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Abstract: In this study, we present a comprehensive and detailed analysis to identify and quantify
spatial patterns of heavy, very heavy, and extremely heavy rainfall as well as their trends that have
developed over the past seven decades (1951 to 2020) of the monsoon months (June to September)
under a warming scenario. We also project these extreme rainfall counts during the near (2036—-2060)
and late 21st century (2075-2099) compared to the historical period (1990-2014). The 5-day maxi-
mum rainfall over the provinces of Sindh and Baluchistan is currently about 75% more intense than
it would have been without climate warming by 1.2 °C and the 60-day rainfall across the basin is
currently about 50% more intense. This means that heavy rainfall is now more likely to occur. Due
to the high level of rainfall variability in the area, there is significant uncertainty in these estimations,
and the causes of the observed changes are not just limited to climate change. However, most of the
models and observations we have analyzed for the 5-day rainfall extreme indicate that severe rain-
fall has been heavier as Pakistan has warmed. According to some of these models, the intensity of
the rainfall might have increased by 50% due to climate change under the 5-day event threshold.
The model predicts that rainfall intensity will greatly rise in the future for the 5-day event in a cli-
mate that is 2°C warmer than it was in preindustrial time, while the uncertainty is still quite high
for the 60-day monsoon rainfall.

Keywords: climate change; floods; heavy monsoon; national disaster management authority;
precipitation variations

1. Introduction

The Indus Basin contains 1.10 million square kilometers, with Pakistan contributing
63 percent, India 29 percent, and Afghanistan and China 8 percent. These entire provinces
such as the province of Khyber Pakhtunkhwa, Sindh, and towards the eastern part of
Punjab and Baluchistan cover the Indus Basin River [1]. The Indus River arises in Tibet
(China) at Mount Kailash (Mansarovar Lake) and is divided into two sections: Upper In-
dus and Lower Indus, the water flow from the upper side of the Indus and downstream
of the Guddu barrage. Glaciers of Hindu Kush and Karakoram are supplied water to the
Indus River, however, it is the main source of fresh water and it supports 90 percent of
agriculture land, and industrial and household requirements.[2]

The Indu’s basin hydrology is influenced by the interaction of three distinct regimes
and their responses to climatic conditions: the glacial, nival (snow melt), and rainy re-
gimes. To assess how climate change may affect the Indus Basin, an understanding of the
hydrological processes that determine river flow is essential [3] About 25 to 35 percent of
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the water flow in the Indus River is generated by the glacial phase. Due to the region’s
naturally diversified geography and climate, its flow patterns are influenced by a wide
range of responses. Summer temperature is positively connected with runoff rates in the
glacial regime (i.e., higher temperature led to more runoff) and negatively correlated with
summer precipitation [4].

Climate Change will have a significant impact on global socio-ecological systems in
the future decades, affecting the hydrological cycle, agricultural production, and basic
ecosystem [5]. Rising temperatures in basins that rely heavily on glacier melt will almost
certainly result in a rise in stream flow in short term but a decrease in the long term. This
is because the overall quantity of glacier melt is a tradeoff between increasing melt rates
on the one hand and decreasing glacier volumes on the other. When the trend of glacier
melt shifts from positive to negative [6], Due to climate change this warming effect is pre-
dicted to influence rainfall patterns and increase the frequency of extreme weather events
such as flooding, drought, and other natural disasters. Furthermore, rising CO2 concen-
trations will have a direct impact on crop growth and development, affecting agricultural
land use and crop yields [7].

Planning for climate impacts, creating resistance to such impacts, and enhancing civ-
ilization’s capabilities to react and recover are all aspects of adjustment [8]. This may help
to decrease the damages and disruptions caused by climate change. Government should
play a bigger role in promoting water demand reduction initiatives. Considering the risks
of increasing per capita water shortages, provincial governments should take the initiative
in increasing agricultural, industrial, municipal, and domestic water conservation [9]

This should include more investment for programs that encourage water conserva-
tion practices like flood and rainwater harvesting; as well as the use of high efficiency
irrigation systems; improve irrigation canal maintenance; promote the breeding and cul-
tivation of less water intensive; implement waste water recycling in urban areas; and in-
stall a more efficient thermal cooling system [10]. Water pricing rules that properly reflect
the true cost of water usage should also be implemented by governments [11].

2. Data and Methods
2.1. Observational Data

The National Climate Centre (NCC) of the Pakistan Meteorological Department PMD
provided the daily gridded rainfall dataset with a spatial resolution of 0.25° x 0.25° during
the monsoon (June- September) period between 1951 and 2020 over the Pakistan region.
A network of 47 stations dispersed throughout the Pakistan landmass was used to create
the gridded dataset.
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Figure 1. Pakistan Station point.
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One of the main ways to understand how the climate has changed in the past and
might change in the future is using climate models. In this analysis, we evaluate predicted
changes in the frequency of extreme rainfall events for the near 21st century (2036-2060)
and late 21st century (2075-2099) with a primary focus on the distribution of heavy, very
heavy, and extremely heavy rainfall.

With the historical period typically beginning in 1950 (or 1970) and ending in 2005,
followed by the Shared Socio-Economic Pathways scenarios until the 21st century, we
used the model simulations that were available from the CMIP 6 (Couple Model Inter-
comparison Project Phase 6) over South Asia. Global Climate Model (GCM) simulations
are downscaled and used to create regional climate model (RCM) simulations.

3. Result and Discussion

The research is a comprehensive understanding of how CIMP6 models reflect ex-
treme events at the national and global levels. To understand changes in extreme occur-
rences the visualizations offer several viewpoints on past conditions as well as possibly
the future. Future periods and scenarios with a focus on 2025, 2050, 2075, and 2085 can be
compared to the baseline climate (Historical Period, 1985-2014, centered on 2000). The
extreme indicators do not stand for location-specific (station level) extremes, but rather
qualitative projection results that directly reflect global model output.

When compared to mean precipitation, extreme precipitation events often exhibit
higher magnitudes of change and distinct indications. As the earth gets warmer, the abil-
ity of air to carry moisture increases exponentially, increasing the possibility of more pre-
cipitation. This can increase the risk of flooding since the more frequent occurrence of
strong events is expected. Only in regions where precipitation is much less frequent can a
trend toward more rainfall be reversed, resulting in an increase in return periods rather
than a decrease in the frequency of major occurrences.

The characteristics of the climate as represented by extreme events and distinct from
those of the long-term means since they reflect unusual weather events. Compare the
maps to find any potential trends that are in contrast and different magnitudes of change
between the largest event that occurred during the period and the mean precipitation as
well as the extreme statistics indicators for various return periods for the globe and the
country.

(a) Average rainfall during July 1- Aug 29, 2022 (b) Average rainfall during Aug 22-26, 2022
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Figure 2. Annual maximum of the mean 60-day precipitation and the annual maximum of the mean
5-day precipitation in monsoon season at the site of Sindh and Baluchistan.

For a limited number of repetition intervals, return levels (precipitation amounts dis-
played in mm) are available. In addition, the relationship between the Return Periods
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(Represented in years) and the spatial distribution of fixed precipitation magnitudes (also
known as return levels) can be examined. When the Annual Exceedance Probability is
needed, the inverse of the return period is required.

Table 1. Extreme Precipitation event from the year 1985-2014.

Largest 1-Day Precipitation for Pakistan

Retum Levels, Historical: 1985.2014 (center 2000) {mm)
Event 541 1041 Wy Byr 041 10047
0" medin 9% 10" medin " 10® medin 0% 10" medion 90° 10" medan 0" 10"  medin 90%

Historical 1995 3204 5317 2512 4106 6842 05 5034 BROT 1A BITT O UV 3B09 BETY MG 4456 TOM | WE

Refurn Period, Historical: 1985-2014 (center 2000) {years)
Event 25mm S0mm 100mm 150mm 200mm

0" median 0™ 10" median 0" 10" median 0" 0" median %7 10" medign %"

Historical 0.7 116 N 427 286 2T 8260 85268 | G5B430 33036 6000 103103 79262 468028 11M19.28
Table 2. Annual Exceedance Probability of precipitation.

Annual Excesdance Probability, Historical: 1385-2014 (center 2000) (occurrencelyear)

Evel 25mim 5S0imim 100mim 150mim 200mm
10" medlan  90%  10%  median  90% 10"  medan %% 10  medan  90% 10"  medan  90%
Historical 019 062 4 0.02 .08 0.32 0.00 o 0.04 000 0.00 0.02 0.00 000 o

The historical return levels are then used to assess potential adjustments to the re-
lated reappearance interval (Return Period in years). The colors show, for instance,
whether an occurrence that has traditionally occurred every 20 years will occur more fre-
quently (green) or less frequently (brown) in the future. Projections are therefore dis-
played as future return times (in years) that refer to the current reference point. This future
change in return period can also express as a change in the chance of future annual ex-
tremes. This product displayed as a factor supplies a potential increase or decrease in the
frequency of an event.
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Table 3. Future Return Period (2010-2039).
Future Return Period, 2010-2039 (center 2025) (years)
Event 5yr 1041 2091 2541 50-yr 100yr
10" median 00" 10" median 920%™ 10" median %0® 0% median 0™ 0" median 00 0" median o0
85P1-19 264 438 684 460 AT4 1589 TH2 17X A0 940 2176 4080 1599 4340 12054 2681 8310 37RO
SSP1-26 288 400 57 470 TO7T M8 819 1560 3485 Q74 1041 464D 1648 7G4 1E44 78R A6 3T
8SP2-45 289 444 707 478 808 1646 824 1585 3BT 979 1966 5140 1662 MY 12042 2774 TT05 34804
SSPRTD 2T 41 643 475 830 42 818 1672 3205 070 2084 4437 1641 4196 11847 2768 8426 33640
SSP5-85 270 420 684 488 B8 1478 O3 15TR M43 033 1053 4507 1563 3810 10051 2561 7AW 28513
Table 4. Future Return Period of Precipitation (2035-2064).
Future Ratum Perlod, 2035.2064 (center 2050 (years)
Event 51 1091 0yr 591 S0-yr 100-y7
10" median 90" 0% median 90" 40"  median 90" 0P median %" 10"  median 9" 0" median 9"
SSP119 283 435 G46 453 856 1436 753 1724 3301 882 2157 4364 1427 4378 MO33 1278 8015 32550
SSP126 23 373 B4 39 744 1396 BB0 1355 3245 776 1679 4316 1279 241 10925 2083 6294 28600
88P2-45 23 37 633 388 732 1408 667 1406 3313 T80 7M. 4447 1273 3389 M9 2058 66 296
SSP3R70 227 361 598 393 688 1317 664 1321 3049 782 1631 4051 1209 3191 102891 134 6242 28050
3SP5-85 21 381 590 37T 681 1277 BM6 1293 2918 723 1589 3843 M4 3080 9306 1899 5909 23830
Table 5. Future Return Period of Precipitation (2060-2089).
Future Return Period, 2060-2089 (center 2075) (years)
Event Byr 1041 2041 2591 5091 100-yr
10 median 90 10" median 90® 10" median 90% 10% median 90Y  10™ median 90% 10" median  90*
SSP119 254 450 802 434 903 1992 722 1802 4761 848 225 6579 1386 4492 18844 2250 0174 59750
SSP126 227 385 6M 378 684 1405 620 1327 3201 734 1632 4388 1150 N2 1AM 1803 6040 33100
SSF245 218 33 612 35 637 1321 570 4213 2085 672 1482 303 {058 2830 0580 1637 51N 43R
SSP370 178 285 547 283 548 1077 473 1019 2319 546 1247 2980 849 2356 6733 1312 4408 16356
SSPS.85 157 276 5M 255 407 1061 397 005 2216 455 1100 2871 688 2033 6000 1048 3738 17404
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Table 6. Uture Return Period of Precipitation (2070-2099).

Future Retum Period, 2070-2099 (center 2085) (ysars)

Event Syr 1047 2041 By S04r 10097
10" median 90" 10"  medion 90" 10" median 90"  10® median 90" 10"  median 90" 10" median 90"
55P1-18 258 473 T80 447 034 1844 750 1804 4660 B89 2388 6436 1407 4905 18664 2472 10224 59209
SSP126 23 373 647 401 706 1437 686 1350 3312 785 1667 4376 1281 310 11073 22086 6183 30663
SSP245 206 333 | 596 344 627 1313 | 563 185 3050 652 145 4064 1029 2T 10216 1593 5308 27419
SSP3T0 167 271 462 272 485 054 420 915 2086 49 M8 2701 762 2037 6107 172 3753 15457

S5P5-85 143 245 450 226 435 8O3 347 775 1BB4 397 933 77 601 164 534 BE2 3064 12033

5-yr Event; SSP1-1.9; Pakistan; 2010-2039 (center 2025)

6 7 8 9 10
\ ¥ ¥ ¥ ¥ Y
5YR 10-YR 2R 25YR 50-YR 100-YR

Figure 3. Global precipitation from the year (2010-2039).
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Figure 4. Precipitation return level according to long scale.
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Figure 5. Compare Model and observation value of Precipitation.
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Figure 6. Projected Precipitation in Pakistan.

4. Conclusions

The flooding was a direct result of the excessive monsoon rain that occurred through-
out the summer of 2022, which was made even more by shorter periods of very heavy rain
that affected the provinces of Sindh and Baluchistan especially the month of August.
Therefore, for the Indus basin and the two provinces, respectively, we evaluate the maxi-
mum rainfall over 60 days and over 5 days during the monsoon season.

In the current environment, the return time for both mentioned events are approxi-
mately 1 in 100 years. But the amount of rain in the Indus basin varies greatly from year
to year for a variety of reasons, including its close relationship to the ENSO cycle. There-
fore, precise quantification is challenging.

We compared the trends in climate models with and without the human-induced
increases in greenhouse gases to find the contribution of human-induced climate change
to these observed changes. The affected areas are in the westernmost extreme o the mon-
soon region, here the properties of rainfall in the dry western and moist eastern parts dif-
fer significantly.

Many of the climate models that are now available have difficulty simulating these
rainfall features. The incidence and intensity of extreme rainfall tend to change signifi-
cantly less for those that pass our evaluation test than the trend we found in the observa-
tions. It is impossible to assess the overall contribution of human-induced climate change
because of this gap, which points to the possibility that long-term variability or processes
that our study may not have considered can have a significant impact.

Our findings are consistent with current IPCC reports.

There is an urgent need to reduce Pakistan’s vulnerability to extreme weather accord-
ing to both the existing situation and the possible future increase in high rainfall over
Pakistan because of climate change.

1.  Asadieh, B.; Krakauer, N.Y. Global change in streamflow extremes under climate change over the 21st century. Hydrol. Earth
Syst. Sci. 2017, 21, 5863-5874.

2. Sharma, B., C. Xueliang, D. Decondappa. Impact of Climate Change on Water Resources and Agricultural Production in the
Indus Basin, South Asia. Int. Water Resour. Assoc 2021. Available online: https://iwra.org/member/congress/resource/PAP00-

5643.pdf (accessed on).



Environ. Sci. Proc. 2023, 5, x FOR PEER REVIEW 9 of 9

10.

Khan, A.; Koch, M.; Tahir, A. Impacts of Climate Change on the Water Availability, Seasonality and Extremes in the Upper
Indus Basin (UIB). Sustainability 2020, 12, 1283.

Chase, K.J.; Haj, A.E.; Regan, R.S.; Viger, R.]. Potential effects of climate change on streamflow for seven watersheds in eastern
and central Montana. |. Hydrol. Reg. Stud. 2016, 7, 69-81.

Eekhout, J.; de Vente, J. Assessing the effectiveness of Sustainable Land Management for large-scale climate change adaptation.
Sci. Total. Environ. 2019, 654, 85-93.

Lutz, A F.; Immerzeel, W.; Kraaijenbrink, P.; Shrestha, A.; Bierkens, M. Climate change impacts on the upper indus hydrology:
Sources, shifts and extremes. PLoS ONE 2016, 11, e0165630.

Liu, Z.; Herman, J.D.; Huang, G.; Kadir, T.; Dahlke, H.E. Identifying climate change impacts on surface water supply in the
southern Central Valley, California. Sci. Total. Environ. 2021, 759, 143429.

Dash, J.W. Climate Change Risk Management. 2021, 189-202.

Parry, J.-E.; Osman, H.; Terton, A.; Asad, S.; Ahmed, T. The Vulnerability of Pakistan’s Water Sector to the Impacts of Climate Change:
Identification of Gaps and Recommendations for Action; Publisher: City, Country, 2017; 211.

Li, Z; Jin, J. Evaluating climate change impacts on streamflow variability based on a multisite multivariate GCM downscaling
method in the Jing River of China. Hydrol. Earth Syst. Sci. 2017, 21, 5531-5546.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



