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Abstract The potential of a surface-based approach for rainfall downscaling
has been explored using a statistical method. The methodology has been
applied in a highly seasonal semiarid monsoon-dominated region of India. An
automatic circulation pattern classification method is used in which daily
rainfall occurrence has been conditioned on CP type using a fuzzy-rule based
process and the rainfall is forecast as a stochastic process coupled to the
circulation pattern. The model was calibrated for a 10-year period, 1985—-1994
and also validated. Model parameters obtained from 1985-1994 daily time-
series were used to predict the long-term monsoon rainfall during 1961-1994
for the Jhabua station. The predicted mean monthly rainfall shows a good fit
with observed rainfall within a mean variability range of 5 to 15%. The results
thus obtained may be used for predicting the arrival of the monsoon,
agricultural and crop planning, farming risk assessment, rainfall-runoff
modelling, water balance studies and the development of climate change
scenarios.
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INTRODUCTION

Rainfall modelling and its forecasting is one of the important factors for catchment-
level water resources management decision making. The monsoon variability in Asia
brings drought and famine during some seasons and devastating flood-like situations
during the other seasons. The Indian Ocean atmospheric circulation influences more
than 1.5 billion people in arid and tropical Asia. Thus prediction of rainfall is an
essential input parameter for decision support modelling, farming risk reduction as
well for hydrological impact assessment studies. Accurate prediction of monsoon
rainfall at regional or local scale can improve planning to mitigate the adverse impacts
and to take advantage of early warning systems not only for water resources operations
but also for agriculture, where more than 70% of the total work force is still employed
(Clark et al., 2000). Thus a better understanding of the monsoon rainfall cycle and its
forecasting is clearly of a scientific and a social value.

Modelling the dynamics of the atmospheric circulation is sensitive to small
changes in local rainfall. It is evident from several research studies that large scale
weather indices can be downscaled for the forecasting of hydrometeorological
variables at the catchment scale (Clark et al., 2001; Wilby, 2001). The growing
demand for climate scenarios for future hydrological as well drought and flood



292 Anupam K. Singh et al.

forecasting impact studies has created a need for downscaling methods. Goodess
(2000) was of the opinion that statistical downscaling methods are relatively simple to
apply, do not require large amounts of observed data, and are transferable between
regions. In their review of statistical downscaling techniques, Von-Storch et al. (2000)
were of the view that statistical downscaling offers a straightforward method of testing
GCM’s abilities in simulating regional and local details.

The fuzzy model used for the prediction of seasonal monsoon rainfall in the Anas
catchment, India, is based on the atmospheric circulation pattern of 500 hPa geo-
potential heights and station rainfall measurements. The algorithm employed here is an
improved version of the stochastic downscaling proposed by Bardossy et al. (2002) for
possible application in extreme monsoon climates. The model computes distributed
rainfall using kriging’s external-drift interpolation method for the monsoon season at
any point within the catchment independent of point measurements. For a detailed
description of the stochastic fuzzy based model used for the Anas catchment refer to
Bardossy et al. (2002) and Singh (2004).

MODELLING METHODOLOGY

Bardossy & Plate (1992) and Von-Storch et al. (2000) are of the opinion that regional
climate is conditioned by climate on a larger scale. Thus the conceptual relationship
between local rainfall expressed as Z(¢,u) and large scale circulation pattern W(t,u) may
be expressed by a deterministic function f'as shown in equation (1):

Z(tu)= fW(tu)} (1)

For rainfall, a two step method is applied here. In the first step the pressure patterns
have been classified according to the circulation pattern types using fuzzy-rule based
logic, then in the second step, conditional probability analysis has been conducted to
derive deterministic functions for conversion into rainfall. The stepwise modelling
methodology is presented below.

Classification of circulation types

The model uses a fuzzy-rule based logic concept for circulation pattern definition. The
days with a similar range of geopotential heights are assigned the same CP type. The
classification is carried out using normalized pressure anomalies g(i,f) of daily geo-
potential height data (i stands for grid point and ¢ for day). The normalized pressure
anomalies g(i,f) can be defined as:

P(i,f)— P

P

gi,0)= (2)

where P is average pressure during time ¢ at N number of observations, and G, is the
standard deviation of daily pressure data.

The rainfall probability on a given day is calculated by considering the threshold
U for the daily rainfall amount. Thus the objective function O, () can be defined as:



Downscaling atmospheric circulation data for monsoon rainfall forecasting in India 293

s 1 T A
0,(9)= ZJ; S {p(cPw), - i} 3)

i=1 i=1
where s is the number of stations, 7 number of days, p(CP(¢)); is the probability of
rainfall exceeding the threshold U on a day with given CP at station 7, and p; is the

probability of a day with rainfall exceeding ¥ for all days within the time period 7.
For the amount of rainfall on a given day for a given station, the following
objective function is defined:

S 1L z(cPay,
=33 2] ¥

Z;

where z(CP(?)); is the mean rainfall amount on a day with a given CP at station i and
z; 1s the mean daily rainfall without classification at the same station. Higher values of

O,(%) and O, indicate a better classification. A detailed discussion on classification
can be found in Bardossy et al. (2002).

Rainfall downscaling

The seasonal cycle of the parameters is modelled by applying Fourier series as
described in Bardossy & Plate (1992). The probability of rainfall at time # and location

u depends on circulation pattern Zt and can be expressed as:
P () >01 7, = a,|= Plz(tu)> 01 4, = a,|= py, u,0) 5)

The distribution of daily rainfall amount at location u, F,(z|u)also depends on

circulation pattern 4, and time ¢ which can be expressed as:
Plztuy< =14, = 0, Z(tu) > 0)= F, (zu) 6)

where z(CP(¢)); is the mean rainfall amount on a day with a given CP at station i and
z; 1s the mean daily rainfall without classification at the same station. Bardossy et al.
(2002) stated that higher the values of O, (%) and O, indicate a better classification.

DATA SOURCES AND DATABASE

As explained the circulation pattern type approach described above requires daily time
series of mean geopotential heights at 5° x 5° grid spatial resolution for the optimized
window (05°N,40°E and 35°N,95°E) over the Indian sub-continent. The NCEP re-
analysis data sets of 500 hPa geopotential heights were obtained from the National
Meteorological Centre for Atmospheric Research (NCAR) on CD-ROM for the period
1962-1994.
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The daily rainfall data for the Anas catchment were obtained from the State Water
Data Centre, Bhopal for 10 rainfall stations. The Jhabua and Sardarpur stations have
the longest records of 42 years while the Thandla and Petlabad stations have records
for 35 years. The rest of the stations have daily rainfall records for between 1984 and
1999, and are limited to just ten-year periods. Thus a common data set period, both for
daily geopotential heights and rainfall time series for the ten stations, from 1 January
1985 to 31 December 1994 has been chosen. Since 80-85% of the rain falls during the
monsoon season (June—September) and influences hydrological processes, agriculture
and economic activities within the catchment, the rainfall downscaling analysis was
limited to the monsoon season only.

RESULTS AND DISCUSSION

The rainfall downscaling model results were simulated for two objective functions:
conditional rainfall probability and conditional rainfall amount, which were obtained
from wet and dry circulation types. The mean wet-day fraction for each station has also
been calculated.

Conditional rainfall probability and amount

The computed conditional mean rainfall probabilities and conditional mean rainfall
amounts for all ten stations in the Anas catchment during the 1985-1994 monsoon
seasons are displayed in Fig. 1. For circulation type CP04, a high conditional rainfall
probability of 0.54 with a conditional rainfall amount of 22.7 mm day” was observed.
Although the conditional rainfall probability (0.40) for CP02 was found to be low
compared to CP04, the conditional rainfall amount of 43.9 mm day ™ estimated is high.
Also CP04, showed a relatively very high conditional wet-day fraction (0.57) but low
frequency of occurrence just 5.8%. This shows that CP04 was responsible for a few
large rainfall events, as compared to CP02 when a number of events of good rainfall
amount do often occur. CP03 and CP08 have higher conditional probabilities of 0.45
and 0.41, with a conditional daily rainfall amount of 28.6 and 15.4 mm day’,
respectively. The wet-day fraction for CP03 (0.39) was found to be lower than the wet-
day fraction of CPO8 (0.46). Thus it may be concluded that CP04 can be termed a
cyclonic weather type which may occur seldom during the monsoon season each year.
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Fig. 1 The combined conditional rainfall probability and conditional rainfall amount
for all the stations in Anas catchment for 12 CP types.
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The dry CP types, such as CP09 and CP0S5, have low conditional rainfall amounts
and high frequency of occurrence, 13.4 to 16.1%. For the CP types CP05 and CP09, a
conditional rainfall probability of 0.22 and 0.11 and a conditional rainfall amount of
13.5 and 10.2 mm day' respectively were simulated. A low value for wet-day fraction
indicates that CP09 contributed little to the rainfall on the given day as compared to
high value (0.57) for CP04 with higher rainfall probability and rainfall amount. A low
percentage of rainfall contribution from CP06, CP05, CP09 and CP11 may be due to
the fact that there are many dry days with a small amount of rainfall.

Objective circulation pattern

The spatial distribution of mean pressure pattern anomalies for the 5° x 5° window at
500 hPa geopotential heights over the Indian Ocean further explains the phenomena of
wet and dry CP types responsible for rainfall and drought in the Anas catchment. The
wet circulation pattern types, such as CP04, are the cause of major rainfall in the study
area. These CP types are influenced by high pressure over the Bay of Bengal and low
pressure over the Arabian Sea. This forms a vortex kind of effect over the Indian sub-
continent and is thus responsible for the heavy monsoon rainfall. On the contrary, for
dry CP types such as CP09, the low pressure over the Bay of Bengal and high pressure
over the Arabian Sea and south Plateau of China gave very little rainfall in the study
area. Both the circulation patterns CP04 and CP09 present contrasting situations as
shown in Fig. 2.

Observed and simulated rainfall

The statistics of monsoon season mean observed and simulated yearly rainfall totals
for all the stations in the Anas catchment are given in Table 1. It is clear that the mean
value shows the best compromise with an average error of 2.5% for the 10-year
average. The highest error of 10.6% was predicted for the Udaigarh and 9.1% for the
Jhabua, while the best fits of 1.2% for Rama and 2.3% for Bhabhra were obtained.
This shows an excellent performance for the mean seasonal rainfall. However, the
results from statistical downscaling for predicting the number of wet days at each
station have not been so promising as an average error of 24.6% was calculated. For all
the stations the model always simulated a greater number of rainy days than was
observed. This difference was as high as 19 days for the station Rama and as low as
1 day for the Udaigarh station.

The long-term time series of mean monthly rainfall totals for observed and simul-
ated rainfall for stations Ranapur, Rama, Meghnagar and Sardarpur shows a good fit.
For most of the rainfall stations the difference between the observed and simulated
rainfall totals is under the 15% limit, except for the month of October where the
simulation range was exceeded. The monthly cycle of rainfall totals for observed and
simulated rainfall data have been found to be highly correlated. The order of Pearson-
type correlation varies between 0.85 for station Petlabad to 0.99 for station Amba and
Meghnagar (Table 2).
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Fig. 2 Spatial distribution of mean 500 hPa geopotential height anomalies for: (a) wet
CP04, and (b) dry CP09, for 12 CP types over the Indian sub-continent.

Table 1 Statistics of observed and simulated seasonal (June—October) rainfall totals for various stations
(1985-1994) in the Anas catchment, India.

Station Mean rainfall amount (mm) Standard deviation (mm) Number of wet days
Observed Simulated Observed  Simulated Observed  Simulated
Jhabua 787.0 715.8 109.9 97.7 47.0 54.6
Ranapur 780.1 760.7 113.7 115.3 35.6 48.7
Udaigarh 817.3 729.8 98.2 99.9 52.0 53.7
Amba 852.3 873.9 129.9 120.1 39.2 553
Rama 9343 922.8 127.5 110.0 394 58.3
Meghnagar 7283 705.6 107.3 99.6 40.1 51.2
Thandla 881.1 844.1 116.5 115.6 48.3 55.7
Bhabhra 795.9 777.9 99.5 97.0 47.9 52.4
Sardarpur 769.2 775.4 93.2 79.5 38.7 51.9
Petlabad 1016.2 983.0 127.5 125.3 54.1 62.0
Table 2 Correlation between observed and simulated monthly rainfall totals.
Station Jhabua Ranapur Udaigarh Amba Rama
Correlation 0.94 0.96 0.88 0.99 0.96
Station Meghnagar Thandla Bhabhra Sardarpur Petlabad
Correlation 0.99 0.96 0.98 0.91 0.85
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Fig. 3 Simulated and observed rainfall time series for Jhabua station during the 1961—
1994 period: (a) monthly rainfall time series and (b) seasonal rainfall totals.

Prediction of long-term rainfall

The model parameters obtained from the calibration period daily rainfall time series
have been used for the prediction of long-term monthly rainfall for Jhabua station
during the 1961-1994 monsoon seasons. The correlation between predicted and
observed time series is, at 0.40, relatively low (Fig. 3). The long-term prediction of
individual monsoon season rainfall totals gives much better results, a correlation of
0.90. The deviation between predicted and observed seasonal rainfall is mostly smaller
than 20%. However, in 1974 and within the period 1983-1985, the model predictions
are very poor. Hence, the model is only capable of forecasting part of the inter-annual
variability of total seasonal rainfall; it fails especially in predicting the extremes.

CONCLUSIONS

This research study demonstrates the benefit of using a statistical downscaling model
with limited observed data records for rainfall prediction based on the daily atmospheric
circulation pattern in the highly seasonal environment of India. The model calibration
parameters were obtained from a daily rainfall time series limited to the 10-year period
1985-1994. A conditional weather generator, in which rainfall occurrence is
conditional on the CP type of each day and the daily sequence of CP type is modelled
as a fuzzy-rule based process, was used to simulate the number of rainy days for all the
stations. The model overestimated the total number of rainy days for each station.
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It can be stated that the rainfall downscaling model is a good starting point for
seasonal predictions of monsoon rainfall. The circulation patterns give a sound explan-
ation for the dry and wet synoptic situations through the pressure patterns over the
Indian sub-continent. The model is capable of: (a) reproducing average annual rainfall,
and (b) capturing parts of the inter-annual variability of total seasonal rainfall when
used for long-term predictions. However, the model fails particularly fails in predicting
extremes, 1.e. flood or drought prone seasons. This is a clear hint that the proposed
methodology does not account for all the important factors that determine the inter-
annual variability of seasonal rainfall.

The future potential of the model is to test additional predictors such as sea-surface
temperature (SST) or moisture flux in the atmosphere for rainfall generation. This will
surely improve the model performance. Furthermore, hydrological extremes such as
drought or flood are not properly addressed by the time scale of monthly or seasonal
data. There is an urgent need for inter-comparison of different downscaling methods
for hydrological modelling. This research work is an interesting initiative for predic-
tion for poorly gauged catchments, or prediction under limited data availability.
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