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1. INTRODUCTION

1.1 Background:

Nepal is a mountainousountry with he Himalayas at itsnorthern boundary which
separatest from China. It is surrounded to the east, south and west by India. Nepal is
roughlyshape as aparallelogranhaving the total area of 147181 sq. km with the east west
extension oabout800 km and north south extension about200 km. It is located within
26°22' to 30°27' North latitude and 80°40' to 80°12' East longittideas large altitudinal
variationfrom 60 m to 8848m - top of the world(Sagarmatha). The topography of Nepal
varies from plain land called Terai in the south to the Himalayan rantfe inorthwith
numerous folds of mountains and valleys in betwdane to the large altitudinal and
topographical variationhe climate of Nepal varieBom tropicalin the south talpine type

in the north.

Due tothelargealtitudinaland topographicalariatiors, it is very hard tanakesite specific

and accurate weather forecasts for Nepakhyear, thehydrometeorological dastersare
responsiblefor the loss of many lives live stocksand valuable properties. Sudhydro-
meteorological disastere flood landslidesthunderstormsgusts, hail, cold waves,heat
wavesetc The table below provided by Ministry of Home Affairs shows the deaths of lives
due to the fatality of disasters. Flood and landslides is the dominant disaster each year that
takes away many lives and prnies.Every year more than 10@eoplelost their livesdue

to the flood and landslideshereasmore than 400 peoplgerisheddue to the devastating

flood and landslidén 2002 alone

Tablel: Human deathsgdém disasterérom 2000 to 2014.

Prabhu Engineering Consultancy P. Ltd. 6
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Human Deaths From Disasters Since 2000 to 2014

2000 173 26| 3v

1 2 - 141 0| 380
2001 196 38 26 1 1 - 154 1] 417
2002 441 B 1 0 3 - 0 0| 461
2003 232 B2 16 0 20 - 0 0| 330
2004 131 10] 10 0 0 - o] 0| 151
2005 141 18] 28 0 0 21 41 0| 249
2006 141 15] 3 1 0 - 34 0| 194
2007 216 40( & 18 1 = 0 0| 290
2008 134 16] 11 0 2 0 3 0| 166
2008 135 7] 35 0 0 2 10 0| 189
2010 240 70 69 0 2 2 462 0| 845
201 263 95( 46 2 6 0 36 0| 448
2012 123 119 77 0 18 9 9 6| 361
2013 219 146 58 NA 3 7 4 0| 438
2014 241 96| 62 NA 3 38 12 0| 452
Total 3026 764 | 499 23 61 85 906 7| 53T

Saurce: Ministry of Home Affairs
(Sourcehttp://www.drrportal.gov.np/uploads/document/329.pdf)
The various weather events such as heat waves, cold waves, heavy rainfall, extreme
temperature, wind gust, etc. could be major weather events depending upon their socio
economic impact. Various weather events have different impact to the public. Asénis s
from the above table provided by Ministry of Home affairs that the main hydro
meteorological disaster in Nepal is flood and landslide which takes away more than 100
lives and thousands of properties each y@aod occurs due to the overflow of watkom
the water bodies and causednainly by heavyrainfall events Flash floodmight occurif
heavy rain occurs in short period of tinfes rainfall is themain contributor for flood, and
the main hydremeteorological disaster in Nepal is flood and landslides, the major weather
events here are identified on the basis of rainfall observed within the synoptic station. If the
rainfall monitoring andaccurateforecasting couldbe done withsufficient lead time, the
flood forecast could be done with grealeadtime and accuracyThis allows for timely
dissemination of forecast to affected communities and take preventive measure to save lives
and minimize the damage of property and infradtme. It is verydifficult to predict the
exact timing and place of the rainfall eventvhich eventubly affect the flood forecast
because of lack of sufficient observation and real time communication, conventional
forecasting methods and above all inqdate research endeavdrsthis work, atmospheric
conditions associated witlthe heavy rainfallepisodesin 2014/2015 arestudied 1t is
anticipatedthat the findings of the study will be usefulfor forecasteran predcting the
rainfall evens, particularly heavy rainfall eventsyith greater accuracylhis in turn would
Prabhu Engineering Consultancy P. Ltd. 7



Final Report:STUDY OF MAJOR WEATHER EVENTS

result in direct societal benefit as improvathfall forecastsandsubsequent improvdtbod
forecast couldave manyives and propertiem future

Moreover, different seaserhas their own characteristiosthe rainfall activities. The same
amount of rainfall or snowfall may have different impact in different seasons. tBmtetal
rainfall in monsoon season is almost 80% of the total rainfall amount, the accumulated
rainfall is high in monsoon season than in other seagbren the form of precipitation in
some hilly and Himalaya areas differ with seasons.

The main objective of thistudyis to articulate the atmospheric conditions and mechanisms
associated wittmajor weather events (heavy rainfall events) in Nepal in different seasons
Depending on the weather system and season, different pardmetdranismmight play
prominentrole for the weather activitie§.hus this studywill provide us the general idea
about he parametemechanismgshat play important role during different seasons. This
study will also help forecastete anticipate the severity of weather with high level of
confidence from the facts revealed by this study.

As dominant mechanism/paramet@sponsible for major weather event in each season

might be distinct, a brief overview of seasons in Nepal is described below.

1.2 Seasons in Nepal:

Nepal has four main seasons. Each seasiencharacterized with different seasonal
characteristicswhichare described belaw

Pre-Monsoon SeasorfMarch-May):
This season starta March and end in May. This season is mainly associated with bright
sunshineand high temperatures throughout the country with frequent gusty wind and
afternoon/evening thundershowers wittcasionahail. Thermal convection and instability
is the man rain producing mechanisim this season. Westerly wind is dominaitthe
starting d this season but the south easterly wisdstablishedowardsthe end of this
seasonDaily maximum temperature generally atterds annualextreme maximunvalue
in this season. ITerai region of the countrypaximumtemperatureoften exceed€0°C
leading toheat wavecondition, whichcau®s deaths of life and livstocks. Inaddition,
many peopldoss their lifeand some people loss their properties duthtmderbolt strike,
severe thunderstorms and strong gind

Monsoon SeasorfJune- September):

Prabhu Engineering Consultancy P. Ltd. 8
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This season starts June and ergdn September. This season is mainly associated with the
monsoon rainfall. The normal monsoon onset dateNepal is June 10 and the normal
monsoon withdrawal date is September 23. Monsoon enters from the eastern region of
Nepal andt withdraws from the western part. Many lives and properties are lost each year
in this season due to the heavy rainfall causiogdf and landslides. Almost 80% of yearly
total rainfall occurs in this season. Scutasterly winds dominantin thelower levelswith
moistureinflux mainly from Bay of BengalTemperature is relatively high in Jynghich
slowly decreasswith the stat of monsoon. This season is very important to farrasraell
as countryds economy as agri cul trainyseasons mo st
During the monsoon season, rainfall occurs on majorities of the days over large parts of the
country.

iii. PostMonsoon SeasoiOctober- November):
This season staris Octoberand ends in November. Atitial stages, of the seasoreasterly
wind is dominait but at the end of this season, westerly wiomtomesdominant. This
season is mainly associated watlnny days and bright sunshine. This season is also called
harvesting seasoas farmersharvestpaddyplanted inthe nonsoon seasorSeason wise,
this is the mospleasantimein Nepal.Also, main festivals of Nepal viz. Dashain, Tihar and
chhathfalls in this season. This seasonpgedominentlydry but occasional brief rainfall
could occurdue to the local effect and sometimes due to the effect of the depressions and
cyclones developed in Bay of Bengal and AralSaa

iv. Winter (December February):
This season starta Decemberand continuesip to Februaryf the following year This is
the coldest season in Nepa&nnul extreme minimum temperature mainly occurs in this
season. Fog and mist tlhe morning hours is common in this season. Moreovés,gbason
is associated with occasional rainfall due to the western disturbances. Coldvesieily
wind blowing through the Himalayas brsgold air in NepalDense fog andatd-wavehas
become a regulgshenomenon iMerai region of Nepaih recent yars,which takesaway

mary lives each year

Prabhu Engineering Consultancy P. Ltd. 9
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2. LITERATURE REVIEW

Themainweather eventthat make any remarkable so@conomic effecareconsideredas

the major weather events. The major weather events could be of temperature, rainfall, wind
gust, heat waves, cold wavespught,etc. Every weather events are directly or indirectly
related to the society and economy.so, each weather events hawvhdistinct features

and importancevith reference to the country and their topograpBgme weather events

may have greater effect to one country but the same weather event could be unimportant to
the other country. Moreover, the intensity or the degéniof the major and extreme weather
events could be different depending oniti@pact toeach country. For example, the same
amount of rainfall couldead toheavy flooding and landslide with significant impact to the
societyfor one country but the see amount of rainfall could be of less important to the
other country. The same amount of precipitation may have different impact on the society.
So, the definition of major weather events may vary between the couftiae are many
studies and researeh on the studies of the extreme and major weather events. Since the
flood and landslides are the main hyaneteorological disasters in Nepal, the literature on

heavy rainfall are mainly focused here.

Regional subproject implementation plan for Sewateather Forecasting Demonstration
Project for Bay of Bengal statdsateach country has its own thresholds extremesased

on good, historical reasons. The guidance forecasts provided SWMCR(Regional
Specialized Meteorological Centrades a represetative threshold for each hazard designed
in such a wayto draw the attention of forecasters of all NMHSs to potential hazards
threatening theiregion whichhelps the National Meteorological and Hydrological Service
Centersto decide the threat and monitdr for proper advisory or warning actions as
determined in their particular countrieshélfollowing hazards are monitored by RSN,

New Delhi.

Prabhu Engineering Consultancy P. Ltd. 10
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Table 2: Hazardous Map with threshold map for RSMC, New Delhi.

HAZARD

THRESHOLD

COMMENTS

Heavy Rain

O 50 mm in 24

O 100 mm in 2

(the
should be
discussion in the Region

200mm/2

described i

risk over

The operational countrthresholds may diffe
widely among participating countries

SWFDRBay of Bengal.

NMHSs may translate the heavy rain ir
potential flooding in areas likely to be affect

Guidance) by heavy rain depending upon the soil conditi
topograohy and drainage systems in respec
areas

Strongwinds| O 17 knot s (| Affecting oceanic and coastal areas especiall

Sea)

O 34 knots ( dGusts on land from severe convective systs
are not predictable on this time scale effecyive

HighWaves |O 2. 5 m NMHSs may use the information contained
Storm Surge | O1m the RSMC Guidance Product to gener

impactbased forecasts and riblsed warning
for use by the coastal communities, fisher

disaster managers etc. at national levels.

(Source: http://www.wmo.int/pages/prog/www/DPFS/SWFDP/RMIbB/BoB-RSIP.htm)

Since the weather, climate and topographyctoselyrelated between Nepal and India, we

coulduse the same threshold values for Nepal too. Greater than or equal to 50mm of rain or

greater than or equal to 100 mm of rain in 24 hours peil®donsidered as the heavy

rainfall event in India. We could useetlsame value for Nepal tolb.is clearly stated in the

table prepared by RMSC that the threshold for the heavy rainfall may differ among the

countries and the NMHSs could translate the heavy rain into potential flooding depending

upon the soil conditionppography, and drainage systems in the ataatis study, while

identifying the major weather events, the total accumulated rainfall greater than or equal to

100 mm in 24 hours period is considered for the major weather event.

Prabhu Engineering Consultancy P. Ltd.
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As the criteria of hegvand extreme rainfall events vary among the countries|ndia
Meteorological Department also classifies rain in basis as heavy, very heavy and extremely
heavy. IMD defines the rain as heavy if it lies between 64.5 mm to 115.5 mm within 24
hours periodThe rainis considered tde very heavy if it lies between 115.6 mg04.4

mm. Similarly, IMD classifies extremely heavy rain if the 24 hours accumulated rain is
greater than 204.6 mm. Similarlyndonesian Meteorological services define heavy
precipitaton as the 24 hour accumulated rainfall of 50 rand the extreme rainfall in
Jakarta is 100 mm per day. To study those heavy and extreme rainfall events, the
researchers (SISWANTO, OLDENBORGH, SCHRIER, LENDERINK, HURK (2015))
study thesynoptic analysis ofvind and relative humidity anomalies at 850 hpa from the
NCEP/NCAR Reanalysi$ which shows an intensified monsoon with the northerly
component penetrating more to the south than usual, especially over South China Sea
resulting in flooding in Jakartaln this researchiwo separatecriteria are definedfor
identifying the major weather events. The different synoptic features of the major weather
events are then studied to find the driving mechanism for the happening of the major

weather event.

After the identification of the major or the extreme weather events, different synoptic
patterns of different levels and other lifting mechanisms should be studied to find out the
cause of the occurrence of the events. Supply of moisture, deepening gif, traind
movement, lifting, CAPE, relative humidity, reative vorticity are some parameters that
contribute for the occurrence of the event. Different literatures are available for the study of
such major and extreme weather eveAtording toPfahl (2014)extreme weather events

on Europe are closely related with taeomaliesof atmospheric circulations and to the
particular atmospheric conditions like cyclone and atmospheric blockimgy notedthat

the precipitation extremes over the ocean and det terrain are closely related with
cyclones in the vicinity and the associatBechamical lifting. They concludedhat cyclonic
anomalies at remote locations provide favorable conditiongxtreme precipitation over

complex terrairthroughthe flowof moist air towards topography.

Forecasting is itself a challenging job and accurate forecasting is another challenge. Due to
the chaotic nature of atmosphere, the synoptic features chaagelly making the
forecasing very complex.Deswell Il (1980) also highlighted that it is alwaysa great

Prabhu Engineering Consultancy P. Ltd. 12
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challenge tanake accuratéorecass of occurrence of thunderstorm activities. Moreover, he
statedthatthereis a great need to identify the reason behind the occurrence of such severe
thunderstorm activities. Hehowedsome linkage between severe thunderstanrike high
plainsand specific synoptic scale patteHe further notedhat severe storms tend to occur

on several consecutive days until the passage of a major upper level gysteime region,

which sweeps the moisture out of the afedlowed by establishment @f stronger ridge.

However, here are very fewtudieson the extremand major weathegventsin Nepal.The
main major weather events in Nepal-dreavy rainfall, flooding, wind gust, thdarstorms,
etc.and themain major weather event is the heavy rainfahe of the study carried out by
Chdise andKhanal(2002)shows thaextreme weather events associated with heavy rainfall
are the princigl cause ofatural disasters in Nepal. Theyed apaper Khanal, 1995})hat
reportedmore than 1%xtremeprecipitation events exceeding 4@@m of rainfall in 24
hoursin different parts of the country between 1959 to 1988 of which three events
exceeded00mmrainfall in 24 hour Furthermorethey foundincreasing trend in hazardous
rainfall events in Nepdkom the analysis of heavy rainfall events (exceeding 100 mm in 24
hour) during monsoon in 1981990 compared to 1971980 They concludedhat the
improved knowledge of the frequeneyagnitude, causes and consequences of the extreme

events is essential to develop the short and long term mitigation measures.

Nepal is highly dominated by summer monsoon and its circulation arfiing Bay of
Bengal. It is estimated that the summer mamsaccounts for 80 % of trennual rainfalin

Nepal. The mean rainfall for Nepal during monsoon season amouab®th1422.8mm

with a standard deviation of 132.6 mm and coefficient of variation 9(&Btestha, 2000).

Since the flooding and landslidesehighest during the monsoon season and the economic as
well associal damage is highest during the monsoon season, we also give much importance
to monsoon season. Among the studied eight MWEs, three MWE are of the monsoon
Season.According to Pokhrel, @03), summer precipitation ifighest over middle
mountainsi.e. Mahabharata range; and decreased slightly over Terai and decreased rapidly
overthe Himalayanrange. Theanonsoon oscillation is stronger in the northern hemisphere
than southern hemisphegespeciallyover south east Asia because of the Himaldlatkat
2007).The Himalayas range folsan orographic barrier forcing the moist air to ascend and

precipitate in the southern slope while hampering migration of moist air towards northern

Prabhu Engineering Consultancy P. Ltd. 13
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leewardside creating a prominent rain shadow region (Singh and Kumar 1997, Wulf et al.
2010). The research carried out by S.D Kotal, S.S Roy and S.K R Bhoyenikent
Science, July 2014yom IMD revealed that forecasting of heavy rainfalrticularly over

high complex terrainis one of the most challenging task for forecasters. Thagributedto

the complexity of theorography lack of understanding of interaction between synoptic
scale and messcale weather systems, sparse good quality data over rereaseaad large
spetial and temporal variation of rainfallvhich is equally valid in case of Nepal awell.

Theinteractionbetween the complex topography and moisture is not easy to comprehend.

Prabhu Engineering Consultancy P. Ltd. 14
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3. METHODOLOGY

3.1 Study Period:

The Study period i$or one year as specified inrefmsOf Reference This study is carried

out from thestart ofmonsoon season (June) of 2014 toehd of thepremonsoon season

(May) of 2015. The eight major weather events within the study period eifieshén TOR

are identified o mccunulatedbantalisseswilbed telove 24 hr s. 0

3.2 Data collection:

All the meteorological data needed to complete this research are collecteddparirent
of Hydrology andMeteorologyif DHM owns the dataTo identify the eight major weather
events, the daily accumulated rainfall of the 15 synoptic stations are usgecégedin the
TOR. Moreover, the seasonal normal values as well as extreme wvéltssfall are also

collected from DHM as required.e®w is the map of 15 synoptic stations.

Da(j»e;ldhuraDipayal
- (:')

_ Surkhet
®

Pokhara
©

Nepalgunj
®
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o
A4

Kathmandu
Y
v

_Okhaldhunga g "2PeBU"
L

Simara
@

_Dhankuta

_ Biratnagar
®

(Source: DHM)

Figurel: Location map of 15synopticstationsin Nepal

Addition details ofthe 15 synoptic stations used in this stusljisted in the table below

Table 3: Details of the 15 synoptic stations.
Prabhu Engineering Consultancy P. Ltd. 15
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Station Longitude | Latitude | Elevation

S.N. ID Station Name District (degree) | (degree) (m)

1 44404 | Dadeldhura Dadeldhura 80.58 29.30 1848
2 44406 | Dipayal (Doti) Doti 80.93 29.23 720
3 44409 | Dhangadhi(Atariya) Kaliali 80.55 28.80 187
4 44416 | Surkhet(Birendra Nagar] Surkhet 81.63 28.59 720
5 44418 | Nepalgunj Airport Banke 81.67 28.10 165
6 44424 | Jumla Jumla 82.18 29.27 2366
7 44429 | Ghorai (Dang) Dang 82.48 28.04 634
8 44434 | Pokhara Airport Kaski 83.98 28.20 827
9 44438 | Bhairahawa Airport Rupandehi 83.42 27.51 109
10 | 44449 | Simara Airport Bara 84.98 27.16 137
11 | 44454 | Kathmandu Airport Kathmandu 85.37 27.70 1337
12 | 44462 | Okhaldhunga Okhaldhunga 86.50 27.31 1720
13 | 44474 | Taplejung Taplejung 87.67 27.36 1744
14 | 44477 | Dhankuta Dhankuta 87.35 26.98 1187
15 | 44478 | Biratnagar Airport Morang 87.26 26.48 72

(Source: DHM)

Available satellite images covering the extreme eventxaltected fromMeteorological
ForecastingDivision of the Department of Hydrology and Meteorologis DHM lacks
upper air data, #sesurface and upper air re analydema aregathered fromERA-Interim

reanalysis data (http://agps.ecmwf.int/datasets/data/interfoil -daily/levtype=sfc) from

European Centre for Medium Range Weather Forg@g8SMWF) are used to study the
synoptic features of each event. Moreoveatellite estimated rainfall from Global
Precipitation Mission (Lex-3 IMERG algorithm)is used tacompare against the rain gauge
observations For this purpose,graphical display that can be viewed in Google earth

(http://giovanni.gsfc.nasa.govfianni/#service=AcMp is used.Moreover, Grid Analysis

and Display SystenfGrADS) is used to visualize thdata inbinary or netcdf formats

required

3.3  Definition of Major Weather Events:

The formulation of criteria for the identification of MajWeather Events is really a
challengng task After the collection of necessary rainfall data from DHdfforts were
made toidentify major weather eventssing a number of test criterigor this daily rainfall
data of all the & synoptic stations wengtilized. After testing various criteriyo criteria

Prabhu Engineering Consultancy P. Ltd. 16
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werefinally adoptedn orderto identify the major weather eventsthis study, whictareas

follows:

Criteria I: An event (day) is considered asa)dr WeatherEvent (MWE)if the cumulative
daily precipitation in any five or more stations (out of 15 stations) exceed 25% of their
respective seasonal normal precipitation values.

Criteria 1l: It is based on the heavy precipitatievents.If the daily accumulated rainfaf

any two stationgout of 15stations)exceed 100nm, then the day is considered as the day

of major weather event.

More than eight major weather events were identified from the above mentioned criteria, so,
the eight major weather events were selected such that at least one ezsdi@mrwevent fadl

in each season as defined in TOR and on the basis of the impact to the public. The major
eventscommon taboth the criteria aralsoincludedin the eight major weather events.

Abovecriteria are choseim order to focus omvents that are of synoptic scale rather than
extreme events with limited spatial coverag®it is almost impossible tdind strong
association between large scatenosphericonditions and extremedhat affect onlysmall
areas However, coarse resolutiodatasets (such as reanalysis data) does not provide the
details of the atmospheric conditignat local level, so it is difficult to study local scale
extremes and associated atmospheric conditions that is respdosiibie occurrence of the
eventunles such data are gathered through say a field campaigtiher important reason
for choosing large scalkeventsrather than the local scatmesis that the large scakvents
have much greatempactson the publicas theyaffect large number of people aptbperty
than the local scale phenomenon. 8ean be said that selection criteria is set on the basis
of societaimpacs. Finally, above two criteria are sefter testing a range of criteria in order

to identify the major weather events on the batminfall.

After the identification of eight major weather events, the detail study for the occurrence of
each major weathaventis carried out. The detail study for each major weather event spans
a periodof 2 days prior to the MWE and 1 day afteetbvent. This provides a clear picture

of genesis and decagr trajectory of the events. Following fields are analyzed in each case

study:

Prabhu Engineering Consultancy P. Ltd. 17
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a. Mean Sea Level Pressure.

b. Upper atmospheric conditions (e.gecgpotential height wind and other derived
parameterge.g. CAPE, relative vorticity, etc. on basis of necessity and availability)) at
standard pressure levels (8300,500,300 hpa).

c. Relative humidity at 600 hpa.

d. Satellite image for the cloud development, movement and dissipation.

e. Satellite estimated rafall.

Though the MWESs were identified being based on the akiof 15 synoptic stationghe
rainfall of more than 300 stations were studied for the detail analysis of the events. To
compare tB 11 KM grid data from GPM with the observed gauge rainfalbre than 300
stations are used so that the comparison would be relEH@edetail study of each event
helpsto identify typical atmospheric conditions during the occurrence of heavy rainfall in
the country. It is hoped that this would provide a valeabference to forecast precipitation
induced by MWE over Nepal in future.

3.4 Identification of Major Weather Events:

Two stageanalysis is carried out to identify the eight major weather events. Firstly different
schemes were designed to identify the major weather events of the year according to the
terms and conditions defined in TOR. From the detailed analysis and discussitg @mo

staffs and among the staffs of MeteorologiEatecasting Division, above mentioned two
criteria were set. From the critedianentioned in Methodology above, the following major

weather events were identified.
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Table 4 : Major Weather Events identified according to the criteria |

Year 2014/2015
No. of MWE
S.N. Month Date Season (per season)
1 August 14-15 Monsoon 1
2 October 14-15 postMonsoon |1
3 December 14
4 December 16
5 January 2-4 5
6 January 23 Winter
7 February 27
8 March 2-3
9 March 31 PreMonsoon |3
10 | May 12

There are altogether ten major weather events identified according to the triféina
major weather events are identified in the winter seatfwae major weather events are
identified in the premonsoon season, and oMBNE is identifiedin monsoon and pre
monsoon seasogach Though there are ten MWE identified according to the criteaiad

we need eight MWE to complete this research, wetbet @riteria too to choose the MWE
because there is just one MWE identified in monsoon season according to the Icriteria
However, monsoon season is very important in terms of its contribution to annual rainfall
frequentoccurrence of rainfall inducedsaister such aoods and landslids in this season

and heavy dependency of the agro economy on good mandtmneed to study more
events on the monsoon season. Moreover, the daily accumulated rainfall in monsoon season
is greater compadeto other seasts. So it is decided that out of eight MWEs few events

should be in the monsoon season. So a second criterion is formulated as described above,
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From the criteridl, following five major weather events are identified.

Table 5: Major Weather Events identified according to the criteria Il

Year 2014/2015

S.N. Month Date Season No. ofMWE
(per season)

1 July 7

2 July 19 Monsoon

3 August 14-15 ‘

4 September 11

5 October 15 Postmonsoon | 1

According to the secondriteria, there are altogether five major weather events identified
four in the monsoon season and one in the-pastsoon season.

To choose eight major weather eventg of the13 independentmajor weather events
identified from the above mentioned twoteria (Both criteria gives the identicMWES in

the monthof August andOctobe}, the terms and conditions in TOR and the impact of the
event to the public was considered. The eight major weather events are identified such that
at least one major wesadr evenffalls in each season. The overlapped two MWE als®
included being common to both criteriehe two major weather evenidentified according

to criterial, that occurin latewinter @7 February) anearlypremonsoon 2-3 March) are
combned as a single major weather eveeturringin winter season2( Felruary 3

March) becausdhey are separated by only a few days gaidfall in early Marchis often

associated with westedisturbance rather than pn@onsoon activities.

With above consideratioripllowing eight major weather evengse identified in the year

20142015 (monsoon to prmonsoon), which are studied in detail in the next chapter
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Table 6 : Major Weather Events identified for the study.

Year 2014/2015

_ No. of MWE
MWE no. | Month Duration Season
(per season)

1 July 19
2 August 14-15 Monsoon 3
3 September 11
4 October 14-15 postMonsoon 1
5 January 2-4 .

Winter 2
6 February andMarch | Feb 27 March3
7 March 31

PreMonsoon 2
8 May 12
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4. RESULT AND DISCUSSION

The eight Major weather events are studied separately on detail. The common features of the

eventare also discussed conclusion.

4.1MWE 1 (July 19):

During this event, almost all synoptic statioeseived rainfall on 19 July including heavy
rainfall in the western hilly region (e.g. 126 mm in Dadheldhura and 123.8 mm in nearby
Dhodhara station within 24 hours.) and central southern part of the country (e.g. Bharatpur,
Rampur and Bhairahawa recert 80, 101.2 and 84.2 mm respectively). . Being the
monsoon season, the rainfall activities throughout the country was fairly widespread,
however in some stations didnot record the rainfall because of the rain shadow areas and in
the bank of the river fasg opposite to the monsoonal wind. Nevertheless, from the record
of rainfall in the country over the four days from 17 to 20 July, it can be concluded that
almost all parts of the country received moderate amount of rainfall including heavy rainfall
in sone parts of western hilly and central Terai regions (Fig 1.1 to 1.4).

A comparison of the GPM satellite estimated rainfall with observed rainfall shows a high
correlation in far western middle hilly region of Nepal and satisfactory correlation in the
certral and the eastern hilly regions. For example, GPM satellite estimated rainfall in the
western hilly region was 90 mm to 125 mm whereas the observed rainfall was 125 mm in
Dhadeldhura synoptic station and a nearby station (Dhodhara) recorded 123.8 mm and
moderate amount of rain was observed in the central and eastern hilly regions.

The satellite image shows a huge and dense cloud mass in the far western hilly and Terai
region at 12 UTC of 18 July (Fig 1.10) where heavy rainfall occurred. = Small patiches
cloud were observed in the low rainfall areas (Fig 1.11). After 12:45 UTC atilg9t

starts dissipating and the system was weakening then after. The cape vale-»80®%00

J/kg was observed in the western hilly region of Nepal at 09 UTC of 18wigh helped

to intensify the cloud amounts by convective phenomena as well as supported the monsoon
system for heavy rainfall (Fig 1.14). On 19 and 20 July the cape value was not very
supportive for heavy rainfall (Fig 1.15 to 1.16).

On 17 July, 90 %elative humidity was observed at 600 hpa in eastern and central Nepal
and 80% in the western Terai belt (fig 1.65). At 00 UTC of 18 July, almost all part of Nepal
was covered by 90 % relative humidity at 600 hpa and the central southern part was covered
by 100% relative humidity (fig 1.67), which was favorable for the heavy rainfall over
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central to western part of Nepal and moderate type of rain to eastern part but at 12 UTC of
18 July, western Terai had lesser relative humidity at 600 hpa compardeetoegions of

Nepal (Fig 1.68). The humidity percentage available in the morning of 19 July was high

comparatively in the evening time of the same day .lts percentage in western terai was
around 70% in 12 UTC of 19 July. Likewise at 00 UTC of 20 Julyidity percentage was

in the range of 7@80% and its percentage go on decreasing at 12 UTC of the same day..

Overall analysis shows that in the mid tropospheric level (600 hpa) adequate amount of
moisture was supplied for the heavy rainfall events on J9iduhe western hilly region

and central Terai regions.

For this event the relative vorticity at 12 UTC of 17 July and 00 UTC of the 19 July at
500hpa was more supportive for convergence from low level to develop the system. (Fig
1.58 and 1.61). It wastrongly positive in the heavy rainfall areas especially in the western
hilly regions and central region and then after it became negative, which means it was not
favorable for the heavy rainfall (Fig 1.63).

Synoptic sequences

On 17 July theosition of monsoon trough at MSL was north of its normal position in the
western part than the eastern part of Nepal and the position of the trough was clearly
observed from Multan of Pakistan to BOB the same way at 00 UTC of 850 hpa in 17
July the paition of trough was observed in central India with the extending trough line
passes from Chhattisgarh, Orissa and northern part of Andra Pradesh followed by the wind
patterns. The trough line at 12 UTC of uly was shifting north in the western Nepainr
its normal position (Fig 1.26). At00 hpa level the monsoon trough passes from the Arabian
Sea to east Madhya Pradesh where low pressure system was observed and elongated up to
Gangatic west Bengal. The wind pattern follows the cyclonic circulatitmeitow pressure
region at 700 hpa level in the same day. The low pressure system in the Rajasthan area
captures the moisture from the Arabian Sea for giving the rainfall in the Northern part of
India and Nepal. The position of the trough was a bit shifidthie western part of Nepal
with the strong low pressure system was obse(i#ggl 1.33). Similarly at 500 hpa on 17
July the upper air trough was observed in Arabian sea and passes to central India . The mid
tropospheric cyclonic circulation was observedhe northern part of Arabian Sea along
with upper air trough passes to east Rajasthan,west Madya Pradesh and end to the Orissa
followed by upper wind chart of 500 hpa but at 300tiaanticyclonic circulation (high)
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was observed in Nepal and its ppeery (Fig 1.50).The upper air circulation of wind
exactly followed the wind pattern in the areas of Nepal in clockwise directions. The
divergence in the upper level (300 hpa) over the heavy rainfall areas provided favourable
condition for the low levetonvergence and development of system for heavy rainfall. On
18 July, the position of monsoon trough at MSL was more or less in same position but more
elongated than the previous day in eastern aidkat 850 hpa trough was extending from
north western art of India to north of Orissa and ending at central BOB where the low
pressure was observed in the periphery of West Bengal. The circulation pattern of wind was
clearly observed in Uttaranchal and its periph@hg 1.28).Like wise at 00 UTC and 12

UTC of 18 July at 700 hpa the position of the trough was almost in the same place but the
low pressure system was more stronger and elongated more in the north western part of UP
to JK and wind pattern closely followed the circulation patterns whicletieéhe supply

of moisture from the Bay of Bengal in the heavy rainfall ar8asilarly at 500 hpa of 18

July also the extended trough was clearly observed with its position near to the western
border than the eastern border of Nepal and ended in thelcBQB. But in the eastern

hilly region from 00 UTC to 12 UTC of 18 July high pressure system was observed (Fig
1.43 and 1.44). At 300 hpa of 18 July high pressure systerm was clearly observed in Nepal
which helps to converge the moisture from the level for heavy rainfall. In the 00 UTC

of 19 July MSL pressure was observed north of normal position and at 12 UTC of the same
day the trough was almost in same position but more elongated in the eastern part. While
observing at 850 hpa at 00 UTC theigos of trough was near the border of western Nepal
covering some part of middle hill and Terai region. At 12 UTC of the same day trough
position shifts towards east but below its normal position ended over central BoB (Fig
1.30). The position of monsadrough at 700 hpa at 00 UTC and 12 UTC of 19 July? was
clearly observed in the northern part of west Nepal covering almost all part of western
region, where the heavy rainfall was occurred. Its position is quite southwards in the eastern
region of Nephk The strong cyclonic wind flow originating from BoB supplied sufficient
moisture over eastern Nep@ig 1.37).Similarly on 19July also the position of the upper

air trough was not so much shifted but strong circulation was observed @hliztisgarh

and its pheriphery (Fig 1.46asterly wind was observed in the eastern and central part of
Nepal and south easterly wind in the western part of Nepal that brings sufficient moisture
for the rainfall. The wind flow at 500 hpa clearly followed the pattehlow pressure area
developed in the West Bengal. Likewise at 300 hpa, theremavagnificant change in high
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pressure system on 19 July but the wind patterns was strongly diverse in the West (Fig
1.54). On 20 July at 00 UTC and 12 UTC the monsoaumgh was observed near normal
position in west and in normal position in the eastern part of north India. High pressure
system was clearly observed from the Maharastha coast to north western side of Rajasthan
(Fig 1.23 to 2.24). which signals the fair eer thanafter. At 850 hpa at 00 UTC the
monsoon trough was elongated from western border of Nepal to north of Odissa, west
Bangal and ended to central BOB but at 12 UTC of the same day the strong circulation was
observed in the pheriphery of west Belngaith the extended trough almost in the same
place as in 00 UTCOn 20July at 700 hpahe position of the trough was very close to the
western part of Nepal and far from the eastern part of Nepal. The wind pattern at 700 hpa
closely follow the systeml'he wind flowing from the Bay of Bengal to the north western
part of India and Nepal carry sufficient amount of moisture to the heavy rainfall areas.
Strong circulation being quite below from its normal position of monsoon trough, may
suck up the hundi air passing in the eastern part of Nepal leading to less pricipitation over
the region (Fig 1.40). In the same way at 500 hpa the circulation was observed in the
pheriphary of west Bengal and in the north western side of JK with clearly shows gififting

the trough south of its normal position. The ridge elongated from eastern Nepal to south
western part of Nepal signals the weakning of the events in the study areas. (fig 1.47). The
flow of wind was easterly in the eastern region and southwesteriyutbesly in the mid
western to far western regions of Nepal clearly in agreement with the pattern of the low
pressure area. At 300 hpa, on 20 July at 00 UTC and 12 UTC distinct high pressure system
was observed in the central India to Nepal which clarntjciates the weakning the major

system.

Conclusion:

The monsoon trough in the MSL was very near to the boarder of western Nepal. The
pressure falls to 996 hpa in the periphery of western border of Nepal. (Fig 1.20). Vertical
extend of the trough was cleabserved from MSL to 500 hpa and was near to the western
part than eastern part of Nepal. The wind pattern follows the pressure pattern and helps to
supply the moisture from the Arabian Sea and the BOB branch up to 500 hpa. The relative
humidity at 600 pa at 00 UTC of 18 July shows that the adequate amount of moisture was
available for heavy rainfall in the far western part and southern central part as well. The
relative vorticity was strongly positive from 12 UTC of 18 July to 00 UTC of 19 July, which
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helps to support the heavy rainfall on 19 July. Satellite image shows huge mass of cloud at
18 UTC of 18 July, which also supports for the heavy rainfall on 19 July. Finally it was
concluded that strong positive vorticity, sufficient moisture supply, positif monsoon
trough, route of the wind flow aligned with system, accumulation of cloud masses in the
heavy rainfall areas results the heavy rainfall in Dadeldhura synoptic station and its
periphery and to the central southern border of Nepal and thatesdjareas. The supply of

the moisture wamainly from Arabian Sea and Bdor this event.

4.2MWE 2 (August 14 to August 15, 2014):

MWE 2 is the weather event of August 14 and August 15. From August 12 to August 16,
almost all the stations received rainfall except a few stations. While analyzing the rainfall
we found thamostly therainfall amount increases day by day from 12 Augoist3 August

and then decreases slowBoth the number of stations receividgily rainfall of 100mm or
moreand thenationwidehighestdaily rainfall increasd eachdayfrom 12 to 15 AugusiOut

of 360 station, on 12, 13, 14, 14 and 16 Augist.8, 60,87 and 11 stations recorded 100
mm or morerainfall respectively. While the highest amount d#ily rainfall across the
nationwas 220.4 mm, 200.4 mm, 300.9 mm, 442.3 mm, and 145 mm on 14,11% and

16 August respectively. On 15 August, 5 statisasorded 400 mm or moreainfall.
Although most of the statioria Nepal received rainfalbn those five days, the highest
rainfall occurred in central hilly and Himalayan regioh Nepal on the 13 central and
westernTerai andSiwalik regionon the 14, mid-westernTerai andTiwalik regionon the

15", mid-western and far westefFerai on the 18 and Siwalik region and easterffierai
region on the 17" August respectivelyMoreover, two of the synoptic stations viz.
Birendranagar and Dang received theord breaking extreme rainfatif 423.1 mm and
294.4 mm respectively in 24 hours period observed at 03 UTC of 15 August for the month
of August with the previous record of 169 mm and 155.6 mm of rainfall respectivedyyH
rainfall mainly occurred in Teai and Siwalik region of the country than the hills and
mountains.Many people died and thousands of properties were lost during this episode of
heavy rainfall event which triggered one of the extreme flood events in Nepal.

A comparsonof the observed gae rainfall with theGPM estimated rainfalkhowsthat the
estimated rainfall is highly ecelated with the station rainfall but there are some

disagreements betwedmetwo. For examplepbserved rainfalis greater than 80 mm in the

Prabhu Engineering Consultancy P. Ltd. 26



Final Report:STUDY OF MAJOR WEATHER EVENTS

border of central ahwestern region of the counton August 16(Fig. 2.4) but the GPM
estimated less than 50 mm of rainfélig 2.9)

The satellite imageries clearly follow the rainfall pattéfig. 2.11 to 2.15)Since this is the
monsoon seasoand the rainfall is widspread throughout the countilye satellite imagery
shows scattered to broken amount of cloud masses throughout the chuirigthe study
period. The cloud masses are dense with overcast cloud amount in the region where the
rainfall is high. More intasified cloud masses precipitate heavily in the groufar.
example, a comparison of observed rainfalfy(E.4) and satellite image (i§ 2.14 show

that rainfall is highest in thenid- and farwesternTerai andSiwalik regiors, wherecloud
patchesare moe dense and brighter

Moreover, from a comparison of observed rainfall with relative vorticity, it is seen that 850
hpa relative vorticity matches well with the rainfall during this MWE with higher value of
relative vorticity in the areas where rainfal also high. For example, comparison of Fig
2.71 and 2.72 with Fig 2.8 shows that the relative vorticity is highest in western terai region
of Nepal and the rainfall is also high in the same areas.

Relative humidity at 600 hpa is generally higher in tbw level low pressure areas and
lower in the low level high pressure areas, and higher in eastern Nepal than in western
Nepal (Fig 2.76 to 2.85). The relative humidity slowly increases all over Nepal from 12
August onwards. The relative humidity is highermost parts of UP, Bihar, Jharkahnda,
west Bengal, Orissa and adjoining parts of Andhra Pradesh on the MWE day’ afdl4

15" August (Fig 2.80 to 2.83). But the relative humidity decreased over the region after 12
UTC of 15" August.

Synoptic featureanalysis shows monsoon trough at the surface on the first day, ie. 00 UTC
of the 12" August, which extends from nortleentral Pakistan to Punjab, Haryana, Uttar
Pradesh, and the adjoining parts of Bihar and Jharkhanda. The trough then extends
downward fom Bihar and Jharkhanda to west Bengal, coastal part of Orissa and Andhra
Pradesh ie. the monsoon trough is in its normal Position. Another branch of trough extends
from North-central Pakistan to Arabia Sea. The position of the monsoon trough from central
Pakistan to Haryana, UP and Bihar is almost same up to 850 hpa but the trough extends
downward from Bihar to West Bengal, a little bit west than the position of trough in MSL,
and lies from the adjoining Part of UP and Bihar to Chhatishgarh and AndhackesRr At

700 hpa, the trough from Norttentral Pakistan extends to Punjab, Haryana, and UP. The
trough is then divided into two branches from UP. One branch of which extends from
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adjoining parts of UP and Bihar to Chhatishgarh and Andhra Pradesh vehdéhtr branch

of the trough extends to Arabian Sea via UP, adjoining parts of Rajasthan and Madhya
Pradesh and Gujarat. The trough lies closer from western Nepal than from eastern Nepal.
Also, pressure is lowest in western Nepal than in other parts abthery at 700 hpa (Fig

2.36). High is dominant over Nepal at 500 hpa and 300 hpa. Moreover, at 500 hpa, low
pressure area persists in Mahrashtra and adjoining areas. From 12 UTCAafgl&t, the
pressure values at Pakistan decreases slowly with tichéh& trough shifts slowly upward
towards Nepal up to 850 hpa. Also, the trough at 700 hpa that extends from adjoining areas
of UP and Bihar to Chhatishgarh and Andhra Pradesh intensifies and deepens, and slowly
moves northward while the other trough extimg from UP to Arabian Sea remains
stationary. At 500 hpa, the low pressure area at Arabian Sea weakens slowly and the high at
Nepal also starts weakening. High pressure area is dominant over Nepal at 300 hga. On 13
August, both at 00 UTC and 12 UTC, the monsoon trough at MSL lies north of its normal
position i.e. close to foothills of Himalayas but the pressure is slightly lower in western
Nepal than in the central and eastern Nepal. At the same time, the troiM lapa also

shifts northwards and lies close to the foothills of Himalayas while the branch of the trough
extending from Bihar to southwards shifts east and lies in the coastal part of Orissa and
Andhra Pradesh. At 00 UTC of #3\ugust, a circulation ernds from western Nepal to

UP, Madhya Pradesh, Chhatishgarh and Orissa resulting in the wind flows from Bay of
Bengal to western part of Nepal while the high is dominant in the central Pakistan and
adjoining India (Fig 2.48). The high at 300 hpa slowlyitshivestward. On 1% August,

both at 00 UTC and 12 UTC and up to 00 UTC df Maigust, the monsoon trough lies in

the foothills of Himalayas (Fig 2.20, 2.21). At 850 hpa, the trough extending from Bihar to
southwards is similar to previous days but otbheanch of the trough intensifies, move
northwards and lies in the foothills of Himalayas with the pressure minima over western part
of Nepal. The wind flow becomes south westerly as seen in fig 2.38. The wind both from
Arabian Sea and BoB contribute fdret sufficient moisture supply in Nepal which can be
seen from fig 2.40 and fig 2.50. The associated trough extends up to 500 hpa with the
extension of trough from Northern Pakistan to Punjab, Nepal and then to adjoining part of
MP and chhatishgarh, and atjing part of Orissa and Andhra Pradesh. At 500 hpa also, the
trough is close to western Nepal. At the same time, at 300 hpa, the high is displaced
westward and lies in central Pakistan while a small trough exists in western Nepal. The wind
speed decreasen Nepal than in the previous day (fig 2.59 and fig 2.60). From 12 UTC of
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15" August onwards, the trough at MSL weakens slowly. The trough at 850 hpa, 700 hpa
and 500 hpa also weakens slowly with time while the high starts to strengthen in 300 hpa
therafter.

To conclude, the major cause of the heavy precipitation event is the location of trough at the
foothills of Himalayas and the extension of the trough up to 700 hpa. Moreover, the
associated trough was developed in 500 hpa to support the feature strface. The
development of slight trough in western part of Nepal at 300 hpa also shows the instability
up to 300 hpa .The trough was closer from the western Nepal; as a result precipitation was
heavier in western Nepal. Moreover, sustained supply @métare was maintained by the
strong wind flow towards the Himalaya from the BoB and Arabian Sea while the monsoon
trough was located near the Himalayan foothills and this provided conducive condition for
cloud formation leading to heavy precipitation. dddition, rainfall activities are found
greater in the high vorticity (cyclonic circulation) areas and low in low relative vorticity
areas. Finally, rainfall activities decreased from th& déwards as the trough shifts to its

normal position.

4.3MWE 3 (11 September2014:

Synopticsequences:

As seen in Fig. 3.3, on 11 September 20d@kervedainfall was heavier in western Terai

and Siwalik region in comparison to the other parts of the coumtrg 700hpa chart
revealed the isolated low over Pokhara areas at the meantime station recorded significant
rainfall in 9 and 10 Septembe¥oisture distribution at 600 hpa also indicated the dense
cloud development over thgP, MP and neighbourhood. Satellite estie rainfall also
shows heaviest precipitation over the same region in the whole of South Asia on that day
(Fig. 3.7). Satellite imagery of 10 and 1%eptemberalso depicted dense cloud mass
concentrated over thuthwestern regionsf Nepal(Fig 3.10and 3.11). At 12 UTC of 9
Septembemestern end of monsoon trough the surfacevas located nortlof its normal
position(Fig3.14) and in the same time low pressure was developed over MP with vertical
extension up to 700 hpa. Moreover strong divergencenagative vorticityat 500 hpa
marked the strong low level convection over the wegiaims of Nepal and Up areas .At

the same level feeble westerly trough was also located over the Uttarakhand amas and
extendedup to 300 hpaThe Lower tropospheritevel (upto 850 hpaghifted slightly
northwards anavaslocated ovetJP at 12 UTC of 10 September (Fig 3.24 and 3.32)hat
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meantime the surface lowas found to mergeavith the monsoon trougliFig 3.16.
Converging wind circulation atTL supports moiire influx toward UP and west Nepal

from both Arabian sea and Bo@ig 3.24 and 3.32 The trough observed at 300 hpa
gradually propagatke eastward and situated over the westBigpal at 12 UTC of 10
SeptemberThe strong divergence and negative vortieityp00 hpa marked the strong low
level convection ovetJP and adjoining western plains gave rise to abundant low level
moisture supply which in turn created the moist instability for development of dense
convective cloudover UP and neighbourhoods depited by satellite imagery of 10
Septembel(Fig 3.10.The feeble westerly trough observed at 300 hpa and distinct westerly
trough at 500hpa over north west Nepal created cold air advection from higher latitudes and
warm moist air drew by wind from Arabiaread and BoBat lower atmosphere s in
accumulating abundant moistundnich triggered dense cloud yieldy heavy precipitation

over the western plains of Nepal. The upper air westerly trough at 3@®dhb&00 hpa
propagated eastwards gradually but ridge developed over eastern region curbed its
movementThe LTL low weakenby 00 UTC ofthe 11" howeverit again intensified by 12

UTC of 11th September and shifted north eastwards yielding light to moderate rain in
certral and eastern regiaf Nepal. Then aftemonsoon trough shifted southwar@sespie

the southwardhifting of the monsoon troughsufficientmoistureget accumulated leading

to developnent of dense cloud mass over th#P, central and eastern region biepal
becauseof distinct low persistedover MP and adjoining east UPThe low overUP and
positive vorticity at 500 hpa ové&iP on 12 Septembeffig 3.59 and 3.60Qyielded moderate

rain over central and easteflierai (Fig3.4). Besides that the isolatedw pressure was
observed in the 700 hpa chart over western hilly regiaimswas observed widespread over

the Nepal in 11th September the reason was due to the closely approaching monsoon trough
towards the south Nepal. Synoptic analysis based on thalyssndata explored the fact

that the shifting of monsoon trough towards the north to its normal position and the
persistence of low over the southP and adjoining northMP created the conducive

environment to yield rain over the Nepal

Summary
The appraching monsoon trough towards the southern plains of Nepal drew the abundant
amount of moisture from BoB due to which substantial rainfall occurred in the country.

South easterly current from BQdhd south westerly current from tAeabian sea entrained
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the moistureowards the UP and adjoining areas .Tlog level low pressure areasainly

over 850 and 700 hpa developed o#P and adjoining promoted the moisture flux
throughout the country yielding the moderate to heavy rainfall depending upon the
topogaphy.Besides that the isolated low pressure was observed in the 700 hpa chart over
western hilly regions. The 70fpachart revealed the isolated low over Pokhara areas at the
meantime station recorded significant rainfai 10th and 11th September. Mainly the
moisture accumulation in the peripheo§ mountains increases the moisture instahility
which in turn triggered the dense precipitable cloud and give ridarigd to continuous
downpour depending upon the moisture rgitg and supply. The moisture coalition from
BoB and Arabian sea yielded significant rainfal 10 September mainly over western
Nepal whereas shifting of Low over ed$P get intensified and moisture flux only from
BoB couldn't produce significant raadf in eastern and central Nepal. Thus we can
conclude that the development of cloud in thergerof abundanimoisture from BoB and
ArabianSeais more precipitable.

4.4 MWE 4 (14-15 October,2014:

Synoptic features and consequences

Cyclonic storm formedbn 8 October over Bay of Bengal (BoB) deepened and became
severe cyclonic storm on the"9and further intensified due to immense moisture
supply,negligible wind shear and less friction over the BoB and finally became very severe
cyclonic storm. Surface wather charts, satellite imageries, circulation and geopotential
analysis of different levels revealed that the very severe cyclonic storm HudHud, formed
over BoB, moved in northwest direction towards the landmass. In theafternoon of 12
October, Hudhud madéndfall over Visakhapatnam of Andhra Pradesh with surface
pressure of less than 990 hpa at the center. But it slightly weaken into Severe Cyclonic
Storm soon after the landfall with the core pressure of 996 hpa. Fig 4.17, 4.27, 4.37 and 4.47
depict wellorganized cyclonic circulationsear the time of landfafrom surface to MTL

with north westward tilted core with height. Feeble cyclonic circulation is seen even up to
UTL (Fig 4.57). The positive vorticity drained from throughout the sub Indian comntmeh
accumulated over the coastal AP. At 12 UTC of 12 September, UTL wind flow was
westerly over the North west India and adjoining Pakistan areas without any trace of trough
in there(Fig 4.57). But the UTL wind flow over Nepal was south westerly analgstro

Prabhu Engineering Consultancy P. Ltd. 31



Final Report:STUDY OF MAJOR WEATHER EVENTS

With the advent of time,byOOUTC of the "3feeble trough emerged over Pakistan and
adjoining Afghanistan at 300 hpa and the converging wind pattern shifted slightly north
westwards over AP and weakened. At 500 hpa the strong converging windhffted s

north northwestwards with decreasing intensity but the feeble trough started developing
over west Pakistan areas at 00 UTC of th&. 18 the same way, cyclonic circulation
observed at 700 and 850 hpa shifted north north westwards with sldjhtipishing
intensity. The organized converging wind pattern lost its vigour and diminished into severe
cyclonic storm after some time of landfall and gradually became cyclonic storm at 00 UTC
of 13. It further recurved northwards at 00 UTC of 13 (Fidl8) and converted into deep
depression and was located over south Chhattisgarh with central pressure of 996 hpa at the
surface. The deep depression further weakened into depression with its core pressure 998
hpa at the surface and was situated over ae@ihattisgarh and neighborhood at 12 UTC

of 13 September. At the same time distinct westerly trough developed over the central
Pakistan at 300 and 500 hpa (Fig 4.49 and 4.59) with associated feeble trough at 700 hpa.
The depression was extended up to B@@& tilting northwards with height. Moisture
distribution was not concentrated about the depression but spatially distributed throughout
Chhattisgarh, MP and UP areas whereas dry atmosphere was noted over NW India at 600
hpa (Fig 4.79). On the other harfdgh moisture content was observed over the central
Pakistan and neighbourhood at low levels at the same time. The depression drifted
northwards and located over the east Madhya Pradesh with its vertical extension up to the
500 hpa at 00 UTC of the ¥4 At the same time deep trough observed at 300 hpa
propagated eastwards towards NW India and adjoining Pakistan which ultimately combined
with the remnants of cyclone where the ridge was observed over north east India. The
depression in the course of shiiimorthwards interacted with the trough observed at 500
hpa over NW India as illustrated in Fig 4.50. In the lower atmosphere the depression is
approached with the circulation developed over central Pakistan. Moisture contents of
depression combined withé¢ moisture observed over NW India. By 12 UTC of 14 October,
depression had shifted north northwards towards east Uttar Pradesh and weakened to well
marked low pressure, which merge with the westerly trough at 500 hpa. Also, the low
coupled with the 700ga low developed over north west India as illustrated by fig 4.51 and
4.41. In the same time dense cloud mass was observed over east UP, central Nepal and
neighbourhood where significant rainfall was also observed. The converging wind
circulation is locatd over east UP at 700 and 850 hpa. Upper level westerly trough is
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located over the NW India. Significant rainfall was observed over Nepal under the influence
of mid latitude westerly trough and low level circulation. The short wave trough collide with
the well marked low pushed the moisture north eastwards causing the blizzards over the
Himalayas due to the orographic lift and rainfall over central and western regions of Nepal
where the high moisture content was observed at mid troposphere(at 600 hikig 4.
Cold air mass dragged by upper air trough from higher latitude and warm moist air
accumulated by well marked low created moist instability which in turn gave rise to dense
cloud mass with high moisture content.
At 00 UTC of the 18, the upper air tnagh at 300 hpa and 500 hpa weakened, and shifted
only slightly eastwards due to the high pressure over the east Nepal. However weak
cyclonic circulation is observed at 700 and 850 hpa and moisture content at 600 hpa
decreased rapidly and the atmospherecapa to be nearly dry resulting in only isolated
rain over one or two places. Upper and mid troposphere Trough further propagated only a
bit eastwards and seems to be locked at 12 UTC of 15 September (Fig 4.53 and 4.63). The
trough observed at 700 and 8bpa receded in the same way atmosphere seems dry over
many parts of Nepal and India. At 00 and 12 UTC of 16 September, upper air trough
remained over NW India but it did not play any significant role in weather pattern as there
was not support from the wer atmosphere. Slight trough is observed at 00 UTC over
Uttarakhand areas in 700 hpa causing light rain over there and at 850 hpa trough is observed
over east Nepal and neighborhood. At 12 UTC trough vanished from NW India and strong
westerly prevailed at00 hpa and 850 hpa, which marked the end of cyclone's influence.
summary
Shortly before landfall near Andhra Pradesh (AP) , on October 12, Hudhud reached its peak
strength with threeninute average wind speeds of Kfb/h (109mph) and a minimum
centralpressure of 990 hpa. After two days, the system then drifted northwards towards
south Chhattisgarh, east UP and Nepal causing widespread rains in both areas and heavy
snowfall in the latter.On 14 October 2014, sudden weather changes from Cyclohtuéiud
in Nepal reportedly caused an avalanche and blizzard on Mount Dhaulagiri, in the
Annapurna region and Mustangpmsom areas. The avalanche and heavy snowfall killed at
least 43 hikers and guides in Nepal. Regarding the synoptic features the eastward
propajating higher latitude westerly trough in the upper atmosphere merged with the
remnants of cyclone HudHud which is manifested in the 300 hpa and 500 hpa ¢hart in
13 and 14 October .The waetlarked low remained from cyclone in the course of shifting
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northwestward direction encountered with the eastward propagatingryesough. The
well-marked low with organized cyclonic circulation up to the 500hpa is situated over the
east U.P and adjoining west plain of Nepal generated heavy precipitation. Hawvatver
organized cyclonic circulation extended up to the 300 hpa where feeble trough can be seen.
The geopotential and wind pattern analysis revealed the clear picture of coupling of two
moisture laden air masses. This is also ascertained from the 600hpee rélumidity
analysis. The vigor of the remnants is due to the unification of the two moisture rich air

mass.

4. 5MWE 5 (2-4 January, 2015)

Synoptic Sequences

Quick glance over the system cued that the rainfall is due to the eastward propagating upper
air trough which penetrated to the lower atmosphere, generated the conducive ambience for
the supply of moisture in turn created vast pool of moisture from Arehéan The north

south trough originated from the central Pakistan towards the Arabian sea via Rajasthan is
observed in the 300 and 500 hpa level at 12 UTC of 31 December 2014 as illustrated in Fig
5.49 and 5.59. At the same time at the 850 and 700 hparlgagind is blowing over the

Nepal and core low was observed over the Arabian sea and adjoining Maharashtra coasts
which is elongated towards the north west India(Fig 5.29 and 5.39). Likewise low was
observed over peninsular India in mean sea level.@rakoud was observed over Madhya
Pradesh(MP), Uttar Pradesh(UP) and west Nepal areas (Fig 5.13). Rainfall was also
observed in those corresponding places(Fig 5.7) whereas rain was more pronounced over
western hilly region of Nepal as shown by Fig 5.1. éxding to the relative humidity map,

there was substantial relatively humidity at 600 hpa over the west MP. In the 300 hpa chart
trough observed in the previous day was nearly stationary but deepened at 12 UTC of 1
January 2015(Fig 5.61). Similarly the wigh at 500 hpa became more pronounced at 12
UTC of 1 January. In the meantime strong southerly wind blew over the Nepal in such a
way that moisture from Arabian sea is drained towards the north west India and Nepal.
Likewise on the same day at 700 and 8ffx the low over Arabian sea became less
intensified, however the moisture pool from BoB towards Nepal is paved due to favourable
wind flow pattern(Fig 5.41 and 5.31). On the same day Banke station recorded 40.2mm,
Gorkha station recorded 59.1mm, Doti et 79mm rain and Kaski recorded 40mm rain

which was significant amount of rain in winter season. Cloud oriented towards MP and UP
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from Arabian sea as seen in Fig 5.14 indicates significant upper air moisture flow from 500
hpa. 500 hpa vorticity and streéines also manifested the higher vorticity values originated
from Arabian sea towards MP,UP and west Nepal. The wind flow indicated the low level
moisture flow was from BoB and Arabian sea although upper air moisture flow was from
Arabian sea. In the uppatmosphere the observed trough further deepened and shifted
slightly northwards at 12 UTC of 2 January (Fig 5.63). On the same day at 300 and 500 hpa
trough further deepened and propagated slightly north east towards Nepal and wind flow is
southerly. Tragh can also be observed in mean sea level chart in the UP areas. Similarly
trough and flow pattern established over 850 hpa directed towards Nepal and at 12 UTC of 2
January 700 hpa trough is more directed towards west Nepal originating from Arabian sea
and oriented like the conveyer belt to transport the moisture. Rainfall was more pronounced
over west Nepal as shown by Fig 5.3 and 5.9 which is also revealed by satellite imagery
where dense cloud can be observed over west Nepal. The approaching trddgt yie
significant rain over the western hilly areas where 98mm rain occurred over Humla,52 mm
in Achham, 40 mm in Bajhang,46.2 mm in Baitadi, 49.7mm in Kalikot, 77 mm inBajhang,
76 mm inBajura,72 mm in Mustang, 84.6 mm in Achham and 66.7 mm in Gorkha. Thus
steeped upper air tough triggered heavy to medium rain mainly over the western
mountainous regions supported by the lower level moisture incursion mainly from Arabian
sea.At 00 UTC and 12 UTC of 3 January upper air trough propagated eastwards and was
locaed over west Nepal and south India via MP. At 00 UTC of 3 January steep trough
approached west Nepal whereas at 12 UTC the trough receded at 500 hpa as illustrated in
Fig 5.55. Likewise at 700 hpa at 00 UTC weak converging circulation is established over
western hilly region and trough seemedto be abated by 12 UTC of 3January. Upper air
trough approached nearer to Nepal but not significant rain occurred, this is because the
lower level trough weakened. On4 January at the 300 and 500 hpa the trough lufteabr s
eastward and reached eastern Nepal whereas high pressure was established over Arabian sea
by 12 UTC as illustrated by Fig 5.67 and 5.57. Likewise the upper atmospheric low situated
over east and central Nepalweakened. Satellite imagery revealedly rfeamweather
however broken amount of cloud was over the western hilly region (Fig 5.17), which
yielded moderate rain over one or two places in there. On 5 January upper air trough crossed
Nepal and strong westerly prevailed. In the similar way high etserved over Arabian sea

in mid tropospheric level and lower level. Fair weather prevailed throughout the Nepal and
most parts of India.
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Summary
On2 January 2015, 78mm rain was occurred in the Dadedhura which exceeds the extreme
rainfall of January forthe station. Dipayal station recorded 58 mm rainfall. Similarly,
Nepalgunj, Jumla and Pokhara recorded above 20 mm rainfall which is significant rain in
the context of dry and winter month of January. Likewise 72 mm rain in mustang, 98mm in
Humla,84.6mmn Achham occurred which indicated the westerly trough yielded significant
rain over western hilly areas in comparison to plains. Similarly light to moderate rain also
occurred on 1 January over western hilly regions. Analysis of the synoptic features
asso@ted with the rain causing system revealed that the system is an extra tropical
disturbance dipping from the Mediterranean sea, which propagated eastwards from the
upper atmosphere. Westerly trough at upper atmosphere propagated from the Central
Pakistan towards the Rajasthanon31lst December, 2014. With the advent of time it
penetrated towards the lower atmosphere. Onlst January 2015 it intensified and continued
shifting eastwards. As it approached west Nepal on 2nd January, a distinct trough also
observeddrifting towards northwest India in the lower atmosphere and wind is oriented
from Arabian sea to UP and west Nepal. As a result substantial amount of moisture is
transported towards western Nepal. This moisture yielded light to moderate rain in the
plains and due to the rugged terrain over the hilly regions, it triggered the denser rain
bearing clouds and vyields heavy rain and snow over the high altitude areas on the 2nd
January. The upper atmospheric trough quickly shifts eastward and its intensitisledi
at the same time. On 3rd January, the system yielding light rain at a few places and on 4th
January it further became fragile paving way for strong westerly wind and high pressure
centre in the central India. On 5th January it totally vanished moxger westerly winds
dominated the whole nation and over the Indian peninsula. The westerly system is steered
by the upper atmospheric trough. Finally, we can conclude that the lower atmospheric
trough is induced, shifted and disappeared in tune witkerugptrough.

4.6 MWE 6 (27 February to March 3)

Two major rainfall event occurred in Nepal frd2id@ February ta3 March 2015 One event
occuredon 27 February and the other evesticurred or2 to 3March.On 27 February, 12

out of 15, synoptic stationdn Nepal received rainfall(Fig 6.2) Among those highest
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amount of rairfell in Dadeldhura(33 mnt). But on the next day onl§.2 mm of rainfell

there. On 1 March, eight synoptic stations in western Nepal received raindall ofwhich
highest amount of rainfalvasrecorded inSurkhet(10 mm) On 2"¥ and 3! March, all the

fifteen synoptic stations received rainf@fig 6.5 and 6.6)Among thosemaximum amount

of rainfall was observedat Dadeldhura(54 mm)and Dipayal(71 mm) on 2 and 3 March
respectivelyThese are significant amount of rainfall for this season.

A comparison of the station rainfall with the GPM estimated rainfall shows that the GPM
rainfall estimated rainfall matches well with the observed station rainfall ist weses
(Compare Fig 6.1 to 6.8 with Fig 6.9 to 6.16). However, in some cases GPM estimated less
rainfall than the observed station rainfall (fig 6.3 and fig 6.11) and (fig 6.8 and fig 6.16); in
particular, GPM underestimated rainfall in the far westegion of the country. Cloudy
condition depicted in the satellite images are generally in good agreement with the observed
rainfall as rainfall is higher in the areas with dense cloud mass and low in areas with few
cloud (Fig 6.2 and fig 6.19).

Weather chrts show the extension ofesterly trough fromwest central Pakistan to SE
Pakistan, Gujarat and adjoining Arabian Seaughout the troposphe(Erom surfaceup to

300 hpa) with westward tilt with heighfThe trough shifts eastward with tinzad the
intensity of trough decreasat 300 hpa and 500 hpa and the intensity of trough incraases
700 mb and 850 mband the trough is divided into two branches froorth central
Pakistan. One branch of the trough extends from central Pakistanttal ArabiarSea via
Rajasthan, Gujarat and adjoining areas wdetlee other branch of trough extends from
north central Pakistan to Punjab, Haryana, and southern border of Nepal at 00 UTC of 27
February(Fig 6.57 and 6.4)1 Under heinfluence ofelongated trough atTL (850 and 700

mb) moisture laden wind flows from Arabian Sea to Nefdle troughat LTL weakens

after 12 UTC of 2' February.

At 00 UTC of 28" February, another westerly trough is seen at 300 hpa and the trough
extends from centfdfghanistan to Souticentral Pakistan, Gujarat and adjoining Arabian
Sea(Fig 6.91) The associated trough extends down to 500 hpa and is tilted westward with
decreasing altitudéFig 6.75) Moreover, the associated circulation is seen at 700 hpa and
850 hpa with the centre of the circulation at Rajasthan, Gujarat, South eastern Pakistan and
adjoining areas. The trough deepeardd shifts eastward with time and lies in central

Pakistan to Rajasthan, Madhya Pradesh, Maharashtra and adjoining areas at &2 UTC

I Here and at other places this refers to 124t hour accumulategrecipitation measured at 03 UTC of the
given day.
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March ' (Fig 6.94) The associated circulation at 700 hpa and 850 hpa move easiwdrd
by 12 UTC of 2 Marcht weaken andlevelops into troughwhich lies close to western
Nepal (Fig 6.48 and 6.6/4. Moreover, a trough is developed at 700 mb as sedig 6.60
and with its extension from NE Pakistan to Haryana, Punjab, UP, Bihar and adjoining
PunjabBoth the troughat LTL slowly dissipates after 00 UTC of March 4.

The Vorticity at 300Ipa corelate well withthe precipitation events as precipibat occurs
in the areas where theonticity is paitive (Compare Fig 6.2 and 6.104oreover,
precipitation is higher inthe areas ohigh relativevorticity and there is no precipitation in
the areas of negative relative vorticitit is seen that if ta relative vorticity at 300 hpa is
greater than 3*1Bs?, there is greater chance of precipitation.

The 600 hpaRH chars clearly show the moisture filax from Arabian ®a with the
movement of trough as can be inferred from comparison of the RHRMp6.125) with
300 hpa and 500 hpa circulations (Fig 6.93 and 6.77) at 00 UTC of Marbtofeover, the
rainfall is greater in high humid areas and less in less humid areas

The extension of trough from 300 mb to 850 mb and the development of troughkédntral
Pakistan to Haryana, UP, Bihar and adjoining southern Palssth@ main causef
precipitation for this MWE ie. the precipitation occurs due to the influence of the westerly
trough and its extension downwasks the trough ispproacheslepal the precipitation is
high in Nepal Also, the trough is deeper in western Nepal ttiatin eastern Nepahs a
resultprecipitation is higher in western Nepal than in eastern Nepal. One of the most
importantresultsthat came oufrom the study of thiSAWE is that theelativevorticity at
300hpais well corelatel with the precipitation at surface.

4.7 MWE 7 (March 31)

Study of this event spans from 29 March to 01 April with moderate to heavy rainfall received
throughout the country on 30 and 31 March. On 30 March, under the influence of the
westerly trough, moisture laden wind originating from Mediterranean sea brbaghy

rainfall (30 to 45 mm) in the western hilly and mountain regions (e.g. in Dheldhura,
Darchula, Dhaulatiya,Bijayapur, Koisabas ,Mangelsen etc.) of Nepal. On 31 March, the
upper air westerly trough shifted eastwards bringing central and easternuxdpalits
influence (Fig 7.40 and 7.48), and the supply of the warm moist air from Arabian sea likely
to have resulted in moderate to heavy rainfall in most of central and eastern (?) Nepal as

depicted by the rainfall records of some synoptic statiores Bkatnagar (53.9 mm) and
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Janakpur (40.6 mm) and other stations (rainfall, climatic station etc.) such as llam tea state
(31 mm), Gharedhaunga (25 mm), Ghorepani (40 mm), Garkot (25.3 mm), Kabre (28 mm),
Kanyam Tea state (30.2 mm), Siraha (28.2 mm), Sya@#§.1 mm).

A comparison of the GPM satellite estimated rainfall with the observed rainfall shows good
agreement in isolated places of eastern hilly and Terai regions of Nepal and satisfactory
agreement in the isolated places of the central hilly and Terai regioh bfai@h. But little
agreement is seen in the western hilly and Terai region on both 30 March and 01 April. The
agreement is somehow better on 02 April, though GPM underestimated the observed rainfall.
Similarly, comparison of satellite image with observathfall and GPM satellite estimated
rainfall shows good agreement between the location of cloud mass and areas of rainfall on
29and 30 March (Fig 7.9 and 7.10) as scattered to broken amount of cloud was observed in
the heavy rainfall areas. On 31 Marchdabil April, few amount of cloud was observed,
which indicates the fair weather (Fig 7.11 and 7.12).

The 600 hpa relative humidity at 00 UTC of 29 march was80®%6 in the eastern and
western Himalayan region and at 12 UTC of the same day it was highehilbyeo high
mountain region throughout the country (Fig 7.61 and 7.62) which is supportive for the
rainfall in the western hilly to mountain regions. On 30 March, at 00 UTC the relative
humidity increased to 890 % in western part of the country. B UTC the relative
humidity reached about 880 % in the eastern and central regions while it was 100 % in the
isolated areas of the western and far western high mountainous areas, which was favorable
for moderate to heavy rainfall over those areas. Homweestern Terai remains much drier

with the relative humidity of only 280 % (Fig 7.64). On 00 UTC of 31 March, almost all

part of the country was drier with €D % relative humidity and from 12 UTC of 31 March
onwards, Terai regions of Nepal along witte Gangetic plains remained much drier
compared to hilly regions, which indicates the lack of sufficient moisture for the formation
of rain bearing clouds. Overall analysis indicates that in the mid tropospheric level (600 hpa)
adequate amount of moistunas supplied for the heavy rainfall events in 30 and 31 March
from western Nepal to Eastern Nepal.

The 500 hpa relative vorticity at 00 UTC of 29 March was negative in the central Terai and
isolated places of far western hilly region (Fig 7.53) but aUTZ of the same day the
vorticity was strongly positive in the central hilly region and supportive in the western and
eastern hilly to mountain regions. This is conducive for the development of the convective
phenomena over those regions leading to heawyall in those areas (Fig 7.54). At 00 UTC
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of 30 March, vorticity was positive almost all part of the country but strongly positive in the
eastern, central and western hilly to mountain regions of Nepal and at 12 UTC it was
strongly positive in the westn hilly to mountain regions and slightly positive in the far
eastern hilly regions of Nepal (Fig 7.55 and 7.56). Similarly at 00 UTC of 31 March it was
positive throughout the country but stronger in the middle hilly region; likewise at 12 UTC
of the sam day it was positive throughout the country except central and western Terai
regions but stronger in eastern and central hilly regions (Fig 7.58). Then after vorticity
became negative in the country. Finally it was concluded that the strong positicgyorti

the isolated places of western, central and eastern hilly and Terai regions help develop the
convective phenomena for orographic rainfall in the isolated areas of the country.

Synoptic sequence:

On 29" March the elongated MSL trough with strongvlevas observed in west Rajasthan

and its periphery. The trough line extended up to Chhattisgarh and it seems to be close to
eastern part of Nepal than the western part. At 00 UTC of 29 March a low pressure system
was observed in the northern part of Pakisand its periphery at 850 hpa. But at the same
time, a ridge was observed from north west parts of India to the northern part of Madhya
Maharashtra at 700 hpa. But by 12 UTC, low pressure system was clearly observed in north
Pakistan at 700 hpa, which svalongated in north south direction and extends up to northern
part of Arabian Sea (Fig 7.30) with an associated upper air trough at 500 hpa, which was
elongated in north south direction from north part of Pakistan to north part of Arabian Sea
(Fig 7.38).The upper air trough is positioned such that mid tropospheric wind flow over the
Arabian Sea is directed to the central and eastern Nepal, which is conducive for rainfall over
those regions. At the higher level of 300 hpa, on 29 March, a ridge was abfemwethe
eastern Nepal covering east central India to coastal Andra Pradesh and its periphery but at 12
UTC the north south extending upper air trough was observed from central Pakistan to north
part of Arabian Sea (Fig 7.45 to 7.46), which graduallytethi northwestwards towards
Nepal. At 00 UTC of 30 March at MSL no distinct trough with low was observed but the
trough line was very near to central Terai of Nepal than eastern and western parts (Fig 7.15)
but the system observed was isolated from 12 WfGhe 30 March but very near and
concentrated below the eastern border of Nepal. The other isolated lows were in central India
and the central western part of India covering the central part of Sindh (Pakistan) (Fig 7.16).
At the same time a distinct lowas observed in Punjab and West Rajasthan at 850 hpa with
elongated trough that extended up to Gangetic West Bengal via southern border of Nepal.
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Associated upper air low is noted over north Pakistan at 700 hpa (Fig 7.24) and trough at 500
hpa that extendsom Uttaranchal to Madhya Pradesh (Fig. 7.32). At the same time a distinct
low is seen over Himanchal Pradesh at 300 hpa with a trough extended southward (Fig 7.48).
This supports the advection of moisture carrying wind from north Arabian Sea towards the
eastern side of Nepal. Overall, these charts clearly show rather rapid eastward migration of
the westerly trough. From 31 March at MSL the system became weak but a low lies just
south of the east and central Terai region (Fig 7.17 and 7.18). Likewi8&0dtpa the
system seems to have weakened in the morning of 31 March but slightly regain strength at
12 UTC (Fig 7.25 and 7.26). From 00 to 12 UTC on 31 March, the system completely passes
from Nepal at 700 hpa and became weak (Fig 7.33 to 7.34). By 000BCMarch the
westerly upper air trough at 500 hpa has clearly weakened and shifted eastward and was
located over eastern hilly region of Nepal (Fig 7.41); and by 12 UTC it has completely
dissipated from the eastern region and a feeble high pressuesnsyss observed over
western part of Nepal (Fig 7.42) which is conducive for commencement of the fair weather
in the country from the western parts. In the same manner, at 00 UTC on 31 March a distinct
upper air low was located over Tibet at 300 hpa agtbociated trough reaching up to eastern
Nepal. Another feeble trough extends from west UP to north Arabian Sea, but by 12 UTC the
weak trough had shifted eastwards. At 00 UTC dkpfil an isolated low pressure system

was observed just south of eastermal but it became weak by 12 UTC (Fig 7.19 and 7.20).
And at 850 hpa, at 00 UTC of 1 April an elongated ridge extends from J and K to central
India, which shifted slightly eastwards at 12 UTC; a strong high was also observed over
Bhutan (Fig 7.28). At 70Gpa, at 00 UTC of 1 April the system has dissipated from Nepal
and strong westerly wind prevail just south of Nepal (Fig 7.35 and 7.36), which indicates the
fair weather conditions. Likewise at 500 hpa a very weak upper air trough was seen from
central Nepl to Orissa but by 12 UTC the trough has shifted eastwards and smoothly
running westerly wind was observed over Nepal and Gangetic plain, which confirms-the fair
weather condition (Fig 7.43). At 300 hpa, at 00 UTC westerly trough was seen over central
Nepal which extends up to Orissa but by 12 UTC the trough was completely dissipated from
Nepal (Fig 7.51 to 7.52).

Conclusion

The rainfall event of 31 March 2015 was caused by upper air westerly trough coming from
the Mediterranean Sea. Western disturbaneashed western Nepal by 12 UTC of 29 March

and covered the whole country at 12 UTC of 30 March. The vertical extent of the trough was
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clearly observed from MSL to 300 hpa in the western Terai region and small part of eastern
Terai region. The system wasmtg over Nepal and its vicinity at 12 UTC of 30 March, but

it became weak from 12 UTC of 31 March and completely dissipated from 01 April, which
can be inferred from the flow of strong westerly wind from MSL to 500 hpa. Moreover,
convective activities oveisolated area of the eastern region, especially in the eastern hilly
and Terai regions was supported by the lower level system i.e. moisture carrying wind
flowing from the Arabian Sea to central and eastern parts of Nepal. Maximum rainfall was
recorded m eastern parts of Nepal (e.g. 53.9 mm in Biratnagar, 43.2 mm in Syamga) on 31
March likely due to merger of upper and lower level systems over there. As the westerly
system propagated further eastwards from western Nepal from 12 UTC of 29 March, almost
all part of the country received moderate type of rainfall, with imbedded isolated heavy
rainfalls on 30 and 31 March, which was supported by the adequate supply of moisture in the
western region and the isolated places of the central and eastern regitims: Falative
vorticity played a strong supportive in the hilly region of the country than the Terai region
for the development of the convective phenomena leading to orographic rainfall. Taking
consideration of its contribution in the rainfall in theuntry, it can be concluded that the
upper air westerly trough has crucial role in the western and central region and has influence
in the eastern region as well by supplying the moisture carrying wind from low level system
of Arabian Sea. The huge, dendeud mass over most parts of Nepal, as seen in satellite
image at 12:46 UTC of 30 March, supports moderate rainfall in the country including
isolated the heavy rainfall on 31 March. Since the system was large, almost all parts of the
country received modate amount of rain. The correlation of the GPM estimated rainfall and
observation rainfall was also relatively strong in the eastern Terai region and satisfactory in
the eastern hilly region and isolated places of the central region but the relatioatheas r
weak in the western region.

Finally, it was concluded that the flow of moisture was from Mediterranean sea with the
driving wind of 50 Knots in upper level (300 hpa) in the western region and central region as
a westerly trough but in case of thel&ted places of the eastern hilly and Terai region the
rainfall activities was more supportive by the convective phenomena from lower level on 30
and 31 March and no trough was observed from the of 01 April which indicates the fair

weather in the country.

4.8 MWE 8 (May 12):
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During this episode thirteen out of fifteen synoptic stations received rainfall with the
higher rainfall in eastern region of the counttgmpared tavestern region. More than 10
mm of rainfall wasrecordedn the nine station®verthe 24 hour periokending at03 UTC

of 12" May (Fig 8.2) This amount ofainfall in a day duringoremonsoonseasoncan be
consideredelativelyhighwhen compared against the normal seasonal totals

A comparison othe observed station rainfall withe estimated rainfall from GPhows

that the GPM estimated rainfglenerallycorrelates well with the observed rainféfig 8.2

and 8.6) however there are some disagreemébetsveen the two on few daysor example,
comparsonof Fig 8.4 and 8.8 showthat the observed rainfall is highin mid- western

hilly andthe Himalayan regiosa thanthat estimated bgPM.

The satellite images shows the dense and overcast cloud masses in the high rainfait areas
small patches ofcattered cloud masseslow ranfall areas and clear sky over the areas
with no rainfall. Hence, there is a good agreement between sgatiporal distribution of
cloud and rainfall ( fig 8.2 and fig 8.11).

Analysis of CAPE values showits increment in Nepal form 1t 11 Mayfollowed by its
decrease thereaftdRainfall is higherin the areas where the CAPE values are greater than
1000Jkg. The CAPE value increases up to 29Ky in some parts of central and western
region of the countrpt 09 UTC of 11" May. Moreover, the CAPE Waes are highest in the
monsoontrough areas.é. over parts ofUP, Bihar, Jharkhanda, West Bengal, Orissa, and
Andhra Pradesl(Fig 8.14).

At MSL, a trough extends form central Pakistan to Delhi and west Bengal up to 12 UTC of
11" May. Although position of the trougfemains almost stationaits magnitude shows
noticeable diurnal variation (i.e. it deepens (intensifiasthe evening andveaken in the
morning. The trough dissipates slowly after 00 UTC of"IMay. The associated trough
extendsup to 850 mb with the position shifting northward towards Nepal00 UTC of

10" May, a deep trough extends from Northern Pakistan to adjoining parts of Rajasthan and
Madhya Pradesh and to Arabian Sea via MaharasitB00 hpaThe associated tugh
extendsdown to 850 mb butt progressively weaken and till westwardgh decreasing
altitude. The trough at 300 hgdowly moves eastward and liesver westerrNepal at 12

UTC of 11" May (Fig 8.52)while the associated trougtvhich extend downto 850 mh
gradually weakens withthe eastward movementiowever another troughs gradually
developed over westenparts of Tibet at midtropospheric level (MTL, 500 hpa), which

Prabhu Engineering Consultancy P. Ltd. 43



Final Report:STUDY OF MAJOR WEATHER EVENTS

extend to eastern Nepal and adjoining areassTTL troughattends its pea&t 12 UTC

of 11" May and gradually weakens then after

Due to the influence of the westerly trougfiee associated trough exists almost up to MSL,
moisture ladenvind is directedtowards Nepafrom Arabian Sea. The moisture enters Nepal
from surface taround 3km above the surface (700 hgmpeen in fig 8.28, fig 8.29 in 850
hpa and 8.36, fig 8.37 in 700 hp®ue to the extension of the trough extending from Tibet
to adjoining eastern Nepadt MTL, and theshifting of trough to west Nepal (fig 8.5anhd
east Nepal fig (8.53) at upper troposhperic level, (300 hgaheavy rainfall is reported
throughout throughout the countrgn May 12. The trough dissipates 00 UTC of 12 May.
From 12 UTC of 12 May, as seen in fig 8.54, 8.46, 8.3®tler westar disturbance
extending from Pakistan to Arabian Sea exists and the associated trough extends to 850 hpa.

The trough moves slightly eastward with time.

Relative vorticity at 500 hp& generally well correlatedith the observedrainfall, as in

most ofthe cases, the rainfall is high in the areas where the relative vortialgoisigh. In
particular,precipitation is high in the areas where the relative vorticity is greater than 8 *10
> St

The relative humidity chart at 600 hpa shows that théivelaumidity is 7080 % in most
parts of Nepal except in westeferai region of Nepal at 00 UTC of #May fig (8.65.

The relaive humidity at Nepal increases with tirmed itis more than 90% at most places of
eastern region and central and wastailly regions up to 12 UTC of " May. The
humidity decreases slowly after 00 UTC of"IMay.

To conclude, the influence of the westerly trough up to the surface and the additional
moisture supply from Arabian Sea due to the influence of the troutjie immain cause of
Precipitation all over Nepal on May 12. Moreover, higher the relative vorticity at 500 hpa,
higher is the rainfall observed.
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5 CONCLUSION

While studying the synoptic features and other parameters, it is observed thatréseme
common features among the different major weather events. These common features are

listed below:

1. During the monsoon Season, it is observed that widespread rainfall occurs in Nepal due
to the shifting of monsoon trough to the north of its normaltjposi When the monsoon
trough lies in foothills of Himalayas, heavy rainfall occurs in Nepal.

2. Moisture supply from both Bay of Bengal and Arabian Sea contributes to widespread rain
in Nepal with heavy rain at a few places. Also moisture supply from Ar&eangenerally
causes heavy rainfall in Nepal.

3. Westerly trough contributes for the rainfall in winter Season.

4. The interaction of westerly trough with low pressure systems migrated from BoB triggers
the development of dense cloud masses with the potential for heavy rainfall.

5. Upper level system (UTL) is highly emlated with the upper level vorticity while the
lower level system is highly exelated with the lower level Vorticity

6. High CAPE values (>1500 J/kg) are associated with rainfall in Nepal.

Moreover, the synoptic patterns in the same seasogesrerallysimilar. The following

conclusions are drawinom eachof theeight major weather events.

a) The shifting of monsoon trough to the foothills of Himalayas, the extension of trough up
to 500 mb is the main reason for thmajor weather event in August. Moreover,
development of slight trough in mislestern andiar western hilly regions of the country and

the deeper trough in the western part of Nepal is the main reason for the heavy rainfall event
in western Nepabn 14" and 1%' August.

b) The westerly trough extending from 30@a to surface and the moisturggly from
Arabian Sea along with high cape values and high vorticity at all levels is the cause of heavy
precipitation during the May li&ajor weather event.

c) Theverticalextension of trough from 850b to 300mb is the mairtause of

precipitation for theMWE in February As the trough isituatednear Nepal, precipitation is
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high in Nepal As the trough is deeper in western Nepal ttiaatin eastern Nepal
precipitationis higherin western Nepal than in eastern Nepal. @erestingfeaturenoted

is that vorticity at 30tpais well co-relate with the precipitation #te surface.

d) The widespread rain over Nepai 11" and 12' September wasaused byroximity of

the monsoon troughom souttern parts ofNepal. Synopti@nalysis based on the reanalysis
datarevealsthat northwardshifting of the monsoon trouglirom its normal position and the
persistence of low over north U.P and adjoining north M.P create the conducive
environmenfor yielding rain over Nepal. Besidekdt the southeasterly wind triggered rain
bearing clouds over the hilly region due to which significant rain was observed mainly over
the eastern hilly region. Moreover streamlines analysis of 700 hpa reivadls alow
pressuresystemover Pokharaegionon 10" and 11" September when significant isolated
rainfall was recorded in the MWE of September 11.

e) Upper air charts (300 and 500 hpa) of"I3ctober show thahe MWE of 14" and 1%’
October is caused byheinteraction ofeastward propagatingpper airwesterly trough with

a northwestward propagating well marked low at lower level, whicthn@ésremnants of
cyclone Hud Hud. The wetharked low with organized cyclonic circulation up to the 700
hpa is situated over U.P arttie adjoining west pla of Nepal it and was coupled with a
feeble upper air trough at 300 hpa. The systiemerated heavy precipitationainly over
the western region of the country and widespread rainfall throughout the cApattyfrom

the geopotential and wind analysike clearpicture of coupling of two air masses &so
revealed by the analysef 600 hpa relative humidity. The vigor of the remnants is due to
the unification of the two air mass

f) The MWE in January isaused bythe proximity of thetroughfrom west Nepal on 2"
January 2015The trough isclearly seendrifting towards northwest India in the lower
atmosphere and wind is oriented from ArabBea to U.P and west Nepals aresult
substantial amount of moisture is transported towards the western atepak supply of
moistureyielded light tomoderaterain in the plaindut heavy rain and snovall over the
high altitudeareas because of the orographic affem"? January.

g) During MWE of March, lhe vertical extent of the trough was cleashserved from MSL

to 300hpa,which wasstronger in the western region thahe eastern region. Theelative
humidity wasmore than 80% 90% in the western region and the isolated places of the
central and eastern regignghich was favorablegor heavy ranfall. The relative vorticity

was also positiveyhich sypports the heavy rainfall.
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h) The MWEon 19" July was caused by deep trough situated near west Nepal, which is
extended erticaly from MSL to 500hpa The wind patternwhich follows the pressure
pattern helped the moisturesupplyfrom the Arabian Sea and the BOB bragstp to 500

hpa. The relative humidity of 60Bpa at OOUTC of 18" July shows that the adequate
amount of moisture was available for heavy rainfall in the far western and southern central
pars of Nepal The relative vorticity was strongly positia¢12 UTC of 18th and 00 UTC

of 19th July whichsupporedheavy rainfallon 19" July.
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Annex 2: Charts used fahe study of MWE 2 (116 August 2014)
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