manual 325.4 

Sult AWS 190 Mukteshwar AWS 315.5 

Dwarhat Manual 184 Betalghat Manual 268.2 

Bhikiyasain AWS 170 Haldwani AWS 242 

Ranikhet Manual 165 Ramnagar AWS 227 

Chaukhutia Manual 158 

Pauri 

Lansdown AWS 238 

Bageshwar 

Shama AWS 308 Satpuli AWS 218 

Liti ARG 299 Rikhnikhal AWS 185 

Dangoli ARG 283 

Pithoragarh 

GanaiGangoli ARG 325 

Bageshwar AWS 217 Pithoragarh_Kvk AWS 242.5 

Kosani AWS 207 Thal ARG 242 

Garud AWS 206 Berinag ARG 231 

Sama Manual 205 Pithoragarh Manual 212.2 

Loharkhet Manual 204 Dharchula Manual 196 
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Song AWS 186 Pithoragarh AWS 167 

Kapkote AWS 183.5 Didihat AWS 155 

Kanda AWS 176 Rudraprayag Kedarnath AWS 154 

Bageshwar Manual 157.5 

Udham Singh 
Nagar 

GularBhoj ARG 473 

Kapkot Manual 157 Pantnagar Manual 403.2 

Chamoli 

Karnaprayag AWS 391 Gadarpur ARG 272 

Auli AWS 186 Khatima AWS 233 

Joshimath Manual 185.6 Kashipur AWS 166 

Pandukeshwar AWS 182 Kashipur Manual 166 

Tapovan AWS 158 Bajpur AWS 164 

Dewal AWS 157 Rudrapur AWS 484 

Champawat 

Champawat AWS 593 Pantnagar AWS 375.5 

Lohaghat AWS 401     

Champawat_2 AWS 345     

Devidhura AWS 338     

Lohaghat Manual 321.5     

Chalthi AWS 310     

Lohaghat ARG 284.9     

Pati AWS 280     

Bastia ARG 277     

Champawat Manual 194     
 
 

 (c) 

District 
0300 UTC of 19th to 0300 UTC of 20th October 

Station Type of raingauge Rainfall in mm 

Champawat 

Pancheshwar AWS 268 

Champawat AWS 213 

Lohaghat AWS 178 

Champawat Manual 153 

Champawat AWS 138.5 

Chalthi AWS 126 

Lohaghat Manual 121.9 

Pati AWS 121 

Devidhura AWS 115 

Pithoragarh 
GanaiGangoli ARG 130 

Pithoragarh_KVK AWS 120.5 
 
 
 
1875-2010 [Nandargi, S. & Dhar, 2012] showed that one 
out of five most-severe rainstorms occurred in October 
and the remaining four occurred in the second fortnight of 
September over the North-western Himalayan region. 

Geographically, culturally and administratively 
Uttarakhand is divided into two divisions, the western 7 
districts come under the Garhwal division and the eastern 
6 districts come under the Kumaun division. In the 
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Fig. 2.Analysed surface chart based on 0300 UTC synoptic observations of 14th, 17th, 18th and 19th October, 2021 
 
 
morning of 19th October, four stations in Uttarakhand 
recorded the highest ever 24-hour accumulated rainfall 
[ADGM(R), 2014] since the record-keeping was started 
by India Meteorological Department (IMD) [Table 1(a)]. 
The Pantnagar is a class IIb, Mukteshwar is a class I 
observatory and Nainital & Pithoragarh are part-time 
observatories run & maintained by IMD. Unlike the June 

2013 extremely heavy rainfall event over Uttarakhand 
which caused extremely heavy rainfall over the whole 
Uttarakhand state, this event was concentrated over the 
Kumaun region and adjoining districts of the Garhwal 
region. Table 1(b) shows the significant 24-hours 
accumulated rainfall greater than 400 mm recorded in 
some other stations over Uttarakhand. The catastrophe 
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Fig. 3. Analysed 3.1 km level upper air charts based on 0000 UTC observation of 15th to 20th October, 2021 
 
 
 
caused by the heavy rainfall in the form of flash floods, 
landslides and associated debris flow caused major 
devastation leading to a high death toll over the Kumaun 

region. The life loss and damages due to landslide, flash 
flood, inundation, cold/stranding due to snowfall etc. as 
reported by the Uttarakhand State Emergency Operation 
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Fig. 4. Analysed 5.8 km level upper air charts based on 0000 UTC observation of 15th to 20th October, 2021 
 
 
 
Centre (SEOC) are listed in Table 2. Due to this disaster, 
79 people lost their life, 24 were injured and 3 are 
missing, in addition to that partial to complete damage to 

232 buildings, 2 National highways, 9 state highways, 7 
border roads and 310 village motorways occurred due to 
the heavy rainfall. Table 3 shows the chief amount of 24-



 
 

THAPLIYAL and SINGH : CASE STUDY OF EXCEPTIONALLY HEAVY R/F EVENT OVER UTTARAKHAND 

725 

hour accumulated rainfall in Uttarakhand. The rainfalls in 
the table are shown for districts that received very heavy 
or more rainfall on any of the days from 17th to 19th 
October. 

 
In recent decades the rainfall in such large quantity 

over Uttarakhand was reported during 16th-17th June, 
2013. Many studies considered it as one of the worst 
disasters in India [Das, 2013; Sati, 2013; Mishra, 2015]. 
Due to this, the state incurred a loss of 4,190 (dead and 
missing) human lives; 11091 big and small animals’ lives; 
and partial to full damage to 19,780 pucca, kuchha houses 
& huts [Satendra et al., 2014]. The synoptic and 
dynamical features of extreme rainfall event over 
Uttarakhand during 16-17 June, 2013 were studied by 
many scholars. These studies [Singh & Chand, 2015; 
Sikka et al., 2015; Chevuturi and Dimri, 2016] show that 
the interaction between the deep mid-tropospheric trough 
of western disturbance and strong southeasterly winds to 
the north of monsoon trough resulted in extreme        
rainfall. In the present event the single day rainfall is 
highest ever and the damages in terms of loss of human 
lives and other losses are significantly lower due to the 
timely and accurate forecast and the appropriate actions 
thereof taken by the state government authorities such as 
halting the movement of tourists & pilgrims, closure of 
educational institutions and quick response of rescue 
operations. Another reason for the lesser damage in the 
areas of exceptionally heavy rainfall is the geology of the 
affected region. In the current study, the synoptic and 
dynamic situations, as well as the characteristics of the 
extreme precipitation and its forecast are analysed in 
detail.  
 
2.  Data and methodology 

 
The all India 0000 UTC upper-air observations, 0300 

UTC surface observation from IMD stations and IMD’s 
GFS (T-1534) & WRF Numerical Weather Prediction 
(NWP) models 0000 UTC analysed wind products are 
used for the synoptic analysis. The 240 hours forecast 
products from the global model, i.e., IMD-GFS (T-1534) 
and 72 hours forecast products from the 03 km resolution 
regional model, i.e., IMD-WRF are used to determine the 
skills in the forecasting of extreme rainfall over 
Uttarakhand. 

 
Visible, TIR1-10.8 µm channel images, cloud top 

brightness temperature and satellite-derived upper-level 
divergence & lower-level convergence from INSAT 3D 
satellite are analysed for the position, movement and 
characteristics of the system. In addition, the mid & upper 
tropospheric water vapour derived winds arealso used for 
the determination of the real-time position and movement 
of the western disturbance. 

In September 2020 an X-band Doppler weather radar 
(DWR) was installed at Mukteshwar in the Nainital 
district. This X-band DWR has an effective radial range of 
100 km, therefore, it covers almost all the Kumaun region 
except the higher reaches of Pithoragarh district. In the 
Garhwal region the DWR covers many parts of Pauri and 
Chamoli Districts. The PPI, Maxdisplay (Z), SRI, SRI 
(ACC) products generated at every 10 minutes interval by 
the DWR are utilized for the study. The output images of 
the X-band DWR are processed using JAVA language 
programme to generate the superimposed images and the 
spatial frequency distribution of the reflectivity from the 
volume scans. 

 
Fifteen-minute interval rainfall data from 97 

Automatic Weather Station (AWS) and 26 Automatic 
raingauge Station (ARG) were analysed for determination 
of the spatial & temporal distribution and intensity of 
rainfall. The 24-hour accumulated rainfalls from 70 daily 
rainfall measuring stations of Uttarakhand are also used 
for this study.  
 
3.  Results and discussion 

 
The post-monsoon season is the driest season for 

Uttarakhand state. The state receives 4% (60.5mm) of the 
total annual rainfall in three months of the post-monsoon 
season (October, November & December). However, the 
Coefficient of Variation (CV) of rainfall is highest during 
this season as compared to other seasons and CV ranges 
from 78% to 280%. The rainfall variability is the highest 
in the small parts of Udham Singh Nagar Champawat and 
Nainital districts with values of CV ranging between 
250% and 280% [ADGM(R), 2014]. The synoptic and 
dynamic features associated with the 17th to 19th October 
extreme rainfall event and the methodology for 
forecasting such exceptionally heavy rainfall are presented 
in this section. 

 
3.1. Synoptic analysis 
 
The following synoptic-scale weather systems and 

their interaction with one another were observed during 
the period of the exceptionally heavy rainfall over 
Uttarakhand. 

 
The Western Disturbance (WD) on 16th October 

2021 at 0000 UTC was seen as a cyclonic circulation 
between 1.5 & 3.1 km above mean sea level (MSL) over 
southern parts of Afghanistan & neighbourhood with a 
trough aloft in mid-tropospheric westerlies with its axis at 
5.8 km above MSL roughly along Long. 64°E to the north 
of Lat. 20°N. The WD moved slowly eastwards and laid 
as a cyclonic circulation over east Afghanistan & 
neighbourhood at 3.1 km above MSL with a trough aloft 
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Fig. 5. GFS (T-1534) model based analysed 925 hPa and 700 hPa winds of 17th to 19th October, 2021. Wind speed is in Knots 
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in mid & upper tropospheric westerlies with its axis at         
5.8 km MSL roughly along Long. 67°E to the north of  
Lat. 20°N on 18th October at 0000 UTC. Thereafter, the 
WD moved rapidly east north-eastwards and laid as a 
cyclonic circulation over Punjab & neighbourhood 
extending upto  3.1  km above MSL  with the trough aloft 
in mid & upper tropospheric westerlies with its axis at            
5.8 km above MSL roughly along Long. 75°E to the north 
of Lat. 23°N on 19th October at 0000 UTC and as a 
cyclonic circulation over northwest Uttar Pradesh & 
neighbourhood between 3.1 & 5.8 km above MSL on 20th 
October. Fig. 3 and Fig. 4 show the position and 
movement of WD and the trough in mid & upper 
tropospheric westerlies. 

 
A Low-Pressure Area (LPA) formed over the east-

central Bay of Bengal (BoB) & neighbourhood with the 
associated cyclonic circulation extending upto mid-
tropospheric level tilting south-westwards with height in 
the morning of 14th October, 2021. The LPA moved west-
north-westwards and lay centered over north Coastal 
Andhra Pradesh & adjoining West central Bay of Bengal 
and the associated cyclonic circulation extends upto              
5.8 km above mean sea level tilting southwestwards with 
height on 16th October and over north Telangana & 
neighbourhood with the associated cyclonic circulation 
extending upto 5.8 km above MSL on 17th October. The 
LPA then moved north-north-westwards and at 0300 UTC 
of 18th October, it laid over southwest Madhya Pradesh & 
Neighbourhood with the associated cyclonic circulation 
extending upto 4.5 km above MSL. In the morning of 19th 
October, the LPA became less marked, however, the 
cyclonic circulation laid over central parts of Uttar 
Pradesh extending upto 4.5 km above MSL. The cyclonic 
circulation remained stationary over the central parts of 
Uttar Pradesh till the night of 19th October and became 
less marked in the morning of 20th October. Fig. 2 shows 
the movement of LPA on 0300 UTC analysed surface 
charts. 

 
The monsoon depressions and lows recurve north or 

even northeastwards towards the western Himalayas under 
the influence of westerly trough [Rao et al., 1970]. The 
large scale environmental wind field surrounding the LPA 
governs the movement of it. After coming to the close 
proximity of the westerly trough, the above LPA recurved 
northwards on 18th October and thereafter, north-
eastwards on 19th October. 

 
Under the influence of cyclonic circulation over 

Gangetic West Bengal & neighbourhood, a Low-Pressure 
Area formed over West Bengal & adjoining north Odisha 
with associated cyclonic circulation extending upto        
5.8 km above MSL on 18th October. The LPA moved 
north-westwards and lay centred over south Bihar and 

adjoining Jharkhand & East Uttar Pradesh with associated 
cyclonic circulation extending upto 5.8 km above MSL in 
the morning of 19th October and over Bihar & 
neighbourhood till the night of 19th October. On 20th 
October, the LPA became less marked, however, the 
associated cyclonic circulation over Bihar & 
neighbourhood persisted and extended upto 1.5 km above 
MSL. Fig. 2 shows the formation of LPA and its 
movement on 0300 UTC analysed surface charts. 

 
Many studies [Lavers et al., 2011; Rao et al., 2016] 

showed the enhanced rainfall in the region of orographic 
proximity due to the Atmospheric River, a narrow ribbon 
of high wind speed (≥ 24 Knots) at lower -levels along 
which large flux of moisture is transported. They are 
usually found in the mid-latitude region swinging up & 
down and their persistence over a region may result in a 
large amount of water vapour transport.  

 
Due to the above LPAs and their associated upper air 

cyclonic circulations, the strong southeasterly winds at 
lower to mid-tropospheric levels, originating from the Bay 
of Bengal, started intruding into the Indo-Gangetic planes 
from 17th October. The southeasterly winds strengthen 
further from the morning of 18th October with a wind 
speed of 30-40 knots at 925 hPa level. These winds at 
lower to mid-tropospheric levels were observed till 
Uttarakhand resulting in strong wind speed convergence 
over the Uttarakhand state. This region of strong wind 
convergence shifted eastwards to over foothills of Nepal 
and adjoining Kumaun region of Uttarakhand on 19th 
October. Fig. 5 shows the IMD-GFS (T-1534) NWP 
model-based 925 and 700 hPa analysed winds of 17th to 
19th October, 2021. The red circled area shows the region 
of wind speed convergence. The strong southeasterly 
winds (Atmospheric River) coming from BoB from 17th to 
19th October provided a large amount of continuous 
moisture supply over the Kumaun region. The upper level 
divergence provided by the trough in mid and upper 
tropospheric westerlies as well as the blocking of 
Atmospheric River in mid and lower tropospheric levels 
by the WD and the Himalayas over the Kumaun region of 
Uttarakhand resulted in exceptionally heavy rainfalls. 

 
Past studies on extreme rainfall over western 

Himalayan region have revealed similar synoptic and 
dynamic situations as observed during the current event 
and 16-17 June, 2013 Uttarakhand extreme rainfall events.  
Ghosh and Veeraraghavan (1975) studied the 
meteorological conditions responsible for the 6 to 10 
August 1973 severe floods in Jammu & Kashmir (J&K). 
They found the interaction of the recurving low pressure 
system over north west India, deep penetration of south-
easterlies till J&K with vertical extension up to 600 hPa 
level and the strong divergence caused by the eastward 
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Figs. 6(a&b). Satellite derived (a) upper level divergence and (b) lower level convergence of wind (in ×10-5 /s) at 0600 UTC of 18th October, 2021 
 
 

 
 

Figs. 7(a&b). TIR1-10.8 µm channel cloud image and satellite-derived cloud top brightness temperature at 0600 UTC of 18th October, 2021 
 
 
moving westerly trough between 300 to 200 hPa levels 
resulted in exceptionally heavy rainfall triggering severe 
flooding over J&K. Yadav et al. (2017) studied the 5 to 6 
September 2014 exceptionally heavy rainfall event over 

J&K and concluded that the low-pressure area over 
extreme northwest India, a deep westerly trough/ 
circulation in middle & upper troposphere  over  north  
Pakistan  &  neighbourhood and confluence of winds from  
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Fig. 8. Satellite derived water vapour wind at 0600 UTC of 18th 
October, 2021 

 
 

 
 

Fig. 9. Three days total frequency distribution of the volume 
reflectivity of X-band Doppler weather radar 

 
 
Arabian Sea & Bay of Bengal over Jammu &   Kashmir 
region were favourable for such extreme precipitation. 
Therefore, these previous studies and the study of current 
exceptionally heavy rainfall event on 18th October, 2021 
over Uttarakhand suggests the interaction of (1) the 
easterly system (lows or cyclonic circulations) laying over 
central or northwest India, (2) penetration of strong 
southeasterly winds from BoB up to the mid-tropospheric  

 
 

Fig. 10. Three days Superimposed Max-Z image showing highest 
cloud reflectivity values of Mukteshwar X-band Doppler 
weather radar 

 
 
 
levels which can be considered as atmospheric river 
causing enormous moisture incursion, (3) the mid & upper 
tropospheric westerly trough and (4) the Orography are 
favourable for exceptionally heavy rainfall over the zone 
of interaction in western Himalayan region. 

 
3.2. Satellite and Radar images 
 
The analysis of satellite images shows that the cloud 

formation started over Uttarakhand from 2000 UTC of 
16th October. However, very light to light rainfall was 
realised at isolated places mostly over the Garhwal region 
of Uttarakhand till 0300 UTC of 17th October. The 
maximum clouding and thus, light to moderate rainfall 
occurred over the Garhwal region till 0900 UTC of 17th 
October. Thereafter the thick cloud mass shifted over the 
Kumaun region and rainfall started there. Figs. 11 & 12 
shows the Automatic Weather Station (AWS) based 
rainfall graph. With the eastward movement of the WD, 
the region of maximum low-level convergence (LLC) and 
upper-level divergence (ULD) also shifted eastwards 
coving the entire Kumaun region. Fig. 6 shows the 
satellite-derived ULD of the order of 30 × 10-5 per second 
and LLC of the order of 5 × 10-5 per second at 0600 UTC 
of 18th October. The thick cloud mass and area of highest 
cloud top brightness temperature (CTBT) remained over 
the Kumaun region and its adjoining districts of Garhwal 
region with a little fluctuation in position and intensity till 
19th October. Fig. 7 shows the TIR1-10.8 µm channel 
image and CTBT image of maximum cloud mass at 0600 
UTC of 18th October. The satellite-derived water vapour 
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Figs. 11(a-h). The observed daily cumulative rainfall from 0300 UTC of 17th to 0300 UTC of 19th October, 2021 received from the 
GPRS/3G/4G/satellite-based AWS in (a) Almora (b) Bageshwar (c) Chamoli (d) Champawat (e) Nainital (f) Pauri              
(g) Pithoragarh (h) Udham Singh Nagar districts 

 
 
 
winds (Fig. 8) shows the position of trough in westerlies 
between 500-250 hPa levels roughly along Long. 68°E to 
the north of Lat.20°N at 0600 UTC of 18th October. 

 
Different products like PPI, Max-Z, SRI, SRI (Acc) 

etc. generated by the X-band DWR installed at 
Mukteshwar were also analysed for this study. These 
products are generated at every 10 minutes interval, thus 
144 images of each product are generated in 24 hours. The 
spatial and temporal analysis of thevolume scan generated 
by the radar from 17th to 19th October were carried out. 
The spatial reflectivity, i.e., in horizontal & vertical planes 
from DWR were derived from the Max display (Z) 

product generated at every 10 minutes interval during 
these three days by the DWR. The analysis shows that the 
reflectivity of the clouds were in the range of 20 to 40 
dBZ at 99% of the time and 99% of the area during these 
3 days. Fig. 9 shows the frequency distribution of the 
reflectivity values generated by the volume scan from 17th 
to 19th October. On most occasions, i.e., around 23% 
occasions the reflectivity was 25.7 ± 2.86 dBZ and on 
20% occasions, it was 22.9 ± 2.86 dBZ. 

 
The 432 Max (Z) reflectivity images of 17th to 19th 

October were merged to analyse the cloud covered area 
and the nature of clouds and precipitation. The higher 

(g) 

(h) 
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TABLE 4 
 

District-wise average rain rate and station highest rain rate during the event 
 

Districts District average rain rate of 
highest intensity spell (mm/h) Station Highest rain rate  

(mm/h) Date Start time 
in UTC 

End time 
in UTC 

Almora 8 Takula 24 18-Oct 0615 0715 
Bageshwar 10 Shama 31 18-Oct 1130 1230 
Chamoli 6 Auli 16 18-Oct 1100 1200 

Champawat 16 
Champawat 53 18-Oct 1530 1630 

Pancheshwar 51 18-Oct 0800 0900 

Nainital 15 
Jeolikot 44.5 18-Oct 1245 1345 
Nainital 52 18-Oct 1700 1800 

Pauri 13 Satpuli 60.5 18-Oct 0645 0745 
Pithoragarh 9 Ganaigangoli 28.5 18-Oct 1045 1145 

Udham Singh 
 Nagar 19 

Pantnagar_amfu 59.5 18-Oct 1830 1930 
Gularbhoj 85 18-Oct 1115 1215 

Kichha 68.5 18-Oct 1245 1345 
 

 
 
 
reflectivity values were given higher priority for display, 
i.e., higher reflectivity values were overlaid over the lower 
values during super position.  Fig. 10 shows the final Max 
(Z) superimposed image. It can be seen that the maximum 
patches of the white and yellow/orange colours, i.e., 
reflectivity more than 40 dBZ are over Nainital, 
Champawat, Almora, Udham Singh Nagar districts and 
southern parts of Pithoragarh district. During the period 
the average height of clouds was 9-10 km with the 
maximum cloud height reaching up to 13.5 km at a place 
northwest of Pantnagar station near the district boundary 
of Nainital and Udham Singh Nagar districts. However, 
the heights of the high reflectivity clouds (reflectivity ≥ 45 
dBZ) were less than 6 km and they mostly formed at the 
southern part of the Kumaun region along the Himalayan 
foothills. This suggests the role of orography in blocking 
and lifting the south-easterly moist winds resulting in the 
shallow convection and formation of thick low-medium 
clouds. 

 
3.3. Rainfall intensity 
 
The cloud reflectivity values (Z) generated by DWR 

is proportional to the rain rate (R) andthis relationship is 
also known as the Z-R relationship (Z = aRb 
where a and b are empirical constants). This Z-R 
relationship could be linear [Steiner et al., 2004; List,  
1988] or nonlinear as the classic Marshall Palmer equation 
(Z = 200R1.6) [Marshall and Palmer, 1948]. During the 
above event, the cloud reflectivity values were less than 
40 dBZ thus representing light to moderate intensity 
rainfall. India Meteorological Department has classified 
the intensity of rainfall based on hourly rain rate 

[ADGM(R), 2015]. The 15-minute interval GPRS/ 
3G/4G/satellite based AWS/ARG data from 17th to 19th 
October were analysed for individual districts. Fig. 11 also 
shows the 24 hours accumulated rainfall from 17th to 19th 
October. The 24 hours accumulated rainfall is measured 
from 0300 UTC of the first day till 0300 UTC of the next 
day. The rain rate based on 15-minute interval data ofthe 
districts that experienced very heavy to exceptionally 
heavy rainfall is plotted in Fig. 11. The AWS rainfall 
observations show that the rainfall over the Kumaun 
region started after 0900 UTC of 17th October. Table 4 
shows the district average rain rate of the highest intensity 
rainfall spell and the name of the highest rain rate 
experiencing stations in each district along with the 
duration and rain rate of such spell. The district average 
rain rate of the highest intensity rainfall spell during             
3 days were found to be of light to moderate intensity      
(10-20 mm/hour) with extremely intense spells                  
(50-100 mm/hour) of around 1-hour duration in 7 stations 
of  Udham Singh Nagar, Champawat, Nainital and Pauri 
districts.  

 
 
Udham Singh Nagar district experienced the highest 

average rain rate (19 mm/h) followed by Champawat and 
Nainital districts. Gular-bhoj ARG station in US Nagar 
experienced the highest rain rate of 85 mm/hour between 
1115 to 1215 UTC on 18th October. Another ARG station 
Kichha experienced a rain rate of 68.5 mm/hour between 
1245 to 1345 UTC on 18th October. The remaining one 
station in US Nagar, two in Champawat, one in Nainital 
and one in Pauri district experienced rain-rate between 51 
and 60.5 mm/h. 
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Figs. 12(a-h). The district average rainfall rate from 0300 UTC of 17thto 0300 UTC of 19thOctober, 2021 of (a) 
Almora (b) Bageshwar (c) Chamoli (d) Champawat (e) Nainital (f) Pauri (g) Pithoragarh (h) Udham 
Singh Nagar districts 

 

 
 
The Gular-bhoj station received the second-highest 

rain rate as 35 mm/h from 1045 to 2100 UTC of 18 
October, Kichha as 40 mm/h from 1300 to 1915 UTC of 
18 October, Pantnagar as 31 mm/h from 1215 to 2015 
UTC of 18 October, Champawat as 36 mm/h from 1300 to 
1930 UTC of 18 October, Pancheshwar as 30 mm/h from 
2245 UTC of 17 Oct to 1900 UTC of 18 Oct and Nainital 
as 41 mm/h from 1230 to 1830 UTC of 18 Oct. These 
very intense rainfall spells (30-50 mm/h) lasted from 6 to 
10 hours and in one case up to 21 hours and resulted in 
maximum rainfall accumulation over these stations. The 
district average rain rate for the individual day from 17th 
to 19th October is plotted in Fig. 12. The rain rate started 
increasing from 2100 UTC of 17th October till 0600 UTC 

of 19th October over most districts of Kumaun region and 
adjoining districts of Garhwal region of Uttarakhand. As 
per the rain rate based rainfall intensity, the cloud burst 
(R≥ 100 mm/h) event was not observed at any station in 
Uttarakhand during this event. The radar generated cloud 
reflectivity, cloud height and rain rate products also show 
lesser intensity rainfall for a longer period over Kumaun 
region of Uttarakhand. 

 
3.4. Forecast based on NWP models 
 
The 10th October 0000 UTC based24-hours 

accumulated rainfall product of GFS model forecasted 40-
130 mm rainfall at most places with 130-200 mm rainfall 

(g) 

(h) 
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Fig. 13. The 24-hours accumulated rainfall forecast from (upper row) GFS model with the lead time of 5 days and (lower row) WRF 
model with the lead time of 3 days 

 
 
at isolated places in Uttarakhand on 18th and 19th October. 
For 17th October, it forecasted 0.1 to 40 mm rainfall 
especially over the Kumaun region and 40-130 mm 
rainfall over the region in Nepal adjacent to Kumaun 
region. The successive runs of the GFS model from 11th to 
13th October reduced the forecasted rainfall amount and 
distribution however, it maintained the 40-130 mm 
rainfall forecast over Uttarakhand with minor fluctuation 
on the date of peak activity. From 14th October onwards 
the GFS model increased the forecasted rainfall amount 
and on 15th October it predicted rainfall of more than 200 
mm at isolated places in the Kumaun region. The model 
continuously showed relatively more rainfall over the 
Kumaun region than the Garhwal region. The 16th October 
0000 UTC based 24-hours accumulated rainfall product of 
WRF model also predicted the 70-130 mm rainfall over 
most places and more than 200 mm rainfall at a few places 
over Uttarakhand with equal distribution over Garhwal 
and Kumaun region on 18th October. The 17th October run 
of the WRF model slightly reduced the distribution of 
>200 mm rainfall forecast of 18th October from the 
Garhwal region. On 18th October the model forecast 
showed the >200 mm rainfall mostly over Kumaun region 
and at isolated places over the Garhwal region. Fig. 13 

shows the 24-hours accumulated rainfall forecast from the 
GFS and WRF model with the lead time of 5 days and 3 
days respectively. Fig. 1 shows the observed 24-hours 
accumulated rainfall from 17th to 19th October. Visual 
comparison of forecasted and observed rainfall maps  
(Fig. 13 & Fig. 1) shows a very good accuracy, 
consistency and 5-10 days lead time of NWP model 
output for this event. 

 
3.5. Forecasting of extremely heavy rainfall 
 
Based on the synoptic analysis of surface and upper 

air charts of 14th October and the NWP model guidance, 
the district-wise extremely heavy rainfall warning forecast 
from17th to 19th October was issued by the Meteorological 
Centre, Dehradun on 14th October. The forecast bulletin 
was regularly updated thereafter and the red warning was 
issued on 16th October for forecasted extremely heavy 
rainfall for18th October. In addition to the regular 
bulletins, the special press release was also issued on 16th, 
17th, 18th & 19th October containing the rainfall forecast, 
expected impact and advisories for the public for 
necessary preparations as well as the state government 
authorities for the planning of effective prevention & 
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Fig. 14. Special press release issued on 16th October regarding extremely heavy rainfall in Uttarakhand 
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mitigation measures. The forecasts at different lead time 
generated by the IMD have a significant role in pre, 
during and post-disaster operations. This can effectively 
be used for disaster prevention, mitigation & management 
purposes [Thapliyal, 2021]. Fig. 14 shows the warnings, 
expected impact and advisories issued by MC, Dehradun 
on 16th October, 2021. Based on these warnings the 
Disaster management authority of Government of 
Uttarakhand issued a warning letter and activated the 
Incidence Response System (IRS) for effective and 
comprehensive management of disaster response by 
various government and non-government stakeholders. 
Based on the extremely heavy rainfall warning input from 
Meteorological Centre, Dehradun, the state government 
authorities called a disaster preparation meeting under the 
chairmanship of Chief Minister of Uttarakhand and took a 
decision to suspend Char DhamYatra, movement of 
tourists & Pilgrims in hills and closed all educational 
institutions which resulted in less human life loss due to 
this unprecedented event. 
 
4.  Conclusion 
 
(i) Under the influence of LPA over central India, the 
strong southeasterly winds (Atmospheric River) coming 
from BoB from 17th to 19th October provided a large 
amount of continuous moisture supply over the Kumaun 
region. The upper level divergence provided by the trough 
in mid and upper tropospheric westerlies as well as the 
blocking of Atmospheric River in mid and lower 
tropospheric levels by the WD and the Himalayas over the 
Kumaun region of Uttarakhand resulted in exceptionally 
heavy rainfalls. The environmental steering current 
associated with the trough in westerlies also caused the re-
curvature of the LPA northwards and then northeastwards. 
The current and past studies of exceptionally heavy 
rainfall over western Himalayan region [Singh & Chand, 
2015; Sikka et al., 2015; Chevuturi and Dimri, 2016; 
Yadav et al., 2017; Ghosh and Veeraraghavan, 1975] 
suggest the interaction of (1) the easterly system (lows or 
cyclonic circulations) laying over central or northwest 
India, (2) penetration of strong south easterly winds from 
BoB up to the mid-tropospheric levels which can be 
considered as atmospheric river causing enormous 
moisture incursion, (3) the deep mid & upper tropospheric 
westerly trough and (4) the Orography are favourable for 
exceptionally heavy rainfall over the zone of interaction in 
western Himalayan region. 
 
(ii) The movement of western disturbance and the trough 
in westerlies was very slow from 16th to morning of 18th 
October and it moved very rapidly thereafter in next 24 
hours. The upper-level divergence (≥ 15×10 -5s-1) and 
lower-level convergence (≥ 5×10-5s-1) caused by the above 
synoptic systems over Uttarakhand are favourable for 
heavy rainfall. 

(iii) The X-band DWR and AWS/ARG data suggest that 
the rainfall was of light to moderate intensity                    
(10-20 mm/h) over most of the area and during most of 
the period. The rainfall intensity was extremely intense 
(50-100 m/hour) for around 1-hour duration in 7 stations 
of Udham Singh Nagar, Champawat, Nainital and Pauri 
districts. The reflectivity of the clouds was in the range of 
20 to 40 dBZ at 99% of the time and 99% of the area 
covered by DWR during these 3 days. Unlike the June 
2013 extremely heavy rainfall event over Uttarakhand 
which caused the extremely heavy rainfall over whole 
Uttarakhand state, this event was concentrated over the 
Kumaun region. According to the rain rate based rainfall 
intensity, the cloud burst (R≥ 100 mm/h) event was not 
observed at any station in Uttarakhand during this period. 
 
(iv) Based on the above synoptic analysis and NWP 
model guidance the 17th to 19th October excessive rainfall 
event was forecasted 5 days in advance with good 
accuracy. The extreme rainfall of 18th October over 
Uttarakhand was predicted by the GFS (T-1534) and WRF 
NWP models with very good accuracy.  
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