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Orissa is one of the most flood prone states of India. The floods in Orissa mostly occur during
monsoon season due to very heavy rainfall caused by synoptic scale monsoon disturbances. Hence
a study is undertaken to find out the characteristic features of very heavy rainfall (24 hours rainfall
> 125mm) over Orissa during summer monsoon season (June-September) by analysing 20 years
(1980-1999) daily rainfall data of different stations in Orissa. The principal objective of this study
is to find out the role of synoptic scale monsoon disturbances in spatial and temporal variability
of very heavy rainfall over Orissa.

Most of the very heavy rainfall events occur in July and August. The region, extending from
central part of coastal Orissa in the southeast towards Sambalpur district in the northwest, expe-
riences higher frequency and higher intensity of very heavy rainfall with less interannual vari-
ability. It is due to the fact that most of the causative synoptic disturbances like low pressure
systems (LPS) develop over northwest (NW) Bay of Bengal with minimum interannual varia-
tion and the monsoon trough extends in west—northwesterly direction from the centre of the
system. The very heavy rainfall occurs more frequently with less interannual variability on the
western side of Eastern Ghat during all the months and the season except September. It occurs
more frequently with less interannual variability on the eastern side of Eastern Ghat during Sep-
tember. The NW Bay followed by Gangetic West Bengal/Orissa is the most favourable region
of LPS to cause very heavy rainfall over different parts of Orissa except eastern side of East-
ern Ghat. The NW Bay and west central (WC) Bay are equally favourable regions of LPS to
cause very heavy rainfall over eastern side of Eastern Ghat. The frequency of very heavy rain-
fall does not show any significant trend in recent years over Orissa except some places in north-
east Orissa which exhibit significant rising trend in all the monsoon months and the season as a
whole.

1. Introduction

The monsoon rainfall over India is characterised
by heavy to very heavy rainfall events leading
to floods over different regions. These heavy to
very heavy rainfall events are caused by the inter-
action of basic monsoon flow with the orogra-
phy and the synoptic disturbances developing over
Indian region. Dhar and Nandargi (1993, 1993a)
have found that severe rainstorms over different

parts of India do not occur uniformly. They have
found that during the period from 1880 to 1990, 8
rainstorms have occurred over Orissa out of total
97 affecting the whole country. The number of
rain storms has been maximum over undivided
Madhya Pradesh (15) followed by Maharastra (12),
Gujarat and Karnataka (9 each). All the rain
storms, which have occurred over Orissa, have
taken place during monsoon season only. Also the
break up of meteorological disturbances causing
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the rainstorms indicates that most of the rain-
storms are caused due to low pressure systems
(LPS) which include low, depression, deep depres-
sion and cyclonic storm.

Orography plays a significant role on inten-
sity and distribution of rainfall. Smith (1979) has
suggested the three independent mechanisms of
orographic rainfall, viz. (i) large scale slope precip-
itation due to orographically forced vertical motion
or convection triggered by smooth orographic
ascent bringing the air to saturation resulting in
precipitation, (ii) rainfall from the pre-existing
clouds is partially evaporated before hitting low
ground and (iii) the rainfall due to orographic con-
trol of the formation of cumulonimbus clouds in
a conditionally unstable air mass. Banerjee (1929)
has observed the effect of orography on the mon-
soon flow and distribution of rainfall in India.
Sarkar (1966, 1967) has made extensive studies of
the rainfall due to dynamical lifting of neutrally
stratified and moist air in the westerlies over the
crest of Western Ghat. Krishnamurti et al (1976)
have found that the low level monsoon circula-
tions are quite sensitive to the mountain barriers
around Western Ghat region. Browning (1980) has
observed that rainfall over hills of small or medium
size can be very large if there is a strong and
nearly saturated low level flow. Kasahara (1980)
has found that the distribution of mountain has
a substantial effect on the large scale monsoon
circulation in the region. Rao and Rao (1993)
have studied the influence of cyclonic disturbances
from sea on rainfall over Eastern Ghat in Andhra
Pradesh and found that during southwest monsoon
months of June to August, the southern part of
Fastern Ghat does not receive heavy rain due to
depression/storm. There has been many studies on
heavy rainfall over different regions (Dubey and
Balakrishnan 1992, Desai et al 1996; Chand and
Gupta 1991; Ganesan et al 2001). Most of the above
are case studies. However, Dubey and Balakrishnan
(1992) have studied the frequency distribution of
very heavy rainfall days over different stations
in Madhya Pradesh and the causative systems
of these very heavy rainfall events. Rakhecha and
Pisharoty (1996) have studied point and spatial
distribution of heavy rainfall over India during
monsoon season.

Orissa state, a meteorological sub-division of
India, lies on the east coast of India, adjacent
to north Bay of Bengal and close to the south
of the eastern end of monsoon trough in Indian
region. Hence rainfall in general and very heavy
rainfall in particular over Orissa is predominantly
determined by the interaction of basic monsoon
flow with the orography in Orissa due to Eastern
Ghat and other mountain ranges and synoptic

disturbances like LPS developing over the Bay
of Bengal along the monsoon trough. However,
the rainfall over Orissa varies with reference to
the intensity, movement and region of location
of LPS. Hence very heavy rainfall activity over
Orissa is highly complex in nature. Dhar and
Mhaiskar (1973) have studied point and spa-
tial distribution of rainfall over coastal Orissa
in association with depression/storm and found
the occurrence of intense rainfall to the south of
the monsoon trough extending from the centre of
depression /storm.

Here an attempt is made to find out some
characteristics of daily 24 hours accumulated very
heavy rainfall (rainfall greater than or equal
to 125mm) recorded at 0830 IST over differ-
ent stations in Orissa and their causative syn-
optic systems. Also the role of orography on
very heavy rainfall events in Orissa has been
analysed. The principal objective of this study is
to find out the role of synoptic scale monsoon
disturbances on spatial and temporal variability
of frequency and intensity of very heavy rain-
fall over Orissa. This study will help in further
analysis and development of appropriate models
for prediction of very heavy rainfall events over
Orissa.

2. Data and methodology

Orissa state, a meteorological sub-division of India,
lies on the east coast of India, adjacent to north
Bay of Bengal and close to the south of the normal
position of monsoon trough (figure 1a). Figure 1(a)
indicates the geographical location of Orissa along
with the surface isobaric pattern, mean wind at
0.9km above mean sea level and normal position
of monsoon trough at mean sea level in representa-
tive monsoon month of July. This figure indicates
that the maximum rainfall occurs to the south of
the monsoon trough and the line of maximum rain-
fall passes through Orissa. It also indicates that the
basic monsoon flow over Orissa is westerly. With
the synoptic disturbance like LPS over northwest
Bay and the monsoon trough extending from the
LPS to west—northwesterly direction, there is inter-
action between the basic westerly monsoon flow
and the LPS. Due this interaction, there is maxi-
mum low level convergence and vertical motion of
moist air in the left front quadrant or southwest
sector of LPS. As Orissa lies in the left front quad-
rant or southwest sector of this LPS, it gets heavy
to very heavy rainfall activity due to such type
of LPS. In the absence of any LPS over adjoining
Bay of Bengal along the monsoon trough, the basic
monsoon flow is generally westerly. These wester-
lies do not yield good rainfall over Orissa as these
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Figure 1.

(a) Mean sea level isobaric pattern (in hPa) and mean wind (in knots) in representative month of July, plotted

according to WMO code over Indian region and (b) physiographical map of Orissa.

are relatively continental air mass from west coast
of India to Orissa.

The physiographical regions of Orissa are shown
in figure 1(b). Broadly, Orissa consists of four
physiographical regions, viz., (i) coastal plain (ii)
northern upland (iii) central river basin and (iv)
southwest hilly region. Some of the hill peaks in
northern upland and southwest hilly region are as
high as 1000m to 2000m. Though the Eastern
Ghat extends from Tamilnadu in the southwest to
north Orissa in the northeast, it is most prominent
in north Andhra Pradesh and south Orissa region.
The coastal plain comprises of Balasore (BLS),
Cuttack (CTK), Puri (PRI) and coastal areas
of Ganjam (GNJ) districts. The southwest hilly

region comprises of interior GNJ, Koraput (KRP),
Kalahandi (KLH) and two thirds of Bolangir
(BLR) and Phulbani (PLB) districts. GNJ and
eastern part of KRP district lie on the eastern
side of Eastern Ghat. The northern upland con-
sists of Sundargarh (SNG), Keonjhar (KNJ) and
Mayurbhanj (MBJ) districts and northern most
part of Dhenkaral (DNK) district. The central
river basin consists of Sambalpur (SBP) district
and remaining areas of BLR, PLB and DNK dis-
tricts. All the above-mentioned districts are undi-
vided districts of Orissa. The districts of CTK
and BLS constitute north coastal Orissa and PRI
and GNJ districts constitute south coastal Orissa.
Similarly KLH, BLR, KRP and PLB districts
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constitute south interior Orissa and the remaining
districts constitute north interior Orissa. Due to
the orographic interaction of Eastern Ghat, west-
ern side of Eastern Ghat becomes windward region
with the basic monsoon flow as westerly in asso-
ciation with the synoptic disturbance over north
Bay and hence gets more intense rainfall. When
the disturbance lies southward, e.g., over west cen-
tral Bay, the basic monsoon flow becomes easterly
over Orissa and hence western side of Eastern Ghat
becomes lee side and gets less intense rainfall. So
the very heavy rainfall over Orissa during mon-
soon season depends on the intensity, movement
and region of occurrence of synoptic disturbances
like LPS and the physiography of Orissa. How-
ever, most of the LPS develop over the NW Bay
and move west—northwestwards along the monsoon
trough across Gangetic West Bengal or Orissa.
As a result, Orissa experiences very heavy rain-
fall leading sometimes to flood in different river
catchments.

Considering all the above facts, an attempt is
made to find out the characteristic features of
spatial and temporal variability of frequency and
intensity of very heavy rainfall over Orissa. For this
purpose, the very heavy rainfall events with daily
24 hours accumulated rainfall > 125 mm recorded
at 0830 IST over different rain gauge stations in
Orissa during monsoon months (June-September)
are collected for the period of 20 years (1980-
1999). The rain gauge stations selected for the
study are given in figure 2(a). As the data are
not available for all the selected stations contin-
uously for a period of 20 years (1980-1999), the
stations with at least 10 years data are consid-
ered in the study. The data are quality checked by
comparing with rainfall recorded over surrounding
stations.

Different statistical characteristics like mean fre-
quency distribution, mean intensity distribution
and variability in frequency and intensity of the
very heavy rainfall events, etc. are calculated and
analysed. The variability in the frequency of very
heavy rainfall is analysed by finding out the distri-
bution of the highest frequency, lowest frequency,
range and the coefficient of variation in the fre-
quency of very heavy rainfall during different mon-
soon months and the season as a whole. The mean
intensity of very heavy rainfall events over a sta-
tion is the mean daily rainfall, calculated by con-
sidering only the days of very heavy rainfall over
that station. The variation in intensity of very
heavy rainfall is analysed by calculating the CV
in daily accumulated 24 hours rainfall > 125 mm.
The recent trends in frequency of very heavy rain-
fall events are analysed by calculating linear trend
coefficients in the frequency of very heavy rainfall
events for all the selected stations.

The synoptic systems with their intensities and
regions of occurrence are collected from different
weather reports published by India Meteorological
Department (IMD) to find out the causative sys-
tems of very heavy rainfall. As the LPS are the
major synoptic disturbances to cause very heavy
rainfall leading some times to flood in Orissa, the
characteristic features of LPS in relation to very
heavy rainfall events like the average numbers of
days of occurrence of LPS (LPS days) over different
regions, movement of LPS developing over Bay of
Bengal, percentage frequency of very heavy rainfall
events caused by LPS and most favourable regions
of LPS to cause very heavy rainfall at different
places over Orissa are analysed. The LPS days over
west central (WC) Bay of Bengal off north coastal
Andhra Pradesh, northwest (NW) Bay of Ben-
gal, northeast (NE) Bay of Bengal, Orissa (ORS),
Gangetic West Bengal (GWB), Bangladesh (BDS),
Jharkhand (JKD) and east Madhya Pradesh and
Chhatishgarh (EMPC) are considered in the analy-
sis (figure 2b) as LPS over these regions mostly
cause very heavy rainfall over Orissa. A day is con-
sidered as an LPS day over a region if a low depres-
sion/deep depression/cyclonic storm is detected
over that region according to 0300UTC synoptic
observation of that day. The percentage frequency
of very heavy rainfall over a station due to LPS is
calculated from the ratio of the frequency of very
heavy rainfall due to LPS to the total frequency
of very heavy rainfall over that station. The most
favourable regions of occurrence of LPS to cause
very heavy rainfall over the selected stations in
Orissa are found out by considering the percentage
contributions of LPS over different regions under
consideration as shown in figure 2(b) to the total
frequency of very heavy rainfall events. Also the
correlation coefficients (CC) between the frequency
of very heavy rainfall events over the selected sta-
tions under consideration as shown in figure 2(a)
and the number of LPS days over different regions
under consideration as shown in figure 2(b) are
calculated and analysed to find out their degree of
association.

3. Results and discussion

The frequency of occurrence of LPS over different
regions under consideration and the movement of
the LPS developing over the Bay of Bengal dur-
ing summer monsoon season over the period of
1980-1999 are analysed in section 3.1. The mean
frequency distribution and the variation in fre-
quency of very heavy rainfall are analysed and dis-
cussed in section 3.2 and section 3.3 respectively.
The mean intensity distribution and the inter-
event variation of intensity of very heavy rainfall
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Figure 2. (a) Selected raingauge stations in Orissa for analysis and (b) regions of low pressure systems under consideration.

are analysed and discussed in section 3.4 and sec- section 3.6. The recent trends in the frequency of
tion 3.5 respectively. The role of LPS on very heavy very heavy rainfall over the selected stations in
rainfall over Orissa is analysed and discussed in  Orissa are analysed and discussed in section 3.7.
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(June—September) over a period of 20 years (1980-1999).

3.1 Frequency of occurrence
and movement of LPS

The tracks of cyclonic storms and depressions
(cyclonic disturbances) developing over Bay of
Bengal during summer monsoon months over the
period of 1980-1999 are shown in figure 3. Unlike
the cyclonic disturbances, the centre of monsoon
lows over the sea is not well defined. Hence, the

The tracks of cyclonic storms and depressions developing over Bay of Bengal during monsoon season

frequencies of the monsoon lows developing over
different regions of Bay of Bengal and crossing
different coastal regions under consideration are
analysed. The results are shown in table 1. Moo-
ley and Shukla (1989) have studied characteristics
of LPS and found that the frequency of LPS has
no relation with Indian summer monsoon rainfall
(ISMR) rather a good positive correlation exists
between the total number of LPS days and ISMR.
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Table 1.

The frequency distribution of monsoon lows developing over Bay of Bengal and crossing different coastal regions

of Orissa during different monsoon months (June—September) over a period of 20 years (1980-1999).

Region Subsequent Coastal region crossed by monsoon low
Period formation regions over Bay NCAP Orissa GWB Bangladesh Total
June NE Bay - 0 0 0 1 1
NE Bay NW Bay 0 0 2 0 2
NW Bay - 0 6 6 2 14
WC Bay - 0 0 0 0 0
WC Bay NW Bay 0 2 0 0 2
Total (%) 0 (0%) 8 (42%) 8 (42%) 3 (16%) 19 (100%)
July NE Bay - 0 0 0 0 0
NW Bay - 0 13 8 0 21
WC Bay - 3 0 0 0 3
WC Bay NW Bay 0 0 1 0 1
Total (%) 3 (12%) 13 (52%) 9 (36%) 0 (0%) 25 (100%)
August NE Bay — 0 0 0 1 1
NE Bay NW Bay 0 2 1 1 4
NW Bay - 0 20 6 2 28
NW Bay WC Bay 1 0 0 0 1
WC Bay — 5 1 0 0 6
WC Bay NW Bay 0 0 0 1 1
Total (%) 6 (15%) 23 (56%) 7 (17%) 5 (12%) 41 (100%)
September NE Bay - 0 0 0 1 1
NE Bay NW Bay 0 2 0 0 2
NW Bay - 0 15 10 0 25
NW Bay WC Bay 1 0 0 0 1
WC Bay - 9 0 0 0 9
WC Bay NW Bay 0 1 0 0 1
Total (%) 10 (26%) 18 (46%) 10 (26%) 1 (2%) 39 (100%)
Season NE Bay - 0 0 0 3 3
(Jun.—Sep.) NE Bay NW Bay 0 4 3 1 8
NW Bay - 0 54 30 4 88
NW Bay WC Bay 2 0 0 0 2
WC Bay - 17 1 0 0 18
WC Bay NW Bay 0 3 1 1 5
Total (%) 19 (15%) 62 (50%) 34 (27%) 9 (7%) 124 (100%)

Hence in this study, the number of LPS days over
different regions under consideration are analysed.
The average number of LPS days over different
regions under consideration based on the data of
1980-1999 ARE shown in figure 4.

According to figure 3 and table 1, the LPS
mostly forms over the NW Bay and move
west—northwestwards across Orissa followed by
GWB. However, the movement of LPS is more
variable and hence less consistent during June
and September as the monsoon trough is not well
marked during these months due to onset and
withdrawal phases of monsoon respectively. The
average frequency of LPS developing over Bay
of Bengal is maximum in August among differ-
ent monsoon months. According to figure 4, the
average number of LPS days is maximum over
the NW Bay among different regions under con-
sideration during all the monsoon months and
the season as a whole. As (i) the LPS are

formed along the monsoon trough, (ii) they mostly
move west—northwestwards/northwestwards along
the monsoon trough and (iii) the monsoon trough
shifts southwards as the season advances, GWB
and Bangladesh experience maximum number of
LPS days during June, WC Bay off NCAP and
NCAP experience maximum number of LPS days
during September and all other regions under con-
sideration experience maximum number of LPS
days during August.

3.2 Frequency distribution of very heavy rainfall

In general, the frequency of very heavy rainfall
events is higher in August followed by July, June
and September (figure 5) due to the fact that the
number of LPS days causing very heavy rainfall
over Orissa is maximum during August (figure 4).
During July and August, the very heavy rainfall
occurs by the interaction of basic monsoon flow and
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different monsoon months and the season based on data of 20 years (1980-1999).

the LPS developing mostly over NW Bay, GWB
and north Orissa with the monsoon trough from
the system extending to west—northwesterly direc-
tion. Most parts of Orissa lie in the southwest
sector, which is the maximum convergence zone
of these LPS. According to Rajamani and Rao
(1981), the southwest sector of a westward mov-
ing monsoon depression gets more intense rainfall
due to maximum low level convergence and verti-
cal motion. The monsoon trough is well established
during July and August, leading to more interac-
tion of basic monsoon flow with the orography and
the synoptic disturbances like LPS. During July,
August and season as a whole, there is a region
of higher frequency, extending from north coastal
Orissa to southwestern part of SBP. It may be

attributed to the fact that (i) most of
the LPS develop over NW Bay and move
west—northwestwards/northwestwards along the
monsoon trough (figure 3 and table 1), (ii) very
heavy rainfall occurs by the interaction of basic
monsoon flow with these LPS and orography and
(ili) most intense rainfall takes place over the
region, south of the monsoon trough due to max-
imum low level convergence and vertical motion
over the region (Raghavan 1973; Pathan 1993). As
this region covers central river basin and coastal
plain, it is affected by frequent floods due to very
heavy rainfall. The above orientation in the max-
imum belt of the mean frequency is not observed
during June and September as the monsoon trough
is less marked due to onset and withdrawal phases
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(a) June

Figure 5.

of monsoon during June and September respec-
tively.

During the month of June, there is significant
impact of orography in the northern upland and
minimum impact in the rest of the state. During
the month of September, even though there is a
well marked region of less frequency of very heavy
rainfall along the Eastern Ghat extending from
southwest to northeast, there is no well defined
region of higher frequency of very heavy rainfall on
the eastern side of Eastern Ghat except some pock-
ets in south coastal Orissa. As LPS mostly devel-
ops over NW Bay and move west—northwestwards
along the monsoon trough during July and August
(figure 3 and table 1), the western and eastern
sides of Eastern Ghat become windward and lee
side respectively with basic westerly monsoon flow
over the region. Hence, there is enhanced rainfall
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Mean frequency distribution of very heavy rainfall over Orissa during different monsoon months and the season.

activity on western side leading to two distinct
regions of maxima and minima in the frequency
of very heavy rainfall over western and eastern
sides of the Eastern Ghat respectively during July,
August and the monsoon season.

3.3 Variability in frequency
of very heavy rainfall

The results of variability analysis considering the
highest frequency, lowest frequency and range in
frequency of very heavy rainfall over different sta-
tions during different monsoon months and the
season as a whole are analysed and discussed in
section 3.3.a. The coefficients of variation in the
frequency of very heavy rainfall over different sta-
tions during different monsoon months and the
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season as a whole are analysed and discussed in
section 3.3.b.

3.3a Variability of the highest frequency,
lowest frequency and range in frequency
of very heavy rainfall

The lowest frequencies of different stations in
Orissa are equal to zero during all individual
months and not presented/discussed. Thus only
the distribution of range in seasonal frequency of
very heavy rainfall is different from that of high-
est seasonal frequency. The higher range in fre-
quency and the highest frequency of very heavy
rainfall occur over the region, generally extending
from CTK district coast in the southeast towards
western part of SBP district in the northwest
(figure 6) during all the months and the season
as a whole, being more significantly so during
season as a whole. The highest frequency over
this region may be attributed to the fact that
(i) most of the causative systems like LPS form
over the NW Bay with monsoon trough extend-
ing west—northwestwards across GWB or Orissa
(figure 3 and table 1) and (ii) the region lying in
the southwest sector of the LPS gets most intense
rainfall due to maximum low level convergence in
the sector. Also the range in seasonal frequency
is higher over western side of the Eastern Ghat,
along the Fastern Ghat and some parts of northern
upland. It may be attributed to (i) the enhance-
ment of rainfall over these areas due to interac-
tion of orography with the basic westerly monsoon
flow over the region and the LPS and (ii) variation
in orographic enhancement of rainfall due to large
variation in the frequency of formation, region of

occurrence and intensity of synoptic disturbances
like LPS.

3.3b Coefficient of variation (CV) in the
frequency of very heavy rainfall

To find out the interannual variation in the fre-
quency of very heavy rainfall, the CV of frequency
of very heavy rainfall are calculated and results are
shown in figure 7. The CV is very high (> 100%)
over Orissa during all individual months and over
most parts of Orissa during the season as a whole,
indicating that there is large interannual varia-
tion in the frequency of very heavy rainfall over
any individual station in Orissa. Among different
monsoon months, the CV is higher during Sep-
tember followed by June and less during August
followed by July. It may be due to large interan-
nual variation in frequency of causative systems
like LPS during June and September and less inter-
annual variation during July and August. The CV
is higher over eastern part of Eastern Ghat in

southwest hilly region during all individual months
except September (figure 7). During September,
CV is less over eastern parts of Eastern Ghat. It
may be attributed to the fact that during all the
months except September, the impact of LPS in
causing very heavy rainfall over the eastern side of
Eastern Ghat is highly variable due to higher vari-
ation in frequency of formation and movement of
LPS. During September, the LPS has more ten-
dency to form over southern latitude, i.e., over
WC Bay (figure 3 and table 1) due to south-
ward shifting of the monsoon trough. With the
LPS over WC Bay, the basic westerly monsoon
flow changes over to easterly over Orissa. Hence
the eastern side of Eastern Ghat becomes wind-
ward side and gets very heavy rainfall. During Sep-
tember, the region of lower CV is oriented from
southwest to northeast along the coast, which may
be attributed to the facts that (i) the number
of LPS days over WC Bay or WC and adjoining
NW Bay is maximum with minimum variability
in September among different months (figure 4),
(ii) eastern side of Eastern Ghat becomes wind-
ward region for these LPS as the basic monsoon
flow over this region becomes easterly and (iii)
the region of most intense rainfall due to these
LPS is confined mostly to coastal plain and east-
ern side of Eastern Ghat as the monsoon trough is
less marked during September due to withdrawal
phase of monsoon. During the season as a whole,
there is no significant orientation in the region of
maxima or minima except that there is a con-
trasting difference with higher CV on the eastern
side and lower CV on the western side of East-
ern Ghat indicating large interannual variability
in the frequency of very heavy rainfall over east-
ern side of Eastern Ghat. It may be due to large
interannual variation in the number of LPS days
over WC Bay, which is the favourable region of
LPS to cause very heavy rainfall over eastern side
of Eastern Ghat. Some areas in the eastern side of
northern upland and adjoining areas also experi-
ence relatively higher CV due to variation in oro-
graphic enhancement of rainfall in association with
large scale variation in the frequency, intensity,
region of occurrence and movement of synoptic dis-
turbances like LPS. There is a region of lower CV
extending from central part of coastal Orissa to
northwest Orissa during July and August. It may
be due to (i) less interannual variation of LPS days
over NW Bay during July and August and (ii)
well marked monsoon trough only during July and
August.

3.4 Intensity of very heavy rainfall

During all the months and the season, the aver-
age intensity of very heavy rainfall is relatively less
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(a—e) Range in frequency of very heavy rainfall over Orissa during different monsoon months and the season

and (f) seasonal highest frequency of very heavy rainfall during monsoon season.

over eastern part than over western and central
parts of Eastern Ghat with the difference in inten-
sities being less significant during June (figure 8).
There is southeast to northwest orientation of the
region with higher intensity, extending from coastal
Orissa to western Orissa during all the months
and the season, being less significant during Sep-
tember. It may be attributed to the fact that
(i) the causative systems like LPS mostly form
over NW Bay and neighbourhood, (ii) they move
west—northwestwards along the monsoon trough
(figure 3 and table 1) and (iii) the region, a lit-
tle south of the monsoon trough gets more intense
rainfall due to maximum low level convergence. As

this region covers central river basin and coastal
plain, it is affected by frequent floods due to more
intense very heavy rainfall. The number of LPS
days over WC Bay or WC and adjoining NW Bay
is more in September than in other months (fig-
ure 4). The eastern side of Eastern Ghat becomes
windward region for these LPS with basic westerly
monsoon flow over the region changed over to east-
erly and hence gets more rainfall due to this LPS.
As the monsoon trough is less marked during the
month of September due to withdrawal phase of
monsoon, the very heavy rainfall is more confined
to coastal plain and eastern side of Eastern Ghat
and southeast—northwest orientation in region of
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Figure 7.
season.

higher intensity as observed in other months is not
seen during September. Some parts in eastern side
of northern upland and adjoining areas get less
intense rainfall during all individual months and
the season as a whole, as this region becomes lee-
ward side due to hill peaks in the neighbourhood.

3.5 Coefficient of variation (CV)
in the intensity of very heavy rainfall

To find out the inter-event variation in intensity
of very heavy rainfall, the CV in intensity of very
heavy rainfall are analysed. During all individual
months and the season as a whole, the higher mean
intensity is associated with higher CV and wice
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Coefficients of variation (%) in the frequency of very heavy rainfall during different monsoon months and the

versa. The CV is generally higher during July and
August than in June and September (figure 9). The
spatial range (highest-lowest) in CV of intensity is
maximum during August (64%) followed by July
(47%), June (38%) and September (28%). During
the season as a whole, the spatial range in CV of
intensity is 58% (not shown in figure). Hence the
intensity is more variable both spatially and tem-
porally during July and August than in June and
September. The monsoon trough is well marked
during July and August only and it is less marked
during June and September due to onset and with-
drawal phases of monsoon respectively. As a result,
small scale synoptic systems like cyclonic circu-
lation extending upto lower/middle tropospheric
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(a) June

(b) July

Figure 8.
months and the season.

level (cycir) over NW Bay, etc. can cause some-
times very heavy rainfall over isolated places in
Orissa, specially over southwest hilly region of
Eastern Ghat due to their interaction with basic
monsoon flow and orography during July and
August. Therefore synoptic systems causing very
heavy rainfall range from small scale synoptic sys-
tems like cycir to large scale synoptic disturbances
like depressions/cyclonic storms. Hence, there is
large variability in intensity of very heavy rainfall
during July and August. Specially, the intensity is
more variable over central and western parts than
over eastern side of Eastern Ghat. The southeast to

|| >200 mm
--- >180 mm, <200 mm
O >160 mm, <180 mm
e oo >140 mm, <160 mm
x X <140 mm

Mean intensity of 24 hours daily accumulated very heavy rainfall (in mm) over Orissa during different monsoon

northwest orientation in region of less CV in inten-
sity across central Orissa is significantly seen dur-
ing July and August like the CV in the frequency
of very heavy rainfall.

3.6 Low pressure systems (LPS)
and very heavy rainfall

The percentage frequency of very heavy rainfall
due to LPS and the most favourable region of
occurrence of LPS to cause very heavy rainfall over
Orissa are analysed and discussed in section 3.6.a
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(a) June

(b) July

Figure 9.
the season.

and section 3.6.b respectively. The results of corre-
lation analysis between the frequency of very heavy
rainfall over different stations in Orissa and the
number of LPS days over different regions under
consideration as shown in figure 2(a) are discussed
in section 3.6.c.

3.6a Percentage frequency of very
heavy rainfall caused by LPS

The spatial distribution of percentage frequency
of very heavy rainfall caused by LPS out of total

Il >40%
[ >20, <40 %
oo >10, <20%

==<10%

Coefficients of variation (%) in intensity of very heavy rainfall over Orissa during different monsoon months and

frequency of very heavy rainfall is shown in fig-
ure 10. The percentage frequency is maximum dur-
ing September followed by June, August and July.
As monsoon trough is not well established over
Indian region during June and September due to
onset and withdrawal phases of monsoon respec-
tively, the interaction of small scale synoptic sys-
tems like cycir with the basic monsoon flow and
orography is comparatively less during June and
September to cause the very heavy rainfall. So the
very heavy rainfall is more dependent on the LPS
during these months. The percentage frequency is



Characteristics of very heavy rainfall over Orissa 31

(b) July

(d) Septembe

] 100%
e >50, <100%

<50%

Figure 10. Percentage frequency of very heavy rainfall over Orissa caused by low pressure systems during different monsoon

months and the season.

higher over eastern side than over western and cen-
tral belt of Eastern Ghat in all individual months
and the season as a whole with the contrast being
more significant in July and August. The western
and central belt of Eastern Ghat can get very heavy
rainfall due to interaction of small scale synoptic
systems like cycir over NW Bay, etc. with basic
westerly flow of monsoon and orography due to
Eastern Ghat specially during July and August, as
the monsoon trough is well established, extending
from north Bay of Bengal to west—northwesterly
direction during these months.

3.6b Region of occurrence of LPS
causing very heavy rainfall

The most favourable region of LPS is the NW Bay
(figure 11) to cause very heavy rainfall over most
parts of Orissa except some areas on eastern side of
Eastern Ghat, northern upland and adjoining areas
during all the months and the season as a whole,
as most parts of Orissa lie in the southwest sector
of LPS over the NW Bay. The NW Bay and WC

Bay are equally favourable regions of LPS for very
heavy rainfall over eastern side of Eastern Ghat
during all the monsoon months and the season as a
whole. The eastern side of Eastern Ghat becomes
windward side and hence gets intense rainfall with
basic westerly monsoon flow changed over to east-
erly over the region in association with the LPS
over WC Bay. Similarly, the NW Bay and GWB
are most favourable regions of LPS to cause very
heavy rainfall over some parts of northern upland
and adjoining areas in different monsoon months,
being most significantly so during June. It may
be due to the fact that the northern upland and
adjoining areas lie more close to but in the south-
west sector of the LPS over GWB and the num-
ber of LPS days over GWB is maximum in June
(figure 4). Orissa is also a most favourable region
of LPS to cause very heavy rainfall over some areas
of western Orissa, as this region lies in the south-
west sector of LPS over Orissa.

The second category of most favourable regions
is not shown in the figure. However, the stations
getting very heavy rainfall with NW Bay as most
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Figure 11.
causing very heavy rainfall over Orissa.

favourable region of LPS, has GWB/Orissa as the
second category of most favourable region of LPS
to get very heavy rainfall. Similarly, the stations
getting very heavy rainfall with GWB/Orissa as
most favourable region of LPS, has the NW Bay
as the second category of most favourable region,
station getting very heavy rainfall with NW Bay
and GWB as equally most favourable region of
LPS, has Orissa as the second category of most
favourable region of LPS, station getting very
heavy rainfall with NW Bay and Orissa as equally
most favourable regions has GWB as the second
category of most favourable region of LPS. The
NW Bay and WC Bay are the only regions of LPS

Regions of very heavy rainfall associated with most favourable region of occurrence of low pressure system

to cause very heavy rainfall over most of the sta-
tions on eastern side of Eastern Ghat.

The sum total of the percentage frequencies of
LPS over first two categories of favourable regions
out of total frequency of LPS over all the regions
under consideration causing very heavy rainfall is
100% for very heavy rainfall over most parts of
Orissa during July and September; over most parts
of Orissa except many places on the eastern side of
northern upland during June and over most parts
of Orissa except some places on the western side
of Eastern Ghat during August. The sum total of
the percentage frequencies of LPS over first two
categories of favourable regions is 100% during the
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season for very heavy rainfall over eastern side of
Eastern Ghat. It is less for very heavy rainfall over
some places in western part of Eastern Ghat and
eastern side of northern upland. Over these regions,
the very heavy rainfall may occur, though rare, due
to interaction of orography with the basic monsoon
flow and the LPS over the neighbouring regions like
EMPC and JKD.

3.6¢ Correlation between number of LPS days
over different regions and frequency of very
heavy rainfall over different stations in Orissa

The spatial distribution of CC between the number
of LPS days over different regions under consider-
ation, as shown in figure 2(b) and the frequency
of very heavy rainfall over different stations under
consideration as shown in figure 2(a) is shown in
figure 12. The increase in number of LPS days over
NE Bay causes significant increase in frequency
of very heavy rainfall at some places over south-
ern part during June and over northeastern part
of Orissa during August. During all the months
and the season except September, the frequency
of very heavy rainfall increases at a few places
over south Orissa and north interior Orissa with
increase in LPS days over the NW Bay. It increases
at a few places over south coastal Orissa during
September with increase in LPS days over the NW
Bay. As the monsoon trough is less marked due to
withdrawal phase of monsoon during September,
activity is confined to south coastal Orissa only
during September. The frequency of very heavy
rainfall over south Orissa, specially over the east-
ern side of Eastern Ghat and adjoining areas of
coastal plain significantly increases with increase in
LPS days over WC Bay. It significantly decreases
over some parts of interior Orissa during July and
August.

The increase in number of LPS days over Orissa
causes significant increase in frequency of very
heavy rainfall over western side of Eastern Ghat
and adjoining central river basin during all the
months and the season except September as this
region lies in the southwest sector of this LPS.
With the increase in LPS days over EMPC, the fre-
quency of very heavy rainfall increases over a few
places in adjoining areas of southwest hilly region
only during June and the LPS over EMPC has no
significant impact in other months as most parts
of Orissa lie in the rear sector of this LPS and
the rear sector is the minimum convergence sec-
tor. The interaction of basic monsoon flow with the
LPS over JKD and orography is sufficient enough
to cause very heavy rainfall at some places over
western side of Eastern Ghat and adjoining areas
of central river basin during August and over some
parts of western side of Eastern Ghat and northern

upland during June. The increase in number of LPS
days over GWB causes significant increase in fre-
quency of very heavy rainfall at some parts over
north Orissa during June and July and over north
coastal Orissa during August, September and the
season as a whole, as north Orissa lies in the south-
west sector of the LPS over GWB. The increase
in number of LPS days over BDS causes signifi-
cant increase in frequency of very heavy rainfall
at isolated places in northern upland and north
coastal plain only as these areas lie in outermost
part of the southwest sector of LPS over BDS.
Thus the correlation analysis confirms the findings
that the region lying in the southwest sector and
windward sector with respect to the LPS gets very
heavy rainfall as mentioned in previous para of the
analysis.

3.7 Trend in the frequency of very heavy rainfall
over Orissa during recent years (1980-1999)

The spatial distributions of linear trend coefficients
in the frequencies of very heavy rainfall events over
Orissa during 1980-1999 are shown in figure 13.
The trend coefficients are not statistically signifi-
cantfor most parts of Orissa except some parts in
northeast Orissa (MBJ district). It may be due to
the fact that the number of LPS days shows no
significant trend. According to Mooley and Shukla
(1989), the number of LPS days over the Indian
region does not show any significant trend dur-
ing 1888-1983. The MBJ district shows significant
increasing trend in frequency of very heavy rain-
fall in recent years. The western side of Eastern
Ghat and adjoining areas as well as KNJ district
show decreasing trends during all the months and
the season. According to De (2001), the frequency
of heavy rainfall (> 65mm) during monsoon sea-
son shows increasing trend over some parts of the
country. According to him, most parts of Orissa,
specially the region extending from central part of
coastal Orissa to northwest Orissa shows insignif-
icant trend in frequency of heavy rainfall. While
the northeast Orissa shows significant rising trend,
western side of Eastern Ghat shows significant
decreasing trend in frequency of heavy rainfall.

4. Conclusions

The following broad conclusions are drawn from
the above results.

The frequency and intensity of very heavy rain-
fall are higher in July and August than in June
and September. During July, August and season
as a whole; there is a region of significantly higher
frequency and intensity with less interannual
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Figure 12. Correlation coefficients between number of low pressure system (LPS) days over different regions as shown in
figure 2(b) and frequency of very heavy rainfall over different stations in Orissa as shown in figure 2(a) during different
monsoon months and the season as a whole.
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Figure 13. Linear trend coefficients (days per 100 years) in the frequency of very heavy rainfall over Orissa during different

monsoon months and the season.

variability in very heavy rainfall extending from
central part of coastal Orissa in the southeast
towards northwest Orissa.

The eastern part experiences less frequency with
higher interannual variability of very heavy rain-
fall compared to the western and central parts of
Eastern Ghat during all the months and the season
except September. During September, unlike other
months, there is a region of almost nil frequency of
very heavy rainfall along the Eastern Ghat. Also
the very heavy rainfall events over eastern side
of Eastern Ghat are less intense than that over
western and central part. Some parts of KNJ and
adjoining areas experience less intense rainfall dur-
ing all the monsoon months and the season as a
whole.

The percentage frequency of very heavy rain-
fall caused by LPS out of total frequency of very
heavy rainfall is maximum in September followed
by June. It is higher over the eastern side than
over the western side of Eastern Ghat during July,
August and the season as a whole. The western
part could get very heavy rainfall in association
with small scale synoptic systems like cycir due to
orographic enhancement of rainfall.

The most favourable region of LPS is NW Bay
followed by GWB/Orissa to cause very heavy rain-
fall over most parts of Orissa except the eastern
side of Eastern Ghat, northern upland and adjoin-
ing areas during all the months and the season. The
NW Bay and WC Bay are equally most favourable
regions of LPS for very heavy rainfall over eastern
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side of Eastern Ghat during all monsoon months
and the season as a whole. The GWB and NW Bay
are the favourable regions of LPS to cause very
heavy rainfall over northern upland and adjoining
areas.

The correlation analysis between number of LPS
days over different regions and the frequency of
very heavy rainfall over different stations in Orissa
confirms that the region lying in the southwest sec-
tor and windward sector with respect to the LPS
gets more very heavy rainfall.

The frequency of very heavy rainfall does not
show any significant trend over Orissa except
some places in northeast Orissa, which exhibits
significant increasing trend in recent years.
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