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Abstract

Changes in precipitation patterns as a result of increased atmospheric water

vapour in a warming environment over the Indian region have been reported

in the past few decades. However, these studies have not focused much on

exploring the changes in atmospheric water vapour in a changing climate. The

present study focuses on examining the variability of integrated precipitable

water (IPW) over the Indian region derived from the Modern Era

Retrospective-Analysis for Research and Application (MERRA 2) model in a

warming environment. The results suggest that the IPW has increased signifi-

cantly in recent decades. Changes in the IPW are consistent with changes in

regional warming over India. The results also point out an increase of about

4.98% ± 1.26% in the IPW for a 1�C increase in regional warming. The variabil-

ity of IPW has been examined in a warming climate. An increase in regional

temperature shows coherent variation with IPW. A decadal increase of about

1.69% has been reported in the IPW.
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1 | INTRODUCTION

Atmospheric water vapour plays a critical role in
governing precipitation patterns (Trenberth et al., 2003;
Mishra and Liu, 2014; Mishra, 2019). Mishra and Liu
(2014) reported an increase in heavy precipitation and a
reduction in light and moderate precipitation as a result
of increased atmospheric water in a warming environ-
ment. An increase of about 7% in atmospheric water
vapour for a 1�C increase in global temperature has been
observed by Trenberth et al. (2003). Changed precipita-
tion patterns may be attributed to increased atmospheric
water vapour. Atmospheric water vapour has increased
over various parts of the globe (Ross and Elliott, 1996;
Zhai and Eskridge, 1997; Trenberth et al., 2005). Ross

and Elliott (1996) used 21 years of radiosonde observa-
tions from stations in North America to show a decadal
increase of about 3–7% in atmospheric water vapour over
these stations. A positive correlation between atmo-
spheric water vapour and temperature was derived over
China using radiosonde data (Zhai and Eskridge, 1997)
An increasing decadal trend of about 1.3% in column
integrated water vapour was derived over global ocean
using a special sensor microwave imager (SSM/I)
(Trenberth et al., 2005). Wang et al. (2018) linked the
changes in precipitation patterns with shifts in regional
atmospheric water vapour. Increased atmospheric water
vapour over various parts of the globe shows large vari-
ability. The present paper is the first attempt to examine
the variability of integrated water vapour over the Indian
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region in a warming environment. It quantifies the
impact of warming on changes in integrated precipitable
water (IPW) over India using data from the Modern Era
Retrospective-Analysis for Research and Application
(MERRA 2) model.

2 | DATA AND METHODOLOGY

Temperature data from the Global Historical Climatol-
ogy Network (GHCN) were used. The GHCN provides
monthly temperature data for 7,280 global stations
from 226 countries. Data for the period 1980–2018
(39 years) were used in the present study. Homogeneity
adjustments to remove non-climatic influences that
may bias the observed temperature record were per-
formed. An annual uncertainty of about 0.1�C is
reported from these data. Monthly data are available
from this source at 0.5 × 0.5� (Lawrimore et al., 2011).
Temperature data from the MERRA-2 were also used
to examine the impact of warming on the IPW. For the
results, see the additional supporting information. The
IPW from the surface up to 500 mb were used to
explore the variability in a changing climate. An inter-
annual difference technique adopted by Mishra and
Liu (2014) was used to quantify the impact of warming
on the IPW. The present analysis reveals that changes
in the IPW show a coherent variation with warming
(see below). The difference between the integrated pre-
cipitable water (ΔIPW) of any two years is plotted
against the difference in temperature (ΔT) to explore
the relationship between changes in the IPW and tem-
perature. An advantage of this technique over a time-
series technique is a significant reduction of the scat-
tering of points and the convergence of (ΔIPW/ΔT)
towards a constant value when ΔT increases.

The total number of data points used in this method
is (t – 1)/2 times more than those used in the time-series
technique (where t is the number of years). A p-value is
derived for the significance test.

3 | RESULTS AND DISCUSSION

The IPW data for the period 1980–2018 derived from
MERRA-2 were used to explore the changes in the IPW
in recent decades. Figure 1 illustrates the seasonal
changes during the southwest monsoon season in the
IPW from 1980–1998 to 1999–2018. The southwest mon-
soon season in India starts with the onset of the
southwest monsoon winds in June and continues till
mid-September. This is called the rainy season in most of
the Indian region. The IPW shows an increase in recent

decades, especially over the central, northeastern and
western parts of the India.

Furthermore, the northeastern, western and
central north parts of India show increases in the range
of 1.5–3.0 kg�m–2 in the IPW over recent decades. The
southern part of the Indian region shows a decrease in
the IPW during the southwest monsoon season. Note that
the southern part of India receives the majority of its
rainy spells in the northeast monsoon season between
October and March (Singh et al., 2017). Figure 2 shows
the variation of the IPW with regional temperature over
the Indian region.

The National Climate Data Center (NCDC)-derived
temperatures from the GHCN were used. The IPW shows
large inter-annual variation with an increasing trend.
The percentage anomaly is calculated from the absolute
amount by normalizing the total integrated water vapour
of the corresponding year. Normalization can filter out
the fluctuations caused by the inter-annual variability in
integrated water vapour and thus gives more self-
consistent results. A 13-point filter was also used to elimi-
nate small-scale fluctuations/noise Regional temperature
shows coherent variation with the IPW. The peaks and
troughs of the IPW match well with those in regional
temperature. An increasing trend in the IPW is consistent
with Wang and Zhang (2008). The trend in water vapour
is statistically significant at the 95% confidence level.
A rise in tropospheric water vapour may result in
increases in both the frequency and intensity of heavy
precipitation (Mishra and Liu, 2014). It is reported that

FIGURE 1 Difference in the integrated precipitable water

(IPW) (kg�m–2) from 1980–1998 to 1999–2018 (IPW1999–2018 –
IPW1980–1998) from Modern Era Retrospective-Analysis for Research

and Application (MERRA 2) model reanalysis
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tropospheric warming can increase the availability of
atmospheric water vapour.

An inter-annual difference technique (Mishra and
Liu, 2014) was adopted to quantify the impact of
warming on the IPW. The difference in the IPW is line-
arly proportional to the temperature difference. The dif-
ference in the IPW (ΔIPW) of any two years is divided by
the difference in temperature (ΔT) and plotted against
ΔT. The results are shown in Figure 3.

A statistically meaningful ΔIPW/ΔT (4.98%/K) is
achieved at high values of ΔT near 0.87 K. Figure 3 shows

that the IPW over the region has increased by about 4.98%
± 1.26% for a 1�C increase in regional warming. A decadal
increase of 0.34 K has been observed over India. Thus, the
IPW shows a decadal increase of about 1.69% over India
(4.98 × 0.34). An increase in the IPW is consistent with an
increase in heavy precipitation over India in a warming
environment (Mishra and Liu, 2014; Mishra, 2019). Fur-
thermore, temperature data from the MERRA-2 are also
used to examine the impact of warming. For the results, see
the additional supporting information. It can be seen that
the anomaly in the IPW is consistent with temperature.
Furthermore, an increase of about 5.14% ± 1.18% in the
IPW for a 1�C increase in regional warming is observed
when temperature from the MERRA-2 is used. In compari-
son, an increase of about 4.98% ± 1.26% in the IPW is
observed with the GHCN data. Thus, uncertainty in the
trend is minimized when the IPW and temperature obser-
vations from the same data source are used.

Temperature data from MERRA-2 have also been
used to analyze the variability and results are presented
in supplementary material. It can be seen that anomaly
in IPW is more consistent with temperature.Further-
more, an increase of about 5.14% ± 1.18% in IPW for one
degree increase in regional warming is observed when
temperaure from MERRA-2 is used. In comparison,
anincrease of about 4.98% ± 1.26% in IPW is observed
with GHCN data. Thus uncertainty in trend is minimized
when IPW and temperature observations from same data
source have been used.

4 | CONCLUSIONS

The study explores the variability of the integrated pre-
cipitable water (IPW) in a warming environment.

FIGURE 2 Variation of the

integrated precipitable water (IPW)

(anomaly with respect to the period

1980–2018) with regional temperature

(anomaly with respect to the 1910–2000
average)

FIGURE 3 ΔIPW/ΔT as a function of ΔT, where ΔIPW is the

difference between the integrated precipitable water (IPW) of any

two years in the period 1980–2018; and ΔT is the difference in

regional temperatures of the same two years. The vertical bar

denotes the 1 SD (standard deviation) for the data points of an

individual group. About 46 data points were averaged in an

individual group
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Changes in the IPW are quantified against changes in tem-
perature using an inter-annual difference technique. The
convergence of themean changes in integratedwater vapour
(ΔIPW/ΔT) towards a constant near ΔT = 0.92 K is intrigu-
ing (Figure 3). This has a very interesting implication, which
is that changes in integrated water vapour can be forecasted
with a fair degree of confidence (i.e. a smaller deviation)
given the future temperature predicted accurately by
reanalysis. The study reports a strong dependence of the
IPW on warming over India. The increased IPW due to
anthropogenic warming may cause an increase in flood
disasters as a result of intensified precipitation events. Thus,
the study highlights the importance of mitigation and adap-
tation actions against flood-related disasters which may
increase in number and severity in a warming environment.
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