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ABSTRACT

Assessment of Variations in Aridity and Climatic Extremes over

Agro-diversified Region of Pakistan in Changing Climate
The observed, simulated, and projected extreme climate indices from the daily

observed dataset for several meteorological stations as well as NASA Earth Exchange

Global Daily Downscaled Projections (NEX-GDDP) dataset have been explored. The

NEX-GDDP dataset is an extension of the General Circulation Model (GCM) runs,

performed under the Coupled Model Inter-comparison Project Phase 5 (CMIP5). Two

greenhouse gas emission scenarios have been considered, known as Representative

Concentration Pathways i.e. RCP4.5 and RCP8.5. The core climate indices, proposed by

the Expert Team on Climate Change Detection and Indices (ETCCDI), were used for the

investigation of climatic extremes over different provinces of Pakistan. Results show that

summer days have significantly increased in Gilgit Baltistan and Azad Jammu Kashmir

(GB–AJK) region by 24 and 18 days respectively. Moreover, the projected climate shows

an increase of 6 days in the frequency of summer days in the GB-AJK region in the next

30 years. The frequency of heavy precipitation is significantly increasing in Khyber

Pakhtunkhwa (KP) province, which may augment the flood hazard in the region. Future

projection shows an increase of 1.3°C in the mean maximum temperature in the KP

province by the year 2045. An average increase of 1.9°C in the mean minimum

temperature has been observed in the Punjab province over the past 54 years; whereas,

there is a projected increase of 1.4°C in the mean minimum temperature in the next 30

years. Such an increasing trend in the mean minimum temperature may impact the food

and agriculture sectors in the Punjab province. The results showed a significantly

increasing trend in the mean maximum temperature and summer days in the Sindh

province, which may enhance the frequency and intensity of heatwaves in the region.

There is a projected increase of 20 days in summer days in the Sindh province. A similar

rising trend in the temperature have been observed in Balochistan province, which may

ultimately enhance the dust and sandstorms in this region. The reduction in rainfall

amount, cloud cover, vegetation,complex topography, and urbanizationis one of the
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major reasons for the increase in temperature in KP, GB-AJK Punjab, Sindh, and

Balochistan.

Agro-climatic classification based on aridity indices helps to identify different

features ina region. For climate change, varying features of aridity over different agro-

climatic regions around the world have revealedextended implications for the water and

agriculture sectors. This study has further probed into the historical and projected 21st-

century variations and shifts in the diverse agro-climatic zones with associated

dispersions in Probability Density Functions (PDFs) for daily temperature extremes (i.e.

both maximum, minimum) and precipitation over Pakistan. The Coordinated Regional

Climate Downscaling Experiment (CORDEX) output isused for three-time scales for

future i.e. near, mid, and far future under the above-mentioned RCPs have been used after

biascorrection for baseline (1971–2000) from daily observed data for 49 in–situ weather

stations. Future projections indicate major changes in extremely arid and semi-arid zones

of Pakistan in the mid and far future under both RCPs, respectively. In terms of statistical

moments, the highest magnitude changes are noticed in the median and mean of

maximum temperature with up to 5.1°C and 90th percentile of Tmin with up to 6.5°C

increase under the RCP8.5 by the end of the 21st century over the arid and extremely arid

zones, respectively. Similarly, the highest magnitude changes in precipitation are

depicted in the standard deviation with more than 3.3 mm/day increase under both RCPs

over semi-arid zones by the end of this century. Projected shifts in the agro-climatic

zones coupled with associated changes in the statistical moments of PDFs warn of

coincident dry periods and extreme precipitation occurrences over various agro-climatic

zones of Pakistan in changing climate.

Continuously increasing evapotranspiration and seasonal water demands of crops

due to a temperature rise are adversely affecting the agricultural activities around the

world. So, the variability of projected 21st century crop water requirement (CWR) for

Rabi and Kharif seasons are analyzed both spatially and temporally over an agro-

climatically diversified region of Pakistan in South Asia. Future projections showedthe

highest variations in crop water demand for Islamabad, Parachinar, and Barkhan stations

in Pakistan, both seasonally and annually. Spatial analysis has identified that future CWR

is very high over the southern part of Pakistan and continuously increasing over the
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whole region. Results show a significant increase in projected CWR during the near

future in most of the months from August to November over both northern and southern

partsof Pakistan. There is a significant increase in CWR under the RCP4.5 at 95%

confidence level, i.e. 0.24 mm/dayinAugust over the northern partduring the near future

and 0.22 mm/dayin September over the southern partof Pakistan during mid-future,

respectively. Similarly, a significant highest increase in CWR under RCP8.5 i.e. 0.56

mm/dayin August is projected over the northern partand0.30 mm/dayin March over the

southern partof Pakistan during mid future, respectively. Projected seasonal CWR under

RCP4.5 has significantly increasedby0.87mm/dayfor Kharif season over northern partand

by0.43mm/dayfor Rabi season over the southern partof Pakistan during near

future;whereas,by0.97mm/day for Kharif and Rabi seasons under RCP8.5 over both parts

of the country during mid–future, respectively. Hence, this study providesvaluable

information to water resource managers, agriculturists, agronomists, farmers, and

planners to develop sustainable policy plans of mitigation and adaptation strategies

towards climate-smart agriculture and water sectors in the region.
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Chapter 1

Introduction
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1.1 Scientific background
South Asian region is highly vulnerable to climate change impacts because of

high growth rates of population, poverty, and low technological and resource base (World

Bank, 2013). Pakistan is a prominent country in South Asia due to its geographical

location, complex topography, and latitudinal variation and comprises highly diversified

agro-climatological features in terms of a variety of climate zones (Haider and Ghaffar,

2018). The climate in Pakistan is as diverse as the landscape and geography (Kazmi et al.,

2014).

Aridity is defined as “dryness” or “water deficit”. Dryland areas are

bifurcatedbased on aridity, defined by the water deficit tosome extent over the

hydrological year. The biological productivity of dry land decreasesdue to land

degradation (Haider and Adnan, 2014). Aridity causes land degradation and

desertification which have become the most complex and serious environmental and

socio-economic problem in many affected areas of the world. Desertification refers to

land degradation caused by different factors including climaticvariations and human

activities in arid, semi-arid, and dry sub-humid regions (UNEP, 1994).

It has become a growing concern to study arid and semi-arid regions concerning

their recovery for human settlement and agricultural productivity. For starting a

repossession project, first,it is important to classify the climate of different regions

(Haider and Adnan, 2014). For the climate of a region to be arid or humid, it is based on

the rainfall i.e. if the water supply is sufficient according to the water necessity. By

climatic classification based on water requirement, it means that the amount of total water

needed for the maximum evapotranspiration (Haider and Adnan, 2014). Expansion or

reduction of aridity dependsonthe inter-annual variability of rainfall in Pakistan. In

general, it leads to decreasing in livelihood prospects for the population particularly for

crops and livestock productivity (Haider and Adnan, 2014).

In recent years, varying aridity over large spatiotemporal scales due to climate

change has substantiated extensive concern owing to implications for water and

agriculture sectors around the world. Moreover, the aridity and areal extent in dry land

are expected to increase in coming years due to the high spatial and temporal variability

of precipitation over the globe (Haider and Adnan, 2014). The aridity and desertification
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arelikely to increase in projected future scenarios as 2.0°C - 4.5°C increaseof global

average temperature and growth of land areas affected by droughts,predicted by the end

of 21st century (IPCC, 2007). The global land area has shown shifts in climate zones for

observational (1900–2010) as well as simulated (1900–2100) periods under CMIP5 (Feng

et al., 2014).

The majority population of the world living in vulnerable areas of the world is

facing severe threats of drought, dryness, desertification, and aridity (UNEP, 1994).

Many studies have been conducted in the arid and semi-arid regions in recent years for

land reclamation and sustainable development towards agriculture (UNEP, 1994). The

aridity is increasing due to climate change which will pose serious challenges for an

agro–climatically diversified country like Pakistan (Haider and Adnan, 2014; Adnan et

al., 2017). To deal with the future challenges of land degradation, the aridity assessment

and monitoring is necessary.

Agriculture plays an important role in the economics besides providing food

requirementsinPakistan. The determination of agro-zones is the basic and important

initiative for sustainable land management and development (Haider and Adnan, 2014).

Agro-climatic zones provide a better understanding to the farmers and agriculturists to

determine the cropping potential to get maximum yield of their regions. The agro

classification based on moisture index helps to identify the climate characteristic of an

area suitable to carry out agriculture activity (Reddy and Reddy, 1973; Adnan et al.,

2017). Although, previous climate classifications have been carried out by using various

methods but most importantly, future agro-based classification has not been conducted

for Pakistan under different emission scenarios. The past studies on aridity assessment

and classification were based on observed station data. However, no research has been

conducted either on gridded data or model simulation and projections for the assessment

of spatial and temporal patterns and regional variations in aridity over Pakistan under

Intergovernmental Panel on Climate Change (IPCC, 2013) new emission scenarios

known as Representative Concentration Pathways (RCPs).

Crop water requirement (CWR) indicates that how much water is required for the

crop which is very useful information for agronomists, agriculturists, and farmers. CWR

depends upon evapotranspiration (ET) which in turn is affected by air temperature, solar
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radiation, vapor pressure, humidity, and wind speed, respectively (Haider and Ullah,

2019). Assessment of future CWR is direly needed for sustainable agriculture in Pakistan

which has never been conducted earlier.

Climate change has increased the frequency and intensity of climate extreme

events in South Asia, affecting the water resources, agriculture, and livelihood which are

posing a serious threat to water, food, and energy security efforts for the increasing

population in South Asian countries (World Bank, 2013; IPCC, 2013). Some examples

for Pakistan include the recurrent extreme flooding during recent years (e.g., 2010, 2011,

2012, 2013, and 2014); urban flooding due to micro-scale extreme events (cloud burst) i.e.

Lahore (1996), Islamabad and Rawalpindi (2001) and Karachi (2009); longest drought

episode (1998–2001), drought of Tharparkar and Cholistan in Southern Pakistan (2014)

and severe heat waves series (2003, 2005, 2007, 2010 and 2015). Heatwave frequency

has been increased in the province of Punjab, Sindh, and Balochistan during 1961-2009

and trends show a positive increase in intensity and frequency over Pakistan in the future

(Zahid and Rasul, 2012).The temperature extremes will have a significant impact on the

Hindukush–Karakoram–Himalayas (HKH) mountain ranges in the form of glacier

melting and increased flooding of the Indus and its tributaries in the near future

(Mukherji et al., 2015; Rasul et al., 2008).

Based on daily data of temperature and precipitation, the World Meteorological

Organization (WMO) has developed a climate change indices group to investigate the

extremes (Zhang et al., 2011). These extreme indices are broadly used to study the

observed and projected changes in climate extremes under different scenarios (e.g., Klein

Tank et al., 2006; Alexander et al., 2007; Sillmann et al., 2013a, b; Sheikh et al., 2015).

Different studies on climate extremes have been carried out for various parts of the globe

based on GCMs data. However, there are very few studies based on Regional Climate

Models (RCMs) simulations that focused on Pakistan.

The new emission scenarios have been developed and used by different scientists

and researchers known as Representative Concentration Pathways (RCPs) (Moss et al.,

2008 and 2010). RCPs represent the radiative forcing pathways and the IPCC 5th

Assessment Report (2013) has been developed by using these scenarios i.e. RCP 2.6, 4.5,

6.0, and 8.5. The GCMs are the key tools (include simulation of present and future
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climate using different RCPs) to produce long–term climate change projections at the

global and continental scale (Moss et al., 2010). The CMIP5 aggregates multiple GCMs.

Multi-model ensembles are used since they are quite better than individual models in

providing better estimates of future climate variations and model-related reservations

(Sillmann et al., 2013a, b).

To study the climate change impacts on socio-economic areas, RCMs are used to

dynamically downscale the GCMs output for providing more detailed climate

information on higher spatial resolution over a much smaller scale (Kumar et al., 2006;

Akhtar et al., 2008). However, it is necessary to first apply bias corrections to a model

output at the stationlevel before using it for impact studies on a local or regional scale.

1.2 Rationale for the study
Agriculture, being the backbone of Pakistan also playsa crucial role in earning

foreign trade. Realization of the unavoidable future impacts of climatic extremes and

variations in aridity zones over Pakistan has motivated the present research work. The

projected variations in the spatial and temporal patterns of aridity and climatic extremes

under climate change scenarios will pose severe environmental challenges for agro–

climatically diversified region of Pakistan. To cope with these challenges, it is necessary

to investigate the future projections of aridity and climate extremes that are causing

droughts, desertification, and land degradation.

No studies have been conducted in the past based on model simulations and

projections for assessment of aridity and very limited research exists for future climate

extremes over Pakistan. However, it is very much important to first correct the biases in a

model’s output at the station–level before using it for assessment of future variations in

aridity and climate extremes, which is the foremost object of this research work.

Analysis of intensity, frequency, and duration of climate extremes is essential to

frame mitigation and adaptation strategies to offset the impacts of climate change. This

type of analysis has not been done before especially keeping in view the policy-making

for agro-climatic zones and provinces of the country. In the current study, the ETCCDI’s

core climate indices have been analyzed for the comprehensive investigation of climatic

extremes over different provinces of Pakistan based on observational data as well as the



6

downscaled multi-model ensemble for providing better estimates of future climatic

variations and model-related uncertainties.

Unlike previous attempts made in general for assessment of historical variations

in aridity over Pakistan, the respective thesis chapter has investigated the projected

changes in term of percentiles of probability distributions regarding daily temperature

(maximum, minimum) and precipitation after bias–correction of the RCM outputs to

show robust future variations and shifts in diverse agro-climatic regions of Pakistan under

the RCPs scenarios. Similarly, future crop water requirement (CWR) for the 21st century

which is essential information for agriculturists, farmers, and agronomists for sustainable

agricultural activity in Pakistan which has never been discussed earlier, is investigated.

Owing to its novelty, the present work provides a complete insight to the

agriculture sector in Pakistan in terms of its usefulness for the crop as well as water

resource managers, farmers, agriculturists, agronomists, public sectors, government

agencies, NGOs, policymakers, food security planners and disaster management and

relief agencies to develop frameworks and contingency plans regarding adaptation and

mitigation to avert the socioeconomic repercussions of water stress, climatic extremes,

population migration and to set the foundation of climate-smart agriculture towards

sustainable development in the agriculture and water sectors.

1.3 Aims and objectives
According to German Watch Global Climate Risk Index Report (2015), Pakistan

ranks as the seventh most vulnerable country which is affected by extreme weather

events from 1996–2015. Pakistan has an agro-based economy which contributes 23.4%

of GDP (GoP, 2017). Almost 70% of the total population lives in rural areas which is

directly or indirectly associated with agriculture (Adnan et al., 2017; GoP, 2017).

The determination of agro–zones is the basic and important initiative for

sustainable land management and development (Haider and Adnan, 2014). Agro-climatic

zones provide a better understanding to the farmers and agriculturists to determine the

cropping potential to get maximum yield of their regions. Although, previous climate

classifications have been carried out by using various methods but most importantly,
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future agro-based classification has not been conducted for Pakistan under different

emission scenarios.

Similarly, future CWR for 21stcentury is essential information for agriculturists,

farmers, and agronomists for sustainable agricultural activity in Pakistan which has never

been discussed earlier. Hence, this study will be helpful for agricultural scientists,

agronomists, and hydrologists to strategize according to the changing climate of the

region.Thus, the major objectives of the research proposal are as follows:

 Station level bias correction of simulated and projected daily precipitation and

temperature (maximum and minimum) output from regional climate model

“RCA4” under CORDEX South Asia project for RCP4.5 and RCP8.5,

respectively.

 Station level extraction of statistically downscaled data from ensemble mean

of three GCM runs under NEX–GDDP (NASA Earth Exchange Global Daily

Downscaled Product) viz. “CanESM2”, “CNRM–CM5” and “MRI–CGCM3”

for simulated and projected gridded data by each model.

 Evaluation of bias-corrected and robust values of simulated and projected

climate extreme indices and variations in aridity over different provinces and

agro-climatic zones of Pakistan.

 Evaluation and assessment of spatiotemporal variability and change in

observed, simulated, and projected climate extreme indices over Pakistan as

prescribed by the Expert Team on Climate Change Detection and Indices

(ETCCDI) under RCP4.5 and RCP8.5, respectively.

 Assessment of historical and projected 21stcentury variations and shifts in

agro-climatic zones and associated variability in temperature and precipitation

extremes over Pakistan using bias-corrected RCA4 CORDEX South Asia

output under RCP4.5 and RCP8.5, respectively.

 A comprehensive investigation of spatial extent, frequency, and intensity of

climate extreme indices, variations, and shifts in aridity regimes and

dispersions in the observed and projected probability distribution functions

(PDFs) related to precipitation and temperature (maximum and minimum)

over different agro-climatic zones as well as provinces of Pakistan under
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RCP4.5 and RCP8.5, respectively.

 Evaluation and assessment of spatiotemporal variability and change in

projected 21stcentury crop water requirement (CWR) over Pakistan for

seasonal Rabi and Kharif crops under RCP4.5 and RCP8.5, respectively.

1.4 Structure of the thesis
The thesis consists of five chapters which cover evaluation and investigation of

observed, simulated, and projected extreme climate indices; classification of agro-

climatic zones; assessment of historical and projected variations and shifts in agro-

climatic zones and associated variability in temperature and precipitation extremes;

assessment of spatiotemporal variability and change in projected CWR over Pakistan:

Chapter 1: It covers an introduction of the present work followed by the scientific

background, geography and climate of the study area, motivation and problem statement,

statement of research objectives, and structure of the thesis.

Chapter 2: Spatiotemporal variability and change in observed, simulated, and

projected climate extreme indices, as prescribed by the ETCCDI have been evaluated and

investigated over Pakistan, under RCP4.5 and RCP8.5, respectively. The in–situ

observational data along with statistically downscaled model data at spatial resolution

(0.25° × 0.25°) from ensemble mean of three GCM runs under NEX–GDDP (NASA

Earth Exchange Global Daily Downscaled Product) i.e. “CanESM2”, “CNRM–CM5”

and “MRI–CGCM3” have been used for evaluation of observed, simulated and projected

extreme climate indices over Pakistan. Different statistical tests have been applied and

their performance has been tested for trend significance of ETCCDI’s extreme indices on

station level and provincial level over Pakistan.

Chapter 3: Historical and projected 21stcentury variations and shifts in agro-

climatic zones and associated variability in temperature and precipitation extremes have

been assessed and analyzed over Pakistan. The in–situ observational data along with bias-

corrected output data from regional climate model RCA4 under CORDEX South Asia

runs at spatial resolution (0.5° × 0.5°) have been used under RCP4.5 and RCP8.5,

respectively. Dispersions, variations, and shifts in the observed and projected probability

distribution functions (PDFs) related to precipitation and temperature (maximum and
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minimum) over different agro-climatic zones have been studied and analyzed

comprehensively.

Chapter 4: Spatiotemporal variability and change in projected 21stcentury CWR

have been assessed and evaluated over Pakistan for seasonal Rabi and Kharif crops. The

in–situ observational data along with bias-corrected output data from regional climate

model RCA4 under CORDEX South Asia runs at spatial resolution (0.5° × 0.5°) have

been used under RCP4.5 and RCP8.5, respectively. Different statistical tests have been

applied and their performance has been tested for trend significance of CWR both on

station level as well as northern and southern partsof Pakistan. The significance analysis

has been conducted on monthly, seasonal, and annual timescales, respectively.

Chapter 5: The results and conclusions of chapter 2 to chapter 4 are summarized

in this chapter followed by the discussions on future research work.
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Chapter 2

Observed, Simulated, and Projected Extreme Climate
Indices over Pakistan in Changing Climate
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2.1Introduction
Pakistan is located in the South Asian region and lies between latitudes 23°N to

37°N and longitudes 60°E to 76°E. The agro-based classification shows that 70% to 88%

area of the country lies in the arid to semi-arid climate zone (Haider and Adnan, 2014).

The climate in Pakistan is as diverse as the landscape and geography (Kazmi et al., 2015).

The precipitation and glacial ice melt are the main sources of water for agricultural

activity in the country. The southwest monsoon and western disturbances are the two

dominant weather systems that bring rainfall to this region during summer and winter

seasons respectively (Adnan et al., 2016). The largest supply of rainfall in Pakistan is

through the southwest monsoon.

Various disastrous events were observed in different parts of Pakistan during the

year 2015. On 27thApril 2015, an extensively destructive tornado had struck the Peshawar

valley in the KP province with a speed of 110 km/hour and record rainfall of 60 mm. A

severe heatwave occurred in the Sindh province from 17thto 24thJune 2015, causing more

than 1200 fatalities in the metropolitan city of Karachi. The Glacial Lake Outburst Flood

(GLOF) events took place at various parts of the Chitral district in the KP province on

15th, 16th, 19th, 24th,and 28th July 2015, respectively. The earliest snowfall event in the

40 years was witnessed in the Kaghan valley on 24thOctober 2015, pouring up to four feet

of snow in less than 24 hours. The recurrence of such high impact weather events

declares that the impacts of climate change due to desertification and urbanization are

already happening in Pakistan. Besides, the contingency of such extreme events would be

high in the future.

The CMIP5 aggregates multiple Global Climate Models (GCMs). The

accessibility of the simulations developed from these GCMs, inspires the climate

researchers to use the CMIP5 ensemble products. It galvanized the researchers to

downscale the various sequences of GCMs by using RCMs or statistical downscaling

methods to probe a range of high–resolution projections for multiple regions of the world

(McSweeney et al., 2015).

The world consensus shows that the environment is highly sensitive to shifts in

the frequency and intensity of extreme events. The indices based on percentile, threshold,

duration, and other statistical tools may be utilized to represent extreme events
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(Houghton et al., 2001). The ETCCDI has proposed a set of climate indices that are used

globally to investigate the extremes in observed data as well as for future projections of

climatic extremes over a region (Sillmann et al., 2013). Numerous researchers

(e.g.,Sillmann et al., 2008; Frich et al., 2002; Klein Tank et al., 2003; Meehl et al., 2000;

Meehl et al., 2004 and Tebaldi et al., 2006) concentrated on data collection from ground

weather stations to study the climate extreme indices.

Diagnosis of extreme events in terms of intensity, duration, and frequency is

crucial to frame mitigation and adaptation strategies to counter the impacts due to climate

change (Choi et al., 2009). Previously, several studies were conducted based on mean

climate over different South Asian domains (e.g., Burhan et al., 2014; 2015a; 2015b). In

this study, the core climate indices as proposed by the ETCCDI have been used for a

comprehensive investigation of climatic extremes over different provinces of Pakistan.

These indices have been calculated from observational data as well as the downscaled

CMIP5 multi-model simulations and projections. The multi-model ensemble, being quite

better than individual models, has been used for providing better estimates of future

climate variations and model-related reservations (Sillmann et al., 2013). No such

analysis was performed earlier, especially in view of framing policies for different

provinces of Pakistan. This study covers the diagnosis of both mean and extreme climates

over different provinces of Pakistan.

2.2 Data and methods
Two types of climatic datasets (i.e. observed and GCM’s output) have been used

with three meteorological parameters (i.e. maximum temperature, minimum temperature,

and rainfall). The observed daily data for 50 meteorological stations have been acquired

from Pakistan Meteorological Department (PMD) for the past 54 years i.e. period of

1960–2013 as given in Table 2.1.

The selection of stations includes elevation perspective as well as representation

from all possible climatic zones of the country (Salma et al., 2012). For simulated and

projected data, the ensemble mean of three GCMs have been used from NASA Earth

Exchange Global Daily Downscaled Projections (NEX–GDDP) (Thrasher et al., 2012).

These three GCMs consist of “CanESM2” of Canadian Centre for Climate Modeling and
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Table2.1 PMD observational stations with coordinates and elevations.

Sr. No Station Lat (N) Lon (E) Elv (m) Sr. No Station Lat (N) Lon (E) Elv (m)
1 Gupis 36° 10' 73° 24' 2156 26 Lahore 31° 33' 74° 20' 216
2 Gilgit 35° 55' 74° 20' 1460 27 Faisalabad 31° 26' 73° 06' 185
3 Bunji 35° 40' 74° 38' 1372 28 Zhob 31° 21' 69° 28' 1405
4 Drosh 35° 34' 71° 47' 1463 29 Quetta 30° 15' 66° 53' 1719
5 Chilas 35° 25' 74° 06' 1250 30 Multan 30° 12' 71° 26' 121
6 Astore 35° 22' 74° 54' 2168 31 Bahawalnagar 29° 57' 73° 15' 161
7 Skardu 35° 18' 75° 41' 2317 32 Barkhan 29° 53' 69° 43' 1097
8 Dir 35° 12' 71° 51' 1375 33 Sibbi 29° 33' 67° 53' 133
9 Saidu Sharif 34° 44' 72° 21' 961 34 Bahawalpur 29° 24' 71° 47' 110
10 Balakot 34° 23' 73° 21' 995 35 Kalat 29° 02' 66° 35' 2015
11 Muzaffarabad 34° 22' 73° 29' 702 36 Dalbandin 28° 53' 64° 24' 848
12 Ghari Dupatta 34° 13' 73° 37' 813 37 Nokkundi 28° 49' 62° 45' 682
13 Kakul 34° 11' 73° 15' 1308 38 Khanpur 28° 39' 70° 41' 87
14 Peshawar 34° 01' 71° 35' 359 39 Jacobabad 28° 18' 68° 28' 55
15 Islamabad 33°42' 73°05' 508 40 Khuzdar 27° 50' 66° 38' 1231
16 Murree 33° 55' 73° 23' 2168 41 Rohri 27° 42' 68° 54' 66
17 Parachinar 33° 52' 70° 05' 1775 42 Panjgur 26° 58' 64° 06' 980
18 Cherat 33° 49' 71° 53' 1372 43 Padidan 26° 51' 68° 08' 46
19 Kohat 33° 34' 71° 26' 489 44 Nawabshah 26° 15' 68° 22' 37
20 Kotli 33° 31' 73° 54' 614 45 Chhor 25° 31' 69° 47' 5
21 Jhelum 32° 56' 73° 43' 234 46 Hyderabad 25° 23' 68° 25' 40
22 Mianwali 32° 33' 71° 33' 210 47 Pasni 25° 16' 63° 29' 4
23 Sialkot 32° 30' 74° 32' 255 48 Jiwani 25° 04' 61° 48' 56
24 Sargodha 32° 03' 72° 40' 187 49 Karachi 24° 54' 67° 08' 21
25 DIkhan 31° 49' 70° 55' 173 50 Badin 24° 38' 68° 54' 10

analysis, “CNRM–CM5” of Centre National de RecherchesMeteorologiques, France and

“MRI–CGCM3” of Meteorological Research Institute, Japan. The common historical

period of 35 years (1970–2004) is taken for the analysis. The NEX–GDDP dataset

comprises downscaled climate scenarios for the globe.

The NEX–GDDP dataset is developed from the GCM runs managed under the

CMIP5 based on two out of the four greenhouse gas emissions scenarios (RCP4.5 and

RCP8.5). The climate simulations and projections include daily maximum temperature,
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minimum temperature, and precipitation for the periods from 1970 through 2050. The

spatial resolution of the dataset is 0.25 degrees (~25 km ×25 km).

2.2.1 Data quality check and control

The climate data from 50 stations of PMD was first put to quality check and

control by using the software R–ClimDex (1.0) (Zhang et al., 2005). Gridded

precipitation products (GPPs) of satellites are highly associated with in-situ data of

Pakistan and may be used to fill the gaps in precipitation (Ullah et al., 2019). However,

the satellite data length is the main limitation as most of the satellite data is available

since 1998. Therefore, we used a new methodology to sort out missing years, months and

days were and logged for each station. The percentages of missing climate data were

calculated for the selection of stations as given in Fig. 2.1. It was found that the years

before 1970 had higher percentages of missing climate data. Moreover, the higher

percentages of missing data were concentrated in the southwest regions of the country.

The stations with a higher percentage of continuously available climate data were

selected i.e. the stations for which the percentage of missing data was less than 5% in the

past 54 years i.e. a period of 1960–2013. Gap filling was performed by using criteria of a

fixed number of days with missing data. If the number of consecutive days with missing

data was less than or equal to five, the gap-filling was done by using interpolation among

these values and keeping in view not to miss a heatwave, a cold wave, or an extreme

precipitation event (Climatic Normals of Pakistan (1981–2010), (PMD, 2013)). For

missing data greater than five, the whole month was excluded from the analysis so that it

may not render a false contribution in the trend analysis. The selected stations as shown

in Fig. 2.2 were then formatted for further quality check and control by using the

software R–ClimDex (1.0).

The following checks were considered while performing the quality control for the data;

 The outliers were identified and set to missing values for maximum and

minimum temperature, using the 3 × Standard Deviation criterion.

 For precipitation, corresponding daily values of monthly maxima were

searched in the “monthly climatic normal of Pakistan” and set as upper limit

thresholds for the identification of precipitation outliers.
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Fig. 2.1 Percentage of missing climate data of rainfall, temperature (maximum, minimum) of

each meteorological station of Pakistan.

 Quality checks were also performed for values showing minimum temperature

≥ maximum temperature.

2.2.2 Homogenization of observations

The objective of climate data homogenization is to fine-tune observations, if

indispensable, so that all departures in the data series are triggered by tangible deviations

in the climate, and not owing to variations in the manner the data have been logged.

Initially, station metadata was made available with complete station history that assisted

in considering whether
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Fig. 2.2 Geographical location and topography of meteorological stations of Pakistan.

any of the identified breakpoints could be owed to instabilities in the mode the data have

been measured. It was observed that the analyzed stations were established at least 6–100

years before our selected very recent period of 1960–2013 and were never dislocated ever

since. Then, all significant breakpoints were detected, with and without metadata support.

In exercising homogeneity of the data, it was experienced that changing or deleting any

number of breakpoints affected the significance and the trends of the time series. The

data was finally homogenized in compliance with the published Climatic Normals of

Pakistan (PMD, 2013).

2.2.3 Models evaluation through Taylor statistics

Statistically downscaled NEX–GDDP GCMs output data was area-averaged for

maximum temperature (Tmax), minimum temperature (Tmin), and precipitation

independently over all the provinces of the country (Fig. 2.3a). Climatologies were
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extracted and annual cycles were constructed to make a comparison with the observed

data. Moreover, these climatologies were further tested with Taylor statistics (Taylor,

2001) to obtain high confidence for model selection (Fig. 2.3b). The results have shown

good climatological aspects of NEX–GDDP product, both in terms of temperature and

precipitation.

The analysis has shown that annual cycles of maximum and minimum

temperature as well as precipitation, were well captured for Khyber Pakhtunkhwa (KP)

province. However, the temperature suffered from cold biases, whereas the precipitation

suffered from dry biases. For precipitation, the winter peaks were matching well with the

observed data, while the summer peaks remained below the observed data, indicating

underestimation in the KP province. All parameters displayed satisfactory values for

Taylor statistics in the KP province. The values of correlation were high, between the

ranges of 95 to 99% for precipitation, Tmax, and Tmin in the KP region. The root mean

square was less than 0.5 units for all the analyzed models and the parameters. Moreover,

the root mean square difference was small (< 0.5 units) for precipitation and further

smaller for Tmax and Tmin.

The climatology of the Punjab province was well captured by all the NEX–GDDP

models, for maximum and minimum temperature as well as precipitation. As compared

with the observations, monsoon peaks in the precipitation cycle by Can–ESM2 and

CNRM–CM5 showed small underestimation, whereas, a small overestimation was shown

in the case of MRI–CGCM3. Nevertheless, the magnitude of underestimation and

overestimation was quite small as compared to raw GCM products. The temperature

parameter displayed very small values for root mean square differences as well as for the

ratio of the variances, while high correlations (> 99%) with observed climate in the

Punjab province. Whereas, in terms of precipitation, the NEX–GDDP product has shown

small ratios of variances (within ±0.5 standard deviation of observed data), small root

mean square differences (< 0.5 units), and simultaneously high values of correlation (>

95%) with the observations.

Both maximum and minimum temperatures presented a nice overlapping between

the NEX–GDDP and the observed data in the Sindh province. The precipitation

climatology was also captured well. However, a small underestimation in precipitation
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Fig. 2.3a Annual Cycles of observed and statistically downscaled NEX–GDDP GCMs

for Tmax (°C), Tmin (°C), and Precipitation (mm) over 5 different provinces for 1970-

2004 historical period.

was observed during monsoon season. Nevertheless, the biases were systematic and may

be removed by simple bias correction techniques for impact studies. In terms of all three

Taylor statistics, the temperature and precipitation climatologies by the NEX–GDDP

products were well coordinated with the observed data over the Sindh province. For this

region, Tmax and Tmin had virtually no root mean square differences
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Fig. 2.3b Taylor Diagrams of observed and statistically downscaled NEX–GDDP GCMs

for Tmax (°C), Tmin (°C) and Precip (mm) over 5 different provinces for 1970–2004

historical period.
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Table 2.2Description of extreme climate indices used in the study

95%), with ratios of variances to the observations ranging between 0.5 and 1 for the

Balochistan province.

and the ratios of the model variances to the observations were 1. Moreover, the

correlation values were high (> 99%) in this region. In terms of precipitation, the root

mean square differences were small (< 0.5 units). The ratios of variances to the

observations remained between 0.5 and 1.

The NEX–GDDP product well overlapped with observed climatology of

maximum and minimum temperature in the Balochistan province. The precipitation cycle,

though well-coordinated, suffered from underestimation in the summer season. The Tmax
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and Tmin products of NEX–GDDP displayed high correlations (99%) in the Balochistan

province. The root mean square difference was small (< 0.5 units). The ratios of

variances to the observations were lying between 0.5 and 1. In terms of precipitation, the

correlation values were high (80–95%), with ratios of variances to the observations

ranging between 0.5 and 1 for the Balochistan province.

Both Tmax and Tmin as well as precipitation products of NEX–GDDP displayed

annual cycles comparative with the observations in the GB–AJK region. The temperature

was overestimated while the precipitation was underestimated for this region. Peaks for

winter and summer precipitation were nicely captured over the region. However, the peak

of the winter precipitation for the NEX–GDDP data lagged by one month leading to some

possible time-oriented biases in the region.

Taylor statistics for maximum and minimum temperature of GB–AJK region

displayed very good correlations (> 99%), whereas those for precipitation presented good

correlations (90–95%) over the region. The ratios of variances in maximum and

minimum temperatures were quite close to 1 (i.e. almost identical variances). However,

those in case of precipitation were lying between 1.5 and 2 (i.e. large variations in

variances) in the GB–AJK region. Moreover, root–mean–square differences in maximum

and minimum temperatures were quite small, whereas those in precipitation were greater

than 0.5 units.

2.2.4 Calculation of core climate indices
After scrutinizing the models for their performance, core climate indices were

calculated for all provinces of Pakistan (Table 2.2). Out of the core climate indices

proposed by the ETCCDI, 25 indices have been calculated and analyzed in this study (15

related to the temperature and 10 related to the precipitation). The indices were computed

from daily values of maximum temperature, minimum temperature, and precipitation by

using the software R–ClimDex (1.0). The R–ClimDex provides an interactive graphical

user interface to compute 27 core indices (e.g., Karl et al., 1999; Peterson et al., 2001;

Zhang et al., 2005). It also handles simple quality control on the input daily data.
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2.3 Results and discussions:

2.3.1 Observed trends in climate indices over GB–AJK

Province based analysis of observed climate indices has suggested some

substantial increases and decreases in the trends over the baseline period. Station-based

analysis has indicated significant trend changes at some stations while insignificant trend

changes at others over each province. The analysis has shown that no significant change

has occurred in the cold spell duration over the past 54 years i.e. period of 1960–2013.

The general trend was increasing but it was not statistically significant. The consecutive

wet days in GB province and AJK region has displayed a contrast in the trend

observation of the index. The stations lying in the GB province (i.e. Gilgit, Gupis, and

Skardu) tended to display an insignificant increasing trendwhereas, stations lying in the

AJK region, have shown a significantly decreasing trend. The decreasing trend of

consecutive wet days in Kotli station was 6 days, while that in Muzaffarabad station was

3 days with a confidence level of 99%. In the GB province and AJK region, the

Diurnal Temperature Range (DTR) has shown a statistically significant increasing

trend over the past 54 years. In GB province, the Gilgit station displayed an increasing

trend of 2.2°C in DTR (Fig. 2.4a), Gupis displayed that of 3°C and Skardu displayed that

of 3.1°C over the past 54 years. Freeze-thaw or frost shattering may occur in the GB

province since it retains moisture and a high DTR with temperature values that fall below

zero. As water freezes, it expands exerting pressure on the glaciated rocks around it.

When it thaws, more water can penetrate the crack, and then it can freeze again. This

mechanism persists, slowly tearing down the glaciated rocks. On the occurrence of a

GLOF event, this debris topples down along the floodbearing water in the GB province.

In the AJK region, Kotli station displayed an increasing trend of 1.2°C in DTR, whereas,

Muzaffarabad displayed that of 1°C over the past 54 years. A general increasing trend

was observed in the analysis of frost days trend in the GB–AJK region. In GB province,

the Gupis station displayed an increasing trend of 21 days in frost days with 98%

confidence level, while Skardu displayed an increasing trend of 10 days in frost days with

92% confidence level over the past 54 years. Gilgit displayed no change in its trend of

frost day index. In the AJK region, the trend remained to be increasing but with a smaller

confidence level and a smaller number of days increasing over the past 54 years.
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Fig. 2.4 Extreme climate indices in GB–AJK for the period 1960–2013 a) Diurnal

temperature range (°C) in Gilgit b) Annual total precipitation for very wet days in

Muzaffarabad c) Summer days frequency index of Gilgit, and d) Total number of

heatwave days in Skardu.

The ice day index has showna decreasing trend in the GB–AJK region when

Tmax is less than a temperature threshold. The ice days in Gilgit have decreased by 19

days, in Gupis by 21 days, and Skardu by 30 days at 99% confidence level over the

historical period of 1960–2013. In the AJK region, no significant trend was observed

regarding the analysis of the ice day index over the past 54 years. Heavy precipitation

days for GB have been identified as those in which precipitation> 10 mm, while heavy

precipitation days for AJK have been identified as those in which precipitation> 20 mm.

In the case of GB, Gupis displayed a statistically significant (at 99% level) increasing

trend of 6 days, while Skardu displayed an increasing trend of 4 days at 99% confidence
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level over the past 54 years. Gilgit displayed no significant trend in the number of heavy

precipitation days over the historical period of 1960–2013. In the case of AJK, the Kotli

station displayed a statistically significant increasing trend in the heavy precipitation days

with an increment of 6 days, while Muzaffarabad displayed a statistically significant

increasing trend in the heavy precipitation days with an increment of 18 days over the

historical period. The annual total precipitation i.e. PRCP>95th percentile has displayed

generally an increasing trend in very wet days in the AJK and GB over the past 54 years.

Similarly, a significant increasing trend at 99% confidence level has been noted at Kotli

and Muzaffarabad stations, where the annual total precipitation for very wet days has

increased by 225 mm and by 432 mm respectively over the past 54 years (Fig. 2.4b). A

significant increase in the annual total precipitation index for very wet days indicates the

accumulated response to changes in the intensity and frequency of heavy precipitation

occurrences in the AJK region. No significant trend was observed in the GB region.

Monthly maximum consecutive 5–days precipitation amounts at stations of AJK,

have shown a significant increase of 48 mm in Kotli (at 90% level) and 96 mm in

Muzaffarabad (at 99% level). However, no significant change in the monthly maximum

consecutive 5–days precipitation amount was identified upon the analysis of the historical

data in GB. This increase in 5–days consecutive precipitation may lead to GLOF in the

Northern areas of Pakistan. The annual count of daily maximum temperature >25ºC has

displayed an increasing trend at AJK and GB in summer days. Gilgit and Skardu stations

located in GB, displayed an increasing trend of 24 days and 27days at 99% confidence

level respectively (Fig. 2.4c), whereas, Gupis displayed an increasing trend of 15 days at

95% confidence level over the past 54 years. In AJK, the Kotli station has displayed an

increasing trend of 13 days with 90% level of confidence and Muzaffarabad displayed an

increasing trend of 17 days with 95% level of confidence. This increase in the frequency

of summer days over the GB–AJK region has indicated the accumulated temperature for

cultivation has increased in the local area. Consequently, changes inaccumulated

temperature for cultivation may affect the length of growing seasons. There was an

increasing trend in the number of cool nights at all the stations of AJK and GB but it was

not significant at 95%. The decreasing trend of warm nights was observed in AJK and

GB over the historical period of 1960–2013. The decreasing trend was significant at 99%
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confidence level for Gilgit station (7 days decrease), Gupis (17 days decrease), and Kotli

(9 days decrease). No significant trend was observed in Muzaffarabad and Skarduduring

theanalysis of warm nights.

Tropical nights calculated by setting annual count, when TN (daily

minimum)>20ºC, displayed decreasing trends in the AJK and GB. The decreasing trend

in GB was significant at 99% confidence level. In GB, Gilgit station displayed a rate of

decrease of 16 nights per 54 years, Gupis displayed a rate of decrease of 6 nights per 54

years and Skardu displayed a rate of decrease of 8 nights per 54 years. There was no

significant trend displayed by Kotli and Muzaffarabad stations. In GB, there was a

significant decrease in the trend of cool days. At Gilgit and Skardu, there was a decrease

of 7 days and 13 days at 99% confidence level respectively, whereas, 5 days decrease at

90% confidence level has been observed at Gupis. No significant change in the trends of

cool days at Kotli and Muzaffarabad was observed in the past 54 years. Warm days

calculated by the percentage of days, when TX>90thpercentile, have displayed an

increasing trend in AJK and GB over the historical period of 1960–2013. A significant

increasing trend of 11 days and 13 days has been observed at Gilgit and Skardu at 99%

confidence level respectively, whereas, a significant trend of 7 days at 95% confidence

level has been observed at Gupis. In AJK, the Muzaffarabad displayed a significant

increasing trend of 9 warm days with confidence of 99% over the past 54 years. Kotli,

however, displayed no significant trend in the case of the warm days index. There was a

general increasing trend in the warm spell duration indicator in the AJK and GB. Skardu,

in GB, has shown relatively higher confidence in displaying 11 days increase in the warm

spell duration index over the past 54 years (Fig. 2.4d). The increase in heatwave events in

the GB may deteriorate glaciated surfaces. It may evoke the melting of ice and snow at a

faster rate and may ultimately present risk for future generations in terms of water

scarcity. Furthermore, the warm spell duration index is of vital significance since major

GLOF events are affected by the prolonged heatwaves over the region.

2.3.2 Observed trends in climate indices over KP

In the KP province, the cold spell duration index has a general decreasing trend

which means that cold waves have decreased in the KP over the past 54 years. The
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stations at DI Khan and Peshawar, lying in the KP province, a linear trend showing a

decrease of 15 days (95% confidence level) and 7 days (93% confidence level)

respectively in the cold spell duration index, was noted during the analysis of past 54

years data. The slope estimate of Dir station was not statistically significant, while

Parachinar has displayed a statistically significant increasing trend of 33 days in the cold

spell duration indicator upon the analysis of the past 54 years data. No statistically

significant trends were observed in consecutive wet days in the KP over the historical

period of 1960–2013. The DTR values for KP province have shown clear signals of

increasing trends over the past 54 years. The stations at Dir, Parachinar, and Cherat in KP

have shown high confidence in increasing trends with 2.2°C, 3.1°C, and 2.5°C

respectively at 95% confidence level. On the other hand, the DTR at DI Khan and

Peshawar has shown a decreasing trend with smaller confidence and smaller statistical

significance. During the analysis of frost days in the KP province, the annual count of

days, with minimum temperature < 0.0°C taken as a threshold, has given no significant

trend over the past 54 years. However, one station, i.e. Parachinar has shown a

statistically significant (at 99% level) trend of 62 days increase in the frost days index

(Fig. 2.5a). This substantial increase was observed in Parachinar after the year 1980 and

continued to remain as such till 2013. Also, the frost days with specified thresholds, have

shown significant trends in KP for the past 54 years. Frost days at Parachinar with

minimum temperature below –4°C, has shown a significant increasing trend at 99%

confidence level with a slope estimate of 65 days increase over the past 54 years. On the

other hand, the stations at DI Khan andPeshawarhave shown statistically significant

decreasing trends of 16 and 14 days respectively, both at 99% level of confidence.

Stations at Dir and Cherat have shown no statistically significant change in the trends of

frost days index. A significant increase in the number of frost days at Parachinar may

choke achieving the crop physiological maturity and may reduce the individual kernel

weight of the crop

The analysis of the past 54 year’s data, has shown that the annual total

precipitation amount of DI Khan and Peshawar stations has been significantly increased

in the KP province. At the DI Khan station, the total precipitation has increased by 148

mm, while at Peshawar, the total precipitation has increased by 263 mm (significance of
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Fig. 2.5 Extreme climate indices in KP for the period 1960–2013 a) No. of frost days in

Parachinar b) Annual total precipitation of Peshawar c) Summer days frequency index in

Peshawar, and d) Total number of heatwave days in Dir.

trend at 99% confidence level) over the past 54 years (Fig. 2.5b). However, there was no

significant trend observed in total precipitation at stations of Dir, Parachinar, and Cherat

over the past 54 years. Heavy precipitation extremes of rainfall > 10 mm have displayed a

significant increase in the number of days at DI Khan and Peshawar, with an increase of

4 days (significant at 95% confidence level) and an increase of 9 days (significant at 99%

level) over the past 54 years. The stations at Dir, Parachinar, and Cherat have shown high

variability, with no significant trend observed in the number of days with heavy

precipitation events. Heavy precipitation events defined by the annual count of days

when PRCP ≥20mm, have significantly increased at the DI Khan and Peshawar stations

with slope estimates of 3 days and 6 days respectively, both significant at 99% level of
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confidence. Once again the stations at Dir, Parachinar, and Cherat did not show any

significant trend in the very heavy precipitation days over the past 54 years. Annual total

precipitation of very wet days when rainfall >95thpercentile, have displayed a significant

increasing trend at DI Khan and Peshawar in the KP province. There was a 91mm

increase in the total precipitation of very wet days at DI Khan (at 95% confidence level)

and 123 mm increase in the total precipitation of very wet days at Peshawar (at 99%

confidence level) over the past 54 years. No significant trend in the annual total

precipitation of very wet days was observed at the stations of Dir, Parachinar, and Cherat

over the historical period of 1960–2013. Monthly maximum 5 days consecutive rainfall

trends have displayed significant trend with 82 mm increase at station of Dir (at 95%

level) and with 61 mm increase at Peshawar (at 95% level) in the KP province over the

past 54 years. No statistically significant trend was observed at the stations of Parachinar,

DI Khan, and Cherat in the monthly maximum 5 days consecutive rainfall trend over the

historical period of 1960–2013. Owing to a significant increase in total precipitation of

very wet days at Peshawar, flood risk may increase in the region, if the observed trends in

overspill precipitation remain continued.

Summer days index when the maximum temperature > 25°C, has displayed a

statistically significant increasing trend of 23 days at Peshawar in the KP province with

significance at 99% level over the past 54 years (Fig. 2.5c). This may be attributed to the

changing land use patterns and increased urbanization in the Peshawar city. However, no

other station in the KP has shown a statistically significant trend in the summer day index.

The summer day index with maximum temperature > 32°C has high confidence in the

trend for station at Dir in KP. The summer day index trend for Dir has displayed an

increase of 41 days over the past 54 years. The confidence over the increasing trend for

Dir was observed at 99% confidence level. Mean of maximum temperature over the past

54 years data has displayed a high confidence in the trends for stations at Dir and

Peshawar in KP. The station at Dir has shown 1.5°C increase, while Peshawar has

displayed 0.9°C increase in the mean of the maximum temperature over the last 54 years.

The trend of the mean of minimum temperature at Parachinar station in KP has shown a

significant decreasing trend of 3.3°C, while that over Peshawar in KP has shown a

significant increasing trend of 0.9°C over the past 54 years. Both trends were significant
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at 99% level of confidence. Cool nights at Parachinar station in KP has shown an

increasing trend of 20 nights with significance at 99% confidence level. On the other

hand, both stations at DI Khan and Peshawar have displayed decreasing trends of 5 and 6

nights, significant at 95% and 99% confidence level respectively, over the past 54 years.

No significant trend during cool nights was observed for Dir in the KP province.

There was a generally decreasing trend of warm nights in the KP province, except

for Peshawar having a significantly increasing trend of 8 nights, with confidence at 99%

level, over the past 54 years. The station at DI Khan in the KP province has displayed a

significant decreasing trend of 4 nights over the past 54 years. Tropical nights at Dir and

Cherat stations have displayed a significant decreasing trend, while those at DI Khan and

Peshawar stations have shown significant increasing trends. Tropical nights trend at the

station of Dir has displayed a decrease of 19 nights at 95% level, whereas, that at Cherat

has displayed a decrease of 42 nights at 95% confidence level over the past 54 years.

While, tropical nights trend at the DI Khan station has shown an increase of 14 nights at

95% confidence level, however, at Peshawar has displayed a decrease of 18 nights at

99% confidence level over the past 54 years. There was a general decreasing trend

observed during the cool days index in the KP province over the past 54 years.

Statistically,a significant trend was observed at Peshawar with 3 days increase in the cool

day's index with 99% level of confidence. The general trend of warm days in KP was

observed as increasing over the past 54 years. The rate of change was significant at Dir in

the KP province, which has displayed an increase of 14 days with a confidence level at

99% over the past 54 years. The warm spell duration index in the KP province has

generally shown an increasing trend, identifying the occurrences of heatwaves in the

region. Statistically significant increasing trends of warm spell duration indicator of 15

days at Dir and 11 days at Parachinar stations in the KP province were observed in the

past 54 years. Such an increasing trend of warm spell duration indicates that the

ecosystems at the lofty peaks of KP province may experience added vulnerability to heat

waves changes. The significant increase in heat waves in the KP province may cause

rapid glacier melting over the Hindukush region, resulting in floods and epidemics. Such

type of change may enhance species extinction, environmental degradation, and human

despair in the days to come.
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2.3.3 Observed trends in climate indices over Punjab

The cold spell duration indicator has displayed a general decreasing trend in

Punjab province over the past 54 years. Cold spells have decreased in Islamabad by 17

days at 99% confidencelevel, by 15 days in Sialkot at 90% confidencelevel, by 42 days in

Lahore at 99% confidence level, by 19 days in Multan at 99% confidencelevel, by 33

days in Bahawalnagar at 99% level and by 13 days in Khanpur at 90% confidence level

lying in the Punjab. Consecutive wet days in Punjab have displayed no significant trend.

However, the station at Khanpur has shown a statistically significant increase of 1 day in

the maximum number of consecutive wet days, with precipitation >1mm (at 95%

confidence level), over the past 54 years. The DTR in Punjab has displayed a clear signal

of decreasing trend in all the stations with statistically significant decreases of 1.5°C in

Sialkot (at 99% level), of 3.1°C in Lahore (at 99% level), of 2.1°C in Multan (at 99%

level) and of 1.7°C in Khanpur (at 99% confidence level), over the past 54 years. There

was a general decreasing trend in the number of frost days over the past 54 years in

Punjab. Frost days has decreased by 7 days in Islamabad (at 95% level), by 2 days in

Lahore (at 95% level), by 3 days in Multan (at 95% level) and by 2 days in Bahawalnagar

(at 95% confidence level) during the past 54 years. In Punjab, the total precipitation has a

significantly increasing trend in Bahawalnagar (162 mm in 54 years at 95% level) and

Khanpur (84 mm in 54 years at 95% confidence level). Furthermore, there was a general

increasing trend in the number of days with heavy precipitation. Significant trends are

observed in Lahore and Bahawalnagar with 6 days increase in the past 54 years at 95%

level of confidence (Fig. 2.6a). The number of days with very heavy precipitation has

also displayed a general increasing trend in the past 54 years. A significant trend was

observed in Bahawalnagar with 3 days increase at 95% confidence level. Depending on

the current resilience of the natural and manmade landscape in Punjab, heavier rains may

aggravate floods that upset traffic and transportation, encumber stormwater and runoff

systems, devastate property and infrastructure, and downgrade crop yields due to excess

water or field flooding, among other impacts.

The annual total amount of heavy precipitation events in Punjab have shown

increasing trends in Islamabad, Lahore, Bahawalnagar, and Khanpur, while decreasing

trends have been observed in Sialkot and Multan. Statistically,a significant increase in the
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annual total precipitation amount of heavy precipitation events was observed in Khanpur

(70 mm in 54 years at 95% confidence level). The total precipitation amount of very

heavy precipitation events in Punjab has displayed increasing trends in Islamabad, Lahore,

and Bahawalnagar, while it has shown decreasing trends in Sialkot and Multan.

Significant trends were observed in the total precipitation amount of heavy precipitation

events in Islamabad with 112 mm increase and Khanpur with 42 mm increase, both at

95% confidence level over the past 54 years. Five days consecutive precipitation amount

in Punjab has displayed a significant increase in Khanpur with 70 mm increase at 95%

level of confidence (Fig. 2.6b). Significant increasing trends of high magnitude

consecutive rainfall occurrences may lead to various hazards in South Punjab, for

example, flooding, including risk to human life and settlement, disruption of transport

and communications, damages to buildings and infrastructure, and loss of crops and

livestock.

Summer days with maximum temperature >25°C in Punjab have displayed

altogether an increasing trend. Statistically significant trends were observed in Islamabad

(20 days increase at 99% confidence level), in Sialkot (15 days increase at 95% level),

and in Multan (14 days increase at 95% confidence level) over the past 54 years. Summer

days with maximum temperature > 40°C in Lahore has displayed a significant decreasing

trend, while summer days in Bahawalnagar with maximum temperature >42°C has

shown a significant increasing trend over the historical period of 1960–2013. The trend in

Lahore was 11 days decrease with significance at 95% confidence level, whereas the

trend in Bahawalnagar was 17 days increase with significance at 95% confidence level.

There was a statistically significant trend observed in the mean of maximum

temperature of Islamabad with an increase of 1°C over the past 54 years. The mean of

minimum temperature in Punjab was displaying altogether a significant increasing trend

in all the observed stations. It has displayed an increasing trend of 1.1°C in Islamabad,

1.8°C in Sialkot, 2.6°C in Lahore, 2°C in Multan, 2.2°C in Bahawalnagar, and 1.6°C in

Khanpur, all significant at 95% confidence level over the past 54 years. Cool nights in

Punjab has displayed a significantly decreasing trend altogether with 11% decrease in

Islamabad, 14% decrease in Sialkot, 23% decrease in Lahore, 13% decrease in Multan,

19% decrease in Bahawalnagar, and 11% decrease in Khanpur, all at 95% level of
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confidence. Warm nights in Punjab had shown altogether an increasing trend over the

past 54 years. The warm nights have increased in Islamabad by 5%, in Sialkot by 14%, in

Lahore by 18%, in Bahawalnagar by 16% and in Khanpur by 11%, all significant at 95%

confidence level (Fig. 2.6c).

For Punjab, the monthly minimum value of daily minimum temperature has

displayed overall an increasing trend over the past 54 years. Significant trends were

observed in Lahore (4.3°C increase), in Multan (3.1°C increase), in Bahawalnagar (2.7°C

increase), and in Khanpur (2.1°C increase), all at 95% level of confidence. The monthly

maximum value of daily minimum temperature in Punjab has shown variable trends.

However, significant trends were observed in Lahore (1°C increase) and Multan (1°C

decrease), both at 95% confidence level over the past 54 years. Warmer temperatures

during nights in Punjab, especially during the crop reproductive period, will reduce fruit

or grain size due to increased respiration rates and consequently accelerated rate of

achieving crop maturity.

The trends in tropical nights in Punjab have displayed a statistically significant

increase in the past 54 years. Tropical nights have increased in Islamabad with 22 nights,

in Sialkot with 4 nights, in Lahore with 35 nights, in Multan with 18 nights, in

Bahawalnagar with 35 nights, and in Khanpur with 23 nights, all significant at 99% level

of confidence. Cool days were decreasing significantly in Islamabad at the rate of 5 days

in the past 54 years at 95% confidence level. Warm days were significantly increasing in

Islamabad (6 days in 54 years) and Bahawalnagar (9 days in 54 years), while they were

decreasing in Lahore (6 days in 54 years), all significant at 95% confidence level. The

monthly minimum value of daily maximum temperature has displayed a decreasing trend

in Punjab with significant decrease in Sialkot (3.1°C), in Lahore (2°C), Multan (3.8°C),

and Bahawalnagar (5°C), over the past 54 years. The monthly maximum value of daily

maximum temperature has displayed an increasing trend in Punjab. Statistically

significant trends were observed in Multan (1.4°C increase), in Bahawalnagar (2°C

increase), and Khanpur (1.2°C increase); all at 95% level of confidence (Fig. 2.6d). The

warm spell duration indicator has displayed decreasing trends in Sialkot, Lahore, Multan,

and Khanpur, while it displayed increasing trends in Islamabad and Bahawalnagar.

However, the trends of both increasing and decreasing warm spell duration are
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Fig. 2.6 Extreme climate indices in Punjab for the period 1960–2013 a) Annual count of

heavy precipitation days in Lahore b) 5–days consecutive precipitation amount in

Khanpur c) Percentage of warm nights in Bahawalnagar, and d) Monthly maximum of

daily maximum temperature in Multan.

insignificant at both 99% and 95% levels. An increase in temperature-related indices may

affect the wheat productivity in the Punjab province. A temperature rise may favour rice

production initially. However, beyond a certain optimal temperature, a further increase in

temperature may deteriorate rice productivity. The increase in temperature may also ruin

sugarcane productivity in long term.

2.3.4 Observed trends in climate indices over Sindh

The monthly mean difference between the maximum temperature and minimum

temperature i.e. the diurnal temperature range (DTR), has exhibited two distinct trends in

the Sindh province over the past analysis period. One of the trends was decreasing with
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significance at 99% and 95% confidence level for Badin and Karachi respectively. The

rate of decrease over the past 54 years (1960–2013) has been observed to be 0.04°C per

year for Badin and 0.01°C per year for Karachi. Similarly, an increasing trend of 0.01°C

per year in Chhor and of 0.03°C per year in Nawabshah, with significance at 91% and

99% confidence levelrespectively, were also observed (Fig. 2.7a). This signals a

significant increase of DTR in the internal Sindh and a significant decrease of the same

along the coastal areas of Sindh. An increase in DTR of internal Sindh may be associated

with high occurrences of strong winds and dust storms in the region. Annual total wet day

precipitation in Sindh did not show any significant linear trend over the past 54 years.

There was an insignificant increasing trend observed for Badin, Karachi, and Nawabshah

over the period 1960–1980, thereafter, an insignificant decreasing trend for 1981–2000

and then again an insignificant increasing trend onwards till 2013. However, in Chhor, an

increasing trend of 2.3 mm/year was observed with confidence of 86% which indicates

that Chhor has received an estimated 150 mm more rain over the past 54 years for the

period 1960–2013.

In Sindh, for the maximum number of consecutive wet days, there was no

significant increasing or decreasing trend observed in Karachi, Chhor, Nawabshah, and

Rohri over the past 54 years. However, a weak significant increasing trend at 92%

confidence level in Badin suggests an increase of 3 days in the maximum number of

consecutive rainy days over the past 54 years. The annual count of heavy precipitation

days with precipitation > 10 mm/day has no significant linear trend over Sindh during the

past 54 years (1960–2013). In Sindh, there was an insignificant increasing linear trend in

the annual count of heavy precipitation days from 1960 to 1980, thereafter, an

insignificant decreasing linear trend from 1981 to 1995 and then once again an

insignificant linear increasing trend from 1996 to 2013 and onwards. This indicates that

no significant change in the heavy precipitation trends has taken place in Sindh over the

past 54 years. The annual count of days with very heavy precipitation in Sindh has also

displayed an insignificant linear trend with an insignificant increase from 1960 to 1980,

an insignificant decrease from 1981 to1998 and an insignificant increase from 1999

onwards till 2013. This indicates the heavy precipitation days with precipitation >20

mm/day on an annual basis for which no significant trend has been observed over the
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Fig. 2.7 Extreme climate indices in Sindh for the period 1960–2013 a) Diurnal

temperature range of Nawabshah b) 5–days consecutive precipitation amount in Chhor c)

Summer days index in Karachi, and d) Warm nights index in Karachi.

Sindh province in the past 54 years.Annual total precipitation for very wet days (rainfall

rate >95thpercentile), has displayed variable trends between the stations in Sindh, yet

none of those are significant at 95% confidence level. In Badin, Rohri, and Chhor stations,

there was an insignificant increasing trend from 1960 to 1990, thereafter; it started

decreasing insignificantly till 2013. Karachi and Nawabshah have also displayed

insignificant linear trends for the past 54 years. In recent years, from 1990 to 2013, Chhor

has displayed a decrease of 100 mm in an annual total of very wet days for the last 24

years. On the other hand, Karachi has displayed a simultaneous increase of 100 mm in

the annual total precipitation for very wet days over the recent past years.

Annual total precipitation for extremely wet days over Sindh has displayed

insignificant linear trends over the past 54 years (1960–2013). Insignificant increasing
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trends were observed in Badin (0.36 mm/year) and Rohri (0.67mm/year). Nevertheless, a

statistically significant (at 95% level) increasing linear trend was observed in Chhor,

which indicates a 1.2 mm/year rise in the annual total precipitation amount for extremely

wet days over the past 54 years. Analysis of the monthly maximum consecutive 5–days

precipitation over Sindh has displayed majorly insignificant trends over the past 54 years.

However, for Chhor, it was seen that the index has displayed a statistically significant (at

95% confidence level) increase over the past 54 years. The rate of increase was 1.7

mm/year, which approximately amounts to 90 mm increase in the monthly maximum 5–

days precipitation over Chhor in the past 54 years (Fig. 2.7b). Simple daily intensity

index calculated by the annual total precipitation divided by the number of wet days has

displayed an insignificant decreasing linear trend in Badin, while it has displayed an

insignificant increasing linear trend in Rohri over Sindh during the past 54 years. Badin

has shown a straight away decreasing trend except for 1980 to 1995, where it indicated

that a higher amount of precipitation fell over a few wet days. In the case of Rohri,

although the trend was decreasing, but there was a high-intensity signal visible from 1980

to 1985, which displayed anomalous high precipitation amount in a smaller number of

days. The observed increase in the intensity of 5–days precipitation amounts could have

devastating impacts on soil erosion and could result in increased local flooding in urban

areas that reciprocate rapidly to consecutive downpours.

Summer days in which maximum temperature is >25°C is an important index to

be analyzed for humid regions like Sindh, since even a degree Celsius rise in the humid

environment brings distress in the ambient temperature over the region. The Sindh region

displayed statistically significant increase (at 95% confidence level) in Chhor, Karachi,

Nawabshah, and Rohri, with linear increasing trends of 11 days in Chhor, 26 days in

Karachi, 20 days in Nawabshah, and 16 days in Rohri, over the past 54 years (Fig. 2.7c).

Badin has shown a decreasing linear trend but was not significant at 95% confidence

level. An increase in summer days over Sindh province was statistically significant at

95% confidence level in Chhor, Karachi, and Nawabshah, with linear trend increase of 19

days in Chhor (Tmax>42°C), 19 days in Karachi (Tmax>36°C) and 26 days in

Nawabshah (Tmax>44°C). Badin has displayed a linear decreasing trend of 18 days

(Tmax> 39°C), which seems significant at 95% confidence level, but not might be so,
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owing to the missing values between 1965 to 1975 and due to the recent increase in the

number of summer days after the year 2000 till 2013. Rohri has displayed no significant

change in its historical summer day evolution. In Sindh, the mean maximum temperature

has shown a significant increase of 1.5°C in Chhor, 1.5°C in Karachi, and 1.7°C in

Nawabshah over the past 54 years. Badin has displayed an insignificant linear trend with

a decrease from 1960 to 1980 and then a continuous increase afterward till 2013. Rohri

has also shown no significant linear trend over the past 54 years.

An increase in minimum temperature renders night time temperature to become

warmer. Sindh has displayed a significant increase in the mean of the minimum

temperature in Badin (1.6°C) and Karachi (2.2°C). The stations of Chhor, Nawabshah,

and Rohri did not show a significant linear trend, however, in the recent past (2000–

2013), these stations have displayed a warming trend in the mean of the minimum

temperature. Sindh has displayed a statistically significant decrease in the percentage of

cool nights in Badin, Karachi (both stations displayed a 16.2% decrease at 99% level of

confidence) and in Chhor (decrease of 6.5% at 86% level of confidence). No statistically

significant linear trend was observed in the percentage change of cool nights in

Nawabshah and Rohri. In Sindh, the analysis of past data has shown that Badin, Karachi,

and Rohri have shown a significant increase (at 99% level of confidence) in the number

of warm nights. The rate of increasing trend in Badin was 10 days, that of Karachi was 16

days and that of Rohri was 14 days over the past 54 years (Fig. 2.7d). There was no

statistically significant change in the rate of warm nights in Chhor and Nawabshah, which

indicates that the coastal areas (Karachi and Badin) have been more prone to endure an

increase in the warm nights over the past.

The monthly minimum value of daily minimum temperature in Sindh has

displayed a significant increasing trend in Badin, Chhor, and Karachi with 99% level of

confidence in the trend. There was an increase of 2.9°C in the monthly minimum value of

daily minimum temperature in Badin, of 2.6°C in the monthly minimum value of daily

minimum temperature in Karachi, and 2.7°C in the monthly minimum value of daily

minimum temperature in Chhor. No significant trend was displayed in Nawabshah and

Rohri over the past 54 years. No significant trend was observed in the monthly maximum

value of daily minimum temperature in Sindh over the historical period of 1960 to 2013.
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Tropical nights are the annual count of days when the daily minimum is greater than

20°C. In Sindh, the tropical nights have shown a statistically significant increasing trend

at 99% level of confidence in Badin, Chhor, and Karachi. Tropical nights, on average,

have been increased by 25 days in Badin, by 14 days in Chhor, and by 36 days in Karachi

over the past 54 years. No significant trend was observed in Nawabshah and Rohri. The

percentage of days when the maximum temperature exceeds the 90thpercentile is referred

to as the warm days index. In Sindh, the stations of Chhor, Karachi, and Nawabshah have

displayed a statistically significant increasing trend at 99% confidence level with an

average increase of 9, 8, and 11 days respectively. Badin has also displayed a significant

decreasing trend, however, owing to non–availability of data from 1965–1975, the trend

might be insignificant. Rohri has shown an increasing trend, significant at an 80% level

of confidence.

The monthly maximum value of daily maximum temperature in Sindh has shown,

in general, an increasing trend, with Chhor and Nawabshah being statistically significant

at 95% and 99% respectively. Chhor has displayed an increase of 2.2°C, however, the

recent 15 years from 1998–2013 have shown a decreasewhereas, the Nawabshah has

displayed an increase of 3.5°C in the monthly maximum value of daily maximum

temperature over the past 54 years. In Sindh, Karachi, and Nawabshah both have

displayed an increasing trend in warm spell duration index at 95% confidence level,

while Rohri has displayed an increasing trend in the index at 83% confidence level. In

Karachi, the warm spell duration has increased by six days, in Nawabshah by 8days, and

in Rohri by 5days over the past 54 years. Badin has displayed a significant decreasing

trend, but with smaller confidence, owing to the missing values from 1965 to 1975.

Chhor has displayed an increasing trend in the far historical period, yet it got decreasing

in the recent past years. It has been seen from the analysis that no significant change in

the trend of the cold spell duration index has occurred in Sindh over the past 54 years.

The general trend was increasing, but it was not statistically significant. Heatwaves

resulting through the increase in warm spell duration may have adverse impacts on

society e.g., increase stress for outdoor workers, lead to high mortality rates in animals,

increase in energy demand, damage to crops (or downgraded crops), provoke water

scarcity, shift tourism preferences and enhance risks for outdoor recreational activities.
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As a result, a far-reaching strategy is required, so that the anticipated rise in temperatures

and frequency of heatwaves can be monitored to survive in the deadly phenomenon.

2.3.5 Observed trends in climate indices over Balochistan

The cold spell duration indicator in Balochistan has displayed significant

decreasing trends in Quetta, Dalbandin, and Panjgur. The decreasing cold spell observed

in the last 54 years was 36 days in Quetta, 17 days in Dalbandin, and 15 days in Panjgur,

all were significant at 99 % confidence level. No statistically significant trend was

observed in the consecutive wet days observed in all stations of Balochistan over the past

54 years. Statistically, significant increasing DTR trends were observed in Balochistan. In

Zhob, the increasing trend was 2.2°C (at 95% confidence level); in Barkhan, the

increasing trend was 3.4°C (at 99% level) and in Dalbandin, the increasing trend was

0.8°C (at 95% confidence level) over the past 54 years (Fig. 2.8a). There were significant

decreasing trends in the frost days of Balochistan. Statistically significant decreasing

trends were observed in Quetta (28 days at 95% confidence level) and Dalbandin (18

days at 99% confidence level). The annual total precipitation amount has not displayed

any significant trend in Balochistan over the past 54 years. No significant trend in heavy

precipitation amount was observed in Balochistan. Also, no significant trend was

observed in the very wet days of Balochistan in the past 54 years. Moreover, no

significant trend was observed in the extremely wet days of Balochistan in the past 54

years. Furthermore, the monthly maximum consecutive 5–days precipitation amount has

not displayed any significant trend in Balochistan over the past 54 years.

Temperature indices of desert air over Balochistan have shown a wide diurnal

temperature difference. Strong radiative cooling may lead to rapid heat loss after sunset.

This may rapidly cool the immediate atmosphere, resulting in a surface-based inversion

that may have a strong increasing impact on inversion downburst dust storm frequencies

over the region. The inversion downburst dust storms have the potential to decrease air

visibility to as low as 1 km and sometimes even lesser.

Summer days in Balochistan have displayed a significant increasing trend upon

the analysis of the last 54 years. There was a significant increase of 99% level of

confidence
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Fig. 2.8 Extreme climate indices in Balochistan for the period 1960–2013 a) Diurnal

temperature range in Barkhan b) Summer days index in Quetta, and c) Warm nights

index in Khuzdar.

at in Zhob(26 days), Khuzdar (36 days), Quetta(29 days), Barkhan (32 days), Dalbandin

(32 days), and Panjgur (23 days) in the summer days over the last 54 years (Fig.

2.8b).Extreme summer days in Balochistan also had a significant increasing trend.

Summer days with maximum temperature > 36°C, displayed an increasing trend of 23

days in Quetta; those with maximum temperature > 43°C, displayed an increasing trend

of 28 days in Dalbandin, and those with a maximum temperature greater than 40°C,

displayed an increasing trend of 16 days over the past 54 years. There was a significant

increasing trend in the mean of the maximum temperature observed in Balochistan.In

Zhob, the increasing trend was 1.4°C; in Khuzdar, the increasing trend was 1.8°C; in

Quetta, the increasing trend was 2.1°C; in Barkhan, the increasing trend was 1.4°C; in



41

Dalbandin, the increasing trend was 2.7°C and in Panjgur, the increasing trend was 1.4°C

over the past 54 years; all significant at 95% level of confidence.Stations of Balochistan

have shown a significant increase in the trends of mean minimum temperature index,

except for Zhob and Badin (which displayed insignificant decrease). Statistically

significant trends of the index were observed in Quetta with 2.8°C increase; in Dalbandin

with 1.6°C increase and in Panjgur, with 1.4°C increase over the past 54 years. Quetta is

the capital city of Balochistan province and is considered as one of the atmospherically

polluted cities region-wide. Snowfall was a common feature in January till the late

eighties, but thereafter, the snowfall has become rare in winters; especially owing to the

significant changes in temperature-related indices of the Quetta city.

Cool nights have displayed a significant decreasing trend in Quetta, Dalbandin,

and Panjgur stations of Balochistan. In Quetta, the index has decreased by 23 nights; in

Dalbandin, the index has decreased by 10 nights and in Panjgur, the index has decreased

by 11 nights over the past 54 years. Warm nights in Balochistan have displayed a

significant increasing trend in Khuzdar, Quetta, and Panjgur stations. In Khuzdar, the

index trend has displayed an increase of 15 nights; in Quetta, the index trend has

displayed an increase of 9 nights and in Panjgur, the index trend has displayed an

increase of 6 nights in the last 54 years (Fig. 2.8c). There was no significant trend

observed in the monthly minimum value of daily minimum temperature in Balochistan

over the past 54 years. No significant trends were observed in the monthly maximum of

minimum temperatures over Balochistan in the past 54 years. However, Zhob has

displayed a significant trend in the index with a decrease of 2.9°C at 95% confidence

level. Tropical nights have shown a significant increasing trend in Quetta (27 nights at

99% level); in Dalbandin (28 nights at 99% level) and Panjgur (31 nights at 99% level)

over the past 54 years. A significant increase in temperature-related indices in

Balochistan, with no change in rainfall, may curtail the net irrigation water supply of this

already water scant region of the country.

Cool days were significantly decreasing all over Balochistan. Zhob has displayed

a decrease of 5 days; Khuzdar displayed a decrease of 10 days; Quetta displayed a

decrease of 11 days; Dalbandin displayed a decrease of 13 days and Panjgur displayed a
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decrease of 7 days over the past 54 years; all significant at 95% level. There was a

statistically significant increase in the number of warm days in Balochistan over the past

54 years. Increasing trends in the index were displayed in Zhob (8 days at 99% level); in

Khuzdar (10 days at 95% level); in Quetta (12 days at 99% level); Barkhan (10 days at

95% level); in Dalbandin (16 days at 99% level) and Panjgur (9 days at 99% level) over

the past 54 years.

No significant trends were observed in the monthly minimum of the daily

maximum temperature over Balochistan in the past 54 years. Significant trends were

observed in the monthly maximum of the daily maximum temperature over Balochistan.

Quetta station has displayed a 1.5°C increase in the index value and Dalbandin has

displayed a 2.4°C rise in the index value, over the past 54 years; both significant at 99%

level. The warm spell duration indicator has displayed increasing trends over Balochistan.

This index displayed statistically significant trends in Quetta (8 days increase); in

Barkhan (16 days increase); in Dalbandin (18 days increase) and Panjgur (10 days

increase); all at 95% level of confidence.

2.3.6 Observed trends in climate indices over the whole Pakistan

Both meanmaximum and mean minimum temperatures were increasing

significantly by 0.8°C and 0.9°C respectively over the whole of Pakistan. Summer days

have been shown to increase significantly by 15 days, while tropical nights have been

shown to increase significantly by 18 nights over the country (Fig. 2.9). The monthly

minimum of daily maximum temperature has increased by 1.5°C; the monthly minimum

of daily minimum temperature has increased by 1.8°C; whereas, the monthly maximum

of daily minimum temperature has significantly decreased by 0.8°C. Frost's days were

decreasing significantly by 5 days in 54 years. Both cool days and cool nights were

decreasing significantly by 7 days and 14 nights respectively over the entire country. It is

also seen that the cold spell duration index has decreased by 29 days; while, the warm

spell duration index has insignificantly increased by 6 days, when spatially averaged over

the whole of Pakistan for the past 54 years (Fig. 2.10). Mean monthly maximum 5–days

consecutive precipitation has been seen to increase insignificantly by 9 mm whereas,

insignificant increase of 39mm in precipitation amount of very wet days have been

observed over Pakistan during the past 54 years (Fig. 2.11).
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Fig. 2.9Spatial distribution of climate extreme indices a) maximum temperature b)

minimum temperature, c) summer days, and d) tropical night indices trends (1960–2013)

over Pakistan.

2.3.7 Simulated historical trends in climate indices

Statistically significant increasing and decreasing trends were displayed by GCM

ensembles. Taking the ensemble mean of the GCMs simulated observed climatology

gives more confidence over the generated results. Province based analysis of the indices

was carried out over a historical period of 35 years (1970–2004) and the results are

discussed here. Province based indices were found by using statistically downscaled

NEX–GDDP ensemble GCMs. Linear trends with their statistical significance were

computed and the results are presented here (Table 2.3).
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Fig. 2.10 Spatial distribution of climate extreme indices a) warm days b) warm nightsc)

heatwave days and d) diurnal temperature range indices trends (1960–2013) over

Pakistan.

2.3.7.1 Climate extreme indices over GB–AJK

Mean minimum temperature increase has been seen to display a significant trend

with a magnitude of 0.7°C/year rise in the GB–AJK region. This increase is followed by

a significant increase in the monthly maximum value of daily minimum temperature,

where its magnitude has increased by 0.8°C over the historical period. Warm days were

seen to increase significantly at the rate of 9 days/35 years over the GB–AJK region.

Cool nights displayed a significant decreasing trend of 8 nights/35 years; while, warm

nights displayed a significant increasing trend of 13 nights/35 years over the GB–AJK

region. The warm spell duration index has also displayed a significant increasing trend of

14 days over the historical period in the GB–AJK region. The index has shown

significant
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Fig. 2.11Spatial distribution of climate extreme indices a) maximum 5–days consecutive

precipitation amount b) consecutive wet days c) precipitation of very wet days and d)

total wet days precipitation indices trends (1960–2013) over Pakistan.

increasing trend over the Skardu city of GB–AJK region, upon the analysis of past data.

This indicates the Skardu city in GB–AJK region, as a vulnerable zonethat may be

affected significantly by heatwaves over this region. The diurnal temperature range has

been seen to have decreased significantly by 0.3°C over the historical period in the GB–

AJK region.

2.3.7.2 Climate extreme Indices over KP

Based on historical data, both mean of maximum and minimum temperatures

have displayed significant increasing trends of 0.4°C and 0.6°C respectively in the KP

province. The summer days have also displayed a significant increasing trend of 11 days

whereas tropical nights were significantly increasing (4 nights/35 years), as has been seen
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through NEX–GDDP over the KP province. Warm days have displayed a significant

increasing trend of 7 days/35 years; while, warm nights have displayed a significant

increasing trend of 12 nights/35 years. Moreover, cool nights were decreasing

significantly at the rate of 8 nights/35 years, as has been seen through NEX–GDDP

historical climate over the KP province. The cold spell duration index has displayed a

significant decrease of 12 days.Furthermore, DTR has been seen to have decreased

significantly (0.2°C) over the historical period in the KP province.

2.3.7.3 Climate extreme Indices over Punjab

Mean maximum and mean minimum temperatures, as displayed by NEX–GDDP

datasets, have suggested significant increases of 0.5°C and 0.6°C, respectively, over the

past climate in the Punjab province. Summer days were also seen to have increased

significantly at a rate of 9 days/35 years over the region. Cool days were significantly

decreasing at a rate of 7 days/35 years; while warm days were significantly increasing at

a rate of 7 days/35 years, as suggested by NEX–GDDP output. Cool nights were

significantly decreasing at a rate of 9 nights/35 years; whereas, warm nights were

significantly increasing at a rate of 12 nights/35 years, as displayed by NEX–GDDP

output over the Punjab province. Moreover, it has been seen that the cold spell duration

index has significantly decreased by 18 days over 35 years in the Punjab province.

2.3.7.4 Climate extreme Indices over Sindh

Both meanmaximum and mean minimum temperatures were seen to have

increased significantly by 0.6°C and by 0.7°C respectively, in the Sindh province over

the historical period. The monthly minimum value of daily minimum temperature was

seen to have been increased significantly by 1.0°C, and Cool days were seen to have been

decreased significantly by 9 days; whilst warm days have been shown to increase

significantly by 12 days, over 35 years for Sindh province. Cool nights were seen to have

been decreased significantly by 14 nights/35 years; whereas, warm nights were seen to

have been increased significantly by 14 nights. Moreover, the warm spell duration index

has displayed an alarming and significant increasing trend of 14 days over a historical

period of 35 years in the Sindh province.
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Table 2.3NEX-GDDP based on extremes climate indices over five provinces of Pakistan

during the historical period (1970-2004).

Stations\Index GB & AJK Khyber
Pakhtunkhwa Punjab Sindh Balochistan

TMAXmean 0.01 0.01 0.01 0.02 0.01
TMINmean 0.02 0.02 0.02 0.02 0.02
su25 0.00 0.30 0.26 0.27 0.18
id0 -0.11 0.00 0.00 0.00 0.00
tr20 0.00 0.11 0.09 0.15 0.29
fd0 -0.08 -0.42 0.00 0.00 0.00
txx 0.01 0.01 0.01 0.01 0.01
txn 0.01 0.01 0.01 0.01 -0.02
tnx 0.02 0.01 0.01 0.01 0.01
tnn 0.01 0.01 0.02 0.03 0.02
tx10p -0.08 -0.13 -0.19 -0.25 -0.14
tx90p 0.25 0.18 0.19 0.33 0.33
tn10p -0.21 -0.22 -0.25 -0.39 -0.29
tn90p 0.37 0.33 0.34 0.40 0.42
wsdi 0.39 0.45 0.26 0.38 0.46
csdi -0.14 -0.32 -0.49 -0.34 -0.30
dtr -0.01 -0.01 -0.01 0.00 -0.01
rx1day 0.04 0.05 0.02 0.11 0.03
rx5day 0.19 -0.03 -0.05 0.18 0.04
sdii 0.00 0.00 0.00 0.00 0.00
r10mm 0.01 0.03 -0.01 0.00 0.00
r20mm 0.00 0.01 0.00 0.01 0.00
cdd -0.02 -0.05 -0.07 1.23 -0.42
cwd 0.10 0.23 0.05 -0.10 0.02
r95p 0.18 0.79 -0.37 0.10 0.00
r99p -0.26 0.32 0.03 0.22 0.09
prcptot 1.02 1.33 0.03 -0.41 -0.09
Bold values represent data is statistically significant at 95% confidence level.

2.3.7.5 Climate extreme Indices over Balochistan

Significant increases in mean maximum and minimum temperatures have been

displayed with magnitudes of 0.5°C and 0.7°C respectively, over the Balochistan

province. Tropical nights were also seen to have been increased significantly by 11 nights

over the 35 years historical period. The monthly maximum value of daily minimum

temperature has displayed a significant increase of 0.5°C over the past 35 years. Cool
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days have displayed a significant decrease of 5 days/35 years; whereas, warm days have

displayed a significant increase of 12 days/35 years, over the Balochistan province.

Moreover, cool nights have displayed a significant decrease of 10 nights/35 years; while,

warm nights have displayed a significant increase of 15 nights/35 years, over the

Balochistan province. Furthermore, NEX–GDDP output has also suggested a significant

increase of 17 days in the warm spell duration index, over the 35 years historical period

in the Balochistan province.

2.3.8 Projected trends in climate indices under RCPs:

Province-based analysis for the projection period of 2016–2045 has been

performed to assess trends of significant climate indices in the near future. Ensemble

mean of the NEX-GDDP GCMs was taken for the analysis. The above-mentioned two

scenarios RCPs (4.5 and 8.5) were considered for the assessment of, both low-end and

high-end pathways, over the provinces of Pakistan (Table 2.4 and Table 2.5).

2.3.8.1 Climate extreme Indices over GB–AJK

The indices based on ensemble mean projections, have shown future increases of

1.1°C in mean maximum temperature; of 1.0°C in mean minimum temperature; of 1.1°C

in monthly maximum of daily maximum temperature; of 10°C in monthly maximum of

daily minimum temperature and 1.5°C in monthly minimum of daily minimum

temperature, over the GB–AJK region. Warm days are projected to increase significantly

by 13 days; warm nights are projected to increase significantly by 16 nights; cool days

are projected to decrease significantly by 14 days; while, cool nights are projected to

decrease significantly by 16 nights in the next 30 years period over the GB–AJK region.

Frost days in the GB–AJK region has shown a significant decrease of 18 days in the next

30 years projection period. Moreover, the warm spell duration index displays 16 days

increase; while, the cold spell duration index displays 20 days decrease in the next 30

years projection period over the GB–AJK region.

The high end RCP8.5 scenario projects increases of 1.5°C in mean maximum

temperature; 1.6°C in mean minimum temperature; 1.2°C in monthly maximum of daily

minimum temperature; while, 2.3°C in monthly minimum of daily minimum temperature
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Table 2.4NEX-GDDP based extremes climate indices over five provinces of Pakistan for

thirty years (2016-2045) under RCPs 4.5 during (2016-2045).

Stations\Index GB & AJK Khyber
Pakhtunkhwa Punjab Sindh Balochistan

TMAXmean 0.04 0.04 0.03 0.03 0.03
TMINmean 0.03 0.04 0.04 0.03 0.04
su25 0.03 0.59 0.28 0.52 0.38
id0 -0.29 0.00 0.00 0.00 0.00
tr20 0.00 0.96 0.41 0.33 0.80
fd0 -0.58 -0.57 0.00 0.00 0.00
txx 0.04 0.03 0.02 0.04 0.02
txn 0.03 0.05 0.06 0.04 0.06
tnx 0.03 0.05 0.03 0.01 0.03
tnn 0.05 0.06 0.05 0.03 0.05
tx10p -0.47 -0.48 -0.44 -0.37 -0.40
tx90p 0.43 0.53 0.50 0.56 0.62
tn10p -0.54 -0.56 -0.59 -0.70 -0.64
tn90p 0.51 0.63 0.62 0.67 0.69
wsdi 0.51 0.71 0.72 0.71 0.81
csdi -0.66 -0.80 -1.01 -0.68 -0.77
dtr 0.00 0.00 0.00 -0.01 -0.01
rx1day -0.18 -0.10 0.00 0.13 0.03
rx5day -0.19 0.18 0.10 0.63 0.25
sdii 0.00 0.01 0.01 0.02 0.01
r10mm -0.06 0.01 0.07 0.03 0.00
r20mm -0.03 0.00 0.00 0.00 0.00
R25mm -0.02 0.00 0.00 0.00 0.00
cdd -0.18 -0.11 -0.23 -0.25 -0.40
cwd 0.19 0.02 0.36 0.16 0.06
r95p -1.34 -0.17 0.84 0.54 0.14
r99p -1.12 -0.38 0.34 -0.09 0.16
prcptot 0.09 0.75 1.86 2.11 0.67
Bold values represent data is statistically significant at 95% confidence level.

over the GB–AJK region. Summer days in GB–AJK region are also projected to increase

significantly by 6 days in the next 30 years period. Both warm days and warm nights are

projected to increase by 19 days and 24 nights respectively.

Both cool days and cool nights are projected to decrease significantly by 17 days

and 20 nights over the GB–AJK region. Mean ensemble projections show a significant

increase of 32 days in the warm spell duration index; while, a significant decrease of 19

days in the cold spell duration index is projected over the GB–AJK region. The DTR is
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projected to decrease significantly by 0.3°C in the next 30 years, over the GB–AJK

region. Moreover, both ice days and frost days are projected to decrease significantly by

22 and 27 days respectively.

2.3.8.2 Climate extreme indices over KP

The indices based on ensemble mean projections, show that mean maximum

temperature increases by 1.1°C; mean minimum temperature increases by 1.1°C; monthly

maximum of daily maximum temperature increases by 0.9°C; monthly minimum of daily

maximum temperature increases by 1.6°C; monthly maximum of daily minimum

temperature increases by 1.4°C; whereas, a monthly minimum of daily minimum

temperature increases by 1.8°C in the next 30years period over the KP province. Summer

days are projected to increase by 18 days; while, tropical nights are projected to increase

by 29 nights over the KP province. Both warm days and warm nights are projected to

increase by 16 days and 19 nights respectively; while, both cool days and cool nights are

projected to decrease by 15 days and 17 nights respectively, over the next 30 years in the

KP province. The warm spell duration index is projected to increase by 21 days; while,

the cold spell duration index is projected to decrease by 24 days in the KP province.

Moreover, frost days are projected to show a significant decrease of 17 days in the next

30 years period over the KP province.

Mean ensemble-based projected indices show significant increases in mean

maximum temperature by 1.3°C; in mean minimum temperature by 1.5°C; in monthly

maximum of daily maximum temperature by 1.5°C; in monthly minimum of daily

maximum temperature by 1.2°C; in monthly maximum of daily minimum temperature by

1.1°C; while, in the monthly minimum of daily minimum temperature by 2.0°C, under

RCP8.5 over the next 30 years period in the KP province. Summer days are projected to

increase significantly by 13 days; while, tropical nights are projected to increase

significantly by 33 days in the next 30 years projection period. Both warm days and

warm nights are projected to increase significantly by 24 days and 24 nights respectively;

whereas, both cool days and cool nights are projected to decrease significantly by 15 days

and 20 nights respectively. Moreover, the warm spell duration index projects a 26 days

increase; while, cold spell duration index projects a 28 days decrease in the next 30 years
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Table 2.5 NEX-GDDP based extremes climate indices over five provinces of Pakistan

for thirty years (2016-2045) under RCPs 8.5 during (2016-2045).

Stations\Index GB & AJK Khyber
Pakhtunkhwa Punjab Sindh Balochistan

TMAXmean 0.05 0.04 0.04 0.03 0.04
TMINmean 0.05 0.05 0.05 0.04 0.04
su25 0.17 0.41 0.68 0.47 0.87
id0 -0.72 0.00 0.00 0.00 0.00
tr20 0.00 1.09 0.30 0.62 0.53
fd0 -0.91 -0.73 0.00 0.00 0.00
txx 0.05 0.05 0.03 0.02 0.05
txn 0.06 0.04 0.03 0.02 0.00
tnx 0.04 0.04 0.06 0.03 0.04
tnn 0.08 0.07 0.04 0.01 0.01
tx10p -0.56 -0.49 -0.42 -0.41 -0.41
tx90p 0.61 0.54 0.60 0.63 0.63
tn10p -0.64 -0.66 -0.66 -0.63 -0.62
tn90p 0.79 0.80 0.83 0.83 0.80
wsdi 1.08 0.87 0.99 0.66 0.69
csdi -0.62 -0.92 -0.79 -0.45 -0.62
dtr -0.01 -0.01 -0.01 -0.01 -0.01
rx1day 0.09 0.01 -0.13 0.05 0.01
rx5day 0.03 -0.05 -0.54 -0.07 -0.02
sdii 0.00 0.00 0.00 0.01 0.00
r10mm 0.09 0.06 -0.08 -0.01 0.00
r20mm 0.04 -0.01 -0.02 0.01 0.00
R25mm 0.01 0.00 -0.01 0.00 0.00
cdd -0.09 -0.11 -0.64 1.79 0.57
cwd 0.08 0.27 0.29 0.04 -0.03
r95p 1.58 0.14 -0.71 0.02 -0.03
r99p 0.79 -0.05 -1.49 0.26 -0.03
prcptot 2.68 1.42 0.40 0.49 -0.29
Bold values represent data is statistically significant at 95% confidence level.

projection period over the KP province. Furthermore, frost days are also projected to

decrease significantly by 22 days in the next 30 years projection period over the KP

province.
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2.3.8.3 Climate extreme indices over Punjab

Under RCP4.5 protocols, both mean maximum and mean minimum temperatures

are projected to increase significantly by 1.0°C in the next 30 years over the Punjab

province. Tropical nights are also projected to increase by 14 nights in the next 30 years

over the Punjab province. The monthly minimum of daily maximum temperature is

projected to increase by 1.8°C; while, the monthly maximum daily minimum temperature

is projected to increase by 0.8°C over the Punjab province. The monthly minimum of

daily minimum temperature is also projected to increase significantly by 1.5°C in the

next 30 years over the Punjab province. Warm days are projected to increase significantly

by 15 days; while, warm nights are projected to increase significantly by 19 nights in the

next 30 years projection period over the Punjab province. Warm spells are projected to

increase significantly by 22 days; while colds spells are projected to decrease

significantly by 31 days in the next 30 years over the Punjab province. Moreover,

significant decreases in the trends of cold days and cold nights are also projected over the

Punjab province in the next 30 years projection period.

Under RCP8.5 protocols, both mean maximum and mean minimum temperatures

are projected to increase significantly by 1.1°C and 1.4°C respectively in the next 30

years over the Punjab province. Summer days are projected to increase by 21 days; while,

tropical nights are projected to increase by 9 nights in the next 30 years. The monthly

maximum daily maximum temperature is projected to increase significantly by 1°C

whereas, the monthly maximum daily minimum temperature is projected to increase

significantly by 1.7°C over the Punjab province. Warm days are projected to increase

significantly by 21 days; while, warm nights are projected to increase significantly by 25

nights in the projection period of the next 30 years. Moreover, cool days are projected to

decrease significantly by 13 days; while, cool nights are projected to decrease

significantly by 26 nights in the next 30 years. Furthermore, ensemble projections show a

significant increase of 30 days in the warm spell duration index, as well as a significant

decrease of 24 days in the cold spell duration index in the next 30 years projection period

over the Punjab province.
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2.3.8.4 Climate extreme indices over Sindh

Projected indices from mean ensemble NEX–GDDP product show increases of

0.8°C in mean maximum temperature; 1.0°C in mean minimum temperature; 1.3°C in

monthly maximum of daily maximum temperature; 1.3°C in monthly minimum of daily

maximum temperature; while 1.0°C in monthly minimum of daily minimum temperature

over the next 30 years period in the Sindh province. Summer days are projected to

increase significantly by 16 days; whereas, tropical nights are projected to increase

significantly by 10 nights in the next 30 years projection period in the Sindh province.

Both warm days and warm nights project significant increases of 17 days and 20 nights

respectively; while, both cold days and cold nights project significant decreases of 11

days and 21 nights respectively. The warm spell duration index projects 22 days increase;

while, the cold spell duration index displays 21 days decrease over the Sindh province.

Interestingly, there is a projected increase of 19 mm in the 5 days consecutive

precipitation amount in the Sindh province. Moreover, the consecutive wet days in Sindh

also project a significant increase of 5 days in the next 30 years projection period.

Mean maximum temperature and mean minimum temperature show projected

increases of 1.0°C and 1.2°C respectively, under RCP8.5 protocols over the Sindh

province. Summer days are projected to increase significantly by 14 days; while, tropical

nights are projected to increase significantly by 19 days in the next 30 years projection

period. The monthly maximum of daily minimum temperature is projected to increase by

0.9°C in the Sindh province. Moreover, both warm days and warm nights project a

significant increase of 19 days and 25 nights respectively; whereas, both cold days and

cold nights project significant decreases of 13 days and 19 nights respectively, in the

Sindh province. Furthermore, the warm spell duration index projects a significant

increase of 20 days; while the cold spell duration index displays a significant decrease of

14 days, in the next 30 years projection period over the Sindh province.

2.3.8.5 Climate extreme indices over Balochistan

The projected ensemble indices show significant increases of 1°C and 1.2°C in

mean maximum and mean minimum temperatures respectively within the next 30 years

over the Balochistan province. Summer days are projected to increase significantly by 12
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days; whereas, tropical nights are projected to increase significantly by 24 nights in the

next 30 years over the above-mentioned region. The monthly maximum value of the daily

maximum temperature is also projected to increase by 0.7°C; whereas, the monthly

minimum value of daily maximum temperature is projected to increase significantly by

1.7°C over the province. Moreover, the monthly maximum of daily minimum

temperature is projected to increase significantly by 0.9°C; while, the monthly minimum

of daily minimum temperature is projected to increase significantly by 1.4°C over the

province. Furthermore, both warm days and warm nights are projected to increase

significantly by 19 days and 21 nights respectively over the next 30 years period in the

Balochistan province. It has also been seen that both cold days and cold nights are

projected to decrease significantly in the next 30 years projection period. Also, ensemble

projections show a significant increase of 25 days in the warm spell duration index, as

well as a significant decrease of 23 days in the cold spell duration index over the

Balochistan province.

Both mean maximum and mean minimum temperatures, under RCP8.5 protocols,

show an increase of 1.1°C and 1.3°C in the next 30 years projection period over

Balochistan province. Summer days are projected to increase significantly by 26 days;

while, tropical nights are projected to increase significantly by 16 nights in the next 30

years period. The monthly maximum daily maximum temperature is projected to increase

by 1.4°C; while, the monthly maximum daily minimum temperature is projected to

increase by 1.2°C in the Balochistan province. Both warm days and warm nights are

projected to increase by 19 days and 24 nights respectively; whereas, both cool days and

cool nights are projected to decrease by 13 days and 19 nights respectively in the next 30

years period. Moreover, it is seen that ensemble projections show an increase of 21 days

in the warm spell duration index; whereas, a decrease of 19 days in the cold spell

duration index over the next 30 years period in the Balochistan province.
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Chapter 3

Historical and projected shifts in agro-climatic zones and
associated variability in daily temperature and

precipitation extremes over Pakistan



56

3.1Introduction
Pakistan is a prominent country that has diverse agro-climatic features, significant

geographical location, complex topography, and high variability of agro climate zones

(Haider and Ghaffar, 2018; Haider and Ullah, 2020; Adnan et al., 2016). The country

possesses various climate regimes (humid to extremely arid); whereas two third areas lie

arid to extremely arid climate and small areas under humid climate (Haider and Adnan,

2014). Furthermore, water is the most essential component in arid zone for optimum

applicability; whereas, frequent rains are the major controlling restriction in humid zones.

The agriculture activity is carried out by the rainfall as well as snow/glacier melting.

According to Adnan et al. (2016), precipitation and glacial ice melt are the main sources

of water to carry agricultural activity in Pakistan. Two weather systems i.e. monsoon and

western disturbance bring rainfall during summer and winter over Pakistan respectively

(Haider and Ghaffar, 2018; Adnan and Khan, 2009). The climate is generally warm and

breezy towards coastal sites; however, as the country advances more inland, there are

progressive elevations with a typical chilly environment. Southwest monsoon brings the

maximumamount of rainfall in Pakistan; terrain borne lifts to the southwesterly moisture

are provided by cold peaks of the Himalayas and Karakoram ranges (Haider and Ghaffar,

2018).

For climate change, varying features of aridity over large spatiotemporal scales

have revealed extended concern in recent years owing to implicating prospects for water

and agriculture sectors around the world. According to Daniel et al. (2017), almost half of

global surface areas cover with drylands which provide an important ecosystem.

Moreover, the aridity and areal extent in dry land are expected to increase in the coming

years due to the high spatial and temporal variability of precipitation over the globe. The

agro classification based on moisture index helps to identify the climate characteristics of

an area suitable to carry out agriculture activity (Reddy and Reddy, 1973; Chaudhry and

Rasul, 2004; Adnan et al., 2017). The global land area showed a shift in climate zones for

observational (1900-2010) as well as simulated (1900-2100) periods under CMIP5 (Feng

et al., 2014). Moreover, the spatial pattern of precipitation was used to investigate

precipitation and drought climatology for Central South Asia during 1951-2010 (Adnan

et al., 2016). Similarly, spatial variation in aridity was accessed by using temperature and
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precipitation data for 21stcentury over two coastal districts of India under RCP4.5

(Ramachandran et al., 2015). Amin et al., 2017 identified that the positive trends in

annual rainfall in the baseline period (1996-2015) over 90% of the meteorological

stations, whereas it has projected to decrease up 76% during 2041-2060. Moreover, the

results show a decreasing trend in the future which may lead to drought in 14% of the

weather stations.

It has been observed that shifting of moisture index from average values of

precipitation and evapotranspiration during the period 1951-2010 in different agro-

climatic zones of Pakistan (Adnan et al., 2017). Recently, various satellite data indices

were used to assess aridity in Punjab province (Siddiqui and Javid, 2018). Moreover,

climate projections for seasonal crops (wheat and cotton) areas of Pakistan have been

identified for 2013-2042 by using statistical bias-corrected GCMs (Bhatti et al., 2018).

Recently, gridded data of temperature and precipitation were used to determine the

seasonal and annual aridity index for Rabi and Kharif crops during 1901-2016 (Kamal,

2019). The agro-climatic classification helps farmers to grow crops according to the

potential of the region.

Statistical bias–correction methods are generally used to improve desired model

output parameters for regional climate simulation. The information accessed from global

climate models at the regional level brings uncertainties due to limited information at the

local level (Waheed et al., 2017). The quantile mapping has been used to remove bias for

temperature and precipitation of Pakistan by using CORDEX South Asia (Haider and

Ullah, 2020). Moreover, Anubhav and Dimri (2019) used four different bias correction

methods in improving precipitation data of CORDEX–SA. Asim and Koch (2018) have

statistically and dynamically downscaled CORDEX–SA data available for the top-ranked

GCMs by using Linear Scaling (LS), Variance Scaling (VS), and Distribution Mapping

(DM) for temperature and precipitation parameters over Upper Indus Basin (UIB). In its

pioneering assessment, the RCA4 CORDEX–SA framework has also been analyzed for

the two representative concentration pathways (RCPs) (4.5 and 8.5) over the sub-

Himalayan region for 21stcentury (Sanjay, 2017). Similarly, the same data has been used

for winter and summer during 1980-2005 for the Pakistan region (Waheed et al., 2017).

Climate uncertainty brings shifts in intensity, frequency, span, spatial extent, and extreme
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events predictions, whereas, these climate extreme changes are associated with the shifts

in mean, variance, skewness, and kurtosis in PDFs (Burhan and Rasul, 2018).

Unlike previous attempts made in general for assessment of historical variations

in aridity over Pakistan, the current study has been particularly designed to model the

projected PDFs after bias-correction of the RCM outputs for robust integration to project

future variations and shifts in diverse agro-climatic regions of Pakistan under the RCPs

scenarios. In this chapter, we have considered the dynamically downscaled regional

projections of the RCA4 CORDEX–SA, applied ‘bias correction’ after (Gudmundsson et

al., 2012; Haider and Ullah, 2020), and analyzed the changes in term of percentiles of

probability distributions regarding daily temperature (maximum, minimum) and

precipitation totals at grids spanning over the various agro zones of Pakistan. The current

approach used in this study has obvious proximity to the natural behavior of historical

and projected climates than previous studies, which were generally based on historical

aridity zones.

3.2 Data and methods

3.2.1 Observed, baseline and projected data

The daily data of temperature (maximum and minimum) and precipitation was

acquired from 49 meteorological stations of PMD for the period (1971–2000) as shown

in figure 2.2. The selection of weather stations has been carried out to include diverse

agro-climatic zones of Pakistan as already classified by (Haider and Adnan, 2014). The

output data is accessed from a dynamically downscaled regional climate model from

CORDEX–SA under two RCPs (4.5 and 8.5) for the same parameters described above

with a spatial resolution of 0.5° ×0.5° for the projected 21stcentury (Taylor et al., 2012;

Meinshausen et al., 2011). The CMIP5 of Atmosphere-Ocean coupled General

Circulation Model (AOGCM) was developed in collaboration withthe IPCC Fifth

Assessment Report (IPCC, 2013). The climate change impacts and adaptation strategies

at a small scale depends upon the resolution and biasing of the models. CORDEX–SA is

used high-resolution data sets (approximately 50km) from the 10 models to develop the

daily scenarios under CMIP5 to identify the climate change projections for the

21stcentury over a region (Waheed et al., 2017).
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The RCMs use the lateral boundary condition of AOGCMs to identify the

variation both spatially and temporally much smaller scale. These RCMs help to resolve

the topography, coastal line, and land surface details that are helpful for decision-makers

of adaptation and impact assessment (Flato et al., 2013). The selection of boundary

conditions and RCM are strongly influenced the geographical distribution of seasonal

precipitation and surface air temperature of land areas in South Asia (Sanjay et al., 2017a;

Sanjay et al., 2017b). Here, we divided the projected data of future climate for the time

slices (1971–2000), (2011–2040), (2041–2070) and (2071–2100), respectively after

(Haider and Ullah, 2020).

3.2.2 Quality control and bias correction

R-ClimDex (1.0) was used to check the quality control of daily observation data

obtained from 49 meteorological stations of PMD as shown in Table 2.1 (Zhang et al.,

2004). The same method and criteria were earlier used by Haider and Ghaffar (2018).

The missing data was sorted out for each of the stations and those stations were selected

who has less than 5% of missing data in thirty years. We identified the outliers and set to

missing using 3×standard deviation criteria for maximum and minimum temperature to

determine the extreme values. Moreover, the daily values of the monthly maxima of

precipitation were compared with the monthly climatic normal of Pakistan to identify the

precipitation outliers by setting the upper limit threshold. The biases of regional climate

models for different variables were adjusted using the quantile mapping approach and the

best method was adopted that showed the least bias to investigate the classes

(Gudmundsson et al., 2012; Haider and Ullah, 2020).

3.3Description of well–known aridity indices
Haider and Adnan (2014) have used five well-known aridity indices known

asThornthwaite’s Precipitation Effectiveness Index,De Martonne’s Aridity

Index,UNESCO Aridity Index, Thornthwaite’s Moisture Index, and Erinc Aridity Index,

respectively for classification and assessment of aridity over Pakistan. Description of

each index is given as under:
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3.3.1 De Martonne’s aridity index

De Martonne’s (1926) derived a methodology for determiningthe aridity index (AI)

of an area by using the equation given below;

�� � �
�
� �
����

� ��h
����

� (3.1)

where Prepresents annual mean precipitation (mm), Tindicates annual mean

temperature (°C), pis precipitation for driest month (mm) andtis mean temperature for the

driest month (°C).

As perAI values, De Martonnedivided climate into six classessuch as arid, dry

sub-humid,semi-arid, very humid,and humid(Table 3.1).

Table 3.1 Classification of dryness based on De Martonne’s Aridity Index.

Sr. No. AI Values Climate Class
1 < 5 Arid
2 5–12 Semi-arid
3 12–20 Dry Sub-humid
4 20–30 Wet Sub-humid
5 30–60 Humid
6 > 60 Very Humid

3.3.2 Thornthwaite’s precipitation effectiveness index

Thornthwaite (1931) divided the climatic regions into six groups such as arid, dry

sub-humid, humid, semi-arid, and very humid using the precipitation effectiveness index

(PE) that is calculated from the monthly precipitation and temperature (Table 3.2). The

index is given as;

�㆘ �댳䁤�ꀀ � �
댳��� ��h �� ����� ሺ �������� (3.2)

wherePrepresentsmonthly precipitation (inches), Tindicates mean temperature

(°C)andnis the number of months (1 to 12).
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Table 3.2 Classification of the climatic regions based on Thornthwaite’s precipitation

effectiveness index.

Sr. No. PE Index Climate Class
1 < 16 Arid
2 16–31 Semi-arid
3 32–63 Dry Sub-humid
4 64–99 Wet Sub-humid
5 100–127 Humid
6 > 128 Very Humid

3.3.3 Thornthwaite’s moisture index

The methoddefined in the modified Thornthwaite approach (1948), used by

Reddy and Reddy (1973) for climatic division of India and Africa was utilized to

bifurcatedifferent climatic characteristics of Pakistan. Similar weights were used for both

humid and arid–termswith uniform limits on wet and dry sides of the scale, as prescribed

in the modified Thornthwaite approach (Reddy and Reddy, 1973). Moisture index is

calculated using annual mean precipitation andannual mean potential evapotranspiration

as;

�� � �tሺ㆘���
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where,Imrepresents moisture index (%), R is annual mean precipitation(mm)andETo is

annual mean potential evapotranspiration (mm).The deviation ofIm represents dry and wet

climatic zones. Reddy andReddy(1973) calculated the moisture limits of large climatic

zones further into 8classesranging from hyper-arid to very humid (Table 3.3).

Table 3.3 Broad-scale climatic zones based on the moisture index.

Sr. No. Moisture Index (Im,%) Climate Class
1 <–90 Hyper Arid
2 –90 to –80 Arid
3 –79 to –56 Dry Semi-Arid
4 –55 to –26 Wet Semi-Arid
5 –25 to 0 Dry Sub Humid
6 1 to 20 Wet Sub Humid
7 21 to 50 Humid
8 >50 Very Humid
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3.3.4 UNESCO aridity index

The UNESCO (1979) proposed a method for aridity mapping from the ratio of

precipitation (P) to potential evapotranspiration (PET).Five climatic regions are known

asarid, hyper-arid, semi-arid, humid, and dry sub-humid as indicated inthe UNESCO

Aridity index as shown in Table 3.4.

�� � �
㆘��

(3.4)

WhereAIrepresents aridity index, Pindicates precipitation (mm), ETo is potential

evapotranspiration as suggested by Penmen’s formula (mm).

The UNESCO system is useful because of its simplicityin both conceptual and

operational purposes. It is based on only two parameters which define aridity. Low

precipitation (P) and high evapotranspiration rate (ETo) regions represent warm arid

zones,implyinga low-value aridity index (Table 3.4).

Table 3.4 Classifications of climate regions based on UNESCO aridity index.

Sr.No. AI Values Climate Class
1 < 0.03 Hyper Arid
2 0.03–0.2 Arid
3 0.2–0.5 Semi–arid
4 0.5–0.65 Dry Sub–humid
5 >0.65 Humid

3.3.5 Erinc aridity index

Aridity index was calculated by Erinc (1996) using the ratio of total annual

precipitation (P) withthe annual mean maximum temperature (Tmax).Six climatic zones,

arid, semi-arid, hyper-arid, very humid,dry sub-humid and humid as suggested by Erinc

Aridity index (Table 3.5).

�� � �
��tꀀ

(3.5)

Where, Imis defined asthe aridity index, Prepresentsthe annual total precipitation

(mm) andTmaxisthe annual mean maximum temperature (°C).
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3.3.6 Modified Penman-Monteith method

This method is very suitable for all the regions of the world because of its

accuracy for the determination of ETo than other methods. FAO–Penman equation shows

better performance than the rest of the methods for both arid and humid climates. This

method explains a small deviation from the annual observed evapotranspiration data over

Pakistan (Chaudhry and Rasul, 2004). ETo is calculated using the Penman-Monteith

combination as mentioned in equation 3.6.
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Where, ETo is the reference evapotranspiration (mm/day); Rn: net radiation at the

crop surface (MJm–2/day); G: soil heat flux density (MJ m–2/day); T: mean daily

temperature at 2 m height (°C); u2:wind speed at 2 m height (m/sec); es: saturation vapor

pressure (kPa); ea: actual vapor pressure (kPa); es–ea: saturation vapor pressure deficit

(kPa); Δ: slope of vapor pressure curve (kPa°C–1); γ: psychrometric constant(kPa°C–

1)=0.665 x10–3P, where P is atmospheric pressure (kPa).

Table 3.5 Classifications of the climate regions based on the Erinc aridity index.

Sr.No. Im Values Climate Class

1 < 8 Hyper Arid

2 8–15 Arid

3 15–23 Semi-arid

4 23–40 Dry Sub–humid

5 40–55 Humid

6 > 55 Very Humid

The ETo depends on different types of observational data and helps to determine

the water demands of a region.This recommended method is a good tool to eliminate the

shortcomings of the previous FAO–Penman method and provides more consistent results.

Reddy and Reddy (1973) indicated some changes to Thornthwaite’s formula

(1948) to develop consistent types known as“Modified Thornthwaite’s Approach”. In this

methodology, the soil parameter was excluded in the calculation of moisture index using
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PET and precipitation(P). In this study, baseline crop evapotranspiration (ETo) is used for

better results in conjunctionwith natural vegetation.

3.4Moisture index calculation:
Direct estimation of reference crop evapotranspiration (ETo) is difficult from

meteorological. However, various methods are used to calculateETo around the world.

We have used above mentioned FAO–Penman-Monteith (PM) equation i.e. modified

Penman-Monteith method to calculate ETo, as it is considered the best method regardless

of the climate of a region (Allen et al., 1998; Rasul and Mahmood, 2009; Adnan et al.,

2017, 2019).

The moisture index (MI) equation is used to identify different agro-climatic

regions. It is defined as the ratio between surplus or deficit of rainfall to ETo. The MI

equation was used earlier to classify the country in different agro-climatic zones and was

found to be the best among the five latest aridity indices (Haider and Adnan, 2014).

Table 3.6 Various agro-climatic zones of Pakistan based on moisture index (MI)

Agro-climatic Zone Symbol MI Limits (%)
Extremely Arid Ae <–90.0
Arid A –90.0 to –80.0
Dry Semi-Arid SAd –79.9 to –56.0
Wet Semi-Arid SAw –55.9 to–26.0
Dry Sub Humid SHd –25.9 to 0.0
Wet Sub Humid SHw 0.1 to 20.0
Humid H 20.1 to 50.0
Very Humid Hv >50

A recent study shows that it is a good indicator to identify and classify the zones

(Adnan et al., 2017). Moisture index was calculated (Equation 3.7) for observed and

model baseline period (1971–2000) and two RCPs (4.5 and 8.5), each of 30 years’ time

slices, covering the periods (1971–2000), (2011–2040), (2041–2070) and (2071–2100),

respectively.

�� � � ��ሺ㆘���
㆘��
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We have identified eight agro-climatic zones over Pakistan based on the

precipitation and evapotranspiration climatological data (Table 3.6).

Using kernel smoothing density (KSD) function, PDFs of precipitation and

temperature (maximum, minimum) were determined in different agro-climatic zones of

Pakistan. The KSD determines the estimate of probability density in the variable of a

sample (Wand and Jones 1995).

3.5Results and discussions

3.5.1 Variations in agro-climatic zones

Based on both observed and bias-corrected model baseline data for the period

(1971–2000), the agro-climatic classification was carried out by using the aridity index

known as “moisture index” MI (%),to delineate diverse agro-climatic zones over Pakistan.

It was identified that patterns of aridity over various agro-climatic zones, as shown by the

model data, seemed to be similar as in the case of observed data. Hence, it has been found

that the bias-corrected model data well captured the observed climatology and was,

therefore, used for future projection of shifts and variations in various agro-climatic

zones over Pakistan under the RCP4.5 and RCP8.5, respectively.

Based on observational data, the result shows that most of the central and

southern parts of Pakistan lie between arid to extremely arid (almost 55%); in semi-arid

(around 28%), and humid (approximately 17%) climates. However, using model data,

small changes in semi-arid and humid regions were seen, wherein, semi-arid increased

and humid areas decreased by 3% (Fig. 3.1).

We divided the whole period into three-time scales i.e. near, mid and far future.

The analysis of aridity over various agro-climatic zones in Pakistan has been conducted

for these three-time slices under two RCPs (4.5 and 8.5) as shown in Fig. 3.2 and 3.3.

Under both RCPs for the near future, it has been expected that the projected extremely

arid to an arid zone has been enhanced by 4% and humid area has been decreased by 5%

of the observed period (1971–2000). For RCP 4.5 during mid future, it has been indicated

that extremely arid to arid region may remain the same as compared to the baseline

observed period (1971–2000).
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Fig. 3.1 Comparison of agro-climatic zones by using a) observed and b) bias-corrected

model baseline data for the period (1971–2000) over Pakistan.
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Fig. 3.2 Comparison of agro-climatic zones a) 2011-2040 b) 2041-2070 c) 2071-2100

based on RCP4.5 and RCP 8.5 over Pakistan.
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Table 3.7 Variation and shifts in Agro-climatic zones of Pakistan under RCP 4.5 and

RCP 8.5 Scenarios.

Fig. 3.3Percentage change in four major agro-climatic zones during 2011-2100 based on

RCP4.5 and RCP 8.5 over Pakistan.

The results have also shown a projected 9% increase in extremely arid and 8%

decrease in the arid zone, respectively. Furthermore, the projected semi-arid region has

increased by 4% and the same amount of decrease is projected in the humid region.

Similarly, in the case of RCP 8.5, results have shown a 1% increase in the extremely arid

region, and the same decrease is found in the arid region; while a 4% increase in

projected semi-arid and decrease in projected humid region has also been noticed.The

results show that almost a 4% decrease in humid and 1% decrease in both extremely arid

and arid zone has been expected during the far future under RCP 4.5; whereas, a

projected increase of 8% has been identifiedin semi-arid region. Similarly, extremely arid
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regions have increased by 1% and semi-arid regions by 8%; whereas, arid and humid

regions have decreased by 6% and 4% under RCP 8.5 for the far future, respectively.

Based on the above results, it has been identified that projected humid and

arid zones have decreased in all the time slices (Table 3.7); whereas, there are small shifts

in projected extremely arid and semi-arid zones (Table 3.7). However, the changes in

projected semi-arid zones are more prominent. The major changes were identifiedin

extremely arid and semi-arid zones atend of this centuryover Pakistan. The projected

increase in semi-arid zones would be beneficial for the farming community as well as the

water and agriculture sectors of the region to carry out climate-smart agricultural

activities for sustainable development.

3.5.2 PDF based analysis

The PDF-based analysis was conducted for daily maximum and minimum

temperature as well as precipitation over different agro zones in Pakistan for baseline

(1971–2000) and RCPs emission scenarios spanning over period (2011–2100), as shown

in (Fig. 3.4).

3.5.2.1 Shifts in Tmax (°C)

Analysis of Tmaxkurtoses has revealed the highest positive changes (0.3 units)

over the extremely arid zones in the near term and over the arid zones at the end of this

century under both RCPs (4.5 and 8.5), respectively. The highest negative changes (0.3

units) in Tmaxkurtoses have been noticed over the extremely arid and arid zones in the

mid and near future under RCPs (4.5 and 8.5), respectively. Positive shifts in the

Tmaxkurtoses have projected infrequent extreme deviations in daytime over the

extremely arid and arid zones in the near and far future under the RCP4.5 and the RCP8.5,

respectively. Negative shifts in Tmaxkurtoses project comparatively frequent and

moderately deviated during the day over the arid zones in near future under the both

RCPs. However, no prominent changes in Tmaxhave been observed over semi-arid and

humid zones under the RCPs(4.5 and 8.5).

Analysis of 10thpercentile of Tmaxhas depicted the highest negative changes of

0.3°C and 0.2°C in the near terms over the arid zones and the humid zones under RCPs



70

(4.5 and 8.5), respectively. The highest positive changes of 3.5°C in the 10thpercentile of

Tmaxhave been noticed over the semi-arid zones in the mid and far future under the same

RCPs. Negative shifts in the 10thpercentile of Tmaxproject conversion of the arid and the

humid zones towards relatively colder areas in near future, whereas positive shifts in the

10th percentile of Tmaxproject expansion of semi-arid regions towards warmer areas in

mid and far future under the RCPs (4.5 and 8.5). Moreover, negative shifts in the

frequency of relatively cold days are higher in near future over arid and humid areas

under the same scenarios, respectively. Furthermore, positive shifts are observed in

frequencies of slightly colder days in the mid and far future over the semi-arid zones

under the RCPs (4.5 and 8.5).

Analysis of Tmax median has depicted the highest negative changes of 0.8°C and

1.1°C in the near term projections of the arid zones under both RCPs (4.5 and 8.5),

respectively. The highest positive change of 3.9°C and 5.1°C in the Tmax median have

been noticed for the far future over the semi-arid and the arid zones under RCP8.5.

Negative changes in the Tmax median show relatively warmer daytime regions (> 50%)

are likely to shift towards cold daytime region in arid zone in near term future under both

RCPs. Similarly, positive changes in daytime colder arid and semi-arid region shifts

towards warmer daytime regionsfor the far future under RCP8.5.Similar negative changes

in the frequency of cold median days were observed in near future over arid zones under

both RCPs. Furthermore, the positive changes in the frequency of relativelywarmer

median days for the Tmax median project are observed over semi-arid and arid zones for

the future under RCP8.5.

Analysis of the 90thpercentile of Tmaxhas depicted a negative change of 0.2°C in

the near future over humid zones under RCP4.5. The highest positive changes (4.4°C

increase) in Tmax(90thpercentile) have been noticed over arid zones at the end of this

century under RCP8.5. The negative shift of Tmax(90thpercentile) represents a translation

of the humid zones towards less extreme daytime temperature regions in the near future

under RCP4.5. The positive shift in the 90thpercentile of Tmaxrepresents the extension of

arid zones towards higher extreme daytime temperature areas atthe end of this century

under RCP8.5. Furthermore, a negative shift of Tmax(90thpercentile) over the humid

zones also shows low frequencies in extreme daytime temperatures in near future under
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the RCP4.5. This may also attribute to more daytime cloudiness and lesser sunshine

hours over the humid zones during the same period. Positive shift in Tmax(90thpercentile)

over arid zones also shows high frequencies of extreme daytime temperatures atthe end

of this century under RCP8.5.

The mean of Tmaxhas depicted the highest change (negative) over the arid zones

with a decrease of 0.4°C in near future under the RCP4.5. The highest positive changes in

mean Tmaxhave also been noticed over the arid zones with a 5.1°C increase at theend of

this century under RCP8.5. Negative and positive changes (mean Tmax) over arid zones

show cold and warm shift in average daytime extremes in the near future and at the end

of this century under RCPs (4.5 and 8.5), respectively.

The analysis on a standard deviation of Tmax has displayed the highest positive

changes over arid zones with an increase of 0.3°C in the near and the midterm projections

under the RCP4.5. Decreases in the standard deviations of Tmaxhave also been noticed

over the semi-arid zones with the highest decrease of 0.6°C in the midterm projections

over the extremely arid zones and in near future under RCP4.5. Positive in standard

deviation of the Tmaxshows higher inconsistency and more meteorological extreme

occurrences over the arid zones in near and mid future, whereas negative shifts describe

more stable climate in near and mid future over semi-arid and extremely arid zones under

RCP4.5, respectively.

All agro-climatic zones show negative skewed for Tmaxwith different magnitude

for all future projection periods. Analysis of the skewness of Tmaxhas indicated extreme

maximum positive change (with a magnitude of 0.1 units) over extremely arid zones in

the near future under RCP4.5. Similarly, extreme maximum negative change (with a

magnitude of 0.3 units) of Tmaxhas been noticed over the arid zones in the near and mid

future under RCPs (4.5 and 8.5), respectively. Negative skewness of Tmaxshows positive

changes in daytime temperatures over extremely arid zones may proceeds towards

warmer daytime temperatures in the near future under RCP4.5. Moreover, the same

skewness shows negative changes in daytime temperatures over arid zones may lead

towards milder daytime temperature regions in both the mid and near future under the

RCPs (4.5 and 8.5), respectively.
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Fig. 3.4 PDFs of Tmax(°C) over different agro-climatic zones in Pakistan under baseline

and model RCP’s emission scenarios. Vertical colour coded lines indicate the 10th,

50thand 90thpercentiles of the respective zone and scenario.

3.5.2.2 Shifts in Tmin(°C)

PDF analysis was also conducted for minimum temperature (Tmin) (Fig. 3.5).

The kurtoses analysis of Tminrevealed extreme highest positive changes (with a

magnitude of 0.6 units) over humid zones in the mid future projections under RCP4.5.

The highest negative changes of the Tminkurtoses have been noticed over the semi-arid

and arid zones both with magnitudes of 0.1 units in the near future under the RCPs (4.5

and 8.5), respectively. Positive shifts in the Tminkurtoses show the highest variation over

humid zones in mid future projections under RCP4.5. Moreover, the negative shifts in the

Tminkurtoses project comparatively persistent and slightly deviated over semi-arid and

arid zones in nocturnal regimes for the near future under the RCPs (4.5 and 8.5),

respectively.
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It has been indicated through analysis of Tmin(10thpercentile) that the highest

positive changes (with 5.8°C increase) occur over the night time in the arid zones for the

far future under the RCP8.5. The highest negative changes of Tmin(10thpercentile) have

been noticed over the nocturnal regime of humid zones with a 1.2°C decrease in the near

future projections under RCP4.5. Positive shifts of Tmin(10thpercentile) identify

expansion of the arid zones towards nocturnally warmer regions for the far future under

RCP8.5. Negative and positive shifts of Tmin(10thpercentile) shows humid and arid zones

translation towards nocturnally milder areas and lower frequency of cold nights in near

and far future under RCPs (4.5 and 8.5), respectively. Furthermore, negative shifts of

Tmin(10thpercentile) reveals a high frequency of colder nights over humid zones in near

future under the RCP4.5.

The extreme highest change i.e. negative (1.7°C) and positive (6.4°C) of

Tminmedian observed over humid and arid regions in the near and far future under

RCPs(4.5 and 8.5), respectively. These changes (more than 50%) in arid areas show

relatively warmer nights to colder nights in near future under RCP 4.5 and colder nights

to warmer nights over the humid zone for the far future under RCP8.5.Moreover, no

negative shifts were observed at any agro-climatic zones at the 90thpercentile of Tmin,

whereas significant positive shifts with an extreme change (6.5°C) was observed over

extremely arid zones as well as atthe end of current century projections under the RCP8.5.

This change indicates a high frequency of extreme night time temperature over arid in

near future and extension of nocturnal temperature over extremely arid zone at the end of

the current century under RCP 8.5.The mean Tmin has indicated variability

(positive/negative) in magnitude over the zones under the projected period. The extreme

negative (0.7°C) and positive (5.9°C) change has been observed over the humid and arid

zones in the near future and far future under the RCPs (4.5 and 8.5), respectively. These

changes (negative/positive) in mean Tmin show cold and warm shifts in nighttime

extremes over humid and arid zones in the near future and far future under the RCPs (4.5

and 8.5), respectively. Similarly, the highest negative (0.4°C) and positive

(1.4°C)departure of Tmin standard deviationwas observed over semi-arid and humid

zones in the near future and far future under RCPs(4.5 and 8.5), respectively.
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Figure 3.5 PDFs of Tmin (°C) over different agro-climatic zones in Pakistan under

baseline and model RCP’s emission scenarios. Vertical colour coded lines indicate the

10th, 50th, and 90thpercentiles of the respective zone and scenario.

The positive shifts indicate high variance and occurrence of night time

meteorological extremes over humid areas, whereas negative shifts show more stable and

persistent nocturnal climate over the semi-arid region.

The skewness of Tminis also negative same observed for Tmaxskewness. The

results show that extreme negative and positive change of 0.2 units in Tminskewness was

observed in extremely arid and arid zone atthe end of this century under RCP 8.5,

respectively. These changes of Tminmay tend to moderate nighttime temperature in

extremely arid zone, whereas the positive change in negative skewness concentrate

towards warmer night time temperature atthe end of this century in arid zone under

RCP8.5.
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3.5.2.3 Shifts in precipitation (mm)

The PDFs for precipitation were also calculated and analyzed over the same agro

regions of Pakistan under both RCP’s (Fig. 3.6). We have discussed only the prominent

changes observed in these agro-climatic zones. The kurtosis of precipitation shows

extreme negative (-324) and positive (31000) change in arid and semi-arid zones at the

end of the century under RCP 4.5 respectively (Fig. 3.6b). Precipitation kurtosis's

negative shift suggests fewer and less extreme heavy precipitation occurrences over the

arid zones, whereas positive shifts lead to high occurrences of extreme precipitation over

semi-arid zones at the end of the century under RCP 4.5 (Fig. 3.6c).

No significant changes in 10thpercentile and median of precipitation were

observed throughout the agro-climatic zones, which depict light precipitation under both

RCPs. The precipitation (90thpercentile) displays both changes (positive and negative) of

1mm/day with extreme positive changes over humid and semi-arid zones in the near

future under RCPs(4.5 and 8.5), respectively. The precipitation shifts (negative and

positive) of 90thpercentile depicts contraction of the humid zones towards regions with

less frequent extreme precipitation and extension of semi-arid zones towards higher

extreme precipitation regions in the near future under RCPs(4.5 and 8.5),

respectively.The highest mean precipitation variability was observed over the humid

zones under both RCPs (4.5 and 8.5). The extreme negative (-0.2mm/day) and positive

(0.4mm/day) change in mean precipitation was observed in humid zones in the near and

mid future under RCPs (4.5 and 8.5), respectively. These changes in mean precipitation

show dry (negative) and wet (positive) in average precipitation over humid zones in the

near and mid future under RCPs(4.5 and 8.5), respectively.

The standard deviation of precipitation shows maximum positive (3.6mm/day)

and negative (-0.5mm/day) over semi-arid and arid zones at the end of this century and

near future under RCPs (4.5 and 8.5), respectively. The positive shifts depict the high

probability of occurrence of extreme hydro-meteorological events and higher variances at

the end of the century over the semi-arid region, whereas negative shifts indicate more

stability and persistence in precipitation occurrence in near future over arid zone under

RCPs (4.5 and 8.5), respectively.
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Fig. 3.6PDFs of daily precipitation (mm) over different agro-climatic zones in Pakistan

under baseline and model RCP’s emission scenarios.

Distributions of precipitation in the projections are skewed both wet and dry over

agro-climatic zones of Pakistan. The extreme highest positive (108 units) and negative (-

4 units) change in the skewness of precipitation have been observed over semi-arid and

arid zones at the end of this century under RCP4.5, respectively. The positive shifts in

precipitation skewness indicate that semi-arid zones may protract towards heavy

precipitation regions and negative shifts depict contraction of arid zones towards lighter

precipitation regions at the end of this century under RCP4.5.
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Chapter 4

Spatiotemporal variability of seasonal crop water
requirement for 21stcentury over agro–climatically

diversified region of Pakistan



78

4.1Introduction
In South Asia, Pakistan is an agro–climatically diversified region with diverse

topography, landscape, geography, and highly variable agro-based climate (Haider and

Ghaffar, 2018; Kazmi et al. 2015; Haider and Adnan, 2014). Almost 51% of the total

land area of Pakistan lies between extremely arid to arid, 31% in semi-arid, and 18% in

humid climates (Adnan et al., 2017). Most of the southern parts of Pakistan lie between

extremely arid to arid climate and frequent droughts are observed with greater intensity

(Adnan et al., 2015). In rainfed areas of the arid zone, seasonal crop remains vulnerable

and leads to enhance the crop failure risk. The latitudinal precipitation varies from south

to north in Pakistan i.e. from low to high, but no significant increase has been observed in

southern Pakistan (Hanif et al., 2013). The observed CWR is very high in the southern

parts of Pakistan and crops cannot be cultivated under rainfed conditions (Ghazala and

Mahmood, 2009).

The temperature is a key factor that controls the climate of a region. A significant

increase in annual mean temperature has been observed over the globe (Hansen et al.,

2012). According to the 5thAssessment report (AR–5), global surface temperature has

increased by 0.65–1.06°C during 1880–2012 and it is expected that average global

temperature will be 1.5–2.0°Chigher during 2081-2100 relative to 1850–1900.

Furthermore, this rate of increase is 0.12°C per decade since 1951 (Solomon, 2007;

Stocker, 2014). According to Del Rio et al. (2012), an increase of 0.36°C per decade has

been experienced during 1952–2009 over the mean annual temperature in Pakistan.

Many studies have been conducted to identify the spatial and temporal pattern of

climate variability over the globe (e.g., Chattopadhya and Hulme, 1977; Georgaidi et al.,

1991; Iglesias et al., 1994; Feddema, 1999). Impacts of climate change could be seen

over the food production, quality, and supply of the agricultural products; besides, the

crop growth and water demands would also be impacted due to climate change (Wheeler

and Von Braun, 2013;Saadi et al., 2015; Wang et al., 2016).

Water availability for seasonal crops is a big challenge over the globe especially

in arid regions of Pakistan. Groundwater is depleting whereas the farmers are using

excess water for irrigation by the old conventional method. Climate change impacted

significantly over hydrological variables (such as runoff, soil moisture,
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evapotranspiration (ET), and groundwater) over the globe (Bultotet al., 1988). CWR

depends upon ET which is influenced by meteorological parameters (such as air

temperature, solar radiation, vapor pressure/humidity, and wind speed (Isikwue et

al.,2014, Adnan et al., 2018). In this chapter, we will identify the spatiotemporal

variability and change in projected water requirement (WR) of seasonal crops for Rabi

and Kharif over the Pakistan region during the 21stcentury. Future crop water demands

would help to design the irrigation schedule and assist the agriculturists and water

resource managers to plan under the 21stcentury climate change scenarios.

4.2 Data and methodology

4.2.1 Observed, baseline and projected data

The daily observed data for temperature (maximum, minimum), precipitation, and

other variables used in this study, was acquired from PMD for 49 meteorological stations

for the baseline period (1971–2000) as shown in figure 2.2. The selection of

meteorological stations has been carried out to include all agro-climatic zones of Pakistan

as already classified by Haider and Adnan (2014). R-ClimDex (1.0) software was used to

check the quality control over the 49 observational meteorological stations of PMD

(Zhang et al., 2005).

Dynamically downscaled regional climate model output dataset from CORDEX

for South Asia, for RCPs i.e. RCP4.5 and RCP8.5 has been acquired for daily

temperature (maximum, minimum), precipitation and other variables used in this study

for the baseline period of (1971–2000) and the three future time slices already above-

mentioned. The CORDEX South Asia dataset comprises dynamically downscaled

projections and scenarios of high–resolution i.e. 0.5°(~50 km × 50 km)for past and future

climates at the regional level that are derived from the AOGCM runs conducted under the

CMIP5 (Taylor et al., 2012; Meinshausenet al., 2011). Swedish Meteorological and

Hydrological Institute (SMHI–RCA4) simulated both temperature and precipitation in

comparison with the observations driven by EC–EARTH global climate model (Iqbal et

al., 2017).
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4.2.2 Bias correction using quantile mapping

We have used the quantile mapping approach to adjust variables biases

empirically originating from regional climate model RCA4 simulations. Parameters of

different quantile mapping methods were identified and the most appropriate method for

quantile mapping based on least biases were selected and executed (Gudmundsson et al.,

2012).

4.2.3 Calculation of EToand crop water requirement

FAO Penman-Monteith equation was used to determine the evapotranspiration

(ETo) as mentioned above in equation 3.6. CWR is normally denoted by ETcrop and can be

accessed as the following relationship.

㆘��t�h � �� � ㆘�� (4.1)

WhereKc is the crop coefficient and ETo is reference evapotranspiration.

Fig. 4.1 Annual cycle of crop coefficient (Kc) for the normal duration of seasonal crops

(emergence to maturity) (Rasul, 1993; Farooqi and Rasul, 1995).

Crop coefficient (Kc) values become greater than 1 during the reproductive stage

and remain less than 1 at the early stage of crop and maturity level. The annual cycle of

monthly Kcvalues are shown in given in Fig. 4.1. These Kc values can be used to

determine the CWR of various seasonal crops like Rabi (Wheat), Kharif (Cotton, Maize,

and Rice) as the phenological phases (emergence to full maturity) vary in the country.

Monthly, seasonal and annual trends of CWR were calculated using the Mann Kendall

test (Mann, 1945; Kendall, 1975, 1977), whereas the trend magnitude was calculated by

Sens’s Slope test (Sen, 1968; Sen, 2008). These tests were performed at 95% confidence
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level. These tests were performed earlier to determine the trend and its magnitude for

precipitation and temperature over Pakistan (Adnan et al., 2016).

4.3Results and discussions

4.3.1 CWR projections for Rabi

The 21st century i.e. (2011–2100) CWR was calculated for Rabi season (October-

April) over the Pakistan region under RCPs (4.5 and 8.5). Under RCP4.5, the CWR

projections for Rabi season are very high for near, mid, and far future over most of the

southern parts of Pakistan, especially in the Sindh i.e. (an administrative region of

Pakistan), where it is greater than 700mm. Projected CWR is less than 600mm over most

of the western and extreme northern parts of Pakistan.

Results have depicted no major variation in future CWR over northern parts and it

would remain favorable to cultivate Rabi crops (Fig. 4.2).Under RCP8.5, the CWR would

be high (spatially) for mid and far future over southern Pakistan encompassing the three

administrative regions i.e. Sindh, southern Punjab, and Balochistan (Fig. 4.2).The

increased and decreased spatial variability in temperature and precipitation respectively is

the major reason for high water demandsover most of the region. This increase in future

CWR would put pressure on groundwater resources and irrigation demand to fulfill the

water demands at a satisfactory level.

4.3.2 CWR projections for Kharif

Kharif season starts in May (the hottest month of the year) and ends in September.

This period comprises hot and humid characteristics and water demand is very high for

crops that are cultivated in this season. The projected CWR is high i.e. (> 900mm) over

most of the central and southern parts of Pakistan during the Kharif season in near future

i.e. (2011–2040). This demand becomes high for most of the stations located in the

central and southern parts of Pakistan during the mid and far future for both RCPs (4.5

and 8.5), respectively. Most of the stations lying in the four administrative regions of

Pakistan i.e. Punjab, Sindh, Balochistan, and southern KP, require high water demands

for crops (Fig. 4.3). The high increase in temperature and ET raise the water losses from

the ground to the atmosphere and ultimately affect the agricultural activity and crop yield.

These regions lie in arid to semi-arid climates and therefore, may lose their agriculture

potential in the mid and far future.
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Fig. 4.2 CWR (mm) for Rabi season a) 2011-2040 b) 2041-2070 c) 2071-2100 over

Pakistan region under RCPs (4.5 and 8.5).
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Fig. 4.3 CWR (mm) for Kharif seasona) 2011-2040 b) 2041-2070 c) 2071-2100 over

Pakistan region during (2011–2100) under RCPs (4.5 and 8.5)
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Fig. 4.4 Annual CWR (mm) over Pakistan a) 2011-2040 b) 2041-2070 c) 2071-2100

region during (2011–2100) under RCPs (4.5 and 8.5).



85

4.3.3 Annual CWR Projections

Annual CWR was also calculated for the 21st century over the Pakistan region.

Projected annual CWR remains very high (>1650mm) over most of the southern parts of

Pakistan in near future.Projected annual CWR has spatially increased over southern and

central parts of Pakistan encompassing the four administrative regions i.e. Punjab, Sindh,

Balochistan, and southern KP during the mid and far future for both RCPs (4.5 and 8.5),

respectively (Fig. 4.4).This increase would enhance the crop irrigation demand that

would put pressure on the water resources of the region.

4.3.3 Annual and seasonal departures of projected CWR

4.3.4.1 Under RCP4.5

Seasonal and annual departure (%) of projected CWR was calculated for those

stations lying in northern and southern partsof Pakistan under RCP4.5 during (2011–2100)

(Fig. 4.5). Analyses were conducted to identify the maximum possible variations in

seasonal and annual CWR under RCP4.5during near, mid, and far future for stations

located in northern and southern parts of Pakistan. The analysis for Rabi season, based on

future departure (%)data under RCP4.5 has identified the highest increase in CWR

(i.e.10.0%, 9.6%, and 11.3%) for Parachinar station; whereas, the highest decrease in

CWR (i.e. –17.0%, –14.6% and –14.0%) is projected for Islamabad station for near, mid

and far future, respectively (Fig.4.6a). Similarly, for Kharif season, the highest change in

CWR (i.e.18.8%, 20.3%, and 20.9%) is projected for Barkhan station and the highest

decrease in CWR (i.e. –6.8%, –6.1%, and –5.5%) for Islamabad station; whereas, it is

(9.5%, 11.4% and 12.2%) and (–10.8%, –9.5% and –8.8%) annually for near, mid and far

future, respectively (Figs. 4.6b and 4.6c).

4.3.4.2 Under RCP8.5

The analysis based on future departure (%) data under RCP8.5 for Rabi season

has identified the highest increase in projected CWR at Parachinar station (i.e. 6.3%,

10.8%, and 15.5%); whereas, the highest decrease in CWR is projected for Islamabad

station (i.e. –20.9%, –15.6% and –8.3%) for near, mid and far future, respectively(Fig.

4.6a). Similarly, during Kharif season, the highest change in projected CWR are16.6%,
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Fig. 4.5 Seasonal and annual departure (%) of CWR a) Rabi b) Kharif c) Annual over

Pakistan region during (2011–2100) under RCP4.5.

18.1% and 20.3% for Barkhan station and (–5.4%, –5.1% and –1.2%) for Islamabad

station; whereas, it is (9.3%, 11.6% and 14.7%) and (–10.9%, –9.0% and –3.9%)

annually for near, mid and far future, respectively (Figs. 4.6b-c).

Two major system i.e. summer monsoon and western disturbances brings rainfall

during Kharif and Rabi season over Pakistan respectively. Islamabad and Parachinar

receive rainfall both in summer and winter season whereas Barkhan (lies in the center of

Pakistan) receives maximum of its annual rainfall during monsoon season. The

variabilityin spatial and temporal shifts in seasonal (summer and winter) rainfall may

increase/decrease the evaporative demand that ultimately would affect the CWR in 21st
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Fig. 4.6 Seasonal and annual departure (%) of CWR a) Rabi b) Kharif c) Annual over

Pakistan region during (2011–2100) under RCP8.5.

century. The dominancy of western disturbances during Rabiwill decrease the

evaporative demand which would decrease the CWR at Islamabad whereas the CWR at

Barkhan would increase due to a decrease in monsoon rainfall during Kharif season.

4.3.4 Future trends of CWR

Future trends of CWR were calculated for northern and southern partsof Pakistan

both seasonally and annually under the both RCPs (4.5 and 8.5). The overall analysis

shows increasing trends over northern and southern partsas well as over the whole

Pakistan region.
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4.3.5.1 Under RCP4.5

Trends of crop water requirement over the northern part are 465mm to 529mm for

Rabi season, 782mm to 860mm for Kharif season, and 1252mm to 1377mm annually;

whereas, over the southern part of Pakistan, trends are 654mm to 721mm for Rabi season,

885mm to 954mm for Kharif season and 1559mm to 1665mm annually. Similarly, there

are increasing trends of 552mm to 613 mm for Rabi season, 844mm to 913mm for Kharif

season, and 1399mm to 1518mm annually over the whole Pakistan region (Figs. 4.7a-

c).The results depict that projected CWR is very high over southern Pakistan both

seasonally and annually with the maximum change in Rabi season i.e. 190mm.

4.3.5.2 Under RCP8.5

There are similar increasing trends over northern and southern halves as well as

over whole Pakistan such as for RCP4.5. The results show that trends of projected CWR

over thenorthern part are 461mm to 571mm for Rabi season, 796mm to 893mm for

Kharif season, and 1257mm to 1453mm annually (Fig. 4.8a); whereas, trends are 655mm

to 761mm for Rabi season, 890mm to 966mm for Kharif season and 1552mm to 1713mm

annually over southern part of Pakistan (Fig. 4.8b). Similarly, there are increasing trends

of 546mm to 656 mm for Rabi season, 852mm to 938mm for Kharif season, and

1407mm to 1583mm annually over the whole of Pakistan (Fig. 4.8c). The results depict

that projected CWR is very high in southern Pakistan both seasonally and annually with a

maximum change in Rabi season i.e. 193mm.

4.3.5 Significance analysis

Two statistical tests i.e. Mann Kendall and Sen’s Slope tests were performed over

the Pakistan region to identify the significance and magnitude of trends at 95%

confidencelevel during (2011–2100) under RCPs (4.5 and 8.5), respectively (Tables 4.1

and 4.2). The results depict no significant change in monthly, seasonal, and annual CWR

under RCP4.5 over northern and southern parts of Pakistan during the far future i.e.

(2071–2100). Similar results for CWR have also been identified for the midand far future

over the whole of Pakistan. Under RCP4.5, there is a significant increase in maximum

CWR at 95% confidence level i.e. 0.24 mm/dayin August over the northern part of

Pakistan during near future i.e. (2011–2040);
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Fig. 4.7 Trends of change incrop water requirement (mm) over Pakistan during (2011–

2100) under RCP4.5.(* represents that slope is significant at 95% confidence level).

whereas, it hasincreased by 0.22 mm/day in September during the mid future and

decreased by –0.11 mm/dayin March during the near future over the southern part of

Pakistan, respectively (Table 4.1).
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Fig. 4.8 Trends of change in crop water requirement (mm) over Pakistan during (2011–

2100) under RCP 8.5. (* represents that slope is significant at 95% confidence level).

Similarly,a seasonal significant increase in maximum CWR under RCP4.5 is 0.87

mm/day over the northern part and 0.58 mm/dayover the southern part of Pakistan for

Kharif season; whereas, it is 0.43 mm/dayover the southern part of Pakistan for Rabi

season during near future. Furthermore, the annual significant CWR under RCP4.5 is

1.17 mm/dayand 1.05 mm/dayover northern and southern parts of Pakistan, respectively



91

during the near future. Projected CWR has significantly increased over the southern part

of Pakistan by 0.22 mm/day in September; by 0.37 mm/day for Rabi season and by 0.76

mm/day annually during midfuture. Thecountry analysis has identified a monthly

maximum significant increase of 0.24 mm/day in August and an annual increase of 1.05

mm/day, whereas, seasonal projected CWR is 0.42 mm/day for Rabi season and 0.68

mm/day for Kharif season, respectively during near future under RCP4.5 (Table

4.1).Under RCP8.5, a significant increase in maximum monthly CWR is 0.11 mm/day

over the northern part of Pakistan, whereas, it is 0.27 mm/day over the southern part of

Pakistan in January and March, respectively during the near future (Table 4.2). Similarly,

under RCP8.5, a significant highest increase in CWR is projected over the northern part

i.e. 0.56 mm/day in August, and over the southern part of Pakistan i.e. 0.30 mm/day in

March during mid future; whereas, it is 0.35 mm/day in August and 0.21 mm/day in April

during far future over northern and southern parts of Pakistan, respectively.

Seasonal projected CWR analysis under RCP 8.5 shows a significant maximum

increase of 1.03 mm/day for Rabi season and 0.97 mm/day for Kharif season over the

northern part of Pakistan; whereas, it is 0.97 mm/dayfor Rabi season and 0.59 mm/dayfor

Kharif seasons over southern part of Pakistan, respectively during mid future.

Furthermore, the annual significant increase in maximum CWR is 1.74 mm/day and 1.50

mm/dayover northern and southern parts of Pakistan during mid future, respectively. The

analysis for the whole of Pakistan under RCP8.5has identified that monthly maximum

significant increase in CWR is 0.25 mm/day in March during near future and 0.45

mm/day in August during mid future, respectively; whereas, it has increased by 0.27

mm/day in August during far future, respectively. The maximum significant increase in

annual CWR under RCP8.5 is 1.76 mm/day during mid future; whereas, the maximum

significant increase in seasonal CWR is 1.01 mm/dayfor Rabi and 0.75 mm/day for

Kharif seasons, respectively during mid future over the whole of Pakistan (Table 4.2).

Monthly, seasonal and annual analysis shows a significant change in projected

CWR in the near future and mid future under RCPs (4.5 and 8.5), respectively.

Furthermore, the analysis clearly shows that a significant increase in projected CWR over

the southern part is more as compared to the northern part of Pakistan, which will

augment the vulnerability of
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Table 4.1 Significant trends of CWR in Pakistan on monthly, seasonal, and annual basis

during (2011–2100) under RCP4.5.

Table 4.2 Significant trends of CWR in Pakistan on monthly, seasonal, and annual basis

during (2011–2100) under RCP8.5.

seasonal crops during the 21stcentury in Pakistan. Future trends are threatening for

seasonal crop water demands, which may put pressure on soil moisture and water

resources of the region. High demands of CWR would enhance the ET losses from plants.

Southern Pakistan receives low rainfall amounts i.e. (< 250mm); whereas, ET is

already very high in the region. This region is highly vulnerable to drought risk, as the

frequency of intense drought is very high (Adnan et al., 2017). Therefore, it would be

difficult for agriculturists and farmers to grow crops and get the desired yields due to

high future water demands in the region.
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Chapter 5

Conclusions and future work
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5.1 Conclusions:

Based on the assessment of variations in aridity and climatic extremes over agro–

diversified region of Pakistan in changing climate, the following conclusions are drawn:

Both observed and model-based analyses have been shown significant increasing

trends in the mean maximum temperatures over the GB–AJK region in the past. The

observed increase in mean maximum temperature was 1.5°C over Gilgit; whereas, for

Muzaffarabad, it was 1.1°C in the past 54 years. The projected climate has suggested an

increase of 1.4°C in the mean maximum temperature over the GB–AJK region in the next

30 years (by the year 2045). Summer days have shown significant increases in the Gilgit

and Muzaffarabad by 24 days and 18 days, respectively. Moreover, the projected climate

has also suggested an increase of 6 days in the summer days index over the GB–AJK

region in the next 30 years (by the year 2045). This ultimately suggests that winters are

becoming shorter in the GB–AJK region and may continue to follow suit in the near

future.

High confidence is attained through observed and model-based constructions of

the mean maximum temperature index over the KP region. Peshawar has shown a 0.9°C

increase in the past value of the index. Whereas, the future projection for the KP province

has shown a whopping 1.3°C increase in the mean maximum temperature by the year

2045. The warm day's index for Dir station has shown a significant increase of 16 days in

the past whereas, the future projections for KP province have shown an increase of17

days in the warm days index by the year 2045.

Mean minimum temperatures in the Punjab province have shown a significant

increasing trend in the past. The average increase in the mean minimum temperatures was

1.9°C in the Punjab province over the past 54 years. The projected index for the mean

minimum temperature has suggested an increase of1.4°C in the next 30 years (by the year

2045) over the Punjab province. The warm night index in the Punjab province has also

shown a significant increase of 12 nights over the past historical period of 54 years. The

projected value for the index suggests an increase of 25 nights over the next 30 years in

the Punjab province. Such an increasing trend in the mean minimum temperature indices

may cause implications for the food and agriculture sectors in the Punjab province.
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The Sindh province has shown a 1.6°C increase in both the mean maximum and

the mean minimum temperature indices over the past 54 years historical period. Projected

indices for mean maximum temperature suggest an added 1.0°C increase; while, for mean

minimum temperature it suggests a 1.2°C increase over the next 30 years projection

period. The number of heatwave days in Karachi has increased by 8 days over the

historical period; whereas, these are suggested to increase further by 20 days in the next

30 years projection period over the Sindh province. Heatwaves have claimed lives

besides bringing extreme distress among the masses over the Sindh province. A

tremendous projected increase in the heat waves over the province seeks special attention

towards future policymaking.

The mean maximum temperature index in the Balochistan province has shown an

increase of 1.8°C; while, the mean minimum temperature index in the province has

shown an increase of 1.9°C over the past 54 years historical period. Projections suggest a

1.1°C increase in the mean maximum temperature as well as a 1.3°C increase in the mean

minimum temperature in the province over the next 30 years period. Both the observed

and the model-based indices have shown significant increases of 29 days in the tropical

nights; 11 days in the warm days and 10 nights in the warm nights over the past 54 years

historical period. Projected analysis suggests added increases of 16 days in the tropical

nights; 19 days in the warm days and 24 nights in the warm night indices in the

Balochistan province over the next 30 years projected period.

This studyfurther identifies the 21st-century shifts and variations in diverse agro-

climatic zones over Pakistan in the near, mid, and far future coupled with the associated

changes in daily temperature (maximum and minimum) and precipitation based on

simulations by RCA4 CORDEX–SA framework under emission scenarios (RCP4.5 and

RCP8.5). Future projections show maximum change in aridity over extremely arid

zone; –4% in near future; 9% in mid future and –1% at the end of this century under the

RCP4.5. Similarly, projected variation in the semi-arid zone has been noted to be more

prominent under the RCP8.5. Major positive changes have been projected over semi-arid

and humid zones atthe end of this century in Pakistan under the RCPs (4.5 and 8.5),

respectively; which would be coincidentally both catastrophic and beneficial for

sustainable agricultural development in the region. The increase in projected semi-arid
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zones would be beneficial for the farming community as well as the water and agriculture

sectors of the region.

The positive variations in the Tmax median and mean may attribute (more than

50%) to arid zone i.e. relatively daytime cold shift to warmer shifts in average extreme

over arid zone atthe end of this century under RCP8.5. High magnitude changes in Tmin

(90thpercentile) indicate extension of extremely arid zones towards higher nocturnal

temperature zones far-future projections under the RCP8.5. Moreover, the positive shift

in the 90thpercentile of Tmin also represents higher frequencies of extreme nocturnal

temperatures over the arid zones atthe end of this century under RCP8.5. Positive shifts in

precipitation (standard deviation) show a high probability of occurrence in extreme

hydro-meteorological events and higher variances in semi-arid zone atthe end of the

century under RCPs(4.5 and 8.5). These results show temperature distribution and shifts

towards positive and negative for all time scales for observed and based line period under

both RCPs (4.5 and 8.5).

In the light of the IPCC 5thAssessment report (2014) this study finally addresses

the future water demands during the 21st century in different parts of the agro–

climatically diversified region of Pakistan in South Asia. This analysis depicts and

enumerates the impacts of meteorological parameters i.e. (temperature and precipitation)

on seasonal and annual CWR during 2011–2100. Air temperature is a key limiting factor

that influences the water demands of a region to a large extent. Results have shown that

the CWR is continuously increasing over the Pakistan region for both RCPs (4.5 and 8.5)

during the 21stcentury. Projected CWR remains high both seasonally i.e. (for Rabi >

700mm; for Kharif > 900mm) and annually (>1650mm) in central and southern parts of

Pakistan. The maximum change in projected CWR is for Islamabad, Parachinar, and

Barkhan stations lying in the Pakistan region during the near, mid, and far future for both

RCPs (4.5 and 8.5).Results have shown significant changes in projected CWR during the

near future at 95% confidence level on a monthly, seasonal, and annual basis,

respectively. An increase in temperature, sunshine hours, wind speed, and decrease in

relative humidity accelerates ET; which in turn enhances water losses from the surface as

well as crop water demands. This may also increase the drought risk over the agricultural

land of the region, which will ultimately affect the crop yield. Projected variability in the
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meteorological parameters will increase the probability of crop failure in this region.

Therefore, a proper irrigation system along with climate-smart agriculture techniques

would be direly needed to overcome the challenge posed to the region in wake of future

water crisis.

5.2 Future work:
The identification of variations in aridity and climatic extremes over the agro–

diversified region of Pakistan in changing climate has always been a big problem for

researchers and national meteorological and hydrological departments around the world.

The temperature and precipitation uncertainty makes it more difficult to project these

variations and extremes. This dissertation identifies the trends in core climate indices

with the help of ETCCDI over different provinces of Pakistan. It further identifies

historical and projected shifts in agro-climatic zones and associated variability in bias-

corrected RCA4 CORDEX South Asia daily temperature and precipitation extremes over

Pakistan. Moreover, it investigates the spatiotemporal variability of projected 21st century

seasonal CWR over the agro–climatically diversified region of Pakistan. However, some

of the problems are needed to be investigated further for understanding hypothetical

triggers for escalation or recession in these variations, shifts, and extremes.

1. A broad study on global teleconnection (Arctic oscillation (AO), Antarctic

oscillation (AAO), North Atlantic oscillation (NAO), Pacific–North American

pattern (PNA), Southern Oscillation (SO), El Niño / La Niña, Atlantic Multi-

decadal Oscillation (AMO), Pacific Decadal Oscillation (PDO), Trends of the

SST, etc.) role on ETCCDI should be investigated in Pakistan and

surrounding regions. This study may help to understand the dynamics and

causes of the core indices.

2. The data of CMIP6 models may be used to identify future climate projections

of the ETCCDI under different scenarios in the 21st century.

3. Return periods of recurring dry and wet spells may be worked upon to address

issues in policy devising by the stakeholder community.

4. The Expert Team on Sector-specific Climate Indices (ET–SCI) based impacts

should also be investigated under different scenarios in the 21stcentury.
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5. Owing to the shifting of climatic zones, respective desertification and land

degradation should also be studied to address grass root–level impacts.

6. Study on water balance in perspective of emerging crop water requirement

should also be studied under emerging climate change impacts.

Recommendations
• The establishment of early warning systems are proposed for the GB–AJK

regions as winter duration is becoming shorter and may continue to follow the

trend in these regions, which may enhance snow and glacier melting and cause

flash floods, riverine floods, and Glacial Lake Outburst Floods (GLOF) more

frequently.

• As the mean maximum temperatureis increasing in the KP, therefore substantial

forestation and plantation is recommended for this part of the country.

• In Balochistan, evaporative demands are increasing. Hence, additional irrigation

infrastructures, restoration of “Kareez system” and water resources along with

climate-smart agriculture are proposed.

• The increasing trend in the mean minimum temperature indices in Punjab may

cause implications for the food and agriculture sectors in the province. Hence,

sowing of climate-resilient varieties of seeds are proposed.

• For Sindh province, proper urban planning is needed because heatwaves have

claimed lives besides bringing extreme distress among the masses in this region.
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