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Observed changes in extreme wet and dry spells
during the South Asian summer monsoon season

Deepti Singh'™

The South Asian summer monsoon directly affects the lives of
more than 1/6th of the world's population. There is substantial
variability within the monsoon season, including fluctuations
between periods of heavy rainfall (wet spells) and low rainfall
(dry spells)'. These fluctuations can cause extreme wet and
dry regional conditions that adversely impact agricultural
yields, water resources, infrastructure and human systems?3.
Through a comprehensive statistical analysis of precipitation
observations (1951-2011), we show that statistically signif-
icant decreases in peak-season precipitation over the core-
monsoon region have co-occurred with statistically significant
increases in daily-scale precipitation variability. Further, we
find statistically significant increases in the frequency of dry
spells and intensity of wet spells, and statistically significant
decreases in the intensity of dry spells. These changes in
extreme wet and dry spell characteristics are supported by
increases in convective available potential energy and low-level
moisture convergence, along with changes to the large-scale
circulation aloft in the atmosphere. The observed changes in
wet and dry extremes during the monsoon season are relevant
for managing climate-related risks, with particular relevance
for water resources, agriculture, disaster preparedness and
infrastructure planning.

The Indian subcontinent receives 85% of its annual rainfall
during the South Asian summer monsoon season’. As >56% of
the total agricultural area in the region is rain-fed, the monsoon
is particularly important for the agricultural sector. For example,
prolonged dry spells during July-August substantially reduce yields
of ‘Kharif’ (monsoon) crops if the dry spells coincide with soil
preparation, transplanting or the critical crop growth period®. The
occurrence of severe monsoon droughts can also adversely affect
‘Rabi’ (winter) crops, cause livestock mortality and damage natural
ecosystems*. As ~60% of India’s working population depends on
agricultural activities for their livelihood, and agricultural products
account for nearly 70% of the country’s exports’, dry extremes
can cause cascading impacts on India’s economy?, and national
and global food security’. Similarly, short periods of extremely
wet conditions can have large humanitarian impacts, such as the
mortality, disease and homelessness that followed extremely heavy
precipitation in Mumbai in July 2005 (ref. 5).

The monsoon ‘core’ over Central India (18°-28° N and 73°-82° E;
ref. 6) experiences high average rainfall and daily-scale variability
during the peak-monsoon season (July-August; Supplementary
Fig. 1; ref. 7). The interaction between multiple modes of
propagating intraseasonal oscillations (10-20 day and 30-50 day)
of the Indian summer monsoon® causes intermittent wet and dry
spells over this region. Extreme wet and dry spells (Fig. 1c-f) are
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commonly referred to in the literature as active and break spells®®.
As Central India encompasses several river basins that contain high
population densities and large areas of crop cultivation, rainfall
extremes over this region have a particularly strong influence on
agriculture and water management.

Using rigorous statistical methods, we evaluate whether extreme
wet and dry spell characteristics have changed between two periods
of the observed record (1951-1980 and 1981-2011; see Methods
for details). Our analyses emphasize the robustness of the employed
hypothesis testing method to a number of sources of uncertainty.
First, given the daily-scale persistence in atmospheric variables,
we employ a methodology to account for temporal dependence
in the precipitation time series. Second, we use less-restrictive,
non-parametric statistical techniques to evaluate the significance of
changes and make comparisons with recent studies that have failed
to detect changes in wet and dry spell characteristics”’. Third, we
assess the sensitivity of our results to the selection of observational
data set, spatial domain and analysis period.

The mean July-August rainfall shows a significant (10%
significance level) decreasing trend since 1951 over the monsoon
‘core’ in the Indian Meteorological Department (IMD) data set
(Fig. 1a), consistent with reported decreases in all-India rainfall’.
This decrease in mean rainfall occurs despite the increases in
seasonal-mean low-level moisture convergence and convective
available potential energy (CAPE; see seasonal anomalies in
Supplementary Fig. 4) expected from increased moisture availability
in response to atmospheric warming.

In contrast, the July-August daily rainfall variability shows
a statistically significant (5% significance level) increasing trend
(Fig. 1a). The contrasting trends in mean rainfall and daily-
scale variability collectively arise from the decreasing probability
of regional rainfall events (Fig. 1a) and higher variability in the
intensity of those events (Supplementary Fig. 2). In addition, we
observe a2mm d™~" decrease in peak rainfall during the 1981-2011
period, along with increases in the frequency of both light
(<6mmd™) and heavy (>20 mmd™") rainfall events' (Fig. 1b).
The statistical significance of these changes is highly sensitive to
the modelling of the temporal dependence in daily precipitation.
For instance, in testing the difference in means of the daily
precipitation distributions in 1951-1980 and 1981-2011 the p value
increases from 0.001 when each day is considered independent
to 0.06 after accounting for the temporal dependence. Accounting
for temporal dependence (daily-scale autocorrelation) using the
moving-block boostrap thus more fairly reflects the strength of the
scientific conclusion.

The observed decrease in seasonal precipitation has been
previously reported®, with large-scale multi-decadal climate
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Figure 1| July-August precipitation characteristics. a, Time series of mean precipitation, daily-variability and probability of daily precipitation (fraction of
total days with precipitation >1mm d~") over the monsoon ‘core’ (red rectangle in the inset map in b, 18°-28° N, 73°-82° E; ref. 6). Numbers indicate linear
trend magnitudes of the time series. b, Daily precipitation distributions over the ‘core’ in 1951-1980 and 1981-2011 and the p value obtained from testing the
difference in means of the distributions. Colours indicate the significance of trends (a) and p values (b). c-f, Composite precipitation anomalies from the
July-August 1951-2011 mean for all extreme wet/dry spells in 1951-1980 (c,e) and 1981-2011 (d,f).

variability>'* and anthropogenic aerosol forcing'"* both suggested
as possible causes. However, the observed record of wet and
dry spells, which are weakly correlated to seasonal precipitation®,
has received considerably less attention”. The use of different
spatial domains, statistical thresholds and definitions of wet and
dry spells"®” leads to contradictory results”>'°. Given the severe
impact of hydroclimatic extremes in the present climate, effectively
managing climate-related risks'* requires rigorous evaluation
of whether the characteristics of such events have changed
substantially in recent decades'.

Wet spells vary in frequency from 0 to 3 events per year over
the observed record (Fig. 2a). Although trend identification is
difficult given multi-decadal climate variability, our analyses
reveal an increasing trend in wet spell frequency from 1951 to
1980, and a decreasing trend thereafter. Heavy rainfall during
wet spells results from monsoon depressions and cyclonic
storms that typically form in the Bay of Bengal and move
northwestward into the monsoon trough®. The decreasing trend
in wet spell frequency in the more recent period is therefore
consistent with the decreasing number of monsoon depressions
over the Bay of Bengal'. However, the difference in wet spell
frequency between 1951-1980 and 1981-2011 is not statistically
significant (Fig. 2a). Similarly, 1981-2011 exhibits more years
with seasonal-mean wet spell duration exceeding 4 days but the
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mean duration has not changed significantly (Fig. 2c). Given
that the wet spell duration depends on the timescale of synoptic
systems (typically 3 to 4 days), the mean duration may not
change without substantial changes in the general circulation of
the atmosphere. In addition, we find no substantial difference
in the average cumulative wet spell days between 1951-1980
and 1981-2011 (Fig. 2d). However, a significant increasing trend
(5% significance level) in wet spell intensity is evident after 1980,
and the mean wet spell intensity is significantly higher in 1981-2011
relative to 1951-1980 (Fig. 2b).

Dry spell frequency typically ranges from 0 to 4 events per season
over the observed record (Fig. 2e). A number of hypotheses predict
that global-warming-induced intensification of the hydrologic cycle
should increase dry spell lengths (for example, ref. 17). This
phenomenon has been observed over India in the late twentieth
century annually'” and during the monsoon season'®. Although we
find an increasing trend in the duration and cumulative length of
extreme dry spells during the peak monsoon season (Fig. 2g,h), their
average values are not significantly different between 1951-1980
and 1981-2011. However, there are more than twice as many years
with 3 or more dry spells in 1981-2011 as in 1951-1980, and the dry
spell frequency is 27% greater in 1981-2011 (1.4 events per season
compared with 1.1 events per season in 1951-1980), a difference that
is statistically significant at the 5% level. In addition, dry spells are
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Figure 2 | Extreme wet and dry spell characteristics. a-h, Time series of wet (blue) and dry (red) spell frequency, duration, intensity and cumulative days
over the core monsoon domain (see Methods for definitions). Missing links in the time series are years with no wet or dry spells. Trend lines are estimated
using the non-parametric LOESS regression technique; shading represents the 90% confidence intervals of the estimated trends. p values are obtained
from testing the difference in means of the distributions of each variable between 1951-1980 and 1981-2011 using the non-parametric moving block

bootstrap test. Colours indicate the significance level of the p values.

on average 5% less intense in 1981-2011 (Fig. 2f), a difference that
is also statistically significant at the 5% level.

Taken together, our analyses indicate a shift in the recent
period towards more intense wet spells and more frequent but
less intense dry spells (Figs 1d,f and 2). We use the NCEP/NCAR
(National Centers for Environmental Prediction/National Center
for Atmospheric Research) reanalysis to create composites of the
atmospheric conditions during individual events in 1951-1980
and 1981-2011. This analysis reveals changes in the atmospheric
conditions in which extreme wet and dry spells have occurred (with
the important caveat that the number and quality of observations
assimilated into the reanalysis has changed through time, including
assimilation of satellite observations in the later period).

First, wet spells are typically associated with a strengthened
low-level (850mb) cyclonic circulation over the monsoon ‘core’
(Fig. 3a). We find that the wet spells during 1980-2011 exhibit
enhanced moisture convergence and increases in CAPE over much
of this region, without substantial changes in the low-level cyclonic
circulation anomalies (Fig. 3f,g). These conditions are supportive
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of stronger convective activity'®, particularly over the southern and
eastern parts of the region. Further, increased CAPE over the Bay
of Bengal (Fig. 3g) is also a likely contributor to the observed
intensification of severe storms® that should support more intense
rainfall during wet spells.

Second, dry spells are often associated with anomalous anti-
cyclonic circulation in the lower troposphere, which leads to
divergence over the monsoon ‘core’ (Fig. 3c). In addition, the
anomalous upper-tropospheric cyclonic anomaly over Central Asia
leads to cold air advection from the mid-latitudes* (Fig. 3e). The
statistically significant decreases in dry spell intensity in the more
recent period (Fig. 2f) are consistent with the weaker low-level
divergence and greater CAPE seen in the 1981-2011 period, and
the reduced strength of the upper-level cyclonic anomaly (which
reduces the extent of cold air advection that would otherwise
dampen deep-convective activity; Fig. 3h—j).

Third, the frequency of occurrence of both wet and dry events is
influenced by the northward propagation of convective instabilities
that originate in the equatorial Indian Ocean and northwest tropical
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Figure 3 | Dynamics of extreme wet and dry spells. a-e, Composite values of 850 mb moisture convergence (conv.) or divergence (div.), and composite
anomalies of 200 mb and 850 mb winds, 200 mb geopotential heights and CAPE, for 1951-1980. Composite values are calculated by averaging the variable
on all extreme wet/dry days. Composite anomalies are differences between composite values and the average of all July-August days in the analysis
period. f-j, Differences in composite values/anomalies in 1981-2011 relative to 1951-1980. (See Supplementary Fig. 3 for significance of differences.) Grey

rectangle in b defines the primary analysis domain.

Pacific'. High vertical-wind shear in these regions is conducive to
the formation of these convective instabilities®'. Weakened seasonal-
mean upper and lower-level winds in the 1981-2011 period have
reduced the zonal wind shear over the equatorial Indian Ocean (see
seasonal anomalies in Supplementary Fig. 4), a change that would
be expected to lead to fewer wet periods and more dry periods by
suppressing the formation of moist convective anomalies.

Given the statistical significance of the identified trends in wet
and dry spell characteristics, and the changes in the associated
atmospheric conditions, we test the sensitivity of the statistical
analysis to potentially arbitrary climate definitions. In comparing
the IMD data set to a second precipitation synthesis, we find
similar trends in mean precipitation, daily-scale variability and dry
spell characteristics (Supplementary Section 4). We also explore
the sensitivity of the significance testing to the choice of analysis
periods, particularly given the abrupt shift towards warmer sea
surface temperatures in the central-Pacific, eastern-Pacific and
Indian oceans® around 1976-1977. We find that the changes in the
wet and dry spell characteristics are robust (at the 10% significance
level) to the selection of the cutoff year of the analysis periods
(Supplementary Table 1 and Section 4).

We also compare the core-monsoon domain to two larger
domains (Fig. 4). We find that all three domains exhibit
similar trends in mean precipitation and daily-scale variability,
although the magnitude and significance of these trends differ
(Supplementary Fig. 7). These differences are not unexpected
given the observed spatially heterogeneity in rainfall trends across
the subcontinent'®”. In addition, as with our core-monsoon
domain (Fig. 1b), daily rainfall distribution over the all-India
domain of ref. 1 exhibits a similar statistically significant (10%
significance level) shift (Supplementary Fig. 7). We also find
agreement in the direction of trends in dry spell characteristics
across domains, although the changes in dry spell characteristics
over the two larger domains are not significant at the 10% level

NATURE CLIMATE CHANGE | VOL 4 | JUNE 2014 | www.nature.com/natureclimatechange

(Fig. 4b and Supplementary Fig. 8). For the wet spell characteristics
only the positive trend in wet spell frequency shows a consistent
sign across the three domains (Fig. 4a). As with the observed
spatial heterogeneity in daily rainfall trends (Supplementary
Fig. 7), the changes in wet spell characteristics over the past
60 years vary within all three domains (Supplementary Fig. 8).
These discrepancies are expected as a result of the spatial patterns
associated with the occurrence of wet and dry spells™® (Fig. 1d,f),
and with the spatial heterogeneity of the changes in atmospheric
conditions (Fig. 3f-j).

The heterogeneous spatial response of the wet and dry spell
characteristics (Supplementary Fig. 7) and associated atmospheric
conditions (Fig. 3f-j) within the larger monsoon domain highlight
the need to investigate different scales of atmospheric variability,
and the impact of local- and regional-scale forcings such as
aerosols and land-use change. Aerosol accumulation over the
Ganges basin and the Himalayan foothills can potentially influence
the transition of dry to wet spells by modifying the lower-
atmosphere meridional temperature gradient that drives moisture
convergence®. However, understanding the relative influence of
individual anthropogenic forcings® on the observed trends requires
a formal attribution framework.

Given the heavy dependence of agriculture on rainfall*> and
the acute human vulnerability to flood events, the increases in
dry spell frequency and wet spell intensity identified in our
results represent increasing climate-related risks in the Indian
subcontinent®. Rapid population growth and land-use change
combined with groundwater depletion” suggest simultaneously
increasing exposure and vulnerability to these events. Although we
have identified proximal changes in the atmospheric environment
that are supportive of the trends identified in our statistical analyses,
improved understanding of the root causes of the identified trends
is essential for formulating effective strategies for managing the
evolving risks of extreme wet and dry events®.
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Figure 4 | Sensitivity of statistical results to spatial domain. a,b, Trends in
extreme wet (a) and dry (b) spells characteristics (frequency (fr) events in
a year per year), intensity (int) mm d~ per year, duration (dur) days per
year and cumulative days (c.d.) days per year derived from precipitation
over three domains (see inset map—ref. 6 (red), ref. 1 (green), and ref. 7
(blue)). Colours indicate the significance level of p values from the
significance test comparing the mean of the distributions of wet and dry
spell characteristics in 1951-1980 and 1981-2011. (Supplementary Fig. 7 for
the time series of these characteristics over the three domains.)

Methods

Data sets. The primary data set for our analysis is the 1° x 1° gridded daily
precipitation data from the IMD (ref. 7). This is developed from approximately
2,140 rain-gauge stations using the Shepard interpolation methodology’, and has
been extensively used in the literature®**. We test the sensitivity of the results
using the newer APHRODITE data set”, which includes fewer stations over India
(see Fig. 11b in ref. 29), and has not yet been used in published studies of daily
precipitation characteristics over India (Supplementary Section 1).

Characteristics of extreme wet and dry spells. Our analyses focus on the
characteristics of extreme wet and dry spells during the July-August period,
when the monsoon is established over the entire subcontinent’. Our
core-monsoon region (18°-28° N and 73°-82° E) is similar to that of refs 6,21,
and is defined over central India, a region that exhibits high mean seasonal
precipitation and high daily-scale precipitation variability (Supplementary Fig. 1).
This region experiences wet and dry spells associated with fluctuations in the
location of the continental tropical convergence zone, which lead to strong
precipitation anomalies’. We test the sensitivity of our results by comparison with
the domains of refs 1,7.

Previous studies have used different atmospheric variables such as outgoing
long-wave radiation®, upper-level winds® and precipitation“®” to define active
and break periods within the monsoon season. Following several studies"®”?, we
use precipitation anomalies to focus on extreme wet and dry spells. We define
extreme wet and dry spells based on de-trended precipitation anomalies to
exclude the influence of the seasonal mean precipitation trend. We first remove
the time-varying mean from the area-averaged daily precipitation time series over
the selected domain and normalize those anomalies by the standard deviation
(daily-scale variability) of precipitation over the entire record (1951-2011 for
IMD, and 1951-2007 for APHRODITE). Next, we define wet and dry spells as
events of at least 3 consecutive days with precipitation anomalies consistently
exceeding one standard deviation of daily precipitation’. We then calculate the
time series of frequency, duration intensity and cumulative days of wet and dry
spells, where the frequency is the total number of wet (dry) spells in a given
season, the duration of each spell is the number of consecutive days with
precipitation anomalies exceeding one standard deviation, the intensity of each
spell is the average precipitation anomaly divided by its duration, and the
cumulative days are the total number of days accumulated over all wet (dry)
spells in a season.

Time dependence. Several precipitation characteristics exhibit substantial

temporal auto-correlation, although the lag time varies between characteristics
(Supplementary Figs 9-11). To account for this autocorrelation (temporal
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dependence), we assess the time-dependence structure of the data time series
using the autocorrelation function and the partial autocorrelation function
(PACF) to fit an autoregressive moving-average model (ARMA). The augmented
Dickey-Fuller test and Kwiatkowski-Phillips—-Schmidt-Shin test confirm the
validity of the assumption of stationarity in the temporal-dependence structure
required for inference within the ARMA framework (Supplementary Section 2.2).
We then use the Ljung-Box-Pierce (LBP) test to evaluate the adequacy of this
model in capturing the autocorrelation (Supplementary Section 2.1). For example,
we fit an ARMA model of order 6 (AR6) to the IMD daily precipitation time
series based on the PACF showing significant temporal dependence up to 5 days
(Supplementary Fig. 8). LBP statistics confirm that the residuals of this AR6
model exhibit no remaining autocorrelation. We similarly model the time
dependence of other characteristics using the PACF and the LBP test to
determine the appropriate auto-regressive model. (See Supplementary Section 2.1
for LBP test details.)

Significance testing. On the basis of the Q-Q plots and the Anderson-Darling
normality test (see Supplementary Section 2.3 and 2.4), we reject our null
hypothesis of normal distributions of the variables (Supplementary Fig. 12).
Given the temporal dependency of the variables, we use a non-parametric,
moving-block bootstrap test for significance testing (Supplementary Section 2.5),
which does not assume a specific underlying distribution for the test variable.
The block size for this test is informed by the order (lag) of the ARMA model as
discussed in Supplementary Section 2.1.

We select 1951-1980 as our primary baseline period, and apply the
moving-block bootstrap test on the distributions of each characteristic in the
baseline and post-baseline periods to test the null hypothesis that the mean of the
distributions is equal in the two periods. Further, we test the sensitivity of our
results to the selection of the baseline period by varying the cutoff year between
the two periods. We also assess the significance of linear trends in the
precipitation characteristics from 1951 to 2011 to test the null hypothesis that the
trend is not significantly different from zero.

We report statistical significance at the 5% significance level, unless
otherwise specified.
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