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lkj & Hkkjr ekSle foKku foHkkx ekSle oSKkfud mi[kaM+ksa ds fy, Hkkjh o"kkZ dh psrkouh rc tkjh 
djrk gS tc ml mi[kaM esa fLFkr fdlh Hkh o"kkZ ekih dsUnz esa visf{kr 24 ?kaVksa esa 64-5 fe- eh- vFkok blls 
vf/kd o"kkZ ds gksus  dh laHkkouk gksrh gSA ;|fi ;s psrkofu;k¡ dkQh igys ls nh tkrh jgha gSa vkSj vc NksVs 
LFkkfud iSekus ij Hkh tkjh dh tk jgh gS fdarq fQj Hkh bu psrkofu;ksa ds ek=kRed ewY;kadu ds fy, cgqr 
de iz;kl fd, x, gSaA vr% ekulwu _rq ds tqykbZ&vxLr ds izeq[k eghuksa ds nkSjku iwohZ mRrj izns’k] 
if’peh mRrj izns’k vkSj fcgkj ds le:i ekSle oSKkufd mi[kaMksa dks Hkkjh o"kkZ ds gksus dh nh tkus okyh 
psrkouh dks lgh fl) djus ds fy, v/;;u vkjaHk fd;k x;k gSA  bl dk;Z ds fy, gky gh ds fiNys ikap 
o"kkZsa (2001&2005)  ds vk¡dM+ksa vkSj 1970 ds iwokZ)Z ds  ik¡p o"kZ & dky ds vk¡dM+ksa ij fopkj fd;k x;k gSA 
bl laca/k esa tc mi[kaM ds de ls de nks dsUnzksa esa Hkkjh o"kkZ okys fnu fjdkMZ fd, x,  og fnu ml 
mi[kaM esa Hkkjh o"kkZ okys fnu ds :i  esa ekuk x;kA 

 
 
bl v/;;u esa dh dh xbZ tk¡p ls gky gh ds fiNys ik¡p  o"kksZa  esa fcgkj esa 64 izfr’kr] iwohZ mRrj 

izns’k esa 52 izfr’kr  vkSj if’peh mRrj izns’k esa 53 izfr’kr Hkkjh o"kkZ  ds gksus dh laHkkouk dk irk pyrk 
gSA 1970 ds iwokZ)Z dh vis{kk 2001&2005 ds nkSjku ds iwokZuqeku ds dkS’ky esa FkksM+k lq/kkj vk;k gSA iwokZuqeku 
djus dh laHkkouk esa 10&20 izfr’kr c<+ksrjh gqbZ blds lkFk gh viz;kZIr vka¡dMksa dh nj rFkk Hkzked vk¡dMksa 
dh nj esa deh vkbZ gSA fQj Hkh Hkzked vk¡dMksa dh nj lkekU; ls vf/kd dh vksj ladsr dj jgh gSA o"kZ 
2001&2005 dh vof/k ds nkSjku ?kfVr gqbZ Hkkjh o"kkZ dh ?kVukvksa ls tqMh gqbZ flukfIVd fLFkfr;ksa dks ,d= 
fd;k x;k vkSj mudk fo’ys"k.k fd;k x;k gSA vizR;kf’kr :Ik ls gksus okyh Hkkjh o"kkZ dh ?kVukvksa ds 
fo’ys"k.k ls ;g irk pyrk gS fd ;/kfi flukfIVd pkVksZa vkSj ,u- MCY;w- ih- vkmViqV dh leqfpr O;k[;k 
psrkouh nsus esa lq/kkj dj ldrh gS rks Hkh orZeku le; esa miyC/k iwokZuqeku iz.kkyh Hkkjh o"kkZ dh izR;sd 
?kVuk dk igys ls gh iqokZuqeku nsus esa vHkh Hkh l{ke ugha gSA 

 
 
ABSTRACT. India Meteorological Department (IMD) issues heavy rainfall warning for a meteorological sub-

division when the expected 24 hours rainfall over any rain gauge station in that sub-division is likely to be 64.5 mm or 
more. Though these warnings have been provided since long and are also now being issued for smaller spatial scales, 
very few attempts have been made for quantitative evaluation of these warnings.  Hence, a study is undertaken to verify 
the heavy rainfall warning over the representative meteorological sub-divisions of east Uttar Pradesh (UP), west UP and 
Bihar during main monsoon months of July and August. For this purpose data of the recent 5 years (2001-2005) and also 
for another epoch of 5 years in the early 1970s has been taken into consideration. In this connection, the day when heavy 
rainfall is recorded over atleast two stations in a sub-division, has been considered as a heavy rainfall day for that sub-
division. 

 
This study of verification shows that probability of detection of heavy rainfall is 64% over Bihar, 52% over east UP 

and 53% over west UP for the recent 5 years. Compared to early 1970s, there has been slight improvement in the forecast 
skill during 2001-2005 with probability of detection increasing by about 10-20% and with decrease in missing rate and 
false alarm rate. However, the false alarm rates are still large indicating higher bias towards over-prediction. The synoptic 
conditions associated with the heavy rainfall events have been collected for the period 2001-05 and analysed. The 
analysis of the unanticipated heavy rainfall events suggests that though proper interpretation of synoptic charts and NWP 
outputs could improve the warnings, the forecast system available even today is still not capable to capture every heavy 
rain event in advance. 

  
Key words ‒ Heavy rainfall, Monsoon, Forecast verification. 
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1. Introduction  
 

As per the criteria of India Meteorological 
Department (IMD), the heavy rainfall is said to have 
occurred over a station, if the accumulated rainfall during 
past 24 hrs as recorded at 0830 hrs IST is 64.5 mm or 
more. Accordingly, IMD issues heavy rainfall warning for 
a meteorological sub-division when the expected 24 hours 
rainfall over any raingauge station in that sub-division is 
likely to be 64.5 mm or more. Though these warnings 
have been provided since the inception of IMD and are 
also now being issued for smaller spatial scales, a few 
attempts have been made for quantitative evaluation of 
these warnings.  The verification of heavy rainfall warning 
is essential to monitor their value and quality. It also helps 
to compare the quality of different forecast systems and to 
find out the better one. The verification is mostly 
performed by calculating the forecast accuracy and its 
variation/improvement over the time. According to 
Murphy (1993), the goodness of forecast is distinguished 
by consistency (degree to which the forecast corresponds 
to the forecaster’s best judgement about the situation), 
value (the degree to which the forecast helps a decision 
maker to realize some incremental economic and other 
benefits) and quality (degree to which the forecast 
corresponds to what actually happened). Murphy (1993) 
has described nine aspects (attributes) that contribute to 
the quality of a forecast. These include bias, resolution, 
accuracy, skill, discrimination and uncertainty etc. There 
are many types of forecast each of which calls for slightly 
different methods of verification (Thornes and 
Stephenson, 2001 and Jolliffe & Stephenson, 2003). These 
include deterministic forecast (occurrence/non-occurrence 
of an event like heavy rainfall), probabilistic forecast (e.g., 
probability of precipitation and ensemble forecast) and 
qualitative forecast (like 5 day outlook). In this study, the 
heavy rainfall warnings issued by IMD New Delhi for 
three meteorological sub-divisions, viz., Bihar, east Uttar 
Pradesh (UP) and west UP (Fig. 1) during the main 
monsoon months of July and August have been verified 
for two different 5 years epochs of 1971-1975 and 2001-
2005. The objective of choosing these two 5 years epochs 
is to assess the impact of numerical weather prediction 
(NWP) models guidance on heavy rainfall warning. The 
methodology of verification and data used in this regard 
are described in details in Sec.2. 

 
Bihar and most parts of UP lie to the north of the 

normal position of the monsoon trough in July and August 
(Srinivasan et al., 1972 and Pathan, 1993). The northern 
most parts of these states are sub-mountainous. The 
monsoon rainfall over these states mainly depends on the 
activity of the monsoon trough. The common synoptic 
situations that produce good rainfall in Bihar and               
UP  include  low  pressure  systems and upper air cyclonic  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1. Region of study under consideration 
 
circulations over the region and neighbourhood, monsoon 
trough across the region, north-south oriented trough in 
the monsoon westerlies or a westerly trough moving 
across the western Himalayas or Tibet in the upper 
troposphere (Srinivasan et al., 1972). In association with 
the above synoptic situations, UP and Bihar experience 
floods due to heavy rainfall during the main monsoon 
months of July and August. Rainfall, even of the order of 
30-40 cm in 24 hours has occurred in UP, the amount 
being as high as 50 cm in south east UP, while the amount 
of the order of 40-50 cm has also been reported in Bihar 
(Srinivasan et al., 1972). Synoptic meteorologists have 
always given very high credence to the synoptic 
conditions while issuing these warnings. The synoptic 
situations associated with the heavy rainfall events during 
the recent 5 years have been analysed in Sec.3 along with 
the results of verification.  
 
2.  Data and methodology 
 

For the recent 5 years (2001-2005), the heavy 
rainfall warnings valid for next 24 hours as issued by 
Northern Hemispheric Analysis Centre (NHAC), IMD, 
Mausam Bhavan, New Delhi in respect of west UP, east 
UP and Bihar during main monsoon months of July and 
August have been verified. For this purpose, the daily 
rainfall as recorded at different raingauge stations in these 
sub-divisions under the district-wise rainfall monitoring 
scheme (DRMS) have been taken into consideration. The 
days of occurrence of heavy rainfall events, when atleast 
two  rain  gauge  stations  in a meteorological sub-division  
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TABLE 1 
 

Average number of heavy rainfall days over the meteorological         
sub-divisions under consideration during July-August 

 
Meteorological sub-division Average number of heavy rainfall days  

Bihar 12.4 

East UP 12.8 

West UP 3.4 
 
 
report heavy rainfall have been found out. The data have 
been quality checked by comparing heavy rainfall with 
rainfall over the surrounding stations. The days of forecast 
issued by NHAC, IMD, New Delhi for occurrence of 
heavy rainfall for each of the three meteorological sub-
divisions under consideration have been collected from 
the special daily weather reports (SDWR) published by 
NHAC. 
  

For the period of 1971-1975, the heavy rainfall 
warnings issued by the office of Deputy Director General 
of Meteorology (Weather Forecasting), IMD, Pune have 
been considered, as weather forecasting at NHAC was 
non-existent at that time.  The data on days of occurrence 
of heavy rainfall and heavy rainfall warning have been 
collected from India daily weather reports published by 
IMD, Pune. The heavy rainfall warnings during 1971-
1975 and 2001-2005 have been analysed and results of 
verification have been compared  keeping the above 
limitations in mind.  
 

The various forecast verification methods are 
described in Stanski et al., (1989) and Wilks (1995). 
Heavy rainfall occurrence is a dichotomous and 
deterministic variable. Accordingly, the suitable 
verification methods have been used in the study using a  
2 × 2 contingency table (Wilks, 1995) as given below. 

 

Observed 
Forecast 

Yes No 

Yes A B 

No C D 
 
Using this contingency table the following  indices 

have been calculated. 
 

Probability  
of detection 
(POD) 
 

= A/(A+B), False alarm rate 
(FAR) = C/(C+A) 
 

Missing rate 
(MR) 

= B/ (B+A), Correct non-
occurrence  
(C-NON)=D/(C+D) 

Critical 
success index 
(CSI) 
 

= Threat score = A/(A+B+C) 

Bias for 
occurrence 
(BIAS) 
 

= (A+C)/(A+B) 

Percentage 
correct (PC) 
 

= (A+D)/(A+B+C+D)*100 = Hit rate*100 
  

Heidke skill 
score (HSS) 

= 2(AD-BC)/ 
[(B2+C2+2AD+(B+C)(A+D)] 

 
For a perfect 
forecast, POD 

= 1, FAR = 0, MR = 0, CSI = 1,                
BIAS = 1, PC = 100% and   HSS = 1. 

 
 

3. Results and discussion  
 

The results of verification of heavy rainfall warning 
are presented and discussed in sec.3.1. The causative 
synoptic systems for heavy rainfall over different 
meteorological sub-divisions under consideration are 
analysed and discussed in sec.3.2. The unanticipated 
heavy rainfall events are presented and discussed in 
sec.3.3. 
 
 

3.1.  Verification of heavy rainfall warning 
 

The frequency of heavy rainfall events for the two 5 
year epochs along with the annual average over these 10 
years is given in Table 1. The heavy rainfall was more 
frequent in the recent epoch in east UP and Bihar where as 
the opposite occurred over west UP in the early 1970s. 
The year 1972 was a phenomenal drought in which 
pronounced deficiencies in rainfall occurred in July and 
August (Sikka, 1980) even over these areas that usually 
receive good rainfall during break monsoon conditions. 
Though each of both the epochs had two droughts, their 
character was quite different. The average annual 
frequency of heavy rainfall days during this 10 years 
period is turning out to be somewhat higher because of the 
presence of 4 drought years. 

 
The results of verification of heavy rainfall warning 

for these sub-divisions are presented in Figs. 2(a-h). The 
probability of detection of heavy rainfall events over 
Bihar has improved by only 10 % where as the 
improvement in UP is roughly of the order of 15-20%. But 
it is still higher at 64% compared to east and west UP 
where it stands now at about 52%. Similarly, the missing 
rate has decreased all over though the improvement is 
higher  in UP.  Since  the  heavy  rainfall  events can cause  
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   (a) Percentage correct                                                              (b) Probability of detection  
 

 

 

 

 

 

   (c) Correct non-occurrence                                                      (d) Missing rate 
 

 

 

 

 

 

   (e) False alarm rate                                                                  (f) Bias for occurrence 
 

 

 

 

 

 

   (g) Critical success index                                                         (h) Heidke skill score 
 

 

 

 

 
 
              : Verification measures for the period of 1971-1975              : Verification measures for the period of 2001-2005 

             

Figs. 2(a-h).  Verification measures of heavy rainfall warning over Bihar, east UP and west UP during July-August based on data of 1971-1975 and 
2001-2005. (a) Percentage correct, (b) probability of detection, (c) correct non-occurrence, (d) missing rate, (e) false alarm rate,           
(f) bias for occurrence, (g) critical success index and (h) Heidke skill score 

 
 
flood, they have high cost on being missed. The false 
alarm rate has considerably gone down in Bihar and 
continues to be high over west UP where improvement is 
very little. Considering both the heavy and non-heavy 
rainfall events, the percentage of correct forecast is now 
maximum over west UP (85.5%) followed by Bihar and 
east UP. The higher percentage of correct forecast is 
mainly due to higher percentage of correct forecast of 
non-heavy rainfall events. The forecast of non-occurrence 

of heavy rainfall over a meteorological sub-division has 
the high quality but little value. The present methodology, 
which is mostly based on synoptic methods and 
interpretation of numerical weather prediction models 
guidance is still very subjective. Hence, the warnings 
issued are highly biased to over-forecasting and cause 
frequent false alarms. The BIAS indicates that over-
forecasting has considerably gone down in Bihar and is 
now maximum for west UP. However, the deliberate over- 
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TABLE 2 
 

Synoptic systems associated with heavy rainfall over at least two stations in Bihar 
 

S. 
No. 

Synoptic systems Number of heavy 
rainfall days (%) 

1. Monsoon trough lying close to the foothills of the Himalayas with/without north-south oriented trough in westerlies in lower 
levels across east UP/ Bihar 

16 (25.8) 

2. Monsoon trough extending eastwards to Assam across Bihar with north-south oriented trough in westerlies at lower levels over 
east UP/ Bihar 

03 (4.8) 

3. Monsoon trough extending eastwards to Assam across Bihar with embedded LPSC over different regions (i-iv) 09 (14.5) 

(i)   LPSC over east UP 04 

(ii)  LPSC over Bihar 02 

(iii) LPSC over Sub-Himalayan West Bengal and Sikkim 01 

(iv)  LPSC over Assam and Meghalaya 02 

4. Western end of monsoon trough lying close to the foothills of the Himalayas and eastern end extending from Bihar to north Bay 
of Bengal 

13 (21) 

5. Western end of monsoon trough lying close to the foothills of the Himalayas and eastern end extending from Bihar to north Bay 
of Bengal with LPSC over the north Bay and adjoining areas 

05 (8.1) 

6. Monsoon trough lying to the south of Bihar and extending eastwards to Bangladesh with an embedded cyclonic circulation over 
Bangladesh 

01 (1.6) 

7. Monsoon trough lying to the south of Bihar or passing through extreme southern part of Bihar and extending to north Bay of 
Bengal alongwith embedded LPSC over different regions (i-vi) 

15 (24.2) 

(i)   LPSC over Jharkhand 04 

(ii)  LPSC over Chhattisgarh 02 

(iii) LPSC over Gangetic West Bengal 02 

(iv) LPSC over north Bay 02 

(v)  LPSC over Orissa 01 

(vi) LPSC over Haryana/west UP/ Uttaranchal 04 

Total 62 (100) 
 
 
 
forecasting of an event like heavy rainfall may be 
justified, even though it may lead to a large number of 
false alarms, as the heavy rainfall events which can cause 
flood have high cost on being missed. 
  

The critical success index that determines the threat 
score has considerably improved in Bihar from 0.07 to 
0.35. It is now 0.27 over east UP and 0.17 over west UP. 
The Heidke skill score is also included in the Fig. 2. The 
improvements in the various indices are mainly attributed 
to the improved analysis and forecast products through 
numerical weather prediction models guidance available 
to the forecasters in recent years. However, consistent 
effort should be made to reduce false alarm and missing 
rates and hence to increase the probability of detection of 
heavy rainfall events. This is possible only either by 
improving the quality of the NWP models or by   
statistical interpretation of the NWP outputs by objective 
linking of forecast with realised rainfall.  

Verifying the skill of ECMWF forecasts based on 
T213L31 model, Petroliagis et al. (1997) have shown that 
probabilistic precipitation predictions are less skillful for 
predicting extreme weather events, possibly due to poor 
Ensemble Prediction System (EPS) model resolution. Roy 
Bhowmik et al., (2007) have documented the current level 
of skill of the operational NWP model of IMD based on 
daily 24 hrs forecast run of the model during the two 
normal monsoon years 2001 and 2003. Their study shows 
that the accuracy in prediction of location and magnitude 
of rainfall fluctuates considerably. The study suggests to 
maximize data ingest and to use better data assimilation 
scheme in the model to improve the forecast skill. The 
poor representation of local topography and other features 
necessitates statistical interpretation of NWP products. 
Maini et al. (2002) have verified the direct model output 
obtained from NWP models and the statistical 
interpretation forecast obtained by Perfect Prognostic 
Method  (PPM)  based  on  ECMWF analysis. Their study  
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TABLE 3 
 

Synoptic systems associated with heavy rainfall over at least two stations in east UP 
 
S. 
No. 

Synoptic systems Number of heavy 
rainfall days (%) 

1. Monsoon trough lying close to the foothills of the Himalayas with/without north-south oriented trough in westerlies in lower 
levels across east UP 

08 (12.5) 

2. Monsoon trough extending eastwards to Assam with embedded cyclonic circulation/north-south oriented trough in westerlies at 
lower levels over east UP 

08 (12.5) 

3. Monsoon trough extending eastwards to Assam with embedded LPSC over Bihar 08 (12.5) 

4. Monsoon trough extending through east UP to north Bay of Bengal 02 (3.1) 

5. Monsoon trough extending through west UP, east UP to north Bay of Bengal with embedded LPSC over different regions (i-vii) 36 (56.3) 

(i)   LPSC over west UP/ Haryana 06 

(ii)  LPSC over east UP 08 

(iii) LPSC over Jharkhand 08 

(iv) LPSC over Chhattisgarh 03 

(v)  LPSC over Gangetic West Bengal  04 

(vi)  LPSC over Orissa  04 

(vii) LPSC over north Bay of Bengal 03 

6. Monsoon trough lying to the south of east UP and extending to the Bay of Bengal with embedded LPSC over northeast Madhya 
Pradesh/ Chhattisgarh 

02 (3.1) 

Total 64 (100) 
 
 
 
 
shows that the statistical interpretation forecast has good 
skill and is an improvement over direct model output. 
 

3.2.  Synoptic systems associated with heavy rainfall 
events 

 
Information in respect of the synoptic systems 

associated with heavy rainfall events has been gathered 
only for the recent 5 year epoch. These synoptic systems 
witnessed over Bihar, east UP and west UP are analysed 
and discussed in Sec.3.2.1, 3.2.2 and 3.2.3 respectively. 
 

3.2.1.  Synoptic systems associated with heavy 
rainfall over Bihar 

 
The synoptic systems associated with heavy rainfall 

events over Bihar during July-August are shown in         
Table 2. The heavy rainfall events are dominantly 
associated with the (i) monsoon trough lying close to the 
foothills of the Himalayas with/without north-south 
oriented trough in westerlies in lower levels across east 

UP/Bihar, (ii) monsoon trough extending eastwards to 
Assam across Bihar with embedded cyclonic circulation/ 
north-south oriented trough in westerlies at lower levels 
over east UP/Bihar/sub-Himalayan West Bengal and 
Sikkim, (iii) western end of monsoon trough lying close to 
the foothills of the Himalayas and eastern end extending 
from Bihar to north Bay of Bengal with/without low 
pressure systems (LPS)/cyclonic circulations  over Bihar/ 
north Bay of Bengal and (iv) monsoon trough lying to the 
south of Bihar or passing through extreme southern part of 
Bihar and extending to the north Bay of Bengal along with 
embedded LPS over Jharkhand. More than 90% of the 
heavy rainfall events in Bihar are associated with the 
above mentioned synoptic systems. When the monsoon 
trough shifts to the north close to the Himalayas and 
westerlies prevail over north India, north-south oriented 
trough/circulations form in the westerlies and move from 
west to east causing rain over UP and Bihar. In some 
cases, the land lows also develop over these regions 
causing intense rainfall (Srinivasan et al., 1972). The 
heavy  rainfall  can  also  occur in isolated cases with LPS/  
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TABLE 4 
 

Synoptic systems associated with heavy rainfall over at least two stations in west UP 
 

S. 
No. 

Synoptic systems Number of heavy 
rainfall days (%) 

1. Western end of the monsoon trough lying close to the foothills of the Himalayas or across west UP and eastern end either lying 
close to the foothills or extending to Assam  

04 (23.5) 

2. Western end of the monsoon trough lying across west UP and eastern end extending to north Bay with embedded LPSC over 
different regions (i-v) 

11 (64.7) 

(i)   LPSC over west UP 03 

(ii)  LPSC over east UP 03 

(iii) LPSC over Jharkhand 03 

(iv) LPSC over northwest Bay of Bengal 01 

(v)  LPSC over Haryana 01 

3. Western end of monsoon trough lying to the south of west UP, eastern end extending to the north Bay of Bengal with embedded 
LPSC over different regions (i-ii) 

02 (11.8) 

(i)  LPSC over west Madhya Pradesh 01 

(ii) LPSC over Orissa 01 

Total 17 (100) 
 
 
 
 
cyclonic circulation (LPSC) over Haryana/west UP/ 
Uttaranchal, north Bay/Gangetic West Bengal and Orissa 
if the associated monsoon trough passes through Bihar.  
 

3.2.2.  Synoptic systems associated with heavy 
rainfall over east UP 

 
The synoptic systems associated with heavy rainfall 

events over east UP during July-August are shown in 
Table 3. The heavy rainfall events are dominantly 
associated with the (i) monsoon trough lying close to the 
foothills of the Himalayas with/without north-south 
oriented trough in westerlies in lower levels across east 
UP/Bihar, (ii) monsoon trough extending eastwards to 
Assam across east UP and Bihar with embedded cyclonic 
circulation/north-south oriented trough in westerlies at 
lower levels over east UP/ Bihar and (iii) monsoon trough 
passing through east UP and extending to north Bay of 
Bengal along with embedded LPSC over east UP/ 
Jharkhand/Chhattisgarh. More than 70% of the heavy 
rainfall events in east UP are associated with the above 
mentioned synoptic systems. The heavy rainfall can also 
occur on some occasions over east UP when the monsoon 
trough passes through east UP to north Bay with 
embedded LPSC over north Bay, Orissa and Gangetic 
West Bengal. The heavy rainfall over UP and Bihar may 
also be attributed to the rapid northwestward movement of 
this embedded system. On some of the occasions there has 
been interaction with the extratropical westerlies with the 
embedded LPSC over the north Bay of Bengal. Srinivasan 

et al., (1972) have also shown that in common with 
northwest India, Uttar Pradesh and Bihar are also affected 
by disturbances in middle latitude westerlies. These 
westerlies interact even with the LPSC located far away 
over the north Bay of Bengal. On rare occasions the heavy 
rainfall occurs over east UP when the monsoon trough 
passes to the south of the east UP, but embedded with 
LPSC over northeast Madhya Pradesh/Chhattisgarh. With 
reference to heavy rainfall to the north of the monsoon 
trough at the sea level earlier studies (Srinivasan et al., 
1972) have shown that there are occasions when the axis 
of the monsoon trough slopes northward with height 
causing more rainfall to the north of the surface location 
of the monsoon trough. 
 

3.2.3.  Synoptic systems associated with heavy 
rainfall over west UP 

 
The synoptic systems associated with heavy rainfall 

events over west UP during July-August are shown in 
Table 4. The heavy rainfall events over west UP are 
dominantly associated with the (i) Western end of the 
monsoon trough lying close to the foothills of the 
Himalayas or across west UP and eastern end either lying 
close to the foothills or extending to Assam and                
(ii) Western end of the monsoon trough lying across west 
UP and eastern end extending to north Bay with 
embedded LPSC over Haryana, west UP, east UP and 
Jharkhand. More than 82% of the heavy rainfall events in 
west UP are associated with the above mentioned synoptic  
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TABLE 5 
 

Synoptic systems associated with unanticipated heavy rainfall events in Bihar 
 

S. 
No. 

Synoptic systems Number of heavy 
rainfall days 

1. (i)  Monsoon trough lying close to the foothills of the Himalayas  04 

(ii) Monsoon trough lying close to the foothills of the Himalayas with low level cyclonic circulation over the north Bay  01 

2. (i)  Monsoon trough extending eastwards to Assam across Bihar  01 

(ii) Monsoon trough extending eastwards to Assam across Bihar with embedded cyclonic circulation at lower levels over Assam 
and Meghalaya 

02 

3. (i)  Western end of the monsoon trough lying close to the foothills of the Himalayas and eastern end extending from east UP/Bihar 
to north Bay 

02 

(ii) Western end of the monsoon trough lying close to the foothills of the Himalayas and eastern end extending from Bihar to 
north Bay with low level cyclonic circulation over Bihar 

02 

4. (i) Monsoon trough passing through west UP, east UP, south Bihar and north Bay with cyclonic circulation over west UP 01 

(ii) Monsoon trough passing through west UP, east UP, south Bihar and north Bay with cyclonic circulation over east UP 03 

5. (i)  Monsoon trough passing through west UP to north Bay and lying south of Bihar with low over north Bay and cyclonic 
circulation over north Pakistan and adjoining Jammu and Kashmir extending upto 3.1 km above sea level 

03 

(ii) Monsoon trough passing through west UP to north Bay and lying south of Bihar with low/ cyclonic circulation over Jharkhand 02 

Total 21 
 
 
 
 
systems. On rare occasions, the heavy rainfall occurs over 
west UP when the monsoon trough passes to the south of 
the east UP extending to north Bay, but embedded with 
LPSC over west Madhya Pradesh. The heavy rainfall can 
also occur on a few occasions over west UP when the 
monsoon trough passes through west UP to north Bay 
with embedded LPSC over Orissa/north Bay of Bengal, 
especially when there is interaction from the extra-tropical 
systems with the monsoon circulation. 
  

3.3.  Unanticipated heavy rainfall events 
 

The synoptic systems associated with the heavy 
rainfall events, which could not be anticipated and hence 
not predicted by NHAC, IMD, New Delhi are analysed for 
Bihar, east UP and west UP. The heavy rainfall over Bihar 
mainly due to (i) low level circulations over Bihar/east 
UP, (ii) monsoon trough lying over the south Bihar with 
embedded systems over north Bay interacting with 
systems in mid-latitude westerlies,  (iii) monsoon trough 
passing through west UP to north Bay and lying to the 
south of Bihar with low/cyclonic circulation over 
Jharkhand, (iv) monsoon trough extending eastwards to 
Assam across Bihar with embedded cyclonic circulation at 
lower levels over Assam and Meghalaya, (v) western end 
of the monsoon trough lying close to the foothills of the 
Himalayas and eastern end extending from east UP/Bihar 
to north Bay, (vi) monsoon trough lying close to the 
foothills of the Himalayas and (vii) monsoon trough lying 

close to the foothills of the Himalayas with cyclonic 
circulation developing over the north Bay could not be 
anticipated in advance (Table 5). Most of these are the 
textbook conditions for heavy rainfall occurrence. 
Question arises whether their influence was 
underestimated. This may not be so because similar 
looking patterns often do not give rise to similar 
outcomes. This may also be supported by the fact that in 
cases that amounted to over forecasting, similar patterns 
are also observed (not shown). It is also apparent that 
there are some processes producing heavy rainfall that 
could not be visualized by the forecaster even through the 
use of the NWP products guidance. 
 

According to Srinivasan et al., (1972), during the 
monsoon season, air over UP and Bihar is very warm and 
humid with a fairly high degree of latent instability. As a 
result convective type of clouds and precipitation are 
common. Mishra et al. (1988) have shown the intense 
rainfall that developed over UP and Bihar in association 
with a convective cloud cluster. Though the mesoscale 
models are supposed to simulate these developments, it 
actually does not happen so.  The case of recent Mumbai 
storm of 26 July, 2005 is a pointer in this regard. The 
prediction of the timing, location, organization and 
structure of the mesoscale cloud system, especially over 
tropics is recognized as one of the biggest challenges in 
mesoscale modeling. None of the operational models 
could   figure  out  the   huge   rainfall   that  paralysed  the  
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TABLE 6 
 

Synoptic systems associated with unanticipated heavy rainfall events in east UP 
 
S. 
No. 

Synoptic systems Number of heavy 
rainfall days 

1. Monsoon trough lying close to the foothills of the Himalayas  02 

2. 

 

(i) Monsoon trough extending eastwards to Assam across east UP 01 

(ii) Monsoon trough extending eastwards to Assam through east UP with embedded low/cyclonic circulation over Bihar 04 

3. Monsoon trough extending through east UP to north Bay of Bengal 02 

4. Monsoon trough extending through east UP to north Bay of Bengal with embedded LPSC over different regions (i-v) 15 

(i) lower level cyclonic circulation over west UP/ Haryana 02 

(ii) Lower level cyclonic circulation over east UP 06 

(iii) Low/upper air cyclonic circulation over Jharkhand 04 

(iv) Low over Orissa  01 

(v) Low over north Bay of Bengal and extra tropical system affecting northwest India 02 

5. Monsoon trough lying to the south of east UP and extending to the Bay of Bengal with embedded LPSC over northeast Madhya 
Pradesh/Chhattisgarh 

03 

Total 27 
 
 
 
 
lifeline infrastructure for days together in that metropolis 
(Jenamani et al., 2006). Bohra et al., (2006) have also 
outlined the inadequacy of the numerical guidance 
available on that day. Of course, when the satellite 
radiance data was assimilated in the global model run at 
UKMO, using appropriate  data assimilation technique, 
the results improved further. 
  

Like Bihar, the heavy rainfall over east UP due to 
low level cyclonic circulation over the region or 
neighbourhood also could not be anticipated (Table 6). In 
addition, the heavy rainfall due to the monsoon trough 
lying to the south of UP with embedded system over 
Chhattisgarh/north Madhya Pradesh could not be 
anticipated, though it is possible with northward sloping 
of the monsoon trough in some cases. The interaction of 
mid-latitude westerlies with the monsoon flow, which can 
cause good rainfall (Srinivasan et al., 1972), could not be 
used to predict heavy rainfall. Similar is the case as in 
case of east UP with the unanticipated heavy rainfall 
events over west UP (not shown). 
   

In all the three sub-divisions, it appears that large 
percentage of cases of unanticipated cases are those in 
which sudden changeover from the dry regime to wet 
regime is occurring. This is also not getting figured out 
properly in the numerical models. A high resolution 
numerical model with good physics and dynamics that 
uses the modern sophisticated 4DVAR data assimilation 
technique should be able to resolve this interaction well. 

The above results and discussion suggest that though 
proper weightage to the small scale systems like low level 
cyclonic circulation over the region and neighbourhood, 
the interaction of mid-latitude westerlies with the 
monsoon systems, the northward sloping of the monsoon 
trough embedded with LPSC to the immediate south of 
the region can help in improving the warning skill, it is 
eventually the numerical models that have to be improved 
further to improve the scope of warnings. The statistical 
interpretation of the numerical weather prediction models 
guidance linking the location/grid specific precipitation 
forecast from suitable models with the actual precipitation 
can reduce the subjectivity and hence improve the 
accuracy of heavy rainfall warning.  
 
4.  Conclusions 

 
The following broad conclusions are drawn from the 

above results and discussion. 
 
(i) The probability of detection of heavy rainfall has 
increased to 64% over Bihar, 52% over east UP and 53% 
over west UP during 2001-2005. There is substantial 
increase in the critical success index, which is now 0.35 
over Bihar, 0.27 over east UP and 0.17 over west UP. The 
Heidke skill score is 0.36 over Bihar, 0.24 over east UP 
and 0.22 over west UP. There has been slight 
improvement in the forecast skill with probability of 
detection increasing by about 10-20% and decrease in 
missing rate and false alarm rate compared to that during 
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1971-1975. However, the false alarm rates are still large 
indicating higher bias towards over-prediction. The slight 
improvement in recent years is mainly due to the 
numerical weather prediction models guidance available 
to the forecasters. 
 
(ii)  The analysis of the synoptic systems associated with 
heavy rainfall events, especially the unanticipated events 
suggests that proper weightage to (i) the small scale 
systems like low level cyclonic circulation over the region 
and neighbourhood, (ii) the interaction of mid-latitude 
westerlies with the monsoon systems and (iii) the 
northward sloping of the monsoon trough embedded with 
LPSC to the immediate south of the region alongwith the 
use of advanced NWP models can immensely help in 
improving the warning skill. In addition, the poor 
performance may be due to the subjectivity involved in 
the present method of heavy rainfall warning, which 
largely depends on the expertise/ability of decision 
making of the forecaster. The interpretation of the 
numerical weather prediction models guidance by suitable 
linking of the location/grid specific precipitation forecast 
from the suitable model(s) with the actual precipitation 
can reduce the subjectivity and hence improve the 
accuracy of heavy rainfall warning.  
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