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A B S T R A C T

Probable Maximum Precipitation (PMP) is considered as an important design criteria and it is expected to change

over time owing to the impacts of climate change and intensification of global hydrological cycle. Thus, re-

construction of PMP map and investigation about its temporal change are very essential in the context of climate

change. This study develops 1-day PMP map of India for five consecutive time periods (two in historical, i.e.,

1901-70, 1971-2010; and three in future, i.e., 2010-39, 2040-69 and 2070-2100) to study its temporal change.

Observed gridded daily precipitation data from India Meteorological Department (IMD) and outputs from three

climate models following two Representative Concentration Pathways (RCPs) are used to develop historical and

future PMP maps, respectively. The modified Hershfield method is used for estimation of PMP with an updated

method for enveloping technique. The results show a clear increasing trend in PMP for most part of India.

Specifically, 84% area of Indian mainland exhibits an increasing trend in PMP with an average of around 35%

increase in post-1970 (1971–2010) period as compared to pre-1970 (1901–1970) period. Similarly, in the far-

future period (2071–2100), around 70–80% area is showing an increase with an approximate average increase of

20%-35% in PMP across different models with respect to recent past (1971–2010) following RCP 8.5 scenario.

These observations evidently indicate how significantly PMP is increasing due to climate change and it should be

considered in the revised planning and design in water resources engineering.

1. Introduction

Intensification of hydrological cycle is one of the major con-

sequences of climate change (Jacob and Hagemann, 2007; Allen and

Ingram, 2002). Such intensification leads to higher intensity and fre-

quency of precipitation events at global and local scale (Trenberth

et al., 2003; Giorgi et al., 2011). Increase in extreme precipitation is

being reported in many studies (Allan and Soden, 2008; Utsumi et al.,

2011; O’Gorman, 2015; Madakumbura et al., 2019). As a consequence

of such intensification, Probable Maximum Precipitation (PMP), which

is defined as “the greatest depth of precipitation for a given duration that is

physically possible over a given size storm area at a particular geographical

location at a certain time of year” (WMO, 1986), is expected to increase

with time. The usefulness of PMP in hydrologic studies and design

ranges from estimation of Probable Maximum Flood (PMF) (Fernando

and Wickramasuriya, 2011) to the design of major hydraulic structures

such as large dams (WMO, 2009) to the design of high-risk energy in-

frastructures like nuclear power plants (Prasad et al., 2011). The pos-

sible change in PMP will have some serious implications on such

structures due to their very long life span (>100–500 years) and may

alter the risk and reliability associated with such structures, designed

against a stationary estimate of PMP (Kunkel et al. 2013; Milly et al.,

2008). Hence, the study on temporal change of PMP is of utmost im-

portance in the context of climate change, which is the focus of this

study.

Possible impact of climate change on the PMP has been reported in

the literature at different parts of the world. For instance, Kunkel et al.

(2013) showed that the PMP is likely to increase in future as indicated

by simulation results of various Global Circulation Models (GCMs) due

to substantial increase in average and maximum atmospheric moisture

content. Analysing the downscaled climatic projections produced by the

Canadian Regional Climate Model (CRCM), Beauchamp et al. (2013),

and Rouhani and Leconte (2016) indicated a tendency of increasing

PMP estimates over different watersheds in Quebec. Rastogi et al.

(2017) projected a significant increase in PMP estimates in later part of

21st century over the Alabama-Coosa-Tallapoosa (ACT) River Basin in

the south-eastern United States, using a physics-based numerical

weather simulation model. Stratz and Hossain (2014) studied on non-

stationary PMP recalculations at three large dam sites in the United

States and reported a substantial increase in currently accepted PMP
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values under future climate changes. Chen et al. (2017) also reported an

increase in PMP in the Pacific Northwest (PNW) region in the USA by

about 50%±30% around 2099 relative to the 2016 level, under the

worst climate scenario (RCP8.5). Likewise, many studies have in-

vestigated the impact of climate change on PMP and reported a general

increasing trend in future around different parts of the world (Rousseau

et al. 2014; Afrooz et al., 2015; Klein et al., 2016; Lee et al., 2016;

Ramak et al., 2017; Thuy et al., 2019). However, none of these studies

investigated the effect of shift in global climatic regime in 1970s (Wang

et al., 2001; Zhou et al., 2009; Sabeerali et al., 2012; Chen et al., 2007;

Dai et al., 2018; Dash and Maity, 2019) on PMP. This shift in climatic

regime, caused by anthropogenic global warming and different other

external forcings, is found to have significant impacts on several im-

portant hydroclimatic variables, such as temperature, air pressure,

wind field, and rainfall pattern (Wang, 2001; Meehl et al., 2008;

Jacques-coper and Garreaud, 2015). Nevertheless its effect on pre-

cipitation extremes especially on PMP is yet to be explored, which

motivates the present study to investigate the impact of shift in global

climatic regime in 1970s on the spatio-temporal variation of PMP,

considering the entire Indian mainland as the study area. Secondly,

though there have been several works conducted at different regions/

basins in India to estimate PMP by different methods (Mazumder and

Rangarajan, 1966, Sharma et al., 1975; Dhar et al., 1981; Rakhecha

et al., 1992; Kulkarni, 2000; Chavan and Srinivas, 2017), no significant

work on future changes in PMP is available. Currently, India has 5264

completed large dams and 437 large dams are under construction

(Available on http://www.indiaenvironmentportal.org.in/files/file/

NRLD%202018.pdf accessed in June 2019). These dams will experience

future changes in climate owing to their long life spans. These two

factors build the motivations of this study, i.e., to investigate the impact

of climate change on the spatio-temporal variation of PMP in the past

(to study the impact of global climate regime shift in 1970s) and in the

future (which can be useful for future risk assessment of existing hy-

drologic structures) in India.

Among many methods available in literature (e.g., Wiesner, 1970;

Hansen et al., 1977; Schreiner and Riedel, 1978; Hart, 1981; Collier and

Hardaker, 1996), Hershfield method (Hershfield, 1961, 1965) is con-

sidered as a convenient and efficient tool for the estimation of PMP,

particularly for those locations where sufficiently long precipitation

records are available but other meteorological data (e.g., dew point

temperature, wind speed, relative and humidity) are lacking. These

meteorological data are essential for other physical methods, such as

moisture maximization and storm transposition technique (WMO,

2009; Singh et al., 2018). With the availability of sufficiently long re-

cord of precipitation, the PMP estimates by Hershfield method are

closely comparable to those by other approaches at different parts of

the world, e.g., Bruce and Clark (1966) for Canada, Myers (1967) for

the USA, Eliasson (1997) for Iceland and Wiesner (1970) for Australia.

The World Meteorological Organisation (WMO) has also recommended

the Hershfield method as one of the methods to estimate PMP in their

various manuals and technical publications (WMO, 2009). Considering

its benefits, the Hershfield (1965) method is used for estimating PMP in

this study, however, with a modified enveloping technique, discussed

elaborately later.

In brief, the overall objective of this study is to investigate the

possible spatio-temporal change in PMP over India under changing

climate. To capture this change in PMP, 1-day PMP maps are developed

for the entire Indian mainland for five consecutive time periods,

spanning over 200 years from past to future – two historical periods,

viz. pre-1970 (1901–1970) and post-1970 (1971–2010) and three fu-

ture time periods, viz. near-future (2011–2040), future (2041–2070)

and far-future (2071–2100), following two possible climate change

scenarios (RCP 4.5 and RCP 8.5). These PMP maps, especially the recent

one (post-1970) and its future projections will serve as an important

information for the design engineers and hydro-meteorologists for re-

vised planning and designing various major water-energy infra-

structures in the context of climate change. The remaining part of this

paper is organized as follows.

Details on the observed and future simulated rainfall data are pro-

vided in section 2. Following this, the methodology, along with the

proposed modification in the standard enveloping technique for esti-

mation of PMP using Hershfield method (1965), is explained in section

3. Results in terms of PMP maps in the past and future time periods are

presented in Section 4 along with associated comparative study. Fi-

nally, the conclusions of the study are provided in Section 5.

2. Rainfall data used

2.1. Historical observed data from IMD

Daily gridded (0.25° latitude× 0.25° longitude) rainfall data over

entire Indian mainland is procured from India Meteorological

Department (IMD). The length of the data is 110 years, i.e., from 1901

to 2010. It is split into two parts, pre-1970 (1901–1970) and post-1970

(1971–2010), to capture the effect of the shift in global climate regime

in the 1970s as mentioned before. Though it is not an equal division of

the historical data, the data lengths are sufficiently long for both pre-

and post-1970 periods to estimate PMP.

Next, 1-day annual maximum rainfall values are extracted and the

series of Annual Maximum Daily Precipitation (AMDP) values are

prepared at each grid point. As an initial checking, it is noticed that at

some grid points in the north-east region, the recorded rainfall mag-

nitude is zero throughout the year for many consecutive years. It may

be due to non-availability of data in these regions. This is particularly

true for the pre-1970 period. Such cases are ignored from the analysis.

2.2. Future RCM data from CORDEX

Coordinated Regional Downscaling Experiment (CORDEX) portal,

supported by World Climate Research Programme (WCRP), provides

the simulation outputs of various climate variables during historical

and future time periods at a regional scale (Nikulin et al., 2011). In this

study, daily simulated precipitation values for the future time period

2011–2100 (i.e., 90 years) are obtained for three different Regional

Climate Models (RCMs), for two emission scenarios, designated by

Representative Concentration Pathways (RCP 4.5 and RCP 8.5) from

the CORDEX database. The basic information of the data, including its

driving model, source institute, data resolution for those three different

model-combinations (named as M1, M2, and M3 henceforth) are shown

in Table 1. Similar to historical data, the length of future simulated data

Table 1

Details of future simulated precipitation data used in this study.

Model Abbreviation Driving GCM Source Institute Used scenarios RCM Data resolution

M1 MPI-ESM-LR Max Planck Institute for Meteorology RCP 4.5

RCP 8.5

MPI-CSC-REMO2009 0.5°× 0.5°

M2 CCCma-CanESM2 Swedish Meteorological and Hydrological Institute RCP 4.5

RCP 8.5

SMHI-RCA4 0.44°× 0.44°

M3 MOHC-HadGEM2 same RCP 4.5

RCP 8.5

SMHI-RCA4 0.44°× 0.44°
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i.e., 90 years is also divided into three equal parts of 30 years, namely

near-future (2011–40), future (2041–70), and far-future (2071–2100)

to study the change in PMP estimates over time. However, to use any

future climate model output, bias with respect to observed data is to be

corrected. For the bias correction, historically simulated daily pre-

cipitation values for the concerned climate model are required. Hence,

along with future data, historical data (1961–2005) are also obtained

for M1, M2, and M3.

3. Methodology

Initially, the daily observed rainfall data undergone some pre-

liminary screening, including removal of spurious data (e.g., zero

rainfall years, as discussed in section 2.1). As explained earlier, any

simulated climate model output (here RCM output) may possess sig-

nificant bias with respect to actual observations, in spite of some recent

developments in the field (Jang and Kavvas, 2015). Hence, the selection

of a suitable bias correction method and application of that on the fu-

ture simulated rainfall data is a mandatory step in the analysis. Next,

the homogeneity of both observed and future AMDP series at each grid

point is checked by the Mann Kendall test followed by adjustment of

mean and standard deviation for the sample size and observed max-

imum event. Finally, the estimation of PMP as per the modified

Hershfield method starts with the evaluation of frequency factor and its

upper envelope curve. Finally, a comparative study is carried out be-

tween developed PMP maps for the future time periods and recent past

to capture the temporal change of PMP. The entire methodology

starting from data collection to final comparative study is summarised

in Fig. 1 in the form of a flowchart. Major steps involved in the meth-

odology are discussed in the subsequent sections.

3.1. Bias correction for future-simulated precipitation series

Most of the existing bias-correction techniques correct the bias in

mean values only, not in extreme values. However, as the present study

involves only annual maximum values, a bias-correction method for

extreme values is required. Also, in case of monsoon-dominant country

like India, consideration of zero-rainfall days in the calculation plays a

key role in bias correction, what most of the bias correction methods

ignore (Maity et al., 2019). Hence, a recently developed copula-based

bias-correction technique, developed by Maity et al. (2019), is used.

This method is proven to correct the bias in both mean and extreme

values, and suitable for zero-inflated daily simulated precipitation

series. The method uses copula (Nelsen, 2006; Maity, 2018) to develop

the joint distribution between observed and simulated precipitation in

the past over a particular time period. Then, the conditional distribu-

tion function obtained from the joint distribution is modified as a mixed

distribution with a discrete probability mass at zero in order to account

for zero values. Finally, using the future-simulated precipitation values

as input into the modified conditional distribution function, future bias-

corrected values are simulated and used for subsequent steps for PMP

estimation.

3.2. Checking the homogeneity of data series

The use of a long series of annual maximum daily rainfall in the

estimation of PMP is suitable only if they show no significant increasing

or decreasing trends (Desa and Rakhecha, 2007). The presence or ab-

sence of trends in the annual maximum rainfall series can be in-

vestigated using the Mann–Kendall rank statistics test (WMO, 1966), or

Swed-Eisenhart run test (WMO, 1966), or turning point test (Kendall

and Stuart, 1976). The Mann–Kendall rank statistics test is used and the

test statistic ( ) is defined as

=
n

N N
4
( 1)

1i

(1)

where ni is the number of values larger than the i
th value in the series

subsequent to its position in the series of N values. This statistic ( )

follows a normal distribution with its expected value zero and variance

given by Eq. (2).

=
+N

N N
4 10
9 ( 1)

2
(2)

So, the standardised variate of τ, i.e. the ratio of τ to the , gives an

indication of trend in the data. For no trend in the data series, this value

should lie within the limits of ±1.96 at the 5% level of significance and

within the limits of ±2.576 at the 1% level of significance.

3.3. Adjustment of mean and standard deviation for the maximum event

Extreme rainfall amounts of rare magnitude (e.g. rainfall with re-

turn periods of 500 years or more) are generally considered as an out-

lier in any data series. Though these outliers are not ignored from the

analysis, these values may have some substantial effect on the mean

and standard deviation of the data series. The magnitude of this effect is

less for long records of data than for short records. Hershfield (1961)

studied this by using hypothetical series of varying length and devel-

oped Mean Adjustment Factor (MAF1) and Standard deviation Adjust-

ment Factor (SAF1) for different data lengths. The adjustment factors

(MAF1 and SAF1) need to be multiplied with the originally calculated

mean and standard deviation to obtain their corresponding adjusted

values for each grid point. It must be noted that this adjustment con-

siders only the effect of the maximum observed event, not other

anomalous observations (WMO, 1986).

3.4. Adjustment of mean and standard deviation for sample size

In general, the frequency distribution of extreme rainfall is skewed

towards right, and hence, there is always a greater chance of getting a

large extreme event than a smaller extreme with the increase in the

length of record (WMO, 2009). As a result of that, the mean and

standard deviation of the annual maximum series tend to increase with

the length of record. Hence, Hershfield (1961) proposed another set of

adjustment factors for mean (MAF2) and standard deviation (SAF2) for

different sample sizes. In our study, we have evaluated the adjusted

values of mean and standard deviation after incorporating these both

sets of adjustment factors.

= × ×X X MAF MAF¯N N 1 2 (3)

= × ×S S SAF SAF¯N N 1 2 (4)

where XN and SNare the original mean and standard deviation of the
annual maximum time series, respectively; N is the number of years of

data; X̄N and S̄N are the adjusted mean and standard deviation of data
series, respectively.

3.5. Basic equations in Hershfield method

Hershfield (1961) proposed the basic equation for estimation of

PMP based on the general frequency equation suggested by Chow

(1951), as follows:

= + ×X X K S¯ ¯PMP N N (5)

where XPMP is the PMP estimate for the station, X̄N is the adjusted mean
of the annual maximum series of rainfall data for N years at that station,

S̄N is the adjusted standard deviation of the annual maximum series of

rainfall data at that station, K is the frequency factor for estimating PMP

at that station, which can be determined from the following equation,

proposed by Hershfield (1961),

=K X X
S

m N

N

1

1 (6)
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where Xm is the maximum value in annual maximum series of rainfall

data at the station, XN 1 and SN 1 are the mean and standard deviation

of the annual maximum series of rainfall data, respectively for (N-1)

years after removing the year with the maximum value.

3.6. Development of upper envelop curve of frequency factor

Judicious estimation of frequency factor K plays a key role in proper

estimation of PMP. A very high value of K will lead to over-estimation

of PMP and consequently an uneconomical design. On the other hand, a

lower value of K will lead to under-estimation of PMP and any structure

designed based on that PMP estimate will be exposed to higher risk. So,

the factor K has to be determined appropriately such that the design

based on it, have a proper balance of economy and allowable risk.

For this purpose, the upper envelope curve of K is used as proposed

by Hershfield (1965). From the simple scatter plot between K and X̄N
for 2700 stations (90% in the USA) across the globe, Hershfield (1965)

found a general, negative trend in the plot, i.e. as X̄N increases, K

decreases. Depending on that, one exponential function of K is devel-

oped for different duration of rainfall as its upper envelope curve, as

given below.

=K K eA aX̄N (7)

As per the Eq. (7), the envelope curve starts at some point KA in the

K axis (for =X̄ 0N ) and exponentially decreases and becomes asymp-

totic towards the higher values of X̄N . Hershfield (1965) used 20 as the
value of KA after analysing data from 2700 different locations as

mentioned earlier, but this value may vary for different study areas. The

slope of the exponentially decreasing curve depends on the factor ‘a’,

which is again a function of study area and duration of the rainfall.

However, in this technique, it is noticed that unusually high values may

be assigned to the points with lower mean due to the steep nature of the

exponential curve towards the left end. A typical example of scatter plot

is shown in Fig. 2, where some points on the possible upper envelop are

selected (shown by orange diamond dots), and an exponential curve

(blue dashed line) is fitted to those points. This blue dashed exponential
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data from IMD 

(1901-2010)

Future simulated 
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RCM (2011-2100)

Data split into three parts:
i. Near-future (2011-2040)

ii. Future (2041-2070)
iii. Far –future (2071-2100)

Bias correction following 
Maity et al. (2019)

1. Extraction of annual maximum daily precipitation (AMDP) series.

2. Detection and removal of spurious data.

3. Checking the homogeneity of the AMDP series by Mann-Kendall test.

4. Adjustment of the mean and SD of the AMDP series for the maximum value 
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Fig. 1. Methodological flowchart of PMP estimation in this study.
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curve indicates the envelope curve following Hershfield (1965). Though

the maximum value of K (say Km) is 11.5 here, the envelope curve

meets the K-axis around 19 and thus provides excessive weightage

(more than the maximum value of K in the study area) to the points

with lower mean AMDP magnitude. This may not be a realistic reflec-

tion of the data points and thus leading to overestimation of PMP in

those low-precipitation extreme region. Hence, a modified technique of

enveloping is introduced in this study ensuring that no grid point gets

assigned with >K Km within the study area. In this modified envel-

oping technique, instead of a single envelope curve (as in the existing

Hershfield method), a composite envelope curve is proposed com-

prising of a straight line (parallel to x-axis) part and an exponentially

decay curve, same as the blue dashed line. Thus, the revised envelope

curve not only encapsulates all the observed frequency factors, but also

unusually high values are avoided for the low rainfall regions. A typical

example of such modified envelope curve is shown as the red line in

Fig. 2, from which it can be seen that the straight line portion and the

exponential curve intersects at mean AMDP (X̄N ) =X̄Nt (t refers to

transition point) and frequency factor (K)=Km, where X̄Nt denotes the
mean AMDP at transition point and Km is the highest value of K. Thus,

the revised curve is defined by Eq. (8) as follows:

=

<

>

K
K X X
K e X X

0 ¯ ¯
¯ ¯

m N N
t

m
b X X

N N
t( ¯ ¯ )N N

t
(8)

In this revised envelope curve also, a factor ‘b’ is there, which de-

termines the slope of the exponentially decreasing portion, and is a

function of the duration of interest and the study area. Referring to

Fig. 2, the revised envelope curve consists of a straight line =K Km
(=11.5, here) for the mean AMDP zero to X̄Nt (=153mm, here) and an
exponentially decaying curve for mean AMDP higher than 153mm.

Finally, using the new values of frequency factor from the envelope

curve, PMP at any location can be estimated using Eq. (5).

3.7. Determination of change in PMP over time

In order to identify the impact of global shift in climate regime in

the 1970s on PMP, the PMP map for post-1970 is compared with that of

pre-1970 in terms of percentage difference. Likewise, to capture the

change in future PMP estimates over time, PMP maps developed for

three future time spans for three models and two scenarios are com-

pared with the recent past, i.e., post-1970 PMP values at each grid

point. Plotting this percentage change in PMP will provide the spatial

distribution of this change throughout India. However, due to mismatch

in the data resolution between observed (here, 0.25˚x0.25˚) and future

(0.5˚x0.5˚ or 0.44˚x0.44˚) period, observed data is re-gridded by Inverse

Distance Weightage (IDW) method to match the corresponding future

data for calculating the percentage change in PMP in future with re-

spect to recent past. IWD method is a widely used interpolation tech-

nique in hydro-meteorological studies (Tang et al., 1996; Xia et al.,

1999; De Silva et al., 2007; Chen and Liu, 2012), which determines the

value of a variable at a target location through a linear combination of
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the values at four surrounding grid intersections, by assigning weights

inversely proportional to the distance from the target location to the

grid intersections.

4. Results and discussion

4.1. Results of bias correction

Before applying any bias correction technique, a comparative study

has been conducted between the observed and model-simulated (from

M1, M2, and M3) precipitation series over a common historical period

(1961–2005). The results reveal the presence of significant bias in the

mean and standard deviation of the extreme values (i.e., AMDP here) of

model-simulated precipitation series with respect to that of observed.

The mean values of AMDP from observed records and outputs from

three different models are shown in first two panels of Fig. 3 (a and b),

respectively. Inter-model spatial variations are notable and the ex-

istence of bias in the model-simulated (from M1, M2, and M3) pre-

cipitation values is shown in panel ‘d’ of Fig. 3. It shows that the model

M1 possesses a considerable amount of negative bias (i.e. simulated

values are higher than observed) in mean AMDP along the central belt

of India, whereas the models M2 and M3 have huge positive bias (i.e.

observed values are higher than simulated) in the western and some

parts of north-east India. Apart from mean, standard deviation of AMDP

series are also compared (Fig. 4). Similar observations are made from

Fig. 4 as well, which illustrates the difference in the standard deviation

between observed and simulated AMDP series all over India, across the

models.

As discussed in section 3.1, a recently developed copula-based bias-

correction technique (Maity et al., 2019) is used to remove this bias

present in the extreme values. Bias corrected results in terms of mean

and standard deviation of AMDP (1961–2005) are presented in panel ‘c’

of Figs. 3 and 4, respectively. The plots showing the residual bias are

also presented in panel ‘e’ of Figs. 3 and 4. The residual bias is ap-

proximately near-zero throughout the Indian mainland. Comparing the

figures in panel ‘e’ with those in panel ‘d’, it is noticed that the bias-

correction method, adopted in this study, has effectively debiased the

model-simulated precipitation in terms of both mean and standard

deviation of the AMDP series. Using the same bias-correction technique,

future-simulated daily precipitation series are also bias-corrected.

4.2. Mann Kendall rank statistic test for detection of trend

Tables 2a and 2b show the results of the Mann-Kendall test for

observed and future-simulated AMDP series, respectively at two levels

of significance, i.e., 5% and 1%. These results depict that most part of

India is not showing any significant trend in AMDP series, and hence,

\
(a) Std. dev. of Observed 

AMDP (1961-2005) 
(b) Std. dev. of simulated 

AMDP (1961-2005) 
(top to bottom: M1 to M3) 

(c) Std. dev. of bias-corrected 
AMDP (1961-2005) 

(top to bottom: M1 to M3) 

(d) Bias in std. dev. of 
simulated AMDP 

(top to bottom: M1 to M3) 

(e) Residual Bias in std. dev. of 
Bias-corrected AMDP 

(top to bottom: M1 to M3) 

Fig. 4. Results of Bias correction (as per Maity et. al, 2019) for standard deviation of AMDP, used in this study, (a) Std. dev. of observed mean AMDP (1961–2005),

(b) Std. dev. of model-simulated mean AMDP (1961–2005), (c) Std. dev. of bias-corrected mean AMDP (1961–2005), (d) Bias in the std. dev. of model-simulated

AMDP, and (e) Residual Bias in the std. dev. of bias-corrected mean AMDP, for M1, M2, and M3 (top to bottom), respectively.

Table 2a

Results of Mann-Kendall rank test for observed precipitation series.

Different cases Percentage of grid-points showing no significant

trend

(5% significance level) (1% significance level)

Pre-1970 period (1901–1970) 80.32 89.59

Post-1970 period

(1971–2010)

85.07 94.22

Table 2b

Results of Mann-Kendall rank test for future-simulated precipitation series:

percentage of grid points showing no significant trend.

Model Scenario Near future

(2011–2040)

Future (2041–2070) Far-future

(2071–2100)

5%

level

1%

level

5% level 1% level 5%

level

1%

level

M1 RCP 4.5 95.58 99.54 96.59 99.45 93.74 99.17

RCP 8.5 94.29 98.89 90.61 97.79 94.11 99.08

M2 RCP 4.5 93.44 98.22 94.48 98.69 96.26 99.41

RCP 8.5 95.60 99.35 95.73 99.21 95.34 98.62

M3 RCP 4.5 94.29 99.02 94.09 98.56 95.41 99.34

RCP 8.5 95.80 99.41 95.34 99.48 94.42 98.56

S. Sarkar and R. Maity



this time series can safely be considered as homogeneous for entire

India in subsequent calculations.

4.3. Determination of frequency factor and its envelope curve

Using Eq. (6), frequency factor K is determined for each grid point

throughout India for different time-spans and models. Scatter plot of K

against mean annual maximum daily rainfall (X̄N ) for two parts of

observed data is shown in Fig. 5a and the same is shown for three parts

of future data for M2 following RCP 4.5 and RCP 8.5 in Fig. 5b (for

brevity, results for M1 and M3 are not shown by figure). From these

scatter plots, a general trend of decreasing K with increasing X̄N is

observed. Moreover, it is noticed that the K values are highly skewed

towards its lower side. In other words, the K value falls within a small

range of 2–10 for most of the grid points. These observations match

with the findings of other investigators (Desa and Rakhecha, 2007;

Rakhecha et al., 1992; Kim and Lee, 2016; Hershfield, 1965). For each

scatter plot, the upper envelope curve for K is developed by applying
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Fig. 5a. Scatter plot and upper envelope curve of frequency factor for two parts of IMD observed data, viz. pre-1970 and post-1970. The orange dots show the points

used to develop the envelope curve. The equation of the exponential position of the envelope curve is given in inset. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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our proposed technique and Eq. (8) (as discussed in section 3.6), shown

by red line in Figs. 5a and 5b. The envelope curves clearly have two

different parts as discussed earlier; one straight-line, parallel to x-axis

with the maximum value of K (Km) and one exponentially decaying

curve. In order to get the exponential curve, some top points from the

scatter plot were selected and have been marked by orange diamond

markers in the scatter plots. However, in some cases, very few grid-

points exist with unusually high values of K as compared to the other

points in the study area. For example, in case of post-1970 period, few

grid points (4 or 5 out of 4951) exist in west central part of India that

have very high K values in range of 21–24, whereas K values mostly lie

below 16 for other grid points (Fig. 5a). Now, developing the envelope

curve considering those unusually high values of K will definitely lead

to over estimation of PMP for remaining and most part of India. Hence,

those few points are excluded while developing the upper envelope

curve. However while estimating PMP for those points we have used

their actual K values, not the one obtained from the envelope curve.

Keeping this in mind, the envelope curves for different future time-

spans across three different models are also prepared.

The equation of the exponential portion of the envelope curve is

shown in the inset of these figures (Figs. 5a and 5b). Using these en-

velope curves (Eq. (8)), frequency factor at each grid point is re-esti-

mated depending on the mean annual maximum daily rainfall (X̄N ) at
that grid point.

4.4. Development of PMP map using historical data

Using the adjusted mean and standard deviation of AMDP series,

and the re-estimated frequency factor in Eq. (5), PMP is determined for

each grid point in India. The spatial distribution of mean and standard

deviation of AMDP, frequency factor and estimated PMP are shown in
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Fig. 6. Estimation of PMP using mean and standard deviation of annual daily maximum rainfall and corresponding frequency factor for two parts of historical

observed data.

Fig. 7. Percentage difference in (a) mean and (b) standard deviation of annual daily maximum rainfall, and (c) PMP between pre-1970 and post-1970. ‘Cyan to

purple’ portions in the figures show the portion of India with an increasing trend, whereas the ‘brown to yellow’ portions indicate different extents of decreasing trend

in PMP. The percentage of grid-points showing increasing trend is 61.85%, 67.59% and 83.92% for mean, standard deviation and PMP, respectively. (For inter-

pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3a

Percentage increase in mean and standard deviation of annual maximum daily

precipitation, and PMP in post-1970, compared to pre-1970.

Description Average Maximum Minimum

% increase in mean 8.78 359.37 −56.93

% increase in standard deviation 24.78 565.2 −58.15

% increase in PMP 35.40 318.11 −47.38

Table 3b

Percentage area showing increase in mean and standard deviation of annual

maximum daily precipitation, and PMP in post-1970 as compared to pre-1970.

Description Quantity

% of area showing increase in mean 61.85

% of area showing increase in standard deviation 67.59

% of area showing increase in PMP 83.92
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Fig. 6 for two parts of observed data, viz. pre-1970 and post-1970. From

the maps of mean and standard deviation, in general, higher values are

observed along the Western Ghats, some parts of north-east and east-

central India. Comparatively lower values of mean and standard de-

viation are observed in the Rajasthan region, peninsular India and

Kashmir portion. These basic observations match with the regular

spatial variation of Indian rainfall. Finally, the estimated PMP maps for

both pre-1970 and post-1970 are provided in the last column in Fig. 6.

It is observed that the PMP is varying from a minimum value of 179mm

to the highest value of 1088mm for the pre-1970 period. Whereas, for

the post-1970 period estimated values of PMP is ranging between

363mm and 1826mm. IITM (1989) published a PMP atlas for India

containing generalized charts of PMP estimates ranging from 300mm

to 1100mm which is comparable with the pre-1970 period in the

present study. Rakhecha and Clark (1999) also developed one PMP map

for India based on maximisation and transposition of storm using pre-

vious 100 years data with respect to the year of analysis, which shows a

PMP range of 600mm to 1700mm. So, the PMP estimates obtained in

this study are mostly comparable with those results, at least in terms of

range, which validates the applicability of Hershfield method and our

proposed enveloping technique. However, the post-1970 PMP estimates

are substantially higher compared to the pre-1970 estimates, as a pos-

sible consequence of climate change and global climatic shift in the

1970s.

To further investigate the extent of increase and its possible cause,

the percentage difference of mean and standard deviation of AMDP

series, and the estimated PMP values in post-1970 is calculated with

respect to pre-1970 at each grid-point and shown in Fig. 7a, 7b and 7c,

respectively. Some basic observations from this Fig. 7 are given in

quantitative terms in Tables 3a and 3b. From Fig. 7 and Table 3, it is

noticed that, almost 84% area (cyan to purple portion in Fig. 7c) in

India shows an increasing trend in PMP. The range of change in PMP

varies from −47.38% to 318.11%. However, averaged over entire

India, the percentage increase in PMP is 35.40%. Some parts of Gujarat,

Rajasthan, and Meghalaya are also showing significant amount of in-

crease in PMP. Interestingly, extreme north-east portion of India (in and

around Arunachal Pradesh) shows maximum amount of reduction in

PMP (∼47%). Apart from that portion, a few other locations (around

16%) across the country exhibit a decreasing trend in PMP (brown to

yellow patches in Fig. 7c).

The reason behind the overall increase in PMP is the general trend

of increase in the mean and standard deviation of AMDP throughout

India, which is also visually evident from Fig. 6. Moreover, compared to

mean, the standard deviation is showing a higher range in percentage

increase, as shown in Table 3a. On average, the increase in standard

deviation is about 25%, whereas, the average increase in mean is only

about 9%. Also, more grid points (67.59%) are showing an increase in

standard deviation as compared to mean (61.85%), evident from Fig. 7a

and 7b. This indicates that, not only the average AMDP is increasing,

but also its variability (standard deviation) is increasing at a higher

M1 M1 M1 

M2 M2 M2 

M3 M3 M3 

Fig. 8a. PMP map of India for three future time periods for three different models (M1, M2, and M3) used in the present study following RCP 4.5 scenario.
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rate. As a consequence, there is a change in frequency factor, which is

visually evident from Fig. 5a, which shows how considerably the scatter

points (K vs. X̄N ) have changed during post-1970 with respect to the

same during pre-1970. The range of K has increased; the scatter plot has

become more skewed, resulting in a steeper envelope curve for K during

post-1970. Therefore, an overall increase in PMP is noticed which can

be considered as a significant impact of global climatic shift in the

1970s and hence of climate change (Kunkel et al., 2013; Lee et al.,

2016; Chen et al., 2017; Rastogi et al., 2017). PMP is observed to in-

crease approximately by 35% in past few decades post-1970 as com-

pared to pre-1970. Such a level of increase can be highly detrimental

for the structures designed against a stationary estimate of PMP.

4.5. PMP map using future data and comparison with recent past

The PMP maps for entire India is developed using three future

projected RCM (M1, M2, and M3) data, following two scenarios (RCP

4.5 and RCP 8.5), and for three future time periods viz. near-future

(2011–2040), future (2041–2070) and far-future (2071–2100). Figs. 8a

and 8b show the future PMP maps developed in this study following

RCP 4.5 and RCP 8.5 scenarios, respectively. Unlike the previous case of

observed data, the spatial distribution of mean and standard deviation

of AMDP series for future periods are not shown here for brevity. From

these figures, gradual increase in PMP magnitude with the passage of

time for all three models is clearly visible. Moreover, the PMP estimates

are higher in the RCP 8.5 scenario, as compared to the RCP 4.5 case.

Being the worst climatic projection, such observations under RCP 8.5

are quite reasonable. However, in order to visually compare these

M1 
M1 M1 

M2 M2 M2 

M3 M3 M3 

Fig. 8b. Same as Fig. 8a, but following RCP 8.5 scenario.

Fig. 9. PMP map developed for post-1970 period, can be used for visual com-

parison with Figs. 8a and 8b.
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future PMP maps with recent past, the PMP map for post-1970 is re-

produced in Fig. 9 in the same colour scale as of these future maps.

Comparing these maps from the future periods with that of the re-

cent past, an overall increase in PMP estimates is clearly noticed

throughout the country. Though the spatial distribution of future PMP

varies between models, a substantial increase of PMP in west-central

India, and parts of north-west India is common. Similarly, reduction in

PMP estimates in the eastern and southern parts of India is also a

common observation across M2 and M3. The M1 model also shows

some decreasing trend of PMP in the central portion of India, though

the reducing trend gradually vanishes towards the end of this century.

In general, the change in PMP is captured by all three models in the

future all over India. Keeping few observations of decreasing trend

aside, on overall increase in PMP in most parts of India across the

models is the key observation from these two figures, i.e., Figs. 8a and

8b.

Similar to observed data, in order to investigate further, some

quantitative study on percentage difference in mean, standard devia-

tion and PMP between different future time-periods and post-1970

period is performed. In order to do so, the PMP map developed for the

post-1970 period with resolution 0.25˚ x 0.25˚ is transformed to a lower

resolution of 0.5°× 0.5° (for M1) and 0.44°× 0.44° (for M2 and M3) by

IDW method, as discussed in section 3.7. The results of the comparative

study for PMP are shown in Figs. 10a and 10b (percentage difference in

mean and standard deviation are not shown as figure for brevity) in the

form of spatial distribution throughout India. On the other hand,

Table 4 shows quantitative output of this analysis i.e., average

percentage increase of PMP, and percentage of grid points showing this

increment in India. Different models show different levels of increase in

PMP magnitude towards the end of this century. In near-future period,

this overall percentage of increase in PMP varies approximately be-

tween 7% and 16%, and in future period it ranges between 12% and

24% across different models and scenarios. Towards the end of this

century, i.e. in far future period, the increment in PMP varies ap-

proximately between 20% and 28% and 29%-35% under RCP 4.5 and

RCP 8.5 scenario, respectively across three models. Additionally, under

both scenarios, around 70%-80% area of India shows this increasing

trend across different models in far future period. Overall, a continuous

increase in PMP with time is evident from the Table 4 for each model.

All these observations clearly indicate towards a continuous temporal

change of PMP throughout India for the rest of the present century.

Reasonably similar extent of increase in PMP was also reported by

Rastogi et al. (2017), where they observed around 20% increase in PMP

in the 2021–2050 time period and 44% in the 2071–2100 time periods

with respect to 1981–2010 baseline values in the south-eastern United

States. Likewise, for Pacific Northwest (PNW) region in the USA, Chen

et al. (2017) observed an increase in PMP by about 50%±30% around

2099 relative to the 2016 level, following RCP 8.5. In different other

parts of the world also, similar extent of increase in PMP have been

reported in many studies, e.g., Lee et al. (2016) projected around 30%

increase under RCP 8.5 scenario in South Korea, Afrooz et al. (2015)

estimated PMP to increase up to 18.2% and 27.3% in Southern Iran

across different GCMs toward the end of the century w.r.t. 1971–2000

base period. Hence, though unavailability of study on future changes in

M1 M1 M1 

M2 M2 M2 

M3 M3 M3 

Fig. 10a. Percentage difference in PMP estimates for three future time periods for three different models (M1, M2, and M3) following RCP 4.5 scenario with respect

to recent past, i.e., post-1970. ‘Cyan to purple’ portion in the figures shows the portions with an increasing trend, whereas the ‘brown to yellow’ portion indicates

different extents of decreasing trend in PMP.
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PMP in India limits us to compare our results to that, reasonably similar

results from different other portions of the world support us to infer

that, similar to different parts of the world, PMP is also expected to

increase in future at a significant rate in India.

Table 4 also shows the average percentage increase and percentage

of area showing that increase for mean and standard deviation along

with PMP. Observing the numbers reported there, the gradual increase

in mean and standard deviation with time can be identified. Also, their

M1 M1 M1 

M2 M2 M2 

M3 M3 M3 

Fig. 10b. Same as Fig. 10a, but following RCP 8.5 scenario.

Table 4

Average percentage increase in PMP estimates, mean and standard deviation of AMDP series and corresponding percentage of area showing increase

with respect to post-1970 period for three future time periods, following three models and two RCP scenarios.

Average percentage increase in PMP Percentage of area showing increase in PMP

Near future (2011-2040) Future (2041-2070) Far future (2071-2100) Near future (2011-2040) Future (2041-2070) Far future (2071-2100)

M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3

RCP 4.5 7.69 9.19 11.92 11.69 15.46 16.63 19.28 23.50 28.12 58.73 69.73 64.68 67.04 71.96 70.06 72.58 76.23 74.26

RCP 8.5 8.40 11.67 15.93 23.66 23.57 22.61 29.13 34.37 33.91 62.88 63.75 69.73 76.27 78.89 72.75 80.98 86.01 81.02

Average percentage increase in mean Percentage of area showing increase in mean

Near future (2011-2040) Future (2041-2070) Far future (2071-2100) Near future (2011-2040) Future (2041-2070) Far future (2071-2100)

M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3

RCP 4.5 7.62 5.74 6.34 10.00 10.64 14.56 17.72 15.87 26.31 54.66 57.58 63.16 61.86 67.63 77.87 77.10 74.85 90.22

RCP 8.5 8.39 7.59 9.30 16.53 18.41 24.32 23.69 29.80 33.74 54.11 57.12 64.21 69.62 72.95 87.72 80.05 89.88 95.67

Average percentage increase in standard deviation Percentage of area showing increase in standard deviation

Near future (2011-2040) Future (2041-2070) Far future (2071-2100) Near future (2011-2040) Future (2041-2070) Far future (2071-2100)

M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3 M-1 M-2 M-3

RCP 4.5 8.85 8.04 9.57 14.01 18.40 15.03 20.57 25.51 28.31 51.89 59.62 54.89 61.86 68.22 63.09 68.88 71.44 69.27

RCP 8.5 16.66 11.13 12.71 25.14 24.43 26.34 32.41 32.69 36.69 60.38 58.89 60.47 66.20 73.14 70.26 73.49 77.48 73.87

Scenarios

Scenarios

Scenarios
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spatial extent of increase increases with time. In general, we observe

around 15% to 33% increase in mean in far future period under the RCP

4.5 scenario across the models, whereas the same for standard deviation

is around 20% to 37%. Specifically, we observe higher extent of in-

crease in standard deviation in most of the cases as compared to mean.

So, similar to the observed data set, it can also be inferred here that, not

only the mean AMDP, but their variability is also increasing (sometimes

even in a faster rate), which is eventually causing a substantial increase

in PMP throughout India in future.

In a nutshell, comparative study between different PMP maps de-

veloped from future simulated and observed precipitation, we can

summarise that PMP estimates throughout India are showing sub-

stantial change with time. PMP was increasing in the last century and it

will continue to increase over the future period too with almost similar

rate. Though the projection of spatial variation and extent is different,

all the models considered in this study depicts similar results. This can

be considered as a possible consequence of changing climate which is

intensifying the global hydrological cycle and altering the regular

spatio-temporal variation of precipitation all over India (Krishnamurthy

et al., 2009; Mishra and Liu, 2014; Loo et al., 2015). As a result of that,

extreme rainfalls of high intensity are expected to occur in most parts of

the country, causing an overall increase in mean and std. dev. in AMDP

series (Ali and Mishra, 2017; Mukherjee et al., 2018), which in turn is

resulting in such an extent of increase in PMP.

5. Conclusions

In this study, the likely spatio-temporal change, mostly increase, in

PMP under changing climate is established across Indian mainland.

Using observed records and model-simulated precipitation values, 1-

day PMP maps for two different time periods from the past and three

time periods from the future period are developed and compared.

Future simulated precipitation values are the simulations outputs from

three different GCM-RCM combinations to construct the future PMP

maps under two RCP scenarios. These maps, especially the maps based

on recent observations and future data, are expected to be highly in-

formative for the hydrologists and policy makers. Following specific

conclusions are drawn from the study.

• By comparing two PMP maps for historical periods, an increasing
trend of PMP with an average increase of around 35% in magnitude

is noticed during the post-1970 period, as compared to the pre-1970

period. It is true for the most part of India (∼84% of the total area).

This indicates a serious and significant impact of shift in global

climate regime in the 1970s on PMP in India.

• Similar to the historical period, the increasing trends persist in the
future also. All three models considered in this study show an

agreement on this observation; all models show an overall in-

creasing trend of PMP, but of different extent and spatial variation.

In general, approximately 29% to 35% and 20% to 28% increase in

PMP is observed in the far-future period compared to the recent past

under RCP 8.5 and RCP 4.5 scenario, respectively. Also, around

70%-80% area of India shows this increasing trend across different

models. This indicates that the increasing trend of PMP throughout

India in the past will continue almost at a similar rate in the up-

coming future period.

• Further analysis indicates that, compared to mean AMDP, the

standard deviation of AMDP is increasing with a similar or even

faster rate over time, and eventually resulting in the increase in the

estimates of PMP with time. Apart from this, the change in fre-

quency factor, its range and corresponding changes in the envelope

curve also results in an increase in PMP.

Finally, the temporal change of PMP in India must be considered in

the planning, designing and future risk assessment of any major high-

risk water resources infrastructure. Any design based on the stationary

estimate of PMP is susceptible to be exposed to higher risk with the

passage of time. Hence, the long-term decision-making strategies

should be updated according to the future-projected PMP maps. The

developed PMP maps for entire Indian mainland based on this study are

available at Mendeley data repository (URL: https://doi.org/10.17632/

zx99xr4wkr.1). For further details on the AMDP dataset used in this

study and final multi-model PMP estimates for India, readers can refer

to associated ‘Data in Brief’ article (Sarkar and Maity, 2020).
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