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Abstract

In this study a stochastical approach for generating rainfall time series based on ob-
jective circulation patterns (CP) is applied to the mesoscale Anas catchment in North
West India. This CP based approach was developed and successfully applied in the
humid and temperate climate of Central Europe. The objective of the study was to find
out whether this approach is transferable to a catchment in North West India with a to-
tally different semi arid climate. For the Anas catchment it was possible to identify a CP
classification scheme consisting of 12 CPs defined in a window between 5° N40° E and
35°N95° E, which explained the space-time variability of observed rainfall at 10 stations
in the Anas catchment. Based on the classification scheme, NCAR pressure data from
500 hPa level were classified into a CP time series for the period of 1964—1994, which
was in turn used as meteorological forcing for multivariate stochastical rainfall simu-
lations with a daily time step. On the monthly time scale the model performed well.
Except for stations Udaigarh and Bhabra the average annual cycle of monthly rainfall
and rainy days in a month was matched well. The frequency distributions of monthly
rainfall at different stations were also captured well. Correlation coefficients between
simulated and observed monthly rainfall were larger than 0.85 at each station. Within a
long term simulation of 30 years the model yielded promising predictions for monthly as
well as for seasonal rainfall totals, but showed also clear deficiencies in capturing the
very extremes and inter-decadal variability of monsoon strength. In this respect, the
introduction of additional predictors such as SST anomalies and wind direction classes
promised the most substantial model improvements.

1. Introduction

The strong seasonality of the Indian climate and especially the onset and strength of
the rainy season determines to a high degree the socio-economic development and
agricultural productivity of India’s arid and semi-arid regions, which comprise more
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than 50% of its land area (MoE 2004). With 2/3 of the Indian population depending
on agriculture for employment and 2/3 of the cultivated land relying on rainfed farming,
water and food security closely follow climate variability and extremes. Thus, seasonal
predictions of the onset and strength of monsoon rainfall are crucial for water resources
as well as agricultural management and planning in India (Webster and Hoyos, 2004;
Siddig, 1999). During the monsoon season, usually from June to September, the In-
dian subcontinent receives 80—90% of the total annual rainfall in a sequence of rainy
periods (monsoon bursts) and dry periods (monsoon breaks) of 10—20 days duration,
which seem to occur quite randomly (Webster and Hoyos, 2004). Different methods
for predicting inter seasonal variability of monsoon rainfall over the Indian subcontinent
have been proposed over the years. Shukla and Mooley (1987) used the EL Nino
Southern Oscillation (ENSO) to explain 30% of the temporal monsoon variability over
the Indian subcontinent. Early attempts to statistically link Eurasion snow fall in winter
to the strength of the Indian monsoon did not yield convincing results (Dickson, 1984;
Bamzai and Shukla, 1999). Harzallah and Sadourny (1999) and Clarke et al. (2000)
proposed empirical schemes for linking monsoon rainfall and sea surface tempera-
ture anomalies. Gowarikar et al. (1991) developed a regional scale power regression
models for rainfall forecasting in selected regions of India based on a time domain
approach.

Despite the importance of large scale seasonal predictions of Indian monsoon, the
question of how climate change will affect the spatio-temporal pattern of monsoon rain-
fall and the related hydrological impact in mesoscale river basins is of high interest. The
assessment of climate change impact on monsoon rainfall for mesoscale river basins
requires approaches that may be linked to climate scenarios generated with Global Cir-
culation Models (GCMs). This link might be achieved either by dynamical or empirical
downscaling (Wilby and Wilks, 1997).

Within the dynamic approach, a “cascade” of dynamic models run on a nested grid,
where the finer resolved, regional models are driven by a Global Circulation Model
(GCM). Regional models may be either regional climate models (Giorgi et al., 1998;
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Frei et al., 1998; Jacob et al., 2001; Bergstrom et al., 2001), which are hydrostatic
models, or non hydrostatic mesoscale weather forecasting models such as the MM5
(Kunstmann and Jung, 2003). Dynamical downscaling yields satisfactory results when
driven by GCMs in the assimilation mode. However, even when the same GCM forcing
is used within a climate change scenario, regional climate models (RCMs) may produce
significantly different results as recently shown by Jacob et al. (2001) in a comparative
study for the Baltex area involving several different RCMs.

The basic idea of the empirical approach is firstly to establish a functional relationship
between the most robust and reliable fields provided by GCMs, such as geo-potential
height and temperature and locally observed meteorological variables such as precip-
itation or temperature in the catchment of interest, and secondly to extrapolate into
the future based on the GCM scenarios assuming the functional relationship is station-
ary. Within empirical downscaling we distinguish methods which directly link the GCM
predictors to the surface variables in a basin of interest, resampling methods (Wodjcik
and Buishand, 2003) or methods based on weather types. “Expanded Downscaling”
(EDS) proposed by Burger (2002) is a good example of a direct method. The principle
is to predict catchment scale precipitation and temperature using a multivariate regres-
sion model with the geo-potential height, the temperature and the specific humidity of
the GCM as predictors. The important constraint is that for the present climate, the
observed spatial correlation structure of the surface variables has to be maintained.
Similarly, Wilby et al. (1999) used sea level pressure, the geo-potential height of the
500 hpa pressure level and relative humidity to model daily rainfall within a regression
model.

Weather type related approaches are based on the assessment of weather types
or circulation patterns, which are statistically linked to the target surface variables in
the basin of interest (Wilson et al., 1992, Bardossy et al., 1995; Wilby and Wigley,
2000; Conway and Jones, 1998; Ozelkan et al., 1998). Stehlik and Bardossy (2002)
suggested an approach for relating large scale atmospheric pressure data and basin
scale precipitation based on:
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— An optimisation of fuzzy rules to classify pressure data from a suitable spatial
window into a number of circulation patterns (CPs), to explain the basin scale
space-time variability of observed rainfall.

— A multivariate stochastical generation of rainfall data at different locations in the
basin using rainfall probabilities and a spatial correlation both conditioned to the
CPs obtained with the optimised classification scheme. In contrary to unisite
approaches, the method allows estimation of precipitation with a realistic spatio-
temporal pattern.

As the output of climate models maybe classified into CP time series too, the method
is suitable for quantifying climate change impact on catchment scale precipitation. For
simulating precipitation in the 14 000 km? large Neckar basin in Germany, a set of 12
different CPs turned out to be optimal, which where classified using sea level pressure
data (SLP) with a spatial resolution of 5° from a window with South-West and North-
East corners located at 35° N, 15° W and 65° N, 40° E, respectively. In the following, we
will refer to this method as the CP based approach for precipitation downscaling.

The objective of the present study is to shed light on whether the CP based ap-
proach, which was developed and successfully applied to quantify climate change im-
pact on catchment scale rainfall in the humid and temperate climate of Central Europe,
is transferable to a catchment in North West India with a totally different semi arid cli-
mate that is strongly affect by the seasonality of the Indian Ocean circulation. Specific
aims are:

— To shed light on how well we can predict monthly totals of monsoon rainfall as well
as inter-annual variability of monsoon strength and onset,

— To identify model deficiencies and discuss additional predictors which are orthog-
onal to atmospheric pressure patterns to potentially improve the model perfor-
mance.
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To this end we had to identify an optimal location for the pressure window and an
optimum number of circulation patterns. The next section will give a brief outline of the
downscaling methodology, the study area as well as the underlying database.

2. Methodology and study area
2.1. Downscaling methodology
2.1.1. Fuzzy rule based classification of circulation patterns

As a first step the geo-potential heights of pressure data from a suitable pressure level
such as 500 hPa or SLP (sea level pressure) are transformed to standardised anoma-
lies by subtracting the long term average from the actual value at each node and di-
viding the resulting difference by the long term standard deviation. Based on triangular
fuzzy membership functions the daily anomalies at each location (x, y) are classified
into the categories 1) high, 2) medium high, 3) medium low, 4) low or 5) indifferent
for the circulation pattern. The membership functions for the five categories are v=1,
low: (-2.0, -1, -0.2)7; v=2, medium low: (-1.4, —0.6, 0);; v=3, medium high: (O,
0.6, 1.4);; v=4, very high: (0.2, 1, 2.0);; and v=5, constant as 1. Thus a circulation
pattern, CP,, is fully characterised by an index vector v(k):{v(1)(k) ...... v(n)(k)} that
defines the location of heights and depressions in the pressure window according to
four categories as well as those nodes which are of no importance i.e. which belong to
category 5. A pressure pattern for a given day is classified into a circulation pattern by
calculating the degree of fulfilment (DOF) for each rule based on the membership val-
ues, u, of the actual pressure anomaly value at each node in the window and selecting
the CP with the highest DOF (Bardossy et al., 2002).

The next step is to define a suitable objective function for the optimisation procedure
based on available precipitation time series in the basin. Following the approach of
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Stehlik and Bardossy (2002) we defined:

S 1 Ny

Or=2 N > (p(CP(1)); - p)? (1)
i=1 t=1

where S is number of stations with precipitation observations, N, is the number of
days in the time series, p(CP(t)); is the CP-conditional probability of a wet day at
station i, p; is the total average probability at station /. High values of O, indicate that
the conditional rainfall probabilities of the CPs differ strongly from the average value
i.e. represent dryer or wetter than average meteorological conditions for the basin.
Stehlik and Bardossy (2002) propose a second objective O, based on the conditional
precipitation amounts z(CP):

S ¢ N (z,,(CP<t)),~>
0, = — log| ———
° ;;;/Vd Eé Zpi

where Z; is the overall average daily precipitation amount at station /. High values of
O, indicate that the conditional rainfall amount of a CP differ clearly from the average
value. Following Stehlik and Bardossy (2002), we used the sum of O, and O, as one
possible objective function O for CP optimisation. Alternatively we defined an objective
function 0'2 based on the conditional precipitation amounts z(CP) which gives more
emphasis on CP with very high/low daily rainfall amounts

S 1 Yl /zcPt),\”
0=3 0> <w> @

The total objective function, O, was again the sum of O, and 0’2, 1 and 1.5 were tested
as a possible exponent b.
For optimisation we use simulated annealing. The principle of the optimisation is
to start with an arbitrary set of fuzzy rules, classify the pressure data and compute O
1967
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based on the observed precipitation time series. Then a rule k is randomly selected
and one of the five categories, v, is randomly assigned to a randomly chosen location,
X;, ¥;. A new classification is performed and Ox is calculated. If O * >O then the
change is accepted, if not the change is accepted with a probability that decreases

s Wwith decreasing annealing temperature. More details on the optimisation are given in
Bardossy et al. (2002).

Within the present study, the following classification schemes were optimised: a set
of 8, 10 or 12 CPs, classified from geo-potential heights of the 500 HPa pressure level
from two possible windows; one with South-West and North-East corners located at

10 5°N 40°E and 35°N 95°E (Fig. 1) the other located between 0°N 45°E and 30°N
100° E. Furthermore we compared the objective functions, O and O', for possible expo-
nents of b=1, 1.5.

The objective function itself is a good criterion to compare the quality of different CP

classification schemes. In addition we used the following measures:

15 — The normalised rainfall probability, n,, defined as the conditional probability of
precipitation at station / given the condition that the pressure at a day is classified
into a given CP divided by the average precipitation probability, p;, at this station.
A strong deviation of n, from 1 indicates that the conditional rainfall probability of
the CP is much higher or lower than the average.

_ pi(CP)

20 p P_/

— The normalised rainfall amount, n,, defined as the conditional average precipita-
tion amount on a wet day for a given CP z; (CP) at station / divided by the average
precipitation amount, Z;, of a wet day at that station. A strong deviation of n, from
1 indicates that the conditional rainfall amount of the CP is much higher or lower
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than the average:

(CP
5, _ 2CP)

Z
- The wetness index, /¢, defined as product of n, and n,.

2.1.2. Stochastical precipitation model

The time series of classified circulation patterns represents the large scale forcing of a
model originally proposed by Bardossy and Plate (1995) and advanced by Stehlik and
Bardossy (2002). It is a conditional multivariate autoregressive rainfall model based on
a transformed multivariate normal distribution. Rainfall is linked to the individual CP
using conditional rainfall probability and amounts. Spatial covariance of daily precipita-
tion is a function of the actual CP as well as of the day in the year. The annual cycles
of the spatial covariance function and of the one day lag autocorrelation are described
by means of a Fourier series. Stehlik and Bardossy (2002) showed that the first three
harmonics are sufficient for describing the annual cycles of the autocorrelation as well
as of the spatial covariance of rainfall. As Stehlik and Bardossy (2002) provide very
detailed information on the precipitation model as well as on the estimation of model
parameters we omit further details here. The model was calibrated using a period of
10 years (1985—1994) of precipitation data from 10 stations in the study area.

2.2. Study area and database

The Anas catchment is a head watershed of the Mahi basin which falls under a semi-

arid climatic zone in western India (Fig. 1). The catchment covers a geographical

area of 1750km? with a mean altitude ranging from 280m to 560 m. Daily rainfall

data records for 10 stations were provided from the State Water Data Centre (SWDC)

at Bhopal. The average daily rainfall amount, the observed maximum, the standard

deviation and the skewness of the time series at the 10 stations are listed in Table 1.
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The total rainfall in the monsoon season which provides 90% of the total annual rainfall
ranges from 350 mm to 1300 mm for dry to wet years, respectively. The rainfall station
at Jhabua has the longest records ranging from 1957—1999. Records at Thandla range
from 1964—1999 and the data records at the remaining stations range from 1984—-1999.
Hence, we selected the period from January 1985 to December 1994 for optimising the
CP classification scheme. Since 80-90% of the rainfall falls during monsoon season
which ranges usually from June to October, rainfall data were only collected during the
monsoon season. Consequently, conditional rainfall probabilities and amounts for the
CPs were exclusively determined for the monsoon period and set to zero outside.

For the optimisation of the CP classification we used a geo-potential height of the
500 hPa pressure level provided by the National Meteorological Centre for Atmospheric
Research (NCAR) on a 5° by 5° grid for the two windows specified above (Fig. 1).

3. Results
3.1. Optimal CP classification scheme

Table 2 compares the different classification schemes in terms of the two CPs that
have the maximum and minimum values of the normalised precipitation probability and
normalised precipitation amount. A total number of 12 CPs allows the best explanation
of rainfall variability because the conditional precipitation probability and amount of the
wettest and driest CPs deviate stronger from the average values than for the schemes
based on 10 and 8 CPs. Hence, the classification scheme with 12 CPs is superior
for explaining extremely wet or dry meteorological conditions. For the same reasons,
the window with South-East and North-West corners located 5°N 40° E and 35° N 95° E
gives better results than the window located between 0°N 45°E and 30°N 100°E.
The comparison of the different objective functions, O, and Oy, suggests that O,, with
an exponent of b=1 gives the best results. Thus we may state that the classification
scheme using 12 CPs in the window between 5° N 40°E and 35° N 95°E is the best,
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when optimised with objective function O,” and with b=1.

Figure 2 presents the conditional rainfall probability and amounts for the 12 CPs
and for each station in the Anas catchment. CP4, CP3, CP2 and CP8 represent wet
meteorological conditions. On average, CP4 is the wettest due to the highest average
wetness index. Due to a depression located over the Indian Ocean and a strong an-
ticyclone with its centre over the Arabian island, CP4 causes a streaming of moist air
masses from the North Western Indian Ocean to North Western India (Fig. 3). CP5,
CP11, CP13 and CP9 represent dry conditions, e.g. the dry CP9 with a “bridge” of
two anticyclones ranging from the Indian Ocean to Mongolia which causes dry and hot
weather conditions.

3.2. Stochastical rainfall simulation
3.2.1. Model performance at the daily time scale

Table 4 lists simulated and observed averages and standard deviations of seasonal
rainfall as well as the average number of rainy days for all stations in the Anas catch-
ment, calculated for the period 1985-1994. The deviations between the moments and
the number of rainy days are entirely within the 95% confidence intervals. The compari-
son between the histograms of observed and simulated daily rainfall (Fig. 4) suggests a
good agreement for rainfall amounts falling in the lower 99.5% percentile. However, the
model systematically underestimates the occurrence of the extremes within the upper
0.5% percentile. For each station, we tested whether the histograms of simulated and
observed rainfall time series belong to the same distribution for a significance level of
95% by means of a chi-squared test. For stations Thandla and Petlabad the hypothesis
had to be rejected.
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3.2.2. Model performance at the monthly time scale

Except for the stations Udaighar and Bharba, which are located in the South West of
the Anas catchment, the model results match the average annual cycles of monthly
rainfall and rainy days well (Figs. 5 and 6). At both stations the model underestimates
rainfall in July and overestimates in the second half of the monsoon period. As shown
in Fig. 6, this is because of a corresponding mismatch of simulated and observed rainy
days, underestimation in July and overestimation in the period of August—October.

The correlation between observed and simulated monthly rainfall totals is good, with
values larger than 0.85 (Table 5). As shown by the histograms of observed and sim-
ulated monthly rainfall, the model captures the occurrence of extremes clearly better
than at the daily scale. Again we tested whether the histograms of simulated and ob-
served rainfall time series belong to the same distribution for a significance level of
95%. The hypothesis was accepted for each station.

3.2.3. Long term monsoon prediction

To test the model performance outside of the calibration period, monsoon rainfall time
series were simulated for the period from 1964-94 and compared to the observations
at stations Thandla and Jhabua, where long term series are available. Due to the
stochastic nature of the model, we generated 30 realizations of rainfall time series
and computed time series of monthly and rainfall seasonal by averaging over the re-
alizations. The uncertainty band of the simulated rainfall series is marked by the 95%
confidence intervals around the average value. At both stations Thandla and Jhabua,
the model yields reasonable long term predictions of monthly rainfall (Fig. 8). Correla-
tion coefficients between observed and simulated monthly rainfall are 0.51 and 0.59.
However, the model clearly underestimates the extremes in the years 1988 and 1993.

Figure 9 presents simulated and observed time series for the seasonal totals of
monsoon rainfall at both stations. The correlation coefficients between simulated and
observed seasonal totals at Thandla and Jhabua are 0.62 and 0.48, respectively. At
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the Thandla station the model clearly underestimates monsoon rainfall in the period of
1969 to 1982. In the following period from 1983—1994 (calibration period 1985-1994)
and no systematic underestimation is observed. The normalized difference between
simulated and observed cumulated rainfall totals in the simulation period is -0.19,
which is outside of the 95% confidence limit of the observed total rainfall. A possible
reason for the different types of model errors in the periods of 1969-1982 (negative
bias) and 1983-1992 (statistical error) could be inter-decadal variability of monsoon
strength.

In contrary, at the Jhabua station, no period of systematic model error or bias may
be identified. The normalized difference between simulated and observed cumulated
rainfall totals in the simulation period is with —0.04 inside the 95% confidence limit of
the observed rainfall.

4. Discussion and conclusions

The results presented suggest that the CP based approach for precipitation downscal-
ing, which was originally developed by Stehlik and Bardossy (2002) and successfully
applied in the humid and temperate climate of Central Europe, is applicable within
the totally different, semi arid climate of North West India. The optimal classifica-
tion scheme consists of a set of 12 CPs defined in a window between 5°N 40° E and
35° N95° E. Within the optimisation procedure, a modified objective function, O (Eq. 3),
which gives higher weights to days with higher rainfall, yielded better results than the
O, (Eq. 2), which was originally proposed by Bardossy et al. (2002).

Based on the classification scheme, NCAR pressure data from 500 hPa level were
classified into a CP time series for the period of 1964—1994, which was in turn used as
meteorological forcing for multivariate stochastical rainfall simulations with a daily time
step.

On the monthly time scale the model performed well inside the calibration period and
also yielded promising predictions outside the calibration period. Except for stations
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Udaigarh and Bhabra, the average annual cycle of monthly rainfall and rainy days in
a month was matched well. Both stations are located at the South-West of the Anas
regions. The wettest CP4 (Fig. 3), which dominates in the early monsoon period,
causes streaming of humid air masses from North West into the Anas region. In this
case, Udaigarh and Bhabra are at luv side of mid mountains. Thus, topographic effects
will cause stronger rainfall, which is obviously not captured by the stochastical model.
In the second part of the monsoon period, the wet CP2 dominates, which causes
streaming of moist air mass from South West. In this case, Udaigarh and Bhabra
are at the lee side of mid mountains, which will cause weaker precipitation, which is
again not captured by the model. A possible way to account for this effect of advection
and topography is to introduce conditional rainfall probabilities and amounts which are
conditioned by the CP and the classes of wind direction and strength.

Within a long term simulation of 30 years, the model yielded promising predictions
for monthly as well as for seasonal rainfall totals. The model explained on average
between 25% and 36% of the observed rainfall variability. The model is suitable
for explaining parts of the intra seasonal monsoon variability as well as parts of the
inter-seasonal variability of monsoon rainfall, as recommended by Webster and Hoyos
(2004). However, model simulations at the Thandla station showed a negative bias
of nearly 20% due to a systematic underestimation of monsoon rainfall in the period
1969-1982. In contrary, the model simulations were unbiased in the period 1983-1992,
which covered the calibration period. This is likely to be due to inter-decadal variability
of monsoon strength, which is a well known phenomenon. Shukla and Mooley (1987)
already showed that the EL Nino Southern Oscillation (ENSO) has a strong influence
on monsoon performance: El Nino coincides with low monsoon performance whereas
La Nina causes stronger monsoon seasons (Webster and Hoyos, 2004; Goddard et
al., 2003). Furthermore, Clarke et al. (2000), Clarke and Webster (1999), Hastenrath
(1987) as well as Harzallah and Sadourny (1999) report that the sea surface temper-
ature (SST) of the Indian Ocean influences the inter-decadal variability of monsoon
strength. The most straight forward way to introduce SST anomalies as additional
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predictors into the stochastic rainfall model we used here is to define conditional rain-
fall probabilities and amounts which are conditioned by the CP as well as by the SST
anomalies in the Indian Ocean. Due to the slow variation of STT this would require
longer calibration periods up to 20 years. The main difficulties within this context are

— To identify the “sensitive” area in the India Ocean at which SST anomalies are
important

— To better understand whether SST anomalies in a certain sensitive area is impor-
tant or whether the spatial pattern, consisting of SST highs and lows (similar to a

circulation pattern) determines the inter-decadal variability of monsoon strength.

The over all conclusion of this study is that the CP based approach for precipitation
downscaling, proposed by Stehlik and Bardossy (2002) is applicable for monthly pre-
dictions of monsoon rainfall in the semi arid climate of North West India. Since the
geo-potential height of GCM pressure fields can also be classified into CP time series,
the method allows, in principle, impacts of climate changes scenarios on Indian mon-
soon for mesoscale catchments to be quantified. As discussed above the following
developments promise substantial model improvement:

— Introduction of conditional rainfall probabilities and amounts which are conditioned
by the CP and classes of wind direction and strength to better account for advec-
tion of precipitation and topographic effects (luv/lee). We expect this to improve
the model within the monsoon season

— Introduction of conditional rainfall probabilities and amounts which are conditioned
by the CP as well as by the SST anomalies or by patterns of SST anomalies in
the Indian Ocean. We expect this to improve the model performance in capturing
inter seasonal and inter-decadal variability of monsoon total rainfall.
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Table 1. Statistical properties of daily rainfall data for various stations of the Anas catchment

during the monsoon season.

HESSD
2, 1961-1993, 2005

Prediction of
monsoon rainfall

E. Zehe et al.

Station Average (mm) Maximum (mm) Standard deviation (mm) Skewness (-)
Jhabua 5.2 226.8 15.9 6.31
Ranapur 5.1 222.0 16.3 6.29
Udaigarh 5.3 207.2 14.8 5.82
Amba 5.6 200.0 16.7 5.32
Rama 6.1 318.0 19.6 6.76
Meghnagar 4.8 193.0 14.9 5.79
Thandla 5.7 225.8 17.6 5.88
Bhabhra 5.2 210.0 14.7 5.58
Sardarpur 5.0 173.0 14.8 5.08
Petlabad 6.6 212.0 18.9 5.39
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Table 2. Comparison of different CP classification schemes using the CP with the maximum
and minimum normalised precipitation probability and amount (both values were averaged over

all stations).

HESSD
2, 1961-1993, 2005

p
Minimum Maximum Minimum

n

n

z

Maximum

Prediction of
monsoon rainfall

E. Zehe et al.

Total number of CPs
(with 5°N 40°E and 35° N 95° E)

12 CP types 0.29 1.91 0.24 2.13
10 CP types 0.4 1.60 0.33 1.82
08 CP types 0.5 1.38 0.43 1.19
Atmospheric circulation window with

12 CPs

5°N 40°E and 35°N 95° E 0.29 0.24 2.13
0°N 45°E and 30°N 100° E 0.33 0.46 1.84
Exponent in objective Function O, with

12CP,5 N 40°E and 35°N 95°E

b=1.0 0.29 1.91 0.24 2.13
b=1.5 0.4 1.56 0.58 1.26
Objective function O, (comp. Eq. 2) 0.34 1.64 0.56 1.23
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Table 3. Occurrence frequency, conditional rainfall probability p(CP), conditional rainfall
amount z(CP) and wetness index /, averaged over the stations in the Anas catchment for

the period 1985-1994.
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CP-type Frequency (%) p(CP) (%) z(CP)(mm) [/, (-)
CPO1 13.1 19.8 13.6 0.196
CP02 41 40.3 43.9 0.403
CPO3 11.9 447 28.7 0.446
CPO4 4.2 54.7 22.7 0.545
CPO05 12.2 10.6 10.2 0.106
CPO6 10.3 21.7 13.5 0.216
CPO7 9.8 28.1 11.4 0.280
CPO8 2.4 411 15.4 0.408
CP09 9.9 20.8 15.5 0.208
CP10 5.8 35.9 20.3 0.360
CP11 4.6 19.8 10.0 0.196
CP12 7.4 37.8 12.8 0.377
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Table 4. Statistics of observed and simulated seasonal rainfall totals (June—October) for sta-
tions in the Anas catchment for the period 1985-1994.
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Stations Mean rainfall amount Standard deviation Number of wet days
Observed Simulated Observed Simulated Observed Simulated
(mm) (mm) (mm) (mm) (no.) (no.)
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 55.3
Rama 934.3 922.8 127.5 110.0 394 58.3
Meghnagar 728.3 705.6 107.3 99.6 401 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
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Table 5. Correlation between observed and simulated monthly rainfall totals for the period

HESSD
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monsoon rainfall

E. Zehe et al.

1985-1994.
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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500hPa geo-potential height atmospheric window
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L) =00

Fig. 1. Location of Anas catchment (dark red) in atmospheric circulation window (05°N 40° E
and 35° N 95°E) at 5°x5° grid selected over Indian ocean for rainfall downscaling. Location of

the 10 rainfall sttions in the Anas catchment.
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Fig. 2. Conditional rainfall probability and conditional rainfall amounts for all the stations in
the Anas catchment India (a) Jhabua, (b) Ranapur, (c¢) Udaigarh, (d) Amba, (e) Rama, (f)
Meghnagar, (g) Thandla, (h) Bhabhra, (i) Sardarpur and (j) Petlabad.
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~ WET CPO4

Dry CP09

Fig. 3. Spatial distribution of 500 hPa geo-potential height anomalies for the wet CP04 and
the dry CPQ9 types. High pressure anomalies are shown in solid dark red lines, low pressure

anomalies in solid blue lines.
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Fig. 4. Histograms of observed and simulated daily rainfall amounts, the bin width is 10 mm.
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Fig. 5. Average monthly observed and simulated rainfall for selected stations in the Anas
catchment. The error bars denote standard error of the averages.

1989


http://www.copernicus.org/EGU/hess/hessd.htm
http://www.copernicus.org/EGU/hess/hessd/2/1961/hessd-2-1961_p.pdf
http://www.copernicus.org/EGU/hess/hessd/2/1961/comments.php
http://www.copernicus.org/EGU/EGU.html

HESSD

20 20
2 —+— observed 2 —+— observed
§5 JHABUA —o— simulated §15 RANAPUR simulated 2, 1961-1 993, 2005
2 2
‘510 510
2 2
ES5 ES . -
2 2 Prediction of
0 0 .
5 6 7 8 9 10 1 5 6 7 8 9 10 11 monsoon ralnfa"
20 20
2 . —+— observed 2 —+— observed
“"515 . “'315 AMBA P —=— simulated E. Zehe et al.
E E
‘510 ‘510
] o]
gl \ -} t
ES5 ® ES5 °
2 2
0 0
5 6 7 8 9 10 11 5 6 7 8 9 10 11
20 20
% —+— observed % | —+— observed
T15 RAMA 4 —<— simulated E1¥ EGHNAGAR _a —<— simulated
2 2 :
510 510
k! k!
ES5 ES5
2 2
0 0

o
o
N
®
©
5
I
o
o
N
®
©
5
I

8
8

—+— observed
—<— simulated

—+— observed
—<— simulated

THANDLA BHABRA

i
a

[
a

o
4
o

- //

number of wet days
5

number of wet days
=y
o

o
o
~
o
©
5
s
o
o
~
o
©
5
s

5]
5]

—+— observed —+— observed

I st i

I’ '
> > —
815 PADAPUR o simulated | S1sfETLABAD /= = simulated
H H
510 510
3 3
£5 g5
g g
= =
0 0
5 6 7 8 9 10 1 5 6 7 8 9 10 1

EG

(@

Fig. 6. Average number of rainy days simulated and observed in the Anas catchment.
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at the Jhabua and Thandla stations. The error bars denote the 95% confidence interval.
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stations for the period 1964—-1994. The error bars denote the 95% confidence interval.
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