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s u m m a r y

Mahanadi River basin is one of the recognized climatic vulnerable regions of India. Recent occurrences of
the extreme climatic events in this basin underscore the importance of evaluating the trend and variabil-
ity of hydroclimatic variables in order to understand the potential impact of future change. In this study,
the monthly streamflow data for the period 1972–2007 and the daily rainfall data for the period 1972–
2005 have been analyzed using the Mann–Kendall nonparametric test after removing serial correlation.
The results reveal a substantial spatial and subseasonal difference in the monsoon season streamflow and
rainfall patterns, with a predominance of the increasing trends in June and decreasing trends in August.
However, a marked increase is observed in the streamflow and rainfall of the pre- and post-monsoon sea-
son. The correlation coefficients show a direct correspondence of the rainfall and streamflow series with
the El Niño–Southern Oscillation (ENSO), which is contrary to the established inverse relationship over
India. The noteworthy feature of this study is the observed climate uncertainty in terms of large variabil-
ity in the extreme indices since the 1990s, consistent with the warming induced intensification of the
hydrological cycle. Strong evidences have emerged regarding the basin-wide increases in extreme rainfall
indices. In particular, the coastal sector of the basin is more vulnerable to the heavy rainfall, whereas the
southern Eastern Ghats region is susceptible to the moisture stress. The discharge at the basin outlet has
declined at a rate of 3388 � 106 m3 decade�1, suggesting the need of environmental flow assessment. The
results of this study would help the reservoir managers and policy makers in planning and management
of water resources of the Mahanadi River basin.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Climate change and variability would adversely affect the water
and food security of the densely populated Asian river basins
(Immerzeel et al., 2010). Among the Himalayan river basins of In-
dia, however, the Brahmaputra basin would be more sensitive
compared to the moderate response of the Ganges. In general,
the water scenario of India, a subcontinent with population over
one billion, is becoming critical as the per capita availability of
water has decreased from 2309 m3 in 1990 to 1820 m3 in 2001,
and will be dropped to 1140 m3 by 2050 (Gupta and Deshpande,
2004). The growing conflict among the river basins of the country,
in particular due to the inter-states water transfer and water shar-
ing between industry and agriculture, is directly affecting the so-
cial and economic developments (Joy et al., 2008). Under the
greenhouse gas scenario, a general reduction in streamflow is also
predicted for the non-Gangetic river basins of the country (Gosain
et al., 2006). It is, therefore, important to assess the trends and var-

iability of streamflow for judicious planning and management of
water resources.

Most of the trend studies have focused on assessing the rainfall
and temperatures patterns for different states of the country or for
the study area based on the political boundary. The Indian subcon-
tinent is climatologically heterogeneous, ranging from the hot and
humid tropical climate to the dry and desert ecosystem. The sum-
mer monsoon rainfall during June to September, which is the life-
line of the agriculture-based economy and also modulates the
hydrology of the country, exhibits trends of substantial regional
and seasonal difference (Guhathakurta and Rajeevan, 2008). The
national trend studies suffer from the masking effects of the con-
trasting climatology. The long-term changes in streamflow and cli-
matic variables on a basin scale can, however, provide evidence of
climate change and variability as river basins are climatologically
homogeneous and streamflow reflects the integrated response of
climatic inputs. But, there are only a few streamflow studies avail-
able in literature. Bhutiyani et al. (2008) reported a post-1990 per-
iod decreasing discharge trend at four gauging stations for the
snow-fed rivers of northwestern Himalaya during the winter and
monsoon seasons. Analyzing the annual maximum streamflow of
18 gauging stations of the river basins of south Asia, mostly
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concentrated over the Himalayan region, Kale (2012) observed no
clear pattern during the second half of the 20th century. It should
be noted that the numbers of gauging stations used in these stud-
ies are not sufficient enough to capture the local behavior within
the basin.

The Mahanadi River basin is of particular importance to study
the hydroclimatic changes because of its location adjacent to the
northwest Bay of Bengal, which makes the basin vulnerable to
recurrent floods, droughts and cyclones (Swiss, 2002; Dilley
et al., 2005). In order to protect the downstream coastal plains
from flash floods, the multipurpose Hirakud earthen dam was con-
structed in 1957 with a water storage capacity of 5.82 km3. More-
over, the reservoir irrigates an area of 1554 km2, and has an
installed capacity of power generation of 347 MW. Owing to the
hydroclimatic sensitivity of the Mahanadi River basin, several
studies have investigated the impacts of climate change and vari-
ability on the hydrologyusing the General Circulation Models
(GCMs). These simulation results suggested that the operation of
the Hirakud reservoir would pose a major challenge under climate
change scenario in terms of electricity generation and irrigation
water availability because of the predicted inflow decreases
(Mujumdar and Ghosh, 2008; Raje and Mujumdar, 2009). However,
a comparatively higher level of rainfall and water yield for the ba-
sin was also predicted (Gosain et al., 2006). Moreover, the basin
has also experienced a significant warming trend due to the in-
creases in the greenhouse gases such as CO2 and CH4 (Rao, 1993).
The monsoon rainfall of central India, that includes some parts of
the Mahanadi basin, has experienced changes in the extreme rain-
fall characteristics (Goswami et al., 2006). Climate simulation mod-
els have also predicted increases in extreme rainfall along with
decreases in moderate rainfall in the Mahanadi River basin (Raje
and Mujumdar, 2009; Kannan and Ghosh, 2010).

Till date, streamflow trends and their linkages with the major
climatic variables have not been investigated systematically for
any of the river basins of India, except the recent study of Pal
et al. (2013) for the western Himalayan Satluj River. Therefore,
the current research aims to assess the streamflow and rainfall
trends and variability in the Mahanadi River basin. Given the
uncertainty associated with the use of different GCMs (Ghosh
et al., 2010), the results of this study will corroborate the modeling
predictions, and also improve the understanding about the hydro-
climatic changes at the annual, seasonal and subseasonal scales. To
this end, the monthly streamflow records of 17 gauging stations
have been used, which represent the microclimates of the subba-
sins and reflect the natural flow regimes within the basin. In addi-
tion, using a high resolution gridded daily rainfall dataset, this
study also attempts to understand the changes in extreme rainfall
indices, defined by the Expert Team on Climate Change Detection
Monitoring and Indices (ETCCDMIs).

Although a daily streamflow time series can capture the fine
scale phenomena of the extreme flow characteristics, such datasets
are not available for most of the basins of India. This could be one
of the reasons for a fewer streamflow studies in India. Streamflow
record at the basin outlet is important as they are employed for the
basin scale water balance calculation, climate change analysis and
GCM applications over large regions (Arora, 2001; Dai and Tren-
berth, 2002). In this study, the daily streamflow data for the gaug-
ing station at the outlet of the Mahanadi basin is analyzed to
understand the changes in fundamental flow characteristics. Be-
cause of the proximity to coast of the Bay of Bengal, the Mahanadi
river basin is sensitive to the large-scale coupled atmospheric-oce-
anic circulation modes such as the El Niño–Southern Oscillation
(ENSO) and the Indian Ocean Dipole (IOD) (Maity and Nagesh Ku-
mar, 2009; Ajayamohan and Rao, 2008). With the available dataset,
the hydroclimatic teleconnection with the hydroclimatic variables
of the basin is also explored. From the Indian prospective, this

study is a step forward to the ongoing international efforts towards
more regional studies to adapt the climatic impacts given the
hydroclimatic importance of the Mahanadi basin in supporting
agriculture, hydropower generation and coastal ecosystems.

The paper is organized as follows. The study area and datasets
used in this study are described in Section 2. Section 3 outlines
the methodology applied in this study. The main results are pre-
sented in Section 4. Finally, the results are discussed in Section 5
and the salient conclusions are drawn in Section 6.

2. Study area and dataset

The Mahanadi River is one of the major east flowing river of
peninsular India (Fig. 1), which originates at an elevation of about
442 m above MSL (near Pharsiya village in Raipur district of Chat-
tisgarh) and drains an area of 141,589 km2 between 80�260 E and
86�500 E longitude and 19�200N–23�350N latitude. The Mahanadi
basin lies in the states of Chhattisgarh (75,136 km2), Orissa
(65,580 km2), Bihar (635 km2) and Maharashtra (238 km2). The to-
tal length of the river from its origin to confluence to the Bay of
Bengal is about 851 km. The main tributaries (a total of 12), such
as the Seonth, the Jonk, the Hasdeo, the Mand, the Ib, join the up-
stream of Hirakud reservoir while the Ong and the Tel join the
downstream of it. As there is no major control structure upstream
of the Hirakud reservoir, the streamflow at most of the gauging sta-
tions can be considered as unregulated. The basin is characterized
by a tropical monsoon (June to September) climate, with an aver-
age rainfall of 1360 mm. More than 80% of the annual runoff occurs
during the monsoon season. The average annual flow is
1895 m3 s�1, with a maximum of 6352 m3 s�1 during the monsoon
season and a minimum of 759 m3 s�1 during the dry summer pre-
monsoon season (January to May). Before discharging into the Bay
of Bengal, the Mahanadi River segregate into several distributaries
and channels, thereby creating a coastal delta. The synoptic distur-
bances over the Bay of Bengal, which contribute a bulk of the rain-
fall, generate flash flood in the densely populated and
agriculturally-intensive coastal delta. Geology of the upstream re-
gion is mostly characterized by the pre-Cambrians hard rock of
Eastern Ghats, while the downstream is dominated by the recent
deltaic alluvium of the river. Temperatures show a large variation,
with the winter (December to January) minimum temperature
ranging from 4 �C to 12 �C, and the hottest month of May experi-
ences a maximum temperature ranging from 42 �C to 45 �C. The
basin population has registered a decadal growth of about 20%
since 1971, with the population density of 202 (people per km2)
and 243 in 2001 and 2011, respectively.

The monthly streamflow discharge time series in 106 m3 (mil-
lion cubic meters, mcm) for 17 gauging stations of the Mahanadi
River basin were obtained from the Central Water Commission,
Government of India. Table 1 presents the detailed information
regarding the basin characteristics and the gauging stations. As
the gauging stations were established at different point of time,
the length of the records also differed during the period 1972–
2007 (Table 1). For most of the river basins in India, a systematic
hydrological monitoring with proper spatial representation started
since the middle of 1980s. Moreover, the daily streamflow data for
the gauging stations situated at the outlet of the basin (Tikerpara,
Id. 19) for the period 1972–2007 was used. The daily rainfall data
for 60 grids at the resolution of 0.5� � 0.5� for the period 1972–
2005 was obtained from the recently developed high resolution
gridded rainfall dataset of the Indian Meteorological Department
(IMD) (Rajeevan and Bhate, 2008). Most of the previous trend stud-
ies employed the earlier version of gridded daily rainfall dataset at
the spatial resolution of 1� � 1�. The pre-monsoon (January–May)
and post-monsoon (October–December) streamflow and rainfall
totals were used as their monthly values contribute a small
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proportion of their annual value. To calculate the large-scale cli-
matic modes, the NOAA Extended Reconstructed Sea Surface Tem-
perature Version 3 (ERSST.v3b) monthly dataset at a spatial
resolution of 2� � 2� (Smith et al., 2008) was utilized.

3. Methods

3.1. Extreme indices and climatic modes

The calculation of the extreme indices and the analysis of data-
sets at the monthly, seasonal and annual scales, were carried out

using the Interactive Matrix Language (IML) of SAS (SAS Institute,
2002). Some of the extreme rainfall indices are based on the defi-
nition developed by the Expert Team on Climate Change Detection
Monitoring and Indices (ETCCDMI, http://cccma.seos.uvic.ca/
ETCCDMI/), and has been used in the global and regional extreme
climate assessment research (Alexander et al., 2006; Klein Tank
et al., 2006). Table 2 presents the indices relevant for the Indian cli-
mate some of which were also used by Pal and Al-Tabbaa (2009).
Most of these indices are based on the count of rainfall days over
a fixed threshold, which are important for impact assessment
and regional planning (Klein Tank and Können, 2003). On the other

Fig. 1. Geographical map of the Mahanadi River basin of India (inset). The streamflow gauging stations representing major tributaries are displayed and their physiographic
properties are presented in Table 1. The multifarious Hirakud dam protecting the coastal downstream region adjacent to the Bay of Bengal from flash flood is also shown.

Table 1
Information about gauging stations in Mahanadi River basin.

Station id Gauging station Latitude (�) Longitude (�) Period Elevation (m.a.s.l) Catchment area (km2) River

1 Kotni 20.91 80.89 1979–2007 283 6990 Seonath
2 Pathardhi 21.34 81.56 1989–2007 280 2511 Seonath
3 Andhiarkore 21.83 81.61 1978–2007 265 2210 Seonath
4 Simga 21.63 81.69 1972–2007 254 30,761 Seonath
5 Baronda 20.67 81.82 1978–2007 290 3225 Pairi
6 Rajim 20.97 81.88 1972–2007 284 8760 Mahanadi
7 Mahendragarh 22.93 82.25 1990–2007 411 1100 Hasdeo
8 Ghatora 22.06 82.22 1980–2007 246 3035 Arpi
9 Jondhra 21.60 82.36 1980–2007 219 29,645 Seonath

10 Rampur 21.43 82.48 1972–2007 232 2920 Jonk
11 Seorinarayan 21.60 82.56 1986–2007 209 48,050 Mahanadi
12 Bamnidhi 21.82 82.63 1972–2007 223 9730 Hasdeo
13 Basantpur 21.56 82.85 1972–2007 206 57,780 Mahanadi
14 Kurubhata 21.99 83.20 1978–2007 215 4625 Mand
15 Sundergarh 22.12 84.01 1978–2007 214 5870 Ib
16 Salebhata 20.98 83.54 1972–2007 140 4650 Ong
17 Kesinga 20.20 83.23 1979–2007 166 11,960 Tel
18 Kantamal 20.65 83.73 1972–2007 118 19,600 Tel
19 Tikerpara 20.56 84.52 1972–2007 50 124,450 Mahanadi
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hand, the percentile-based indices such as the amount of rainfall
over the 95th and 99th percentiles (R95P and R99P) are useful
for climate change detection studies, and can be compared over a
diverse climate (Haylock and Nicholls, 2000; Klein Tank and Kön-
nen, 2003). Moreover, the maximum consecutive dry days (CDDs)
and aridity intensity index (AII) are the indices to assess the mois-
ture availability. While CDD measures the length of the dry spells
based on the rainfall below the threshold of 1 mm, AII is a more
pertinent indicator of the moisture availability for crop production
because of the threshold of 10 mm (Ceballos et al., 2004; Costa and
Soares, 2009). The extreme streamflow indices, such as the 1-day
and 3-day maximum flow, were computed using the daily stream-
flow records for the Tikerpara gauging station situated at the basin
outlet, reflecting the hydrology of the basin.

The NINO34 index, which represents the ENSO and has better
correspondence with the Indian monsoon rainfall, was computed
by averaging the Sea Surface Temperatures (SSTs) anomalies over
the Niño 3.4 region between latitudes 5�N to 5�S and longitudes
120�W to 170�W. Similarly, the Indian Ocean Dipole Mode Index
(IODMI) was calculated by differencing the SST anomalies of the
western (between latitudes 10�S to 10�N and longitudes 50�E to
70�E) and eastern (between latitudes 10�S to equator and longi-
tudes 90�E to 110�E) tropical Indian Ocean (Saji et al., 1999).

3.2. Standardized anomaly analysis

In order to explore the overall basin-wide hydroclimatic scenar-
ios, the standardized anomaly at each location was calculated by
subtracting the respective mean from the original values and then
dividing by the respective standard deviation during the study
periods. This allowed the gauging stations and grids to be com-
bined across the basin, thus minimizing the spatial bias that ema-
nate from a wide range of hydroclimatic variability. The average of
the standardized departures over the basin provided the basin-
wide time series of the anomalies. In order to reduce the random
fluctuation and derive a clear view of the time series, a moving
window with a span of 5 years was used to calculate the 5-year
moving averages (5YR-AVG). The 5-year moving standard devia-
tion (5YR-STD) was also computed to understand their variability.
The hydroclimatic linkages were evaluated using correlation anal-
ysis to better understand the evolution of the observed trends and
variability.

3.3. Trend test

The rank-based nonparametric Mann–Kendall (MK) test (Mann,
1945; Kendall, 1975) was employed in this study to explore the
significance of trends, which has been extensively used in hydrocli-
matic trend studies (Zhang et al., 2001; Kahya and Kalayci, 2004;
Dinpashoh et al., 2011). In India, however, its application to

streamflow records is limited, although several analysis have been
conducted in recent years on rainfall, temperatures, groundwater
level, and evapotranspiration time series (Pal and Al-Tabbaa,
2009; Panda et al., 2007; Jhajharia et al., 2009; Jhajharia et al.,
2012). In particular, streamflow time series exhibit a large spatial
variability and the presence of high and low flow years makes their
distribution skewed. Moreover, extreme rainfall indices also do not
meet the required assumptions of parametric tests. Therefore, the
MK test was applied, which can handle the nonnormally distrib-
uted data, and also robust to the effects of outliers observed in
the hydroclimatic time series. The power of the MK test to detect
trends over the competing class of parametric and nonparametric
tests is highlighted in literature (Hirsch et al., 1982; Zhang et al.,
2001; Yue et al., 2002a). The null hypothesis states that the sample
of n observations (x1, x2,. . ., xn) are independently and identically
distributed random variables. The test statistics is given by

Z ¼ S� dffiffiffiffiffiffiffiffiffiffiffiffiffiffi
varðSÞ

p ð1Þ

where d is equal to 1, 0, �1 depending on whether S is positive, zero,
or negative. And,

S ¼
Xn�1

i¼1

Xn

j¼iþ1

sgnðxj � xiÞ; for all 1 6 i < j 6 n; ð2Þ

where sgn() is the sign function, which is equal to 1, 0, �1 depend-
ing on whether the difference (xj � xi) is positive, zero, or negative.
Even for a small sample size n P 10, the statistics S is approxi-
mately normally distributed with the mean and the variance given
by

EðSÞ ¼ 0; and varðSÞ

¼ 1
18
ðnðn� 1Þð2nþ 5Þ �

Xm

l¼1

tlðtl � 1Þð2tl þ 5ÞÞ ð3Þ

where m is the number of tied ranks groups and tl is number of data
values in lth group. In a two-tailed test for trend at the significance
level a, the null hypothesis is rejected if |Z| > Z1�a/2, where Z1�a/2 is
the value of the standard normal distribution having a probability of
exceedance of a/2.

The MK test does not quantify the trend magnitude. The robust
Kendall slope (b) was used to assess the slope of the monotone
trend (Sen, 1968; Hirsch et al., 1982). The test statistic is given by

b ¼median
xj � xi

j� i

� �
ð4Þ

A positive Z corresponds to a positive b, indicating an ‘upward
trend’, whereas a negative Z corresponds to a negative b, indicating
a ‘downward trend’.

Table 2
Extreme monsoon rainfall and streamflow indices. A wet day is defined when daily monsoon rainfall (DR) P1 mm.

Rainfall Indices Description Unit

SDII Simple daily intensity index. Average precipitation on wet days (DR P 1 mm) mm
RM Moderate precipitation days for the Indian scenario. Count of monsoon days when 5 mm 6 DR < 100 mm days
RX1D Maximum 1-day monsoon precipitation mm
RX3D Maximum 3-day monsoon precipitation mm
R100 Heavy precipitation days for the Indian scenario. Monsoon count of days when DR P 100 mm days
R95P (R99P) Very wet day precipitation. Total monsoon rainfall due to events exceeding 95th (99th) percentile of the 1972–1990

period daily rainfall on wet days
mm

CDD Consecutive dry days. Maximum number of consecutive dry days (DR < 1 mm) days
AII Aridity intensity index. Average precipitation on dry days, i.e. the ratio between the total rain on dry days and the number

of dry days. Here, a dry day is defined as DR < 10 mm
mm
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In spite of the robustness of the MK test to the distributional as-
pects of data, the presence of a positive (negative) serial correlation
in the time series increases (decreases) the probability of detecting
trends when no trend exist actually (von Storch, 1995). The Trend-
Free Pre-Whitening (TFPW) procedure developed by Yue et al.
(2002b) was adopted to correct the serial correlation. The TFPW
procedure involves the estimation of the trend using the Kendall
slope first, which is to be removed from the series. In the next step,
the estimated 1-lag autocorrelation are removed from the resul-
tant detrended series. After adding back the initially removed
trend in this series, the MK test is employed. Several previous re-
searches on streamflow trend analysis have used this TFPW proce-
dure to handle the serial correlation (Aziz and Burn, 2006; Novotny
and Stefan, 2007; Kumar et al., 2009). The significance of the trend
has been assessed at the 5% and 10% levels. The spatial patterns of
the trend results of the basin have been examined by plotting sig-
nificant trends at the 10% level to ensure an effective exploration of
the trend characteristics given the high interannual variability.
Furthermore, the inverse distance weighting (IDW) method (Ruel-
land et al., 2008) was employed to interpolate the trends in ex-
treme rainfall indices on the Arc Geographical Information
System (ArcGIS) platform.

4. Results

4.1. Trends in seasonal streamflow and rainfall

Fig. 2 illustrates the seasonal and subseasonal evolution of
trend and variability in streamflow and other climatic variables
in terms of the 5-year moving means (5YR-AVG) of the standard-
ized anomalies averaged over the basin. The plots of the 5-year
moving standard deviations (5YR-STD) are not shown, but ex-
plained. It is clear that the streamflow and rainfall patterns are
characterized by a marked seasonal difference (Fig. 2). Table 3 also
presents the seasonal difference in mean and standard deviation of
streamflow at the outlet gauging station (Tikerpara, Id 19 in Fig. 1)
and that of the spatial–temporal rainfall. The significant (a = 0.05)
correlation coefficients and a direct year to year correspondence
(Fig. 2) suggests that the rainfall is the major controller of the ob-
served streamflow variability irrespective of the seasons. The 5YR-
AVG series of streamflow shows a significant (a = 0.05) increasing
trend in the pre- and post-monsoon season in contrast to a signif-
icant (a = 0.05) decline in August. A significant (a = 0.05) increasing
pattern is noted for the corresponding variability (5YR-STD). More-
over, the 5YR-AVG and 5YR-STD of rainfall have increased signifi-
cantly (a = 0.05) in the pre-monsoon, June, July, monsoon, post-
monsoon and annual time series.

Consistent with the August streamflow tendency, the 5YR-AVG
of the August rainfall has also decreased significantly (a = 0.05),
compared to the nonsignificant declines of both the variables in
September. Since the August streamflow contributes more than
40% of the monsoon streamflow total (Table 3), it appears that
the significant streamflow reduction in August has translated into
a nonsignificant decline in monsoon total flow, after being bal-
anced by the increases in June. Fig. 2 shows an apparent upward
shift in the pre-and post-monsoon streamflow and rainfall since
the early 1990s. While the pre-monsoon (post-monsoon) streamflow
has increased from 3469 mcm (4975 mcm) during 1972–1989 to
4396 mcm (7546 mcm) during 1990–2007, the pre-monsoon
(post-monsoon) spatio-temporal average rainfall has increased
from 82 mm (84 mm) during 1972–1989 to 104 mcm (116 mm)
during 1990–2005. It can be inferred that the contrasting
streamflow tendencies within the monsoon months and between
the seasons have resulted in statistically nonsignificant trends for
the monsoon and annual total streamflow, respectively.

Table 4 presents the trend results of streamflow and rainfall,
and Fig. 3 illustrates the spatial distribution of the significant
(a = 0.1) trends. For the pre-monsoon streamflow, although the up-
ward and downward trends are occurring in almost equal propor-
tion, the significant reductions are observed in the northwest
sector and at the outlet of the basin (Fig. 3). The corresponding
rainfall trends, consistent with the basin scale trend in 5YR-AVG,
display a large dominance of the increasing trends, with the prev-
alence of the significant upward trends in the southwestern and
coastal parts of the basin. But, none of the downward rainfall trend
is statistically significant. The tendency of the June rainfall is sim-
ilar to that of the pre-monsoon season, but most of the significant
increases are noted over the elevated northern region of the basin.
This result is consistent with the findings of Lau et al. (2006), who
reported that the elevated heat pump mechanism of the absorbing
aerosol in the pre-monsoon season and early June brings warm and
moist air from the adjacent ocean, leading to an increased convec-
tion over north India. However, the increasing tendency in June
rainfall of Bangladesh was attributed to the increasing SST of the
Bay of Bengal along with the orographic effect (Salahuddin et al.,
2006).

In the active monsoon months of July and August, the nonsignif-
icant decreasing streamflow trends outnumber the corresponding
increases (Table 4), which appears to have translated into an over-
all flow decline of 1242 mcm decade�1 and 2120 mcm decade�1,
respectively at the outlet of the basin. The July rainfall exhibits a
congregation of few significant upward trends in the northwest
sector and downward trends in the southwest parts of the basin.
It is, however, noteworthy that the significant decreasing rainfall
trends, scattered all over the basin, are observed in August only
(Fig. 3). This plausibly explains the observed basin scale stream-
flow decreases in August. In contrast, the September streamflow
shows a predominance of the nonsignificant increasing trends,
although the discharge at the basin outlet has decreased at the rate
of 1703 mcm decade�1. This could be due to the storage of stream-
flow in the Hirakud reservoir in order to meet the water require-
ments in the subsequent dry nonmonsoon months. However, no
clear signal is observed in rainfall, with a mixture of nonsignificant
increasing and decreasing trends.

In the monsoon season, the decreasing streamflow trends are
located in the upstream parts of the main Mahanadi River, while
the upward trends are scattered around the periphery of the basin,
with an overall streamflow decline of 3388 mcm decade�1 at the
basin outlet. The rainfall patterns show the existence of a few sig-
nificant increasing trends in the northwest sector and decreasing
trends around the southeast border. In the post-monsoon season,
12 of the 17 gauging stations have experienced increases in
streamflow, with the occurrence of 4 significant upward trends
in the northwest sector of the basin. This may be due to the ob-
served high proportion of increasing trends in rainfall (Table 4),
although none of them is statistically significant. The annual
streamflow and rainfall trends, similar to that of the monsoon sea-
son, exhibit a mixture of increasing and decreasing trends in al-
most equal proportion, with the congregation of a few significant
increasing rainfall trends in the western and coastal parts of the
basin.

4.2. Trends in extreme rainfall indices

Fig. 4 illustrates the 5-year moving mean (5YR-AVG) and stan-
dard deviation (5YR-STD) of the standardized extreme rainfall indi-
ces averaged over the basin during the period 1972–2005.
Moreover, the grid scale trend results are presented in Table 5.
The daily rainfall intensity defined by SDII shows no definite pat-
tern in 5YR-AVG, while the magnitudes of the opposite anomalies
have increased in recent years. This increased variability is evident
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from the statistically significant (a = 0.05) rising trend in 5YR-STD.
The 5YR-AVG of wet days (rainfall P 1 mm) and moderate rainfall

(RM) has not experienced any noticeable change, although their
variability (5YR-STD) has decreased over years. The interpolated
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Fig. 2. The temporal evolutions of the 5-year moving mean (5YR-AVG) of the seasonal and subseasonal streamflow, rainfall after being standardized and averaged over the
Mahanadi River basin along with that of the ENSO index (NINO34). The correlation coefficient of the moving series of streamflow with rainfall (rp) and streamflow with
NINO34 (rn) are shown.
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trend magnitudes through the inverse distance weighting (IDW)
method and the location of the significant (a = 0.1) trends
(Fig. 5a) indicates that the wet day frequency has increased in
the middle portion of the basin, which is the erosional plain of
the central table land traversed by the river and its tributaries.
The rainfall intensity (SDII) has increased over most of the coastal
basin, but not the wet days. The moderate rainfall (RM) is charac-
terized by an increasing tendency in the northeastern and western
parts in contrast to the decreases over the coastal and southern
Eastern Ghats of the basin.

The fixed threshold and percentile-based heavy and very heavy
rainfall indices are characterized by a clear sign of climate uncer-
tainity as evident from the large variability of the moving window
of the mean and standard deviation (Fig. 4). Both the 1-day and 3-
day maximum rainfall, RX1D and RX3D (not shown), have shown
large interannual variability, with significant (a = 0.05) increases
in 5YR-STD. Although the 5YR-AVG of RXID has increased signifi-
cantly (a = 0.1), the corresponding values in RX3D shows a nonsig-
nificant upward trend. For the 1-day heavy rainfall over 100 mm
(R100), both the mean and variability have increased significantly
(a = 0.05). The percentile-based magnitude of the intense rainfall
over 95th (99th) percentile, R95P (R99P), displays significant
(a = 0.05) increases in variability (5YR-STD). The 5YR-AVG of
R99P exhibits a significant (a = 0.05) increasing tendency. It should
be noted that the 1-day maximum rainfall (RX1D) has increased in
large parts of the basin except for the south eastern sector. In con-
trast, both the positive and negative trends of the 3-day maximum
rainfall (RX3D) occur at isolated patches.

The contribution of intense rainfall over the 95th percentile
(R95P) shows a general rising pattern over large parts of the basin,
with marked increases over the coastal parts and decreases over
the southeastern parts of the basin (Fig. 5a). Because of the large
interannual variability, the magnitude of trend (b) for most of
the grids could not be estimated for the R100 and R99P. However,
66% of the 60 grids exhibit an upward tendency in R99P (Table 5),
with the prevalence of significant trends over the northwestern
upstream and coastal plain of the basin. Similarly, an increasing
tendency in rainfall over 100 mm (R100) is observed in 60% of
the total grids, with a few notable rises in the northwestern and
central table land. Because of the high interannual variability,
Goswami et al. (2006) also obtained nonsignificant trends at the
grid scale time series of R100, but the aggregated time series over
a larger area (i.e. central India) provided a significant trend.
Similarly, we also notice large numbers of nonsignificant trends
for the extreme rainfall indices of the Mahanadi River basin
(Table 5).

Fig. 4 indicates that the 5YR-AVG of the maximum consecutive
dry days (CDDs) has decreased significantly (a = 0.1), suggesting a
decrease in the length of dry spells in recent years. In contrast, the
corresponding aridity intensity index (AII) shows no perceptible
pattern, although both CDD and AII characterize the degree of dry-
ness with the respective dry-day threshold of 1 mm and 10 mm of
rainfall. A negative trend in AII implies increases in aridity i.e. a
moisture stress situation. Moreover, a significant negative correla-
tion (r = �0.65) between the CDD and AII suggests that a decrease
in CDD is associated with an increase in AII, although the trend of
AII does not reveal it (Fig. 4). However, the grid scale distribution of
the trend magnitude reflects a coherent pattern, with a predomi-
nance of decreasing CDD trends in the central table land, consistent
with marked increases in AII and wet days (Fig. 5a). Rest of the ba-
sin is characterized by increases in CDD at isolated places, suggest-
ing the occurrence of a dryer climate. However, a conspicuous
decrease in AII over the southern Eastern Ghats and parts of the
coastal plain and northwestern strip reflects the emergence of a
moisture stress scenario.

Since the dry spell and droughts can have long term social and
economic consequences, the subseasonal change in the dry spell
(CDD) is investigated in order to adopt better water management
practices. Fig. 5b illustrates the subseasonal spatial difference in
CDD trends. In June and September, a prominent decrease in dry
spells has occurred in the central table land and southwestern sec-
tors, accompanied by a significant (a = 0.05) basin scale downward
trend in 5YR-AVG. This is similar to that of the monsoon season
CDD. In contrast, the August dry spells have increased over most
of the basin, compared to its prevalence in the northwesten sector
in July. It appears that the observed patterns in monthly rainfall
and streamflow in different months of the monsoon season
(Fig. 3 and Table 4) are in accordance with the observed subseason-
al CDD tendencies.

4.3. Trends in extreme streamflow indices

Fig. 6 depicts the seasonal and subseasonal temporal pattern of
the 5-year moving mean (5YR-AVG) and variability (5YR-STD) in 1-
day maximum streamflow discharge at the outlet of the basin
(Tikerpara, Id. 19). In the pre-monsoon season, the 5YR-AVG and
5YR-STD of the maximum streamflow shows a significant
(a = 0.05) increasing trend, while no noticeable pattern is observed
in the June flow. The 5YR-AVG of the July maximum flow has expe-
rienced a nonsignificant increasing trend in contrast to a significant
(a = 0.05) drop in August. In September, the 5YR-AVG and 5YR-STD
have decreased significantly (a = 0.05). In the monsoon season,
although the variability of the maximum flow anomalies appears
to be stable in terms of a nonsignificant trend in 5YR-STD, the

Table 3
Descriptive statistics of flow discharge at the basin outlet (Tikerpara station) during
1972–2007 and the basin-wide rainfall statistics during 1972–2005.

Month Streamflow (106 m3, mcm) Rainfall (mm)

Mean Standard deviation Mean Standard deviation

Pre-monsoon 3933 1012 92 90
June 1698 2045 195 116
July 8915 7936 346 163
August 16,078 8484 358 148
September 11,347 7350 200 111
Monsoon 38,039 18,577 1099 319
Post-monsoon 6261 4377 98 101
Annual 48,233 19,854 1289 362

Table 4
Streamflow (Rainfall) trend frequency at different significance levels.

Season Increasing trends Decreasing trends

Total
positive

Significance Total
negative

Significance

5% 10% 5% 10%

Pre-monsoon 9 (51) 6
(10)

6
(16)

10 (7) 2
(0)

3
(0)

June 9 (48) 3 (5) 4
(20)

8 (12) 0
(0)

0
(1)

July 8 (30) 0 (4) 0 (5) 11 (30) 1
(4)

1
(4)

August 6 (16) 0 (0) 0 (0) 13 (44) 1
(3)

1
(9)

September 15 (31) 0 (0) 1 (0) 4 (27) 0
(0)

0
(0)

Monsoon 9 (32) 0 (3) 0 (5) 9 (27) 1
(5)

1
(6)

Post-
monsoon

12 (39) 3 (0) 4 (0) 5 (19) 0
(0)

0
(0)

Annual 11 (32) 0 (5) 0 (8) 7 (28) 0
(1)

0
(3)
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moving average (5YR-AVG) indicates a significant (a = 0.05)
downward trend. The annual maximum flow also exhibits similar
variability to that of the monsoon season flow. However, the

post-monsoon maximum flow anomalies display an increasing
trend in 5YR-AVG, while the variability (5YR-STD) has decreased.
Furthermore, the 3-day and 5-day maximum streamflow

Fig. 3. The spatial pattern of the streamflow and rainfall trends at the seasonal and subseasonal scales. Positive (negative) streamflow trends are denoted by upward
(downward) pointed triangles, with the significant (a = 0.1) trends being encircled. The significant (a = 0.1) rainfall trends are also displayed.
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discharges (not shown) at the outlet of the basin have also experi-
enced similar patterns to that of the 1-day maximum.

The climate of the Mahanadi River basin has become uncertain
since the 1990s as evident from the temporal evolution of the

anomalies in the streamflow and rainfall indices. In order to under-
stand the precise changes in the aggregated daily streamflow at the
basin outlet (Tikarpara gauging station), the probability density
function (PDF) of the pre-monsoon, monsoon and post-monsoon
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Fig. 4. The temporal evolution of the 5-year moving mean (5YR-AVG) and standard deviation (5YR-STD) for the extreme rainfall indices after being standardized and
averaged over the Mahanadi River basin. The line denotes the standard regression line.
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daily discharge was evaluated separately for the period 1972–1989
and 1990–2007. The pre-monsoon streamflow shows a pro-
nounced drop in the PDF peak and shift in the PDF tails to the right
during the recent period in comparison to the pre-1990 (Fig. 7).
This implies that the frequency of average flow has decreased,
but the lower and upper flow quartiles have increased. A clear
bi-modal PDF is observed in the recent epoch, and the striking fea-
ture is the recent increases in flow range of 30 mcm to 60 mcm. In
the monsoon season, the low flow frequency has increased during
the period 1990–2007, while the frequency has decreased within
the flow range of 250–600 mcm. However, no change in high flows
is observed in recent years. The post-monsoon discharge in the re-
cent epoch has also experienced a drop in PDF peak accompanied
by a little forward shift in the tails of the PDF, suggesting a mar-
ginal change in the mean flow.

4.4. Teleconnection with ENSO and IOD

In order to understand the linkages with the large scale circula-
tion indices, the concurrent correlation coefficient has been evalu-
ated for the 5YR-AVG of ENSO index (NINO34) with that of the
streamflow and rainfall (Fig. 2). It can be noticed that the 5YR-
AVG of June, July, monsoon, annual, pre- and post-monsoon
streamflow has significant (a = 0.05) positive correlation with the
NINO34. Moreover, a weak anticorrelation is observed for the ac-
tive monsoon month of August, whereas the September stream-
flow has shown a nonsignificant positive correlation with the
ENSO index. The correspondence between the 5YR-AVG of rainfall
and NINO34 is comparatively stronger in the pre-monsoon, July,
monsoon, post-monsoon and annual series as evident from the sig-
nificant (a = 0.01) correlation coefficients of 0.58, 0.56, 0.64, 0.66
and 0.75, respectively. The moving average of both rainfall and
streamflow series has similar relationship with that of the NINO34
in August and September. The predominance of the observed sig-
nificant positive correlation suggests that the phase and magnitude
of the ENSO index could be one of factors of the streamflow and
rainfall variability in the Mahanadi River basin. It is important to
note that the prominent rise and subsequent slump spell of the
NINO34 have coincided with a similar streamflow and rainfall
swing since the 1990s. Consistently, a positive correspondence
was also observed between the ENSO indices and monsoon inflow
into the Hirakud reservoir (Maity and Nagesh Kumar, 2009). How-
ever, these results contradict the previously established inverse
relationship (negative correlation) between the ENSO indices and
the monsoon rainfall over India. Maity and Nagesh Kumar (2009)
attributed this contradiction to the plausible spatial non-homoge-
neity of the association between ENSO and the rainfall over differ-
ent parts of India.

Furthermore, the ocean-atmospheric condition of the Indian
Ocean i.e. Indian Ocean Dipole (IOD) has been playing an important
role in modulating the extreme monsoon rainfall events in recent

years, with the positive (negative) IOD events tend to have exces-
sive (deficit) monsoon rainfall (Saji et al., 1999; Ashok et al., 2001).
In contrast, no noticeable relationship is observed between the
5YR-AVG of IODM with that of the extreme rainfall indices
(R100, SDII, R95P, RX1D and RX3D) during the study period
1972–2005, although the monsoon maximum discharge at the out-
let of the Mahanadi River basin is significantly (a = 0.05) correlated
(r = 0.57). However, Ajayamohan and Rao (2008) observed a signif-
icant correlation (r = �0.69) between the eastern mode of IOD and
R100 of the Ganga–Mahanadi basin for the period 1982–2004. For
the Mahanadi basin, the eastern mode of IOD appears to have weak
influence as evident from the observed correlation coefficient of
�0.40, �0.56, �0.53, �0.39 and �0.35 with the 5YR-AVG of
R100, SDII, R95P, RX1D and RX3D, respectively, although these cor-
relation coefficients are significant at the a = 0.1 level. The heavy
rainfall in the Mahanadi basin is generally associated with the syn-
optic disturbances over the Bay of Bengal. In spite of the decreases
in the frequency of depressions and cyclone storms since 1970
(Rao et al., 2004), the recent increases in extreme rainfall events
could be attributed to the upward trend in the synoptic activity in-
dex (Ajayamohan et al., 2010).

5. Discussion

The monsoon streamflow and rainfall variability in the Mahana-
di River basin indicate the occurrence of a string of highly positive
anomalous years followed by a slump of similar magnitude since
the 1990s (Fig. 2). This suggests an increased occurrence of both
the floods and droughts in recent years. The temporal evolution
of the extreme rainfall indices (SDII, RX1D, RX3D, R100, R95P
and R99P) also indicates an increasing variability in recent years
in terms of the magnitude of the opposite anomalies (Fig. 4). If
these opposite anomalies are joined by two separate lines then
the resultant horn or funnel-shaped pattern suggest the evolution
of a heteroscadastic variance structure in the time series. There-
fore, parametric methods of trend detection are not suitable in this
situation. Moreover, the widening range of opposite anomalies has
also led to the identification of a large numbers of nonsignificant
trends in both the mean and extreme climate states, although
some clear patterns have emerged in the aggregated basin scale
time series (Figs. 2 and 4). These findings are consistent with the
hypothesis that global warming induced accelerated hydrological
cycle intensifies the interannual variability (Richard et al., 2012).
Moreover, our findings are in accordance to the simulation projec-
tions that the Indian summer monsoon rainfall would intensify in
the context of global climate change, leading to an increased inter-
annual variability in terms of droughts and floods (May, 2004; Ku-
mar et al., 2006).

The results of this study also corroborates the findings of recent
simulation studies (Ghosh and Mujumdar, 2007; Raje and Mujum-
dar, 2009; Kannan and Ghosh, 2010), that predicted an increase in
heavy rainfall, decrease in moderate rainfall and increase in dry
days over the Mahanadi River basin. Although decreases in moder-
ate rainfall and increases in dry days are not evident in the aggre-
gated basin scale patterns (Fig. 4), the length of the dry days (CDD)
has comparatively increased at the subseasonal (July and August)
scale (Fig. 5b). If this situation continues into the future, the agri-
culture and ecosystem would be seriously impacted as rainfall in
the active monsoon months of July and August modulates the over-
all hydrology of the basin, and also irrigates the predominant rice
crop during its critical phase of growth. Moreover, the observed
pattern in aridity intensity (AII) provides a clear indication of water
stress situation (Fig. 5a). This study clearly demonstrates that the
changes have occurred in heavy rainfall and aridity indices at
the subbasin scale. The most notable feature of the changes is

Table 5
Extreme rainfall trend frequency at different significance levels.

Indices Increasing trends Decreasing trends

Total positive Significance Total negative Significance

5% 10% 5% 10%

SDII 26 2 6 34 2 6
Wet days 32 9 12 27 5 9
RM 29 3 5 31 3 5
RX1D 37 5 6 23 0 5
RX3D 28 1 4 31 4 7
R100 35 1 2 23 1 3
R95P 29 3 4 29 4 5
R99P 40 3 6 20 0 2
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Fig. 5a. The spatial pattern of the trend magnitude in extreme rainfall indices. The significant (a = 0.1) increasing (decreasing) trends are denoted by the upward (downward)
pointed triangles.
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the vulnerability of coastal basin to the extreme rainfall events and
the south Eastern Ghat to the moisture stress. Our results are in
agreement to the perception that the moisture stress in the south-
ern Eastern Ghats region could be a plausible cause of the wide-
spread poverty and thus, necessitates the implementation of
watershed policies to retrieve this region from further degradation.

It should be mentioned that the observed increases in extreme
rainfall indices (RX1D, R100 and R99P) are not translated to a cor-
responding increase in the streamflow maxima in the monsoon
season. Recent studies also show that although extreme rainfall
trends have increased in different river basins of the world, a
coherent increase in high flows could not be detected (Kundzewich
et al., 2005; Small et al., 2006). This lack of consistency has been
attributed to the low sensitivity of maximum streamflow to the
precipitation or to the general lack of trend in the grid scale ex-
tremes as observed in the rainfall extremes. Non-concurrence in
the timing of extreme rainfall and high flow could be another plau-
sible factor. We, however, notice that the 5YR-AVG of 1-day max-
imum streamflow is positively weakly correlated, significant at the
a = 0.05 level, with that of the RX1D, R100, and R99P. This correla-
tion has become stronger (r > 0.8) since the 1990s. Thus, it could be
concluded that a positive anomaly of extreme rainfall is associated
with a high streamflow and vice versa.

The Hirakud dam, the only structure that safeguards the den-
sely populated (more than 400 people per km2) downstream coast-
al plain, has been under risk due to the recent climate evolution in
the form of the climatic extremes. The storage capacity of the dam
has reduced by 1953.7 mcm (i.e. 24% of total) due to siltation since
the impoundment of the reservoir in 1957–1989 (Mukherjee et al.,

2007). This situation decreases substantially the flood controlling
capacity of the reservoir. The contradictory rainfall patterns in dif-
ferent months of the monsoon season as illustrated in Section 4
compel the reservoir managers to store water based on the flow
curve to meet the requirements of the existing hydropower plant,
industrial and irrigation facilities. But, heavy rainfall induced huge
inflow necessitates the dam authorities to open gates abruptly in
order to safeguard the Hirakud dam, thereby causing flash floods
in the coastal basin within a few hours of release. This extreme
rainfall induced flash floods in 2003, 2008 and 2011 has led to hea-
vy economic and environmental losses in the coastal basin, with
around six million populations being affected by each of the events
primarily due to the lack of contingency planning and prepared-
ness. This necessitates the modification of the existing rule curve
for flow regulation based on the observed spatial patterns of the
extreme rainfall indices.

It is important to note that the quantity of freshwater flux to
the adjacent ocean has declined in different months of the mon-
soon season at the outlet of the basin (Fig. 3), although they are
not statistically significant because of the high interannual vari-
ability. The sustenance of the fragile ecosystem of the Chillika
lake, the largest brackish water lagoon of India covering
1000 km2 and a designated Ramsar site, depends on the unique
blend of fresh water flux from the Mahanadi River and the saline
water from the Bay of Bengal. However, the low-flow induced
change in the dynamic equilibrium of the lake has adversely im-
pacted the ecosystem services (Das and Jena, 2008). Moreover,
the Mahanadi River basin is one of the world’s major deltas iden-
tified to have experienced wetland losses and coastal erosion

Fig. 5b. The spatial patterns of the trend magnitude in maximum length of dry days (CDD) for the monsoon months (June–September). The significant (a = 0.1) increasing
(decreasing) trends are denoted by the upward (downward) pointed triangles.
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(Nicholls et al., 2007; Syvitski et al., 2009). The present scenario
along with the predicted reduction in streamflow in the Mahana-
di River basin and temperature increases in the monsoon season

(Mjumdar and Ghosh, 2008; Jhajharia and Singh, 2010) will pose
major challenges to the rising water demand and the vulnerable
coastal ecosystem.
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Fig. 6. The temporal evolution of the 5-year moving mean (5YR-AVG) and standard deviation (5YR-STD) for the 1-day maximum streamflow at the outlet of the Mahanadi
basin (Tikerpara gauging station) at the seasonal and subseasonal scales. The line denotes the standard regression line.
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6. Conclusions

Analysis of the streamflow and rainfall time series in the Maha-
nadi River basin has reflected several interesting features of
changes at the subseasonal and spatial scales than were expected
to occur by chance as a part of natural variability. The correlation
coefficients indicate that the streamflow is primarily controlled
by the rainfall. A contrasting pattern is observed in the streamflow
and rainfall of different months of the monsoon season, which
could be attributed to the complex physiographic settings and
the coastal position of the basin. It should be noted that if the

monthly time series were aggregated over the monsoon season
then the information on the contrasting characteristics would have
been lost. An upward shift is observed in the streamflow and rain-
fall of the non-monsoon season. The most striking feature of this
study is the observed signals of an intensified interannual variabil-
ity as evident from the moving variability of the extreme stream-
flow and rainfall indices. This appears to have posed new
challenges to the society and ecosystems, which is in addition to
the challenges that emanate from the observed trends in the mean
climate states. The results of this research are expected to help the
policy makers and water managers to develop the mitigation and
adaptation strategies in the identified vulnerable regions. More-
over, this study is a benchmark to the climate community to
undertake more detailed research activities to explore the possible
causes of the extreme climatic variability, and also to assess the
environmental flow requirements.
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