Long Range Forecasting Services for the Southwest Monsoon over

India and its Performance Verification

1. Introduction

The India Meteorological Department (IMD) has been issuing operational Long-
Range Forecasts (LRFs) for the Southwest (SW) Monsoon rainfall for more than 100
years, mainly based on statistical techniques. The first operational long-range forecast of
the Indian Summer Monsoon Rainfall, covering the region of India and Burma, was issued
on 4 June 1886 by Sir H.F. Blandford, who established IMD in 1875 and served as its first
Chief Reporter. Blandford prepared the initial monsoon forecasts by studying the
relationship between winter and spring snowfall over the Himalayan region and the
subsequent Indian Summer Monsoon Rainfall (ISMR). Using this method, he issued
successful tentative forecasts during the period 1882-1885, followed by the first
operational forecast in 1886. Since then, the issuance of long-range monsoon forecasts
has remained one of the core operational responsibilities of IMD. Over the years, the
operational long-range forecasting system in India has undergone several changes and
improvements in terms of methodology, spatial coverage, and forecast products. The
forecasting approaches were refined continuously to meet increasing user requirements
and to incorporate advances in climate science. As a result, the scope of monsoon
forecasting expanded from all-India rainfall to include regional forecasts and monthly
outlooks. Detailed reviews and performance assessments of the long-range forecasting
of the Indian Southwest Monsoon rainfall are available in scientific literature and IMD
technical publications, documenting the evolution and improvement of monsoon
prediction systems over time.

The operational forecast based on the regression technique was issued first time
in 1909 for the seasonal monsoon rainfall over the whole India as a result of the extensive
and pioneering work of Sir Gilbert Walker. Later, on realizing that the entire country cannot
be taken as a homogenous rainfall region, Walker attempted to develop forecasting
equations for smaller regions. He divided the country into three geographical regions, viz.
(1) Peninsula, (2) Northeast India, and (3) Northwest India. Between 1924 and 1987,



operational forecasts were issued for Northwest India and Peninsular India using
regression models initially developed by Walker and updated from time to time. The
forecast for the geographical regions was discontinued during 1988-1998. During 1988-
2002, the operational forecast for the season rainfall over the country as a whole was
based on the 16-parameter power regression and parametric models. In view of
increasing user demands, the operational forecasts for three geographical regions of the
country namely, Northwest India, Peninsular India, and Northeast India were reintroduced
in 1999. The areas of these geographical regions were however different from that of
Walker’s geographical regions with the same names.

In 2003, a new strategy for issuing LRF for monsoon rainfall was adopted.
Accordingly, the long-range forecasts are issued in two stages. The first stage forecast
issued in April consisted of the forecast for seasonal rainfall over the country as a whole
and the second stage forecasts issued at the end of June consisted of an update for the
April forecast along with seasonal rainfall forecast for the geographical sub-regions of the
country and July rainfall forecast for the country as a whole. From 2003 to 2006, the
operational first and update long-range forecasts for the seasonal rainfall over the country
as a whole was issued using the 8 and 10-parameter models based on power regression
and probabilistic discriminant analysis techniques. The operational forecast for July
rainfall over the country as a whole also started to issue along with the update forecast
from 2003 onwards. In 2004, the country was reclassified into 4 sub geographical regions,
namely Northwest India, Northeast India, Central India and South Peninsula. In 2007, a
new statistical forecasting system based on the ensemble technique was introduced for
seasonal rainfall forecasting over the country as a whole. In 2009, a forecast for August
rainfall over the country as a whole was started issuing along with other second-stage
forecasts issued in June. From 2010, operational forecasts for the rainfall during the
second half of the monsoon season (August-September) and that during September over
the country as a whole were also started. In 2014, a second update for the seasonal
rainfall over the country as a whole was issued in August along with updates for the
seasonal rainfall over four homogenous regions.

The operational forecasting system used for the forecasting of rainfall during the

SW monsoon rainfall and monsoon onset date over Kerala is briefly described in the next



section. The performance of the LRF for the southwest monsoon season (June to
September) rainfall over the country as a whole and that for the date of monsoon onset
over Kerala is given in the subsequent two sections. The verification of all the long-range
statistical forecasts for the southwest monsoon rainfall including that of the seasonal
rainfall over the country as a whole for the last 35 years (1988-2022) is given in its
subsequent section.

In addition to the long-standing statistical forecasting methods, the India
Meteorological Department (IMD) started issuing additional forecast guidance using
experimental dynamical model forecasts for southwest monsoon rainfall generated by the
Monsoon Mission Climate Forecasting System (MMCFS). The MMCFS was developed
by the Indian Institute of Tropical Meteorology (IITM), Pune, under the Monsoon Mission
(MM) project of the Ministry of Earth Sciences (MoES) and has been providing
experimental forecast guidance since 2012. Based on continuous evaluation and
improvement of model performance, the MMCFS was operationally implemented at IMD,
Pune in 2017 for providing dynamical seasonal forecast support. Since then, MMCFS
outputs have been routinely used as an important component of IMD’s long-range
forecasting framework, particularly for southwest monsoon rainfall. The system provides
forecasts at monthly and seasonal scales and supports both all-India and regional-level
outlooks. The performance of the MMCFS has been regularly assessed through
verification studies using observed rainfall data. These assessments indicate that
MMCFS-based guidance has contributed to improved understanding of monsoon
variability and has strengthened the overall long-range forecasting capability of IMD when
used in combination with statistical and Multi-Model Ensemble approaches.

In 2021, the India Meteorological Department (IMD) adopted a new strategy for
issuing monthly and seasonal operational forecasts for the southwest monsoon rainfall
over the country. This strategy is based on a Multi-Model Ensemble (MME) forecasting
system, which combines outputs from multiple coupled global climate models (CGCMs)
available from different global climate prediction and research centres. The system also
includes IMD’s own Monsoon Mission Climate Forecasting System (MMCES). The use of
the MME approach has helped improve forecast reliability by reducing the limitations of

individual models. In 2023, IMD further expanded the application of the MME technique



by introducing Heat Wave and Cold Wave Outlooks. These outlooks provide probabilistic
guidance on the expected frequency and severity of temperature extremes and support
preparedness and early warning activities. During 2025, IMD strengthened its seasonal
forecasting services by issuing regional-level southwest monsoon forecasts for all 36
meteorological subdivisions of the country. This step provided more location-specific
seasonal rainfall information, supporting better planning for agriculture, water

management, and disaster preparedness at regional and sub-regional levels.

2. Present Operational Long-Range Forecasting System for the Forecasting of
the SW Monsoon Rainfall over India

IMD’s present seasonal forecasting system is as good as any other country in the
world. As per the present long-range forecasting system, the time periods for which
operational forecasts for the rainfall averaged over the country as a whole are issued are;
full season (June- September), the second half of the season (August- September) and
all four separate monsoon months (June, July, August and September). In addition,
forecasts for seasonal rainfall over four geographical regions (NW India, NE India, Central
India and South Peninsula) and Core Monsoon Zone (CMZ) are also issued. A forecast
for the date of monsoon onset over Kerala is also issued.

To support the operational LRF, IMD has also established the latest version of the
high resolution dynamical global climate forecasting system (CFS) model developed
under MoES’s monsoon mission (MM) or MMCFS, which became operational in 2017.
The original model frame work of CFS was developed by the National Centers for
Environmental Prediction (NCEP), USA. The model was modified to provide better
forecast over Indian monsoon region through mission mode research work by the Indian
Institute of Tropical Meteorology (IITM), Pune in collaboration with various climate
research centers from India and abroad.

In recent time, there has also been user demand for forecast for spatial distribution
of seasonal rainfall over the country along with the region averaged rainfall forecasts
issued currently. Towards this objective, Office of Climate Research & Services, IMD,

Pune has developed a multimodal ensemble (MME) forecasting system based on



forecasts from eight coupled general circulation models (CGCMs) from different global
climate prediction and research centers including MMCFS. The global climate centers
from where these model forecasts sourced for preparing MME forecast include National
Centers for Environmental Prediction (NCEP), European Centre for Medium-Range
Weather Forecasts (ECMWF), Japan Meteorological Agency (JMA), Canadian
Meteorological Center (CMC), Met Office, UK (UKMO), International Research Institute
for Climate and Society (IRI) etc. MME forecasting system are used to modify the existing
LRF strategy.

According to the new LRF strategy implemented in 2021, the MME based
forecasting system along with the existing statistical forecasting system is used to
generate the forecasts according to the present two-state forecasting system. In addition,
monthly rainfall forecasts over the country based on the MME are issued for each of the
monsoon months with zero lead time (i.e, just prior to the start of the month). Accordingly,
in the first stage forecast in April, probabilistic forecast in tercile! categories is issued for
the seasonal rainfall distribution for the southwest monsoon season (June-September)
along with the quantitative and probabilistic forecasts for the seasonal rainfall over the
country as a whole. In second stage forecast, along with the update for the April forecast,
rainfall forecasts for the four geographical regions for the monsoon season, Monsoon
Core Zone (MCZ) and for the month of June is issued. In the end of June, forecast for the
July rainfall and by end of July, forecast for the August and August+September (second
half of the monsoon season) and by end of August forecast for September month is
issued.

For the first stage forecast of season (June to September) rainfall over the country
as a whole issue in April and for its first update, a set of 10 predictors that have stable
and strong physical linkage with the season rainfall. Details of these 10 predictors are
given in Table-1. For the April forecast, the first 5 predictors listed in Table-1 were used.
For the update forecast issued in June, the last 6 predictors were used that include 3
predictors used for April forecast. A schematic diagram of the statistical ensemble
forecasting system is shown in the Fig. 1 (A). According to this forecasting system, the
forecast for the seasonal rainfall over the country as a whole was computed as the

ensemble forecasts prepared from best few out of all possible models constructed using



two techniques. The first set of models was constructed using multiple regression (MR)
technique and the second set of models was constructed using projection pursuit
regression (PPR), which is a nonlinear regression technique. The model errors of April
and June forecast models are 4 % and +5 % of LPA respectively. These SEFS based
forecasts provide a quantitative forecast for the season.
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Fig.1 (A). A Schematic diagram of the new ensemble forecasting system for the monsoon season
rainfall over the country as a whole. The average of the ensemble forecasts from best out all
possible MR (multiple regression) and PPR (projection pursuit regression) models gives the final
forecast.

Table-1: Details of the 10 predictors used for the ensemble forecast system for the
forecasting of 2025 southwest monsoon rainfall over the country as a whole

Used for Correlation
No. Predictor forecasts in Coefficient
(1981-2010)

April 0.39

Europe Land Surface Air
Temperature Anomaly (January)
Equatorial Pacific Warm Water
Volume Anomaly (February + March)
SST Gradient Between Northwest
3. Pacific and Northwest Atlantic April 0.43
(December +January)
4, East Asia MSLP (FEB + MAR) April 0.53

April -0.37




5 Equatorial SE India Ocean SST April and 055
' (FEB) June '
6. Southeast Atlantic MSLP (Jan+Feb) June -0.41
7. Tropical Central Pacific SST (May) June -0.44
NINO 3.4 SST
8. (MAM+(MAM-DJF) Tendency) June -0.42
9. North Atlantic MSLP (APR+MAY) June -0.43
North Central Pacific Zonal Wind
10. Gradient 850 hPa (MAY) June -0.59

Since 2021, IMD has also been providing the spatial distribution of probabilistic
forecasts for the country as a whole using the Multi-Model Ensemble (MME) approach. A
schematic diagram of the new forecasting strategy is shown in the Fig. 1 (B). Under this
system, the first-stage forecast is prepared using the latest initial conditions of April, while
the second-stage forecast is prepared using the latest initial conditions of May. These
forecasts provide region-wise probabilistic guidance for the southwest monsoon season.
Several research studies have shown that MME-based dynamical seasonal forecasts,
which combine outputs from multiple climate models, perform better than forecasts from
individual models. In recent years, IMD has also started issuing Impact-Based Forecasts
(IBF) during the Southwest Monsoon season, highlighting the likely impacts associated

with above-normal or below-normal rainfall.
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Fig.1 (B). A Schematic diagram of the newly introduced Multi Model Ensemble Strategy for the
monsoon season forecast over the country as a whole.



3. Performance of the LRF for the All Indian Summer Monsoon Season Rainfall
(1988-2025)

After stopping issuing of LRF for all India season rainfall in 1923, the same was
reintroduced in 1988 using 16 parameter power regression and parametric models. IMD
introduced new state of art LRF models in 2003 and 2007 following a review of the old
forecasting system in 2002. The performance of the operational long-range forecast for
the season rainfall over the country as whole for the period 1988-2025 is shown in Fig.2.
From the figure 2, it can be seen that, Error 2 10% in 7 years with highest in 1994 (21%)
followed by 2002 (20%). Avg. absolute error during the last 13 years (2013-2025) was
4.97% of LPA compared to that of 7.55% of LPA during the 13 years (2000-2012) just
prior to that period. C.C between the actual and forecast rainfall for (2013-2025) & (2000-
2012) are 0.67 & -0.13 respectively. During 2000-2012, the forecast was within +8% of
actual values during 9 years. Within these 9 years, the forecast was within £4% during 4
years. On the other hand, during 2013-2025, the forecast was within £8% of actual values
during 11 years with forecast within +4% during 7 years. These clearly indicate
improvement made in the operational forecast system in the recent 13 years period

compared to earlier 13 years period.
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Fig.2. Performance of IMD’s Operational forecast for the season rainfall over the country as awhole
for the period 1988-2025.



4. Performance of Forecast for the Date of Monsoon Onset over Kerala

An indigenously developed statistical model is used for preparing the operational
forecast of the onset of monsoon over Kerala. The model based on 6 predictors uses the
principal component regression (PCR) method for its construction. The correlation skill of
the model during the independent forecast period (1997-2010) is 0.8 and the RMSE is
about 4 days. The Performance of the operational forecast for monsoon onset date over
Kerala for the period 2005-2025 is given in Table-2. The operational forecast for the
monsoon onset over Kerala has been correct (within the forecast limits) during 20 of the
21 years since issuing of the operational forecast for the event started in 2005. Only in
2015, the forecast for monsoon onset over Kerala was not correct, as the monsoon set

over Kerala on 5th June against the forecast of 30th May.

Table-2. Performance of operational forecast for the date of monsoon onset over Kerala (2005-

2025).
Year Actual Onset Date Forecast Onset
Date
2005 7t June 10" June
2006 26" May 301" May
2007 28" May 24" May
2008 315 May 29" May
2009 231 May 261 May
2010 315" May 30" May
2011 29" May 31st May
2012 5t June 15t June
2013 15t June 3 June
2014 6™ June 5t June
2015 5t June 301" May
2016 8t June 7t June
2017 30" May 30" May
2018 29" May 29" May
2019 8th June 6t June
2020 15t June 5t June
2021 3 June 315t May
2022 29" May 27" May
2023 8t June 4™ June
2024 30" May 315 May
2025 24" May 27" May




5. Performance of Various LRF for Southwest Monsoon Rainfall issued for the
Last 38 years (1988-2025)

In Tables 1 to 25 (Annexure-1), verification of various forecasts for monsoon rainfall
issued for the period 1988-2025 is given. The forecast figures (in numbers) are shown
along with the respective model errors.

6. Performance of the Monsoon Mission Coupled Forecast System (MMCFS) in

Predicting All-India Summer Monsoon Rainfall

6.1. Background

The National Monsoon Mission (NMM), launched by the Ministry of Earth Sciences
(MoES) in 2012, is a multi-institutional and inter-agency research programme aimed at
developing a state-of-the-art dynamical prediction system for monsoon rainfall across
different time scales (Rao et al. 2019). Under this mission, the Indian Institute of Tropical
Meteorology (IITM), Pune, coordinated with several national and international climate
research centres to develop a coupled modelling system for forecasting the Indian
Summer Monsoon Rainfall (ISMR).

The Climate Forecast System version 2 (CFSv2) of the National Centers for
Environmental Prediction (NCEP), USA, with a horizontal resolution of T126 (~100 km,
Saha et al. 2010), was identified as the base modelling framework. Significant
improvements were subsequently made by IITM. In 2017, the India Meteorological
Department (IMD) adopted an upgraded high-resolution research version of the coupled
model with a horizontal resolution of approximately 38 km (T382; Ramu et al. 2016).

The coupled system consists of the GFDL-MOM4p0d ocean model, configured
with a horizontal resolution of 0.25° within the 10°S—10°N latitude band and 0.5°
elsewhere, with 40 vertical levels. The atmospheric component is the Global Forecast
System (GFS), run at T382 spectral resolution with 64 vertical levels (Ramu et al., 2016).

Hindcasts are initialized every fifth day starting from the first day of each month,

with two ensemble members generated from 00 UTC and 12 UTC initial conditions.



Operational forecasts are initialized daily from the first day of each month, again with two
ensemble members based on 00 UTC and 12 UTC initial conditions. The hindcast period
spans 1982-2020. For the period 1982—2002, the model was initialized using NCEP initial
conditions, while for 2003-2020, atmospheric initial conditions were obtained from
NCMRWEF and oceanic initial conditions from INCOIS.

Forecast anomalies are computed by subtracting the model climatology for the
period 1991-2020. Retrospective forecasts are generated using the mean of ten
ensemble members derived from different initial conditions. Both hindcasts and forecasts
are bias-corrected using the z-score transformation method, which accounts for
corrections in both mean and variance (Hawkins et al., 2013).

6.2. All India Rainfall Skill of MMCFS

6.2.1 Seasonal Rainfall Skill (JJAS)

The All-India rainfall prediction skill for the JJAS season is summarized in Table 1.
Observed rainfall from the IMD 0.25° x 0.25° gridded dataset (Pai et al., 2014) is used as
the reference to compute the correlation coefficient and root mean square error (RMSE).
A fractional land mask is applied to isolate the Indian land region.

Skill scores for different periods are presented in Tables 3a, 3b, and 3c. For the
period 2003—-2022 (Table 1a), the Monsoon Mission Coupled Forecast System (MMCFS)
exhibits the highest correlation with observations when initialized in May. Consistently,
the minimum RMSE for this period is also obtained for May initial conditions (ICs).

In contrast, for the earlier period 1982—-2008 (Table 3c), the maximum correlation
is observed when the model is initialized in February, although the RMSE remains lowest
for May ICs. A similar behavior is observed for the full period 1982-2022 (Table 3b),
where February initialization yields the highest correlation, while May initialization
continues to produce the minimum RMSE.

Furthermore, it is noted that for all initialization months, the model RMSE exceeds
the observed standard deviation, indicating that the forecast errors are larger than the

interannual variability of the observed rainfall.



Table 3a. JJAS All India Rainfall Skill: MMCFS (2003-2022)

Correlation w.r.t RMSE w.r.t
ICs 0.25deg 0.25deg Observed STD
FEB IC 0.33 1.79
MAR IC 0.22 1.72 058
APR IC 0.46 1.18 '
MAY IC 0.60 0.62
Table 3b. JJAS All India Rainfall Skill: MMCFS (1982-2022)
ICs Correlation w.r.t RMSE w.r.t Observed STD
0.25deg 0.25deg
FEB IC 0.39 1.82 0.60
MAR IC 0.34 1.96 '
APR IC 0.36 1.21
MAY IC 0.35 0.79
Table 3c. JJAS All India Rainfall Skill: MMCFS (1982-2008)
ICs Correlation w.r.t RMSE w.r.t Observed STD
0.25deg 0.25deg
FEB IC 0.50 1.88
MAR IC 0.47 2.20 0.60
APR IC 0.31 1.26 '
MAY IC 0.20 0.86

6.2.2 Monthly Rainfall Skill for Monsoon Season

The monthly prediction skill of All-India summer monsoon rainfall for the monsoon
season, based on the Lead-1 forecast, is presented in Table 4. Overall, the monthly
forecast skill is weak, with the notable exception of August. The correlation coefficient
indicates relatively better predictive skill during August compared to the other monsoon
months.

The spatial distribution of monthly forecast skill is shown in Figures 3. Consistent
with the all-India statistics, August exhibits comparatively higher skill, particularly over

central India and the Western Ghats. In contrast, the forecast skill over central India is



negligible during the other monsoon months, a deficiency that has also been reported in
several coupled models (Sabeerali et al., 2025).

It is further noted that, except for August, the RMSE exceeds the observed
standard deviation for all months (Table 4), indicating that forecast errors are larger than
the inherent observed variability.

Table 4: MMCFS Lead 0 Monthly All India Rainfall skill (2003-2022), Observation: IMD 0.25x0.25
gridded datasets, RMSE (units:mm/day)

Months Correlation RMSE (Obs STD)
JUN 0.05 1.37 (1.1)

JUL -0.13 1.36 (0.91)

AUG 0.46 0.83 (0.86)

SEP -0.02 1.21 (1.02)
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Fig 3: Spatial correlation of monthly rainfall between MMCFS based on Lead 1 forecast and IMD
gridded rainfall (0.25X0.25 deg) (a) JUN (b) JUL (c) AUG (d) SEP months
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Fig 4. Spatial correlation of seasonal mean (JJAS) rainfall between MMCFS and IMD gridded
rainfall (0.25X0.25 deg) (a) February IC (b) March IC (c) April IC (d) May IC initiation of MMCFS.
Correlation is computed for the period 2003-2022.

Figure 4 illustrates the spatial correlation of seasonal mean (JJAS) rainfall between
the MMCEFS forecasts and the IMD 0.25° x 0.25° gridded observations for different model
initialization months. For the February and March initial conditions (Figs. 2a—b), positive
correlations are observed mainly over parts of central India, the Western Ghats, and
southern Peninsular India, while large areas of eastern and northeastern India show weak
or negative correlations. With April initialization (Fig. 2c), the spatial coherence of positive
correlations improves, particularly over central India and the west coast, indicating
enhanced predictability of seasonal rainfall. However, prediction skill over northeast India
and east central India is weak. The May initialization (Fig. 2d) shows the most widespread

and stronger positive correlations across much of the Indian landmass, including central



India, northwest India, and the Western Ghats, suggesting improved model skill with
reduced lead time. However, northeast India continues to exhibit weak or negative
correlations across all initialization months, highlighting the persistent challenge in
simulating JJAS rainfall over this region. Overall, the spatial patterns indicate a systematic
improvement in seasonal rainfall skill as the initialization month advances toward the

monsoon onset.

6.3 Rainfall Skill for the Homogeneous Regions

The JJAS rainfall prediction skill over different homogeneous regions is evaluated
using the IMD 0.25° x 0.25° gridded rainfall dataset (Pai et la., 2014). The regional skill
scores are summarized in Table 5.

Over Central India, the JJAS rainfall forecast exhibits the highest correlation when
the model is initialized in April (CC=0.37). However, despite this relatively higher
correlation, the RMSE remains larger than the observed standard deviation, indicating
limited overall predictive skill. For Northeast India, the MMCFS does not show any
significant JJAS rainfall prediction skill.

In contrast, the among the four homogeneous regions, highest skill is observed
over South Peninsular India, consistent with earlier modeling studies (Sabeerali et al.,
2025). This region demonstrates reasonable forecast skill across all initialization months.
The maximum correlation (0.63) is achieved for the April initialization, followed by May
IC, while the minimum RMSE is obtained for the May initialization.

For Northwest India, both the highest correlation and the lowest RMSE occur when
the model is initialized in May. Overall, for both Central India and South Peninsular India,
the highest forecast skill is obtained for April initialization, followed by May initialization,

highlighting the sensitivity of regional JJAS rainfall skill to the choice of model initialization.

5a. JJAS rainfall skill (Correlation; 2003-2022) of different homogeneous regions

South
ICs Central India Northfaast North\!vest Peninsula
India India .
India
FEB 0.24 -0.06 0.17 0.49
MAR 0.03 -0.05 0.09 0.49




APR

0.37

-0.08

0.14

0.63

MAY

0.32

0.14

0.40

0.55

5b. JJAS rainfall skill (RMSE; 2003-2022) (units:mm/day) of different homogeneous regions

Central India Northeast Northwest Pesn(i):;rtllla

ICs (OBS India (OBS India (OBS India (OBS

STD=1.05) STD=1.09) STD=0.57) STD=1.08)
FEB 3.0 1.25 2.11 1.37
MAR 2.87 1.25 2.02 1.28
APR 1.95 1.19 1.58 1.12
MAY 1.37 1.49 1.0 0.94

6.4. Forecast Error for the period 2017-2025

Figures 5 and 6 depict the year-to-year percentage forecast error of JJAS rainfall
from 2017 to 2025 for April and May initial conditions (ICs), respectively. For the April IC
(Fig. 5), the forecast exhibits a consistent negative bias during most years, indicating an
overall tendency to underestimate seasonal rainfall, with particularly large negative errors
during 2019 and 2020. A notable exception is 2024, where the model shows a positive
error, suggesting overestimation. In contrast, the May IC forecasts (Fig. 6) show relatively
reduced bias and improved consistency, especially in recent years. While large negative
errors are still evident during monsoon years such as 2019, the magnitude of errors
decreases substantially after 2021, with a shift toward positive errors during 2023—-2025.
Overall, the comparison indicates that May initialization leads to improved forecast
performance and reduced systematic bias relative to April initialization, highlighting the
benefit of shorter lead times for seasonal monsoon rainfall prediction.

It is noted that in most years, the percentage forecast error for the May initial
conditions remains within +10%, except in 2019, indicating a reasonably stable and

consistent interannual performance of the model.
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7. Multi Model Ensemble Forecasting System and its Performance for the All
Indian Summer Monsoon Season Rainfall 2021-2025

Since the implementation of the Statistical Ensemble Forecasting System (SEFS)
in 2007 and the adoption of the Multi-Model Ensemble (MME) approach in 2021, the
accuracy of IMD’s monsoon rainfall forecasts has improved significantly. Over the past
eight years (2017-2024), forecast errors exceeding 10% occurred in both the first and
second stage forecasts, with the highest error recorded in 2019 at 14%. However, there
has been a marked reduction in average absolute error—dropping to 3.02% for the first
stage and 2.27% for the second stage during 2021-2024, compared to 7.50% during
2017-2020. Additionally, the correlation between forecasted and actual rainfall has
strengthened considerably, increasing from 0.38 to 0.80 in the first stage and from 0.31
to 0.95 in the second stage.

Overall, the integration of SEFS and the MME approach has greatly enhanced the
precision and reliability of IMD’s monsoon forecasting in recent years. IMD was able to
correctly forecast the twin deficient monsoon years of 2014-2015, as well as below-
normal rainfall in 2023 and above-normal rainfall in 2024 and 2025. These indicate
improvements in the operational forecast system in the recent 19 years compared to the
earlier 18 years.

Avg. absolute error during the last 14 years (2007-2020) was 6.61% of LPA
compared to that of 7.68% of LPA during the 14 years (1993-2006) just prior to that period.

During the period 2021-2025, the average absolute error for the first-stage forecast
stands at 3.1% of the Long Period Average (LPA), while the average absolute error for
the second-stage forecast has reduced further to 2.2% of the LPA (Fig.7). The absolute
error was 7.8% of the LPA during the period 2016-2020, while absolute error is 2.2% of
the LPA during the period 2021-2025 indicating enhanced reliability of the seasonal
prediction system (Fig.8).

The details of IMD seasonal forecast verification for All India Summer Monsoon

Rainfall for the period 2021 to 2025 is given below.



VEAR ALL India Monsoon Rainfall (LPA)
Actual (%) Forecast (%) Remark
2021 99 101 Accurate
2022 106 103 Accurate
2023 95 96 Accurate
2024 108 106 Accurate
2025 108 106 Accurate
***Model error + 4% of LPA
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Fig.7. Performance of the MME forecasts for the southwest monsoon season (June-September)
rainfall over the country as a whole.
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Fig. 8. Performance of IMD Monsoon Forecast for the period 2016 to 2025




ANNEXURE |

Table-1: Verification of the operational long range forecast for 1989-1998 southwest monsoon

rainfall.
. Actual (%
Year Region Forecast of LPA)
— — — 5 5
1988 | Al India The season’s rainfall is likely It_cl)a't&e within 109% to 117% of the 119
— — — 5 S
1989 | All India The season’s rainfall is IlkerLtlc;:e within 98% to 106% of the 101
— — — 5 5
1990 | All India The season’s rainfall is I|kelyl_t|c3>:e within 97% to 105% of the 106
. The season’s rainfall is likely to be normal but on the lower side
1991 | AllIndia of the normal i.e. between 90% to 98% of the LPA 92
.| The season’s rainfall is likely to be 92% of LPA i.e. between 88%
1992 | AllIndia t0 96% of LPA 92
1993 | All India The season’s rainfall is likely to be 103% of LPA 101
1994 | AllIndia The season’s rainfall is likely to be 92% of LPA 110
1995 | All India The season’s rainfall is likely to be 97% of LPA 100
1996 | All India The season’s rainfall is likely to be 96% of LPA 102
1997 | All India The season’s rainfall is likely to be 92% of LPA 102
1998 | All India The season’s rainfall is likely to be 99% of LPA 106

Table-2: Verification of the operational long range forecast for 1999 SW monsoon rainfall.

. Actual (% of
Year Region Forecast LPA)
The rainfall over the country as a whole for the entire
Al India southwest monsoon season is likely to be normal (108% of 96
LPA) thus making the year 1999 eleventh normal monsoon
year in succession
. The rainfall for the entire monsoon season of 1999 is likely
1999 | NWIndia e 1119 of its LPA 94
Peninsula The rainfall for the entire monsoon season of 1999 is likely 90
to be 114% of its LPA
. The rainfall for the entire monsoon season of 1999 is likely
NE India to be 98% of its LPA 104

Table-3: Verification of the operational long range forecast for 2000 SW monsoon rainfall.

Actual (%

Year Region Forecast of LPA)




The rainfall over the country as a whole for the entire
southwest monsoon season is likely to be normal (99% of

2000

Al India LPA) thus making the year 2000 twelfth normal monsoon 92
year in succession
. The rainfall for the entire monsoon season of 2000 is
NWindia | jicely to be 1029% of its LPA 95
Peninsula The rainfall for the entire monsoon season of 2000 is 89
likely to be 98% of its LPA
NE India The rainfall for the entire monsoon season of 2000 is %6

likely to be 100% of its LPA

Table-4: Verification of the operational long range forecast for 2001 SW monsoon rainfall.

. Actual (%
Year Region Forecast of LPA)
In 2001, the rainfall for the Southwest monsoon season
Al India for the country as a whole is likely to be normal (98%) 92
thus making the year 2001 the 13th normal monsoon year
in succession
NW India The rainfall for the entire monsoon season of 2001 is 93
2001 likely to be 100% of its LPA
Peninsula The rainfall for the entire monsoon season of 2001 is 9
likely to be 96% of its LPA
NE India The rainfall for the entire monsoon season of 2001 is 94

likely to be 100% of its LPA

Table-5: Verification of the operational long range forecast for 2002 SW monsoon rainfall.

. Actual (%
Year Region Forecast of LPA)
In 2002, the rainfall for the Southwest monsoon season
Al India for the country as a whole is likely to be normal (101%) 81
thus making the year 2002 the 14th normal monsoon year
in succession
NW India The rainfall for the entire monsoon season of 2002 is 74
2002 likely to be 104% of its LPA
Peninsula The rainfall for the entire monsoon season of 2002 is 78
likely to be 99% of its LPA
NE India The rainfall for the entire monsoon season of 2002 is 89

likely to be 96% of its LPA

Table-6: Verification of the o

perational long range forecast for 2003 SW monsoon rainfall.

Region

Date of issue Season Forecast (%)

Actual (%
of LPA)




Quantitative: 96% of LPA F

For the 16th April 2003 506
country as a June-September 102

P——— —

whole 9th July 2003 Quantltatlve.4$2/08A) of LPA +
Countryasa | o1, 341y 2003 July 102% of LPA 107

whole

NW India 97% of LPA 108
NE India 9th July 2003 June-Sept 99% of LPA 102
Peninsula 100% of LPA 99

Table-7: Verification of the operational long range forecast for 2004 SW monsoon rainfall.

. . Actual (%
0
Region Date of issue Season Forecast (%) of LPA)
o o
For the 15th April 2004 Quantltatlv_e. 100% of LPA
+ 5%
country as a June-September Quantitative: 100% of LPA 87
whole uantitative: b0
29th June 2004 T 4%
Countryasa | »oi june 2004 July 98% of LPA 81
whole
NW India 103% of LPA 78
NE India 29th June 2004 June-Sept 96% of LPA 94
Central India 103% of LPA 89
SP India 97% of LPA 85
Table-8: Verification of the operational long range forecast for 2005 SW monsoon rainfall.
. . Actual (%
0
Region Date of issue Season Forecast (%) of LPA)
om0 =
Eor the 20th April 2005 Quantitative: 98% of LPA +
5%
country as a June-September —— — 99
whole 6th Julv 2005 Quantitative: 98% of LPA +
y 4%
Countryasa | g g1y 2005 July 97% of LPA 114
whole
NW India 97% of LPA 90
i 0,
NE Indla. 6th July 2005 June-Sept 95% of LPA 80
Central India 102% of LPA 110
SP India 97% of LPA 112

Table-9: Verification of the operational long range forecast for 2006 SW monsoon rainfall.

. . Actual (%
0,
Region Date of issue Season Forecast (%) of LPA)
For the 20th April 2006 Quantitative: 93% of LPA +
5%
Couvr\l/:]fgl asa S0t Jume 2008 June-September =5 itative: 92% of LPA T 99

4%




Country as a

0,
whole 30th June 2006 July 97% of LPA 98
NW India 91% of LPA 94
NE India 30th June 2006 June-Sept 94% of LPA 83
Central India 90% of LPA 116
SP India 97% of LPA 95

Table-10: Verification of the o

erational long range f

orecast for 2007 SW monsoon rainfall.

. . Actual (%
0
Region Date of issue Season Forecast (%) of LPA)
For the 19th April, 2007 Quantitative: 95% of LPA +
' 5%
country as a June-September a— > — 105
whole 29th June. 2007 Quantitative: 93% of LPA +
' 4%

CO‘;',C:B’I;S 2 | 20th June, 2007 July 95% of LPA 97
NW India 90% of LPA 85
NE India 98% of LPA 104

Central India | 22t June. 2007 June-Sept 96% of LPA 108
SP India 94% of LPA 126

Table-11: Verification of the operational long range forecast for 2008 SW monsoon rainfall.

Region Period Issued on Forecast Actual
9 (% of LPA) (% of LPA)
Al India June to 16th April, 2008 99 98
September
100+ 4

All India July 98+9 83
Northwest India 30th June, 2008 96 + 8 105
Northeast India June to 101+ 8 97
Central India September 101 +8 96
South Peninsula 98 +8 96

Table-12: Verification of the operational long range forecast for 2009 SW monsoon rainfall.

Region Period Issued on Forecast Actual
9 (% of LPA) (% of LPA)
17 April, 2009 96+ 5
Al India Sg“{‘e‘mer P 78
p 93+ 4
All India July 93+ 9 96
i +

All India . August 24 June, 2009 101+9 73
Northwest India 81+8 65
Northeast India June to 92 +8 77
Central India September 99 + 8 80
South Peninsula 93+8 94




Table-13: Verification of the operational long range forecast for 2010 SW monsoon rainfall.

. . Forecast Actual
Region Period Date of Issue (% of LPA) (% of LPA)
All India June to September | 23rd April 2010 985 102
All India June to September 102+ 4
Northwest India June to September 102+8 112
Central India June to September 99+ 8 104
Northeast India June to September 25th June 2010 103+8 82
South Peninsula June to September 102+8 117
All India July 98+9 103
All India August 101 +9 105
Al India August to 30th July 2010 107 +7 108
September
All India September 27 pugust 115 + 15 113

Table-14: Verification of the operational long range forecast for 2011 SW monsoon rainfall.

Region Period Date of Issue Forecast Actual Rainfall
9 (% of LPA) (% of LPA)
All India June to September 19th April 2011 98+5 102
All India June to September 95+4
Northwest India June to September 97 +8 107
Central India June to September 21st June 95+ 8 110
Northeast India June to September 2011 95+8 87
South Peninsula June to September 94 +8 100
All India July 93+9 85
All India August 94+9 109
All India August to 1st August 2011 90 £8 109
September
All India September Ist Sggielmber 90+ 15 108

Table-15: Verification of the operational long range forecast for 2012 SW monsoon rainfall.

Region Period Date of Issue Forecast Actual Rainfall
(% of LPA) (% of LPA)
. 26th April
All India June to September 2012 99+5 93
All India June to September 9% +4
Northwest India June to September 93+8 92
Central India June to September 22nd June 96 +8 96
Northeast India June to September 2012 99+8 91
South Peninsula June to September 95+8 90
All India July 98+9 87
All India August 969 101
All India August to September 2nd28\ijgust 91 +8 105




Table-16: Verification of the operational long range forecast for 2013 SW monsoon rainfall

Region Period Date of Issue ((I;Jo(;feiz;s;\) Ac(gza:)l fFf_i',nAf)a”
All India June to September 26th April 2013 985 106
All India June to September 98+4
Northwest India June to September 94%= 8 109
Central India June to September 14th June 98%= 8 123
Northeast India June to September 2013 98%= 8 72
South Peninsula June to September 103%z= 8 115
All India July 101%=+ 9 106
All India August 96%= 9 98
All India August to September 1St2'gli%USt 96%= 8 94
Al India September 1st Szegi%mber 96%: 15 86

Table-17: Verification of the operational long range forecast for 2014 SW monsoon rainfall.

Forecast (% of LPA)
. . . 9th June 12th August Actual Rainfall
Region Period 24;?(1)1Afrll 2014 2014 (% of LPA)
(1st Update) | (2nd Update)
All India June to September 95+5 93+4 87+4 88
Nolrrt]rclj\i/vaest June to September 85+8 76+ 8 79
Central India June to September 94 +8 89+8 920
Nolrrtz;e;st June to September 99+8 93+8 20
Squth June to September 93+8 87+8 93
Peninsula

All India July 93+9 90
All India August 969 90
All India August to September 95+8 98

Table-18: Verification of the operational long range forecast for 2015 SW monsoon rainfall.

Region Period Date of Issue Forecast Actual Rainfall
9 (% of LPA) (% of LPA)
All India June to September 22nd April 2015 93% 86%
Onset ERROR *4days 14th May 2015 30th May 5th June

All India June to September 88% 86%
Northwest India June to September 85% 83%
Central India June to September 90% 84%
Northeast India June to September 2nd June 2015 90% 92%
South Peninsula June to September 92% 85%
All India July 92% 84%
All India August 90% 78%
All India August to September 2nd28\ijgust 84% 7%




Table-19: Verification of the operational long range forecast for 2016 SW monsoon rainfall.

Region Period Forecast (% of LPA) Actual
12th April 2016 |2th June 2016 Rainfall
(Update) (% of LPA)

All India June to September 106 £ 5 106 + 4 97
Northwest Ind June to September 108 + 8 95
Central India June to September 113+8 106
Northeast India June to September 94 +8 20
South Peninsula June to September 113+8 92
All India July 107+ 9 107
All India August 104 +9 92
All India August to September 107 £ 8 94

Table-20: Verification of the operational long range forecast for 2017 SW monsoon rainfall.

Region Period Forecast (% of LPA) Actual
18th April 6th June Rainfall
(Update) (% of LPA)

All India June to September 96 +5 984 95
Northwest India June to September 96 + 8 90
Central India June to September 100+ 8 94
Northeast India June to September 96+ 8 98
South Peninsula June to September 99+8 100
All India July 96+9 100
All India August 99+9 88
All India August to September 100+8 88

Table-21: Verification of the operational long range forecast for 2018 SW monsoon rainfall.

Forecast (% of LPA) | .
. . . Updated Actual Rainfall
Region Period 16th April 30th May (3rd August paa e(% gf uLaPA)am a
2018 2018 2018
All India June to September | 97 +5 97 +4 91
Nl?lr(;ih;vest June to September 1008 98
Central India | June to September 99+8 93
Nort_heast June to September 93+8 75
India
50“”‘ June to September 95+8 98
Peninsula
All India July 1019 95
All India August 94+9 96 +9 92
All India aougus 1o 95 + 86
eptember

Table-22: Verification of the operational long range forecast for 2019 SW monsoon rainfall.

Region

Period

Forecast (% of LPA)




15th April | 31st May 1st August Ff‘;itnufg:l
2019 2019 2019 (% of LPA)

All India June to September 96+ 5 96+ 4 96 110
Northwest India June to September 94+ 8 98
Central India June to September 100+ 8 129
Northeast India June to September 91+ 8 88
South Peninsula June to September 97+ 8 116
All India July 95+ 9 105

All India August 99+ 9 115

All India August to September 100+ 8 130

Table-23: Verification of the operational long range forecast for 2020 SW monsoon rainfall.

) ) Forecast (% of LPA) Actual Rainfall
Region Period -
15th April 2020 1st June 2020 (% of LPA)
All India June to September 100+ 5 102+ 4 109
North\(vest June to September 107+ 8 84
India
Central India June to September 103+ 8 115
Northgast June to September 96+ 8 106
India
Squth June to September 102+ 8 130
Peninsula
All India July 103+ 9 20
All India August 97+ 9 127
. August to September
All India (issued on 31st July) 104+ 8 118

Table-24: Verification of the operational long range forecast for 2021 SW monsoon rainfall.

. . Actual Rainfall
0
Region Period Forecast (% of LPA) (% of LPA)
(issued on 16th April 2021)
- 0,
All India June to September Normal (96-104% of LPA) 99
98+ 5 of LPA
(issued on 1st June 2021)
- 0,
All India June to September Normal (96-104% of LPA) 99
101+ 4 of LPA
Nolrrt]r:j\i/\;est June to September Normal (92-108% of LPA) 96
Central India June to September Above Normal (>106% of LPA) 104
Nﬂﬁg?aaSt June to September Below Normal (<95% of LPA) 88
South
X June to September Normal (93-107% of LPA) 111
Peninsula
Monszo(;)nneCore June to September Above Normal (>106% of LPA) 107
. July . _1080
All India (issued on 1st July) July: Normal (94-106% of LPA 93




August: Normal (94-106% of

(issued on 1st Sept)

Al India August & Aug-Sept LPA 76
(issued on 2nd Aug)
Aug+Sept: Normal (95-105% of 99
LPA)
Al India September Above Normal (>110% of LPA) 135

Table-25: Verification of the operational long range forecast for 2022 SW monsoon rainfall.

Forecast (% of LPA)

Actual Rainfall

96+ 5 of LPA

Region Period
(% of LPA)
(issued on 14th April 2022)
. Normal (96-104% of LPA)
All India June to September 99+ 5 of LPA 106.5
(issued on 31st May 2022)
. Normal (96-104% of LPA)
All India June to September 103+ 4 of LPA 106.5
Northwest India June to September Normal (92-108% of LPA) 101
Central India June to September Above Normal (>106% of LPA) 119
Northeast India June to September Normal (96-106% of LPA) 83
South Peninsula June to September Above Normal (>106% of LPA) 122
flonsoon Core Zone June to September Above Normal (>106% of LPA) 120
All India June Normal (92-108% of LPA) 92
All India July (issued on 1st July) July: Normal (94-106% of LPA 116.8
August: Normal (94-106% of 103.5
Al India August & Aug-Sept (issued LPA '
on 1st Aug) Aug+Sept: Normal (94-106% of
105
LPA)
. September (issued on 1st Above Normal (>91-109% of
All India Sept) LPA) 108
Table-26: Verification of the operational long range forecast for 2023 SW monsoon rainfall.
Forecast (% of LPA) Ac.tual
. . Rainfall
Region Period
(% of LPA)
(issued on 11th April 2023)
- 0,
All India June to September Normal (96-104% of LPA) 95

(issued on 26th May 2023)




Normal (96-104% of LPA)

All India June to September 96+ 4 of LPA 95
Northwest India June to September BelowNormal (92>% of LPA) 101
Central India June to September Normal (-94106% of LPA) 100
Northeast India June to September Normal (94-106% of LPA) 82
South Peninsula June to September Normal (-94106% of LPA) 92
Monsoon Core Zone June to September Normal (-94106% of LPA) 101
All India June BelowNormal (>92% of LPA) 92
All India July (issued on 30th June) July: Normal (94-106% of LPA 113

. 0
Al Inia \ugust & Aug-Sept (issued on August: BelowNormal (>94% of LPA 64
July 31) Aug+Sept: Normal (94-106% of LPA) 83
Al India September (issued on 31st Normal (91-109% of LPA) 113

August)

Table-27: Verification of the operational long range forecast for 2024 SW monsoon rainfall.

Actual
Region Period Forecast (% of LPA) Rainfall (%
of LPA)
(issued on 15th April 2024)
. Above Normal (104-110% of LPA)
All India June to September 106+ 5 of LPA 108
(issued on 27th May 2024)
. Above Normal (104-110% of LPA)
All India June to September 106+ 4 of LPA 108
Northwest India June to September Normal (92-108% of LPA) 107
Central India June to September Above Normal (>106% of LPA) 119
Northeast India June to September Below Normal (<94% of LPA) 86
South Peninsula June to September Above Normal (>106% of LPA) 114
Monsoon Core Zone | June to September Above Normal (>106% of LPA) 122
All India June Normal (92-108% of LPA) 89
All India July July: Above Normal (>106% of LPA 109
August: Normal (94-106% of LPA 115
All India August & Aug-Sept
Aug+Sept: Above Normal (>106% of LPA) 114




| All India

September

Above Normal (>109% of LPA)

112

Table-28: Verification of the operational long range forecast for 2025 SW monsoon rainfall.

Actual
Region Period Forecast (% of LPA) Rainfall (%
of LPA)
(issued on 15th April 2025)
. Above Normal (104-110% of LPA)
All India June to September 105+ 5 of LPA 108
(issued on 27th May 2025)
. Above Normal (104-110% of LPA)
All India June to September 106+ 4 of LPA 108
Northwest India June to September Normal (92-108% of LPA) 127
Central India June to September Above Normal (>106% of LPA) 115
Northeast India June to September Below Normal (<94% of LPA) 80
South Peninsula June to September Above Normal (>106% of LPA) 110
Monsoon Core Zone June to September Above Normal (>106% of LPA) 122
All India June Above Normal (>108% of LPA) 109
All India July Above Normal (>106% of LPA) 105
. August: Normal (94-106% of LPA 105
All'l A Aug-
ndia ugust & Aug-Sept Aug+Sept: Above Normal (>106% of LPA) 110
All India September Above Normal (>109% of LPA) 115
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