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Abstract Selected characteristics of dry spells and asso-

ciated trends over India during the 1951–2007 period is

studied using two gridded datasets: the Indian Meteoro-

logical Department (IMD) and the Asian Precipitation-

Highly Resolved Observational Data Integration Towards

Evaluation of the water resources (APHRODITE) datasets.

Two precipitation thresholds, 1 and 3 mm, are used to

define a dry day (and therefore dry spells) in this study.

Comparison of the spatial patterns of the dry spell char-

acteristics (mean number of dry days, mean number of dry

spells, mean and maximum duration of dry spells) for the

annual and summer monsoon period obtained with both

datasets agree overall, except for the northernmost part of

India. The number of dry days obtained with APHRODITE

is larger for this region compared to IMD, which is con-

sistent with the smaller precipitation for the region in

APHRODITE. These differences are also visible in the

spatial patterns of mean and maximum dry spell durations.

Analysis of field significance associated with trends, at the

level of 34 predefined meteorological subdivisions over the

mainland, suggests better agreement between the two

datasets in positive trends associated with number of dry

days for the annual and summer monsoon period, for both

thresholds. Important differences between the two datasets

are noted in the field significance associated with the

negative trends. While negative trends in annual maximum

duration of dry spells appear field significant for the desert

regions according to both datasets, they are found field

significant for two regions (Punjab and South Interior

Karnataka) for the monsoon period for both datasets. This

study, in addition to providing information on the spatial

and temporal patterns associated with dry spell character-

istics, also allows identification of regions and character-

istics where the two datasets agree/disagree.

Keywords Dry spells � Gridded precipitation data �
India � Trends

1 Introduction

Agriculture plays a very important role in Indian economy,

with over 70 % of the population depending on revenue

from agriculture. Variations in precipitation patterns, and

therefore variations in the frequency of droughts and floods

can have negative effects on agricultural food production.

The southwest summer monsoon, occurring from June

through September, is the most important rainy season for

the country, and provides rain required for two main crop

growing seasons: Kharif (summer) and Rabi (winter)

(Revadekar and Preethi 2011). While heavy precipitation

events during critical phase of crop growth can affect food

grains (Revadekar and Preethi 2011), small water defi-

ciencies may put heavy drought stress on agriculture (Gong

et al. 2004). Therefore, study of both floods and droughts

and their associated characteristics are important for better

management of water resources, particularly in the context

of a changing climate, to assist proper planning and
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adaptation strategies. The primary tools used to study

anticipated climate change are the Coupled Global Climate

Models (CGCMs) and Regional Climate Models (RCMs)

and the transient climate-change simulations obtained

when those models are run with projected anthropogenic

forcing. An important preliminary step before looking at

projected changes based on climate models is the evalua-

tion of these models, by comparing simulated characteris-

tics of variables of interest to those observed or to those

derived from various data products at appropriate spatial

resolutions. It is very plausible that two different observed/

reanalyzed datasets can have significant differences for

some characteristics and regions, depending on the type

and quality of the underlying data considered in developing

gridded datasets, interpolation technique used, etc.

The aim of this study is twofold. The first aim is to

further enhance the assessment of the evolution of dry spell

characteristics over India during the 1951–2007 period

using two gridded datasets, the Indian Meteorological

Department (IMD) (Rajeevan et al. 2006) and Asian Pre-

cipitation-Highly Resolved Observational Data Integration

Towards Evaluation of the water resources (APHRODITE)

(Yatagai et al. 2009) datasets. The second aim is to identify

important differences (if any) in the dry spell characteris-

tics derived from the two datasets. Due to an increasing

tendency of climate change related studies over the region,

this information would be useful to those interested in the

verification of climate model simulated dry spell charac-

teristics, as well as to those related to agriculture and water

management activities. For example, Uma et al. (2013)

recently documented differences in the large-scale features,

including intra-seasonal oscillations of southwest monsoon

rainfall, in IMD dataset and Tropical Rainfall Measuring

Mission (TRMM) Multisatellite Precipitation Analysis

(TMPA).

Dry spell in this article is defined as an extended period

of dry days (e.g. Tebaldi et al. 2006; Sushama et al. 2010),

where a dry day is a day with precipitation less than a

preselected threshold. Though a number of studies have

looked at trends in southwest monsoon rainfall (Sub-

baramayya and Naidu 1992; Guhathakurta and Rajeevan

2008) and extreme rain events over India (Ray and Sri-

vastava 2000; Goswami et al. 2006; Joshi and Rajeevan

2006; Rajeevan et al. 2008; Ghosh et al. 2009), dry spell

characteristics and their trends have received much less

attention.

Recently, Singh and Ranade (2010) studied wet and dry

spells for 19 subregions of India, for the 1951–2007 period,

using the IMD data. A dry (wet) spell, in their study, is

defined as a continuous period with daily precipitation less

(equal to or greater) than the climatological daily mean

precipitation for the summer monsoon period. It must be

noted here that the 19 subregions considered in their study

were defined based on physio-climatological factors, and

the threshold used to identify wet/dry spells varies from

region to region. Thus a relative threshold, i.e. threshold

based on local precipitation climatology, is used. The

choice of a relative versus absolute threshold depends on

the purpose of the study. The criterion used in this study is

constant in space, and is considered sufficient in the ana-

lysis of dry spells considered here. The active and break

periods during the southwest monsoon season were studied

by Rajeevan et al. (2006), based on the same IMD dataset,

using an objective criterion based on standardized daily

precipitation anomaly for defining spells. Their results

suggested no significant trend in the number of break and

active days during the southwest monsoon season for the

1951–2003 period.

This study differs from the previous studies in the use of

two different gridded datasets and in the precipitation

thresholds used to define dry days and therefore dry spells,

and advances current understanding of dry spells over India

through a systematic analysis of various dry spell charac-

teristics. The characteristics considered in this study are,

mean number of dry days and dry spells, mean duration of

dry spells, maximum duration of dry spells and trends in

number of dry days and maximum duration of dry spells,

for the annual and southwest summer monsoon (i.e. June–

September) periods. Statistical significance of trends is

assessed both at grid cell and regional level, where regions

here correspond to pre-defined subdivisions, shown in

Fig. 1. India has been divided into 36 subdivisions by IMD

based on meteorological considerations, of which 34 are on

mainland and two on islands. In this study we consider only

the 34 mainland subdivisions (Fig. 1).

The paper is organized as follows. Data and methods

used are presented in Sect. 2. Analysis of dry spell char-

acteristics based on IMD and APHRODITE datasets are

presented in Sect. 3, followed by summary and conclusions

in Sect. 4.

2 Data and methods

2.1 Data

As mentioned earlier, two different datasets are considered in

the present study—the third version of the IMD 1� 9 1� daily

gridded precipitation data (Rajeevan et al. 2006) and the

0.5� 9 0.5� APHRODITE gridded daily precipitation data for

Monsoon Asia, developed by the Research Institute for

Humanity and Nature (RIHN) and the Meteorological

Research Institute of Japan Meteorological Agency (MRI/

JMA). The IMD data is arranged in 35 9 33 grid points over

India, following the interpolation method proposed by Shep-

ard (1968) by considering 1,803 stations that have at least
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90 % data availability over the period considered. Though a

higher resolution (0.5� 9 0.5�) gridded dataset developed by

IMD is available, it is not considered here following the dis-

cussion in Rajeevan and Bhate (2009) related to the possible

temporal inhomogeneity in this data, which is not desirable,

especially in the analysis of trends. For the APHRODITE

dataset, the last version is considered, which includes more

rain-gauge data, spans the required period and has better

quality control when compared with previous version (Yata-

gai et al. 2009). For more details on data sources used in

developing APHRODITE, readers are referred to Yatagai

et al. (2009). The APHRODITE Monsoon Asia data is

available over a domain of 180 9 140 grid points covering the

60�E–150�E, 15�S–55�N region. The interpolation algorithm

for the new version of APHRODITE is similar to that pre-

sented by Yatagai et al. (2009) with improvements in

weighting function to consider the local topography between

the rain-gauge and the interpolated point.

2.2 Methods

The dry spell characteristics considered are the mean

number of dry days, mean number of dry spells, and mean

and maximum duration of dry spells, for both annual and

southwest summer monsoon (JJAS) cases, for the

1951–2007 period. A dry spell is identified as an extended

period of dry days (Suppiah and Hennessy 1998; Lana et al.

2006; Serra et al. 2006; Tebaldi et al. 2006; Beniston et al.

2007; May 2008; Sushama et al. 2010; Bouagila and Sus-

hama 2013), where a dry day is a day with amount of

precipitation less than a pre-defined threshold. In this study

1 and 3 mm thresholds are chosen and a spell length of at

least 1 day is considered. The spatial patterns of the above

characteristics derived from both datasets are compared to

identify regions and characteristics where they agree/dis-

agree. It must be noted that for the two datasets IMD and

APHRODITE, all analyses are performed on respective

grids, without any re-gridding. A total of 357 (1141) grid

cells at 1� (0.5�) resolution cover the Indian landmass in

the case of IMD (APHRODITE).

In this study, trend analysis is performed at two levels

for mean number of dry days and maximum duration of dry

spells. Firstly, trends and their significance are assessed at

grid-cell level, following which the field significance of

both positive and negative trends are assessed at regional

scale, i.e. for the 34 pre-defined subdivisions shown in

Fig. 1. Detailed description follows.

2.2.1 Grid-cell level analysis

The nonparametric Mann–Kendall (MK) test (Mann 1945;

Kendall 1975) is used to evaluate the trend in dry spell char-

acteristics at the respective resolutions of the two datasets. The

MK test is based on the test statistic S that is defined as:

S ¼
Xn�1

i¼1

Xn

j¼iþ1

sgnðxj � xiÞ ð1Þ

where n is the sample size, xi and xj are the sequential data

values and

sgnðhÞ ¼
1 if h[ 0

0 if h ¼ 0

�1 if h\0

8
<

: ð2Þ

A positive (negative) value of S indicates an increasing

(decreasing) trend but it does not specify whether the trend

is linear or non-linear. For assessing statistical significance

of trend, the mean and variance of S are computed as

follows:

E S½ � ¼ 0 ð3Þ

and

VarðSÞ ¼ 1

18
nðn� 1Þð2nþ 5Þ �

Xg

i¼1

tiðti � 1Þð2ti þ 5Þ
" #

ð4Þ

where g is the number of tied groups (a tied group is a set

of sample data having the same value), and ti is the number

of data points in the ith group. A test based on the normal-

Fig. 1 Meteorological subdivisions of India (2 Arunachal Pradesh; 3

Assam and Meghalaya; 4 Nagaland, Manipur, Mizoram and Tripura;

5 Sub-Himalayan West Bengal and Sikkim; 6 Gangetic West Bengal;

7 Orissa; 8 Jharkhand; 9 Bihar; 10 East Uttar Pradesh; 11 West Uttar

Pradesh Plains; 12 West Uttar Pradesh Hills; 13 Haryana; 14 Punjab;

15 Himachal Pradesh; 16 Jammu and Kashmir; 17 West Rajasthan; 18

East Rajasthan; 19 West Madhya Pradesh; 20 East Madhya Pradesh;

21 Gujarat; 22 Saurashtra, Kutch and Diu; 23 Konkan and Goa; 24

Madhya Maharashtra; 25 Marathwada; 26 Vidarbha; 27 Chattisgarh;

28 Coastal Andhra Pradesh; 29 Telangana; 30 Rayalaseema; 31 Tamil

Nadu and Pondicherry; 32 Coastal Karnataka; 33 North Interior

Karnataka; 34 South interior Karnataka; 35 Kerala)

IMD and APHRODITE datasets 3421
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approximation can be formulated for samples with more

than 8 values by calculating the standardized test statistic Z

as follows (Mann 1945; Kendall 1975):

Z ¼
ðS� 1Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var(S)
p

S [ 0

0 S ¼ 0

ðSþ 1Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var(S)
p

S\0

8
<

: ð5Þ

The probability associated with the test statistic Z is cal-

culated as P(Z) = 2[1 - U(|Z|)], where U is the cumula-

tive distribution function of the normal distribution. At a

desired significance level a, the null hypothesis of no trend

is rejected if P(Z) B a.

The MK test assumes the time series values to be

independent and identically distributed. If for a given time

series this assumption is not fulfilled, then the evaluation of

trend significance is severely impacted. In fact, if the time

series values are positively (negatively) correlated then the

MK test will suggest a significant trend more (less) often

than it will for an independent series (Kulkarni and von

Storch 1995; Khaliq et al. 2009a). To address this problem,

various approaches have been suggested, e.g. pre-whiten-

ing (Kulkarni and von Storch 1995), modified pre-whit-

ening (Wang and Swail 2001), block-bootstrap (e.g. Khaliq

et al. 2009a), and variance-correction (e.g. Hamed and Rao

1998). In this work, we used the modified pre-whitening

approach described in Wang and Swail (2001) to address

the influence of only first-order serial correlation on trend

significance. The influence of long-term persistence on

trend significance documented in Cohn and Lins (2005)

and Khaliq et al. (2009b) is not investigated.

2.2.2 Regional level analysis

When a number of individual tests of significance are

performed for a meteorological or hydrological variable

over a spatial domain of interest, it is important to evaluate

the field significance of these tests. In the context of trends,

the purpose of performing field significance analysis is to

assess if the number of grid cells identified with significant

trends may not have arisen due to coincidence and/or due

to spatial structure of the variable. A number of techniques

exist to evaluate field significance, e.g. using the theory of

binomial distribution and Monte Carlo simulation proce-

dure (Livezey and Chen 1983; Elmore et al. 2006), vector

block bootstrap resampling approach (Yue et al. 2003;

Khaliq et al. 2009a), and False Discovery Rate (FDR)

approach (Wilks 2006). All of these techniques have their

relative advantages/disadvantages. In the absence of a

perfect approach, in the present work, the binomial distri-

bution based approach presented in Livezey and Chen

(1983) and the more recently proposed FDR approach

(Wilks 2006) are used to evaluate field significance of

trends at the regional level (Fig. 1).

According to the binomial distribution approach, overall

field significance of trends at aF level for a given region is

assessed by comparing the number of grid-cell level sig-

nificant trends M (say at aL level) for the region, with the

threshold number of significant trends M0 (computed fol-

lowing Livezey and Chen (1983) and assuming aF = 5 %

and negligible spatial dependence) that must be equalled or

exceeded to declare field significance. In other words, if

M C M0 for the region, then the results of trend analysis

are assumed to be field significant at aF level.

The FDR test is a relatively new approach of field sig-

nificance analysis and it is also found to be robust to spatial

dependence by Ventura et al. (2004) and Wilks (2006). This

approach works with any statistical test for which one can

generate a p value that is generally defined as the probability

at which a test under consideration is statistically significant.

Thus, as long as the effects of serial structure of time series is

taken care of appropriately for evaluating grid-cell-level

p values in a spatial domain of interest, the FDR test could be

applied for field significance analysis. Let p(i) denote the ith

smallest of K p values. The number of false trend detections

can be controlled at the rate q by rejecting those tests for

which p(i) is no greater than pFDR, where

pFDR ¼ max pðiÞ : pðiÞ � q ði=KÞ
� �

; where i ¼ 1; . . .;K:

ð6Þ

If none of the grid-cell level p values satisfy the right-hand

side of the above equation, then no field significance is

declared. For performing field significance analysis using the

FDR approach, q is assumed to be equal to 5 % in order to be

consistent with the binomial distribution based approach.

As positive or negative temporal trends could be present

in a region under consideration, field significance analysis

is performed separately for negative and positive trends

over 34 meteorological subdivisions of India, for both

binomial and FDR approaches. This is consistent with the

recommendations available in the published literature (e.g.

Yue et al. 2003; Khaliq et al. 2009a) and would help

identify regions with increasing or decreasing trends in

characteristics of dry spells. No field significance is

assessed for regions having only a single grid-cell with

either positive or negative trend.

3 Results and discussion

3.1 Dry spell characteristics

Prior to analysing dry spell characteristics, it is useful to

discuss the spatial patterns of mean annual and mean

summer monsoon (i.e., JJAS) precipitation and their

interannual variability (Fig. 2). The mean annual precipi-

tation patterns over India show large spatial variability,

3422 L. Sushama et al.
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Fig. 2 a Mean annual (left

panels) and mean summer

monsoonal (right panels)

precipitation based on IMD

(1� 9 1�) (top panels) and

APHRODITE (bottom panels)

datasets for the 1951–2007

period, and b their interannual

variability. The unit is mm

IMD and APHRODITE datasets 3423
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with the west coast and the northeast parts of India

receiving maximum amount of precipitation, while the

northwest part of India get minimum precipitation

(Fig. 2a). The comparison between mean annual precipi-

tation and mean summer monsoon precipitation for the

1951–2007 period, for both IMD and APHRODITE data,

shows that the bulk of annual precipitation falls during the

summer monsoon period (June–September). It must be

noted that though the northernmost part of India is deprived

of the southwest monsoon, it receives precipitation from

western disturbances. Though the general patterns are

similar for both datasets, differences can be noted for the

northern most part of India (Jammu and Kashmir), for both

mean annual and summer monsoonal precipitation. Raje-

evan and Bhate (2009) also obtained poor correlation

coefficients for this region, for the 0.5� 9 0.5� IMD and

APHRODITE derived monsoon seasonal precipitation for

the 1980–2002 period. Some differences can also be noted

between IMD and APHRODITE data for some of the

eastern regions, with IMD suggesting higher values com-

pared to APHRODITE. The interannual variability in the

annual and summer monsoonal precipitation in IMD is

maximum along the west coast of peninsular India and the

northeastern most regions of India (Fig. 2b), that receive

maximum precipitation. The interannual variability in

APHRODITE data is generally smaller compared to that in

the IMD dataset.

Spatial distribution of the annual/monsoonal mean

number of dry days for IMD and APHRODITE data for the

1951–2007 period for 1 and 3 mm precipitation thresholds

are presented in Fig. 3. The patterns of mean number of dry

days (Fig. 3) follow the inverse of the precipitation patterns

(Fig. 2). For the mean annual number of dry days, mini-

mum number of dry days is situated along the west coast

and the northeast parts of India, and maximum number of

dry days over the northwest part of India (Fig. 3). As

expected, an increase in the mean number of dry days with

increasing thresholds (from 1 to 3 mm) can be noted in

Fig. 3. The spatial patterns of mean annual number of dry

days for IMD and APHRODITE datasets are more similar

for the higher 3 mm threshold, except for the northernmost

part of India (Jammu and Kashmir). Consistent with the

spatial distribution of annual precipitation shown in Fig. 2,

more number of dry days is obtained for this northernmost

region of India with APHRODITE compared with IMD

dataset. The spatial patterns of mean number of dry days

for the summer monsoon period (Fig. 3b) show minimum

number of dry days along the northwest and southeast parts

of India. The differences between the two datasets for the

northernmost part are still clearly visible.

The spatial distribution of the mean annual and summer

monsoonal number of dry spells is shown in Fig. 4. For the

annual case, regions with more rainy days such as the

southwest and northeast regions have larger number of

short dry spells, while the northwest region has smaller

number of dry spells (of longer durations), according to the

definition of dry spell used in this study. Again the patterns

are different for the northernmost part of India for the two

datasets. The patterns are very similar for 1 and 3 mm

thresholds except for the fact the number of dry spells for

3 mm is less than that for the 1 mm case, as is expected.

Figure 5 shows 57-year (1951–2007) mean annual and

summer monsoonal duration of dry spells for IMD and

APHRODITE data for 1 mm and 3 mm thresholds. The

general patterns for IMD and APHRODITE data are sim-

ilar, with larger values of mean duration of dry spells over

the northwest part of India, characterized by an arid cli-

mate. The difference in mean duration of dry spell between

IMD and APHRODITE data, especially in North India, is

mainly due to the differences in precipitation datasets over

the same area (Fig. 2). In this region, the mean duration of

dry spells is larger in APHRODITE data than, with respect

to IMD data, due to fewer rainy days as per the criterion

used to define a dry spell. The comparison between Fig. 5a,

b shows, as expected, that the mean duration of dry spell is

less in monsoon period than the annual period. The east–

west contrast in the mean duration of dry spells over the

peninsula is very clear, especially at 3 mm threshold.

During monsoons the duration of the dry spells for the

southeast part of India is similar in magnitude to that for

the dry northwest part. Minimum duration of 1–2 days is

mostly seen for the northeast part of India.

In general, the mean maximum duration of dry spells for

the 1951–2007 annual period (Fig. 6a) increases from

centre to northwest with values above 120 days for parts of

the northwest. The mean annual maximum duration of dry

spells, for example along the west coast, is associated with

dry spells that clearly lie outside of the monsoon period.

Similar to Figs. 4 and 5, the APHRODITE data, with

respect to IMD data, shows larger values of maximum

duration of dry spells in the northern part of India (Fig. 6).

As for the case of mean duration, the east–west contrast in

the maximum duration of dry spells over peninsular India

is more notable at 3 mm threshold.

3.2 Trend analysis

3.2.1 Annual/monsoonal number of dry days

Figure 7a, b show trends (increasing/decreasing) in number

of dry days at grid-cell level for annual and summer mon-

soon periods for the 1951–2007 period obtained using the

MK test. A comparison (not shown) between the results

obtained by applying the MK test with and without the

correction for serial dependence suggests that the former

procedure helped in overcoming spurious trend detections.
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Fig. 3 Mean a annual and

b summer monsoonal number of

dry days for IMD (top

subpanels) and APHRODITE

(bottom subpanels) datasets, for

1 mm (left panels) and 3 mm

(right panels) precipitation

thresholds, for the 1951–2007

period. The unit is days

IMD and APHRODITE datasets 3425
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Fig. 4 Mean a annual and

b summer monsoonal number of

dry spells for IMD (top

subpanels) and APHRODITE

(bottom subpanels) datasets, for

1 mm (left panels) and 3 mm

(right panels) precipitation

thresholds, for the 1951–2007

period. The unit is days

3426 L. Sushama et al.
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Fig. 5 Mean a annual and

b summer monsoonal duration

of dry spells for IMD (top

subpanels) and APHRODITE

(bottom subpanels) data, for

1 mm (left panels) and 3 mm

precipitation thresholds (right

panels), for the 1951–2007

period. The unit is days

IMD and APHRODITE datasets 3427
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Statistically significant increasing trends in number of dry

days are obtained for some parts of India particularly in the

central and northeast parts, for both IMD and APHRODITE

datasets. However, significant decreasing trends are noted

over a few parts mostly around 12�N–15�N in peninsular

area (south Karnataka and Rayalaseema), over West Bengal

Fig. 6 Mean maximum

a annual and b summer

monsoonal duration of dry

spells for IMD (top subpanels)

and APHRODITE (bottom

subpanels) datasets, for 1 mm

(left panels) and 3 mm (right

panels) precipitation thresholds,

for the 1951–2007 period. The

unit is days

3428 L. Sushama et al.
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in the eastern region and over Punjab in northwest area.

Though the two datasets seem to agree for the central part of

India, APHRODITE data shows significant decreasing

trends in number of dry days along the foothills of the

Himalaya range. This is not the case with IMD. Most parts

of the northernmost area of India (Jammu and Kashmir)

show mainly increasing trend for IMD data and some

decreasing trends with APHRODITE data, because of the

Fig. 7 Trends in a annual and

b summer monsoonal number of

dry days for IMD (top

subpanels) and APHRODITE

(bottom subpanels) datasets, for

1 mm (left panels) and 3 mm

(right panels) precipitation

thresholds, for the 1951–2007

period

IMD and APHRODITE datasets 3429
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difference in precipitation patterns over this region. For

3 mm threshold, the patterns are almost similar to those for

1 mm threshold for both datasets. However, the significant

decreasing trends along the Himalayas for APHRODITE

are less prominent for 3 mm threshold compared to 1 mm

threshold.

Trends in number of dry days for summer monsoon

period (Fig. 7b) in comparison with the annual period

(Fig. 7a) show similar patterns, with regions of signifi-

cantly increasing trends extended in space, especially in the

centre, for both datasets. The areas with significant

decreasing trends along the Himalaya range for the annual

period appear reduced for the monsoon period for the

APHRODITE data (Fig. 7b). In general, the trend analysis

of number of dry days at grid cell level suggests that some

regions, particularly in the centre and southeast central

parts of the country, exhibit an increasing trend in dry days,

while parts of West Bengal, Punjab and regions in the

12�N–15�N in southern peninsula are associated with a

decreasing trend in dry days.

As discussed in the methodology section, both binomial

distribution-based and FDR approaches are used to test field

significance of positive and negative trends in number of dry

days for each of the 34 subdivisions. It is important to

mention here that the FDR approach has recently been rec-

ommended by Wilks (2006) for field significance analysis

due to its advantages over the other methods. Therefore, for

the convenience of presentation, the results of the FDR

approach are discussed in detail, while those of the other

approach are summarized at the end of the section. The

results of field significance analysis for positive and negative

trends in annual and summer monsoonal number of dry days

are shown in Figs. 8 and 9, respectively. The positive trends

in annual number of dry days (Fig. 8a) are found to be field

significant for 13 and 15 subdivisions, respectively, for IMD

and APHRODITE datasets for 1 mm threshold. However,

the number of common subdivisions where trends are found

field significant for both datasets is only 10. (These subdi-

visions correspond to the regions where mostly significant

trends were noted in Fig. 7a). The results for both datasets

differ mostly in the northeastern part of India. At 3 mm

threshold, the number of subdivisions where positive trends

are field significant increases to 17 for APHRODITE dataset

and remains the same for IMD dataset. Again, the differences

between the two datasets are noticeable over northeast India

(regions 2–4). In both datasets and for both thresholds, the

northern regions (Jammu and Kashmir and Himachal Pra-

desh), the central east parts (Orissa, Telangana and Chattis-

garh) and the extreme south peninsula (Kerala and

Tamilnadu and Pondicherry) show field significant increas-

ing trends.

FDR analysis suggests that the negative trends in annual

number of dry days (Fig. 8b) are field significant for 13

subdivisions, along the Himalaya range and over the

Madhya Maharashtra, Rayalaseema, South Interior Kar-

nataka and Coastal Andhra Pradesh around 12�N–20�N in

peninsular area, at 1 mm threshold, for APHRODITE,

which reduces to 7 when the threshold is increased to

3 mm. For IMD dataset, the negative trends are found field

significant for 6 and 5 subdivisions, for 1 and 3 mm

thresholds, respectively. The differences between the IMD

and APHRODITE, especially at 1 mm threshold is con-

centrated along the foothills of the Himalaya range, which

is consistent with results presented in Fig. 7b. Comparing

Fig. 8a, b, it can be seen that Orissa, Chattisgarh,

Telangana and Nagaland (Himachal Pradesh, Orissa

and Telangana) are subdivisions associated with field

significant positive and negative trends at 1 mm (3 mm)

threshold for IMD dataset. A similar comparison for

APHRODITE dataset suggests that Assam and Meghalaya,

West Uttar Pradesh Hills, Coastal Andhra Pradesh, and

Rayalaseema (Assam and Meghalaya and Rayalaseema)

are subdivisions associated with field significant positive

and negative trends at 1 mm (3 mm) threshold. A close

scrutiny of Fig. 7 indicates that there are clear specific

regions with dominating positive and negative trend pat-

terns within these subdivisions. This provides some

explanation why both positive and negative trends are field

significant within these subdivisions.

Figure 9a, b show results of field significance analysis

for number of dry days for the June–September monsoon

season. In general, better agreement can be noted between

the two datasets, with positive trends being field significant

for many subdivisions, at 1 mm threshold. At 3 mm

threshold some differences are visible between the two

datasets (for example, northeast regions, and southern

peninsula). With respect to negative trends in number of

dry days for summer monsoon period, again some differ-

ences can be noticed between the two datasets. APHRO-

DITE suggests field significance for subdivisions along the

Himalaya range, which is not the case with IMD. Similarly

not all regions that appear field significant in IMD are

found to be field significant with APHRODITE data. South

Interior Karnataka is the only subdivision where both

positive and negative trends are field significant for the

APHRODITE dataset for both thresholds. With IMD,

Orissa is the only subdivision where both positive and

negative trends are field significant for both 1 and 3 mm

thresholds.

3.2.2 Annual/monsoonal maximum duration of dry spell

Trend analysis of annual maximum duration of dry spells

(Fig. 10) suggests significantly decreasing trends for

northwest and northeast (West Bengal) parts of India,

according to both datasets. The same analysis for the
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monsoon period suggests different patterns than that for

annual, with significant decreasing trends concentrated in

the northernmost part of India and along the west coast.

This suggests that the decreasing trends in the annual

maximum duration of dry spells for the arid northwest is

due to an increasing trend in the number of wet days

outside of the monsoon season. The patterns, in general, are

comparable across both datasets.

The results of field significance analysis for positive/

negative trends in the annual maximum duration of dry

spells are presented in Fig. 11a, b. Three subdivisions

suggest positive trends to be field significant in the case of

Fig. 8 Field significance of

a positive and b negative trends

associated with annual number

of dry days for IMD (top

subpanels) and APHRODITE

(bottom subpanels), for 1 mm

(left panels) and 3 mm (right

panels) precipitation thresholds,

for the 1951–2007 period.

Regions with field significant

positive (negative) trends are

shown shaded in red (blue) for

the FDR approach and using

dots for the binomial

distribution approach

IMD and APHRODITE datasets 3431
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IMD at both 1 and 3 mm thresholds, with Marthwada and

Himachal Pradesh being the common subdivisions. For

APHRODITE, positive trends for two (three) subdivisions

appear to be field significant at 1 mm (3 mm) threshold: of

these two subdivisions, one (Jammu and Kashmir) is

associated with field significant negative trends also. In

general, though the number of subdivisions that are field

significant is smaller, there is some disagreement between

the two datasets, for both positive and negative trends. For

negative trends, West Rajasthan is the only subdivision that

is field significant at both 1 and 3 mm thresholds, for both

datasets. At 3 mm threshold, the common subdivisions

Fig. 9 Field significance of

a positive and b negative trends

associated with summer

monsoonal number of dry days

for IMD (top subpanels) and

APHRODITE (bottom

subpanels), for 1 mm (left

panels) and 3 mm (right panels)

precipitation thresholds, for the

1951–2007 period. Regions

with field significant positive

(negative) trends are shown

shaded in red (blue) for the

FDR approach and using dots

for the binomial distribution

approach
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showing field significance are West and East Rajasthan and

Telangana.

Similar analysis, focussing on maximum duration of dry

spells during the June–September monsoon period, is

shown in Fig. 12. Negative trends (Fig. 12b) associated

with two subdivisions (South Interior Karnataka and Pun-

jab) appear field significant for both datasets and precipi-

tation thresholds. For positive trends (Fig. 12a), there are

just one and three subdivisions that appear field significant

for IMD and APHRODITE, respectively, for 1 mm

Fig. 10 Trends in a annual and

b summer monsoonal maximum

duration of dry spells for IMD

(top subpanels) and

APHRODITE (bottom

subpanels) datasets, for 1 mm

(left panels) and 3 mm (right

panels) precipitation thresholds,

for the 1951–2007 period

IMD and APHRODITE datasets 3433
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threshold. For 3 mm threshold this reduces to two, for

APHRODITE.

On the basis of combined results for both IMD and

APHRODITE datasets for both thresholds, Orissa, Hima-

chal Pradesh, Chattisgarh and Telangana subdivisions

show field significant increasing trends in both annual and

monsoonal period number of dry days. However, no such

pattern was found for the case of decreasing trends and for

the case of both increasing/decreasing trends in both annual

and monsoonal period maximum duration of dry spells.

When a similar synthesis is carried out for the annual and

monsoonal periods separately, Himachal Pradesh and

Fig. 11 Field significance of

a positive and b negative trends

associated with annual

maximum duration of dry spells

for IMD (top subpanels) and

APHRODITE (bottom

subpanels) datasets, for 1 mm

(left panels) and 3 mm (right

panels) precipitation thresholds,

for the 1951–2007 period.

Regions with field significant

positive (negative) trends are

shown shaded in red (blue) for

the FDR approach and using

dots for the binomial

distribution approach
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Jammu and Kashmir (South Interior Karnataka and Jammu

and Kashmir) show higher number of cases with field

significant increasing (decreasing) trends in both annual

(monsoonal period) number of dry days and maximum

duration of dry spells. No regions are found to show con-

sistent field significant increasing trends in both maximum

duration of dry spells and number of dry days for the

monsoon period. The two datasets in fact disagree with

respect to the regions showing field significant increasing

trends in monsoonal maximum duration of dry spells. It is

important to mention that a similar synthesis, across data-

sets and thresholds, suggests field significant decreasing

Fig. 12 Field significance of

a positive and b negative trends

associated with summer

monsoonal maximum duration

of dry spells for IMD (top

subpanels) and APHRODITE

(bottom subpanels) datasets, for

1 mm (left panels) and 3 mm

(right panels) precipitation

thresholds, for the 1951–2007

period. Regions with field

significant positive (negative)

trends are shown shaded in red

(blue) for the FDR approach and

using dots for the binomial

distribution approach

IMD and APHRODITE datasets 3435
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trends in annual maximum duration of dry spells for the

north-westernmost part of India (West Rajasthan). How-

ever, the decreasing trends associated with the annual

number of dry days for this region are not found field

significant. Guhathakurta and Rajeevan (2008) based on

their analysis of rain gauge data, for a longer period

(1901–2005), also found that the great desert areas of India,

including West Rajasthan, have become wetter.

As far as the results of the two methods of field sig-

nificance analysis (i.e. the binomial distribution based

approach and FDR method) are concerned, the level of

agreement among the results of these methods is higher for

APHRODITE based characteristics compared to those

based on IMD dataset. Though the results of both methods

differ from each other for about 40 % cases, no new other

overall patterns of field significance emerged than those

presented above even by using the results of the method

based on the binomial distribution.

4 Summary and conclusions

The dry spell characteristics over India during the

1951–2007 period are explored using two gridded datasets—

IMD and APHRODITE. The dry spell is defined as a con-

tinuous period of dry days, where a dry day is defined using

two precipitation thresholds—1 and 3 mm. The character-

istics considered include the number of dry days, number of

dry spells, mean and maximum dry spell durations, for both

annual and summer monsoonal (JJAS) periods. Spatial pat-

terns of these characteristics are studied based on the two

datasets. In addition trends in the annual/summer monsoonal

number of dry days and annual/summer monsoonal maxi-

mum duration of dry spells are also analysed using a modi-

fied nonparametric MK test. To help synthesise results, field

significance of identified positive and negative trends is

assessed at the level of pre-defined 34 subdivisions over

India using the binomial distribution and FDR approaches.

The most important results are summarized below.

• The spatial patterns of mean annual and mean summer

monsoonal precipitation for the 1951–2007 period are

generally very similar for the IMD and APHRODITE

datasets, except for the northernmost part of India. This

could be partly due to the differences in the underlying

data sources used in the two datasets for this region.

However, more spatial detail emerges with the high

resolution APHRODITE dataset.

• The spatial patterns of mean number of dry days follow

inverse pattern of precipitation, with maximum number

of dry days along the northwest part of India for both

annual and summer monsoon periods.

• Mean annual number of dry spells is relatively higher

along the east coast of India, though of short duration

due to larger number of rainy days. Similar pattern is

noted for the summer monsoon period.

• Mean annual duration of dry spells is larger over the

arid regions in the northwest, with values reaching

above 20 days. Spatial patterns are similar for the

monsoon period, with mean values of dry spell

durations of the order of 10 days for the northwest

regions. The east–west contrast in the mean duration of

dry spells for the monsoon period over peninsular India

is clearly captured in both datasets, particularly at

3 mm threshold.

• Annual maximum duration of dry spells varies from

greater than 150 days in the northwest to below

20 days in the northeast. The maximum duration of

dry spell during the monsoon period in the rainshadow

zones in the leeward side of the Western Ghats is

similar to that for the northwest regions.

• Trend analysis of annual number of dry days at grid-

cell level shows some differences between the two

datasets. The important difference is noted along the

Himalaya range, where APHRODITE suggests signif-

icant decreasing trends, which does not show up with

IMD dataset.

• Analysis of annual maximum duration of dry spells

suggests significant decreasing trends for the northwest

part of India. This signal is not present in the analysis of

maximum duration of dry spells for the summer

monsoon period.

• The field significance analysis performed for positive

and negative trends in number of dry days and

maximum duration of dry spells for the annual and

summer monsoon periods helps identify regions where

trends are found beyond those expected due to coin-

cidence. However, the results of this analysis are not

only dependent on the type of the gridded dataset and

annual and monsoonal time windows, but also on the

threshold used to define dry days and therefore dry

spells.

This study helps in identifying regions and characteris-

tics of dry spells where important differences exist between

the IMD and APHRODITE datasets, which is particularly

visible in the trend analysis results. These results will thus

provide useful insights for the climate modelling commu-

nity in establishing appropriate benchmarks for performing

model evaluation, specifically over the Indian landmass,

given the recent increase in regional climate model and

statistical downscaling applications over the region (e.g.

Saeed et al. 2011; Lucas-Picher et al. 2011; Vigaud et al.

2012).
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