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Seasonal forecasting of Indian
Summer Monsoon by NCEP
GFS Atmosphere model

ABSTRACT
Global Forecast System (GFS) is the atmospheric component of NCEP's coupled ocean-land-atmosphere model
named Climate Forecast System (CFS). Janakiraman et al. [2011] showed that the CFS model captures reasonably
well, the linkage between ISMR, ENSO and EQUINOO phenomena. In the present work, GFS is run in
hindcast mode for the seasonal prediction of Indian Summer Monsoon for the years 1982-2009. In these
experiments, GFS is forced by time-varying Reynolds SST data as boundary conditions. This study of the
interannual variation of ISMR shows that the model skill is poor and the GFS model does not simulate the
linkage between ISMR, ENSO and EQUINOO realistically compared to the Climate Forecast System.
Key words: Indian summer monsoon, NCEP Coupled Forecast System, GFS, El-Nino

1.

Introduction

model of the atmosphere, when forced with the
Reynolds SST showed the links between ISMR
and ENSO. Liang et al. [2009] suggest that the
NCEP CFS [Saha et al. (2006)] is highly skillful
in simulating and predicting the summer
precipitation over tropical Asia and the IndoPacific Oceans and in capturing the air-sea
interaction processes associated with the patterns
of precipitation anomalies, and thus, the CFS is
capable of predicting the most dominant modes
especially the features associated with ENSO
development, several months in advance. By
using CFS predicted JJAS rainfall over the
regions of significant Correlation Coefficients
(CC), a hybrid dynamical-empirical model is
developed for real time prediction of AISMR
[Pattanaik et al. (2012)], whose skill is found to
be much higher (CC significant above 99% level)
than the raw CFS forecasts. The dynamicalempirical hybrid forecast applied on real time for
2009 and 2010 monsoons are found to be much
closer to the observed AISMR. Wen et al. [2012]
points out that at the increased resolutions of
T126 and T254, the CFS model performs even
better. Pattanaik and Kumar [2010] have shown
that the skill of simulation of broad scale monsoon
circulation index (Webster and Yang; WY index)
is quite good in the CFS with highly significant
CC between the observed and predicted by the
CFS from the March, April and May forecasts.
High skill in forecasting El Nino event is also noted

Indian monsoons have been the subjects for
serious research around the globe, for their
significant association and larger impacts on the
global climate. Precise and advance information
on Indian monsoon is paramount to planning and
strategic decision-making in the water
management. The inter-annual variations of
monsoon were erratic during 1972, 1987, 1988,
1997, 1998, 2000, 2001, 2002 and 2004 [Gadgil
et al. (2004)]. The increased frequency in the
occurrence of such events in the recent years
raises an alarming scenario that demands for
improved skill and innovative methods in the
prediction of monsoons.
Many studies have documented the existence
of tele-connections and linkages of global
parameters over the land and oceans to explain
the Indian monsoon system and its inter-annual
and intra-seasonal variations [Rasmusson and
Carpenter (1983), Krishnamurthy (1987), Ihara et
al. (2007)].
Seasonal Prediction of Indian Monsoon
(SPIM) study [Gadgil and Srinivasan (2011)] had
shown that the AGCMs were not able to simulate
the inter-connections between Indian Summer
Monsoon Rainfall (ISMR), El-Nino Southern
Oscillations (ENSO) and Equatorial Indian Ocean
Oscillations (EQUINOO). Seasonal Forecast
Model (SFM), a version of NCEP global circulation
3

Mean rainfall, computed from coupled model
simulations corresponding to the last pentad of
the CFS retrospective dataset, i.e. 29th, 30th
April, 1st - 3rd May of each year, close to the
initial conditions used for GFS, is used for
comparing the model. Observational data is
obtained from Global Precipitation Climatology
Project (GPCP) merged data-set of rainfall,
available from 1979 to 2009 [Adler et al. (2003)],
having a coarser resolution of 2.5° x 2.5°. All India
rainfall data from Parthasarathy et al. [1994] (http:/
/www.tropmet.res.in) is used for ISMR.

for the CFS March, April and May initial
conditions. Janakiraman et al. [2011] showed how
CFS captures the interannual variation of ISMR
to a good extent, but still has large errors in years
such as 2009 for which it predicts an excess
rainfall instead of a drought. For improvements
in the coupled model, the atmospheric component
has to be significantly improved. In this paper,
we attempt to study whether the atmospheric
component of the CFS, i.e. GFS [Moorthi et al.
(2001)], which is very similar to the SFM model,
also exhibits the similar behavior or does it
perform better/worse? This study highlights the
weaknesses of the GFS model, thus pointing
towards the need for improvement in the model
to subsequently improve the coupled model for
better monsoon prediction.

Summer monsoon seasons with a deficit in
ISMR of magnitude more than one standard
deviation are categorized as droughts and those
with ISMR higher than the mean by more than
one standard deviation are the excess monsoon
seasons.

We first try to understand the year-to-year
variations of the monsoon rainfall over India and
the surrounding regions. Next, we discuss the
capability of the model to simulate and respond
to the occurrence of the processes, such as
ENSO and EQUINOO. Section 2 describes the
data and the methodology used for the analysis.
Useful results obtained and the subsequent
discussions are presented in section 3 and some
concluding remarks in section 4.

2.

3.

Results and Discussions

3.1. Climatology
The climatology of the model simulation is
calculated over the period from 1982 to 2009.
Fig.1 compares the simulated climatology with the
observations and that of CFS obtained from
retrospective runs made at NCEP. It becomes
evident that the GFS model shows good
resemblance with its coupled counterpart except
for some regions in South China Sea and Western
Equatorial Pacific Ocean. The two climatologies
match over the Pacific and even over the Indian
Region with CFS showing slightly higher rainfall
climatology over the Indian Peninsula and the Bay
of Bengal.

Data & Methodology

The atmospheric component of the CFS, i.e. the
GFS, is extracted from the coupled system. GFS
is run in standalone-mode at C-DAC's
supercomputing facility, PARAM Padma, by
making a provision to ingest time-varying SST.
The integration period is taken from 1982 to 2009.
Multi-ensemble seasonal hindcasts, comprising of
5 ensemble members viz. April 26th to April 30th
for each year, are done and the mean for each
year is computed. We call these hindcasts as
SPIM-type runs of GFS in analogy to the SPIM
study [Gadgil and Srinivasan (2011)]. The initial
conditions for the atmosphere model are taken
from the NCEP/Department of Energy (DOE)
reanalysis-2 (R2) [Kanamitsu et al. 2002]. Daily
interpolated SST obtained from optimally
interpolated Reynolds SST [Reynolds et al. 2002]
is used as the boundary condition. Each run is a
seasonal run including June to September (JJAS)
that account for most of the summer monsoon
rainfall over India.

The comparison is not as good with the
observations. While both CFS and GFS show
higher climatological values over the Pacific
compared to GPCP, the observed climatology
over the Indian land mass is higher than that
predicted. A higher magnitude, compared to
observed, is again noticed in the simulations over
the Arabian Sea, the Equatorial Indian Ocean, the
Himalayas and the West Coast of India in the two
models indicating a probable bias. GFS model
simulated rainfall over regions like North-East
India and Head Bay of Bengal compares well with
the observations. Thus, while large errors are
seen in the predictions over the Pacific and the
Indian Ocean, the magnitude of errors reduces
slightly over the Indian territorial land.
4

Fig.1. JJAS mean rainfall climatology (mm/day) for
GPCP (top panel), 5-member ensemble of
CFS simulations from NCEP retrospective
runs (middle panel) and 5-member ensemble
run for GFS made at CDAC (bottom panel).

Fig.2. Difference of JJAS mean rainfall climatology (mm/day) between CFS (5 members) and GPCP (top panel), GFS and
GPCP (middle panel) and CFS and GFS
(bottom panel).

The differences in model simulated (GFS and
CFS) and the observed (GPCP) rainfall
climatologies are shown in Fig 2. Spatially, CFS
- GPCP and GFS - GPCP patterns are more or
less similar. Over the Indian peninsula, GFS GPCP has larger magnitude than CFS - GPCP.

1994, 1996, 2003, 2005 and 2006. For the
considered period, the maximum ISMR is observed
for the season of 1988, for which the GFS model
simulates only close to normal anomaly. Again, the
model is not able to simulate correctly, the ISMR
anomaly for the second largest ISMRs of 1983 and
1994. The simulated ISMR anomaly for 1994 is not
only of the wrong sign (i.e. negative instead of
positive), but of a large magnitude as well (more
than one standard deviation). The CFS model, in
contrast, is able to capture the correct sign of the
ISMR anomaly for 1994, although of lesser
magnitude than observed.

3.2. Simulation of Inter-annual variation of ISMR
The observed inter-annual variation in ISMR
anomaly is compared with that of GFS and CFS in
Fig 3. Note that for the droughts corresponding to
the El-Nino years of 1982, 1987, 2002 and 2009,
GFS simulats excess rainfall for 1982 and close to
normal rainfall for the other three years. On the other
hand, CFS correctly predicts severe drought,
although more severe than observed, for 1987.
However, it predicts severe excess for 2009 and
close to normal rainfall for the other two years.

Similarly, the GFS model fails to correctly
simulate the minimum ISMR of 2002 and the second
largest deficits of 1987 and 2009. The difference in
simulated and observed ISMR anomaly is more
than two standard deviation in magnitude for the
seasons of 1982 (2.68), 1994 (2.81), 1996 (2.27)
and 2005 (2.87).

Large errors in the rainfall simulation by the GFS
are seen in other years as well, e.g. 1983, 1988,
5

Fig.3. Inter-annual variation of ISMR anomaly
the negative of this SST anomaly after normalizing
it by the standard deviation. A positive value of the
ENSO index implies a favorable phase for monsoon.
El Nino events are associated with an ENSO index
magnitude of less than -1.0 and La Nina with an
ENSO index magnitude greater than 1.0.
Fig. 5 shows the predicted ISMR anomaly
normalized by standard deviation against the
observed ENSO index for the JJAS seasons from
1982 to 2009. Though the Indian summer monsoon

Fig.4. Scatter plot showing the correlation
between observed and GFS simulated
ISMR anomaly
The relationship of the observed ISMR anomaly
with the GFS simulated ISMR anomaly is brought
out more clearly in Fig. 4. A negative correlation of
-0.10 exists between the observed and simulated
ISMR. None of the extreme events are correctly
simulated by the model. Whereas, for the same
period, the CFS model shows a positive correlation
of 0.22.

Fig.5. Scatter plot describing the correlation
between observed ENSO index and GFS
simulated ISMR. Note that the extreme
events are not properly simulated by the
GFS model.

3.3. ENSO and ISMR
In this study, we have used the ENSO index based
on the SST anomaly of the Nino 3.4 region i.e. 120°
W - 170° W and 5° S - 5° N. ENSO index is taken as
6

predicts a normal monsoon over the Indian territory,
the Arabian Sea, the Bay of Bengal and the Indian
Ocean in contrast to the observed severe drought.

and ENSO are closely related [Gadgil et al. (2004,
2007), Pant and Parthasarthy (1981), Sikka (1980)],
we see a rather poor simulation of the ISMR-ENSO
relationship by the GFS model. No deficit rainfall is
predicted for any of the El Nino years viz. 1982,
1987, 1997, 2002 and 2009. Rainfall prediction for
all these years is either close to normal or excess
rainfall.

Similarly, for the strong La-Nina season of 1988
with ENSO index even higher than two magnitudes,
the model predicts only normal rainfall compared
to the observed high rainfall, despite correctly
predicting the rainfall anomaly over the Equatorial
Pacific Ocean and the Nino regions.

And similarly for the strongest La Nina year of
1988, the prediction is just close to normal and for
1999, below normal rainfall is predicted by the
model. For the studied period, the ISMR and ENSO
show a surprisingly poor correlation, having a
negative correlation coefficient of merely -0.01.

Other two seasons considered are those of
1993 and 1994. The mean JJAS precipitation
anomalies for these seasons are shown in Fig.7
along with the respective comparison with the
observations. Both the seasons show same value
for ENSO index, but the rainfall actually received
during the two monsoon seasons is markedly
different as shown by the spatial distribution of
rainfall in Fig.6 (top panels). This fact is also evident
from the black bars that represent the normalized
observed ISMR anomaly in Fig.3 corresponding to
1993 and 1994.

3.4. Analysis of few special seasons
We analyzed a few select summer seasons that
posed challenges to the GFS model. Analyzing
these seasons could lead us to the missing links in
the representation of the underlying phenomena by
the model, and there by provide opportunities to
improve the model in the future. Fig. 6 shows the
JJAS mean rainfall anomaly for the years 1987 and
1988 and the respective comparison with the
observations. As seen, the model correctly predicts
the rainfall anomaly over the Pacific for both the
years. However, it fails to correctly simulate the
rainfall anomaly over the Indian region. For 1987,
which was a strong El-Nino year with an ENSO
index value of higher than 2 magnitude, the model

The reason for 1994 to receive high rainfall has
been clearly brought out by Janakiraman et al.
(2011) and Gadgil and Srinivasan (2011). The year
1994 is associated with an unfavorable phase of
ENSO (Fig.8). However, the occurrence of the
favorable phase of EQUINOO over the Indian Ocean
causes heavy rainfall over the land. The model
succeeds in simulating the correct sign of anomaly

Fig.6. JJAS mean precipitation anomaly for 1987 (left panels) and 1988 (right panels). Model simulated
anomalies (bottom panels) and the actual precipitation anomalies (top panels).
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Fig.7. JJAS mean precipitation anomaly for 1993 (left panels) and 1994 (right panels). The bottom
panels show the anomalies computed from model simulations and the top panels show the actual
precipitation anomalies for these seasons.
EQUINOO for 1993 monsoon season. The model
still predicts very heavy rainfall for the season with
a standard deviation of nearly 2 magnitudes above
the long-term mean.
Similar erratic behavior is shown by the model
for the season of 2002, which is classified as one
of the major droughts in the Indian history [Gadgil
et al. (2005)]. The model could not predict deficit
rainfall despite the combined unfavorable phases
of both ENSO and EQUINOO. Fig. 9 shows a
comparison of the seasonal mean rainfall anomaly
between the GFS and the observations. While a
severe drought is observed, the model prediction
is only for a normal rainfall. It appears that the
response of GFS to EQUINOO is opposite of what
is observed.
Fig.8. JJAS mean SST anomaly for 1994 taken
from Reynolds
over the Indian Ocean, thus forming a dipole that is
even stronger than the observation. Still, it fails in
predicting heavy rainfall over the land as a result of
this event. In contrast, the model predicts deficit
rainfall for the season with a standard deviation of
more than 1 magnitude below the long-term mean.

Fig.9. Mean rainfall anomaly for the summer monsoon season of 2002 as simulated by the GFS
(bottom panel) and observed (top panel).

There is no clear favorable phase of ENSO or
8

The rainfall climatology simulated by the GFS model
is quiet similar to its coupled counterpart, CFS.
However, prominent errors in the simulation are
seen when compared with the observations. While
large errors are seen in the predictions over the
Pacific and the Indian Ocean, the amplitude of error
reduces over the Indian land. The year-wise
analysis of the model simulations shows that
although the climatology errors are less over the
Indian Territory, the ability of the model to predict
extremes and simulate the linkage between ISMR,
ENSO and EQUINOO is poor. The following points
are worth noting:

simulate the correct connections between ISMR,
ENSO and EQUINOO, although the model is
derived from the Coupled Forecast System which
simulates this relationship to a good extent. This
behavior of the model makes it unsuitable to be
used in its present form, for monsoon prediction for
India. It is important that the atmosphere captures
the connections between ISMR, ENSO and
EQUINOO. Clearly, research and development of
the AGCM is required in this direction for improving
the simulation and prediction of the Indian monsoon.
Improvements in the underlying AGCM will, in turn,
enhance the prediction capabilities of the coupled
model for the Indian summer monsoon.
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4.

Conclusions

For years with strong negative ENSO index,
viz., 1982, 1987, 1997 and 2002, GFS predicts
normal or above normal rainfall (particularly
for 1982).

•

Also for years with strong positive ENSO
index, viz., 1988 and 1999, GFS predicts
normal rainfall (for 1988) and deficit rainfall
(for 1999).

•

The prediction for the season of 1994 with a
favorable phase of EQUINOO is high deficit
rainfall, while for 1993 with no indication for
favorable ENSO or EQUINOO, the prediction
is for a very high rainfall.

•

Despite an unfavorable ENSO and
unfavorable EQUINOO for the season of
2002, slightly below-normal rainfall is
predicted for the season.
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ABSTRACT
Major synoptic systems responsible for rainfall over Gujarat State are the monsoon lows/ depressions approaching
the State from eastern parts, the tropical depressions/ cyclones forming over Arabian Sea and approaching/
entering the Gujarat coast and mid-tropospheric cyclones over Northeastern Arabian Sea and the adjoining
coastal regions. The offshore trough and the embedded vortices in it are one of the synoptic systems responsible
for rainfall during monsoon season over western coastal regions of India such as Kerala, Karnataka, Goa and
Maharashtra. On certain occasions, the offshore trough extents even upto Gujarat State and causes enhanced
rainfall over Gujarat. Sometimes, a combination of the active offshore trough along with other synoptic systems
produces intense rainfall over Gujarat. Eventhough, there were no tropical cyclones over Arabian Sea, no
midtropospheric cyclones over northeast Arabian Sea and the neighbouring Gujarat region and the monsoon
depressions from the east were less during monsoon 2011, the seasonal rainfall was 21% more than the normal
over Gujarat State, especially over Saurashtra & Kutch region (52% more). It appears that position, extension
and strength of the offshore trough played a significant role on rainfall over Gujarat during 2011 monsoon
period. In this regard, an attempt has been made to study the impact of offshore trough on rainfall over Gujarat
using conventional meteorological data, Kalpana satellite data, TRMM derived product and NCEP FNL
reanalysis data.

1.

intensification of offshore trough, generally seen
over Kerala and Karnataka coast, to Gujarat. (v)
Interaction of western disturbances over NW India.
(vi) Cyclonic circulation in the upper atmosphere
over Gujarat and neighbourhood.

Introduction

Climatologically, monsoon advances into Gujarat
State during third week of June and withdraws from
the State by second week of September. Nearly
95% of annual rainfall of State occurs during
monsoon period, in which July contributes about
45%. Extreme southern parts of Gujarat State
receive highest rainfall and decreases considerably
from southeast to northwest. A significant feature
of Gujarat rainfall is the occurrence of intense
rainfall. Dharampur in Valsad district recorded
highest rainfall of 100 cm on 2 July, 1942. In
general, monsoon trough is north of Gujarat State
and monsoon westerlies extend upto 800 hPa over
the State.

West coast of India has an orographic barrier
in the form of Western Ghats, running almost
parallel to the coast, oriented in the north-south
direction, about 1000 km long, 200-250 km broad,
1.0-1.5 km height. The abundant rainfall over the
West Coast of India during southwest monsoon
period is generally attributed to the forced ascent
over the Western Ghats. Sarkar (1966, 1967)
studied extensively about the orographically forced
rainfall in the immediate vicinity of the Western
Ghats by considering dynamic lifting of neutrally
stratified moist layer in the westerlies near the crest
of the mountains. Winston and Krueger (1977)
using satellite brightness temperature data
observed abundant amounts of upper level
cloudiness over oceanic area well to the west of
the mountains. It is found that on several occasions
when the rainfall is heavy at the coastal stations,
several stations on the Ghats do not get such heavy
rains (Mukherjee et al., 1978). Riehl (1979) in his

Major weather systems affecting Gujarat are (i)
lows/ depressions developing over Bay of Bengal
and neighborhood and traveling along monsoon
trough and reaching NW Madhya Pradesh, SE
Rajasthan and Gujarat (ii) Lows/ depressions
developing over Maharashtra/ Gujarat coast,
moving northward or northwestward approaching/
entering Gujarat coast. (iii) Midtropospheric
cyclones developing over NE Arabian Sea and
adjoining Gujarat coast. (iv) Extension and
11

study using cloud top temperature indicated the
presence of deep convective towers well off the
western coast during fully developed monsoon.
Using reflective cloud data during monsoon season,
Grossman and Garcia (1983) observed the
occurrences of persistent deep convection over
western coast of India. Grossman and Duran (1984)
in their study considered the effect of Ghats on deep
convection well away from the mountain crest
compared to that of Sarkar (1966, 1967) and they
demonstrated that the Western Ghats are capable
of contributing to the production of deep convection
well offshore by gentle lifting of potential unstable
air as it approaches the coast. This lifting is due to
deceleration of the low level air as it approaches a
zone of high pressure caused by an upstream
blocking effect of mountains. If the dynamic and
thermodynamic conditions are favourable, this lifting
causes development of deep convection.

(Rao, 1976). Gadgil and Francis (2001) using OLR
data found that during the period 1979-1989, 10
out of 37 days of intense rainfall were associated
with offshore convection. ARMEX summary report
(2003) pointed out that, the nature, spatial extent
and association of offshore trough with synoptic
scale systems have not been fully established. In a
recent study using MM5 model, Vinodkumar et al.
(2009) simulated accurately the location and
evolution of the offshore trough formed over the
Arabian Sea during June 2002 and observed that
the associated precipitation is sensitive to the
representation of the surface processes within a
mesoscale model.
On certain occasions, offshore vortices, subsynoptic scale systems with horizontal scale of 100150 km are embedded in the offshore trough on
the west coast of India during southwest monsoon
periods. Eventhough, their dimension is small, they
are effective in bringing a spell of very heavy rain
in their vicinity, along west coast of India. These
are generally very shallow systems confined within
850 hPa and are detected by weak easterly/
southerly winds at coastal stations. When the
southwest monsoon winds hitting the Western
Ghats do not have enough energy to climb over
will be overturned to form the offshore vortex. Once
the offshore vortex is formed, it generally moves
northward along the west coast in the offshore
trough, and sometimes they may act as seed for
monsoon depression in the Arabian Sea. These
mesoscale vortices appear and disappear in a day
or so and moving northward within the offshore
trough with associated shift in the heavy rainfall belt.
Heavy rainfall exceeding 10 cm /day and on certain
occasions 30-50 cm/day is often associated with
active offshore trough and is concentrated near the
center of mesoscale vortex.

It has been suggested that during monsoon
season on many occasions the systems associated
with coastal rainfall are offshore troughs. These
troughs are somewhat slow-moving and may cause
relatively longer spell of wet weather. The offshore
trough and the upper air circulation in combination
is one of the major factor which helps in
advancement of monsoon flows. On rare occasions,
such troughs intensify into depressions. Jayaram
(1965) in his study of offshore trough during 3-6
July 1962 found that the highest rainfall occurred
to the south of the apex of the trough and this belt
moved slowly northward with the trough. Rao et
al. (1970) pointed out that one of the synoptic
disturbances that activate the monsoon over
Gujarat State is the troughs of low pressure off
Maharashtra and Gujarat coasts. During the
monsoon, troughs of low pressure form off the west
coast of the Peninsula and move northwards along
the coast, if they reach Saurashtra and Kutch or
even north Konkan, rainfall occurs in Gujarat State.
They described movement of such a system that
occurred during 1-4 July, 1968, which caused
rainfall over Gujarat region. Srinivasan et al. (1972)
described the upper and lower level circulation and
rainfall associated with the offshore trough during
11-16 July 1969 and found that the heaviest rainfall
occurred to the north of the trough. Nearly half of
active to vigorous monsoon situations in Konkan
and three fourth of such occasions in coastal
Karnataka are associated with offshore troughs

George (1956) highlighted the importance and
formation of offshore vortices and linked them to
very heavy rainfall in the preferred zones of coastal
Karnataka, Goa and Gujarat. Mukherjee (1980)
studied the structure of an offshore vortex from
research aircraft dropwindsonde data of 20 June
1979. Benson and Rao (1987) showed that several
convective bands were embedded in the synoptic
scale cloud cluster over the Arabian Sea on 20 June
1979. They suggested that the bands formed and
decayed as a result of the complex interactions
between the low-level westerly flow, and the upper12

season. Daily average rainfall for individual days
during monsoon period for Gujarat region and
Saurashtra & Kutch region along with their climatic
normal are shown separately in Figure 1. The figure
clearly indicates that on many days rainfall over both
regions were more than double of their climatic
normals. Over both subdivisions, during 10 August
to 18 September, the daily average rainfall was
above normal for most of the days. The figure also
gives clear indication about the onset and withdrawal
of monsoon.

level tropical easterly jet-stream and the mesoscale
convective features. They suggested that the
offshore vortex was probably not an isolated system
but embedded in the synoptic-scale clouding. Rao
and Hor (1991) suggested that many of offshore
vortices studied by Mukherjee et al. (1978) could
have been associated with bands.

2.

Data utilized

Rainfall data from 225 Taluka rainguage stations
in Gujarat (from GSDMA) for the monsoon season
of 2011 have been employed for rainfall analysis.
TRMM rainfall estimates have been used to get
spatial extent and intensity of rainfall. Conventional
synoptic charts of mean sea level pressure and
streamlines together with brightness temperature
derived from Kalpana satellite have been used for
analyzing the responsible systems. Radiosonde
data from Ahmedabad, OLR data from Kalpana
satellite and NCEP FNL reanalysis data have been
used to asses thermodynamic parameters.

3.

Table 2 shows the number of stations reported
>=65 mm, >=120 mm and >=200 mm of rainfall on
individual days during monsoon 2011 (only days
with atleast one of the station reported >= 120 mm
or atleast 5 stations reported >=65 mm rainfall are
shown). Table 3 presents intense rainfall (>=200
mm) reported during 2011 monsoon period over
Gujarat State. It is observed that many stations in
the State during this monsoon season received very
heavy rainfall and 21 stations reported intense
rainfall of >= 200 mm atleast one day. During the
monsoon period, 13 days received intense rainfall
of more than 200 mm by atleast one of the stations.
On 10 and 29 August, four stations reported intense
rainfall of more than 200 mm, indicating the spread
of intense rainfall. Heaviest rainfall received during
2011 was 458 mm (Vansda) followed by 317 mm
(Olpad), both in southern parts of the State.

Analysis and Results

3.1

Rainfall over Gujarat during SW monsoon2011
The southwest monsoon of 2011 covered almost
entire State by 8 July and the withdrawal started from
28 September and completely withdrawn from State
by 12 October. Average rainfall for individual months
and for the whole monsoon season separately for
Gujarat region and Saurashtra & Kutch region are
given in Table 1. Rainfall during the monsoon season
for the State as a whole was 21% more than long
period average, significantly Saurashtra & Kutch
region received 52% more rainfall than long period
average. Out of 26 districts of the State, 22 districts
received normal or above normal rainfall during the

Major synoptic conditions affected rainfall over
Gujarat during monsoon 2011 are (i) The
depression formed over NE Arabian Sea on 11
June, moved northwestwards and crossed
Saurashtra coast, moved further and dissipated on
14 over Saurashtra and neighboring Arabian Sea;
the associated upper air circulation remained upto

TABLE 1
Month wise monsoon rainfall for Gujarat region and Saurashtra & Kutch region.
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Fig.1. Daily average rainfall for Gujarat Region and Saurashtra & Kutch Region during monsoon 2011
15. This system helped to advance the monsoon
to the State earlier than the normal. (ii) The low
formed over South Chattisgarh on 6 July, moved to
West Madhya Pradesh and dissipated on 8; the
associated upper air circulation extended upto
midtropospheric levels and remained upto 10. This
system was responsible for the advance of the
monsoon to the northern parts of the State. (iii)
The depression developed over the NorthWest
Jharkhand on 22 July moved westwards to East
Madhya Pradesh and dissipated on 24 July over
North Madhya Pradesh; the associated upper air
circulation remained over Northwest Madhya
Pradesh for few more days (iv) The low formed
over the western part of the monsoon trough over
Northwest Madhya Pradesh on 8 August moved to
SouthWest Rajasthan on 11, remained upto 14. (v)
The low pressure formed over NorthWest Bay of
Bengal on 30 August, moved to Madhya Pradesh
and remained over Gujarat and neighbourhood upto
6 September, the associated upper air cyclonic
circulations extended upto mid-tropospheric levels.
(vi) The low pressure area with associated upper
air cyclonic circulation extending upto mid-

tropospheric levels developed over northeast
Arabian Sea off Gujarat coast on 30 August merged
with the low pressure from Madhya Pradesh over
Gujarat on 4 September.
TABLE 2
Number of stations reported ≥ 65, ≥ 120
and ≥ 200 mm of rainfall
Day

14

Number of stations reported rainfall of

≥ 65

≥ 120

≥ 200

mm

mm

mm

12 June

5

1

1

13 June

3

1

-

14 June

4

1

-

08 July

11

-

-

09 July

19

6

-

10 July

26

10

1

11 July

19

3

-

TABLE 3
Intense rainfall during monsoon 2011.

TABLE 2 (Continued)
12 July

6

-

-

Station

Date

14 July

3

2

2

Vansda

29 Aug

458

15 July

9

3

-

Olpad

19 July

317

18 July

17

2

-

Khedbrahma

10, Aug

303

19 July

35

8

1

Kaprada

29 Aug

301

20 July

6

1

-

Khambhalia

06 Sep

298

25 July

2

1

-

Kamrej

28 Aug

296

26 July

8

1

-

Vadali

10, Aug

286

28 July

3

1

-

Mundra

07 Sept

270

29 July

2

1

-

Dangs

14, July

267

31 July

14

3

-

Sutrapada

12, June

267

01 Aug

30

6

1

Gandhidham

07 Sept

248

02 Aug

10

1

-

Pardi

13 Sept

244

09 Aug

13

2

-

Idar

10 Aug

237

10 Aug

44

16

4

Vijaynagar

10 Aug

215

11 Aug

19

2

-

Jodia

05 Sept

214

12 Aug

16

1

-

Kaprada

14 July

211

13 Aug

7

2

-

Radhanpur

22 Aug

210

14 Aug

7

-

-

Dharampur

01 Aug

209

15 Aug

21

5

-

Wadhvan

10 July

208

16 Aug

17

-

-

17 Aug

6

1

-

Chikhli

29 Aug

205

22 Aug

11

2

1

Mahuva

29 Aug

204

24 Aug

8

1

-

25 Aug

10

-

-

26 Aug

12

1

-

28 Aug

9

5

1

29 Aug

25

11

4

30 Aug

16

1

-

04 Sept

9

-

-

05 Sept

9

1

1

06 Sept

21

6

1

07 Sept

18

5

2

Some of the significant features of monsoon 2011
are (i) there were no cyclonic storms formed in
Arabian Sea or Bay of Bengal (ii) there were no mid
tropospheric cyclones over NorthEast Arabian Sea
and the neighboring Gujarat coast (iii) comparatively
less number of depressions affected Gujarat State.
This indicates that the major rain producing systems
were not contributing to much of rainfall over Gujarat
State during monsoon 2011. But, rainfall reported
was much more than the normal, especially over
Saurashtra and Kutch region. In this context, we
studied a few cases of intense rainfall events and
looked into causes of rainfall.

12 Sept

13

6

-

4.

1

4.1. Case 1. 8-11 July, 2011
There were widespread heavy rainfall in Gujarat

13 Sept

13

1

15

Rainfall in mm

Case Studies

during 8-11 July. Average rainfall over Gujarat
region on 9 July was 38 mm and that of Saurashtra
& Kutch region on 10 July was 42.5 mm. On 10
July, 26 stations reported heavy rainfall in which
10 stations reported very heavy rainfall. Wadhvan
in Saurashtra & Kutch region reported heaviest
rainfall of 208 mm on 10 July. TRMM derived rainfall
estimates (Fig. 2) shows values of 100-120 mm on
9 and 10 July over certain pockets in South Gujarat
& Saurashtra region.

and 9 July presented in Fig.5 clearly shows thick
rain bearing clouds over Gujarat State. This
indicates that the northward extension of offshore

Mean sea level pressure pattern on 9 July
(Fig.3) shows no synoptic systems except the
offshore trough extending upto Gujarat. The
streamline patterns at 850 hPa and 500 hPa (Fig.4)
show a cyclonic circulation over Gujarat extending
upto 500 hPa, which was remnant of the low formed
on 6 July over South Chattisgarh and moved to
West Madhya Pradesh. The Kalpana images on 8

Fig.3. Mean sea level pressure on 9 July, 2011.

Fig.2. TRMM rainfall estimates on 9 and 10 July,
2011

Fig.4. Streamline pattern at 850 and 500 hPa on
9 July, 2011
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4.2. Case 2. 18-20 July, 2011
During 18-20 July, many stations reported heavy
rainfall over Gujarat. On 18 and 19 July, Saurashtra
& Kutch region received more than 20 mm of
average rainfall and Gujarat region received more
than 30 mm average rainfall 19 July. On 18 July,
17 stations reported heavy rainfall with more than
65 mm of rainfall, and on 19 July, 35 stations
reported more than 65 mm of rainfall, in which 10
stations experienced more than 120 mm of rainfall.
Olpad in South Gujarat reported highest rainfall of
317 mm during this epoch (on 19 July). TRMM
images shown in Figure 6 indicate propagation of
offshore trough towards Gujarat along the west
coast.

trough together with upper air circulation played a
significant role to produce widespread heavy rainfall
over Gujarat.

Fig.5. TIR image from Kalpana satellite on 8 and
9 July, 2011

Fig.6. Contd. on ...........
17

Fig.6. Contd.

Fig.7. Mean sea level pressure on 17 July, 2011

Fig.6. TRMM images of rainfall estimates, 16-19
July, 2011
The major rain producing system during this
period was the prominent offshore trough from
Kerala coast extending upto Saurashtra region
(Figure 7). The offshore trough was headed by an
upper air cyclonic circulation over Gujarat region
and neighbourhood (Figure 8). Kalpana satellite
images on 17 and 18 July presented in Figure 9
shows the presence of deep convective clouds over
NorthEast Arabian Sea, Saurashtra and South
Gujarat. These features suggest that the active
offshore trough along with upper air circulation was
responsible for widespread heavy rainfall.
During July, 2011, four stations reported intense
rainfall of more than 200 mm; Olpad in southern

Fig.8. Streamline pattern at 850 hPa and 700 hPa
on 17 July, 2011
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part of Gujarat recorded heaviest in July (317 mm
on 19 July) and Wadhvan in Saurashtra region
reported 208 mm on 10 July. Time series of daily
average OLR values derived from satellite close to
both of these stations are shown in Figure 10. Mean
OLR value on 18 July over Olpad was very low as
150 W/m 2. The OLR values at both of these
locations were below 175 W/m2 during 7-9 July,
suggesting deep convection over these areas uring
this period.
Fig.10. OLR close to Olpad in South Gujarat and
Wadhvan in Saurshtra during July, 2011
Time series of certain thermodynamic
parameters such as CAPE, CIN, LFC, LCL,
precipitable water vapor derived from radiosonde
data at Ahmedabad for July, 2011 are presented in
Figure 11. Spatial distribution precipitable water
vapour obtained used NCEP FNL data for 9 and
17 July are shown in Figure 12.
The CAPE was high on 7 July, but 8 onwards it
has reduced to below 2000 J/Kg. The CIN was 25
J/Kg on 7 July, and there after it was nearly zero.
On 7 July, the LCL was comparatively at high close
to 890 hPa and the difference between LCL and
LFC was about 35 hPa, but thereafter LCL was at
very low level; below 960 hPa and LFC came down
close to LCL, precipitable water vapour was very,
high above 70 mm during this period. These
thermodynamic conditions suggest that a very
gentle push was need for the development of clouds
from very low level itself which might have provided
by strong offshore trough. So, the sounding data
during these days support convection if the air is
lifted slightly. The spatial distribution of precipitable
water vapour (Figure 12) suggests the convective
activity is maintained by the availability of high
amount water vapour content brought by strong
monsoon current from Arabian Sea.
4.3 Case 3. 9-16 August, 2011
Daily average rainfall shown in Figure 1 clearly
indicates widespread heavy rainfall all over Gujarat
State especially over Gujarat region during 9-16
August, 2011. During this period allmost eight
continuous days average daily rainfall over Gujarat
region were more than 25 mm with highest value
of 57 mm on 10, August. On 11 August, average
rainfall for Saurashtra & Kutch region was more than
50 mm. This widespread heavy rainfall was mainly
due to the formation of a low pressure area over
northwest Madhya Pradesh on 8 August and its
movement towards SouthWest Rajastan.

Fig.9. TIR image from Kalpana satellite on 17 and
18 July, 2011
19

Fig.11. Day to day variation of thermodynamic parameters over Ahmedabad during July, 2011
9 July

17 July

Fig.12. Precipitable water vapour for 9 and 17 July, 2011
Figure 14 represents the mean sea level pressure
on 14 August, which shows the presence of a low
pressure area over western Madhya Pradesh and
eastern Gujarat. Existence of offshore trough upto
Saurashtra region enhanced the rainfall activity over
Gujarat during this period. The figure also shows
that position of western part of monsoon trough has
moved to south compared to its normal position.

On 15 August, Saurashtra & Kutch region
received 20.9 mm and Gujarat region received
27.5mm of average rainfall. On this day, 21 stations
recorded heavy rainfall of more than 65 mm, in
which 5 stations reported more than 120 mm.
TRMM images (Figure 13) on 14 and 15 August
reveal high rainfall estimates on certain pockets.
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Kalpana satellite images of 14 and 15 August shown
in Figure 15 clearly indicates thick rain bearing
clouds over Gujarat. In short a combination different
synoptic situations such as presence of low
pressure over NorthWest Madhya Pradesh and
surrounding areas, southward shift of monsoon
trough together with active offshore trough upto
Saurahstra region was responsible for long spell of
widespread heavy rainfall over Gujarat.

Fig.13. TRMM rainfall estimates of 14 and 15 August, 2011

Fig.14. Mean sea level pressure on 14 August,
2011

Fig.15. Kalpana images of 14 and 15 August, 2011
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4.4. Case 4. 5-7 September, 2011
During 5-7 September 2011, many stations in
Gujarat received heavy rainfall. Average rainfall
for Saurashtra & Kutch region on 6 and 7
September were 51 mm and 62 mm respectively.
Many stations (18) recorded heavy rainfall on 7
September, in which 5 stations recorded very
heavy rainfall. On this particular day, stations
Mundra and Gandhidham, both in Saurashtra &
Kutch region, recorded 270 mm and 248 mm of
rainfall respectively. Similarly, Khambhalia in
Sauashtra & Kutch region reported intense rainfall
298 mm on 6 September; on that day 21 stations
reported heavy rainfall in which 6 stations
reported very heavy rainfall. TRMM images on 5
and 6 September shown in Figure 16 indicate very
intense rainfall activity over coastal Saurashtra

on 5 September (>200 mm) and Kutch region on
6 September (>270 mm).
The mean sea level pressure pattern of 6
September, presented in Figure 17 show a low
pressure area over Kutch region and presence
of an intense offshore trough extending upto
Saurashtra region. Similarly, position of the
western part of monsoon trough is shifted to south
of its normal position. Satellite pictures during 5
and 6 September, 2011 presented in Figure 18
shows deep convective clouds over Gujarat. A
combination of low pressure area, southward shift
of monsoon trough together with intensification
of offshore trough caused heavy rainfall over
Saurahstra and Kutch region.

Fig.17. Mean sea level pressure on 6 September,
2011.
Four stations in Kutch area reported intense
rainfall of more than 200 mm during this period
[Jodie (214 mm) on 5, Khambhalia (298 mm) on
6, Mundra (270 mm) on 7] and Gandhidham (248
mm) on 7). These four stations are between 22°N
and 23°N latitude around 60°E longitude. Daily
OLR values derived from Kalpana Satellite over
two locations 22°N 69°E and 23°N 69°E are
averaged and their day-to-day variation is
presented in Figure 19. This mean OLR values
during 5 and 6 September were less than 140 W/
m2, indicating very deep convection. The heaviest
rainfall of 298 mm on 6 September occurred over
the region where OLR was the lowest, 123 W/m2.

Fig.16. TRMM rainfall estimates on 5 and 6
September, 2011
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Thermodynamic parameters derived using
radiosonde data at Ahmedabad for 1-10
September, 2011 are shown in Figure 20. CAPE
were comparatively high, about 3000 J/Kg during
4-7, September. CIN were close to zero from 3
September onwards. LCL were nearly 950 hpa
during this period. LFC was close to LCL except on
4 September. Spatial distribution of precipitable
water vapour (Figure 21) plotted using NCEP FNL
data indicates very high values (>70 mm)
throughout Kutch region for this period. These
thermodynamic conditions suggest that a slight
push was sufficient to produce deep convection
over Kutch area during this period.

Fig.18. TIR images from Kalpana Satellite on 5 and
6 September, 2011

Fig.20. Day-to-day variation thermodynamic parameters over Ahmedabad

Fig.19. Day-to-day variation daily mean OLR for
September, 2011
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5 Sept

6 Sept

Fig.21. Precipitable water vapour on 5 and 6 September, 2011

5.
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Conclusion

Eventhough, there were no cyclones formed over
Arabian Sea, no mid tropospheric cyclones
developed over NorthEast Arabian Sea and the
adjoining west coast of India and less number of
lows/depressions developed over Head Bay and
followed the monsoon trough toward northwest,
rainfall over Gujarat State was much more than the
normal during southwest monsoon season of 2011,
especially over Saurashtra and Kutch region.
Rainfall during this season for Gujarat State was
21% more than long period average, significantly
Saurashtra-Kutch region received 52% more rainfall
than its long period average. From the analysis it is
found that on many occasions, the offshore trough
extended to Gujarat region and became very active
during the monsoon 2011. On certain occasions
the rainfall activity associated with low pressure
become enhanced significantly due to the presence
of offshore trough. On certain days upper air
circulation together with active offshore trough
caused intense wide spread rainfall. Similarly,
western part of monsoon trough was south of its
normal position on many occasions during this
season. Thermodynamic conditions suggest a
gentle push was sufficient to initiate convection,
there were plenty of moisture in the atmosphere to
maintain the convection for longer period.
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Utilization of Remote Sensing
data for crop damage
assessment due to hailstorm
in Adilabad district, Andhra
Pradesh
1.

With the advent of Remote Sensing Technology
during 1970s, its great potential in the field of
agriculture have opened new vistas of improving
the agricultural statistics system all over the world.
Space borne satellite data has been widely used
in the field of agriculture for estimation of area
under different major crops like wheat, paddy,
groundnut and sugarcane. Studies have also
been made to examine the relationship of crop
growth parameters like leaf area index (LAI)
representing crop vigour and the spectral data in
the form of several vegetation indices developed
from the spectral data of various bands. Remote
sensing satellite data has also been used for
improving the crop yield estimation through crop
cutting experiments and also for developing crop
yield models. Several studies were carried out
using remote sensing data for wheat yield
modeling (Verma et al., 2003) and also high
resolution images for natural catastrophic events
like hails, land slides etc.,(Kumar et al., 2006) as
well as autumn rice crop forecasting in West
Bengal (Khan and Chatterji,1987).

Introduction

Hailstones are pieces of ice either transparent or
partially opaque, with a regular or irregular shape
that can cause extensive damage to homes,
livestock and standing crops. In fact, a single
hailstorm can destroy a farmer's crop in a matter of
minutes, hence it is called as 'White Plague'.
Hailstorm is produced in a cumulonimbus cloud
when grouped, large frozen rain drops or by
accumulating super cooled liquid droplets. It takes
a million cloud droplets to form a single raindrop,
but it takes 10 billion cloud droplets to form a single
hailstone. For a hailstone to grow in larger size, it
must be in the cloud for 5 to 10 minutes. Violent
upsurging air currents within the cloud carry small
embryos, high above freezing level. When the
updrafts are tilted, the embryos are swept laterally
through the cloud.
Studies reveal that the width and tilt of the main
updraft are very important to hailstone growth as
the embryos pass through regions of varying liquid
water content, a coating of ice forms around them
and they grow larger and larger. When the ice
particles are in appreciable size, they became too
large and heavy to be supported by the rising air
and they begin to fall as hail. As they slowly
descend, the hailstones may get caught in a violent
updraft only to be carried upward, once again to
repeat the cycle or they may fall through the cloud
and begin to melt in the warmer air below. Small
hailstones often melt before they reach ground, but
in the violent thunderstorms of summer, hailstones
may grow large enough to reach ground before
completely melting. Large hailstone has a diameter
of ¾ inch and always produced in a thunderstorm
(Critchfield, 2009).

A hailstorm swept away in Adilabad district of
Andhra Pradesh in the hinterland of Penganga
river and adjoining Yavatmal district of
Maharashtra on February 20, 2011 (Hindu, 2011).
A study has been undertaken to assess the
damage to the crops in the hailstorm affected area
using remote sensing data. The current study has
taken up to explore the feasibility of damage
assessment in the affected area due to hailstorm
using remote sensing data.

2.

Study Area

The study area falls in part of Adilabad district
between 78°20' and 78° to 50' longitude and in
latitude of 19°35' to 19°50', covering Jainath, Bela
and parts of Adilabad mandals in Andhra
Pradesh. While Gimma, Mandagada,
Pendalwada, Korta, Sangvi and Kouta villages
bore the brunt in Jainad mandal, extensive crop
loss was seen in Bela, Bedoda, Sangdi and

As the cumulonimbus cloud moves along, it may
deposit its hail in along narrow band (often several
km wide and about 10 km long) known as
hailstreak. If the cloud remains almost stationary
for a period of time, substantial accumulation of
hailstones are possible.
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Maniarpur in Bela mandal all along the bank of
Penganga river. Fig.1 depicting the crop damage
caused due to hailstorm in study area of Gimma
mandal of Adilabad district.

3.

damage due to hailstones that occurred on the
evening of 20th February, 2011.

5.

The LISS-III sensor data of 1st Feb, 2011 was
procured as pre-hailstorm dataset and the same
was co-registered with master data available with
NRSC. The FCC was generated using ERDASImagine software and large format prints were taken
to facilitate ground truth collection. The collected
GT was marked both on topomaps and on FCC
prints alongwith GPS dataset of 1st Feb, 2011. The
ground truth information was transferred onto
images using GCPs and FCC marking for various
land use/cover classes in the study area. The
agricultural land use/cover classes are cotton - 50%
damage, cotton - 100% damage, red gram - 100%
damage and others such as mango, wheat, maize
and cotton without any damage due to hailstorm
occurred on 20 February 2011.

Crops and cropping pattern

The study area is dominated by cotton crop upto
90 percent and other crops are red gram, bengal
gram and mango. Wheat and maize are in
vegetative stage to a limited extent under borewell
cultivation. The ground truth (GT) data was
collected during February 25-26, 2011 using
topomaps and FCC of pre-hailstorm satellite data
of Resourcesat (IRS-P6). It was observed that
cotton and red gram crops were damaged in an
area of 15 km beginning from Gumma village on
the western side to Kabol village on eastern side.
The GT was marked as cotton crop 50%, completely
(100%) damaged, red gram (100% damaged),
mango 50% damaged and cotton- Nil damage in
the study area of Adilabad district.

4.

Results and methodology

Satellite data used

The Cotton crop is in boll picking stage or
removal of kapas from bolls during February and
clearly seen in Fig.1 along with famers. The crop
is generally harvested by Mid of March every
year. The picking of kapas begins from January
to Mid March every year in this region.

The co-registered datasets IRS-LISS-III sensor of
1st and 25th February, 2011 were used for
assessing damage caused by hailstorm in part of
Adilabad district. The satellite data sets were used
for analysis of changes in crop growth and leaf area

Fig.1. Damaged cotton crop in Gimma Manadl of Adilabad District AP
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The training areas were generated and
classification was carried out. NDVI images were
also generated. Mean statistics were generated
for all land use classes in the study area. The
results are presented in Fig.2, Fig.3 and Fig.4
depicting the spectral response of crops and NDVI
pattern before and after incidence of hailstorm.

An analysis of results revealed that in case of
cotton, the damage of crop is spectrally separable
in case of 50% and 100% damage in comparison
with 'No damage' cotton crop.

Fig.2. Spectral response of crops before occurance
of hailstorm (LISS-III data of 1st Feb, 2011)

Fig.3. Spectral response of crops after occurence
of hailstorm (LISS-III data of 25th Feb, 2011)

The difference in NDVI was observed in case
of damaged red gram crop upto 10-12 percent,
while in case of completely damaged cotton crop,

<—------------01-Feb-2011-----------—><—------------25-Feb-2011-----------—>
Fig.4. Spectral response of crops before and after occurence of hailstorm
the same was upto 25 percent and 50% damaged
cotton crop, the difference DN values was upto 15
percent.

maize and wheat showed marginal decline in DN
values upto 7 percent as these crops are in
vegetative phase and hence there is slight damage
to the leaves and plant stems.

The mango garden showed a decline in DN
values to the tune of 10 percent as damage is partial
compared to annual crops. Other crops such as

The DN values of damaged cotton crop did
not differ significantly in the case of red and green
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acreages are presented in Table-1. The other
minor crops sown in the study along the
Penganga river belt are vegetables and chillies,
and these crops were also damaged. However,
these are not identifiable on the satellite image

bands, while in NIR, a decline in values were
observed due to breaking of cell structure and
drying up of stems and leaves. The MIR values
were increased in damaged crop as compared to
healthy crop. The spatial extent of damaged

TABLE 1
Spatial extent of damaged areas
Sl.No

Name of crop

Area in
Hectares

1.

Cotton-completely damaged

2191

The crop damage was maximum
along the track of hail storm
movement from Gumma village to
Bela village

2.

Cotton-Partially damaged (50%)

2740

The partial damage was noticed
in the edges of hailstorm
movement

3.

Cotton- Not affected

28563

Large tracts of cotton outside hail
storm movement was not affected

4.

Wheat

484

Increase in area was observed
due to recent sowings in the study
area

5.

Maize

104

6.

Red gram

7776

due to fragmented and small holdings. The wheat
crop was sown during Rabi season and sowings
are in progress in the month of Feb, 2011 and
while maize was sown under tubewell irrigation
mainly for fodder purpose. Red gram was sown
to an extent of 7776 ha in the study area and was
in harvesting stage during Feb 2011. After
occurrence of hailstones, the crop was completely
harvested and hence, could not be identified on
satellite data of Feb 25, 2011.

6.

Remarks

Harvested during Feb, 2011

study is useful for planners to determine the
quantum of relief to be sanctioned to the affected
farmers in the study area.
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Conclusion

The study was carried out for assessing the
damage caused due to hailstorm in part of
Adilabad district of Andhra Pradesh. Importantly,
the areas of North Telangana region are prone
to hailstorms during March-April months.
Differencing of NDVI images derived from LISSIII sensor onboard IRS satellites is found to be
more useful in delineating the hailstorm intensity
in the hinterland of Penganga river. This kind of
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Evaluation of split-window
algorithms for retrieving
land surface temperature
from the INSAT-3D imager
observations

ABSTRACT
INSAT-3D is the new generation Indian Earth observation satellite to be launched by ISRO in near future. It
will provide enhanced observations of land, ocean and atmosphere through two payloads namely Imager and
Sounder from geostationary orbit. The Imager payload is designed to sense solar-reflected and radiant energy
from the Earth through six channels covering visible (VIS: 0.55-0.75μ m), shortwave infrared (SWIR: 1.551.70μ m), middle infrared (MIR: 3.8-4.0μ m), water vapor infrared (WVIR: 6.5-7.1μ m) and thermal infrared
(TIR1: 10.3-11.3μ m and TIR2: 11.5-12.5μ m) spectral regions. The TIR1 and TIR2 are two thermal channels
that can be used to derive a key geophysical parameter- land surface temperature (LST) through a split-window
algorithm. To derive LST from various satellite-based sensors several types of split-window (SW) algorithms
have been developed in the past 25 years; however, SW algorithm for Indian sensor has not been attempted.
A study has been conducted with the objective to identify the most suitable SW algorithm for LST retrieval
from the INSAT-3D Imager thermal infrared observations. A systematic exercise was carried out involving
evaluation and comparison of 10 published SW algorithms. The evaluation of algorithms was done through
two major steps: (a) Simulation of at-sensor thermal signal by a radiative transfer model- MODTRAN
(MODerate spectral resolution atmospheric TRANSmittance) and (b) Derivation of split-window coefficients
(SWC) of 10 algorithms of LST retrieval. The simulations were carried out in the split thermal channels by
varying following input parameters: temperature of the atmospheric lower boundary through atmospheric
profiles, atmospheric columnar water vapour, surface temperature, view zenith angle and land surface emissivity
over 10 different land cover types. Once the simulation process was over, the SWC were generated for 10 LST
algorithms. The results were inter-compared by computing the total error in the estimation of LST by classical
error theory. Based upon the inter comparison analysis, we found that Sobrino et al. (1996) performed superior
with coefficient of determination (R2) of more than 0.96 and the RMSE of around 1.43 K therefore it is selected
for further analysis.

1.

1984; Becker 1987; Becker and Li 1990, 1995; Vidal
and Blad 1991; Prata 1993, 1994; Coll et al. 1994;
Sobrino etal. 1994, 1996; Coll and Caselles 1997),
Moderate Resolution Imaging Spectroradiometer
(MODIS) (Wan and Dozier 1996; Liang 2001; Ma et
al. 2002), Advanced Spaceborne Thermal Emission
and Reflection Radiometer (ASTER) (Gillespie et al.
1998), Landsat (Qin et al. 2001), Along-Track
Scanning Radiometer (ATSR) and Advanced AlongTrack Scanning Radiometer (AATSR) (Hook et al.
2003; Coll et al. 2006; 2009). However, polar orbiting
satellites can sample each location at best twice a
day and therefore can not capture the strong diurnal
variability existing in LST. Due to its capability of
providing data every half an hour, geostationary
satellites offer a unique data source for studies of
the Earth's diurnal variability. There exist several

Introduction

Land surface temperature (LST) is an important
surface variable required for various applications of
hydrology, agriculture, change detection studies,
urban heat island and climate. Continuous and
regular estimates of LST on a global scale are quite
important in these applications. Satellite sensors can
provide systematic LST observations on operational
and long-term basis. Derivation of LST from
spaceborne thermal infrared radiometers has been
proven feasible through various methods namely,
single-channel algorithm, split-window algorithm and
multi-angle method. Many studies focus on the use
of polar orbiting satellites because of their high spatial
resolution. Examples are the National Oceanic and
Atmospheric Administration Advanced Very HighResolution Radiometer (NOAA-AVHRR) (Price
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studies on the retrieval of LST from the geostationary
platform like, NOAA's Geostationary Operational
Environmental Satellite (GOES) (Sun and Pinker
2003, 2004; Yu etal.2009), Meteosat Second
Generation - Spinning Enhanced Visible and Infrared
Imager (MSG-SEVIRI) (Sobrino and Romaguera
2004; Sun and Pinker 2007; Jiang and Li 2008) and
FengYun meteorological satellite (FY-2C) (Tang etal.
2008).

2.

to identify the most suitable SW algorithm/
algorithms for LST retrieval using thermal infrared
observations from INSAT-3D Imager.

3.

3.1 Split-window technique
The basis of SW technique is that the atmospheric
attenuation suffered by the surface emitted radiance
is proportional to the difference between at-sensor
radiances measured simultaneously in two different
thermal channels (Sobrino et al., 1993). To estimate
LST from satellite observations, most SW
algorithms are derived from a first-order Taylorseries linearization of the radiative transfer (RT)
equation in long-wave infrared spectral bands (Yu
et al 2009). Actually SW algorithms effectively
provide atmospheric correction of a brightness
temperature measurement in one spectral band
(typically centered around 11μm) given a brightness
temperature measurement in a second "spectrallyclose" band (typically centered around 12 μm). They
exploit the tendency of atmospheric absorption due
to various gases to change more rapidly in spectral
space than in surface emissivity. The SW technique
is particularly favored for its simplicity and
robustness. In most cases, the SW LST algorithms
simultaneously convert brightness temperature to
skin temperature, given the estimates of the surface
spectral emissivity.

INSAT-3D Imager Payload

INSAT-3D is the new generation Indian Earth
observation satellite to be launched by ISRO in
near future. It will provide enhanced observations
of land, ocean and atmosphere through two
payloads namely Imager and Sounder from
geostationary orbit. The Imager payload is
designed to sense solar-reflected and radiant
energy from the Earth through six channels
covering visible (VIS: 0.55-0.75μm), shortwave
infrared (SWIR: 1.55-1.70μm), middle infrared
(MIR: 3.8-4.0 μm), water vapor infrared (WVIR:
6.5-7.1μm) and thermal infrared (TIR1: 10.3-11.3
μm and TIR2:11.5-12.5μm) spectral regions
(CDR, 2009) of electromagnetic spectrum. Details
are provided in Table 1. The TIR1 and TIR2 are
two thermal channels that can be used to derive
LST through a split-window algorithm.
TABLE 1
Spectral and spatial specifications of Imager
payload onboard INSAT-3D satellite
(Source: CDR, 2009)
Channel

Range of
the Spectral
channel

Many types of the SW algorithms have been
developed for the LST retrieval. In this paper, we
sought to evaluate the SW algorithms for LST
retrieval from the INSAT-3D Imager sensor.
Following ten different published SW algorithms (or
their slight variants) from the literature have been
evaluated and compared in the study, where Ts is
LST, Ti is brightness temperature in TIR1 channel,
Tj is brightness temperature in TIR2 channel, W is
atmospheric water vapor content, ε is average
emissivity of ε1 and ε2 two channels TIR1 and TIR2,
respectively and dε is difference in two channel
emissivity. The coefficients ai's in different equations
are called split-window coefficients (SWC), which
are to be determined from the simulations dataset.

Spatial
resolution
(at nadir)

VIS

0.55-0.75 μm

1 km

SWIR

1.55-1.70 μm

1 km

MIR

3.8-4.0 μm

4 km

WVIR

6.5-7.1 μm

8 km

TIR1

10.3-11.3 μm

4 km

TIR2

11.5-12.5 μm

4 km

Methodology

To derive LST from various satellite-based
sensors several types of split-window (SW)
algorithms have been developed during past 25
years; however, SW algorithm for Indian sensor has
not been attempted. This paper reports the results
of a study that was conducted with the objective

(1)
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Sobrino and Raissouni (2000)

(2)

Price (1984)

(3)

Prata and Platt (1991)

(4)

Vidal and Blad (1991)

(5)

Sobrino et al. (1993)

(6)

Wan and Dozier (1996)

(7)

Sobrino et al. (1996)

(8)

Coll & Caselles (1997)

(9)

Sobrino et al. (1994)

simulates at-sensor radiance and transmittance as
a function of: atmospheric inputs (model
atmosphere, atmospheric column parameters,
aerosol model etc), surface inputs (emissivity,
temperature), viewing geometry and information on
spectral channels.
3.3 Simulations
In the present study, we have simulated the atsensor radiances by MODTRAN model in two IR
spectral channels (TIR1 and TIR2) of the Imager
sensor by varying the following five parameters in
the respective spectral regions of interest: (1)
Temperature of the atmospheric lower boundary:
The simulations for 60 atmospheric profiles over
tropical region (SeeBor dataset) (Borbas et al. 2005;
Seeman et al. 2008) are carried out with the
boundary layer temperature ranging from 260-320
K. (2) Atmospheric column water vapour: The water
vapour values ranging from 0.1 g/cm2 to near
saturated level have been used through each
atmospheric profile. (3) Surface temperature: The
land surface temperature ranging from 260-330 K
has been taken keeping tropical region as the
context. (4) View zenith angle: 0 to 50 degree. (5)
Land surface emissivity: From the standard
International Geosphere Biosphere Program
(IGBP) land cover types, major 10 major land cover
types (ocean water, snow, sand, crop, shrubs,
grass, forest, savanna, wetland, urban) have been
considered from the MODTRAN database.
Coefficients for SW algorithm are derived from
simulation data generated with a RT model
MODTRAN. Specifically, the relationship between
the model input LST and output top-of-atmosphere
(TOA) brightness temperature is fit with an LST
algorithm (equations 1 to 10) via regression.

(10) Ulivieri et al. (1992)

3.2 Model used
The satellite level signal in the TIR channel was
simulated using a radiative transfer (RT) model MODTRAN (MODerate spectral resolution
atmospheric TRANSmittance) version 4.0.
MODTRAN (Berk et al. 1999) was selected for the
study because this model has been long publicly
available and its heritage traces back to LOWTRAN
(Kneizys et al. 1988). It is widely used and validated
model for variety of remote sensing analysis and
applications across the globe. It uses a more
accurate and higher resolution molecular band
model with 2 cm-1 spectral resolution based on the
Atlas of High Resolution Molecular Spectroscopic
data (HITRAN) molecular database. With its
spectral resolution capability of cm-1 in frequency it

3.4 Sensitivity analysis
In order to provide an estimation of the theoretical
error on the estimated LST, and also the
contribution of the different terms to that error, a
sensitivity analysis was performed based on the
classical error theory using derivatives. Hence, the
contribution to the error on the LST, e(LST) is given
by the following terms:
(11)
where δalg is the standard error of the algorithm
obtained in the minimization (standard error of
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estimation), δNEΔT is the contribution of the noise
equivalent delta temperature (NEΔT), δε is the error
due to the uncertainty of the surface emissivity and
δ w is the error due to the uncertainty of the
atmospheric water vapour content. These
contributions are, respectively, given by,

channels, SWC pertaining to all ten SW algorithm
were obtained. In these calculations LST was
treated as free parameter and regression was
performed systematically by taking into account
the dependency of W and whenever required in
the algorithms. The R 2 (coefficient of
determination) values found to be varying
between 0.94 to 0.99 showing good correlation
between modeled parameters. The SWC
obtained in the study are summarized in table 2.

(12)
(13)

4.2 Sensitivity analysis
The results on the error and sensitivity analysis
obtained for each algorithm are summarized in
Table 3, which includes the contribution to the
total error of the different terms ( δalg, δNEΔT, δε,

(14)
where e refers to the error of the parameter
considered in brackets. The different derivatives of
the Ts given by equation (11) were calculated.

and δw) and the total error in LST, e(LST). The
errors on LST have been calculated by applying
equations 11-14 to each of the thousands of
simulated data points.

Values of e (Ti)= e(Tj) = 0.1 K, e( εi) = e(ε j)=0.01
and e(W)= 0.5 g.cm-2 have been considered for the
present study. These selected values are
considered to be representative of typical errors
when working in remote sensing.

4.

Generally, the validity of the mathematical
structure of the SW algorithms given by equations
1-10 are ensured by the results obtained for the
standard error of the algorithm (δalg). In this study,
the δalg values range between 0.85 to 1.23 K
(except for the Prata & Platt algorithm, where it
shows δ alg of 2.36 K). In terms of different
contributions to e(LST), it is clearly shown that
the main contribution is due to the ε uncertainty,
with δε values ranging between 0.98 to 5.13 K.
The δNEΔT ranges between 0.19 and 0.48 K. The

Results

4.1 Derivation of Split Window Coefficients (SWC)
The satellite-level signal in two thermal channels
pertaining to Imager sensor were simulated for
varying atmospheric and land surface properties
discussed in the above section. From the
computed values of total radiance, atmospheric
transmittance, atmospheric radiance for these two

TABLE 2
Split-window coefficients obtained for ten different algorithms for retrieving LST
Sr

Algorithm

a1

a2

a3

1

Sobrino & Raissouni (2000)

1.94

2.26

0.27

2

Price (1984)

-2.95

1.02

1.69

3

Prata & Platt (1991)

10.82

1.67

-0.7

4

Vidal (1991)

-8.37

1.03

5

Sobrino (1993)

-9.38

6

Wan & Dozier (1996)

7
8
9
10

a4

a6

a7

29.73

0.71

128.8

-3.27

-

0.96

0.95

10.83

-0.70

-

-

-

0.99

1.23

-608

-

-

-

-

0.97

2.36

2.00

20.37

-157.3

-

-

-

0.99

1.13

1.03

1.13

0.27

33.95

-128

-

-

0.99

0.85

-5.88

1.02

0.05

-0.61

2.26

6.49

44.61

-

0.99

0.97

Sobrino (1996)

2.24

1.90

0.38

-0.26

33.39

-0.44

-130

-2.9

0.96

0.93

Coll & Caselles (1997)

1.94

2.3

0.27

30.7

-136.9

-

-

-

0.96

0.95

Sobrino (1994)

16.39

1.03

2.00

-25.0

-156.9

-

-

-

0.99

1.10

Ulivieri (1992)

-8.60

1.03

2.01

26.45

-168.5

-

-

-

0.99

1.08

34

a8

R2

a5

RMSE

minimum contribution to the total error is due to
the uncertainty on W, δw, typically below 0.1 K. In
terms of total errors on LST, e(LST), values range
between 1.43 K to 5.65 K. Looking at the analysis

and results summarized in Table 2, it is clear
Sobrino (1996) SW algorithm performs best with
overall error of 1.43 K. Moreover, this algorithm
also uses water vapor as an input to the SW

TABLE 3
Results obtained in the sensitivity analysis
δalg (K)

δ NEΔΔT (K)

δε (K)

δ w (K)

e(LST) (K)

1

0.95

0.48

1.92

0.017

2.19

2

1.23

0.39

2.95

-

3.22

3

2.36

0.19

5.13

-

5.65

4

1.13

0.36

2.48

-

2.75

5

0.85

0.31

1.83

-

2.05

6

0.86

0.45

2.15

-

2.33

7

0.93

0.45

0.98

0.062

1.43

8

0.95

0.48

1.95

-

2.22

9

1.10

0.36

2.40

-

2.67

10

1.08

0.37

2.39

-

2.65

Algorithm

algorithm, so it would provide an accurate means
of atmospheric correction. INSAT-3D is equipped
with the Sounder payload, which will provide the
information of the columnar water vapor in the
clear sky conditions that can be used in this
algorithm.

5.

this method would be quite useful since it also
incorporates the atmospheric correction through
differential absorption correction of water vapor
through two TIR channels of the Imager payload.
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Climate vulnerability index for
sustainable development over
five meteorological zones of
Andhra Pradesh
ABSTRACT

This paper mainly focuses on different zones of the state to assess the climate related vulnerability, adaptive
capacity for food security, poverty analysis and sustainable development and water resources. The socio-economic
conditions in any state determine the adaptive capacity of the population. As a step towards the goal, the first
attempt has been made to determine the climate exposure conditions of five zones of the state and as exposure
indicators Maximum temperature, Minimum Temperature, Total Rainfall, Number of Rainy days, Relative
Humidity, Evaporation and Sunshine for the last decade (2001-2010) were considered. This would help in
identifying the vulnerable target groups of the state. For sustainable development sensitive sectors found to be
water resources and livelihood. For water resources as a proxy indicator total irrigated area has been taken and
percentage of population engaged in agriculture related activities is chosen as another proxy indicator. To
assess the adaptive capacity of the population per capita income, percentage of literacy and the population
density has been taken as proxy indicators for economic capacity, human capacity and environmental capacity.
For assessment equal weights have been assigned to all and averages have been calculated. The main purpose is
to identify the vulnerable locations, vulnerable sectors and vulnerable population in relation to the sustainable
development. In this paper vulnerability index has been calculated based on the climate variability in each of
the five zones and results presented. The vulnerability index showed that the selected zones fall in to the
category of the low vulnerability baring the vulnerability to other hydro-meteorological hazards like floods,
drought and tropical cyclone landfall.
Key words: Climate change, Climate variability, Sustainable development, Vulnerability, Rainy day, Adaptive
capacity.

1.

The disruption of economic activities due to weather
also needs to be reduced. In this direction, creation
of awareness among the public on weather,
forecasts and hazardous weather is the primary
task. Increasing the understanding and capability
to utilize the weather information effectively for
economic and social benefits is at most essential
for any society. The flood warnings, the tropical
cyclone warnings, heat & cold wave warnings
issued on timely basis would be of great economic
and social value.

Introduction

The socio-economic development of society is
generally measured in terms of social indicators.
The Agriculture, Industry and Service sectors are
the main contributors to the GDP and Agriculture
sector contributes approximately 18.6% to the GDP
and the Industry sector contributes to 27.6% to the
GDP. More than 60% of the total work force is
engaged in agriculture related activities. Any
changes in the weather that influence the weather
sensitive sectors often impact the socio-economic
development.

Scientists and persons concerned with the
environment and ecology made attempt to assess
the impact of environmental and ecological changes
on the socioeconomic development in view of the
changes anticipated in terms of climate variability
and climate change. Now there is a worldwide
concerned over increase in green house gas
emissions and their contribution to the global
warming altering the energy balance of the globe,
rapid melting of glaciers, rise in the sea level and

The generation of weather information, analysis
and subsequent weather forecasts have wide range
application in all most all the human endeavours
that lead to socio-economic development. There are
many weather sensitive sectors, like agriculture,
industry, trading, transportation, communication,
mining and construction. The main purpose of any
public weather service is to mitigate economic
losses and to save the human and animal lives.
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possible threat of inundation of the low lying areas,
salinity intrusion in to coastal aquifers, increase in
the extreme events leading to floods, droughts
resulting in food shortages, malnutrition, deaths,
water and power shortages, social unrest, political
instability incidence of heat & cold waves resulting
in increase demand for health care, increase in the
pest & diseases that considerable reduce the crop
yield under certain predisposed environmental
conditions, increase in the frequency of the
devastating tropical cyclones with associated storm
surges and strong winds may lead to more
devastation and coastal erosion, damage to urban
and rural infrastructure, financial burden for
reconstruction and rehabilitation that could alter the
pace of the socio-economic development. It is the
time that necessary scientific and technological
development to be achieved through better
understanding of the environmental changes that
takes place around us. The socio-economic
development of the society is mainly hindered by
the geological and hydro-meteorological disasters.
Governments have to spend lot of money to rebuild
the infrastructural damage caused by such
disasters. Societies should have the capacity to
recoup quickly from such disasters. So capacity
building is also one of the important tasks ahead.

temperature, total rainfall, rainy days, relative
humidity values(0830 hrs and 1730 hrs IST),
sunshine hours, evaporation, heavy rainfall,
extreme maximum temperature, extreme minimum
temperature, highest maximum temperature, lowest
minimum temperature for the last ten years 20012010 were collected from the archives of
Meteorological Centre, Hyderabad in respect of
stations Adilabad, Anantapur, Arogyavaram,
Bapatla, Bhadrachalam, CWC Visakhapatnam,
Hanamakonda, Hyderabad, Kadapa Khammam,
Kalingapatnam, Kakinada, Kavali, Kurnool,
Machilipatnam, Mahabubnagar, Medak, Nalgonda,
Nandyal, Narsapur, NAS Visakhapatnam Airport ,
Nellore, Nizamabad, Ongole, Ramagundam, Tuni
and Tirupathi Airport a total of 27 stations. The
stations were grouped in to five zones namely North
Coastal Andhra Pradesh with six stations
(Kalingapatnam, CWC Visakhapatnam, NAS
Visakhapatnam, Tuni, Kakinada and Narsapur),
South coastal Andhra Pradesh with five stations
(Machilipatnam, Bapatla, Ongole, Kavali, and
Nellore), North Telangana with five stations
(Adilabad, Ramagundam, Nizamabad, Medak and
Hanamakonda), South Telangana with five stations
(Hyderabad, Mahabubnagar, Bhadrachalam,
Khammam and Nalgonda) and Rayalaseema with
six stations (Anantapur, Kadapa, Kurnool, Nandyal,
Arogyavaram and Tirupathi Airport). The zone wise
averages along with highest lowest values of the
selected meteorological parameters were
computed. The results were discussed.

The study has been confined to the state of
Andhra Pradesh and in this paper which has been
sub-divided in to five meteorological zones based
on the weather conditions and climate vulnerability
of these zones has been assessed considering the
exposure conditions, adaptive capacity and the
sensitivity of various sectors like agriculture, water
resources, livelihood by choosing proxy indicators.
Vulnerability to climate change or variability is
closely related to poverty as the poor have fewer
financial and technical resources available to them
to cope with climate-related changes. Moreover, the
poor have a great dependence on climate-sensitive
sectors such as agriculture and forestry, are closer
to the level of tolerance to change, often live on
marginal land, and their economic structures are
fragile. Furthermore, it has long been realized that
certain regions of the world will be more severely
affected by the effects of climate change than
others. Generally, vulnerability and adaptation to
climate change are urgent issues among many
developing countries and are becoming increasingly
urgent in the industrialized world.

2.

3.

Results and discussion
meteorological parameters

on

As is well known to many that the weather and
climate influence every activity of human beings
and his response is to adapt, adjust or move
under the influence of weather and climate. Men
often takes costly measures in terms of
economics like purchase of electrical generators,
purchase of air conditioners, room heaters or
even builds a storm resistant homes to adjust to
the weather and climate conditions and finally
makes an effort to modify weather by investing
money in technology to suit to his physiological
and psychological needs (Sewell et.al, 1968). It
is also seen that the agriculture sector, industry
sector and the service sector contributes
significantly to the GDP of the society and are
certainly sensitive to weather and climate.

Data and Methodology

The monthly mean values of meteorological
parameters like maximum temperature, minimum
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3.1 North Coastal Andhra Pradesh (NCAP)
The last decade (2001-2010) average & extremes
of meteorological parameters are presented in the
Table 1. In this zone the coldest month is January
and the hottest month is May and the wettest month
is October and the driest month is January. The
lowest temperature observed in this zone is 11.5°C
in the month of January and the highest 46.6°C in
the month of May. The figures of DRT indicate that
the DRT is maximum in winter and minimum during
the monsoon months. A rainfall total of more than
500 mm can occur in some parts of this zone during
the months August to October. The daily extreme
rainfall is observed to be 355.4 mm in some parts
of this zone. The highest number of rainy days is in
the month of July with 25 days. In this zone, high
relative humidity values are seen during the morning
hours than during the evening hours. The average
number of sunshine hours maximum in the month
of February (8.6) and minimum in the month of
August (4.3). The average evaporation in this zone
increases from January (3.1) to April (5.6) and then
decreases till December (3.0). The figures also
suggest that parts of this zone (East Godavari) are
prone to heat wave conditions in the months of May
and June. However, this zone (Srikakulam &
Visakhapatnam) is prone to cold wave conditions
occasionally. The northern parts of this zone are
prone to very heavy to extremely heavy downpours
during the movement cyclonic disturbances over
Bay of Bengal especially during the months August
to November.

July (4.1). The figures also suggest that parts of
this zone (Krishna & Prakasam) are prone to heat
wave conditions in the months of April to June. This
zone (Guntur) is prone to cold wave conditions
rarely. The northern parts of this zone are prone to
very heavy to extremely heavy downpour during
the movement cyclonic disturbances over Bay of
Bengal especially during the months August to
November and May. This environment in this region
is warmer than its counterpart North Coastal Andhra
Pradesh. This region receives more rainfall during
the Northeast Monsoon (NE) months of October to
December and winter months of January &
February in comparison with the NCAP.
3.3 North Telangana (NTLNG)
The last decade (2001-2010) average & extremes
of meteorological parameters are presented in the
Table 3. In this zone, the coldest month is
December and the hottest month is May. As is seen
the lowest temperature observed in this zone is
5.2°C in the month of January and the highest
47.8°C in the month of June. Very high DRT values
are observed in this zone during winter, pre
monsoon and post monsoon seasons. The wettest
month is August and the driest month is December.
A rainfall total of more than 500 mm can occur in
some parts of this zone during the month August.
The daily extreme rainfall is observed to be 228.4
mm in some parts of this zone. The highest number
of rainy days is in the month of August with 21
days. In this zone, high relative humidity values
are seen during the morning hours than during the
evening hours. The average number of sunshine
hours maximum in the month of May (8.7) and
minimum in the month of July (3.6). The figures
also suggest that parts of this zone (Karimnagar,
Nizamabad and Warangal) are prone to heat wave
conditions in the months of April to June. This zone
(Adilabad, Medak and Warangal) is also prone to
cold wave conditions occasionally. This zone is
also prone to very heavy downpours during the
monsoon months and also during the movement
cyclonic disturbances over Bay of Bengal
especially during the month November. The
evaporation in this zone can be as high as 7.1 in
the month of May and as low as 3.0 in the months
of December & January. This zone has warmer
environment than the coastal regions during premonsoon and colder environment than the coastal
regions in the winter and monsoon months.

3.2 South Coastal Andhra Pradesh (SCAP)
The last decade (2001-2010) average & extremes
of meteorological parameters are presented in the
Table 2. In this zone also the coldest month is
January and the hottest month is May. The lowest
temperature observed in this zone is 12.8°C in the
month of February and the highest 47.8°C in the
month of May. High DRT is observed during winter
and pre monsoon months than the monsoon and
post monsoon months. The wettest month is
October and the driest month is January. The daily
extreme rainfall is observed to be 355.1 mm in some
parts of this zone. The highest number of rainy days
is in the month of August with 20 days. In this zone,
high relative humidity values are seen during the
morning hours than during the evening hours. The
average number of sunshine hours maximum in the
month of April (7.9) and minimum in the month of
40
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Maximum Temperature (°C)
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0

0

0

0

0
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Evaporation
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29.5
(KLN
7,00)

28.1
(KLN
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34.0
(NAS
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(TNI
02,08)

37.3
(KND
07,06)

39.0
(TNI
25,02)

39.5
(TNI
10,09)

28.7
(KLN
03,05)

30.4
(NSP
18,06)

32.0
(NSP
02,01)

32.5
(CWC
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38.5
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Maximum
Temperature
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20.0
(CWC
15,08)

21.6
(CWC
27,10)

24.2
(NAS
14,05)

27.3
(KND
02,05)

25.4
(NAS
08,05)

26.0
(NAS
31,02)

26.5
(NSP
01,09)

27.9
(CWC
03,09)

26.2
(NAS 5&
9,19,10)

23.4
(CWC
19,10)

21.6
(CWC
13,06)

19.4
(CWC
19,05)

H

12.5
(KLN
22,05)

14.5
(KLN
29,09)

17.8
(KLN
24,09)
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(CWC
25,06)

21.4
(TNI
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22.1
(TNI
21,06)

20.6
(CWC
15,05)

14.8
(NAS
22-24,
10)

19.8
(KLN
01,00)

16.7
(KLN
01,00)

14.0
(KLN
02,01)

11.5
(KLN
17,03)

L

Lowest
Minimum
Temperature
(°C)

TABLE 1
Showing the statistics of Meteorological Parameters over North Coastal Andhra Pradesh (2001-2010)

116.4(KND 08,10)

194.3(TNI 01,10)

275.3(KLN 04,04)

355.4(KLN 19,05)

211.8(NAS 04,06)

100.1(TNI 05,03)

120.9(KLN 24,07)

178.0 (NSP 5,10)

72.1(NAS 05,02)

53.2 (KND 24,08)

116.8(NAS 10,08)

57(KLN 07,02)

H

Heavy
rainfall (mm)
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TABLE 3
Showing the statistics of Meteorological Parameters over North Telangana (2001-2010)

TABLE 2
Showing the statistics of Meteorological Parameters over South Coastal Andhra Pradesh (2001-2010)

3.4 South Telangana (STLNG)
The last decade (2001-2010) average & extremes
of meteorological parameters are presented in the
Table 4. In this zone the lowest temperature
observed in this zone is 8.7°C in the month of
December and the highest 47.5°C in the month of
June. Very high DRT values are seen in all the
seasons except in a monsoon months. A rainfall
total of more than 500 mm can occur in some parts
of this zone during the months July to September.
The daily extreme rainfall is observed to be 241.5
mm in some parts of this zone. The highest number
of rainy days is in the month of July with 22 days. In
this zone, high relative humidity values are seen
during the morning hours than during the evening
hours. The average number of sunshine hours
maximum in the month of April (8.8) and minimum
in the month of July (4.7). The figures also suggest
that parts of this zone (Khammam) are prone to
heat wave conditions in the months of May and
June. This zone (Hyderabad and Mahabubnagar)
is prone to any cold wave conditions occasionally.
The northern parts of this zone are prone to very
heavy downpour during the month of August and
September may be due to the movement cyclonic
disturbances over Bay of Bengal. The evaporation
in this zone can be as high as 6.6 in the month of
May and as low as 3.0 in the month of December.

occasionally. The north western parts of this zone
are prone to very heavy to extremely heavy
downpour during the monsoon months of
Southwest & North east and also due to movement
cyclonic disturbances over Bay of Bengal especially
during the months June to December. The
evaporation in this zone can be as high as 9.2 in
the month of May and as low as 3.7 in the month of
November.
4.

Vulnerability analysis and vulnerability
index
The 20th century has witnessed rapid
industrialization and population growth and as a
result unprecedented changes were observed in
our natural environment. The population growth has
considerably increased the stress on the natural
environment in terms of demand. Rising population
levels can be very heavy upon the resources
available per capita, particularly in developing
countries. Moreover, the economic level of a country
determines to a large extent its resource
requirements, in particular energy, industrial
commodities, agricultural products and fresh water
supply. Vulnerability indicates the inability of the
population to withstand or recoup from the natural
disasters or hostile environmental conditions.
Therefore, vulnerability assessment is done to
identify, quantify and prioritize the vulnerabilities of
the society and such assessment can be done by
identifying the sensitive sectors of the society that
contribute to the GDP. Vulnerability assessment can
also be done to identify the possible threats from
the natural disasters to prevent loss of life and
property. To assess the vulnerabilities of the society
a vulnerability index has been developed that gives
a single numerical figure that is used as a policy
planning tool. Identification of areas vulnerable to
climate change risks is emerging as an urgent policy
need. The present study responds to this
requirement by identifying the most vulnerable
villages using a rapid, cost-effective and high
resolution methodology. We provide a preliminary,
village-level, climate-related vulnerability
assessment of the rural communities in Sikkim,
India (Tambe et al, 2011). There are three basic
methods for computing a vulnerability index viz.

3.5 Rayalaseema (RYSM)
The last decade (2001-2010) average & extremes
of meteorological parameters are presented in the
Table 5. In this zone, the lowest temperature
observed in this zone is 8.0°C in the month of
January and the highest 45.4°C in the months of
May and June. Very high values of DRT are
observed during winter, pre monsoon and post
monsoon seasons. A rainfall total of more than 500
mm can occur in some parts of this zone during the
months June, August and November. The daily
extreme rainfall is observed to be 376.8 mm in some
parts of this zone. The highest number of rainy days
is in the month of November with 19 days. In this
zone, high relative humidity values are seen during
the morning hours than during the evening hours.
The average number of sunshine hours maximum
in the month of April (8.5) and minimum in the month
of July (3.7). The figures also suggest that parts of
this zone (Kurnool) are prone to heat wave
conditions in the months of May and June. This zone
is also prone to any cold wave conditions (Chitoor)
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•

Normalization procedure.

•

Mapping on a categorical scale.

•

Regression method.
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TABLE 5
Showing the statistics of Meteorological Parameters over Rayalaseema (2001-2010)

TABLE 4
Showing the statistics of Meteorological Parameters over South Telangana (2001-2010)

purpose of computing human capacity percentage
of literates (above seven years plus) used (Census
2011). The human capacity indicators are 0.49,
0.60, 0.45, 0.57 & 0.56 for the five regions NCAP,
SCAP, NTLNG, STLNG & RYSM respectively. The
environmental indicators are 0.53, 0.46, 0.72, 0.44
& 0.24 for the five regions NCAP, SCAP, NTLNG,
STLNG & RYSM respectively. Here Population
density figures were used as a proxy indicator of
environmental capacity (Census 2011). The per
capita income (reliable government source) figures
were used as a measure of economic capacity and
the economic capacity indicators are 0.39, 0.40,
0.33, 0.46 & 0.32 for the five regions NCAP, SCAP,
NTLNG, STLNG & RYSM respectively. As Adaptive
capacity indicators includes economic capacity,
human capacity, environmental capacity equal
weights have been assigned to each of the three
and the adaptive capacity is computed. The
adaptive capacity indicators are 0.51, 0.53, 0.59,
0.51 & 0.40 for the five regions NCAP, SCAP,
NTLNG, STLNG & RYSM respectively. Based on
the indicators the vulnerability index has been
calculated for the five regions of the study. The
vulnerability index values were close to zero in all
the five regions of the study but were on the negative
side for the four regions namely NCAP, SCAP,
NTLNG & STLNG and on the positive side for the
other remaining region RYSM. However, the zone
RYSM did not show high positive value but a small
positive value close to zero indicating again a low
vulnerability zone. Figure 1 showing the
standardized exposure, adaptive, sensitive
indicators and vulnerability index are presented. In
Table 6, the change in meteorological parameters
is given. The figures in Table 6 indicate that the low
vulnerability indicated above is mostly applicable
within the change limits of meteorological
parameters. The vulnerability is likely to rise once
the change limits indicated in Table 6 exceed in
the environment. Broadly speaking, the negative
values of vulnerability index represent lowvulnerability situations where current demographic
growth is much lower than climate-consistent
population growth, while positive values represent
high-vulnerability situations where current
demographic growth vastly exceeds climateconsistent population growth. Not only the total
population but the overall structure and makeup of
the population play a significant role in the process
of resilience.

The method most commonly used is to obtain
data for the components of the index, with each
component representing a facet of vulnerability.
Since the components of the index are often
measured in different units, the observations have
to be 'standardized' or 'normalized' to permit
averaging, with the average being called composite
index. The normalization procedure most commonly
used is that which adjusts the observation to take a
value of between 0 and 1 using the formula Xnorm =
(X - X min) / (Xmax - Xmin), where 'X norm' stands for
the standardized observation associated with the
component for the society X stands for the value of
the component in the vulnerability index nonstandardized for the society Xmax & X min stand for
the maximum and minimum value of the component
in the index. Here a most preferred method adopted
was that involving equal weights. Finally, the climate
related vulnerability was calculated as follows
VI =

(Exposure conditions-adaptive capacity)
× Sensitivity.

The vulnerability index (VI) derived so that the
scale used was 0-1, indicating the lowest
vulnerability level (0) to the highest vulnerability
level (1).
The exposure indicator tells how the population
is directly exposed to the environmental conditions.
As Exposure indicators last decade's (2001-2010)
reliable meteorological parameters like maximum
temperature, minimum temperature, rainfall, rainy
days, morning & evening relative humidity figures,
sunshine & evaporation available for the five zones
was selected. The exposure indicators computed
from the meteorological data sets showed that the
values are 0.44, 0.45, 0.39, 0.44 & 0.44 for the five
regions NCAP, SCAP, NTLNG, STLNG & RYSM
respectively. As Sensitivity indicators components
includes water resources sector, livelihood sector.
The total irrigated area during Kharif Season (20092010) (Department of Economics and Statistics,
Government of AP) was used as a proxy indicator
of water resources availability. To represent the
sensitivity of the livelihoods sector percentage of
population (60% of the total population assumed to
be engaged in the agriculture related activities)
mainly dependent on farming and inhabiting the
rural areas. The sensitive indicators are 0.48, 0.52,
0.49, 0.49 & 0.54 for the five regions NCAP, SCAP,
NTLNG, STLNG & RYSM respectively. For the
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Fig.1. Showing the standardized exposure, adaptive, sensitive indicators and vulnerability index
TABLE 6
Average change in meteorological parameters for vulnerability
MAX T

MIN T

RF

RD

RH1

RH2

EVP

SS

3

4

109

5

16

21

2

1

3

3

134

5

16

17

1

2

3

3

160

6

12

16

1

2

3

2

205

6

11

15

4

5

168

5

14

18

1
3

2

Legend Max T- Maximum Temperature; Min T- Minimum Temperature; RF-Rainfall; RD - Rainy
Days; RH1 - Morning Relative Humidity (0830 hrs IST); RH2- Evening Relative Humidity (1730
hrs IST); EVP - Evaporation; SS - Sunshine Hours. All Temperatures in Degree Centigrade; Rainfall in millimetres; Evaporation in millimetres; All Relative Humidity figures in Percentage; Sunshine is in rounded hours.

5.

i)
ii)

Conclusions

iii)

Following conclusions can be drawn from
present study:

The adaptive capacity is high for NTLNG and
low for RYSM.

iv)

The exposure indicator is high for NCAP and
low for RYSM.

v)

The sensitive indicator is high for RYSM and
low for NCAP.

vi)

The environmental capacity is high for NTLNG
and low for RYSM.
The human capacity is more for SCAP and
low for NTLNG.
The economic capacity is more for STLNG
and low for RYSM.

46

vii)

The vulnerability index values were close to
zero in all the five regions.

viii)

The vulnerability index values are on the
negative side for the four regions namely
NCAP, SCAP, NTLNG & STLNG.

ix)

The vulnerability index values are on the
positive side for RYSM.

x)

The negative values of vulnerability index
represent low-vulnerability situations where
current demographic growth is much lower
than climate-consistent population growth.

xi)

The positive values represent highvulnerability situations where current
demographic growth vastly exceeds climateconsistent population growth.

xii)

The study indicated that the five zones
selected fall in to the category of low
vulnerability in relation to climate change and
variability excluding the vulnerability to the
hydro-meteorological hazards like floods,
drought and tropical cyclone landfall.

enhance once the limits indicated are
exceeded due to various factors.
xv)

Among the five zones taken up for the purpose
of study, the vulnerability increases in the
order of NTLNG, SCAP, STLNG, NCAP and
RYSM.
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Ensemble simulations of the
Indian summer monsoons
in 2009 and 2010 using a Global
Spectral Model

ABSTRACT
The All Indian Summer Monsoon Rainfall (AISMR) shows a lot of year to year variability. One of the major
forcings for the interannual variability of Indian Summer Monsoon is the Sea Surface Temperature (SST)
distribution in the Tropical Pacific and Indian Ocean. The year 2009 was the third highest deficient all India
monsoon season in the period 1901-2009. The seasonal (June to September) rainfall deficiency during 2009 for
the country as a whole was -22% of Long Period Average (LPA). In 2010, southwest monsoon season was
normal with the seasonal rainfall over the country as a whole 102% of its LPA. The years 2009 and 2010 were
also associated with contrasting patterns of SST anomalies in the tropical Pacific and Indian Oceans. Thus
these two years are suitable for studying the impact of SST-forcings on the seasonal mean fields over the Indian
monsoon region.
In this study, five member ensemble seasonal integrations have been conducted using the Indian Institute of
Technology Delhi (IITD) spectral General Circulation Model (GCM) at T80 L18 resolution with initial
conditions of 21st April to 25th April. The observed daily SST and climatological daily soil moisture is supplied
externally. Surface parameters such as snow depth, albedo, roughness length and soil temperature were supplied
at the time of initialization there after model itself generating its own during whole integration. It is observed
that simulated monsoon is stronger in 2010 than in 2009 in terms of precipitation and circulation. The winds
simulated by the model are compared with NCEP reanalysis data, while precipitation is compared with IMD
gridded rainfall data. In 2009 and 2010 observed seasonal rainfall was 69.82 and 91.11 cm respectively, whereas
corresponding simulated rainfall is 87.72 and 99.28 cm. Results show that the Intraseasonal variability of
circulation and rainfall are well captured by IITD GCM in both the years.
Keywords: Indian Summer Monsoon Interannual Variability Global Spectral Models

1.

the Indian monsoon rainfall has been studied by
several researchers since long (e.g., Sikka 1980;
Shukla 1987). Several atmospheric General
Circulation Models (GCMs) have been able to
simulate the mean monsoon climate reasonably
well. These models also simulate Interannual
Variability (IAV) of monsoon circulation when the
anomalies of global surface boundary fields are
specified ( Vernekar et al. 1995; Kar et al. 2001,
Satyaban et al. 2010). Since the 1970s,
experiments with GCMs have significantly
enhanced the knowledge of physical mechanisms
responsible for the influence of SST on the
monsoon. Early atmospheric GCM studies had
been aimed mainly at the response of monsoon to
idealised SST forcing in either the Pacific Ocean or
the Indian Ocean (Shukla 1975; Ashrit et al. 1999).
The SST of the East Pacific Ocean has maximum
correlation with the seasonal mean Indian monsoon
rainfall. Satyabhan et al. (2010) studied the relative
importance of observed and climatological SST in

Introduction

The year-to-year variations of the long term summer
monsoon seasonal mean precipitation over India
has a strong impact on the food production, the
water resources and the whole economy of one of
the most populated areas in the world (Peings and
Douville 2009). The Indian drought in 2009 was one
of the three major droughts that the country faced
in the last 100 years. During the monsoon season
of 2009, the June-September rainfall was 23%
below normal of its LPA. In this year, there was
early onset of monsoon over Kerala (23 May), but
the progress of the monsoon to other parts of India
was too slow leading to massive deficit in season
rainfall (IMD, 2010). Whereas the 2010 southwest
monsoon season was a normal monsoon season
with the seasonal rainfall over the country as a
whole 102% of its LPA (IMD, 2011). Several factors
influence amount of monsoon rainfall over India.
One of the major factors is El Niño-Southern
Oscillation (ENSO). The influence of the ENSO on
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Indian summer monsoon seasonal simulation and
inter annual variability.

2002 and highlighted the deep convection (deep
cloud systems) over the equatorial Indian Ocean.
They found that the link of the Indian monsoon to
events over the equatorial Indian Ocean is as
important as the well-known link to El Niño Southern
Oscillation (ENSO).

It is now well known that changes in initial
conditions can give rise to substantial changes in
the forecasts even at the long range. Ensemble
averaging of forecasts from different initial
conditions provides an efficient way of assessing
and reducing uncertainties in the forecasts due to
inherent uncertainties in the initial conditions.
Mujumdar and Krishnan, (2001) examined the
contrasting Indian summer monsoons of 1987 and
1988 and attributed the relative magnitudes of
variabilities due to SST-forcing and that due to
atmospheric internal dynamics. Gadgil et. al (2003)
compared the evolution of the normal summer
monsoon of 2003 with the unanticipated drought of

The objective of this study is to examine whether
IITD GCM at T80L18 resolution is sensitive to the
variabilities in SST in order to simulate the
contrasting characters of summer monsoons of
2009 and 2010. Figure.1a shows that the seasonal
(June -September) SST anomaly of 0.5°C to 1°C
is observed over most parts of the equatorial Pacific
with the warmest anomaly over east Pacific with
westward spread. A moderate El Nino condition

Fig.1. NCEP/NCAR Reanalysis seasonal (JJAS) mean SST Anomaly (°C) a) 2009 b) 2010 and GPCP
Rainfall Anomaly (cm) c) 2009 d) 2010
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grids in the horizontal, where climatological values
of surface fields, such as orography, surface
pressure, sea-surface temperature (SST), soil
temperature, soil moisture, albedo, roughness
parameter and snow depth obtained from the
National Center for Environmental Prediction
(NCEP)/National Centre for Atmospheric Research
(NCAR), (Kalnay et al. 1996) are provided as input
data for the model integration. Surface pressure is
a prognostic parameter, which changes with every
time step along with other atmospheric parameters.
Daily soil moisture interpolated from the monthly
mean climatological values is prescribed to the
model. The snow depth prescribed to the model at
initial time step is interactive taking care of surface
energy balance. The climatological values of carbon
dioxide and ozone are also used in the model. The
details of the physics packages used in this study
are given in Dash and Chakrapani (1989).

prevailed over the equatorial Pacific in 2009.
Whereas Fig.1b, shows strong negative SST
anomalies observed in the eastern equatorial
Pacific indicating La Niña conditions during the
Indian summer monsoon season in 2010. The
magnitude of negative anomaly was more than 2°C
during this period. Fig.1c and 1d gives precipitation
anomalies based on Global Precipitation
Climatology Project (GPCP). In 2009 there is a
strong deficit in the seasonal rainfall up to 40 cm
over the eastern parts of the central India and
Gangatic basin. A negative anomaly of 20 cm is
observed over some parts of Madhya Pradesh,
Odisha and North Andhra Pradesh. In 2010 there
is an excess rainfall observed throughout the
country except in West Bengal. South peninsula
received 20 cm excess rain and Gujarat region
received an excess rain fall of about 40 cm. Section
2 briefly describes the details of data sets used and
the experiments conducted using IIT Spectral GCM.
In Section 3 results and model statistics are
discussed in detail. Major findings of this study are
concluded in Section 4.

2.

The data sets of 21st to 25th April in 2009 and 2010,
analyzed by the NCEP/ NCAR, have been used as
initial conditions for model integration in the ensemble
mode. The model is integrated up to the end of
September with daily-observed SST values. Weekly
values of Reynolds-observed SSTs (Reynolds and
Smith, 1994) are interpolated into their daily values
and used as the lower boundary condition for the
model integration. The mean orography based on US
Navy data has been prescribed in the model along
with the two-dimensional Lanczos filter in order to take
care of the sharp discontinuities of the mountains.

Model experiments and data used

The original version of the model belonged to the
ECMWF at horizontal resolution T21L05. Here, the
letter T followed by the numeral stands for the
maximum truncation limit in the triangular truncation
scheme in the horizontal direction and the letter L
followed by the number represents the number of
sigma levels in the vertical. Earlier, the T21 model
was successfully used for simulating circulation
patterns over India (Dash and Chakrapani, 1989).
The earlier model has been modified to higher
resolution T80L18 and used successfully for several
sensitivity studies (Dash et al. 2006, Goswami
1998). As in case of any other spectral GCM, this
model is based on the spectral representations of
nonlinear-coupled equations for momentum,
thermodynamics, moisture, continuity and the
hydrostatic relation. In practice, the model equations
contain the spherical harmonics of vorticity,
divergence, moisture and temperature at 18 vertical
sigma levels and logarithm of surface pressure.
Orography is also represented as a truncated series
of spherical harmonics in the horizontal direction.
The conventional finite difference scheme in sigma
coordinates is used for the vertical descretization.
The semi-implicit scheme is used for time
integration. The model has 256×128 equivalent

The model has been integrated for six months
with five different initial conditions starting from 21st
April to 25th. The output fields such as wind,
temperature, moisture and geopotential at 18
vertical sigma levels have been obtained along with
surface pressure and accumulated rainfall. The
seasonal mean (JJAS) winds at 850 and 200 hPa
pressure levels and precipitation are examined to
evaluate the model performance in simulating the
severe drought of 2009 and the normal monsoon
in 2010. NCEP/NCAR reanalysed wind fields,
GPCP (Adler et al, 2003) rainfall and IMD gridded
rainfall (Rajeevan et al.,2005) values are used for
the model validation.

3.

Results and discussion

In this study the impact of observed SST in
simulating contrasting monsoons in each individual
member of the ensemble and their mean are
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analysed and compared with NCEP/NCAR
reanalysis wind and IMD gridded rainfall. Figure 2
(a) and (b) explains precipitation anomalies based
on the model simulation for the years 2009 and 2010
respectively. In 2009, there is a strong deficit in the
seasonal rainfall up to 20-40 cm over the central
India and 20 cm over peninsular India. In 2010,
model simulation shows an excess rainfall through
out the country except along the west coast. Most
parts of central India receive 40-60 cm excess
rainfall and some parts of northeast India has an
excess rainfall of about 40 cm.

This figure indicates that the low level circulation
shows a strong south westerly flow in both the years
compare to that of the observation. The Somali Jet
simulated by the ensemble mean show 10 m/s
stronger over Arabian Sea which persist up to West
coast and some parts of peninsular India. The
stronger wind over Arabian Sea pickup moisture
and precipitate it over Indian land mass. Because
of this strong lower level wind, simulated values of
the rainfall showing a difference of about 90 cm
has been observed over Mumbai and eastern parts
of Maharashtra compare to that of the IMD. There
is a negative rainfall difference of about 60-90 cm
is observed along the western Ghats [Figure 3 (c)
and (d)]. Because of the model's coarser resolution,
it is unable to capture rainfall over the hilly region
of this area. So it reduces the convective activity
along the western Ghats which causes for the
reduction in rainfall.
Figure 4 (a) and (b) shows the difference (20102009) in the seasonal wind at 850 hPa of NCEP/
NCAR reanalysis and model simulation respectively.
These two figures indicate that the wind differences
in reanalysis is strong over the Arabian Sea. But
model simulation shows a strong westerly over the
central India. Figure 4 (c & d) shows the difference
(2010-2009) in the seasonal wind at 200 hPa of
NCEP/NCAR reanalysis and model simulation
respectively. These figures indicate that strength of
the Easterly Jet is shifted to the south of 12°S in the
year 2010 and 2009. A strong easterly wind observed
to the south of the equator in the reanalysis Figure
4(c). Figure 4 (d) indicates the same pattern that of
reanalysis over the Indian land mass, but unable to
capture the strong easterlies to the south of the
equator. Figure 4 (e & f) shows the JJAS rainfall
difference (2010-2009) by the IMD and model
simulation respectively. Figure 4(e) shows the rainfall
difference of about 60-90cm and 10-30cm more
rainfall over western Ghats and peninsular India
respectively in 2010. Less rainfall up to 30 cm is
observed over east UP and West Bengal in the same
year in IMD. There is a rainfall difference of about
30-60 cm is observed over central India and a
negative difference of about 60 cm over Goa region
has been observed in model simulation(Figure 4f) .
Model is unable to capture the excess rainfall in 2010
over North East India as compared that to the
observation.

Fig. 2. Ensemble mean JJAS rainfall Anomaly (cm)
a) 2009 b) 2010
Figure 3(a & b) shows JJAS difference (model
ensemble mean-NCEP/NCAR reanalysis) wind
fields at 850 hPa in 2009 and 2010 respectively.
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Fig.3. Difference in the seasonal (JJAS) mean 850 hPa wind (a)Ensemble Mean-Reanalysis 2009
(b)Ensemble Mean-Reanalysis 2010 and Accumulated Rainfall (c)Ensemble Mean-IMD 2009
(d)Ensemble Mean-IMD 2010
The all India accumulated JJAS rainfall for the
season as a whole has been computed and
compared with the corresponding IMD. The five
member simulated rainfall is about 84.95, 86.17,
91.25, 86.59 and 89.92 cm in 2009 with ensemble
mean of 87.78 cm which is around 18 cm more than
that of IMD. In 2010 seasonal total rainfall simulated

by the model in each member is about 99.76,
102.83, 105.30, 95.24 and 93.27 cm with that of
mean of 99.28 cm where as IMD observed is 91.11
cm. The model is well capture the seasonal total
rainfall in 2010 than 2009. Figure 5 shows the all
India JJAS accumulated rainfall simulated by GCM
in each member and their ensemble mean along
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Fig.4. Difference(2010-2009) in the seasonal (JJAS) mean wind(m/s) a) Reanalysis 850 hPa b) Ensemble
Mean 850 hPa c) Reanalysis 200 hPa d) Ensemble Mean 200 hPa e) IMD Rainfall and f) Ensemble
Mean
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magnitude of about 1.6 mm/day, whereas northeast
India show with a error of order 1-1.2 mm/day.
Figure 6(b) shows the spatial plot of RMSE in JJAS
for 2010. It explains that the model error is
minimized over western Ghats compared to 2009
but it is more over northeast India. It should be noted
that the RMSE only estimates the average error
and there is no scope for measuring the relative
size of the average difference between model and
observation.
The daily precipitation simulated by the model
for June to September in each member along with
their ensemble mean in 2009 and 2010 over the
Indian land mass is shown in Figure 7 (a & b). Figure
7 (c & d) shows the daily rainfall time series (mm) of
model simulated ensemble mean and that of IMD
for both of the years. Figures 7(c) explains that model
has been failed in capturing the break phases of the
monsoon in the month of June and 1st week of
August in 2009. In 2010, ensemble mean of the
model is exactly matching the rainfall till the month
of the September [Figure 7(d)]. Because of the
systematic errors, model is simulating excess rainfall
in both of these years due to the availability of
sufficient amount of soil moisture in the month of the
September. Model systematic error can be reduced
by applying some bias correction techniques.

Fig.5. JJAS Accumulated rainfall (cm) simulated
in each member along with their ensemble
mean and corresponding IMD values for
2009 and 2010
with the corresponding IMD. Standard deviation
measures the member-to-member variation of the
rainfall. The standard deviation of the rainfall is 2.67
cm and 5.04 cm for the seasonal total in 2009 and
2010 correspondingly. This reflects that the
variability of the model is less in 2009 than 2010
from their ensemble mean. Root Mean Square Error
(RMSE) is used to calculate the prevailing
inaccuracy of the model simulation in seasonal total
rainfall for the both years. Figure 6(a) shows the
spatial plot of RMSE in JJAS for 2009. The model
error is more over Mumbai and Goa region with the

Fig.6. Spatial plot of RMSE JJAS in IMD accumulated rainfall a) 2009 b) 2010
54

Fig.7. Daily rainfall time series (mm) a) Model individual members and mean 2009 b) Model individual
members and mean 2010 c) Ensemble mean and IMD 2009 and d) Ensemble mean and IMD 2010
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4.

Conclusions

(1999): Monsoon simulation of 1991 and 1994 by
GCM: Sensitivity to SST Distribution. IITM
Research Report-RR084, ISSN 0252-1075.

In this study, contrasting summer monsoons of 2009
and 2010 are used to validate spectral GCM of IITD
at resolution T80/L18 forced with observed SSTs
as boundary conditions. Dominant features of the
monsoon circulations at 850 and 200 hPa levels
are found to be well simulated by the model. The
lower tropospheric westerlies in 2010 are stronger
than 2009 by 3-5 m/s over the central India. Analysis
of the results shows that model simulated
monsoons are stronger than the observed ones in
both the years 2009 and 2010. However, the model
does simulate the contrasting characteristics
observed in the monsoon circulations in these two
years. An important feature of the two simulations
is the enhanced rainfall in the central India in 2010
compared to that in 2009. The precipitation over
the central India including Gujarat is excess by 3060 cm in 2010. Greater simulated precipitation over
the central India in 2010 may be attributed to the
model's response to cold SST anomalies in east
Pacific. Where as in 2009 simulation shows less
rainfall over west central India and south peninsula
associated with warm Pacific SST.

Dash, S.K., Chakrapani, B. (1989): Simulation of
a winter circulation over India using a global
spectral model. Proceedings of the Indian
Academy of Sciences (Earth Planet Science), 98:
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(2006): A Study on the Effect of Eurasian snow
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using a Spectral GCM. Int. J. Climato., 26:10171025.
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Goswami, B.N. (1998): Interannual variation of
Indian summer monsoon in a GCM: external
conditions versus internal feedbacks. J Climate,
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No: 09 /2010, 2009, 1-166.

The model simulated ensemble mean of five
members ISMR are 87.78cm and 99.28cm in the
year 2009 and 2010 respectively against the
observed values of IMD are 69.82cm and 91.11cm
respectively. The calculated standard deviation of
the rainfall is 2.67cm and 5.04cm for the seasonal
total in the year 2009 and 2010 correspondingly.
The model is well capture the seasonal total rainfall
in the year 2010 and 2009. The daily time series of
simulated ensemble mean rainfall compared with
IMD explains that model has been failed in capturing
the break phases of the monsoon in the month of
June and 1st week of August in the year 2009
whereas in 2010, ensemble mean of the model
exactly matching the rainfall till the end of
September.
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Analysis of snowfall pattern over
catchments of Sutlej rivers,
Himachal Pradesh

ABSTRACT
A study of snowfall over catchment of Sutlej River has been carried out using recent 30 years' data of 13
stations spread over the catchment. The months of February and March together contributed about 56.5% of
the total seasonal snowfall. The total seasonal snowfall showed a decreasing trend of 4.1 cm per year. This
trend, however, was not found to be statistically significant. Also, the trends in monthly snowfall were not
statistically significant. Trend analysis showed that the terminal part of the season had the highest negative
trends (-2.1 cm/year) followed by beginning part (-1.3 cm/year) and middle part (-0.7 cm/decade). This analysis
brings out that the decreasing tendency in snowfall was higher during early and late parts of the season
whereas snowfall in the middle part was stable. Further analysis of beginning and end of snowfall season
brought out that there was a slight tendency for the snowfall season to commence late by 5 to 7 days per decade
where as the cessation of the season was practically trendless.
Key words: Snowfall season, Snowfall, Snowfall days, Sutlej Catchment

1.

dry season from March to June. Large parts of
these catchments receive heavy snowfall during
the winter season. The storage of snowfall in the
form of snow and glaciers in the mountains
provides a large amount of potentially available
water and also regulates the annual distribution
of the water.

Introduction

The importance of energy in national development
hardly needs any emphasis. Out of all the sources
of energy, the hydro-energy ranks only next to
solar energy in environmental friendly option.
India is blessed with immense amount of
hydroelectric potential and ranks 5th in terms of
exploitable hydro-potential on global scenario. As
per assessment made by CEA, India is endowed
with economically exploitable hydro-power
potential to the tune of 1,48,700 megawatt (MW)
of installed capacity of which the Indus Basin in
northwest India has the probable installed
capacity of about 33,832 MW. Sutlej and Beas
are the two important tributaries, which are
perennial rivers. Sutlej rises from beyond Indian
borders in the Southern slopes of the Kailash
Mountain. It enters India in Himachal Pradesh at
Shipki (altitude of 6,608 metres) and flows in
southwesterly direction through Kinnaur, Shimla,
Kullu, Solan, Mandi and Bilaspur districts. It is the
largest among the five rivers of Himachal
Pradesh. Its course in Himachal Pradesh is 320
km. The catchment area of Sutlej in Himachal is
20,000 sq. km. A large share of the inflow into
these rivers comes from the monsoon rains.
However, the snowmelt from the catchments
contributes significantly towards inflow during the

With complex topography and rapid changes
in climate over relatively short distances, upland
regions provide unique and challenging
environments for studying climate change signals
and their effect on hydrometeorology (Beniston,
2003; Duan and Yao, 2003; Singh and Kumar
1997). The intensification of heavy rainfall events
with elevation is also an important factor which
might increase the frequency of flood events
generated in headwaters. Catchment responses
to heavy rain are highly varied, but more rain
falling on upland areas, especially on heavily
grazed hills with short vegetation cover, increases
the risk of localized and downstream flooding (Orr
& Carling, 2006). Winter precipitation in
Himalayan region emanated from weather
systems originated from Mediterranean or from
Atlantic. Generally these weather systems which
are known as western disturbances (WDs) reach
South Asia. They do not have well developed cold
or warm fronts either at the surface or at the upper
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levels, most of them being at occluded stage
(Borgaonkar et al 1996). Snowfall generally starts
at altitude of about 1,300 m in western Himalayas.
At an elevation of about 3,000m solid and liquid
precipitation are equal. Snow contribution further
increases as the elevation increases and reaches
to about 75% at an elevation of 4,325 m (Singh
et al. 1995). The type of precipitation at a station
(Rain/Snow) depends on the temperatures. The
relationship, however, varies with latitude and
altitude of the place. According to Singh and Bhan
(2008) any precipitation during a day at Shimla is
most likely to be in the form of snow if the
minimum temperature in the morning is one
degree Celsius or less; and in the form of rain if
the minimum temperature is four degree Celsius
or more. Lal et al, 1995 As per the fourth
assessment Report of the Inter-governmental
Panel on Climate Change (IPCC, 2007), the
global average temperatures have increased by
0.74 ± 0.18O C during the twentieth century and
also the northern hemisphere snow cover is
decreasing. The report also says that the
precipitations have declined in south Asia.
According to a study by the India Meteorological
Department (Guhathakurta and Rajeevan, 2006),
the monsoon rainfall in the two hilly states of India

Analysis of snowfall pattern and its long-term
trends assume significance in terms of quantifying
the inflow during snowmelt season and existence
of trends, if any, for long term planning. Such an
analysis has been made in the present study for
the catchments of Sutlej falling in Himachal
Pradesh.

2.

Data and Methodology

Snowfall data of 13 stations in the Sutlej river
Catchment area is taken from the BBMB stations
viz Chitkul, Giabang, Jangi, Kalpa, Kaza, Kilba,
Phancha, Sangla, Sarhan, Nichar and Bali for
the snowfall season 1977-78 to 2006-07 and the
data of Tabo is for the winter season from 198586 to 2006-07 and that of Rakchham is 1984-85
to 2006-07. Snowfall over the extreme higher
reaches of Himachal Pradesh starts from the
September and some time lasts upto May. It is
noticed that there was hardly any snow day at
the stations taken for study, during the months of
September or October and in the month of May,
therefore, data of these months are not considred
under study and snowfall season is considered
from November to April. Snowfall data of all these
stations analysed from November to April. Daily
data were aggregated into monthly totals and then
into seasonal totals for the individual station
(Table 1). Average of snowfall over the catchment
is calculated by taking the mean value of all the
thirteen stations. Snowfall days at all the stations
under study are also calculated and analysed
Jindal et al 2001. A day is considered as snowfall
day if the snowfall of 1cm or more has
accumulated during a 24 hours period. First day
of snowfall during the season and last day of the
snowfall during the season at all the stations are
also analysed to examine the length of snowfall
season. The dates are expressed in term of days
from 01 November to 30 April. The first and last
dates of snowfall have been considered as those
dates when the station recorded snowfall for the
first time and last time in the season, respectively.
The numbers of days between these two dates
have been used to describe the length of the
snowfall season. Snowfall season is divided into
three parts i.e. early (November-December),
middle (January-February) and late part of
snowfall Season (March-April). Average and
standard deviation of snowfall and snowfall days
were also analyzed and are discussed.

Fig.1. Sutlej River Catchment Area in Himachal
Pradesh
- H.P and Uttaranchal has decreased by 61 and
79 mm in past 100 years. Giri et al. (2008) have
shown that the annual precipitation in the state
of Jammu and Kashmir recorded a decreasing
trend between 1990 and 2004.
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* Figures in parenthesis indicate number of snowfall days.

TABLE 1
Average of monthly Snowfall and snowfall days in Sutlej river Catchment Area
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TABLE 2
Average value, SD, CV (%) and linear trend rate of Snowfall and snowfall days

3.

Results and discussions:

and March together contributed about 56.4% of the
total seasonal snowfall. Linear regression analysis
in the seasonal snowfall shows that there is slightly
decreasing trends (about 4 cm per year). This trend,
however, was not found to be statistically significant.
Trend analysis carried out for each month brought
out that the trends were not statistically significant
for any of the month (Table 2). Highest value of
coefficient of variance (CV) is observed in the month
of November is 160.7% and minimum 54.1% for
the month February. CV for the snowfall season as
whole is found to be 33.1%.

3.1. Seasonal Snowfall
Snowfall in the Catchment of Sutlej River normally
starts from the second fortnight of November and
lasts up to April. Therefore, November to April has
been considered as snowfall season for the
catchment. Average seasonal snowfall during 30
winter season (1977-78 to 2006-07) is presented
in Figure 2. The seasonal snowfall was found to be
276.1 cm with the highest value of 540.3 cm during
1981-82 (Table 2) and lowest value of 116 cm
during 1998-99. Mean of the monthly snowfall in
the catchment is 9 cm for the month of November
(with highest value of 55.3 cm in 1986-87 and no
snowfall occurred during 1983-84, 1987-88, 199697, 1998-99, 1999-2000 and 2005-06); 30.8 cm for
the month of December (with highest of 99.1 cm in
1985-86 and minimum as 0 cm during 1992-93 and
1998-99); 65.1 cm for the month of January (highest
175.4 cm during1981-82 and lowest 12.5 cm during
1985-86); 78.5 cm for the month of February with
highest value of 212.4cm (1983-84) and lowest as
30.6 during 1996-97; 77.5cm for the month of March
with highest value of 162.2 cm (1978-79) and
minimum of 7.9 cm during 1984-85 snowfall season
and the average seasonal snowfall for the month
of April is 15.2 cm with highest value of 54.6 cm
(1993-94) and minimum 0.5 cm during 2000-01.
November and April months have the least
contributions i.e. 3.2% and 5.5%, respectively
towards the total seasonal snowfall. December
month has 11.1%, January 23.6%, February 28.4%
and March has the 28.1% contribution towards the
total seasonal snowfall. The months of February

3.2. Snowfall in beginning different parts of the
season
The average snowfall was lowest (39 cm) during
beginning of the snowfall season (NovemberDecember) which is 14.3% of the total snowfall of
the season. The highest snowfall during this period
was 101.9 cm (1986-87) and as lowest as no
snowfall during 1998-99. A non-significant linear
decreasing trend 1.345 cm per year was observed
for this part of the season (Figure 3). Snowfall
increases as the season progresses with middle
part of the snowfall season (January-February)
having the highest average value of 143.6 cm (53%
of the total seasonal season snowfall). Maximum
snowfall during the period of study was 301.6 cm
during 1981-82 and lowest was 9.5 cm during 200001. Linear regression analysis shows that snowfall
is decreasing at the rate of 0.669 cm per year in
the middle part of the season (Figure 4), which is
comparatively less with respect to the beginning
part of the season. Snowfall decreases as the

Fig.2. Snowfall over Sutlej River Catchment in Himachal Pradesh during winter season (Nov-Apr)
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1984-85. Linear trend shows that snowfall is
decreasing at the rate of 2.14 cm per year in this
phase of the season (Figure 5). Coefficient of
variation was found to be the highest during
beginning of the season (Table 2).

season enters in its last phase. Ending part (MarchApril) receive average snowfall of 92.7 cm, which
is 33% of the total snowfall of the season. Highest
snowfall recorded during this part of the season was
203.2 cm during 1981-82 and lowest 22.3 cm during

Fig.3. Snowfall over Sutlej River Catchment in Himachal Pradesh during the beginning of the winter
season (Nov-Dec)

Fig.4. Snowfall days over Sutlej River Catchment in HP during the middle of the winter season (Jan-Feb)

Fig.5. Snowfall days over Sutlej River Catchment in HP during the ending of the winter season (Mar-Apr)
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Fig.6. Snowfall days during the snowfall season over Sutlej Catchment in HP

slight tendency towards delay in beginning
advancement in ending of the snowfall season in
the catchment (Figure 7). The average duration of
snowfall season (number of days between first and
last snowfall days at the station) found to be 105.
The year to year variation in duration of the snowfall
season (Figure 8) shows a decreasing tendency of
5.7 days per decade. This shortening of snowfall
season may have adverse impacts on the river flow
during summer season and may adversely
influence the agriculture/horticulture crops in the
region. Rana et al. (2009) have reported that early
withdraw of snowfall is reflected in decrease in apple
yields over past two decades.

3.3. Number of days with snowfall and duration
of snowall season
Average numbers of snowfall days during the
seasons (averaged for 13 stations over the
catchment) were found to be 19.2 with a standard
deviation of 5 days (Table 2). The maximum numbers
of average snowfall days in a season were 30.2
(1981-82) and minimum were 9.3 days (1997-98).
In the beginning month of the season (November),
snowfall days are 0.8 only. These start increasing
with progress of the season and are 2.4 in December,
4.8 in January, 5.1 in February, 4.8 in March and
1.2 in April. The variability in number of snowfall days
was found to be the highest in beginning of the
season (Nov-Dec) and lowest in middle of the season
(Jan-Feb). All the months showed decreasing trends
in snowfall days which is not statistically significant.
Average number of snowfall days during the entire
season showed a decreasing trend of 0.308 days
per year which was primarily contributed by a
decreasing trend of 0.332 days during terminal part
of the season (Figure 6).
Beginning, ending and duration of
snowfall season
The average date of beginning and end of snowfall
season were found to be 12 December and 27
March, respectively with large year to year
variations. The season was found to begin as early
as on 14 November (1997-98) and as late as 14
January (1998-99). The most delayed end of the
season was on 17 April (2001-02) whereas the
season ended as early as on 12 March in 1998-99.
During the period of study is observed that there is

4.

Conclusions

(i)

The study of the 30 years snowfall data of
Sutlej Catchment shows that the month of
February has the highest contribution of
snowfall towards the total seasonal snowfall.

(ii)

The snowfall for all parts of the season i.e.
the begning, middle and ending of the season
show a decreasing tendency, the highest
being for the begining part of the season.

(iii)

All the months are showing decreasing
tendency in the snowfall, however, these were
not statistically significant for any of the month.

(iv)

It is observed that there is slight tendency
towards delaying in the setting of snowfall
season and towards early ending of the
snowfall season indicating shortening of the
snowfall season.

(v)

The analysis indicates a potential adverse

3.4

Fig.7. Beginning and ending of Snowfall season over Sutlej River catchment in HP
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Fig.8. Length of snowfall Season over Sutlej Catchment in HP
environmental components. In: Productivity of
temperate Fruits. Ed. K.K. Jindal and D.R.
Gautam. pp 12-20.

impact on the river flow and agricultural/
horticultural production in the state. However,
extensive studies need to be carried out
before arriving at final conclusions regarding
the impacts.

Lal. B, Gola, H.R. and Kapoor, K.L. (1995). Is Shimla
getting warmer?. Vayu Mandal. 25(1): 47-54.
Murty, N.S., Shah, S. and Singh, R.K. (2008).
Climate and its variability over the western
Himalaya. J. Agrometeorolgy. (Special issue - Part
2): 296-299.
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Extended prediction of tropical
cyclone - Jal in Bay of Bengal
using the CFAN ensemble prediction system

ABSTRACT
Climate Forecast Applications Network's (CFAN) tropical cyclone forecast products include a sophisticated
analysis of the ECMWF Ensemble Prediction System 1-15 day and monthly forecast products that is integrated
into a multi-model analysis with forecasts from other global and regional models. CFAN's weather/climate
predictions, spanning time scales from days to weeks, are based upon a sophisticated statistical/dynamical
system that utilizes ensemble forecasts from multiple forecast centers including the European Centre for Medium
Range Weather Forecasting (ECMWF). Extended range CFAN cyclone genesis potential and tracks predictions
for severe Cyclonic Storm - "Jal", fourth Severe Cyclonic Storm of the 2010 North Indian Ocean cyclone
season are objectively verified in this study. Cyclone - Jal developed from a low-pressure area in the South
China Sea that organized into a Tropical Depression on October, 28. It is the worst storm to hit Chennai in 14
years.

1.

combination of a shallow coastal plain along with a
thermodynamically favorable environment allows
tropical cyclones to impart high surface winds,
torrential rains, and significant wave heights (wave
setup plus storm surge) as these systems move
inland.

Introduction

The genesis of tropical cyclones, hurricanes and
typhoons is one of the most important unsolved
problems in dynamical meteorology (Emanuel,
2005) and climate (Gore, 2006). As for why the
problem remains unsolved, after decades of
research, it is unfortunately true that in situ
observations of genesis are mostly lacking over
remote tropical oceans, that field campaigns are
too few while operational efforts generally target
mature storms, that critically important processes
and their multi-scale interactions are challenging
to model and observe. Nature in some cases
provides little advance warning of these storms and
prediction of genesis beyond 48 hr is generally too
uncertain to be useful. Funding and technological
resources are needed to remedy these deficiencies,
to the extent they can be remedied, but - to be
honest - it is unlikely that fundamental progress will
be made without a quantum leap in theoretical
understanding as well. Additionally, while there are
numerous recognized synoptic-scale flow patterns
favorable to tropical cyclogenesis (e.g., tropical
waves, monsoon trough, tropical transition), a
complete understanding of the complex multi-scale
interactions during the transition to a mesoscale
vortex is lacking.

The complex meteorological and socioeconomic environment in the Bay of Bengal and
throughout the North Indian Ocean necessitates a
warning system that provides several days of advance notice for tropical cyclone formation, track
movement, intensity change, horizontal distribution
of surface winds and maximum coastal wave
heights.
2.

CFAN Medium Range Forecasts for
Cyclone Genesis potential and tracks in
North Indian Ocean
The tropical cyclones affect Bay of Bengal region
in two seasons: Pre-monsoon (April-May) and Post
monsoon (October-December). The peak
frequency is found to be in the months of May and
November. Though considered to be much weaker
in intensity and smaller in size as compared to the
cyclones of other regions, the Bay of Bengal storms
are exceptionally devastating, especially when they
cross the land (Ind. Met. Dept., 1979 & 1996). This
is mainly due to shallow bathymetry, nearly funnel
shape of the coastline, and the long stretch of the
low-lying delta region entrenched with large number

Tropical cyclones in the North Indian Ocean
have a profound impact on the littoral countries of
the Arabian Sea and the Bay of Bengal. The
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of river systems leading to high storm surges and
coastal inundations (Das et al, 1974 & Dube et al,
1997). The Bay of Bengal contributes about 7% of
the global annual tropical storms.

integrated into a multi-model analysis with forecasts
from other global and regional models. CFAN's
probabilistic forecasts of Atlantic tropical cyclone
tracks and intensity consistently outperform both
government and market forecasts beyond a 3 day
time horizon, showing track skill within 300 miles
out to 7 days (even before the tropical cyclones
actually form). CFAN's unique tropical cyclogenesis
model has demonstrated skill 3-7 days in advance
for predicting the formation of tropical cyclone
associated with African Easterly Waves, and skill
7- 10 days in the North Indian Ocean.

The low-pressure systems over Bay of Bengal
are classified based on the associated sustained
maximum wind at the surface level. According to
India Meteorological Department (IMD) criteria, a
low-pressure system is considered as Low Pressure
Area, if the sustained maximum surface wind is less
than 17 knots, a depression, if it is 17-27 knots, a
deep depression, if it is 28-33 knots, a cyclonic
storm (C), if it is 34-47 knots, a severe cyclonic
storm, if it is 48-63 knots, a very severe cyclonic
storm, if it is 64-119 knots and a super cyclonic
storm if it is more than or equal to 120 knots
(Eliot,1900). The systems with the intensity of
depressions and above are considered as cyclonic
disturbances.

2.1 Tropical cyclone track forecasts
CFAN's tropical cyclone identification and biascorrected tracking scheme is applied to each of the
51 unique ensemble members of the ECMWF
forecast. This allows for the creation of more reliable
probabilistic track density forecasts and a dynamic
cone of uncertainty at a basinwide level. Ensemble
clustering techniques are used to identify the
highest probability track of both pre-genesis and
existing tropical cyclones. A multi-model ensemble
track density analysis is enabled by an interactive
tool that allows the user to select track groupings
from available model forecasts

Climate Forecast Applications Network's
(CFAN) applies innovative weather to enable better
risk management and decision support through
exceptional forecasting and assessment. CFAN's
weather predictions, spanning time scales from
days to weeks, are based upon a sophisticated
statistical/dynamical system that utilizes ensemble
forecasts from multiple forecast centres including
ECMWF.

2.2 Tropical cyclogenesis risk analysis
The ability to forecast the formation (genesis) of
tropical cyclones enables extended-range tropical
cyclone forecasts. Understanding the behavior of
active tropical cyclones is certainly important, but there
is great value in awareness of tropical cyclone
formation risks, particularly for events likely to form
near coastlines. CFAN employs a Bayesian-based
genesis risk approach using ECMWF forecast
products and utilizing historical analysis of the largescale environment under which tropical cyclones have
formed. This allows for assigning formation exposure
risk for key regions throughout a forecast basin.

CFAN's prediction methodology has resulted in
substantially increased predictability and prediction
capability for extended range forecasts of floods in
south Asia, tropical cyclone forecasts on the
timescale of weeks in the North Atlantic and North
Indian Ocean. CFAN's tropical cyclone forecast
products include a sophisticated analysis of the
ECMWF Ensemble Prediction System (Belanger et
al., 2012) 1-15 day and monthly forecast products
that is integrated into a multi-model analysis with
forecasts from other global and regional models.
CFAN's tropical cyclone tracking scheme is applied
to each ensemble member of the ECMWF forecast
to create a track density forecast. A multi-model
ensemble track density analysis is enabled by an
interactive tool that allows the user to select track
groupings from available model forecasts.

3.

Cyclone - Jal

Severe Cyclonic Storm - "Jal" (IMD designation: BOB
05, JTWC designation:05B) is the fifth named
cyclonic storm and the fourth Severe Cyclonic Storm
of the 2010 North Indian Ocean cyclone season
(WMO/ESCAP, 2010). Jal developed from a lowpressure area in the South China Sea that organized
into a Tropical Depression on October, 28.

CFAN's tropical cyclone forecast products are
based on a sophisticated analysis of the ECMWF
Variable Ensemble Prediction System 1-15day and
monthly forecast products (16-32 days) that is

On October 28, a disturbance formed in the
South China Sea, just off the eastern coast of
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probability of cyclone genesis (Fig.1) over South
East of Andaman Islands at around 120 hr after
forecast Hours (29th October 2010). Tropical
cyclone genesis potential extended up to south
Coastal Andhra. Intensity predictions showed, low
pressure system would reach maximum intensity
after 350 hr i.e. on 6th November 2010.

Borneo. During the next few days, the system
entered the border of the East Indian Ocean
(Andaman Sea) and intensified slightly. On 3rd
November, the Joint Typhoon Warning Center
(JTWC) issued a tropical cyclone formation alert
on the system. Early on 4th November, the India
Meteorological Department (IMD) upgraded the
area of low pressure to a depression giving it the
designation "BOB 05". That day, the Joint Typhoon
Warning Center (JTWC) designated the system as
Tropical Cyclone 05B. Early on 5th November, IMD
upgraded Depression BOB 05 to a deep
depression. Later, the deep depression
strengthened further, prompting the IMD to upgrade
it to a cyclonic storm, and was named "Jal."

Cyclone - Jal genesis was predicted by CFAN
model with lead-time of Six days in advance.
Track ensemble predictions (Fig.2.) for CycloneJal on 23rd October, indicated that system would
move initially WNW direction, NW directions
afterwards and would landfall over Extreme South
Coastal Andhra. CFAN model predicted the
probable movement of cyclonic storm with leadtime of fifteen days with very good accuracy of
landfall. On 27th October, genesis potential
increased to 100% over South West Bay of
Bengal, shown in Figure 3.

The storm continued to grow and became a
severe cyclonic storm by 6th November. Soon
afterwards, it was upgraded to a Category-1
Tropical Cyclone by the JTWC. On 7th November,
Jal started weakening. As a deep depression, the
system made landfall at Chennai, a few hours later.
The system continued to weaken and became a
depression by early hours of 8th November. The
depression continued to weaken until it dissipated
into a remnant low on the same day.

4.

5.

Summary

Extended range prediction such as CFAN that
provides the probabilistic forecasts for cyclone
formations and its track provide useful guidance
with 7-15 day lead-time. Predictions from CFAN,
based on multiple ensembles from specialized
high quality global models, as well as different
other models, appear to have reliable skills for
cyclogenesis and track density prediction. These

Extended range Tropical Cyclone
Genesis and track predictions for
cyclone-Jal

CFAN Tropical Cyclone Genesis potential
predictions on 23rd October indicated about 60 %

Fig.1. CFAN Cyclone Genesis potential above 60% probability next 120 hr over East Andaman Islands,
extended up to South Coastal Andhra based on 23rd October 2010 initial conditions
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forecasts seem to be sufficiently reliable for a lead
time of 7 days or less. Present study Cyclone Jal, genesis predicted the probable movement
cyclonic storm with lead-time of fifteen days with
very good accuracy of landfall. However in future,

qualitative analysis of CFAN predictions should
be made to assign "reliability scores". These
reliability scores then can be used to define the
level of severity of the situation in the real-time
scenario.

Fig.2. Mean Track predictions on 23rd October 2010, Landfall near South Coastal Andhra

Fig.3. CFAN Cyclone Genesis potential 100% probability next 120 hr over South Coastal Andhra based
on 27th October 2010 initial conditions with lead time of 11 days
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in the Bay of Bengal for the use of Sailors, Parts I
and II, Ind.Met.Dept.
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Latitudinal distribution of 850
hPa winds along the west coast
and Indian Summer Monsoon
Rainfall

ABSTRACT
It has been observed that total number of occasions 850 hPa winds (≥ 30 knots: low level jet) observed
simultaneously along the west coast for Minicoy, Aminidivi islands, Thiruvananthapuram, Mangalore, Goa
and Mumbai from June to September and all India monsoon rainfall are positively correlated (r= 0.570). It has
been further observed that Arabian Sea monsoon currents were strong along the west coast at 850 hPa pressure
heights during (i) normal/ excess all India monsoon years: 1971, 1975, 1977, 1980, 1988 and (ii) deficient
monsoon years 1979 and 1986. Moderate Arabian monsoon currents at 850 hPa pressure heights were observed
during (i) normal/ excess years 1976, 1997, 1998, 2003, 2005, 2006 and (ii) deficient monsoon year 1974. Weak
Arabian monsoon currents at 850 hPa pressure heights were observed during (i) normal monsoon years 1999,
2000, 2001 and (ii) deficient monsoon years 1966, 1972, 1987, 2002 and 2004. Thus 850 hPa winds along the
west coast of India are a major component of south west monsoon rainfall over India.
Gujarat State received heavy (≥ 65 mm) to extremely heavy (≥ 250 mm) rainfall whenever low level jet is
observed over Mumbai and if there is a cyclonic circulation over Gujarat state/ region and adjoining Arabian
Sea.
Key words-850 hPa winds, low level jet, west coast, monsoon currents

1.

and its impact on ISMR have been examined for
14 normal / excess and 8 deficient All India
monsoon years during the period from 1966 to
2006. In this study, percentage departure of ISMR
has been considered as excess for +11% and more,
as normal for +10% to -10% and deficient for -11%
and less.

Introduction

the failure of long range forecast during summer
monsoon seasons 2002, 2004 and 2009 shows that
parameters which affect Indian Summer Monsoon
Rainfall (ISMR) most give a slip to Meteorologists
as and when they prefer. Importance of 850 hPa
winds can be understood from the fact that strength
of south west monsoon current is identified with the
strength of 850 hPa winds over Arabian Sea, Bay
of Bengal and South China Sea during summer
monsoon season (Mohanty and Dash: 1994; Dash
and Mohanty 1999, Joseph et al. 2001 Sijji Kumar
and Joseph: 2001, Swapna and Kumar 2002).
Rajeevan et al. (2004) had included South Indian
Ocean 850 hPa zonal wind (June) in their 10
parameter model for IMD's new operational models
for long range forecast of south west monsoon
rainfall over India for the year 2003. Analysis of
deficient/ normal/ excess monsoon year would
remain incomplete without examining the strength
of lower tropospheric winds at 850 hPa.

2.

Previous studies

Mohanty and Dash (1994) observed that the flow
entering the northern hemisphere during the
summer monsoon months is concentrated at three
regions at about 045°- 055°E, 080°- 090° E and
100°-120° E, corresponding to the three branches
of monsoon viz. Arabian Sea, Bay of Bengal and
South China Sea. They further observed that the
peaks of the flow are at 050° E, 080° E and 105° E.
Joseph et al. (2001) had stated that when monsoon
sets in over Kerala a strong cross equatorial current
gets established in the lower troposphere over the
Indian Ocean and south Asia at about 850 hPa.
They further stated that this monsoon current
transports moisture generated over the Indian
Ocean to the monsoon rain area. A LLJ is
embedded in it. They have further mentioned that

In this study latitudinal distribution of 850 hPa
winds along the west coast (northward shifting of
low level jet: LLJ ≥ 30 knots along the west coast)
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Bengal and had more northerly tracks than normal.
These factors contributed to monsoon deficiency
over central and northwest India. He had further
stated that, in contrast during the monsoon season
of 1967 depressions formed in central and south
Bay of Bengal and moved predominantly in westnorthwest direction. Asnani (1993) had observed
that out of five depressions / storms which formed
over North Bay of Bengal during 1979 (June to
September) only two followed near normal course,
one had a short life and two moved away to
northeast India. Dash and Mohanty (1999)
observed that westerly wind maxima at 850 hPa
were lowest along Somalia coast during 1987 (June
to September) where as in the excess year 1988, it
was large compared to normal and deficient
monsoon years. Dube and Gupta (2007) have
observed that weak easterlies and westerlies at 200
hPa and 850 hPa respectively are the
characteristics of weak monsoon circulation as it
happened in 2002 compare to strong monsoon
circulation in 1994. Shyamala and Shinde ( 1999)
had observed that cyclonic circulation over
Saurashtra, south Gujarat region and adjoining
north east Arabian sea at 0.9 km above sea level
and 850 hPa give rise to wide spread rainfall activity
in north Konkan, South Gujarat region and
Saurashtra. Kumar et al.(2007) have mentioned the
first condition for occurrence for severe weather
over Mumbai and suburbs when any station along
the west coast of peninsular India from
Thiruvananthpuram to Mumbai including Mimicoy/
Aminidivi islands report ≥ 30 knots wind at 850 hPa.

north of the equator considerable cyclonic vorticity
is associated with LLJ in its northern shear zone in
the boundary layer which causes frictional
convergence, upward motion and rainfall. Sijji
Kumar and Joseph ( 2001 ) had stated that while
the LLJ axis crosses the equator as a southerly
current in a geographically fixed and narrow
longitude band close to the east African coast, the
LLJ axis passes through peninsular India as a
westerly current, but its axis can be anywhere from
very low latitudes to almost 25° north. Its position
changes along with the Maximum Cloud Zone
(MCZ). They have further mentioned that LLJ is
strong through peninsular India when MCZ passes
through the peninsula and the Bay of Bengal (active
monsoon). Swapna and Kumar (2002) have
observed that 850 hPa wind speeds are high over
the western Arabian Sea as compared to central
Bay of Bengal and southern Indian Ocean. Western
Arabian Sea shows great contrast, where wind
speeds are about 2m/s higher in 1988 than in 1987.
They have further mentioned that during the active
monsoon periods, the core of the LLJ is directed to
Indian sub-continent producing HY rainfall over
India. But during break period the core of LLJ is
directed south of Indian peninsula leading to break
monsoon condition over India. Srinivasan et al.
(1972) had stated that in the lower troposphere the
westerlies along Konkan and coastal Karnataka
become very strong (with core at 850 hPa)
particularly when there is a strengthening of Arabian
Sea current, which is usually associated with the
formation and movement of a depression or a low
from Bay of Bengal across the central parts of the
country. They further stated that occasionally even
without a depression or a low if the monsoon trough
is well marked, this feature may be noticed. Ram
et al. (1999) have examined the cumulus activities
and structure of Troposphere in a good and
subdued monsoon activity periods on the western
sector of the monsoon trough. They observed that
moisture convergence is found up to 600 hPa in a
good monsoon activity period and maximum
moisture convergence is observed at 850 hPa. Here
again they have highlighted the importance of 850
hPa winds. Joseph (1978) observed that in 1965
and 1966, monsoon depressions behaved
erratically. Monsoon depressions formed during
these two years in head Bay of Bengal and central
Bay of Bengal and in 1966 even in south Bay of

3.

Data

Upper air ( 850 hPa ) wind data ( 0000 and 1200
UTC ) for Minicoy (MNC), Aminidivi (AMD) islands,
Thiruvananthpuram ( TRV ) , Mangalore ( MNG ) ,
Goa (GOA), and Mumbai (MUM) for 22 years period
(14 normal/ excess: 1971, 1975 , 1976, 1977, 1980,
1988, 1997, 1998, 1999, 2000, 2001, 2003, 2005
and 2006 and 8 deficient : 1966, 1972, 1974, 1979,
1986, 1987, 2002 and 2004 monsoon years) from
June to September have been collected / received
from Meteorological office Mumbai, Regional
Meteorological Centre, Mumbai and office of the
Additional Director General of Meteorology
(Research), Pune. The details of Monsoon activity
and relevant matters have been collected from
weather summaries in Mausam and weekly weather
report published by India Meteorological
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Department (I.M.D.) Pune. Anomaly of 850 hPa
winds has been prepared by using NOAA Earth
System Research Laboratory (U.S.A.) web site.

4.

5.

Discussion

5.1

Total number of occasions 850 hPa winds
distributed along the west coast and ISMR
Monsoon currents along the west coast were
observed weak during 1966, 1972, 1987, 1999,
2000, 2001, 2002 and 2004 (Table1). LLJ was
observed on minimum occasions during July 1987
(35), 2002 (31) and 2004 (29). All India monsoon
rainfall was found deficient in July 1987 (-28.8 %),
2002 (- 54.2 %) and 2004 (-19.9 %). In July 1966,
all stations simultaneously, reported ≥ 30 knots
winds at 850 hPa only on 11 occasions up to 15th
July out of 76 observed for the month. It is
mentioned in the weather summary for 1966 that
there was general strengthening of monsoon over
the country during latter half of July, which shows
that latitudinal distribution of LLJ (northward shifting
of LLJ) along the west coast helped the monsoon
current. Monsoon rainfall was deficient over the
country during 1966 (-13.2 %), 1972 (- 23.9 %),
1987 (- 19.4 %), 2002 (- 19.2 %) and 2004 (-13.8 %)
Fig.1. Arabian Sea monsoon currents were
observed strong/ moderate along the west coast of
India at 850 hPa pressure heights during normal/
excess all India monsoon years: 1971 (4%), 1975
(15.2%), 1977 (4%), 1980 (3.9%), 1988 (19.3) and
1976 (2.5%), 1997 (2.2%), 1998 (4.0%), 2003
(2.3%), 2005 (-1.3%), 2006 (-0.4%) respectively,
Fig.1. Cross equatorial flow (low level flow) was
weak in 2002 (Weather in India 2003) and 2004
(July: over Arabian Sea; Weather in India 2005).
Northward shifting of LLJ was weaker than normal
during the month of July 2002 and 2004 have been
confirmed by anomaly of 850 hPa meridional winds
for July 2002 and 2004 (Fig.2 and Fig.3). Negative

Methodology

Number of occasions when MNC / AMD islands ,
TRV , MNG , GOA and MUM simultaneously
reported > 30 knots winds at 850 hPa either at 0000
or 1200 UTC from June to September have been
counted separately for 22 years periods (Table 1).
Correlation coefficient has been calculated for total
number of occasions LLJ (≥ 30 knots ) reported
simultaneously along the west coast by MNC, AMD,
TRV, MNG, GOA and MUM and all India monsoon
rainfall for 21 years as complete 850 hPa winds for
2003 are not available. It has been found that both
quantities are positively correlated (r = 0.570).
Monthly as well as seasonal averages of the winds
(number of occasions when LLJ ≥ 30 knots) for
every year have been calculated by the arithmetic
mean (Table 1). Monthly average for June, July,
August and September have been found as 51, 67,
44 and 13 respectively where as seasonal average
comes to 175. Moderate monsoon current along
the west coast of any year has been defined as per
the total number of occasions in which > 30 knots
wind speed at 850 hPa is equal to + 10 % departure
from average seasonal value ( 175 ) and less than
or greater than this value has been termed as weak
or strong monsoon current. Here monthly and
seasonal averages of winds are just an
approximation to highlight the importance of number
of occasions LLJ have been reported by the stations
along the west coast during normal/ excess and
deficient monsoon years. Anomalies of meridional
850 hPa winds have been examined for July 2002,
July 2004, June 2009, July 2009 and June to
September 2011. The area of study has been
selected from 20° S to 25° N and 40°E to 80°E.
Number of days when Mumbai reported ≥ 30
knots winds at 850 hPa either at 0000 or 1200 UTC
have been counted from June to September for 22
years period ( Table 2 ) to have an idea about
extension of LLJ ( northward shifting of LLJ) over
Mumbai every year. It has been also observed that
if 850 hPa wind over Mumbai is observed ≥ 30 knots
and if there is an upper air circulation from 0.9 to
1.5 km or above over Gujarat state and
neighborhood and adjoining Arabian Sea, heavy
(HY) to extremely HY rainfall may occur over
Gujarat and nearby regions.

Fig.1. Total number of occasions LLJ along the
west coast of India and seasonal rainfall
over India
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anomaly of winds has been observed along the west
coast from -0.5 to -2.0 during both the years.
Monsoon rainfall was normal over the country
during 1999 (- 4.4 %), 2000 (-7.8 %) and 2001
(- 7.8 %) even when Arabian Sea monsoon currents
at 850 hPa along the west coast were weak. During
the year 1999 four depressions formed over the
Bay (June -2, July -1, August-1). All depressions
followed normal track (northwest to westnorthwest). Although monsoon currents along the
west coast was weak during 1999 but depressions
followed normal track, which helped all India
monsoon rainfall, as, observed by Joseph (1978)
for normal rainfall during 1967. However, all India
Monsoon rainfall was deficient in two months of
2000 ( August - 12.7 % , September - 21.2 % ) and
2001 ( August : - 19.5 % , September : - 35.8 % ),
which show that distribution of rainfall during 2000
and 2001 were affected by weak monsoon current
along the west coast of India. It is mentioned in
weather summary for 1999 that cross equatorial
flow in general was weak in first third and fourth
week of July and in August over Arabian Sea. Also
cross equatorial flow in general was very weak than
normal over Arabian Sea during 2000. But cross
equatorial flow was in general normal in June, July
and August and stronger than normal in September
2001 over Arabian Sea (weather summary). In the
year 2009 (Weather in India 2010) cross equatorial
flow along the equatorial belt (equator to 5° N/ 5° S

over Arabian Sea) was stronger than normal by
about 5-10 knots, during the first week of June and
first week of July. It was below normal by about 5
knots during second week of June. Except these
the cross equatorial flow along the equatorial belt
was close to normal during the entire monsoon
period, June- September. The cross equatorial flow
along the equatorial belt (equator to 5° N/ 5° S over
the Bay of Bengal) was stronger than normal by
about 5-10 knots, during the first and second week
of June, first and third week of July, first week of
August and second week of September. The cross
equatorial flow was almost normal for the remaining
period during the season. But wind anomalous
cyclonic circulations during June, July and
September, east southeasterly winds over the
peninsula up to 500 hPa in August and anomalous
anticyclonic circulation over central India at 850 hPa
extending up to 500 hPa were observed during
2009. It is also clear from anomally of 850 hPa
meridional winds during June 2009 that northward
shifting of LLJ north of 12° N approximately was
not adequate (Fig.4). Positive anomaly of winds was
observed only up to 12° N approximately. ISMR
improved considerably in the month of July 2009
(from -47.2 % of LPA in June to -4.3 % of LPA in
July), which has been rightly displayed by anomaly
of 850 hPa meridional winds for July along the west
coast (Fig. 5). Positive anomaly of winds has been
noticed all along the west coast during July 2009.

Fig.2. 850 hPa wind anomaly, July 2002

Fig.3. 850 hPa wind anomaly, July 2004
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Fig.5. 850 hPa wind anomaly, July 2009

Fig.4. 850 hPa wind anomaly, June 2009
So for the year 2001 and 2009 strength of cross
equatorial flow (low level flow) and latitudinal
distribution of 850 hPa winds along the west coast
do not have one to one relationship. Monsoon
currents along the west coast have been found
strong during 1971, 1975, 1977, 1979, 1980, 1986
and 1988, Table 1. LLJ was found on maximum
occasions during June 1980 (73 %), July 1977 (52 %),
August 1974 (82 %) and September 1988 (215 %).
Generally, LLJ has been found on minimum
occasions during September. All India monsoon
rainfall was deficient during 1979 (- 19 %) and 1986
(- 12.7 %) even when monsoon current was strong
along the west coast. One depression, which
formed over Arabian Sea on 16th June 1979 near
14.0° north / 70.0° east, intensified into a severe
cyclonic storm, moved westwards and crossed
Kuriya-Muria coast on 20th morning. Another
depression which formed on 18th September 1979
near 12.0° north / 73.0° east over Arabian Sea
intensified into a cyclonic storm on 21st, moved
westwards and crossed Oman coast on 24th .Out
of five depressions / storms which formed over
North Bay of Bengal only two followed near normal
course, one had a short life and two moved away
to northeast India. During 1986, three depressions
formed over the Bay (August -2, September -1) but
only one depression followed west- northwest (1116 August). Observations made by Joseph (1978 )
and Asnani (1993 ) about movement of depressions

/ cyclones and their impact on all India Monsoon
rainfall over the country have been also observed
during 1979 and 1986 . Moderate monsoon currents
were observed during 1974, 1997, 1998, 2003,
2005 and 2006 (Table 1). Except for the year 1974
(- 12 %) monsoon rainfall over the country was
normal. Monsoon current during 1974 was almost
strong (9 %) along the west coast, but the country
received deficient rainfall. Two depressions (June1, August-1) and two cyclonic storms (August -1
September- 1) which formed over the Bay followed
north-northwest, northward and northeast track and
one had a short life. Another cyclonic storm that
formed over Arabian Sea at very low latitude in
September (19th to 24th) followed a northwest
track. So abundance of moisture pumped into Indian
Seas during 1974, 1979 and 1986 by strong lower
tropospheric winds remained unutilized (as systems
did not follow normal course) due to unfavorable
surface and upper air conditions over the country,
its neighborhood and Indian seas. This type of
analysis of 850 hPa winds clearly shows that (a)
strong Arabian Sea monsoon currents at 850 hPa
do not guarantee a normal monsoon over the
country (1974, 1979, 1986 ), (b) weak monsoon
currents at 850 hPa do not always negate the
normal rainfall over the country (1999) and (c) there
is almost one to one relationship (except 2001 and
2009) between strength of cross equatorial flow
over the Arabian Sea and Latitudinal distribution of
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850 hPa winds along the west coast of India. It has
been assumed that whenever moderate to strong
monsoon currents are observed (on the basis of
distribution of LLJ along the west at 850 hPa) cross
equatorial flow (low level flow) is normal. Anomalies
of 850 hPa meridional winds for June, July, August
and September 2011, Fig. 6 to Fig. 9, clearly exhibit
the importance of well distribution of LLJ along the
west coast of India for normal/ excess monsoon

over the country. Positive anomaly of winds has
been observed all along the west coast of India
during June, August and September 2011 where
as positive anomaly of winds has been observed
only up to 12° north (approximately) during July
2011. This has been clearly reflected in monthly
rainfall over the country for June (112% of LPA),
July (85% of LPA), August (110% of LPA) and
September (106% of LPA).

Fig.6. 850 hPa wind anomaly June 2011

Fig.7. 850 hPa wind anomaly, July 2011

Fig.8. 850 hPa wind anomaly, August 2011

Fig.9. 850 hPa wind anomaly, September 2011
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During June 1971 Mumbai reported ≥ 30 knots
winds at 850 hPa on 12 days, which is highest in
June during 22 years period (Table 2). It was
reported for six days during the first week of June
out of 12 days during the month. Weather summary
for 1971 says that monsoon covered Gujarat,
Southeast Rajasthan, Madhya Pradesh, northeast
India and east Uttar Pradesh by 8th June. The

5.2

Extension of LLJ up to Mumbai and heavy
to extremely heavy rainfall over Gujarat
state
Asnani (1993) had observed that when the
depression is centered over central parts of India,
very heavy precipitation is recorded about 800 to
1000 km west of the centre; this type of precipitation
generally occurs over north Gujarat or Saurashtra.

TABLE 1
Total number of occasions LLJ reported along the west coast of
India during summer monsoon
Year

June

July

August

September

Total

1966

24

76

20

13

133 ( -24 )

1971

76

82

43

13

214 ( 22 )

1972

31

73

31

12

147 ( - 16 )

1974

40

58

80

12

190 ( 9 )

1975

76

50

64

18

208 ( 19 )

1976

29

84

45

3

161 ( -8 )

1977

69

102

30

19

220 ( 26 )

1979

81

63

56

13

213 ( 22 )

1980

88

96

66

11

261 ( 49 )

1986

82

79

66

13

240 ( 37 )

1987

61

35

43

2

141 ( -19 )

1988

46

95

41

41

223 ( 27 )

1997

31

76

64

1

172 ( -2 )

1998

60

63

28

19

170 ( -3 )

1999

39

83

27

1

150 ( - 14 )

2000

47

51

42

10

150 ( -14 )

2001

51

54

25

6

136 ( - 22 )

2002

37

31

47

5

120 ( - 31 )

2003

34*

42*

22*

3

101*

2004

58

29

44

13

144 ( - 18 )

2005

44

59

39

36

178**( 2 )

2006

27

88

40

12

167 ( - 5 )

Total

1131

1469

963

276

3839

Arithmetic
Mean
( A.M.)

51

67

44

13

175

*

11 days data not available (June-1, July-6, August-4)

**

Goa data not available for nearly 50 days
Figures within bracket: % departure from A.M.
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Kerala on a few days in the second fortnight, mainly
in association with a trough of low pressure lay
along and off the west coast. Floods were reported
in some parts of north Madhya Pradesh, Gujarat
state and east Rajasthan in the second fortnight.
LLJ extended up to Mumbai from 23 June to 4 July
2005 and Gujarat state received HY to extremely HY
rainfall from 24th June to 5th July 2005 (Table 3).
Persistence of LLJ for 12 days continuously has

monsoon did not advance further for about fortnight.
So, northward progress of monsoon also depends
on shifting of LLJ over Mumbai. In July 1971
Mumbai reported LLJ continuously for 7 days from
15 July onwards. Weather summary for 1971 says
that monsoon was weak in Rajasthan. West
Madhya Pradesh and Gujarat state in the first
fortnight. Monsoon was active in coastal Karnataka
on many days and in Gujarat state, Konkan and

TABLE 2
Total number of days LLJ observed over Mumbai during June to September
Year

June

July

August

September

1966

6

8

2

0

16

1971

12

10

5

0

27

1972

2

4

3

0

9

1974

2

4

3

0

9

1975

10

2

3

5

20

1976

2

14

3

0

19

1977

4

12

3

3

22

1979

8

7

11

0

26

1980

11

6

8

0

25

1986

10

9

4

0

23

1987

2

4

1

0

7

1988

1

15

3

2

21

1997

11

12

10

0

33

1998

4

6

2

3

15

1999

2

10

3

0

15

2000

1

4

3

1

9

2001

2

10

0

0

12

2002

1

0

3

1

5

2003

0

3

1

0

4

2004

1

0

4

4

9

2005

8

11

6

9

34

2006

3

19

12

0

34

Total

103

170

93

28

394

Arithmetic
Mean
(A.M.)

4.7

7.7

4.2

1.2

17.9

79

Total

never been found during 22 years study period
except for the year 2005. The following synoptic
situations were observed during the period: A
depression was centered over northeast Arabian
Sea near 22.0° north / 68.0° east at 0300 UTC 22nd
June. It weakened into a well marked low- pressure
area over the same area and became less marked
on 24th. An upper air circulation was observed
between 3.1 and 5.8 km above sea level over
Saurashtra, Kutch and neighborhood during 24th
to 27th June and Gujarat state and neighborhood
on 28th and 29th. It became less marked on 4th
July. Another upper air cyclonic circulation
extending up to mid tropospheric level was
observed between 26th to 29th June over central
and west Madhya Pradesh and neighborhood.
Under the influence of the upper air cyclonic
circulation a LOPAR formed over west Madhya
Pradesh and adjoining Rajasthan on 30th June. It
became less marked in the evening of July 1 and
the associated upper air cyclonic circulation became
less marked on July 3. The off shore trough at sea
level extended from south Gujarat coast to Kerala
coast from 23rd June to 5th July and from south
Maharashtra to Kerala coast on 6th . As such
occurrence of HY to extremely HY rainfall over
Gujarat state from 24th June to 5th July 2005 (Table
3) is the result of persistence of LLJ over Mumbai

from 23rd June to 4th July 2005 and upper air
cyclonic circulation between 3.1 and 5.8 km over
Saurashtra, Kutch and neighborhood/ Gujarat state
and neighborhood from 24th June to 4th July.
On 29th June 2006, upper air observation of
Mumbai reported 25030 knots wind at 850 hPa at
0000 UTC. An upper air cyclonic circulation was
observed over Saurastra, Kutch and neighborhood
between 1.5 and 5.8 km above sea level. The off
shore trough at sea level was observed from south
Gujarat to Kerala coasts. On the basis of these
synoptic situations Meteorological centre
Ahmedabad issued HY rainfall warning on 29th
June over Gujarat region. The following 13 stations
reported HY to VHY rainfall at 0300 UTC on 30th
June (cm): Vyara 23, Mangrol 20, Songadh 19,
Valod 16, Veraval 13, Vapi 10, Gandevi & Mahuva
9 each, Dediapada 8 , Silvasa , Jabalpur , Navsari
and Mandvi 7 each. Many stations also reported 5
and 6 cm of rainfall. Here again presence of LLJ
over Mumbai and upper air cyclonic circulation over
Saurashtra, Kutch and neighborhood brought HY
to VHY rainfall over Gujarat region.
Gujarat state received HY to extremely HY
rainfall during July and August 2006 when LLJ over
Mumbai was observed for 19 and 12 days during
July and August respectively (Table 2) which is

TABLE 3
Heavy (HY) to Very Heavy (VHY) rainfall over Gujarat state
Date

Name of stations (0300 UTC rainfall in cm)

24.06.2005

Madhuban (14), Kodinar (9)

25.06.2005

Valsad (25), Mangrol (10)

26.06.2005

New Kandla (13), Dantewada (11)

27.06.2005

Dharampur (26), New Kandla (9)

28.06.2005

Dharampur (39), Mahuva (16)

29.06.2005

Khambhat (33), Siddapura (14)

30.06.2005

Ahwa (36), Vyra (30), Vallabh Vidya Sagar (25), Surat (22), Rajkot (15)

01.07.2005

Vyra (55), Anand (41), Vallabh Vidya Sagar (34), Baroda (30), Kodinar (13)

02.07.2005

Madhuban (35), Dahanu (18)

03.07.2005

Sonegarh (22), Valod (21), Surat (20)

04.07.2005

Baroda (12)

05.07.2005

Dharampur (17)
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highest in 22 years period for the respective months.
LLJ was observed over Ahmedabad on three
occasions during August 2006. In other years of
study period Gujarat state received HY to VHY
rainfall when ever LLJ was observed over Mumbai
with different synoptic situations. Mumbai reported
≥ 30 knots winds at 850 hPa for more than 30 days
during 1997, 2005 and 2006 (Table 2). It has been
observed that LLJ over Mumbai feeds the existing
synoptic situation over Gujarat and neighborhood

and adjoining Arabian Sea for occurrence of HY to
extremely HY rainfall over Gujarat state. These
conditions guarantee the occurrence of severe
weather conditions over Gujarat state and absence
of LLJ over Mumbai will ensure improvement in
extreme weather conditions.
5.3 Intensity of LLJ along the west coast
Total number of occasions when ≥ 40 knots and 50
knots winds observed along the west coast either

TABLE 4
Total number of occasions ≥ 40 knots winds reported at 850 hPa
along the west coast of India during summer monsoon
Year

June

July

August

September

Total

1966

2

18

4

3

27

1971

19

25

7

3

54

1972

11

22

4

1

38

1974

14

14

31

3

62

1975

32

4

24

1

61

1976

9

27

14

0

50

1977

30

38

1

1

70

1979

47

18

26

1

92

1980

26

37

7

0

70

1986

37

22

26

1

86

1987

15

8

7

0

30

1988

12

30

13

8

63

1997

3

9

12

0

24

1998

16

22

3

2

43

1999

8

23

1

0

32

2000

16

25

0

0

41

2001

4

12

6

0

22

2002

6

3

6

0

15

2003

5

6

1

0

12*

2004

19

4

7

0

30

2005

17

23

9

6

55

2006

9

26

6

3

44

Total

357

416

215

32

1020

Arithmetic
Mean
(A.M.)

16.2

18.9

9.7

1.4

46.4

* 11 days data not available (June-1, July - 6, August - 4)
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at 0000 or 1200 UTC have been counted from June
to September for the study period (Table 4 and
Table 5). Latitudinal distribution of LLJ ( ≥ 40 knots
) has been found on maximum number of occasions
(50- 92 ) during 1971, 1974, 1975, 1976, 1977,
1979, 1980, 1988 and 2005. Distribution of LLJ ( ≥
30 knots ) between this period has been found
between 161-261 occasions. Latitudinal distribution
of LLJ (≥ 40 knots) along the west coast was found

between 15 to 43 occasions during 1966, 1972,
1987, 1997, 1998, 1999, 2000, 2001, 2002, 2003,
2004. Distribution of LLJ (≥ 30 knots) during this
period has been found between 120 - 172
occasions, LLJ > 50 knots have been observed
on maximum number of occasions during 1986
(19). Latitudinal distribution of LLJ ≥ 30 knots is
more marked for normal rainfall over the country
rather than distribution of LLJ ≥ 50 knots.

TABLE 5
Total number of occasions ≥ 50 knots winds reported at 850 hPa
along the west coast during summer monsoon
Year

June

July

August

September

Total

1966

0

0

0

0

0

1971

2

3

0

1

6

1972

0

2

0

0

2

1974

4

2

10

0

16

1975

2

0

4

0

6

1976

1

2

6

0

9

1977

7

8

0

0

15

1979

4

1

8

0

13

1980

2

4

1

0

7

1986

6

5

7

1

19

1987

2

0

0

0

2

1988

2

4

1

0

7

1997

0

0

0

0

0

1998

5

6

2

1

14

1999

1

0

0

0

1

2000

5

6

0

0

11

2001

0

2

0

0

2

2002

0

0

1

0

1

2004

4

0

0

0

4

2005

5

6

1

0

12

2006

2

7

0

0

9

Total

54

58

41

3

156

Arithmetic
Mean
(A.M.)

2.4

2.6

1.8

0

7.0

82

6.
(i)

Conclusion
Normally latitudinal distribution of LLJ ( ≥ 30
knots ) along the west coast on 175 occasions
or more ( ± 10 %: it is just an approximation)
during summer monsoon season brings
normal rainfall over the country. At least more
than 50 occasions LLJ may be observed along
the west coast in every month from June to
September for normal/excess monsoon
rainfall over the country.

(ii)

Latitudinal distribution of LLJ ≥ 30 knots is more
marked for normal rainfall over the country
rather than distribution of LLJ ≥ 50 knots.

(iii)
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ABSTRACT
Comparison of Tropical Rainfall Measuring Mission (TRMM) Multisatellite Precipitation Analysis (TMPA)
version 6 data with India Meteorological Department (IMD) gridded rain-gauge data has been carried out
over Indian land mass for a ten year period 1998 - 2007, with a view to assess the spatial scale at which the two
data sets are compatible with each other. The comparison is performed for Southwest monsoon season (SWM)
by taking 1° × 1° to All India average spatial scale via 3° × 3° and 5° × 5°. From the results, we have inferred
that comparison of the two data sets is satisfactory only at All India average resolution.
Comparison of the two data sets at large spatial and daily temporal rainfall features is fairly satisfactory. The
pattern correlation between the two data sets on daily scales during individual years of the study period is
ranging from 0.4 to 0.7. For the individual years, the correlations improved significantly (~ 0.9) when the
study was confined to specific wet and dry spells of about 5 - 8 days. For the 10 year mean climatology the
correlation is ~ 0.8.
Wavelet analysis of intra-seasonal variations (ISV) of the southwest monsoon rainfall show the percentage
contribution of the major two modes, 30 - 50 days and 10 - 20 days, to be ~ 30 - 40 % and 5 - 10% for the
various years. The interannual variability (IAV) analysis shows that satellite data is underestimating the
seasonal rainfall (by~110 mm) during southwest monsoon and overestimating ( by ~ 150 mm) during northeast
monsoon season.

1.

The study by Narayanan et al. (2005), on validation
of TRMM 3B42V5 data with gridded IMD rain gauge
data over Indian land mass revealed that 3B42 V5
does not pick up small (<1 mm) and very high
(> 80 mm / day) daily average rainfall and thus the
daily variance estimated by 3B42 V5 is poor
compared to the gauge data. This was explained
as due to lack of sufficient IR estimates. Durai et al
(2010), attempted to evaluate Indian summer
monsoon rainfall features using TRMM data
products (3B42 V5 and 3B42 V6) and KALPANA 1 satellite data and found that the rain gauge
observations resulted in general agreement with the
satellite data for daily variation in the monsoon
seasons of the years 2006, 2007 and 2008.
Rahman and Sengupta (2007) studied temporal
variability depiction of rainfall by TRMM 3B42 V5,
GPCP and IMD gridded data, considering two
1°×1° grid boxes one at the east coast (rain shadow
region) and one at the central India (monsoon
trough zone) resulted with a closest mean and
standard deviation with gauge data in the case of
TRMM 3B42 V6 data set. Their results suggest that

Introduction

Rainfall estimation from meteorological satellites
have been pursued ever since the launch of the
meteorological satellites with visible and infrared
sensors, despite the fact that the spatio - temporal
scales of their comparison with ground
measurements have been very poor. With the
availability of microwave measurements (albeit
with poorer horizontal resolution), there have
been steady improvements in the precipitation
measurements from space. TRMM, with its radar
looking directly at the raindrops at high spatial
resolution, has made a very significant
contribution in this direction for estimating
instantaneous rainfall. The TRMM Multi - satellite
Precipitation Analysis product (A reference of
paper or website) available from NASA site, has
provided an excellent rainfall global data base at
high spatio - temporal resolution (0.25 x 0.25 and
3 hourly). However, its accuracy vis a vis ground
rainfall has to be assessed over individual rainfall
regimes, both over land and ocean.
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although satellite data are reasonably good on
large spatial scales, at individual grid points the
agreement with gauge data is far from perfect.
They have also mentioned that interannual
variability in satellite rain has the right phase but
the amplitude is generally underestimated, over
orographic regions in particular.

seasons. In addition, the dominant modes of Intraseasonal Oscillation (ISO) also were examined to
understand the contribution of different periodicities.
Since the earlier studies revealed that the two
data sets do not compare each other at the basic
1×1 daily scales, we have tried to systematically
investigate the spatial scale at which the two data
sets compare satisfactorily by averaging the data
in 2×2, 3×3, 5×5 and then in all India spatial
scales. The contribution to total rainfall from
different rainfall rate windows (at 1 mm intervals)
have been studied on different spatial scales (at
daily time scale).

Validation of 3B42 data sets over Thailand
with more than hundreds of rain gauge data has
been done by Chokngamwong and Chiu (2005).
Their comparison results show that 5-year (19982002) daily average rainfall for gauge, 3B42-V5
and 3B42-V6 are 4.7, 5.6 and 4.6 mm / day
respectively. The TRMM merged analysis product
on monthly scale has the closest agreement with
rain gauge data (Rudolf, 1993). Comparative
study of TRMM data with Global Precipitation
Climatology Centre (GPCC) product by Adeyewa
and Nakamura (2003) has shown that TRMM PR
data overestimates rain in the tropical rain forest
region of Africa.

2.

Data

The present study makes use of

Xie and Liu et al. (2007) studied the
performance of five satellite-based highresolution precipitation outputs by comparing
them with gauge analyzed data: TRMM (3B42,
3B42RT) National Weather Service (NWS), USA
product, Climate Prediction Centre (CPC),
Morphing Techniques (CMORPH), Precipitation,
Naval Research Laboratory (NRL). They found
that all satellite data sets performed better in
depicting precipitation for wet climate regions and
wet seasons, but were having limited skills in
estimating precipitation over central Asian arid
and semi-arid regions. The study of Islam and
Uyeda (2004) on comparison of TRMM 3B42
products with surface rainfall measured at 31
stations over Bangladesh states for five years
(1998 - 2002) infers that TRMM overestimates
the rainfall during pre-monsoon (March to May)
and underestimates during monsoon (June to
September) and also it underestimates over
heavy - rainfall region on the whole.

•

TRMM Multisatellite Precipitation Analysis
(TMPA) 3B42 V6 global rainfall product, which
are available at the NASA web site at 0.25° ×
0.25° grid and at 3 hr time intervals (Alder et
al., 2000).

•

IMD gridded rainfall product (Rajeevan et
al 2006) over Indian land mass at 0.5° x 0.5°
spatial and daily time scales.

For the present analysis, both these data sets
were interpolated to identical 1° x 1° spatial and
daily time scale over the Indian land mass. At
this spatial scale there were 333 grids in both the
data sets for any single day.

3.

Results

The analysis have been carried out in two spatial
scales (time scale always being daily) - with a
view to understand first the large spatial scale
features and then to investigate the match of the
two data at smaller spatial scales.
3.1
a)

In the present study, we have attempted the
comparison of Tropical Rainfall Measuring MissionMultisatellite Precipitation Analysis (TMPA) 3B42
V6 data with India Meteorological Department (IMD)
1° x 1° gridded ground gauge data over Indian land
mass (Rajeevan et al., 2006) for the ten year period
1998 - 2007. The comparison has been done for
both southwest (SW) and northeast (NE) monsoon
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Large Scale features at All India level
Figs.1 (a & b) show the 10 - year seasonal
climatological mean rainfall pattern over India
during the southwest monsoon season for
IMD and TMPA rainfall. High rainfall over
western ghats and northeast India, and scanty
rainfall over northwest and southern parts of
India are brought out clearly from both data
sets, albeit with quantitative differences - by
even as much as 100 % over the western
ghats. The pattern correlation between the
two data sets averaged over the Indian land
mass is 0.78.

data sets are in agreement with each other, the
absolute values of rainfall values are quite at
variance.
c)

Time series analysis, wet and dry epochs–
The daily time series for a typical monsoon
year (2002) is shown in Fig.4. The TMPA data

(a) IMD

Fig.2. Time series of daily spatial average rainfall
along with 30 years climatology (1960 to 1990)

(b) TMPA
Fig.1. Spatial variability of 10 year mean rainfall
during southwest monsoon season for the
period 1998 to 2007. (a) IMD and (b) TMPA
b)

The time series of 10-year climatological all India
average daily rainfall for the two data sets are
shown in Fig 2. High rainfall (~8-10 mm/day) is
observed during the months of July and August
and lower values (~ 4-7 mm) during the months
of June and September. Correlation coefficient
between the mean daily rainfall of 3B42 data
set and IMD data is 0.80. However, the total
rainfall recorded by TMPA 3B42 and IMD are
831 mm and 939 mm respectively, thus the
satellite data shows a negative bias of about
135 mm for the season as a whole. The long
term climatological mean (1961-1990) over the
country as a whole is 940 mm.

The pie diagram shows (Fig 3) monthly contribution
to the total rainfall over the country as a whole. Here
again, though as a percentage contribution the two

Fig.3. Percentage contribution of each month rainfall during Southwest monsoon for the period 1998 to 2007 (a) IMD and (b) TMPA
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and dry epochs (of between 5-10 days) during
various years. Wet spell are those days that
have recorded all India average rainfall
greater than one standard deviation from the
climatological mean for three or more
continuous days. Dry spell are those days that
have recorded all India average rainfall less
than one standard deviation from the
climatological mean for three or more
continuous days. Climatology used for
identifying the wet and dry spell is 30 years
climatological mean calculated from IMD
rainfall for the period 1960 to 1990.

shows the active and break spells of the Indian
monsoon during the year 2004 as observed
with IMD data. The correlation between the
two time series is 0.65 (Comment: The high
correlation basically comes due to annual
cycle, both the data sets show a good pattern
of annual cycle). However, there is a
significant interannual variation in the
correlation. For the 10 years considered in this
study, it varied between 0.4 to 0.7, being just
0.2 for 2006. However, the correlation
substantially improved to ~0.9 (Fig.5) when
the analysis was confined to individual wet

Fig.4.Time series of daily all India average rainfall during SWM season of the year 2002 and correlation

Fig.5. Scatter plot of rainfall during a) Wet spell b) Dry spell during the 10 years
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3.3

Intraseasonal variability (ISV) of southwest
monsoon rainfall
The southwest monsoon rainfall exhibits a
substantial variability on the intra-seasonal scale
between active spells with good rainfall and weak
spells or breaks with little rainfall. There are
certain preferred periodicities associated with the
monsoon
ISV
(Dakshinamurthy
and
Keshavamurthy, 1976) indicating that certain
oscillations [intraseasonal oscillations (ISOs)] are
involved in generating the ISV that manifest in
active and break spells in the monsoon rainfall.
The ISOs, of southwest monsoon rainfall,
essentially have time scales between 10 and 90
days but have two preferred bands, one between
10 and 20 days and the other between 30 and 60
days (Krishnamurti and Bhalme, 1976, Yasunari,
1980, Goswami and Ajaya Mohan 2001). Hence
it is essential to provide the similarities and
differences between the IMD and TMPA rainfall
in terms of ISV. We show the dominant modes
associated with the monsoon rainfall using the
wavelet (Morlet) analysis (For details, Torrence

3.2

Inter-annual variability (IAV) of IMD and
TMPA rainfall
The seasonal total for each of the 10 years
period (of 122 days), its standard deviation and
correlation coefficient of the IMD and TMPA daily
rain are given in Table 1. The correlation between
the two test data set is 0.8 for the mean of
climatology and the year-wise seasonal
correlation is varying from 0.4 to 0.7. The satellite
estimates of rainfall are seen to have negative
bias of about 110 mm. In the above computations
the contribution from orographic grids (with
heights greater than 500 m) amounting to 98
numbers have also been included. In general their
contribution to the total all India rainfall is about
30% (45%) in both the data sets. The correlation
between the rainfall values of two data sets over
the non-orographic region is ranging from 0.4 0.7 with an exception of the year 2004 and 2006.
The correlations between the rainfall values of
the two data sets over the orographic region
during all the years of the study period are
observed below.

TABLE 1
Seasonal total, daily mean & standard deviation,
correlation and relative bias for Southwest monsoon season
for the period 1998 - 2007
Year

Seasonal Total (mm)
IMD

Mean & Standard
deviation (mm/day)

TMPA

IMD

Correlation
(r)

TMPA

1998

987

856

8.1 ± 2.9

7.0 ± 3.3

0.49

1999

872

780

7.1 ± 3.1

6.4 ± 3.2

0.45

2000

843

774

6.9 ± 3.4

6.3 ± 3.1

0.38

2001

870

807

7.1 ± 3.0

6.6 ± 3.3

0.54

2002

764

695

6.3 ± 3.2

5.7 ± 2.9

0.65

2003

978

855

8.0 ± 3.4

7.0 ± 2.9

0.67

2004

865

823

7.1 ± 3.7

6.7 ± 3.2

0.57

2005

1144

839

9.4 ± 5.6

6.9 ± 3.5

0.69

2006

1007

892

8.3 ± 3.7

7.3 ± 3.4

0.20

2007

1064

997

8.7 ± 3.4

8.2 ± 3.1

0.50

939

832

7.7 ± 3.5

6.8 ± 3.2

0.8

Mean of
climatology
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Fig.6. Interannual variability of rainfall during the period 1998-2007 recorded by IMD & TMPA during
SWM along with daily correlation
Krishnamurti and Bhalme, 1976; Krishnamurti and
Ardunay, 1980, Chen and Chen, 1993). In
addition to 10-20 day oscillation, the 30-60 day
oscillation is also seen in monsoon circulation
(Dakshinamurthy and Keshavamurthy, 1976).
Fig.7, clearly indicates the 30-50 day oscillation
observed in both the IMD and TMPA rainfall,
whereas the 10-20 day period which is seen in
the IMD and not significant in the TMPA rainfall.
The 30-50 day oscillation is quite comparable in
both IMD and TMPA rainfall for other years but
there is a difference in the time history of signal
between both the datasets. For example, in the
case of Fig. 9, the time evolution of 30-50 day
oscillation the first half ~(80 days) is similar in
both IMD and TMPA but in the next time period
(~ 80-120 days) the oscillation is not seen
significantly in the TMPA dataset. Also, the 3050 day oscillation is IMD dataset is Doppler shifted
to the higher frequencies. One possible reason

and Compo, 1998). The wavelet analysis has
several advantages over the conventional Fourier
analysis. One major advantage of the wavelet
analysis is that it gives the time history of signals
and the spread of the signal give the number of
cycles present in time domain. The Morlet wavelet
is applied to the daily rainfall time series, for both
the datasets, during June-September in each year
from 1998-2007. Figs. 7, 8 & 9, for example, show
the wavelet spectrum of daily rainfall time series
for the years 2002, 2005 and 2006 respectively
for IMD (left panel) and TMPA (right panel). The
contours indicate the 95% confidence based on
the Chi-square statistics. The Figs. indicates the
existence of two period ranges, between 10 and
20 days and 30 and 50 days. The existence of
10-20 day oscillation is shown previously by
several earlier studies and found that the
oscillation is westward propagating mode closely
related to monsoon active/break conditions (e.g.
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a)

b)

Fig.7. Wavelet power spectrum of SWM rainfall during 2002 a) IMD b) TMPA3

a)

b)

Fig.8. Wavelet power spectrum of SWM rainfall during 2005 a) IMD b) TMPA

a)

b)

Fig.9. Wavelet power spectrum of SWM rainfall during 2006 a) IMD b) TMPA
for the difference between IMD and TMPA
datasets, especially in the 10-20 day period
range, is that the sampling interval of satellite is
different than the IMD observations. We can also
see a clear inter-annual variability in these
oscillations during the monsoon months. Hence
we made the comparison between the two data
sets in terms of percentage contribution of both
these important oscillations to total monsoon
rainfall variability. Figs.10(a&b) shows the
percentage contribution of the total power in 1020 day and 30-50 day for a given year of 122
days (June-July-August-September) with respect
to the total power of all periodicities. Fig.10(a)
indicates that the 10-20 day oscillation merely
contributes an average of ~10% during the years

1998-2007. Also the 10-20 day oscillation is not
agreeing well between IMD and TMPA datasets.
This is might be due the sampling interval
between the satellite dataset, moreover, the
diurnal variation in the rainfall might causes the
10-20 day oscillation may not comparing well with
the IMD dataset. However the 30-50 day
oscillation in the IMD data set is comparing well
with the TMPA [Fig.10(b)]. The 30-50 day
oscillation contributes an average of ~40 % of
total spectrum for both IMD and TMPA datasets
during 1998-2007. Hence the low frequency
variability of southwest monsoon rainfall is
comparing well, whereas the high frequency
variability have some differences between the two
IMD and TMPA datasets. However, the average
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(a)
(b)
Fig.10. Wavelet results showing dominant periodicities of monsoon rainfall viz 10 - 20 day and 30 - 50
day periodicities for one good and one poor monsoon year and their percentage contribution to
the total rainfall for all ten years.
bias) the IMD value of 2.5 mm, as illustrated in
[Fig. 11(a)]. However, what resulted was quite a
disturbing curve [Fig.11 (b)]. This had a peak
number of grids with 0 mm rainfall, and a
distribution which had no semblance to 2 - 3 mm
range of rainfall. This led us to do a more
elaborate analysis for other ranges of rainfall, and
the distribution of number of points for each of
them had some similar pattern (i.e. the peak
number occurring at 0 mm rainfall). This was even
more perplexing, as there was hardly any trend
for increasing amount of IMD rainfall ranges.

percentage contribution of ISOs (10-20day and
30-50 day) to the total monsoon rainfall variability
between 1998 and 2007 is almost similar in both
IMD and TMPA datasets during summer monsoon
months.
3.4 Spatial scale compaibility assesment
In an attempt to carry out error estimation of the
TMPA rain rates vis a vis IMD data, the distribution
of the two rain rates w.r.t. each other was first
attempted. For this purpose, we first created a large
data base of rainfall in windows of 1 mm from zero
mm up to 20 mm (normally encountered high
rainfalls in 1 x 1 deg average scale in IMD rainfall).

Then we went for a spatial averaging of 2 x 2
deg area rainfall, repeating the above procedure.
This also did not result in anything significantly
different. At 5 x 5 deg spatial averaging of rainfall,
we began seeing some trend developing, still not
quite satisfactory [Fig.11(c)]. The next step was
to go for all India average and in this case, clear
signals could be obtained [Fig.11 (d)]. We started
getting a peak around the IMD rainfall window,
which also shifted for increasing / decreasing IMD
rainfall amount and in the right direction.

Three years of southwest monsoon data of
1998 - 2000 were clubbed together (a total of 122
x 3 = 366 days of data) to get about 90,000 grids
of 1 x 1 deg rainfall of varying amounts. It was
rightly assumed that this will have statistically
significant number of grids for all rainfall ranges.
The procedure adopted by us is illustrated by
the following example of a rainfall range between
2 and 3 mm (central value 2.5 mm). The location
and days / year of such rainfall grids were
identified in the IMD data of 3 years. This number
in this particular case was 3625. Exactly for those
grids (location and date, year) the rainfall values
of TMPA grids were found - most of which were
outside the 2 - 3 mm range.

The number of TMPA grids in other ranges
were very significant (sometimes even more than
in the desired range). This led us further to
question, the contribution to the total rainfall from
these grids for the overall rainfall. Same 2.5 mm
IMD rain is again taken for illustrating the
procedure. We calculated the amount of rainfall
contributed by TMPA grids in each range.

In an ideal case, a normal distribution should
result centred around (or with a shift in case of a
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(a)

(b)

(c)

(d)

Fig.11. Number satellite points and their associated rainfall amount plot for a particular value of IMD
rainfall (2.5 mm) (a) Ideal Gaussian curve (b) 1°× 1° (c) 5°× 5° and (d) all India average

4.

underestimating the SWM rainfall with a negative
bias of about 100 mm. The wet and dry spell rainfall
comparison resulted with an improved correlation 0.9
and 0.8 respectively when compared to the
correlation of the seasonal rainfall as a whole due to
spatial and temporal averaging of rainfall in these
specific epochs.

Conclusions

The present study mainly portrayed the
comparison of TMPA 3B42 V6 satellite derived
rainfall product with IMD 1°× 1° gridded gauge data
at different spatial resolutions 1°× 1°, 5°× 5° and All
India level during SWM season for the period 1998
to 2007. Correlation analysis at a smaller spatial
scale of 1°× 1° resulted with a poor correlation of 0.3
for daily rainfall values at all the 1°× 1° grid during
122 days of the southwest monsoon season and 0.5
for the seasonal average rainfall. Analysis carried
out for spatial scale assessment for satisfactory
comparison of the two data sets revealed that both
the data sets are compatible only at all India average
spatial resolution.

It has been observed from the study that the
TMPA data set is capable to capture the
intraseasonal oscillations of the SWM season to
some extent. The major periodicity 30 - 50 day
oscillations were well indentified by the satellite data
when compared to other smaller periodicities. The
interannual variability of SWM season captured by
TMPA data shows a similar pattern like the ones
recorded by IMD with an increasing trend.

From the large scale analysis, the correlation
coefficient of the 10 year mean daily rainfall estimated
by the two data sets is observed to be 0.8 and the
correlations of the individual years of the study period
are ranging from 0.4 to 0.7 exceptionally with a poor
correlation (0.2) for the year 2006. From the analysis,
it is well noticed that the satellite derived rainfall is
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Impact of different cumulus
parameterization schemes in
simulation of the extremely
heavy rainfall event in Rajgarh
ABSTRACT

An effort has been made to study the impact of different cumulus parameterization schemes in simulation of
the extremely heavy rainfall event of 7th Aug, 2011 observed in North West Madhya Pradesh, especially in
Rajgarh ( Longitude: 76.4°E and Latitude: 24.0°N) using Weather Research and Forecasting (WRF-ARW
3.0) model with a resolution of 9km. The model was simulated using different schemes of cumulus
parameterizations such as (a) Grell-Devenyi ensemble scheme, a multi-closure, multi-parameter ensemble
method, (b) Kain-Fritsch scheme with deep and shallow convection using mass flux approach with downdrafts
and CAPE removal, (c) Grell 3D ensemble cumulus scheme with subsidence in the adjoining columns to
understand which scheme is best suited for the central parts of the Indian tropical region.
The performance of model using different schemes of cumulus parameterizations was analyzed to understand
the role of convection along with the prominent associated mesoscale convective synoptic features. Various
indices such as CAPE and other features of divergence, vorticity, reflectance in terms of the time of convective
activity associated with the event has been studied. The 24 hours accumulated rainfall simulated by the
experiments were compared with the TRMM (Tropical Rainfall Monitoring Mission) rainfall observations as
well as the 3 hourly rainfall estimates of Kalpana satellites. The low resolution global analyses from NCEP
(National Centre for Enviromental Prediction) were used as the initial and boundary conditions of the model.
The present study shows that Grell 3D ensemble scheme is most significant in estimating the rainfall amount
and the eventual (time) of occurrence of convective activity. Based on the present study it is found that use of
Grell 3D scheme in WRF model is most significant in establishing the prominent mesoscale features of the
system, the rainfall amount and the eventual (time) of occurrence of convective activity for central parts of
India. However, more cases of heavy rainfall are required to be analysed to substantiate the result.
Key words: WRF-ARW, TRMM, CAPE, Heavy Rainfall

1.

during the peak monsoon period of June to
September which results in innumerable loss of
lives and property too. The development of MCS
over Indian Monsoon region are studied by
(Ramage,1966). The weather system embedded
in the large scale monsoonal quasi-stationary
circulations prevailing over the Indian regions
constitutes the extent of monsoon's rainfall temporal
and spatial distribution. With the highest frequency
of MCS occurring and thunderstorms embedded
within the systems between the months of June to
September, it gives precipitation amount of more
than 15 cms within the 24 hr period along its path
(Venkat Ratnam and Cox, 2005). Most of the rainfall
activity occurs in the South-West quadrant of
depression with easterlies upto 500 hPa helping in
the movement of depression towards West NorthWest direction. The mesoscale models

Introduction

The Monsoon convective systems (MCS) are the
strongest and largest of convective system resulting
in heavy precipitation in both Tropics and mid
latitudes. It covers large areas of approximately 100
kms or more in one direction. Although in a broader
scale it is relatively easier to forecast about the
rainfall intensity or its activity in the short range of
24 or 48 hours it becomes difficult when prediction
of thunderstorms are concerned because the
dynamics and physics concerned in the formation
of individual Cumulonimbus clouds are often more
complex due to smaller spatial and temporal scales.
Forecasting of heavy rainfall in ensuing 24 hours
or 48 hours has been very important especially with
the point of view of Aviation, Agriculture and other
allied activities hence its forecast acquires a special
attention. Lot of convective activities are observed
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existing with coarse domain have restrictions in
exact simulation of MCS over Indian region, hence
their initial and boundary conditions, their high
resolutions, microphysics, planetary boundary also
plays a role in exact simulation of the system.
Previously due to constraints in the computing
power, forecasting of thunderstorms within MCS
were often a hindrance but now many experiments
have been possible due to enhancement in
computing power. The performance of the high
resolution mesoscale models can be attributed to
their enhanced representation of mesoscale
features. Studies involving parametrization of
convection, Planetary Boundary Layer and explicit
moisture schemes were undertaken by (Bhaskar
Rao and Hari Prasad, 2006), effect of boundary
layer in intensification and movement of deep
depression using a mesoscale model by
(Ramakrishna and Vajaya Saradhi, 2008). Similarly
to understand the role of WRF cloud Microphysics
in simulation of a severe thunderstorm event over
South east India was studied by (Rajeevan, et al.,
2010), wherein study suggested to have shown
large sensitivity and variability of the microphysical
scheme in simulation of a thunderstorm. Simulation
of heavy rainfall events over Indian monsoon region
was studied by (Routray, et al., 2010), wherein
assimiliation of conventional and non-conventional
observations in the initial conditions significantly
improves the performance of mesoscale models.
Mohanty et al., (2004) has also studied the
importance of Mesoscale model in simulation of
Orissa super cyclone and its associated mesoscale
features of the Monsoon Cyclone Systems. The
above scientific findings were the guiding force to
take up the study and this have been possible
because of the High Power Computing System. A
recent paper by Pattanaik et al., (2011) also
investigated the simulation of a heavy rainfall event
associated with a monsoon depression over India
using high resolution WRF Model with three
convective parameterization schemes.

in a broad way the role of different cumulus
parametrization in the initiation of the thunderstorm
activity, rainfall intensity, time of occurrence of
activity and associated mesoscale convective
features in and around Rajgarh. The system which
developed in the Bay moved from East to West and
North West covering entire Chhattisgarh, Madhya
Pradesh and partly in Vidarbha ensuring heavy rain
along its path on 7th and 8th Aug 2011 was
simulated using WRF-ARW 3.0. Although the model
predicted rainfall amounts and its position differ
slightly with TRMM products still the timing and the
intensification and effects due to cumulus
parametrization can be studied.

2.

Synoptic situation

Monsoon was active over South-West Madhya
Pradesh and East Vidarbha and the upper air
cyclonic circulation over East MP and neighbourhood
on 5th August 2011. On 6th August upper air cyclonic
circulation lies on South East UP and extends upto
4.5 km above sea level. The axis of monsoon trough
passes from Rajasthan to East central Bay of Bengal
and the off shore trough passes from South Gujarat
coast to Kerala coast. The warning of heavy rainfall
at isolated places issued by Nagpur over Madhya
Pradesh and Chattisgarh was realized and was
reflected in the Weather Summary of succeeding day
that is on 7th August 2011. The previous days upper
air cyclonic circulation over South East UP and
neighbourhood persists and extended upto mid
tropospheric levels tilting South West wards with
height. Another upper air cyclonic circulation lay over
North West Bay and adjoining area and extends upto
3.6 km above sea level. The off shore trough at Mean
sea level ran from Gujarat coast to Kerala coast. The
axis of monsoon trough passed through
Ganganagar, Allahabad and thence Southeast
wards towards East Central Bay of Bengal. The
satellite imagery of Kalpana-1 of 7th August
1200UTC, 1500UTC, 1800UTC (Fig.1) shows
intense cloud convection in an around NorthWest
Madhya Pradesh. The analysed wind fields by
Regional Met. Centre, Nagpur confirmed the cyclonic
circulation at 700 and 500 hPa. The warning of heavy
rainfall at isolated places over Madhya Pradesh and
Chattisgarh was issued which was realized on the
subsequent day of 8th August. The 8th August 2011
weather summary showed that monsoon was
vigourous over West Madhya Pradesh and active
over East Madhya Pradesh. Due to this synoptic

The main aim of the study is to simulate the
rainfall event that occurred till the morning 0830 hrs
IST of 8th August 2011 and with emphasis on
Rajgarh (Longitude:76.4E and Latitude: 24.0N)
which reported a heavy precipitation of 28 cms. This
event was also confirmed from the observer at
Rajgarh and the time of occurrence was reported
to be after 1500 UTC. The objective was to cover
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Kalpana-1 which also confirms with the precipitation
amount and the position simulated from the model.
The low level (850 hPa) streamline at 0000UTC of
8th August and the actual observation realized at
0300 UTC of 8th August is shown in Fig.3(a) and
Fig.3(b) respectively. The 3 hrly observed rainfall
estimates from TRMM is shown in Fig.4.

situation the region of Chattisgarh and Madhya
Pradesh received moderate to heavy rainfall on 7th
and 8th August. The rainfall at Rajgarh was also very
heavy of the order of 28cms. (Table 1). Fig.1 shows
Kalpana-1 satellite pictures of 1200UTC, 1500UTC
and 1800UTC where heavy convective bands of
clouds and their movements is clearly seen. Fig.2
shows the 3 hourly accumulated rainfall from

TABLE 1
The distribution of the rainfall realized on 8th Aug.2011
for Chattisgarh and Madhya Pradesh
DATE
NW
MP

SW
MP

8-Aug-11

DWR (for DO)

STATION

INDX

RF (mm)

CODE

GWALIOR
DATIA
SHIVPURI
GUNA
SHEOPURKALAN
RATLAM
UJJAIN
SHAJAPUR
INDORE
RAJGARH
BHOPAL
RAISEN
BETUL
HOSHANGABAD
PACHMARHI

42361
42460
42459
42559
42456
42661
42662
42665
42754
42557
42667
42672
42860
42763
42767

5.5
9.2
21.0
72.3
69.0
19.0
27.8
45.0
29.0
277.0
25.5
47.2
19.6
42.8
23.3

1
2
7
7
2
3
5
3
>24
3
5
2
4
2

TYPE
L
MOD
MOD
Heavy
Heavy
MOD
MOD
Ra Hvy
MOD
Extr Heavy
MOD
Ra Hvy
MOD
Ra Hvy
MOD

Fig.1. Satellite pictures from Kalpana-1 with Projection:Mercator on 7th August 2011 at (a)1200 UTC
(b) 1500 UTC and (c) 1800 UTC
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3.

corresponding to 0000 UTC of 7th Aug 2011 for
which model is being run. The details of options
along with its different cumulus parametrization
scheme used in the study are given in (Table 2).
Three (3) experiments with different cumulus
parametrizations options was integrated for 72
hours from initial time but for the analysis of the
event only the forecast for 24 hours is considered.

Model experiment and methodology

The WRF-ARW modeling system with a single
domain of 9km horizontal resolution is used with
different physics , dynamics option. The WRFARW requiring an initial and boundary condition
with gridded data covering the entire time period
is acquired form NCEP (National Centre for
Enviromental Prediction) Final analysis of 1° x 1°

Fig.2. 3 Hourly accumulated rainfall(mm) from Kalpana-1 on 7th August 2011 at (a)1200 UTC
(b)1500 UTC and (c)1800 UTC

Fig.3.(a) Streamline analysis at 8th, 0000 UTC & (b) actual observations realized on 8th, 0300 UTC
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Fig.4. TRMM-TMPA-RT Daily 3 hourly accumulated rainfall in mm from 07th Aug-08th Aug (a)1800 UTC2100 UTC(b) 2100-0000 UTC (c) 0000-0300 UTC derived from NASA's Giovanni
( giovanni.gsfc.noaa.gov) based on NCEP analysis data of 1°x1°

TABLE 2
WRF Model Configuration
Dynamics

Nonhydrostatic

Dynamical Core

ARW

Domain specifications

1 domain

Central Latitude / Longitude

15.5 , 80.5

Horizontal Resolution

9 km

Vertical Levels

38 Levels

Forecast Length

72 hours

Time-step for integration

45 seconds

Geo data resolution

5m , 2m

Model Top

50 hPa

Micro Physics Scheme

WRF Single-Moment 3

Long Wave Radiation Scheme

Rapid Radiative Transfer Model (RRTM)

Short Wave Radiation Scheme

Dudhia Scheme

Surface Layer Option

(1)

Monin-Obukhov

Land Surface Option

(2)

Noah Land Surface Model

PBL Scheme

(1)

Yonsei University Scheme

Cumulus Option

(3)

Grell-Devenyi ensemble scheme,

(1)

Kain-Fritsch ,(5) Grell 3d ensemble cumulus
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The boundary condition for the entire period was
downloaded from the NCEP FNL analyses of 7th
August 2011 data with a 6 hour interval. The original
USGS(United States Geological Survey)
topography for soil types, greenness fraction, land
use and elevation and other static fields are gridded
on to the WRF model grids at 9 km resolution. The
different cumulus parametrizations are GrellDevenyi ensemble scheme, a multi-closure, multiparameter ensemble method, the Kain-Fritsch
scheme for deep and shallow convection with
downdrafts and CAPE removal, the third being Grell
3d ensemble cumulus scheme allowing for
subsidence in neighbouring columns. The
mesoscale features of model were compared with
the wind analysed fields of RMC, Nagpur. The
observations of rainfall recorded from TRMM are
also used for comparison with model derived
rainfall.

4.

Results and discussion

The experiments with the three different cumulus
parametrizations using WRF3.0 and the effects of
these on the spatial and temporal coverages
simulation of heavy rainfall, convective parameters
are studied and presented.

4.1 Rainfall simulation
Keeping in view the time of initiation of the heavy
rainfall at Rajgarh in the intervening night of 7th
and 8th Aug 2011, the simulated products and the
observational systems pertaining to these periods
were studied. The spatial distribution intensity of

the 24 hours rainfall of the model due to Kain Fritsch
scheme (Fig.5b) is however slightly more as
compared to the Grell-Devenyi (Fig.5a) and Grell3D
(Fig.5c) schemes. The 24 hours accumulated
rainfall Fig.5 from WRF model with different
schemes when compared with the TRMM (Tropical
Rainfall Monitoring Mission) 3 hourly rainfall
estimates (Fig.4) the position of the heavy rainfall
slightly differs and that may be attributed to the non
assimilated data in initial and boundary conditions
or also could be due to the error in the
parameterization of convective and other physical
processes. Perhaps with 1200UTC data
initialization simulation even without data
assimilation the forecast may have improved
further. For all the schemes the rainfall amount in
Rajgarh was slightly underestimated (Table 3)
which may be attributed to the slow temporal
movement simulation of the model. The verification,
thus, done for the rainfall forecast shows 100%
stations reported rainfall which also establishes the
model reliability.
The RDWR (Regional Daily Weather Report)
figures (Table 1) very clearly shows the intensity
and distribution of rainfall not only in West Madhya
Pradesh but also agrees well in Chattisgarh as per
the rainfall forecast of the model. When
observations were compared with the actual data
of the simulations of different cumulus
parametrization schemes (Table 3) Grell 3D
schemes simulates the rainfall of Rajgarh ( 77.8
mm) the best than other schemes.

Fig.5. WRF (9km) Rainfall products Forecast (24 hrs) based on 0000 UTC of 7th Aug valid till 0830hrs of 8th
Aug for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme and (c) Grell 3D cumulus scheme.
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TABLE 3
Comparison between observed rainfall over Rajgarh and other stations and the experiment
simulated rainfall based on 0000 UTC of 7th Aug valid till 0830 hrs of 10th Aug for (a) GrellDevenyi ensemble scheme, (b) Kain-Fritsch scheme, and (c) Grell 3D cumulus scheme
DATE

8-Aug-11
STATION

DWR (for DO)
INDEX

RF
(mm)

GrellDevenyi
Ensemble

Kain
Fritsch

Grell 3D
Cumulus

NW

GWALIOR

42361

5.5

25.3

33

30.1

MP

DATIA

42460

9.2

10.1

13

11.1

GUNA

42559

72.3

55.4

62

71.5

SHEOPURKALAN

42456

69.0

109.0

72

94.0

RATLAM

42661

19.0

14.5

10

20.4

UJJAIN

42662

27.8

23.1

20

25.4

SHAJAPUR

42665

45.0

14.9

11

17.5

INDORE

42754

29.0

14.3

23

16.0

RAJGARH

42557

277.0

51.5

73

77.8

SW

BHOPAL

42667

25.5

26.9

44

28.2

MP

RAISEN

42672

47.2

22.3

56

31.2

BETUL

42860

19.6

27.9

24

36.6

HOSHANGABAD

42763

42.8

6.4

10

3.1

PACHMARHI

42767

23.3

53.2

47

57.0

K-Index (KI), K = t850 -t 500 + td850 -t700 + td700
K Value

T-Storm Probability

<15

0%

15-20

<20%

21-25

20-40%

26-30

40-60%

31-35

60-80%

>40

90%

Total Totals (TT) TT = VT + CT =T850 + Td850 -2 T500
4.2 Divergence, vorticity and reflectance
Divergence from higher levels (200 hPa) and vorticity
in lower levels (850 hPa) are very important factors
for determining the intensification of the convective
systems. (Fig.6 and Fig.7) showing that the
divergence and streamlines at 200 hPa (at 1200
UTC and 1800 UTC respectively) and relative
vorticity and streamlines at 700 hPa at 1200 UTC
and 1800 UTC respectively in Fig.8 and Fig.9, which

clearly shows the intense convective activity in the
Western part of Madhya Pradesh. The shift in the
areas of high divergence and vorticity in the 1200
UTC and 1800 UTC clearly shows the fast spatial
movement of MCS over the region. As far as the
Rajgarh event is concerned where, divergence is
increasing in the 1800 UTC from 1200 UTC for the
Grell schemes Figs.6(a-c) and Figs.7(a-c) over
Rajgarh, whereas in the Kain-Fritsch scheme the
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divergence over Rajgarh is more prominent in the
1200 UTC [Fig.6(b), Fig.7(b).] The mesoscale
features such as the strong easterly winds in the
200 hPa helps in the movements of the system in
the West, NorthWest direction very fast and is
visible in the simulation of model [Fig.6 & Fig.7].
The cyclonic circulation as depicted by the analysed
wind fields of the Regional Met. Centre, Nagpur
analysis very well agrees with the 700 hPa
streamline analysis at (Fig.8 & Fig.9). The 850 hPa

streamline are not shown here. Rajgarh being
situated in the South West quadrant of the moving
system has a chance to give heavy rainfall due to
the moisture convergence.
The reflectance at 200 hPa (1200 UTC, 1800
UTC) (Fig.10 & Fig.11) and 700 hPa (1200
UTC,1800 UTC) (Fig.12 & Fig.13) for three different
simulations also shows that the reflectance is better
simulated temporally for the Grell schemes than the

Fig.6. WRF (9km) Horizontal Divergence (1×10-5/sec-1) and Streamlines F/C (12 hrs) at 200 hPa based
on 0000 UTC of 7th Aug (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme and (c)
Grell 3D cumulus scheme.

Fig 7. WRF (9 km) Horizontal Divergence (1×10-5/sec-1) and Streamlines F/C (18 hrs) at 200 hPa based
on 0000 UTC of 7th Aug (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme and (c)
Grell 3D cumulus scheme.
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Kain Fritsch schemes which shows prominent
reflectance spatially and for Rajgarh Grell-3D shows
the highest reflectance beyond 1500 UTC which is
the reported time for the convective activity over
Rajgarh. The time series reflectance over Rajgarh
is shown in Figs.14 (a-c) for the three simulations.
Grell 3D simulation clearly shows the reflectance
over an extended period of time right after 1200

UTC till the morning 0830 of 8th hence the best, as
it agrees well with the Rajgarh observers report of
occurrence of the event.
4.3 Zonal, meridional and vertical velocity
The vertical cross section of the Zonal, Meridional
and the Vertical winds over Rajgarh are analysed.
The zonal (U-component) are almost similar for all

Fig. 8. WRF (9 km) Relative vorticity (1×10-5/sec-1) and Streamlines F/C (12 hrs) at 700 hPa based on 0000
UTC of 7th Aug for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme and (c) Grell 3D
cumulus scheme.

Fig.9. WRF (9 km) Relative vorticity (1×10-5/sec-1) and Streamlines F/C (18 hrs) at 700 hPa based on
0000 UTC of 7th Aug for (a) Grell-Devenyi ensemble scheme,(b) Kain-Fritsch scheme and (c)
Grell 3D cumulus scheme
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the three simulations except the westerly winds with
a maximum of 12m/s upto 800 hPa and 5m/s upto
350 hPa and the maximum speed of 12m/s in the
Kain-Fritsch scheme could be seen and the intense
easterly winds are also seen in all of them which
helps in the movement of the system. The extent of
the westerly winds is however more evenly
distributed in Grell-3D scheme upto 0830 hrs IST
of 8th August (Fig not shown). The vertical cross
section of meridional wind (V-component) again
shows the highest southerly winds at around 500

hPa around 17 UTC, which again represents the
intensity after around 1500 UTC (Fig. not shown).
Similarly when considering the vertical cross section
of the vertical winds the updraft and downdraft winds
represented in Fig.15(c) for Grell 3D scheme is
more than other schemes on a time scale. This is
because the convective updrafts speed indicating
more intense storm that lofts more ice into anvils.
Strong convective updraft with lot of moisture leads
to strong convection and strong downdrafts leads
to heavy rain too.

Fig.10. WRF (9 km) Reflectivity and Potential temperature F/C (12 hrs) at 200 hPa based on 0000 UTC of
7th for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme, and (c) Grell 3D cumulus
scheme

Fig.11. WRF (9 km) Reflectivity and Potential temperature F/C (18 hrs) at 200 hPa based on 0000 UTC
of 7th Aug for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme and (c) Grell 3D
cumulus scheme
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4.4 Station level pressure, CAPE, TT, LI
When the station level pressure (Fig.16) is studied
along with the diurnal variation slow and rapid
changes is noticed in Grell-3D scheme during 1200
UTC,1500 UTC, the CAPE values in Fig.16(c) (with
increase in pressure at around 1400 UTC generally
noticed with the development of CB). Total Total
index values in Fig.17(c) in time series for all the
simulation are also depicted. The comparative study
for all the schemes of the indices such as the TT,

LI, CAPE, PW (Precipitable Water) values in
(Table 5) all points towards the intense convection
and thereby precipitation. The information in (Table
4) also signifies the occurrence of Thunderstorms
in all the schemes. Rainfall [Fig.18(c)] Grell 3D
scheme due to convective portion, time series
distribution shows that the initiation of rainfall activity
after 1200 UTC. The rain due to convection is more
prominent in this scheme continues till 0300 UTC
of 8th Aug which confirms with the observers record.

Fig.12. WRF (9 km) Reflectivity and Potential temperature F/C (12 hrs) at 700 hPa based on 0000 UTC
of 7th Aug for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme and (c) Grell 3D
cumulus scheme.

Fig.13. WRF (9 km) Reflectivity and Potential temperature F/C (18 hrs) at 700 hPa based on 0000 UTC of 7th
Aug for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme, and (c) Grell 3D cumulus scheme
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Fig.14. WRF (9 km) Reflectivity over Rajgarh based on 0000 UTC of 7th Aug valid till 0830hrs of 10th
Aug for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme, and (c) Grell 3D cumulus
scheme

Fig.15. Vertical cross section of Vertical wind over Rajgarh based on 0000 UTC of 7th Aug valid till
0830hrs of 10th Aug for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme and (c)
Grell 3D cumulus scheme

Fig.16. Station level pressure and CAPE over Rajgarh based on 0000 UTC of 7th Aug valid till 0830hrs
of 10th Aug for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme and (c) Grell 3D
cumulus scheme
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TABLE 4
Thunderstorm probability depending on the values of K-Index and TT Index
TT

T-Storm Potential

41-45

Isolated to few moderate,scattered moderate

46-49

a few heavy and isolated severe

50-55

scattered to numerous heavy, a few to scatterd severe,a few tornadoes

Fig.17. Total Totals Index (TT) over Rajgarh based on 0000 UTC of 7th Aug valid till 0830 hrs of 10th Aug
for (a) Grell-Devenyi ensemble scheme, (b) Kain-Fritsch scheme,and (c) Grell 3D cumulus scheme

Fig.18. Rainfall over Rajgarh based on 0000 UTC of 7th Aug valid till 0830 hrs of 10th Aug for (a) GrellDevenyi ensemble scheme, (b) Kain-Fritsch scheme, and (c) Grell 3D cumulus scheme

5.

Conclusions

The effort to study the impact of different cumulus
parametrization (viz. Grell-Devenyi ensemble, KainFritsch and Grell-3D scheme) shows that all of them
represented the meso-scale features quite well in
the simulations. With reference to intensity , spatial
and temporal distribution of rainfall, Grell-3D
represents the best among all. It also agrees with
TRMM mostly in terms of position with little shift
which can be attributed to the slow simulation in
model. The simulation with 1200 UTC data might
have improved the results a bit further. When the
study with reference to the rainfall event of Rajgarh
is considered almost all the studies with reflectance,
divergence, vorticity, zonal and meridional wind,
convective indices shows that simulation with the
Grell-3D scheme is better compared with other in

terms of rainfall intensity and time of occurrence of
event. So from the results it can be inferred that
mesoscale models can be incorporated as one of
the tools for future forecasting purposes.
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TABLE 5
Comparison between different indices over Rajgarh based on
0000 UTC of 7th Aug valid till 0830 hrs of 10th Aug for (a) Grell-Devenyi ensemble scheme.
(b) Kain-Fritsch scheme and (c) Grell 3D cumulus scheme
Grell-Devenyi
Ensemble Scheme

k

TT

PW

LI

CAPE

CIN

0

39

41

6.5

-1

249

3

6

40

41

6.69

-3

1274

0

12

40

42

6.72

-3

875

2

18

38

40

6.69

0

141

4

24

37

38

6.4

0

117

2

KainFritsch Scheme

k

TT

PW

LI

CAPE

CIN

0

39

41

6.5

-1

249

3

6

39

40

6.59

-3

1181

0

12

41

42

6.99

-3

960

4

18

40

41

6.74

-1

257

8

24

38

40

6.43

0

102

12

Grell-3D
ensemble cumulus

k

TT

PW

LI

CAPE

CIN

0

39

41

6.5

-1

249

3

6

39

40

6.59

-2

1089

0

12

40

42

6.77

-2

605

6

18

37

41

6.22

-1

203

2

24

38

39

6.47

0

89

3

References
Bhaskar Rao D.V., and Prasad, Hari, D. 2006,
Numerical prediction of Orissa super cyclone
(1999). Sensitivity to the parametrization of
convection, boundary layer and explicit moisture
processes, MAUSAM, 57, 61-78.
Mohanty U.C., Mandal, M. and Raman, S., 2004;
Simulation of Orissa supercyclone (1999) using
PSU/NCAR mesoscale model. Natural Hazards,
31, 373-390.
Pattanaik, D. R., Kumar, Anupam, Rama Rao,
Y. V. and Mukhopadhyay, B., 2011: Simulation
of monsoon depression over India using high
resolution WRF model - Sensitivity to convective

108

parameterization schemes. Mausam, Vol. 62,
305-320.
Rajeevan M., Kesarkar, A., Thampi, S.B., Rao,
T.N., Radhakrishna, B. and Rajasekhar, M.;
Sensitivity of WRF cloud microphysics in
simulations of a severe thunderstorm event over
Southeast India, Ann.Geophysics, 603619,2010.
Ramage C.S., 1966: The summer atmospheric
circulation over Arabian Sea. J.Atmos. Sci. 23;
144-150.
Ramakrishna, S.S.V.S., and Vijaya Saradhi., N.,
2008; The role of physical parametrization in the

numerical simulation of a deep depression using
a mesoscale model, Vayu Mandal, Vol.34, No.14, Jan-Dec 2008.
Routray, A., Mohanty,U.C., Niyogi, Dev., Rizvi.,
S.R.M., Osuri., Krishna, V., 2010 Simulation of
heavy rainfall events over Indian monsoon

109

region using WRF-3DVAR data assimilation
system, Meteorol. Atmos. Physics 106; 107-125.
Venkat Ratnam, J., and Cox, E. A., 2005:
Simulation of monsoon depression using MM5:
sensitivity to cumulus parametrization schemes.
Meteorol. Atmos. Phys, 93, 53-78.

Ashok Kumar Das*, Abhishek Kumar Gupta,
R. N. Halder, Vijay Laxmi and Jigya Awasthi
India Meteorological Department, New Delhi
* email:dasak25@gmail.com

Performance of IMD Multi-model
Ensemble (MME) and WRF (ARW)
based sub-basin wise rainfall
forecast for Mahanadi basin
during flood season 2011

ABSTRACT
Operational Multi-model Ensemble (MME) at 27km×27km resolution and WRF (ARW) at 9km×9km
resolution based rainfall forecast by India Meteorological Department (IMD) are utilized to compute rainfall
forecast estimation sub-basin wise for Upper Mahanadi Basin (UMB) and Lower Mahanadi Basin (LMB)
during flood season 2011 (1st June - 24th Oct). These rainfall forecasts are the major tools for issue of operational
Quantitative Precipitation Forecast (QPF) by the Flood Meteorological Offices (FMOs). In this study, the
performance of MME and WRF (ARW) at the sub-basin level is compared with actual rainfall during the
operational flood period, 2011 over UMB and LMB. The different skill scores for each category of rainfall
forecast, are computed for testing of performance of categorical Quantitative Precipitation Forecast (QPF). It
is observed that heavy rainfall events do not capture by both the models and in general it under estimates the
heavy rainfall events in the forecast. In addition, it is also found that WRF model overestimates rainfall amount
just after the passage of heavy rainfall events.
Key words: Quantitative Precipitation Forecast, Basin, Skill score, NWP model, GIS, AAP.

1.

Introduction

It is most challenging and difficult task for
meteorologist to give rainfall forecast
quantitatively, specifically in the region of tropics
due to its large spatial and temporal variations.
India Meteorological Department (IMD) through its
Flood Meteorological Offices (FMOs) is issuing
Quantitative Precipitation Forecast (QPF) subbasin wise for all flood prone river basins in India.
Flood Meteorological Offices are established to
provide meteorological support to Central Flood
Forecasting Division (CFFDs) of Central Water
Commission (CWC). The categories in which QPF
are issued by FMOs are as follows; 1-10 mm, 1125 mm, 26-50 mm, 51-100 mm, >100 mm.
There are 10 FMOs all over India in the flood
prone river basins and FMO, Bhubaneswar is one
of them. Mahanadi Basin is lying under the
jurisdiction of FMO, Bhubaneswar. The Mahanadi
basin is physically bounded in the North by
Central India hills, in the South and East by the
Eastern Ghats and in the West by Maikala hill
range. The Chiroli Hills form the watershed
dividing the Wainganga valley from the Mahanadi
Basin, the upper portion of which is designed as
the Chattisgarh Basin. It is a typical basin

considered from geographical and geological
point of view. The Mahanadi basin lies
encompassed within geographical co-ordinates
of 80°25' to 87° East longitudes and 19°15' to
23°35' of North latitudes (CWC, 1997) running a
total length of about 851 Km.. The total catchment
area of the basin is 1,41,600 Km2. There are two
sub-basins (Fig.1) in the Mahanadi basin viz.
Upper Mahanadi basin (UMB)(area=83,400 Km2)
and Lower Mahanadi basin(LMB) (area=58,200
Km2). The river Mahanadi is one of the major interstate east flowing rivers in India. It originates at
an elevation of about 442m above Mean Sea
Level (m.s.l.) near Pharsiya village near Nagri
town in Raipur district of Chhatisgarh. During the
course of its traverse, it drains fairly large areas
of Chhatisgarh (75,100Km 2 ) and Orissa
(65,600Km2) and comparatively small area in the
state of Jharkhand (650Km2) and Maharashtra
(250Km2). The total length of the river from its
origin to confluence of the Bay of Bengal is about
851 km, of which, 357 km is in Chhatisgarh and
the balance 494 km in Orissa. During its traverse,
a number of tributaries join the river on both the
flanks. There are 14 major tributaries of which 12
nos. are joining upstream of Hirakunhd reservoir
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and 2 nos. downstream of it. Mahanadi basin is
one of the flood prone river basin in India due to
its location. Most of the monsoon Lows/
Depressions are formed over the north of Head
Bay of Bengal and crosses Orissa coast curved
towards west-northwards through Mahanadi
basin during the South West monsoon season.
These systems cause rainfall in the basin which
leads to flood.
Although, IMD's FMOs mainly uses the
synoptic analogue model developed by each
FMOs for the area of their jurisdiction, but
nowadays most of the countries tilted towards
Numerical Weather Prediction (NWP) models as
NWP methods are achieved better skills and are
playing important role in rainfall forecasting.
Nevertheless rainfall prediction skill of NWP
models is still not adequate to address
satisfactorily detailed aspects of Indian summer
monsoon. This is because of large spatial and
temporal variability of rainfall and some inherent
limitations of NWP models. The inherent limitation
of these NWP models is that they neglect small
scale effects and they approximate complicated
physical processes and interactions. In spite of
these limitations rainfall forecast of NWP models
are estimated for its utilization in various fields
such as in flood forecasting, water management,
planning etc.
Flood causes a major disaster each year in
India which is a matter of concern. Availability of
huge computing facility and rapid growing of
dynamical modeling of the atmosphere in the
regional scale are taking place all over the world
and QPF are computed using these dynamical
models. The high resolution Multi-Model
Ensemble (MME) (27km x 27km) and WRF
(ARW) (9km x 9km) model rainfall forecast is
made available to Hydromet Division by NWP
Division at IMD New Delhi and rainfall forecast
estimation sub-basin wise for Mahanadi basin is
done by Hydromet Division at New Delhi using
the operational models data. Already the
Performance of MME and WRF based sub-basin
wise rainfall forecast for Mahanadi basin as pilot

study has been studied during Flood Season
(Monsoon) 2009 and 2010 (Apte et al. 2011).
Keeping this point in view, operational MME and
WRF (ARW) based sub-basin wise daily rainfall
forecast for Mahanadi basin are computed during
flood season 2011 for the use in the QPF as an
additional tool. Also it is aimed to study the
performance of the MME and WRF (ARW) in the
sub-basin level during their operational period.
The prediction skill is examined and discussed in
the paper.

2.

Methodology

The forecast from 4 models are used by IMD to
prepare the operational MME forecast. These
are; NCEP (1°×1°), ECMWF(0.25°×0.25°), JMA
(0.25°×0.25°), NCMRWF T-254 (0.5°×0.5°),
UKMO (1°×1°). All the gridded rainfall forecasts
of each model are statistically downscaled to 25
Km × 25Km resolution before apply MME
technique introduced by Krishnamurti et al. (1999)
and Bhowmik & Durai (2008). In this approach
the weight for each grid point is generated on the
basis of past performance of these models. The
multimodel forecasts and corresponding weights
are utilized to obtain the final forecast. The MME
model domain covers the area as follows:
Latitude: 0° to 40° N, Longitude: 60° E to 100° E.
The average of grid point MME's rainfall forecast
lying on the sub-basins is computed for areal
rainfall and for this a programme is developed
using Fortran language. Observed areal rainfall
is computed by taking the average of station
rainfall values lying in each sub-basins.
Also sub-basin wise rainfall estimation for
Mahanadi basin from operational IMD WRF
(9km×9km) gridded rainfall forecast is computed
during the flood season. WRF (9km×9km) gridded
rainfall forecast data which is in netcdf format over
the upper and lower Mahanadi basin is averaged
for each sub-basin using model developed on
tools of ARCGIS.
The performance of categorical QPF issued
for basins is verified from 6×6 categorically and
reduced to 2x2 contingency table in terms of its
occurrence/non-occurrence (yes/no) for UMB and
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LMB respectively for different skill scores for each
category viz. Percentage of Correct (PC), Heidke
Skill Score (HSS), Critical Success Index (CSI)
for 6x6 contingency table and Probability of
Detection (POD), False Alarm Rate (FAR),
Missing Rate (MR), Correct Non Occurrence (CNON), CSI, Bias for Occurrence (BIAS),
Percentage Correct (PC), True Skill Score (TSS),
Heidke Skill Score (HSS) (IMD, 2008).

3.

Results and Discussion

The raingauge network for real time reception of
rainfall data in the Mahanadi basin during the
flood season is also shown in Fig.1. The number
of stations for real time rainfall data reception for
Lower Mahanadi basin is 66 and for Upper
Mahanadi basin is 42.

3.

Flood Season 2011

3.1. Multi-model Ensemble (25km x 25km)
and WRF ARW (9km x 9km)
Four depressions formed during 2011 monsoon
season (Fig.2) from June to September as against
the normal of 4-6 monsoon depressions per
season. Out of these, two Depressions (that
formed on 11th June over Arabian Sea and the
other during 22nd - 23rd, July over Land) had a
short life span. The Depression formed during
16th - 23rd, June and its subsequent west
northwestward movement was responsible for the
advance of the monsoon over the most parts of
the country. The fourth Depression formed
towards the end of the season (22nd - 23rd, Sept.)
weakened before moving towards northeast. A

MAHANADI BASIN

Fig.1. Real Time Raingauge Network over Mahanadi Basin
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well marked low pressure area over northwest
Bay of Bengal and adjoining areas has
concentrated into a depression and lies over
northwest Bay of Bengal and adjoining coastal
areas of north Orissa and Gangetic West Bengal
centered at 0830 hours IST of 22nd Sept. near
Lat. 21.5°N and Long. 87.5°E about 50 km eastsoutheast of Balasore and 50 km southwest of
Digha (IMD, 2011(a)). On 23rd Sept the
depression over northwest Bay of Bengal and
neighbourhood lay centered at 0830 hours IST
over Jharkhand and neighbourhood close to

Jamshedpur. Although the system does not pass
through the basins, basin receives significant
amount of rainfall due to its influence over the
basin. Also low pressure area over northwest Bay
of Bengal and neighbourhood lies over Orissa and
adjoining areas of Jharkhand with associated
upper air cyclonic circulation extending up to mid
tropospheric levels during 6th -13th Sept. and
13th -19th Sept. (IMD,2011(b)). Rainfall are
computed during the case of Depression (22nd23rd Sept.) and Lows (6th -13th Sept. and 13th 19th Sept.) over the basin (Tables -1 & 2).

Fig.2. Track of Depression during 2011
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3.2

Multi-model Ensemble (MME) forecast at
25km x 25km résolution
The daily areal rainfall is computed by taking the
areal average of station rainfall data within the
sub-basins. The time series of daily observed
versus forecasted rainfall (mm) for Day-1, Day-2
and Day-3 MME forecasts are shown in Figs.3(ac) and Figs.4(a-c) for UMB and LMB respectively.
On 6th Sept. LMB was received maximum amount
of rainfall which was 40.7mm and MME rainfall
forecast is under estimating in all Day-1, Day-2

and Day-3 forecast and those are 25.0 mms, 12.4
mms, 13.4 mms over LMB for 6th Sept. On 7th
UMB was received maximum amount of rainfall
which was 76.6mm and MME rainfall forecast is
under estimating in all Day-1, Day-2 and Day-3
forecast and those are 23.8 mms, 16.7 mms, 9.2
mms over UMB for 7th Sept. (Table-2).
The performance of categorical QPF issued
during the study for basins is verified from 6×6
categorically and reduced to 2x2 contingency
table in terms of its occurrence/non occurrence

TABLE1
Sub basin wise Multi-Model Ensemble Forecast and
Rainfall(mm) Observation data
Depression
Date

day-1
fcst

day-2
fcst

day-3
fcst

LMB Obs
fcst

day-1

day-2

day-3 fcst

UMB
Obs

21-Sep

11.8

13.6

12.7

21.8

9.2

7.1

10.9

2.8

22-Sep

13.4

11.9

13.2

19.0

6.8

7.2

9.2

5.2

23-Sep

10.5

10.1

9

16.9

6.4

4.5

6.4

25.9

24-Sep

7.4

4.2

8.1

6.4

25.2

10.8

7.1

19

Low Pressure
5-Sep

21.3

18.4

20.1

19.3

14.6

24.4

12.4

9.7

6-Sep

25

12.4

13.4

40.7

15.6

13.3

11

47.8

7-Sep

22.2

20.6

10.6

34.2

23.8

16.7

9.2

76.6

8-Sep

19

23.6

18.4

34.4

24.3

17.1

24.5

74.8

9-Sep

20.9

24.2

21.1

26.1

21.8

33.2

22

45.8

10-Sep

12.5

18.4

9.9

7.1

34.6

35.2

34.4

26.2

11-Sep

4.6

6.7

6.8

5.3

6.8

11

12.8

3.8

12-Sep

9

7

4.3

1.4

2.8

3

2.7

2.2

13-Sep

8

10.8

8.1

2.6

3

8

3.3

0.7

14-Sep

11.1

12.7

10.4

8.4

9

11.7

10.1

9.8

15-Sep

11.9

16.4

11.4

11.5

15.2

15.7

12.9

9.2

16-Sep

21

17.5

12.6

8.2

16.9

15.7

15.6

5.7

17-Sep

10.5

13.1

10.4

8.2

12.7

13.7

14.4

10.2

18-Sep

21.1

18.8

22.6

12.0

16.7

15.3

18.2

14.5

19-Sep

9.1

15.4

30.2

5.1

4.3

8.5

18.2

5.2

Obs=Observation
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fcst=Forecast

(yes/no) and different skill scores viz. HSS, CSI
for 6x6 contingency table and POD, FAR, MR, CNON, CSI, BIAS, PC, TSS, HSS for 2x2
contingency table are computed for UMB and
LMB respectively. In the above period the MME
Day-1, Day-2, Day-3 Forecast is 66%, 65.1% and
60% correct for Upper Mahanadi basin and it is
72.1%, 65.8% and 68.3% correct in the Lower
Mahanadi basin respectfully. The TSS and HSS
both are negative in LMB for the category 26-50.
Negative values of TSS and HSS would be
associated with perverse forecasts and chance
forecast is better.

Observed rainfall analysis for 6th, 7th, 8th, 9th
Sept. are shown in Figs. 5(a), 6(a), 7(a), 8(a) and
respective MME day-1, day-2, day-3 rainfall
forecast are analysed in the Figs. 5(b-d), 6(b-d),
7(b-d), 8(b-d).
3.3

Weather Research Forecast (WRF)
forecast at 25km x 25km résolution
The daily areal rainfall is computed by taking the
areal average of station rainfall data within the subbasins. The time series of daily observed versus
forecasted rainfall (mm) for Day-1, Day-2 and Day3 of WRF forecasts are shown in Figs. 9(a-c) and
Figs.10(a-c) for UMB and LMB respectively.

TABLE 2
Sub basin wise WRF ARW Forecast and Rainfall (mm) Observation data
Depression
Date

day-1
fcst

day-2
fcst

day-3
fcst

LMB Obs

day-1
fcst

day-2
fcst

day-3
fcst

UMB
Obs

21-Sep

12

7.1

7.6

21.8

7.8

7.9

10.2

2.8

22-Sep

14.5

20.8

7

19.0

6.7

7.6

4.7

5.2

23-Sep

10.8

6.2

3.1

16.9

4.8

6.2

4.5

25.9

24-Sep

7.8

12.2

13.3

6.4

11.3

9.5

12.4

19

Low Pressure
5-Sep

21.8

5

4.9

19.3

19.2

9.3

9.1

9.7

6-Sep

15.3

21.3

7.8

40.7

16.8

14.8

10.8

47.8

7-Sep

25

6.3

10.4

34.2

22.8

6.8

10.9

76.6

8-Sep

14.2

13

7.4

34.4

19.5

12.4

4.8

74.8

9-Sep

17.4

7.7

11.4

26.1

13

8.6

5

45.8

10-Sep

13.9

7.4

7.7

7.1

10.1

14.2

12.2

26.2

11-Sep

14.3

10.2

6.8

5.3

15

10.4

13.1

3.8

12-Sep

10.3

12.9

10

1.4

8.5

11

8.7

2.2

13-Sep

11.4

12.7

11.6

2.6

6.7

10.7

9.3

0.7

14-Sep

14.2

20.5

12.3

8.4

12.6

13.2

11.1

9.8

15-Sep

13.5

16.7

15.8

11.5

13.8

21.9

14.7

9.2

16-Sep

26.8

20.8

24.9

8.2

19.7

21.3

25.7

5.7

17-Sep

11.7

11

18.4

8.2

14.1

20.2

20

10.2

18-Sep

17

16.3

17.6

12.0

16.4

14.5

16.5

14.5

19-Sep

7.5

9.1

6.1

5.1

6.6

5.3

7.6

5.2

Obs=Observation
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fcst=Forecast

Figs. 3a-3c

Figs. 4a-4c

On 6th Sept. LMB was received maximum
amount of rainfall which was 40.7mm and MME
rainfall forecast is under estimating in all Day-1,
Day-2 and Day-3 forecast and those are 15.3 mms,
21.3 mms, 7.8 mms over LMB for 6th Sept. On
7th UMB was received maximum amount of rainfall
which was 76.6mm and MME rainfall forecast is
under estimating in all Day-1, Day-2 and Day-3
forecast and those are 22.8 mms, 6.8 mms, 10.9
mms over UMB for 7th Sept. (Table-2).
The performance of categorical QPF issued
for basins during the study period is verified from
6×6 categorically and reduced to 2×2 contingency
table in terms of its occurrence/non occurrence

(yes /no) and different skill scores viz. HSS, CSI
for 6×6 contingency table and POD, FAR, MR,
C-NON, CSI, BIAS, PC, TSS, HSS for 2×2
contingency table are computed for UMB and
LMB respectively. WRF Day-1, Day-2, Day-3
Forecast is 60.3%, 54.5% and 50.0% correct for
UMB and it is 52.7%, 53.1% and 51.4% correct
in the LMB respectfully. The TSS and HSS both
are negative in LMB for the category 26-50.
Negative values of TSS and HSS would be
associated with perverse forecasts and chance
forecast is better.
Analysis of WRF day-1, day-2, day-3 rainfall
forecast valid for 6th, 7th, 8th, 9th are plotted in
the Figs.11(a-c), 12(a-c), 13(a-c) and 14(a-c).
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Fig.5(a) Observed R/F Distribution

Fig.5(c) MME Day 2 R/F Forecast Distribution

Fig.5(b) MME Day 1 R/F Forecast Distribution

Fig.5(d) MME Day 3 R/F Forecast Distribution

Fig. 5 a-d

Fig. 6a-d
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Figs. 7a-d

Figs. 8a-d
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Fig. 9a-c

Fig.10a-c
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Fig.11 a-c

Fig.12a-c
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Fig.13a-c

Fig.14a-c
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4.

Conclusion

(i)

It observes that heavy rainfall events are
generally under estimates by both the
models and also WRF overestimates just
after the passage of heavy rainfall events.
Wrong forecast is seen for the deterministic
forecast of the category 26-50mm over LMB
in day-2 and day-3 forecast by the both
models.

(ii)

(iii)

(iv)
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Heavy rainfall patterns over the
central parts of India

ABSTRACT
The 110 years' series of daily rainfall data set 350 stations in the Central parts of India, viz., Madhya Pradesh,
Chattisgarh and Vidarbha for the period 1901 - 2010 have been analysed . The daily rainfall (rf) has been
classified under the categories of (i) 7< rf < 12 cm, (ii) rf ≥12 cm and (iii) annual extreme (24-hourly heaviest
rainfall) and their events, patterns and significance have been examined. The long-term patterns do not indicate
any trend in the monsoon seasonal (June to September) rainfall however there are decreasing and increasing
trends in the extreme rainfall (≥ 7cm) events. The composite charts of frequency of occurrence of extreme
rainfall events located in various geographical areas have been prepared and thereby identifying the possible
highest rainfall areas over central India. Also, the synoptic weather systems responsible for the extreme events
were discussed in this paper.
Key words: Central India, Heavy rainfall, Trends.

1.

Introduction

In recent years, the country witnessed incidences
of heavy precipitation events, flash floods over
different regions and particularly over metro cities
viz., Mumbai (in July 2005), Chennai (in October
and December) and Bangalore (in October 2005)
causing heavy damages in economy, loss of life,
etc. Extreme rainfall events cause damages in the
form of landslides, flash floods, crop loss, etc., which
further have impacts on society as well as the
environment. A proper assessment of likely
incidences of such events and their trends would
be helpful to the planners in their disaster mitigation
and implementations. The changes in extremes
rainfall events and that in the mean rainfall patterns
over whole of India have been studied by many
authors (Rakhecha and Pisharoty 1996,
Stephenson et al.1999, Sinha Ray and Srivastava,
2000) . Some recent studies for eg., Roy and Balling
(2004), Goswami et al. (2006), Rajeevan et al.
(2008), Guhathakurta and Rajeevan, 2008,
Guhathakurta et al. (2011); Pattanaik and Rajeevan
(2009), have analyzed such events in India to verify
their trend patterns over different regions.
Roy and Balling (2004) showed that there is an
increasing trend over the western parts of India and
decreasing to a neutral trend over the eastern half
of the country except the northeastern parts.
Goswami et al. (2006) used the daily gridded rainfall

data sets and examined the trend of extreme rainfall
over India and they have reported an increase in
the frequency and the magnitude of extreme rain
events and a significant decreasing trend in the
frequency of moderate events over central India.
Rajeevan et al. (2008) used 104 years of gridded
dataset over central India similar to Goswami et al.
(2006) and examined the variability and long-term
trends of extreme rainfall events. Guhathakurta et
al. (2011) pointed out that for the study on extreme
events, use of real or actual station data is more
realistic than the gridded dataset. Further, in the
gridded datasets, extreme events will not be
captured on most of the occasions due to
interpolation or averaging scheme used in gridding.
Hence, Guhathakurta et al. (2011) have considered
the actual daily rainfall for over 6000 stations and
examined the trends over the country as a whole.
There is a general need to obtain a clear idea about
the impact of climate change on the extreme
weather events of the country.
The monsoon over India is characterized by
heavy to very heavy rainfall events leading to floods
over different region. These are found to be caused
by interaction of basic monsoon flow with ororgaphy
and synoptic disturbances over the region (Dhar
and Nandargi, 1993). Smith (1979) showed a small
scale cyclonic circulation can interact with
ororgaphy to cause enhanced rainfall. There are
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other phenomena such as global warming due to
increased green house gases which also may
increase extreme precipitation events attributed to
increase in moisture levels, thunderstorm activities
and large scale storm activity.
Therefore, understanding the changes in
extreme weather events is more important than the
changes in mean pattern for which trends of heavy
and very heavy rainfall events are to be studied.
Since a large amount of the variability of rainfall is
related to the occurrence of extreme rainfall events
and their intensities, there is a need to know the
magnitudes of extreme rainfall events over different
parts of our country.
Central India is a unique region with the
characteristic features of seasonal rainfall and
annual patterns due to synoptic systems and
orographic influences of Vindhyachal and Satpura
ranges. The patterns of precipitation and intensity

of rainfall events over this region would be more
interesting as already revealed by earlier studies.
However, the heavy rainfall events were not
examined along with the synoptic situations particularly relating to the systems over the region.
Therefore, an attempt is being made to examine
the heavy rainfall events over the Central Indian
region comprised of the states Madhya Pradesh,
Chattisgarh and Vidharbha, by considering the rainy
days under three categories along with the systems
associated during the southwest monsoon period
(June-September).

2.

Data and methodology

The rainfall data of 110 years (1901-2010) over 350
representative stations from the states of Madhya
Pradesh (MP), Chattisgarh (CHG) and
Vidharbha(VID) distributed in the region of Central
India (Fig.1). The necessary quality control has
been carried out and the missing data (very few)

Fig.1. Meteorological sub-divisions over Central India
124

for these stations have been filled up. As per IMD
definition a 'rainy day' is a day when the rainfall
amount is equal to or exceeding 2.5 mm. Further
these rainy days are classified into heavy and very
heavy rainfall day in the case the day's rainfall
amount is equal to or exceeding 7 cms and 12 cms
respectively. The daily rainfall (rf) events have been
classified into 3 sub-groups. (i) 0 < rf < 7cms. (ii) 7≤
rf < 12 cms. (ii) rf ≥12 cms. The frequency per month
data series was prepared using the number of days
with rainfall under these categories. In addition to
these, the annual extreme series of 24-hourly
rainfall events also has been prepared station wise
and later considered for those representing
corresponding districts. Then, the district wise
patterns have been examined and the results are
discussed. The rainfall days (frequency) are taken
as time series and for considering the trend patterns
in the study area. However, since the category of
(i) does not fall under the extreme category, the
other subgroups were only considered in the study.
The rainy days with heavy rainfall over different
stations and their frequencies were found out for
the spatial patterns of extreme rainfall events during
monsoon months, season (June-Sept) and the year
as a whole. To identify the trend patterns, MannKendall technique was applied on these data series

of rainy days with these extreme rainfall data by
calculating the Kendall's tau statistic Kendall(1975).
Further, to determine the increase or decrease, we
have adopted least square linear fit of the data. The
advantage of linear regression is that it provides
an estimate of slope, confidence interval and
quantifies goodness of fit. The slope thus computed
helps in identifying the trend line whether significant
at 95%level.
The long term trend has been worked out with
the data since 1901 till 2010 or latest period
available. For the recent period trends, data from
1971 onwards were considered. These trends have
also been compared with those trend patterns
worked out by the earlier studies. In addition, the
spatial distribution of extreme rainfall events (heavy
and very rainfall) in association with the synoptic
systems were also brought out and analyzed.

3.

Results and discussions

It is interesting to note that the seasonal rainfall during
monsoon over central India does not show any
significant trend (Fig 2). It is the same observed for
the annual rainfall. However month to month and on
sub-divisional scale, have shown remarkable trends.
The rainy days (monthly frequency) were first
computed under the two categories i.e., for heavy

Fig.2. Monsoon rainfall over Central India
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rainfall (7 cm ≤ rf < 12 cms) and very heavy rainfall
(RF ≥ 12 cm) over these stations located in different
districts over the study region. The trend was tested
using the Mann-Kendall tau statistic on different
scales of monsoon months, season and annually. It
is found to be an excellent tool for trend detection in
different applications (Guhathakurta et al., 2008).The
trend patterns of the frequencies are presented in
Fig.3. The positive trends are seen clustered over
the central and eastern regions while negative trends
are seen over the western parts. The trends patterns
with the annual data were found to exhibit similar
trends as like monsoon season (Fig.4). In the
foregoing sections the trend analyses are discussed
with regard to the main regions of MP, CHG and
VID which form parts of the Central India.
3.1. Heavy rainfall events (i.e. 7 ≤ Rf < 12 cm)
Over Madhya Pradesh during monsoon season, the
heavy rainfall events are respectively about 23%,
34%, 32% and 11% in the months of June, July,
August and September. The following tables present
the performance and the trend patterns of the
frequency of the events over different districts of the
regions under consideration. In the recent period,

the heavy rainfall events are with increasing trends
which indicates a growing concern. During the
Monsoon season, the analysis shows that the heavy
rainfall days are more centred in MP region (Fig.4).

Fig.4. Heavy rainfall days (1901-2010) during
monsoon (June-September)
In all, 59% of the stations did not show any trend.
19% of stations have shown positive significant
trends. The positive significance trend is observed
over east part of central region i.e. east Madhya
Pradesh while negative trend is observed in western
parts of the region. For the time series 1971-2010,
31% stations show increasing trend 47 % decreasing
trend and 22% stations indicate no trend.

Fig.3. Heavy rainfall trend patterns over Central India
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3.2. Very heavy rainfall events: ( rf ≥ 12 cms)
The frequency analyses on the occurrences of very
heavy rainfall events over all the parts of central
India indicate that the events are although present
but not found to be significantly higher as is the
case of heavy rainfall events. Also the patterns of
such events are quite varying for different regions.
From the tables presented here, one can see that
the trends are decreasing in the recent period
significantly, in major parts of the central India.
It is seen that during the monsoon season, 54%
of the stations did not show any trend. 32% of
stations have shown positive significant trends. The
positive significance trend is observed over west
part of central region while central and eastern parts
have shown positive trends.
The time series of seasonal rainfall averaged
over the regions indicated the west MP with
increasing trends while the eastern parts of MP and
the CHG and VID parts with decreasing trends.
Most of the VID stations also have showed
decreasing patterns of rainfall. These regions were
analysed with events of moderate rainfall (those
cases of heavy and very heavy events) which have
provided a significant decreasing trend patterns for
about 70 % of stations.

disturbances right from the stage of Depression,
Cyclonic Storms, etc, Therefore, while studying the
heavy rainfall events, the occurrences due to the
oceanic disturbances and cyclonic circulations over
the land causing excess rainfall also becomes
important and merit for consideration. Over the
central parts of India, the heavy rainfall days (rf)
with 7.5 ≤ rf < 12.5 cms are computed from the
available data for all the months during the monsoon
season. The same are presented in Table 1. Also,
the associated systems (from Cyclonic circulation
to DD) causing the heavy rainfall events (7.5 ≤ rf <
12.5 cms ) and very heavy rainfall events ( rf ≥ 12.5
cms) during the study period were considered to
prepared the Tables 2 & 3. As the number of heavy
rainfall days is significantly higher during monsoon
season, the intra-seasonal variation of the number
of heavy rainfall days are analysed by considering
monthly average during individual monsoon
months. The results of the analysis is present in
Tables 1 to 3.

3.3. Systems associated with the rainfall
events
The heavy rainfall events having destructive
potential are predominantly associated with oceanic

TABLE 1
Percentage of occurrences of heavy rainfall
(7.5 ≤ rf < 12.5 cms)
Station

June

July

August

September

Central India

16

40

34

10

Madhya Pradesh

23

34

32

11

Chhattisgarh

29

32

26

13

Vidarbha

23

35

31

11

TABLE 2
Systems associated with heavy rainfall (7.5 ≤ rf < 12.5 cms)
System

June

July

August

September

Monsoon

Deep Depression

10

6

6

0

5

Depression

10

4

13

14

10

Low

38

48

48

45

46

Cyclonic circulation

42

42

33

41

39

TABLE 3
Systems associated with very heavy rainfall ( ≥ 12.5 cms)
System

June

July

August

September

Monsoon

Deep Depression

14

10

13

0

9

Depression

9

7

12

15

11

Low

45

50

46

50

48

Cyclonic circulation

32

33

29

35

32
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The above Table shows that the occurrences
of heavy rainfall are increasing from June and
became maximum in July. It then decreases
towards September. The occurrences of heavy
rainfall over central India were 16% in June, 40%
in July, 34% in August and 10% in September.
About 75 % occurrences of heavy rainfall is in the
month of July and August. The highest frequency
of heavy rainfall in all the sub divisions found in
the month of July and lowest in September.
The spatial pattern of number of heavy rainfall
days over central India is during monsoon months
is shown in Fig.5(a-d). It is found that the
occurrences of heavy rainfall has a well defined
maxima over central parts of the region .
The onset of monsoon takes place in the
month of June over southeastern part of central

region i.e. over Chhattisgarh and then progress
northwest wards but does not cover the entire
region before the end of the month in some years.
Thus, the maximum intensity and occurrence of
rainfall can be expected over south east central
region. In July and August the frequency of heavy
rainfall lies over central parts of the region.
Frictional convergence and pressure gradient
contribute towards more rainfall in the central
parts of the region. The fluctuations of yearly
variation of heavy rainfall in maximum in August
, probably because of "break in monsoon" which
is having maximum frequency in August. For the
month of September a large number of weather
systems recurve towards the north of north east
on reaching central MP with consequent shift in
the rainbelt from southwest to north/north east
sector.

Figs.5(a-d). Occurrence of heavy rainfall events during (1901-2010) (a) June (b) July (c) August and (d)
September
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The variation of frequency of occurrence of
heavy and very rainfall were studied in the light
of antecedent synoptic situations. It was
confirmed from 400 case studies that low
pressure area producing around 50 % of the
total number of heavy and very heavy rainfall in
July. The next higher is by upper air cyclonic
circulation .The least heavy and very heavy
rainfall is received by deep depression Table 4 &
5.It is surprising to note that deep depression
have no impact in producing heavy and very
heavy rainfall in September.
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The systems lay over north east Madhya
Pradesh ( north of 22 deg N and east of 80 deg
E) give rise to heavy and very rainfall over central
parts of the region. It is note worthy that the
systems give rise very heavy rainfall 200 km away
from the centre in the left forward sector. Lesser
amounts of rainfall are normally recorded close
to the centre of the systems. Further, those
systems reaching the north eastern parts of the
Central India, are influenced by orography as
Vindhyachal and Satpura ranges lie on the either
side of their track causing increased convergence.

4. Conclusions
The present study and analyses on the extreme
rainfall events have brought out some important
results leading to the following main conclusions:
(i)

(ii)

(iii)

The monsoon rainfall over Central Indian
region is without any significant change and
mainly random in nature over a long period of
time.
Most of the extreme rainfall indices have
shown negative trends over west parts of
central Indian region. The positive trend is
observed in eastern and central Indian
region.
It is observed that frequency of occurrences
of heavy rainfall is the highest in July and
lowest in September. Very heavy rainfall
events also show a similar trend. Spatial
distribution of heavy rainfall shows maximum
over central parts of the region both rather
than depressions and cyclonic storms. 48%
heavy rainfall is produced by low pressure
area during monsoon period June September. The frequency of such systems
is in the month of July.
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Estimation of soil moisture from
C-band polarimetric radar data

ABSTRACT
In this study, an attempt has been made to estimate soil moisture from multi-polarization RADARSAT - II
satellite Synthetic Aperture Radar data for Anantapur area, Andhra Pradesh, India during the period August
- October, 2010. In the first approach, SAR backscatter values in different polarizations were directly related to
ground measured volumetric soil moisture, in which the best correlation obtained was for HH (0.735) for
fallow fields and 0.669 for cropped fields. In the second approach, soil moisture was estimated using Oh's
model. Thereafter a comparison was made between the estimated soil moisture and field measured volumetric
soil moisture. Results indicate that Oh's model, which uses data of three polarizations, gave superior results to
those obtained by relating backscatter coefficients (corresponding to individual polarizations) to ground-base
soil moisture. The correlation obtained between ground based soil moisture and that of estimated soil moisture
was very encouraging: about 0.948 for fallow fields and 0.636 for cropped fields.
Key words : SAR, Soil Moisture, Volumetric, Polarization, Backscatter

1.

Introduction

Monitoring soil moisture dynamics, both in space
and time, is important for understanding soilvegetation-atmosphere interactions. It is especially
important in dryland environments as soil moisture,
a critical parameter, is crucial in the effective
utilisation of the soils and vegetation in the arid and
semi-arid regions for successful cropping. A great
deal of progress has been made in the use of
spectral images from satellite sensors for surface
soil moisture mapping in the top few centimeters of
soil over a heterogeneous volume. The greatest
progress has been made with active microwave
sensors. In the past, most of the active microwave
data corresponded only to a single polarization,
which offered only limited possibilities. However,
Multi-Polarization data sets from space-borne
Synthetic Aperture Radars have been collected for
a few years and such data offers more scientific
opportunities than single polarization data in many
fields, including vegetation monitoring and soil
moisture.
Soil moisture retrieval is being pursued actively
using the SAR data by virtue of high dielectric
difference between dry and moist soils. However,
estimation of soil moisture from space/air-borne
radar data is complicated due to factors such as
inhomogeneity within a pixel, vegetation cover, soil

type & texture, influence of surface roughness and
so on (Dobson and Ulaby. 1981; Ulaby et al. 1978;
Attema and Ulaby, 1978). In the past, the models
for estimation of soil moisture relied heavily on
statistical regression analysis-lack of multidimensional data was felt. As the technology
progressed, models which take into account
roughness, multiple polarization etc. have been
invented towards operational/semi-operational
goals. An attempt has been made in the current
study to retrieve soil moisture using Oh et al.'s
empirical model, using C band RADARSAT II SAR
data (~5.4 GHz).

2.

Oh et al. Inversion model for soil
moisture

Oh et al. (1992) investigated bare-soil fields under
different conditions in L (1.25 GHz), C (4.75 GHz)
and X (9.5 GHz) bands.
Using data of like polarization as well as that of
an orthogonal polarization, they came up with an
empirical equation:

(1)
θ is the incident angle (in radians), Γo is Fresnel
reflectivity at nadir, p=σ°ΗΗ / σ° VV (the like polarized
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ratio) and q= σ°HV / σ°VV, (a cross polarized ratio)
and σ° is the backscatter coefficient. This equation
(1) must be solved for Γo, which, unfortunately is
intractable (i.e., for which no analytical method is
available). Hence an iterative approximation must
be resorted to (Oh et al., 1992); Newton-Raphson
method was used in this work.

Fig.1 (a) through (d) show the graphs grouped for
fallow and ground nut covered fields.

The dielectric constant (ε’) of the material is related
to Γo as:
Γo

=

(2)

Then mv, the volumetric soil moisture, can be
estimated from ε' using Topp et al. (1980) approach.
mv = (–530 + 292ε’–5.5ε’2 + 0.043ε’3).10–4

3.

(3)

Methodology

RADARSAT - II satellite's Fine Quad beam, Single
Look Complex and fully Polarimetric data were
acquired over Ananthapur (14° 50’ N, 77° 17’ E)
Andhra Pradesh, India (August 11, September 4,
October 22 and November 15, 2010). The area is
covered partly with black soil and partly with red
soil, and the terrain is mostly flat. The soils are very
shallow in depth and the texture varies from sandy
loam to clay loams. The view angles were in the
range of about 24°–26° for all the dates studied.
Groundnut was the main crop in the test site.
Ground truth was collected near real time. Soil
samples were collected for soil moisture and bulk
density in the fields up to a depth of 5 cm and
volumetric soil moisture was calculated using dry
weight method. Relationships between backscatter
coefficients in different polarizations and field
measured soil moisture were attempted. The soil
moisture was also estimated using Oh inversion
model for which a software was written, which
helped to generate important outputs for this study.

4.

Results & discussions

Direct relation between σ° and Field measured Soil
Moisture (Approach I)
An attempt has been made to relate SAR
backscatter coefficient in the four polarizations and
field measured volumetric soil moisture.
The soil moisture information generated from the
polarimetric SAR data through the use of the semiempirical Oh model has been compared with the
volumetric soil moisture collected synchronously
with the satellite pass.

Fig.1. Relation between σ° and volumetric soil
moisture
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Table 1 shows correlation coefficients between
backscatter for different polarizations and ground
collected soil moisture values.
TABLE 1
Correlation between σ°and volumetric
soil moisture
Polarization

Fallow fields

Ground Nut fields

Magnitude

dB

Magnitude

HH

0.735

0.533 0.669

0.364

VH

-0.0039

0.253 -0.379

-0.405

HV

0.47

0.461 -0.198

-0.393

VV

0.31

0.176 0.365

0.050

relationship was found to be better for the fallow soil
(r 2 =0.948) compared to the groundnut crop
(r2=0.636). The backscatter contribution from the soil
might have been suppressed significantly by the
groundnut canopy, which could have resulted in
lower correlation than that obtained from bare soils.
The Figure 3 shows the comparison between
the measured soil moisture during the synchronous
ground truth collected at the time of satellite pass
and the soil moisture derived from inversion model
of Oh for the three dates for which field
measurements are available (August 11, October
22 and November 15, 2010).

dB

Estimation of Soil Moisture by means of Oh model
(Approach II)
The measured and 'predicted' soil moisture
through Oh model for the bare fallow soils and
groundnut fields covering vegetative stage of 30-35
days after sowing is shown in Figure 2. The

Fig.3. Comparison of estimated and measured soil
moisture for pooled data
The soil moisture obtained with Oh model
showed a high correlation with ground-measured
values.
Especially for fallow areas, the correlation
between the soil moisture generated (from the
application of Oh's model) and field-measured soil
moisture was found to be much higher, as stated
above, whereas the older technique doesn't provide
that much agreement, as the above table indicates.
This justifies and calls for the use of more advanced
methods for estimation of soil moisture.

Fig.2. Comparison of estimated and measured soil
moisture in fallow soils and groundnut crop
(Aug 11, 2010)

Table 2 shows correlation coefficients between soil
moisture computed from Oh's model and field
measured soil moisture. This table also tells the
advantage of using Oh's model for the Anantapur
area since the correlations are very high. As can
be expected, better relation was obtained for fallow
fields, though the soil moisture from cropped fields
also is also quite encouraging.
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(a) August 11, 2010

(b) September 4, 2010

(c) October 22, 2010

(d) November 15, 2010

Fig.4. Soil moisture images of the study area
moisture values for the date September 4 [Fig.4(b)]
showed an overall higher values than those of the
other three dates.

TABLE 2
Correlation between soil moisture
(calculated and actual)
Type of fields

Correlation

Fallow

0.948

Cropped

0.636

Soil Moisture Images
The soil moisture 'maps' for different dates
retrieved through Oh model are shown in Fig.4. The
Fig.5 shows a trend in the rainfall of the study area.
The highest rainfall, which was observed in the
second fortnight ("FN 2") of August 2010, directly
influenced the soil moisture condition in September,
especially in the first fortnight. The calculated soil

Fig.5. Fortnightly rainfall in the study area for the
months June - November, 2010.
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Histogram of the soil moisture images of Aug.
11 and Sept. 4 indicated an increase in the pixels
indicating higher soil moisture in the latter date. In
October, their population showed a decrease in
accordance with the rainfall in the preceding
fortnight. All this is on the expected lines, which
further substantiates that the Oh model gave good
results for the study area.

5.

References

Conclusions

Oh's model for appraisal of soil moisture from multipolarization microwave data was found to be quite
suitable for the test region. The results were
accurate for fallow areas and those for groundnutcovered fields were also quite encouraging. It may
be said that further experiments are required to
confirm the suitability of the model for extrapolation
to other areas with a similar agricultural conditions.
For better results when the fields are covered with
crops, the backscatter contribution from soil for like
polarizations may be estimated from water cloud
model, which may be attempted to relate with
ground-measured soil moisture.
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ABSTRACT
Groundnut ( Arachis hypogaea L.) is an important oilseed crop with its oil content in the range of 44 -50%. All
its kernels, shells and cakes are economically useful. It enriches the soil by fixing atmospheric nitrogen and
thus the crop is preferred in crop rotation as it improves soil fertility. The crop is mostly raised as rainfed crop
in India. Its minimum threshold temperature requirement (Tt) is 15.5°C below which no crop growth takes
place. The crop is responsive to both the maximum (Tmax) and minimum (Tmin) temperatures. The growing
degree days (GDD) requirement plays a key role in determining span of each of the growth stages of the
groundnut crop. Considering thermo-sensitivity of the crop the present work has been undertaken to quantify
both the spatial and temporal distribution of degree days (heat unit) and its percentage contribution at each of
the phenophases as compared to total demand in Southern peninsular region. Three groundnut growing ET
stations were selected from Southern peninsula viz. Bangaluru, Dharwar and Tirupati. Seven phenophases
were identified viz. germination, early vegetative, active vegetative, flowering, pegging, pod formation and
harvest maturity for groundnut crop based on available literature and crop weather calendar. Groundnut
raised as kharif crop, had mean duration of 113, 105 and 133 days at Bangaluru, Dharwar and Tirupati,
respectively. Study used daily data on maximum and minimum temperatures for three years at all three stations
to obtain phenophase wise values. GDD on daily basis were computed and summed up phenophase wise for the
3 locations for different years and the mean values were computed and are presented (along with duration of
each of the phenophases).
The mean total GDD demand, varied from 865 (at Bangaluru), 909 (at Dharwar) to 1615 (at Tirupati). The
higher values of both Tmax as well as Tmin during the entire crop life span at Tirupati resulted in much higher GDD
demand. The phenophase wise GDD demand showed that initially the values were low (6-7% of total demand)
which increased gradually and reached the peak at flowering stage (22.7 to 25.1% of total demand) and then
slowly decreased with the advancement of crop phenophases. However, a secondary peak was observed at pod
formation stage (15.7 to 19.3% of total demand) in all the stations studied, while the main dip was observed at
pegging stage. The demand was high enough at active vegetative stage also (15.8 to 18.5% of total demand). The
best fit equations developed for each of the stations provided the mean path of GDD requirement for the crop.
Key words: Phenophases, Growing degree days (GDD), Groundnut, Minimum threshold temperature,
Pegging, Pod formation, Percentage contribution of GDD.

1.

Introduction

Groundnut (Arachis hypogaea L.) is one of the most
important cash crops of our country. It is a valuable
source of all the nutrients & also an important
oilseed crop with its oil content varies from 44 -50%.
It is a tropical plant, can tolerate high temperature
and can grow throughout the year. Groundnut
contains on an average 40.1 per cent of fat and
25.3 per cent of protein and is a rich source of
calcium, iron and vitamin B complex like thiamine,
riboflavin, niacin and other vitamins. All its kernels,
shells and cakes are economically useful. Being a

leguminous crop it enriches the soil by fixing
atmospheric nitrogen and thus the crop is preferred
in crop rotation (also as short duration crop) as it
improves soil fertility. It is used not only as a major
cooking medium for various food items but also for
manufacture of soaps, cosmetics, shaving creams
and lubricants. In fact, it plays a pivotal role in the
oilseed economy of India. India is one of the largest
producers of oilseeds in the world and occupies an
important position in the Indian agricultural
economy. Groundnut is called as the 'king' of
oilseeds. India with 7.5 million hectare area and 7.0
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million tonnes production ranks first in the world
among groundnut producing countries. 70% of area
and 75% of production are concentrated in only four
States viz. Gujarat, Andhra Pradesh, Tamil Nadu
and Karnataka. Besides Maharashtra, M.P. and
U.P. also contribute towards groundnut production
basket. Groundnut is a popular crop of South India.
Four Peninsular States-Andhra Pradesh, Tamil
Nadu, Karnataka and Gujarat together contribute
over 80 per cent of the area and production of
groundnut in the country.

collected from the State Department of Agriculture.).
In all the stations groundnut raised as kharif crop with
mean duration of 113, 105 and 133 days at Bangaluru,
Dharwar and Tirupati respectively. Daily data on the
maximum and the minimum temperatures were
collected from all the stations for latest available 3
years (1995 to 1997) and phenophase wise values
were obtained and the mean for the study period are
presented in Figs.1(a-c).

The crop is mostly raised as a rainfed in alfisols,
oxisols occurring between 7°N and 30°N Groundnut
is grown in a well - drained sandy loam, or sandy
clay loam soil. Deep well - drained soils with a pH
of 6.5- 7.0 and high fertility, are ideal for groundnut
crop. The loss of pods is usually high in heavier
soils. Well drained light textured, loose friable sandy
-loam or sandy clay loam, well supplied with calcium
and a moderate amount of organic matter are ideal
for groundnut cultivation. An optimum soil
temperature for good germination of groundnut is
30°C. Low temperature at sowing delays
germination and increases seed and seedling
diseases. Its minimum threshold temperature
requirement (Tt) is 15.5°C below which no crop
growth takes place (Kakde 1985). It can be raised
under wide range of temperatures. A temperature
range of 14 to 16°C is ideal for seed to germinate.
Temperature predominantly determines the rate
of groundnut development. The concept of thermal
time has been extensively employed to measure
the temperature responses in many crops, including
groundnut. However, there is uncertainty regarding
the choice of the minimum threshold temperature
requirement (Tt).While some research workers
support that the minimum threshold temperature
requirement (Tt) is highest during the reproductive
phase than during the vegetative stage.
Temperature close to the minimum threshold
temperature requirement (Tt) and the maximum
temperature(Tm) causes a low rate of germination.

2.

Data and methodology

Three groundnut growing ET stations were selected
from Southern peninsula viz. Bangaluru, Dharwar and
Tirupati. Seven phenophases were identified viz.
germination, early vegetative, active vegetative,
flowering, pegging, pod formation and harvest maturity
for groundnut crop based on available literature and
crop weather calendar (the input for which were

Legend: G-germination, EV-early vegetative, AVactive vegetative, F-flowering, PG-pegging, PF-pod
formation, H-harvest maturity ._______. maximum
temperature, ...............minimum temperature.
Figs.1(a-c): Growth stage wise distribution of Tmax
and Tmin during groundnut growing
season at various locations in Southern peninsula
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The growing degree days (GDD) also called
heat units, effective units or growth units, are simple
means of relating plant growth, development and
maturity to air temperature. The heat unit or growing
degree day concept assumes that there is a direct
and linear relationship between growth and
temperature. It starts with the assumption that
growth of the plants is dependent on the total
amount of heat to which it is subjected during its
life time (Mavi 1994). The heat unit or growing
degree day is the departure from daily temperature
above the minimum threshold temperature. It is
determined by the formula:
- - --- ------ -------

(1)

where, Tt (the minimum threshold temperature)
is 15.5°C for groundnut.
Hence, the objectives of the study are to
quantify both the spatial and temporal distribution
of degree days(heat unit) and its percentage
contribution at each of the phenophases as
compared to total crop demand in Southern
peninsular region. Also to identify the peak
demand of particular phenophase [Figs.2(a-c)].

3.

Results and discussion

The mean total GDD demand, (Table 1) varied from
865(at Bangaluru), 909(at Dharwar) to 1615 (at
Tirupati). The higher values of both Tmax as well as
Tmin [Figs.1, (a-c)] as well as duration of crop which
is 133 days as compared to Bangalure and Dharwar

Legend: G-germination, EV-early vegetative, AVactive vegetative, F-flowering, PG-pegging PFpod formation, H-harvest maturity.
Figs.2(a-c): Growth stage wise GDD values during
groundnut growing season (year wise)
with best fit equations at various locations in Southern peninsula

TABLE 1
Phenophase wise groundnut crop duration, growing degree days (GDD) and its percentage
contribution at various locations in Southern peninsula
Crop Growth
Stages

ET Stations

Bangaluru

Dharwar

Tirupati

Duration
(Days)

GDD

% of
total
GDD

Duration
(Days)

GDD

% of
total
GDD

Duration
(Days)

GDD

% of
total
GDD

Germination

7

60.2

7.0

6

60.0

6.6

8

103.2

6.4

Early vegetative
Active vegetative
Flowering
Pegging
Pod formation
Harvest maturity

13
20
27
13
20
13

106.6
160.0
213.3
96.2
144.0
84.5

12.3
18.5
24.7
11.0
16.7
9.8

13
18
24
13
19
12

104.0
144.0
206.0
114.4
174.8
105.6

11.4
15.8
22.7
12.6
19.3
11.6

16
23
32
15
23
16

227.2
294.4
406.4
171.0
253.0
160.0

14.1
18.2
25.1
10.6
15.7
9.9

Total

113

864.8

100.0

105

908.8

100.0

133

1615.2

100.0

Gdd: Growing degree days, ET: Evapotranspiration
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during the entire crop life span at Tirupati resulted
in much higher GDD demand of that place. The
phenophase wise GDD demand showed that
initially the values were low (6-7% of total demand)
at germination stage which increased gradually and
reached the peak at flowering stage 22.7% at
Dharwar, 24.7% at Bangaluru and 25.2% at Tirupati
of total demand and then slowly decreased with the
advancement of crop phenophases. However, a
secondary peak was observed at pod formation
stage (16.7 to 19.2% of total demand) in all the
stations studied, while the main dip was observed
at pegging stage. Hence, the GDD demand was
bimodal in nature in all the three stations studied in
Southern peninsula. The demand was high enough
at active vegetative stage (15.8 to 18.5% of total
demand). Kashyapi and Das (1999) and Kashyapi
et al., (2010) observed same kind of trend for wheat
and rice crops, respectively. The crop performance
can be predicated by GDD and the phenophase
wise GDD values are important precursors in crop
simulation modeling. The computed heat unit can
act as important tool in efficient pest management
(Gillespie 1985).The best fit equations computed
at each of the stations represented the mean path
of GDD at each of the stations.

4.

increased gradually and reached the peak at
flowering stage 22.7% at Dharwar, 24.7% at
Bangaluru and 25.2% at Tirupati of total
demand and then slowly decreased with the
advancement of crop phenophases. The
demand was high enough at active vegetative
stage also i.e. 15.8% at Dharwad, 18.2% at
Tirupati and 18.5% at Bangaluru.
(iii)

This concept is widely popular in guiding agricultural
operations and planning land use & can also be
applied to the selection of one variety from several
varieties of plants to be grown in a new area.
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On the climatology of
thunderstorms over northeast
India: Lightning perspective

ABSTRACT
The fact that lightning and thunder occur in tandem has been exploited to deduce seasonal climatology of
thunderstorm days and diurnal variation of thunderstorm activity over the Northeast India (21°N–30°N,
88°E – 98°E) using high resolution (0.1° X 0.1°) gridded dataset prepared from quality checked Lightning
Imaging Sensor (LIS) data for the period 1998-2010. The study revealed that in winter season 1-6 thunderstorm
days occur over the region except eastern Assam which experiences about 8-10 thunderstorm days. SubHimalayan West Bengal, Meghalaya and adjoining Assam experiences about 30-45 days of thunderstorms
during premonsoon season and 16-26 thunderstorm days in monsoon season. For the region under consideration
the maximum number of thunderstorms occurs during late afternoon to evening hours. During premonsoon
season peak thunderstorm activity over Sub-Himalayan West Bengal and adjoining Assam occurs at late night
or early morning hours. 55 % of thunderstorms over Guwahati station (26.0°N–26.1°N, 91.5°E–91.6°E)
occur between 1700 UTC to 0000 UTC. This study brings out potential of lightning data in climatological
analysis of thunderstorm activity even if the surface data is not available over the region.

1.

Introduction

Lightning is a severe weather phenomena
resulting in loss of life and property. It is estimated
that about 100 people per year die of lightning
caused injuries Cooray et al. (2007). The global
annual deaths due to lightning range from 0.2 to
1.7 per million of population (Hill, 2006). Lightning
may occur from any type of cloud but most of the
lightning discharges owe their existence to
Cumulonimbus (Uman and Krider, 1989).
Lightning being invariably associated with
thunderstorms, are good tracers of
thunderstorms.
The climatology of thunderstorm activity over
India has been studied by various authors [Pant
and Rupa Kumar (1997), Tyagi (2007)]. The
observations taken at conventional manned
weather stations have been a prime source of
data for these studies. However, the observations
classifying a day as "thunderstorm" or "nonthunderstorm" are inherently limited by the laws
of Physics, which preclude audibility of thunder
sound beyond approximately 25 km (Wallace and
Hobbs, 2006). It is practically impossible to record
data at such a high spatial resolution with manned
observatories and hence significant number of the
thunder sound waves are bound go unheard by

the observers. The fundamental limitation faced
by previous studies is that only synoptic scale
data were available to derive the climatology of a
meso-scale event.
The variation of lighting activity over Indian
region is also studied by various authors
(Ranalkar and Chaudhari, 2009; Kandalgaonkar
et al., 2005). In this paper, we have exploited the
fact that lightning and thunder occur in tandem to
study climatology of thunderstorms and their
diurnal variability over the Northeast India using
the total lightning observed by Lightning Imaging
Sensor (LIS) on board the Tropical Rainfall
Measuring Mission (TRMM) satellite.

2.

Data and Methodology

The quality checked Lightning Imaging Sensor
(LIS) data obtained from the Marshall Space Flight
Center (http://www.thunder.msfc.nasa.gov) for the
period 1998-2010 over the Northeast Indian region
bounded by 21° N-30° N, 88°E-98°E have been
used in this study. LIS observes total lightning
activity (both Cloud-to-Ground and Cloud-to-Cloud
without distinguishing them) over the tropical
region bounded by 35°N -35°S (Ranalkar and
Chaudhari, 2009). The spatial locations of lightning
and time of lightning events have been used in
this study. The surface data of northeastern
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stations was also obtained from National Data Center
(NDC), IMD, Pune to compare the climatology
obtained from LIS data.
One of the limitations in estimating thunderstorm
climatology using lightning activity is high variability
of lightning activity on both temporal and spatial
scale. In order to achieve stable long term average
values of lightning activity Rakov and Uman (2003)
recommend using data for at least 11 years.
Availability of LIS data since 1998 gives us an
opportunity to derive climatology of thunderstorm
days using number of distinct days with occurence
of lightning flashes.
The high resolution (0.1°Latitude X 0.1° Longitude)
gridded dataset of the number of days with lightning
discharges over the region under consideration was

prepared to generate seasonal climatology of
thunderstorm days over Northeast India. In order
to study the diurnal variation of thunderstorm activity
over the region, the dataset for time of occurrence
of maximum flash rate was also prepared.

3.

Results and Discussion

3.1. Climatology of thunderstorm days
The seasonal variation of thunderstorm activity over
notheast India based on number of distinct days with
lightning flashes recorded by LIS is depicted in Fig.1.
It can be seen from Fig.1(a) that about 8-10
thunderstorm days occur during winter season in the
region bounded by 27-28°N and 95-96°E. Western
Disturbances is the main synoptic system during this
period. The climatology deduced from surface data
recorded at Dibrugarh station (27.48°N/ 95.02°E)

Fig.1. Mean seasonal thunderstorm days over Northeast India derived using number of distinct lightning
days during 1998-2010.
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reveals that 6 thunderstorm days occur during the
season. The results are in agreement with the
analysis done by Tyagi (2007) in which it is shown
that during winter season more than 5 thunderstorm
days over northern parts of Assam.
The region experiences severe convective
activity during premonsoon season (March-May).
The frequency of 40-45 mean maximum number of
thunderstrom days occur over Sub-Himalayan West
Bengal, adjoining Assam and Meghalaya especially
over Khashi, Garo and Jaintia hill area bounded by
25-26°N and 91-92°E as shown in Fig.1(b). High
frequency of thunderstorms also occur in
Bangladesh at the foothills of these hills. Surface
data of Guwahati station (26.1°N/ 91.58°E) reveals
that climatologically 31 thunderstorm days occur
over the station during the season. The highest
frequency of more than 40 thunderstorm days
occurs over Meghalaya and adjoining Assam
(Tyagi, 2007). Our analysis is in agreement with
previous study. The higher frequency of
thunderstorm days over northeast India during
premonsoon season is due to topography of the
region, insolation and advection of moisture under
favourable wind regime.
During monsoon season the maximum number
of thunderstorm days occurs in western part of
Northeast India over Khashi, Garo and Jaintia hill
region and in Sub-Himalayan West Bengal. The
mean number of thunderstorm days over
Bagdogra airport (26.63°N/88.32°E) during the
season is 58 days. Based on the data recorded
at various manned surface observatories, Tyagi
(2007) has revealed that more than 50
thunderstorm days occur over northeastern
states, Bangla Desh and West Bengal during
Southwest monsoon season. He has attributed
the thunderstorm maxima in monsoon season to
break monsoon conditions during which
topography and wind confluence together play
significant role. However, our analysis based on
LIS data presented in Fig.1(c) revealed
occurrence of about 24-26 thunderstorm days
during the season. The LIS being onboard a polar
orbiting satellie can provide only snapshots of
lightning activity and hence availability of data of
more years perhaps may resolve this issue.
Fig.1(d) shows distribution of thunderstorm

days in postmonsoon season. The thunderstorm
activity over entire Northeast India is subdued with
maximum 5-6 thunderstorm days on the average.
Tyagi (2007) has also noted sharp decline in
thunderstorm activity over northeastern states
during post monsoon season with only 6-7
thunderstorm days.
It can be seen that in all seasons there is a
marked decrease in frequency of thunderstorm
days to the north of 27°N in the mountainous
region. Fig.2 depicts the topography of the region
under consideration. It varies from sea level in
the South to about 8000 m in the North. Similarly
increase in frequency of thunderstorm days to the
South of Khashi, Garo and Jaintia hills underlines
the role of orography in modulating thunderstorm
activity over the Northeast India.

Fig.2. Topography of the northeast India
3.2. Diurnal variation of thunderstorms
The time of maximum flash rate (Number of
flashes per unit time) was calculated with respect
to UTC (IST-0530) for each season and results
are plotted in Figs.3(a-d) at an interval of one
hour. From Fig.3(b) and Fig.3(c) it can be seen
that majority of thunderstorms occur during late
night and early morning hours over Assam and
adjoining Meghalaya. It can also be inferred from
Fig.3(b) that the thunderstorm which originates
in afternoon/evening over West Bengal move
eastwards resulting in thunderstorms over
adjoining Assam stations in early morning hours
and extends to eastern stations later in the night.
Near head of the Bay of Bengal, peak
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Fig.3. Diurnal variation of thunderstorm activity over Northeast India in different seasons based on occurrence of maximum flash rate. (The dots indicate maximum flashes and colour shades indicate
time of occurrence of maximum flash)
thunderstorm activity occcurs at early morning
hours or late night hours. It can be seen from Fig.4
that during all seasons, thunderstorm activity over
Northeast India occurs during afternoon to late
evening hours whereas 55% of thunderstorms
over Guwahati station occur between 1700 UTC
to 0000 UTC. Mukherjee and Sen (1983) have
studied the dependence of diurnal variation of
thunderstorm on physical features and have
attributed occurrence of thunderstorm activity
over northeastern states generally during
afternoon and late evening hours. Our results are

in agreement with Mukherjee and Sen (1983).

4.

Conclusions

This study underlines the potential of LIS data in
climatological studies. Following conclusions can
be drawn from this study.
(i)
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The maximum frequency of 8-10 thunderstorm
days during winter season occurs over eastern
Assam and adjoining Arunachal Pradesh.
During premonsoon season the maxiumum
frequency of 40-45 days occurs over
Meghalaya, adjoining Assam and Sub-

improve our knowledge of not only the climatology
of mesoscale severe weather generating systems
but also their microphysical structure.
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Impact study on assimilation of
satellite radiance data using GSI
for convective activity
prediction

ABSTRACT
In this study, the impact of assimilating radiance data in simulating convective events over Sriharikota (13.72°N,
80.18°E) is evaluated. The grid point statistical interpolation (GSI) three-dimensional variational analysis
(3DVAR) system is employed to assimilate the satellite radiances into a 3km nested version of the Advanced
Research WRF (ARW WRF) model. Four severe convective events are chosen, two of which occur in association
with moderate or strong synoptic forcing, while the other two with weak synoptic forcing. The results indicate
that after radiance data assimilation, the intensity of the convective events in terms of mode, location and time
and mid tropospheric moisture could be well simulated in the two events that are triggered by strong synoptic
forcing However, in the events with weak synoptic forcing, despite radiance data assimilation the convective
forecast show a little to no improvement over control forecast.
Key words: Assimilation, Thunderstorm, Grid Point Statistical Interpolation

1.

Introduction

Accurate specification of the initial three
dimensional structure of the atmosphere is very
important to predict the future state. So high
resolution observations which represent the true
atmospheric state are required to provide accurate
initial conditions in numerical models. For Indian
region, where the oceanic conditions play an
important role in weather phenomena,
representation of the true oceanic state is also
important. But conventional observations over the
oceanic region are inadequate to determine the
initial structure of the atmosphere and hence
continuous efforts are on to utilize the remote
sensing technique and to collect the space based
operations. These observations can be used in
three dimensional description of atmosphere within
a data assimilation system. There is a continuous
development of the data assimilation-techniques
from the past six decades with the increasing
observational networks and computational facilities.
In 1980s and 1990s, atmospheric data assimilation
switched to variational methods which attempt to
combine observations and background information
in an optimal way to produce the best possible
estimate of the model initial state. Till last decade
many operational meteorological centers have
Spectral Statistical Interpolation (SSI) three
dimensional analysis as their assimilation system

for global model and 3D VAR assimilation system
for regional models.
With the advent of Grid point Statistical
Interpolation (GSI) [Wu et al. 2002], which features
the advantages of both SSI & 3D VAR and it's
flexibility to operate on both global and regional
platforms, it has become the operational
assimilation system at many meteorological
centers. The major advantage of this system is
greater flexibility in terms of inhomogenity and
anisotropy for background error statistics and
makes it straightforward for a single analysis system
to be used across a broad range of applications,
including both global and regional modeling
systems (Daryl T Kleist et al. 2009). The
background error covariance, which play a very
important role in determining quality of variational
analysis for numerical models, is defined as
covariance of forecast error estimated with the
difference of two forecasts valid at the same time.
GSI can analyze many types of observational data,
including conventional data, satellite observations.
In the present study the impact of assimilation
of satellite radiance data from AMSU (Advanced
Microwave Sounding Unit), AIRS (Atmospheric Infra
red Sounder), IASI (Infrared Atmospheric Sounding
Interferometer), MHS (Microwave Humidity
Sounder), in simulating convective events over and
around SHAR using GSI assimilation system is
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discussed. The radiance data in total field of view
is considered in which due to quality check cloudy
region radiance information is discarded. The
AMSU-A is a multi channel microwave temperature/
humidity sounder that uses two antennae
radiometer systems to provide twelve channels in
50 to 60 GHz oxygen band for retrieving
temperature profiles and two channels to identify
precipitation and correct for surface emissivity,
atmospheric liquid water and water vapour effects.
AMSU-B is five channel microwave sounder
designed to receive and measure radiation from a
number of different layers of the atmosphere in
order to obtain global data on humidity profiles. The
AIRS contains 2378 infrared channels and is aimed
at high spectral resolution for accurate temperature
and humidity profiles. The combined AIRS/AMSU
system provides radiance measurements used to
retrieve temperature profiles with an accuracy of
1K over 1Km layer under both clear and partly
cloudy conditions. The IASI also provides
temperature and humidity profiles with high vertical
resolution and accuracy under cloud free
conditions. The five-channel MHS consists a micro
wave radiometer designed to scan through the
atmosphere to measure the apparent upwelling
microwave radiation from the earth to derive
atmospheric humidity with different channels
relating to different altitudes.

2.

Model Description and Methodology

The meso scale convective events over Sriharikota
region (SHAR) are simulated using the WRFARW3.2. William C. Skamarock 2008 provides a
detailed description of the ARW model. The model
is configured with 35 vertical levels and three nested
domains with the parent domain at 27km. The two
inner nests at 9km and 3km grid spacing are chosen
depending on the region of convective interest.
Model equations are in the mass-based terrain
following sigma coordinate system and are solved
in Arakawa-C grid. Runge-Kutta third order time
integration technique is used for model integration.
The parameterization schemes of YSU for PBL,
Thompson for explicit moisture and Betts Miller
Janjic for cumulus convection were chosen based
on the previous studies carried out over this region
(Rajeevan 2009). Radiation is treated using the
RRTM long wave and Dhudia short wave scheme.
The initial and lateral boundary conditions are taken
from the National Center for Environmental

Prediction (NCEP) Global Forecast System (GFS)
analysis available at a 10 resolution. The model is
initialized with 00 or 12 UTC of the corresponding
event depending on time of occurrence of event
and is integrated for 24 hours. Two simulations are
made for each event, one with the assimilation of
satellite radiance data using the new analysis
system (GSI) and the other a control run without
any assimilation, to evaluate the impact of satellite
radiance data in short range prediction of convective
event.
Since large scale forcing influence formation of
meso scale events, in the present study, cases with
both strong synoptic forcing and weak synoptic
working are considered. Initially the verification of
the simulated convective event is made in terms of
convective occurrence, mode and location (MA
Fowle and PJ Roebber 2003). The ambient
environmental conditions for the initiation of
thunderstorms include the presence of conditional
instability, moisture intrusion in lower or middle
troposphere and lifting source. So prediction of the
thermodynamic parameters to identify preconvective
environment conducive to thunderstorm is useful for
forecasting thunderstorms. So the evaluation is
carried out in terms thermodynamic indices, surface
parameters and vertical velocities. The maximum
reflectivity observations are taken from Doppler
Weather Radar (DWR) Chennai. The electric field
values over SHAR region recorded by a network of
six field mills spread over a wide region over SHAR
is considered for the time of occurrence of event.
The surface observations of temperature, relative
humidity and wind speed from Automatic Weather
Station (AWS) are considered for comparison with
model simulations.

3.

Results

3.1 Strong Synoptic forcing:
3.1.1 5th July 2010
A thunderstorm occurred over Sriharikota in
association with the convective activity that
occurred over south peninsular India on 5th July
2010 during active South West Monsoon period.
The surface analysis for 00UTC of 5th July indicates
a trough in lower tropospheric levels over northern
plains extending southeastwards to the North Bay
of Bengal (Fig1.1a). With southwesterly flow over
southern peninsula and convergence in mid
tropospheric levels, convective activity formed over
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(a)

west of SHAR. The enhanced IR image from
Kalpana 1 at 00 UTC show cloud bands formed
along this trough (Fig1.1 b). The initial genesis was
observed over south west of SHAR at 06 UTC on
5th July. Thereafter the band of convective clouds
intensified and spread around 150 km propagating
in Northeast direction. Due to this convective event,
SHAR experienced thunderstorm at 11 UTC. The
maximum electric field over SHAR during that
period as recorded by the Field Mill 12000 V/
m(Fig1.1c).
The occurrence of the convection as simulated
by both the runs is highly correlated with observed
occurrence as confirmed by the radar. Based upon
the reflectivity signature observed storms are
categorized as linear, multicellular or isolated
(Weisman and Klemp 1986). According to these
criteria the simulated event is multicelluar
convection defined by reflectivity greater than 40
dBZ that persists for atleast 3 hours and has an
area coverage of at least 500 Km2. Though both
the experiments could simulate the event in terms
of convective occurrence, mode and location, a
temporal difference in the initial genesis and
propagation there forth in terms of intensity is
noticed. The initial genesis of the convective event
at 06UTC to the south west of SHAR could be
simulated by GSI (Fig1.2) near to the observed
where in the genesis as indicated by the CTL is at
around 08UTC. The peak activity in the domain of
study is observed at 12 UTC with maximum
reflectivity exceeding 45 dBZ. This could be well
simulated with GSI compared to CTL, with
thunderstorm over SHAR at 12 UTC and intensified
widespread convective activity to the west of SHAR.

(b)

(c)

Fig.1.1. a) 850 hpa wind along with RH (shaded)
b) Satellite imagery at 0030 UTC c) E field
recorded on 5th July 2010
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Fig (1.3) shows the thermodynamic profile at
the analysis time 00UTC from both GSI and CTL
simulations. An inversion at 500 hpa is observed
with almost nearer values of K, Total Total and Lifted
Indices. The amount of precipitable water content
simulated is also almost same. Much difference is
observed in the Convective Available Potential
Energy (CAPE) and Convective Inhibition (CIN)
indicating the instability. The moisture intrusion in
middle troposphere in GSI is higher than in CTL.
The gradual increase in the moisture content from
1.5 km to 6 km, which is a favorable condition for
the formation of thunderstorm, is observed. The
Skew T plot at 10 UTC when the convective band
approached SHAR shows that the LFC is higher in

(a)

(a)

(b)

(b)
Fig.1.3. Skew-T at 00UTC from GSI (a) and CTL (b)
CTL than in GSI giving rise to high CAPE values in
GSI. Though both the simulations indicated the
indices greater than the critical values, GSI could
simulate higher thermodynamic indices indicating
the instability leading to the thunderstorm event.

(c)

The dip in temperature and increase in moisture
content over SHAR with the passage of the
thunderstorm observed could be simulated
reasonably well by GSI following the trend in
variation (Fig1.4). The positive impact of GSI is
clearly evident in simulating the surface wind
features. The wind field simulated with CTL is much
higher than the observed, with more than 5m/s
difference.
Fig 1.2. Max reflectivity simulated by GSI (a) and
CTL (b) and observed from DWR
Chennai (c) at 0600UTC

Two updraft cores are noticed in the simulation
with GSI with core speeds exceeding 1m/s , greater
than the threshold value as mentioned in various
studies (Houze 1993, MA Fowle and PJ Roebber
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(a)
(a)

(b)

(b)
Fig.1.5. Vertical velocity in m/s and RH (shaded)
from GSI (a) and CTL (b)

(c)
Fig.1.4. Comparison of model simulated surface
temperature (a) Relative Humidity
(b) and wind speed (c) with observation
2003). The strong updraft core indicated in the GSI
is at 12 UTC extending up to 6 km (Fig1.5). The
presence of moisture in mid tropospheric levels all
throughout is observed in GSI which could not be
captured by CTL.
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3.1.2 4th July 2011
On 4th July 2011 a severe thunderstorm developed
in the late evening to the North West of SHAR in
association with the convergence in lower levels
due to the position of eastern end of monsoon
trough extending southwards dipping into Bay of
Bengal (Fig.2.1a). A very good amount of moisture
is also available in mid tropospheric levels The
enhanced IR picture showed convective clouds
wide spread all over the synoptically active region
(Fig.2.1b). Due to prevailing flow the meso scale
convective system moved towards SHAR causing
severe thunderstorm at around 1900 UTC with
electric field recording 14000 V/m (Fig.2.1c).

The initial genesis of the event to the North West
of SHAR could be simulated with GSI with
intensification thereafter whereas CTL failed to
simulate the intensity at the time of genesis. The
occurrence of the event over SHAR could be
simulated with GSI wherein CTL showed the passage
of the MCS just through west of SHAR. Though the
mode of convection could be captured by both the
experiments, the pattern of convective clouds could
be well simulated with GSI. At 1900 UTC when there
was peak activity over SHAR the reflectivity from GSI
showed convective cloud bands over SHAR extending
northeast wards which is in exact coincidence with
the observed reflectivity from DWR (Fig.2.2). The time

(a)

(a)

(b)

(b)

(c)

Fig 2.1. a) 850 hpa wind along with RH (shaded)
b) Satellite imagery at 0000 UTC c) E field
recorded on 5th July 2011
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Fig. 2.2 contd.

Fig. 2.3 contd.

(c)

Fig.2.2.

Max reflectivity simulated by GSI (a) and
CTL (b) and observed from DWR
Chennai (c) at 1900UTC

Fig.2.3(b)
Fig.2.3. Skew-T at 19 UTC from GSI (a) and CTL (b)
(a)

of occurrence of event was simulated with both the
experiments. The value of thermodynamic indices
at the time of analysis i.e., 00UTC are almost similar
from both the experiments. The value of CAPE is
below the threshold in both the runs. Though there
is a good amount of moisture content in mid
tropospheric level in CTL compared to GSI, the
convective inhibition is much higher in GSI with
greater values of K and Total Index (Fig.2.3).
All the three surface parameters simulated from
both the experiments showed similar trend of
variation as in the observations (Fig.2.4). But the
values of the parameters simulated with GSI are
nearer to the observations compared to CTL.
Though the dip in temperature and increase in

(b)

(c)

Fig.2.3(a)
Fig. 2.3contd. on............

Fig.2.4. Comparison of model simulated surface
temperature (a) Relative Humidity (b) and
wind speed (c) with observation
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humidity during the event was simulated with CTL
there was an over estimation in the simulated
temperature and an under estimation in relative
humidity. Higher wind speeds were simulated with
CTL. A strong core of updrafts with vertical velocity
of 1.6 m/s at 19 UTC over SHAR could be simulated
with GSI, which indicates the intensity of the system,
with increase in moisture content thereafter
(Fig.2.5). Whereas in CTL experiment no significant
updrafts or downdrafts could be simulated with an
increase in moisture content as mentioned earlier.

also showed convective clouds along this region
(Fig.3.1b). The intensification and propagation was
to the south west of SHAR but the anvil of the
cumulonimbus cloud propagated over SHAR
causing lightning from around 09UTC. The vertical
extent of the cumulonimbus cloud was up to 15km.
The electric field value recorded during the passage
of the storm is 10000V/m (Fig.3.1c).
(a)

(b)
Fig.2.5(a)

(c)
Fig.2.5(b)
Fig.2.5. Vertical velocity in m/s and RH (shaded)
from GSI (a) and CTL (b)
3.2 Weak Synoptic Forcing
3.2.1 20th April 2011
During pre monsoon season where there was no
significant synoptic forcing two isolated
thunderstorms formed to the north north west and
south west of SHAR at around 9 and 12 UTC in
association with a line of convergence in southern
peninsula (Fig.3.1a). The satellite picture at 00UTC

Fig.3.1. a) 850 hpa wind along with RH (shaded)
b) Satellite imagery at 0030 UTC c) E field
recorded on 20th April 2011

151

Simulations from both the experiments showed
formation of isolated thunderstorms wide spread
all over the domain. The thunderstorm formed to
the north north west of SHAR that has spatial of
few kilometers could not be captured in both the
runs. However the other thunderstorm could be
simulated with both the runs but only in terms of
mode and time of occurrence. Model simulated
location of occurrence was to the west of SHAR
against the observed in southwest (Fig3.2).
Though the intensity simulated with GSI is high
and wide spread compared with CTL, the
observed maximum reflectivity of greater than
55dbz could not be simulated with GSI also. The
thermodynamic profiles from both the runs show
similar boundary layer characteristics with very
less amount of moisture available in lower
tropospheric levels (Fig3.3). At the time of activity
over SHAR i.e., at 10UTC also not much variation
is noticed in the thermodynamic profiles. The
values of CAPE, K index and Lifted index were
all below threshold in both the runs with less
amount of precipitable water.
Unlike in the previous two cases no significant
variation is observed in the values of surface
temperature, RH and wind speed simulated by GSI
and CTL (Fig3.4). The values of surface air
temperature from GSI and CTL are almost same
and the trend of variation also could not be captured
in both the simulations. A variation of 2 m/s was
observed in the model simulated wind speeds from
both the runs when compared with observed. No
significant updrafts and downdrafts were observed
in both the runs but the forecast from GSI showed
higher moisture values in mid tropospheric levels
(Fig 3.5).

(a)

(b)

(c)

3.2.2 5th October 2011
During the transition period from southwest to
north east i.e., during the withdrawal phase of
south west monsoon, on October 5th a very
isolated thunderstorm formed just few kilometers
to the north of SHAR and propagated towards
SHAR in accordance with the prevailing north
westerlies (Fig.4.1a). The satellite picture also
showed almost dry conditions prevailing almost
over entire country (Fig4.1b). The event lasted
for 3 hours after genesis extending only few
kilometers (~10km) spatially and has vertical
extent upto 15km. Out of the four events chosen

Fig.3.2. Max reflectivity simulated by GSI (a) and
CTL (b) and observed from DWR
Chennai (c) at 1200UTC
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Fig.3.4 Contd.
(c)

Fig.3.4. Comparison of model simulated surface
temperature (a) Relative Humidity (b) and
wind speed (c) with observation

Fig.3.3(a)

(a)

Fig.3.3(b)
Fig.3.3.Skew-T at 00 UTC from GSI (a) and CTL (b)
(b)

(a)

(b)
Fig.3.5. Vertical velocity in m/s and RH (shaded)
from GSI (a) and CTL (b)
this event was most intense with field value rising
upto 18000V/m (Fig4.1c) as the genesis and
occurrence of the event was exactly over SHAR.

Fig.3.4 contd.on.............

In terms of reflectivity though small scale
isolated thunderstorms were simulated around
SHAR, the exact event could not be captured with

153

(a)

(a)

(b)
(b)

(c)

Fig.4.1. a) 850 hpa wind along with RH (shaded)
and b) Satellite imagery at 0600 UTC c)
E field recorded on 5th October 2011

Fig.4.2. Max reflectivity simulated by GSI (a) and
CTL (b) and observed from DWR
Chennai (c) at 0700 UTC
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both GSI and CTL due to the small resolution of
the system (Fig4.2). The thunderstorm that
occurred to the south west of SHAR was observed
in both the simulations but there was a temporal
lag of four hours in the event simulation. The pre
storm environment simulated from both the
experiments showed no indication of occurrence
of a thunderstorm in terms of thermodynamic
indices. All the values are below threshold value
before and after occurrence (Fig4.3). An increase
in the moisture content in the boundary layer is
observed in both experiments.

(Fig4.4). Significant change was not observed in
terms of wind speed also. Similar to the other
parameters vertical velocity simulated from GSI
and CTL did not show any activity present and
indeed showed quite stable winds above, with no
significant change in the moisture content also
(Fig 4.5).

Surface weather parameters when compared
with observation, showed similar results like in
previous case where both GSI and CTL simulated
values were almost equal. In case of surface air
temperature and relative humidity the trend of
variation also was not simulated both the runs
Fig.4.4(a)

Fig.4.4(b)
Fig.4.3(a)

Fig.4.4(c)
Fig.4.3(b)
Fig.4.3. Skew-T at 06 UTC from GSI (a) and CTL (b)

Fig.4.4. Comparison of model simulated surface
temperature (a) Relative Humidity (b) and
wind speed (c) with observation

155

prediction may not have been captured, which may
be attributed to limitations of radiance data in cloudy
region, which may effect the representation of micro
physical processes in the model initialization The
comparison of simulated surface fields of
temperature, relative humidity and wind speed that
are good indicators of pre storm environment, with
observation also show that simulation with GSI are
nearer to the observation. In case of weakly forced
events, both the experiments failed to exactly
capture the event. So overall the results show that
convective forecasts with assimilation of radiance
data are poor under weak synoptic scale forcing
and good under strong synoptic scale forcing.
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