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Foreword

Northeast Monsoon rainfall over India exhibits variability from diurnal to
synoptic, intra-seasonal and inter-annual time scales and has significant sectoral
implications particularly for agricultural and water resources over south
peninsular India. In the era of changing climate, increase in extreme weather
events like heavy precipitation, strong winds, floods etc has been observed.
Further, our understanding on diurnal, intra-seasonal, seasonal variability,
monsoon onset, synoptic weather systems during the NE monsoon season has
improved substantially in recent decades with the use of observed data and the
state-of-the-art dynamical models. As such, there was an urgent need for
updating of existing knowledge on various facets of NE Monsoon.

The present Met Monograph on NE monsoon contains detailed
information on various meteorological aspects viz. mean temperatures, sea
level pressure, upper air circulation features, monthly and seasonal rainfall,
heavy rainfall, extreme winds, characteristics of monsoon clouds,
thunderstorms and lightning, variability of NE monsoon from diurnal, synoptic,
intra-seasonal and seasonal time scale and synoptic systems affecting south
peninsula and Sri Lanka including the forecasting aspects. | am sure that the
present publication with latest information would be very useful for operational
forecasters, students and young researchers as an excellent reference book. |
also feel that the methodology discussed in the Monograph helpful in
addressing climate change issues with the ultimate aim to achieve sustainability.

| congratulate all the authors for bringing out this useful meteorological
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Chapterl

Introduction

South Asiaxperiences two monsoons, Southwest monsoon or summer monsoon
during June to September and the Northe@sE)Monsoon or winter monsoon during
October to December. While thigoreal summer monsoor{June to Septis responsible
for a major portion of annuatinfall over India, rainfall received during thlEEmonsoon
season(OctDec)is also important, especially fahe south peninsula Sri Lankaand
Maldives. During the southwest monsoon seasaime southeastern parts of India
remain in the rairshadowregionand receivenoderaterains.

NE monsoon is associated with the seasonal reversal of surface and lower
tropospheric winds which starts by OctoberDuring the southwest monsoon season,
surface pressure gradient is directé@m the Indianocean to &nd with southwesterly
monsoonwindsin the lower troposphereDuring the NE monsoon season, the pressure
gradient reverses (from land the Indianocean)resulting innortheasterlytrade winds,
which is the basic state of the systeifhis changen surface pressure gradient and
lower tropospheric windsis associated with the southward movement of the
continental tropical convergence zone (CTCZ) and the subtropical anticyiclahe
upper troposphere Therefore, the NE monsoon &ften described aghe retreating
phase of the southwest monsoon.

In a broader perspective, it is also associated with the northern hemispheric
winter circulation dominated by a strong surface high pressure region over Siberia, a
primary low over eastern equatorial Pacific regemd secondary shallow lows over the
north Indian ocean Geetha, 2011 Raj 2012).A salient feature of the seasonal
circulation during the winter monsoon is the ldevel northeasterly flow over the
Indian subcontinent and southeast Asi@ihere aresimilaities in circulation and rainfall
patterns of southeastern peninsular India and other South / Southeast Asian regions and

also the established roles of Siberian High,-sopical westerly jet stream and the



teleconnecton influences of global parameters such as ENSO onNBEeMonsoon
rainfall (Geetha 2011)There is an asynhronicity in the establishment of northeasterlies
over the Bay of Bengal and the South China Sea; the northeasterlies appear over the Bay
of Bengal in lee October, a month later than over the South China Sea (Sengupta and
Nigam 2019).

NE monsoon igelativelydry, stable and has less vertical extend compareth&o
southwest monsoonThe India Meteorological Department (IMD) refers to the October
to De@mber period as the northeast monsoon, which is a part of the northeast trades
(Dhar et al., 1982Dhar and Rakhecha, 1983)Dhar and Rakhecha (1983) studied
monthly rainfall data for a 1068yr period (18771976) to investigate the association
between thenortheast and southwest monsoons over Tamil Nadu, and concluded that
summer rainfall is negativetorrelatedwith NEM rainfall

NE monsoon rainfall exhibits variability from diurnal to synoptic, isgasonal
and interannual time scalesThe interannual variability of theNE monsoon rainfall
influences agricultural production and water resources over south peninsular India. The
NEMR affects the productivity of rice and maize in the provinces of Tamil Nadu and
Andhra Pradesh (Krishna Kumar et 2004) During the years when tlisEmonsoon is
deficient it has been noted that there is a considerable decrease in agricultural
production over the regionTheNE monsoon rainfait highly variable both spatially and
temporally. The coefficient of variatiofinter-annual) of the NEMRaveraged over the
five subdivisiongs 25%, which is more than that of the southwest monsoaimfall
averagedover the country as a whol€0%).South peninsulas well known for large
year to yearvariability. In 2015, the city of Chennai experienced deluge in 2015, which
resulted significant loss of life and propertifour years later, in 2019, Chennai city
experienced severe water shortage and criflsring the NE monsoon season, south

Asia alsoexperiences many extreme weather events like heavy precipitation, strong



winds and floods. Some of these extreme events are associated with the passage of
tropical cyclonegorming over theBay of Bengal.

In the literature, thereis a controversyabout ud Ay 3 GKS (GSN¥Y dab:
monsoon (IMD, 1973). As per the classifications given by the India Meteorological
Department (IMD),the October5 SOSY o6 SNJ LISNA 2 R Omohsodni  dzil S 2
aSlhazyé¢o LG Aa Fftaz2 (1yz2ey Fa aibKS thwSGNBI
monsoon convergence zone shifts to lower latitudes during this season. Mr Blanford,
who was the first Director General tife India Meteorological Department (IMD) in his
aSY2ANR 2y awlAyTFrtf 2F LYRAIFEé NMdndoSR GKS
wl Ay aée o LUMDiscussal this asfpech many occasions and tHMD decided
to retain the term IMD recommendsi K & GG KS GSN)XY Db2NIUKSI &
continue to be used for rainfall season over south peninsula during October to
5S 0S Y &beEamayy4£1976 had examined meridional sdavel pressure profiles
over India, the Atlantic and Pacific and of winter rainfall over India and Sri Lanka and
suggested that that the soalled northeast monsoon over southast India differs little,
either in wind in weather, from the generality of the northehemisphere trade winds.

Compared to the southwest monsoomadequate attention was not given to
address various aspects dfe NE monsoon. There are only a few research papers
addressingNE monson over south Asia. After the classic work byrinivasan and
Ramamurthy (IMD 1973§ few papers have been published on different aspects of NE
Monsoon.The review article by Raj (2012) in the Monsoon Monograph edited by Ajit
Tyagi et alisanexcellent documentation of various aspects of NE Monsoon season over
India. The papers bysreekala et al(2012) and Rajeevan et.4P012) alscare good
reviews on the variability of NE monsoon rainfall and its prediction aspActsidha
(2016) using mdern meteorological data analyzed the characteristics of Indian

Northeast monsoon and cyclonic storms of the North Indian Ocean. The study revealed



many interesting aspects of the movement of clouds and other rainfall regimes
associated with the NE monsoon

These publications contain all relevant references of research papers on NE
monsoon published till 2012Since then,there is growing research interest on NE
Monsoon with much more papers are getting published the recent years
(Satyanarayana et al.(2020), Raj and Amudha (2022Raj and Geetha (2008),
Balachandran et al., (2006)air et al., (2013)Dash et al., (2019), Naidu et al., (2012),
Maharana et al.,, (2022), Prasanna et al.,, (2019), Mondal and Choudhari (2022),
Suneetha et al., (2018), Prasea et al., (2021), Geetha and Balachandran (2021),
Saikranthi and Chiranjeevi (2022), Mishra and Nagaraju (2021), Geetha and Raj (2014),
Amudha et al., (2016), Prasanna et al., (20P@akash and Gairola (2013), Kiran Kumar
and Singh (2021), Pattanaikchiviohapatra (2017)Parvathi et al. (2017%engupta and
Nigam (2019), Mishra and Bharadwaj (2019)he paleoclimate aspects of NE monsoon
are recently discussed in Achyuthan (2021) and the references therein.

In spite of the growing research interegere is alot of scope for arexhaustive
compilation of research resultsased on recent data products and forecasting tamis
different aspects of NE monsoaover south Asia. During the last one decade, our
understanding on diurnal, intraeasonal, seasonal variability, monsoon onset, synoptic
weather systemgduring the NE monsoon seasdras improved substantially. At the
same time, our capability to make more accurate forésadso has improved by using
the state-of-the-art dynamical modelsr Numerical Weather Prediction MP) models
The presentmonographis designed accordingly to include more recent research results,
which have resulted in better understanding of NE marsand itsvariability in all time
scales andtheir prediction aspects Such a compilation would be very useful for
forecasters as reference material and also studegtsung researchergenturing irto

NE monsoon research.



In thismonograph the climatologcal featuresof NE monsoomre discussed using
long termand updatedclimate data setsDiscussion®n meantemperatures, sea level
pressure, upper air circulation features, monthly and seasonal raitfadlyy rainfall,
extreme winds,characteristicsof monsoon clouds, thunderstorm and lightningare
included The variability of NE monsoon from diurnal, synoptic, isgasonal and
seasonal time scales is also discussed in deithl a few case studiesThe details of
synoptic systemsaffecting south pemsula and Sri Lankduring the season and
forecasting aspects of these weather systeamsalso discussed. A brief summary of the
verification offorecasts ofNE monsoon rainfall over India using two different weather
prediction systems is includesk refeence material for forecastersA separate section
of NE monsoon season over Sri Lanka is also prowdedden the scope ofhis book.

The greyareas where more research is required are identified disgdussed.



Chapter2

Climatological Features

NE monsoon predominantly influences south peninsula, consisting of five
meteorological suldivisions (Coastal Andhra Pradesh, Rayalaseema, Tamil Nadu, South
Interior Karnataka and Kerala) as shown in Eif.In addition, NE mongm contributes
significant amount of rainfall oveother south Asian countriedike Sri Lanka and
Maldives (Fig2.2a).

In Sri Lanka, the southwest monsoon season lasts during May to September. The
period October to November is termed as second intemsoon season. The second
Inter-monsoon period of October November is the period with the most evenly
balanced distribution of rainfall over Sri Lanka. Almost the entire island receives in
excess of 400 mm of rain during this season, with the Southwestern slops receiving
higher rainfall in the range 750mm to 120nm NE monsoois experiencedluringthe
period, December to February. During this period, the highest rainfall figures are
recorded in the north, eastern slopes of the hill country and the eastern slopes of the
Knuckles/Rangala rangéhttp://www.meteo.gov.lk/index.php?option=com_content&
view=article&id=94&Itemid=310&lang=gn

In India, theNE monsoon seasai©ctDec)contributes about 11% of itsnaual
rainfall over the country as a whol&outh peninsula receives much more rainfall
compared to northern parts of the country. Mardistricts overthe south peninsula
receive 3@60% ofthe annual rainfall during this season. This season is also tetheed
retreating monsoon season or the pasitonsoon season in which the zone of maximum
rainfall migrates to southerparts ofindia, Sri Lanka and theeighboringsea.With the
withdrawal of the Southwest monsoon frothe northern parts ofindia the meansea
level pressure and upper tropospheric wind circulation patseaver India change

rapidly from the summer monsoon type to winter type. By October, titeritropical
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Convergence ZoneT(CJ or the monsoon convergence zone which is positioned over

northern parts of India starts shifting southwards.

Fig2.2 b shows the annual cycle of precipitation averaged over the longitudes

70°-85°, calculatedusing GPCP monthly rainfall data during the period 12721. It

clearly shows the northward movement of mawm convergence and rainfall towards

the northern partsstarting from May and the retreat during OctobBecember. NE

monsoon season coincides with this retreating phase of titer ITropical Convergence

Zone (TCZ There are also associated rapid chamge upper air circulation and sea

level pressure patterns. During the OctoH@ecember season, there isckear evidence

of rainfall maximum in the Southern Hemisphere (SH), coinciding witlptesence of

SH equatorial trough (SHET).
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OND GPCP Rainfall Climatology(mm/day)

Fig.2.2a. NE monsoon rainfa{OctDec) in mm/dayver South Asia
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Fig 2.2 b. Hovmuller Diagram showing annual cycle of precipitatimm/day)over the
Indian region, averaged over the longitudes betweeSE&Z@C°E. This plot is prepared
using GPCP monthly rainfall d4i®732021).
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In the next sections, climatological aspects of sea level pressure and upper air
circulation features are discusg.
2.1 Sea Level Pressure

The mean sea level pressure chart floe month ofJuly is shown in Fig2. The
pattern shows a heat low over the northwestern parts of India and adjoining Pakistan
with a south-north pressure gradient. The pressure gradibetween the equator and
10°N is about 12 hPa. However, by September, the pressure gradient generally weakens
and by October the pressure gradient completely reverses with higher pressure over the
northern parts of India.

The surface sea level pressuiearts for Oct to Deare given in Fig.2, 25 and
2.6 respectively By October, a low pressure area gets established oveGtnéral and
South Bay of Bengal and adjoining east coast, which shifts to south Bay in November
and further southwards, close tthe equator in DecemberThislow pressure area is
more marked over the southwest BayOctober and Novembein the Arabian Sea, the
low pressure area is not well marked during these months. However, anwesst
oriented trough of low pressure is obsed in nearly the corresponding latitudes as in
the Bay of Bengal, at least in October and November. In Octtieepressure gradient
Is generally weak, which gets strengthened by November. While the low pressure area
gets shiftedsouthwards,the high pessure area associated with the Siberian High also
gets strengthened over the northern parts of the country. The surface pressure gradient
(high in the north and low in the south) over the Bay of Bengal sttemgthens During
November and December, thisobars are nearly parallel to the equator, suggesting

stronger surface easterlies/northeasterlies over the Bay of Bengal.

13
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Fig 2.3. Mean Sea Level Pattern (hPa) during July (perl®d92021). Source: ERA5
reanalysis
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2.2. Upper Air Circulation Features

The upper air circulation featurdsom Oct to Dec are shown in Fxg7, 2.8 and

2,9respectively. These maghow the mean wind pattern at 850, 700, 500 and 200 hPa

levels. During October, an easest trough is seen extending frothe lower levels to

700 hPa fronfouth Bay tothe South Arabian Sea. This eagtst trough is seen shifting

southwards from Octobeto December, consistent with the equatorward shifting of the

ITCZ. By December, the easgtst trough is seen close td Bl. This easwest trough is
the region with positive vorticity and convergendhus causing abundant rainfativer

this region.Thisshear zone in the lower troposphere contributesth® genesis of low

pressure systems over the Bay of Bengal and the Arabian Sea.
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Fig 2.7. Mean wind flow pattern during October at a) 850 hPa b) 700 hPa c) 500 hPa
and d) 200 hPa levels. Source: ER#analysis. The colour shading represents wind

speed in m/s. The data perio#l9792021.
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In the middle and upper troposphere (500 hPa and 200 hPa), eastprkesil
over the south Peninsula and adjoining seas. The-tsopical ridge at these levels also
shifts southwards from October to December. The dudpical ridge in the upper levels
Is an area of divergence and contributesthe intensification of lowpressure systems
over the region. The Tropical Easterly Jet (TEJ), which is one of thgesemainent
systems during the southwest monsoon totally disintegrates once the southwest
monsoon is withdrawn from the country. From October to December, thetsytical
westerlies overthe northern parts of the country also get strengthened and start
moving to lower latitudes.An upper tropospheric ridge gets established over the
southern parts of Indidy October and Novembet the 200 hPa level.
2.3.Mean Precipitable Water ContentRWQ

Spatial distribution of mean precipitable water content provideseful
information on moisture sources and sinks over the region during the NE monsoon
season. Mean precipitable water content is calculatedtlas weighted aerage of
moisture from surface to upper tropospher@gormally up to 300 hPa)lt provides
information of moisture content in the whole atmospheric layer. Higher values suggest
moisture sources.

The RVCis a measure of available moisture for precipitatiorthe atmosphere.
It measures the maximum possible precipitation of water, which may precipitate out
from a given atmospheric column, if nothing else (e.g., surface evaporation, moisture
advection) happens over a given time span. Of course, this isrrath@versimplified
picture, because it is hard to imagine that BWCwould condensate within a given
column under any conceivable process. Nevertheless, it would be good enough to
interpret PWCas an upper bound for a possible precipitation at a givemmnt with a
given atmospheric column.

Fig 2.10 a, b and show the spatial distribution of precipitable water content

during October, November and December respectively. During October, the maximum

18



PWGis observed ovethe Southeast Bay of Bengal (eastAmdamans) with values &0

kg/m?. ThePWCreduces sharply westwards. Over the Bay of Bengal, PWAT values are
more than45 kg/m?2. Over south Peninsul®WCvaries betweern0 to 45 kg/m. During
November, the maximum zone &WCslightly shifts southwards towards the equator.
Over the south Peninsula, however, tR8/Cvalues are betweer0 to 45 kg/m. During
December, PW maximum again shifts southwards and lies close to the equator. Over
the south PeninsulaPWCvalues sharplyeduce,rangingfrom 34 to 40 kg/m. During
November and DecembePWCdecreases from south to north and isolines are almost
parallel to the equator. Ovethe south Peninsula, \WCvalues are higher over the east

coastas itreduces sharply towards interiguarts.
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Fig. 2.10 aMean precipitable water content (mm) during October (12®1). Data
source: NCEP/NCAR reanalysis
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Mean Precipitable Water(kg/m*2): November
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Fig.2.10b. Same as Fig 2.10 a but for November.

Mean Precipitable Water(kg/m*2): December
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Fig.2.10 ¢ Same as Fig 2.10 a but for December.
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Theseare monthly mean patternscalculatedusinglong termclimatologicaldata.
However, on a typical dayWRCvalues can either increase or decrease, depending upon
the prevailing synoptic conditionsFor example, dw pressure weather systems
transport more mdsture and RVCvalues can increase sharply in a day or two. To see
the variation of moisture content in the atmospheric column, it is better to monitor the
PWC changes in addition to losevel humidity. BVC can be easily calculated using
radiosonde profiles of moisture.
2.4.Mean Air Temperatures

Seasonal (Octobddecember) mean minimum maximum and mean
temperatures over South Peninsula are shown in Eigfl a, b and cespectively. This
analysis was mad usingthe L a 5 D& 1 degreegridded daily temperature data
(Srivastava et al., 2009peasonal mean minimum temperatures are the highest along
the coasts andhey decrease towardshe interior parts. Over the east coast, seasonal
mean minimum temperatwas are of the order of 223°C. Over the eastern parts tife
south peninsula, the isotherms run parallel to the coast. Over the interior parts,
minimum temperatures are below 2G. Seasonal maximum temperature ovhe
south peninsula varies between 28 31°C, except over the interior parts of Karnataka
where maximum temperatures are below Z8 Mean temperatures (Fig.11c) over
the coastal Andhra Pradesh are more thai@6while ovethe extreme south peninsula
(Tamil Nadu and Kerala), the mean f@enatures exceed 2T.
2.5.Sea Surface Temperaturg¢SST)

During the NE monsoon season, synoptic systems like tropical cyclones, lows and
depressions and easterly waves, the presence of-east trough contribute to rainfall
over the South Peninsula. Abese weather systems form over the Bay of Bengal and
the Arabian Sea, oceanic conditions like Sea Surface Temperature (SST) play an

important role. However, ligher SSTs lead to more convectionly if atmospheric
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conditions also are favourable. Therefore, it is important to monitor closely the oceanic

conditions like SST and Ocean heat content regularly during the NE monsoon season.

OND Seasonal Minimun Temperature(Deg.) OND Seasonal Maximum Temperature(Deg.)
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Fig.2.11 a Mean Minimum Temperature€¢) (b) Mean Maximum Tempera@s during
October to December (1972021) Source: IMD gridded temperature data.

OND Seasonal Mean Temperature(Deg.)
20N 4 :

19N 1
18N 1

17N 1
28

16N 1
27

15N 1 %8

14N A 25

13N 1 24

12N ﬁ 23
11N 1 B4 22

10N A
9N 4

8N -

73E 74E 75E 76E 77E 78E 79E 80E 81E 82E 83E 84E 85E 86E

Fig.2.11 c. Mean Temperatures during October to December (32021) Source: IMD
gridded data
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Fig 2.12 a, b and ¢ show the spatial distribution of SSTs during October,
November and December respectively. During October, SSTs are of the order®Gf 28.5
over the central Bay of Bengal. Over the eastern parts of the Arabian Sea, SSTs are of the
order of 28.8C. But it sharply reduces westwards and over the western AraBem
SSTs are below 2?G. During November, the SST maxim slightly shifts southwards
and is located neahe east central Bay of Bengal with values exceeding®@8.Another
SST maxiom is observed over the east central Arabian sea off the Kerala amétalia
coasts. By December, both the Bay of Bengal and the Arabian Sea cools off quickly. The
28.5°C isotherm is now seen near the equator. SSTs over the west central Bay of Bengal
are below 28.6C and sharply decreases towards the north Bay of Bengal.

The next section discussé®e relationship between SST and convection during

the NE monsoon season.

Mean October HADISST (Deg C)
40N

35N 1
30N 4
25N 1
20N 1
15N 1 h‘ )
10N

5N 4

EQ
55
108

155

208

50E 60E 70E 80E 90E 100E  110E  120E

Fig.2.12 a Mean Sea Surface Temperature (SST) (degree C) during October, Period:
19722021. Source HadISST, Met Office Hadley Centre.
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Mean November HADISST (Deg C)
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Fig.2.12 h Same as Fig.12a but for November.
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Fig.2.12 ¢ Same as Fig.12a, but for December.
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2.6. Relationship between SST and Convection during the NE monsoon

There is a strong relationship betwe&sTand atmospheric convection over the
tropical ocean basingxevious studies (Gadgil el.a1984, Sabin et al2012) have
shown that during the southwest monsoon season, convection over the Bay of Bengal is
initiated when SSTs are between®2ZB°C. A sirtar analysis was made for the NE
monsoon season (O®fec) using long term data of SST and Outgoing Long Wave
Radiation (OLR) data over the Indian Ocean. OLR is a proxy for atmospheric convection.

Fig 2.12 dshows the scatter plot between SST and OLR thesa)the Arabian
Sea (2(° N, 6675° E) and b}he Bay of Bengal (20° N, 8610(° E). The data during
19822021 have been used for these plots. Over the Bay of Bengal, convection starts
abruptly and increases sharply once the SST threshold crosseés@84 28.8C, the
OLR irthe Bay of Bengal is 20 Whiower than in the Arabian Sedue to much deeper
clouds over the Bay of Bengal. The mode with the highest probability for SST above the
threshold of 28C over the Bay of Bengal has low OLR (about 21&)Worresponding
to deep convection whereas that for the Arabian sea it is arad2f0 Wm?.

It is interesting to note that even above the SST threshold 8€2&ere are
points with OLR values more than 240 Wauggesting severe convection is not present
at these locations. It may be worthwhile to note that only SST threshold etikiecide
whether convection will occur or not. Initiation of convection also depends on
atmospheric circulation, which should be conducive fow level convergence and
ascending motiorfLau et al., 1997)This aspect is not further examined here and dtiou
be taken up as a separate study.
2.7.Spatialdistribution of cloud properties

A further analysis was made on the spatial structure of sowital cloud
properties during November over the region using the International Satellite Cloud
Climatology Product (ISCCP) data (Rossow et al.,, 1991) for the perioe2(QBE®R8
Fig.2.13 a,b and cshow the spatial pattern of Deep convective clouds (D@, Cloud
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Optical Thickness and Cloud Water Path (cm) respectively. Cloud optical thickness is the
vertical optical thickness between the top and bottom of a clolide optical thickness

of a cloud is the degree to which the cloud prevents light framssing through it. It
depends directly on the cloud thickness, the liquid or ice water content and the size

distribution of the waterdropletsor ice crystals.
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Fig 2.12 d. The scatter plot between SST and OLR over a) Arabian -26aNQ60675°
E) and b) Bay of BengatZ(® N, 8010(° E). The data during 1982021 have been used
for these plots.

Deep convective clouds are clouds with cloud top crossing above 400 hPa. The
spatial distribution of DCC suggests maximum percent DCC over theeaasiorial
Indian Ocean (1-24%) coinciding with warmer SSTs (FAds3 a, b and ¢ Over the
southwest Bay of Bengal and off the Tamil Nadu coast, DCC is around 8%.
Comparatively, DCC distribution over the Arabian sea is much smaller, sugdbksting

Bay d Bengahasmuchdeeperconvectiveclouds.
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Deep Convective Cloud

60 65 70 75 80 85 90 95 100

Fig. 2.13 a Spatial distribution of Deep Convective Clouds during the NE monsoon
season (OctobeDecember) based otie ISCCP data. Period: 192819.

Cloud optical thickness

60 65 70 75 80 85 90 95 100

Fig.2.13 h Spatialdistribution of Cloud Optical thickness during the NE monsoon season
(October December) based otine ISCCP data. Period: 192819.
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Fig.2.13 c Spatial distribution of Cloud water path (cm) during the NE monsoon season
(October December) based otine ISCCP data. Period: 1928109.

The gatial distribution of cloud optical thickness suggests maximum distribution
over the east equatorial Indian Ocean coincidwith warmer SSTs arallarge amount
of deep convective clouds. Another maxim of cloud optical thickness is observed
over the southeast Peninsula and adjoining Bay of Benddle spatial distribution of
cloud liquid path (cm) shows that maximum is observed over the east equatorial Indian
Ocean. Another maxiom of cloud liquid pathwith values more than 120 cm is
observed ovethe southwest Bay of Bengal off Tamil Nadu Coast. Therefloeesastern
parts of south peninsula and adjoining Bay of Bengal have deeper convective clouds
with larger optical depth and cloud liquid water pathlThe spatial distribution shown
here isbased onlong term climatology. On a ddg daybasis there could be significant
variations in thedistributions of cloud propertiesand they should be monitored using

INSAT and similar satellite dgieoducts.
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Characteristics of raindrop size distribution (DSD) are studied by Rao 20a8)(
during the southwest (SW) and northeast (NE) monsoon seasons using 4 1/2 years of
Droplet Size Distribution (DSD) nseeements made at Gadanki (13.5°N, 79.2°E) by an
impacttype disdrometer. The observed DSD is found to be distinctly different in the NE
monsoon from that of the SW monsoon. The stratified DSD (based on rain rate) shows
more small drops and fewer bigger drops in the NE monsoampared tothe SW
monsoon, parttularly in the low rain rate reginse
2.8. Thunderstormg Lightning

During the NE monsoon seasaie south Peninsula experiences large scale
thunderstorm activity.A good review of thunderstorm activity over India using station
datais given ina recent paper byDmvir Singh and Bharadwaj (201&)detailed study
on lightning activity over the Indian region was publishedRanalkar and Chaudhari
(2009) usinghe TRMM Lightning flash data he average number of thunderstorm days
during OctoberNovember and December are given in.Rd4 a, b and cespectively.
These plots are taken from the IMD Climate Hazards and Vulnerability Atlas of India
(2022 (https://imdpune.gov.in/hazardatlas/index.htmlYhe data from 1982010 have
been used to prepare these spatial maps.

During October, some districts in coastal Andhra Pradesh, Tamil Nadu and Kerala
experience more than 4 thunderstorm days. Over south interior Karnataka and
Rayalaseema, average number of thunderstorm days is between 2 and 3. During
November, thunderstorm @ivity is reduced in Coastal Andhra Pradesh. However, Tamil
Nadu and Kerala still experience thunderstorms with average number varying between
3 and 7 days. Ovethe coastal Andhra Pradesh, south interior Karnataka and
Rayalaseema, thunderstorm activity slightly reduced. By December, thunderstorm
activity is further reduced. During December, maximum thunderstorm days are

observed over Kerala and southern parts of Tamil Nadu.
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Fig 2.14 a.Average number of Thunderstorm Days during October, Z4810.(Source:
IMD Climate Hazards and Vulnerability Atlas of India, 2022)
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Fig 2.14 b.Same as Fig.14 g but for November.
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Fig 2.14 ¢ Same as Fig.14 g but for December.

Fig 2.15 a, b and c show the spatial pattern of the average number of lightning
flashes per sq km per day during October, November and December respectively. These
plots are also taken from the IMD Climate Hazards and Vulnerability Atlas of India
(2022). Dumg October, maximum lightning activity is observed over the interior parts of
Tamil Nadu and the northern parts of Kerala. During November, lightning flash activity is
mostly confined to Kerala and adjoining south Tamil Nadu. During December, the
lightningactivity is mostly confined to Kerala. Thus, during the NE monsoon season, the
state of Kerala withesses maximum lightning activitlyis could be related to proximity
to the Arabian Sea, thus abundant moisture transport and orography along the west

coastsupporting deeper convective activity.
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Fig 2.15 a. Average number of Lightning flashes per sq km per day during October.
(Source: IMD Climate Hazards and Vulnerability Atlas of India,.2022)
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Fig 2.15 b Same as Fi@.15 g but for November.
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Fig 2.15 c. Same as Fig.15 g but for December.

2.9.Extreme Wind Speed

For providing wind speed forecasts for specific purposes to users, it is important
to know the climatology of extreme wind speed during the NE Monsoon season.
Fig 2.16 a, b and c shows the spatial distribution B{treme surfacewind speed (in
m/sec) in October, November and December respectivEhe surfacewind speed is
normally measuredat a height 0f10.0m. These maps are also derived from tivD
Climate Hazardand Vulnerability Atlas of India, 2022.

During October, extremsurfacewind speeds exceeding 18 m/sec are observed
over the north coastal Andhra Pradesh and interior parts of Tamil Nadu. Over other
parts of the south Peninsula, extremsurfacewind speel varies between 12 and
18 m/sec. During November, east coast of Tamil Nadu and coastal Andhra Pradesh has
maximum risks due to extremsurfacewind speeds. Thisegion experiencesropical

weather systems like depressions and cyclonic stoewsty year. Over this regign

33



extremesurfacewind speed varies between 22 and 57 m/sédus, thigegion is very

prone to extremesurfacewind speel.
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Fig.2.16 a. Extreme Wind Speed (m/sec) during October (Source: IMD Climate Hazards
and Vulnerability Atlas of India, 2022)

Extremesurfacewind speed decreases sharply towards interior parts of south
Peninsula. By December, northern parts of Tamil Nadu and aaijpiparts of
Rayalaseema experiendbe highest extreme wind speed. Over this region extreme
surfacewind speed varies between 41 and 59 m/sec. Over the southeast parts of Tamil
Nadu, extremesurfacewind speed varies between 31.0 and 41.0 m/sec. Over rothe
parts of south Peninsula, extremsurface wind speed varies between 12.6 and

31.5 m/sec.
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Fig.2.16 b. Same as Fig.16 a but for November.
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Fig.2.16 c.Same as Fig.16 g but for December.

35



Extremesurfacewind speed observedver the eastern parts of south peninsula
could be attributed to tropical cyclones making landfall over this region during the
season. A detailed description of tropical cyclones including their tracks durinyEhe

monsoonseasonsincluded inChapter4.
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Chapter3

Mean Rainfall Distribution

In this chapter, vaous features ofmean rainfall during the NE monsooare
discussed.
3.1 Mean Rainfall over Met Suddivisions

The mean monthly rainfall in the various meteorological -dubsions in the
south peninsula during the period October to Decemhbsmgiven in Table3.1. These

mean values are calculated using the rainfall dzt&971-2020.

TABLE 3.1
Mean monthly,seasonal and annual rainfall (cm)

Based on the IMD sudivisional data for the period 1972020

Subdivision name OCT| NOV| DEC Sf;zcl’”'s ANNUAL
COASTAL ANDHRA PRADESH & YANA

Rainfall(cm) 18 | 11 3 32 104
Rainfall as % of seasonal total 56 | 34 9

Season's total as % of annual total 31
RAYALSEEMA

Rainfall(cm) 13 8 3 24 73
Rainfall as % of seasonal total 54 | 33 | 13

Season's total as % of annual total 33

TAMIL NADU, PUDUCHERRY & KARIA

Rainfall(cm) 17 | 18 9 44 92
Rainfall as % of seasonal total 39 | 41 | 20

Season's total as % of annual total 48
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SOUTH INTERIOR KARNATAKA

Rainfall(cm) 14 5 1 20 103
Rainfall as % of seasonal total 70 | 25 5

Season's total as % ahnual total 19

KERALA & MAHE

Rainfall(cm) 31 | 15 3 49 289
Rainfall as % of seasonal total 63 | 31 6

Season's total as % of annual total 17

Table3.1 shows that for the South Peninsula as a whole, October is the rainiest
month. However, in Tamil Nadu, November gets as much as rains in October. By
December, the rainy season is practically confined over extreme south Peninsula
including Tamil Nadu. The south peninsula receives rainfall, when the seasonal east
west convergene zone (ITCZnd associated weather systems gveesent over the
region. During December whethe ITCZmoves further south, rainfall ovethe south
peninsula sharply reduces. When the ewa&st trough is present, synoptic systems like
lows and depressiorferm over this trough zone and move towartihe south peninsula
contributing to widespread rainfall activity.

Coastal Andhra Pradesh (CAP) gets rainfall during both the southwest and
northeast monsoon seasons. During the NE Monsoon season, CAP rebeine82acm
of seasonal rainfall, with October contributing 56% of seasonal rainfall. About 34% of
seasonal rainfall occurs during November. The NE monsoon season contributes about
31% of annual rainfall. Over Rayalaseetha,NE monsoon season contributabout
24 cm, which is 33% of the annual total. October isrthriest month during the season
and rainfall activity sharply reduces in November and December.

Tamil Nadu receives more rainfall during the NE monsoon season (October

December) compared to hat during the Southwest monsoon season. There is a
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considerable increase in rainfattivity from September to October and November. In
December, rainfall activity is confined oritythe coastal districts. The seasonal rainfall
during the NE monsoon sgean is around 44 cneontributing to 48% of its annual
rainfall. Over Soutlinterior Karnataka (SIK) seasonal rainfall is around 20 cm, which is
about 19% of the annual total. Over SIK, October contributes maximum rainfall during
the season, while Decembhardly contributes to the seasonal total.

Over Kerala, the NE monsoon season contributes about 49 cm, which is about
17% of the annual total. During the NE monsoon season, Kerala receives maximum
rainfall, even slightly more than Tamil Nadu. October gbates maximum rainfall over
Kerala, which reduces in November and December.
3.2.Mean Spatial Distribution of Rainfall

Fig 3.1a, b and ¢ showhe monthly rainfall climatologyduring the months of
October, November and December. The mean valuescateulated using the IMD
gridded data(0.25 X 0.25 degredjom 1972-2021. During October, maximum rainfall
exceeding 200 mm is observed over the coastal Andhra Pradesh, coastal Tamil Nadu and
Kerala. Over central parts of Kerala, monthly rainfall exc8@smm. However, rainfall
reduces sharply towards the interior parts of south peninsula, where monthly rainfall is
less than 150 mm. During November, monthly rainfall sharply increases theer
northern parts of coastal Tamil Nadu and southern parts ofstalaAndhra Pradesh,
where monthly rainfall is more than 300 mm. Over Tamil Nadu, monthly rainfall sharply
reduces towardsthe interior parts. Southern parts of Kerala experiences monthly
rainfall exceeding 200 mm. Ov#re rest of Tamil Nadu and Keralaimfall is between
100 and 150 mm. Ovehe South interior Karnataka and Rayalaseema, monthly rainfall
Is less than 100 mm. During December, rainfall sharply reduces everywhaeesauth
peninsula. Maximum rainfall exceeding 200 mm is observed overtatodamil Nadu
and reduces sharply towards interior parts. Owbe rest of the south peninsula,

monthly rainfall is less than 75 mm.
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The spatial distribution of mean seasonal rainfall (October to December) is shown
in Fig.3.1 d. The spatial distributiosuggestsa rainfall maximum along the east coast of
north Tamil Nadu and south coastal Andhra Pradesh with seasonal average exceeding
800 mm. Seasonal rainfall reduces sharply towards intgyants of South Peninsula.
Another rainfall maximum is observeder Kerala. Over south peninsuisghyets (hes
of equal rainfall) run parallel to the east coast with maximum over the east coast and
reducing towardsthe interior parts. During the NE monsoon season, the Karkakal
Vedarnyam belt receivethehighest ainfall in the range 900000 mm with Vedarnyam
receiving 103 cm. The decrease of rainfall south of Vedarnyam is probably due to
sheltered nature of the coast (due to Sri Lanka land mass on the east). Tuticorin

registers only 4815 cm of normal rainfall.

October Rainfall Climatology(mm)
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Fig. 3.1 a. IMD Observed Rainfall Climatology in mm during Octold&722021).
Source: IMyridded data.
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November Rainfall Climatology(mm)
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Fig.3.1 h Same a8.1a, but for November.

December Rainfall Climatology(mm)
20N -

19N 4
18N -
17N~
16N -
15N -
14N -
13N 1
12N+
11N+

10N 4

73E 74E 75E 76E 77E 78E 79E BOE B1E 82E B3E 84E 85E 86E

0 25 50 100 150 200 300 350 400

Fig.3.1c. Same as Fig.1a, but for December.



OND Seasonal Rainfall Climatology(mm)
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Fig 3.1 d. Seasonal Rainfall Climatology (in mm) during the northeast monsoon season
(October December) 19722021 Source: IMI@ridded rainfaldata

Fig 3.2 shows the time variation of mean rainfall averaged over the south
peninsula from 01 Sept to 31 Dec. Trhean rainfall is calculated usitige data of 1979
2021. The plot shows that October and December months contribute maximum rainfall
over the region. Fronthe first week of December, rainfall activity over the region is
sharply reduced. This is due to the fact that by first week of December, the ITCZ shifts
towards much south and rainfall activity is mostly confined south 810

The Coefficient of VariatioCV) of seasonal (October to December) monsoon
rainfall over the southern peninsula is given in Bi§. TheCV of NE monsoon seasonal
rainfall is generally higher compared to southwest monsoon season. CV varies from 30
to 50% over the south peninsula withe east coast experiencing smaller CVs compared

to interior.
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Daily Climatological Rainfall, 1979-2021
70-85E, 8-16N (Land)
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Fig 3.2. Daily climatological rainfall (in mm/day) over NE India from 1 Sep to 31 Dec
averaged over the period 1978)21.The averaging was done over the areaS® E,
8-16° N.
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Fig 3.3.Coefficient ofvariation ofseasonal Rainfall (in %) during the northeast monsoon
season (OctobemDecember), 1972021. Source: IMD gridded rainfall data
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During the NE monsoon season, a rainy day is asstoneel a daywith rainfall of
2.5 mm or more. Fig3.4 shows the spatial distribution dhe mean number of rainy
days during the NE monsoon season. Over the north Tamil Nadu coast and parts of
Kerala and south Karnataka, mean rainy days are more 3Baturing the sason. Over
the remaining parts of Tamil Nadu, coastal Andhra Pradesh and remaining parts of
Kerala, number of rainy daysariesbetween 20 and 30 days. Statisticaltrend analysis
suggests (Fig3.5), the mean number of rainy days ovehe interior parts of south
Peninsulais increasing. It is important to note that this pertains to long term
climatology. In a particular year, there could &eincrease or decrease the number

of rainy days over a particular station.

OND Rainfall Days (2.5 mm/day) [1972-2021]
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Fig.3.4. Number of rainy days (2.5mm) during October to December (192@21).
Source: IMD gridded Data
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OND Rcunfoll Days Trend (2.5 mm/dqy) [1972-2021]
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Fig.3.5.Trend in rainfall days during October to December (12321).

3.3. Heavy Rainfaleventsduring the NE monsoon season

It is important to know the spatial pattern alimatology of heavy rainfabbver

the region This will provide information on the climatological probability of heavy

rainfall occurrence over the region during the seasohe gatial pattern of heavy

rainfall events was prepared usirtige IMD 0.25x 0.25 degree daily rainfall dat@ai

et al. (19722020). It may be noted that thde a 5d@fénition of heavy, very heavy and

extreme heavy rainfall is based oainfall station data. Since the analysis given below is

based onii K S

L grildedidatal YR 42 YS o K|

aY220KSR

cannot be strictly usedior defining heavy, very heavy and extreme rainfelbwever,

even with the gridded datawe could get areliable understanding of the spatial

distribution of such heavy rainfall events.
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Fig 3.6 shows the spatial pattern ofhe number of days withheavy rainfall
between65 mm124 mm. It suggests the maximum number of days \wihvy rainfall
is confined tothe east coast of Tamil Nadu anthe south coastal Andhra Pradesh,
where on average we can expect more than 2 days of heavy rainfall. Another area of
maximumheavy rainfaldays is observed over south Kerala. Number of days with heavy
rainfall sharply reduces towds the interiorpartsof the south Peninsula.

Fig 3.7 shows the spatial distribution of frequency (number of daysjaiffall
with 125 mm or moreduring the NE monsoon season. It suggests maximum frequsncy
found over the coastal parts of north TamNladu and Andhra Pradesh.sliggests that
these very heavy rainfall spells are associated with the landfall of tropical
cyclones/depressions and lows along the east coast. On an average, we can expect

about one day osuch an evenobver this region duringhe NE monsoon season.

OND Rainfall Days (64mm/day) [1972—2021]
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Fig.3.6. Mean number of days during OctobBrecember with 65 mri24mm Period
of the datal972-2021.
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Fig.3.7. Mean in rainfall days with more than 125 mm/dake(iod:19722021).

3.5. Maximum Probable frequency of heavy rainfall

Fig 3.8 shows the maximum probable frequency of heavy rainfall (between 65
and 124 mm) during October to December calculated using fitata 1951-2019. This
map was taken fronthe IMD Climate Hazards and Vutability Atlas of India, 2022A
maximum probability of more than 7 days can be expected over the @zt of Tamil
Nadu and Southern parts of Kerala and Tamil Nadu. Over the interior parte sbuth
Peninsulathe maximum probability lies between8 days.

Fig 3.9 shows the maximum probable frequency of heavy, very heavy and
extreme heavy rainfall (number of days) during the NE monsoon seasoi@oxtOver
the east coast of north Tamil Nad8yuth Coastal Andhra Pradesh and southern most
districts of Tamil Nadu and Keralde maximum probable frequency is more than 15
days. Over other parts of coastal Pradesh, Tamil Nadu and south Kbetaaximum
probable frequency is between 14. Over interior parts othe south Peninsula, this

number vares between 510 days.
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