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ABSTRACT 

Precipitation Variability and Associated Wet and Dry Spell 

Characterization in Pakistan 

Wet (dry) spells can cause extreme climatic conditions, such as floods (droughts) 

which can adversely influence the natural resources. A spatio-temporal analysis of 

observed wet and dry spells is carried out for vulnerable and data sparse region of 

Pakistan (24ᴼ–38ᴼN and 61ᴼ–78ᴼE). Observed monthly precipitation datasets from 46 

weather stations are used for a length of consecutive 32 years (1976−2007). Additionally, 

after bias adjustment, the Asian Precipitation Highly-Resolved Observational Data 

Integration Towards Evaluation (APHRODITE) precipitation dataset, abbreviated as 

APH, is utilized to corroborate the findings. Decadal variability of precipitation for 

observed and APH datasets indicates that there is gradual decrease in wet spell length for 

arid and humid regimes, as compared to semi-arid regimes where there is no change in 

wet spell length. Monthly dry and wet slope difference (SD), on a log-log plot between 

number of spells and spell length, is used to classify precipitation regimes in Pakistan, for 

the first time. A weather station is categorized as humid if SD is less than -2.38 in units of 

number of spells per length of spells. If SD lies between -2.37 and -0.51, then the weather 

station is classified as semi-arid and if SD is greater than -0.51, then it is classified as 

arid. Thus, according to SD classification, 66% of area in Pakistan is arid, whereas 30% 

(4%) is semi-arid (humid). Comparison of precipitation regimes based upon observed and 

APH datasets with other climate classification schemes that involve both precipitation 

and temperature is presented. 

Stochastic simulation of daily precipitation at 46 different weather stations across 

Pakistan is assessed for the 36-year baseline period during 1976–2011 using a stochastic 

precipitation generator, both on seasonal and annual basis. The precipitation projections 

of 15 intergovernmental panel on climate change (IPCC) fourth assessment report (AR4)-

based Atmosphere-Ocean General Circulation Models (AOGCMs) are assessed for three 

20-year projected time periods centered at 2011–2030 or T1, 2046–2065 or T2, and 2080–

2099 or T3, which are embedded in the stochastic precipitation generator. The SD 



   
  

xi 
 

technique is used to delineate the three precipitation regimes in Pakistan: arid, semi-arid, 

and humid. The change in (i) amount of precipitation, (ii) number of wetdays, (iii) 

amount of precipitation per wetday, and (iv) area of precipitation regimes are assessed for 

all three projection time periods relative to the baseline period (TB), under IPCC AR4 

based A1B emission scenario. Pakistan has received 487.48 mm of average annual 

precipitation, with an average of 43.54 wetdays year
−1

 during 1976–2011, whereas 

simulated average annual precipitation is 513.70 mm with 43.60 wetdays in a year. The 

stochastic precipitation generator has less than 2% error in simulating the mean annual 

numbers of wetdays during the baseline period, whereas simulated mean annual 

precipitation is 11.78 mm wetday
−1

 versus the observed 11.70 mm wetday
−1

. There is an 

underestimation of ~1% in simulated mean wet spell length during the baseline period. 

The AOGCMs display varying increase (decrease) in humid and semi-arid (arid) areas in 

Pakistan in all the three projected time periods. 

Further, stochastic projections of precipitation amount, number of wetdays and 

precipitation per wetday from 25 IPCC AR5 based AOGCMs under Representative 

Concentration Pathway (RCP), RCP4.5 and RCP8.5 emission scenarios, are carried out in 

all climate regimes of data sparse region of Pakistan. In arid climate regime, the ensemble 

average annual precipitation is projected to decrease by about 5.56%/3.43%/4.94% 

during T1/T2/T3, relative to TB under RCP4.5, whereas average annual precipitation in 

semi-arid (humid) climate regime, is projected to increase by about 8.40%/8.02% 

(2.12%/2.61%) during T2 and T3, relative to TB, respectively. Under RCP8.5, the average 

annual precipitation is projected to decrease/increase in arid/semi-arid and humid climate 

regimes, in T1/T2 and T3, relative to TB. There is a projected increase (decrease) in 

precipitation during T2 (T3) in all the climate regimes, relative to T1. Under RCP4.5 

(RCP8.5), precipitation on wetdays in arid/semi-arid/humid climate regime is projected to 

be 7.84/10.78/13.67 (7.64/10.96/13.95), 7.86/11.32/14.40 (7.83/11.55/14.73), and 

7.90/11.33/14.39 (8.65/11.39/15.45) mm wetday
-1

 during T1, T2 and T3, respectively. 

Overall, under both RCPs, the average annual precipitation and number of wetdays in 

Pakistan are projected to progressively decrease, whereas precipitation per wetday in 

Pakistan is projected to progressively increase, all relative to TB. A comparison of 

findings in AR4 and AR5 is presented.  



   
  

xii 
 

Table of Contents 

Chapter 1 ............................................................................................................................. 1 

Introduction ....................................................................................................................... 1 

1.1 Scientific background ................................................................................................... 2 

1.2 Study area and its climate ............................................................................................. 9 

1.3 Motivation and scope of thesis ................................................................................... 11 

1.4 Problem statement ....................................................................................................... 12 

1.5 Outline of thesis .......................................................................................................... 13 

Chapter 2 ........................................................................................................................... 14 

Classification of precipitation regimes in Pakistan using wet and dry spells ............ 14 

2.1 Introduction ................................................................................................................. 15 

2.2.1 Data ...................................................................................................................... 17 

2.2.1.1 Weather stations dataset ................................................................................ 17 

2.2.1.2 Gridded dataset .............................................................................................. 17 

2.2.2 Methodology ........................................................................................................ 18 

2.3 Results and discussion ................................................................................................ 22 

2.3.1 Monthly and annual variability of precipitation ................................................... 22 

2.3.2 APH data bias adjustment .................................................................................... 22 

2.3.3 Spatial distribution of spell lengths ...................................................................... 24 

2.3.4 Decadal variability and trends in wet and dry spells ............................................ 27 

2.3.5 Wet and dry spell SDs .......................................................................................... 28 

2.3.6 Delineation of precipitation regimes .................................................................... 31 

2.3.7 Comparison with existing climate regime classifications of Pakistan ................. 32 

2.4 Discussion ................................................................................................................... 36 

2.4.1 Schematic illustration of SD technique ................................................................ 36 

2.4.2 Comparison of SD technique with previous studies ............................................ 37 

Chapter 3 ........................................................................................................................... 41 

Observed, stochastically simulated and projected precipitation variability in 

Pakistan using IPCC AR4 based AOGCMs ................................................................. 41 

3.1 Introduction ................................................................................................................. 42 

3.2 Data and methodology ................................................................................................ 45 



   
  

xiii 
 

3.2.1 Station datasets ..................................................................................................... 45 

3.2.2 Model description ................................................................................................. 45 

3.2.3 Methodology ........................................................................................................ 46 

3.3 Results and discussion ................................................................................................ 48 

3.3.1 Observed and simulated precipitation .................................................................. 48 

3.3.1.1 Observed and simulated number of wetdays ................................................. 48 

3.3.1.2 Observed and simulated amount of precipitation .......................................... 51 

3.3.1.3 Observed and simulated anomalous precipitation per wetday ...................... 55 

3.3.2 Projected changes in precipitation........................................................................ 57 

3.3.2.1 Projected variation in wet spell lengths ......................................................... 57 

3.3.2.2 Projected variation in precipitation amount ................................................... 60 

3.3.2.3 Projected variation in number of wetdays ..................................................... 63 

3.3.2.4 Projected variations in climate regimes ......................................................... 65 

Chapter 4 ........................................................................................................................... 69 

Stochastic projection of precipitation and associated wet and dry spells using IPCC 

AR5 climate models over Pakistan ................................................................................ 69 

4.1 Introduction ................................................................................................................. 70 

4.2 Data and methodology ................................................................................................ 73 

4.2.1 Datasets ................................................................................................................ 73 

4.2.1.1 Station datasets .............................................................................................. 73 

4.2.1.2 IPCC AR5 precipitation datasets ................................................................... 74 

4.2.2 Stochastic weather generator ................................................................................ 74 

4.2.2.1 LARS-WG weather generator description .................................................... 74 

4.2.2.2 LARS-WG change factors ............................................................................. 75 

4.2.3 Methodology ........................................................................................................ 78 

4.3. Results and discussion ............................................................................................... 83 

4.3.1 Projected variations in amount of precipitation ................................................... 83 

4.3.2 Projected variations in number of wetdays .......................................................... 85 

4.3.3 Projected variations in precipitation per wetday .................................................. 86 

4.3.4 Projected variability in precipitation climate regimes ......................................... 87 

4.3.5 Projected variations in wet and dry spell lengths ................................................. 90 



   
  

xiv 
 

4.3.6 Projected time variations at administrative scale ................................................. 91 

4.3.7 Comparison between IPCC AR4 and IPCC AR5 ................................................ 97 

Chapter 5 ........................................................................................................................... 99 

Conclusions and future plans ......................................................................................... 99 

5.1 Conclusions and future plans .................................................................................... 100 

5.1.1 Conclusions ........................................................................................................ 100 

5.1.2 Future plans ........................................................................................................ 102 

Appendix A: Integration of various emission scenarios used ................................... 130 

Appendix B: Monthly precipitation scale factors for Badin under RCP4.5 during 

T1/ T2/ T3 ...................................................................................................................... 131 

 

  



   
  

xv 
 

List of Figures 

Fig. 1.1 Location of weather stations in Pakistan, used in this thesis, along with 

topographic elevation (m), including the delineation of all provinces (detail description of 

weather stations is given in Table 1.1).. ..................................................................................... 3 

Fig. 1.2 Altitude coverage for weather stations under Pakistan meteorological 

department. ..................................................................................................................................... 9 

Fig. 1.3 The location of a weather station with respect to nearest grid with resolution of 

1° × 1º. Blue rectangle represents the nearest grid for respective weather station. Karachi 

weather station is highlighted with circle. ............................................................................... 11 

Fig. 2.1  The total monthly mean precipitation (mm) over Pakistan for all the 46 weather 

stations during the study period, including the one sigma standard deviation. The bias-

unadjusted APH underestimated the observed precipitation ............................................ 20 

Fig. 2.2 Observed and APH-based annual precipitation variability for the selected 

stations for the period 1976−2007. The horizontal dashed line in each panel displays the 

observed mean annual precipitation. The unadjusted APH has under estimated the total 

annual precipitation over selected weather stations located in southern Pakistan (a, b, c), 

however, unadjusted APH has over estimated total annual precipitation over selected 

weather stations located in northern Pakistan (d, e, f). ..................................................... 21 

Fig. 2.3 Spatial distribution of monthly longest (a) wet and (b) dry spell periods for 

observed (left column panels) and bias-corrected APH precipitation datasets (right 

column panels). Northern Pakistan has longer wet spells, whereas southern Pakistan has 

longer dry spells. Weather station locations are displayed using open circles (see Fig. 1.1 

also). .................................................................................................................................. 24 

Fig. 2.4 Same as Fig. 2.3 except for average monthly spell length. ................................. 25 

Fig. 2.5 Wet and dry spell number versus spell duration of observed precipitation dataset 

(upper row panels) and bias-adjusted APH precipitation (lower row panels) datasets on 

log-log graphs for a selected humid station (Murree), a semi-arid station (Sargodha) and 

an arid station (Rohri). ...................................................................................................... 29 

Fig. 2.6 Climate classification of Pakistan using SD technique for observed and APH 

precipitation datasets (upper row panels) and using Erniç aridity index and Köppen 

classification technique (lower row panels).Weather station locations are displayed using 

open circles (see Fig. 1.1 also). ......................................................................................... 33 



   
  

xvi 
 

Fig. 2.7 Comparison of climate classifications based on varying number of climate 

regimes using SD technique (left and middle column panels) and Erniç aridity index 

(right column panels). ....................................................................................................... 34 

Fig. 2.8 Illustrative diagram for SD technique to represent humid, semi-arid and arid 

precipitation regimes. ........................................................................................................ 37 

Fig. 3.1 The administrative distribution (in %) of annual number of wetdays (left pie 

chart) and amount of precipitation (right pie chart) based on observed and simulated 

datasets for the 36-year baseline period. ........................................................................... 49 

Fig. 3.2 Comparison between observed and simulated datasets on weather station scale 

for seasonal number of wetdays (left column panels), precipitation (middle column 

panels) and precipitation on wetdays (right column panels). ........................................... 50 

Fig. 3.3 Comparison of observed and simulated average daily (a) fraction of wetdays and 

(b) precipitation per wetday averaged over all weather stations. ...................................... 51 

Fig. 3.4 The seasonal and annual mean and one sigma STDV ratios between observed 

and simulated precipitation for all weather stations, averaged over the 36-year baseline 

period. ............................................................................................................................... 54 

Fig. 3.5 The (a) observed and (b) simulated ammount of annual precipitation on wetday 

(mm wetday
-1

) for the baseline period. The solid black horizontal line/dotted color 

horizontal line represents the average annual precipitation for Pakistan/six administrative 

levels (in mm wetday
-1

). The ratio is higher in Sindh, Punjab and AJK, and lower in GB, 

Balochistan, and KPK. If amount of precipitation per wetday in a given year is greater 

than the average annual precipitation per wetday by one sigma STDV, it resulted in 

floods. The solid (dotted) rectangular box represents the flood (drought) year in Sindh.. 56 

Fig. 3.6 The spatial variations in the mean wet spell length for the baseline period and for 

the three projection periods, obtained for the IPCC AR4 based AOGCMs embedded in 

the LARS-WG .................................................................................................................. 59 

Fig. 3.7 The spatial variation in the annual precipitation relative to the baseline period for 

all fifteen IPCC AR4 based AOGCMs embedded in the LARS-WG .............................. 61 

Fig. 3.8 The seasonal Taylor diagrams for precipitation variation assessment for all 

fifteen IPCC AR4 based AOGCM projections relative to the baseline (marked as cross 

along the horizontal axis). ................................................................................................. 62 

 



   
  

xvii 
 

Fig. 3.9 The spatial variations in the annual number of wetdays relative to the baseline 

period in all fifteen IPCC AR4 based AOGCMs embedded in the LARS-WG ............... 64 

Fig. 3.10 The relative variations in the arid, the semi-arid and the humid climate regimes 

in Pakistan, for the baseline period, and during the three projection periods based on 

fifteen IPCC AR4 based AOGCMs embedded in the LARS-WG. .................................. 66 

Fig. 3.11 The ratio between humid, semi-arid and arid climate regime areas for the three 

projection periods for each of fifteen IPCC AR4 based AOGCMs embedded in the 

LARS-WG. The dashed blue horizontal line represents the ratio between climate regimes 

with respect to the baseline period .................................................................................... 67 

Fig. 4.1 Monthly change factors for Rohri (arid), Sargodha (semi-arid) and Murree 

(humid) weather stations under RCP4.5 and RCP8.5 for precipitation, wet spells, and dry 

spells, for all three projection time periods (from left to right). These change factors are 

used to generate the precipitation projections. .................................................................. 76 

Fig. 4.2 Projected variations in average precipitation (left two panels), number of 

wetdays (middle two panels), and precipitation per wetday (right two panels) for each 

considered IPCC AR5 based AOGCM and for ensemble mean (ESB) under RCP4.5 and 

RCP8.5 scenarios, for the three climate regimes in Pakistan. .......................................... 78 

Fig. 4.3 Projected variations in amount of precipitation, number of wetdays and 

precipitation per wetdays in different climate regimes and for each weather stations under 

RCP4.5 (upper row panels) and RCP8.5 (lower row panels), for T1, T2, and T3. Each 

pixel value corresponds to a weather station. The weather stations are represented 

according to climate regimes: arid (left side of each panel), semi-arid (middle of each 

panel) and humid (right side of each panel), same as mentioned in Table 2. ................... 79 

Fig. 4.4 Relative changes in projected precipitation for individual AOGCMs and for 

ensemble mean under RCP4.5 and RCP8.5 for three projected time periods relative to 

baseline period, for the three climate regimes. The significant relative change at 95% CL 

is displayed in darker shade. ............................................................................................. 81 

Fig. 4.5 Same as Fig. 4.4 except for precipitation per wetday. ........................................ 82 

Fig. 4.6 Same as Fig. 4.4 except for precipitation per wetday. ........................................ 82 

Fig. 4.7 The Taylor diagrams for precipitation variation assessment for the 25 IPCC AR5 

based AOGCM projections along their ensemble mean, relative to the baseline (marked 

as cross along the horizontal axis). ................................................................................... 84 

 



   
  

xviii 
 

Fig. 4.8 Variations in climate regimes, precipitation (P) in mm, number of wetdays 

(WD), precipitation per wetday (PD) in mm wetday
-1

, and average wet (WS)/dry (DS) 

spells in days, under RCP4.5 and RCP8.5 ensemble mean for all 25 IPCC AR5 based 

AOGCMs. ......................................................................................................................... 88 

Fig. 4.9 Time series of annual precipitation (panels in left column), number of wetdays 

(panels in middle column) and precipitation per wetday (panels in right column) for the 

IPCC AR5 based AOGCMs, including the ensemble means under RCP4.5 and RCP8.5, 

for all Pakistan, for the three projection periods. In each panel, black solid line represents 

the baseline period. ........................................................................................................... 92 

Fig. 4.10 Same as Fig. 4.9 except for AJK. ...................................................................... 93 

Fig. 4.11 Same as Fig. 4.9 except for Balochistan. .......................................................... 93 

Fig. 4.12 Same as Fig. 4.9 except for Gilgit Biltistan. ..................................................... 94 

Fig. 4.13 Same as Fig. 4.9 except for KPK. ..................................................................... 94 

Fig. 4.14 Same as Fig. 4.9 except for Punjab. .................................................................. 95 

Fig. 4.15 Same as Fig. 4.9 except for Sindh. .................................................................... 95 

Fig. 4.16 Relative change in average annual precipitation, number of wetdays and 

precipitation per wetday for ensemble mean of IPCC AR4 (AR5) based AOGCMs under 

A1B (RCP4.5 and RCP8.5) on administrative scale and on climate regimes scale. 

Negative (positive) change indicates increasing (decreasing) magnitude during T1, T2 and 

T3, relative to TB. .............................................................................................................. 97 

Fig. A1 CO2 (ppmv), and radiative forcing concentration (Wm
-2

) in selected AR4 and 

AR5 projection scenarios, used in this study………………………….………………..130 

 

 

  



   
  

xix 
 

 List of Tables  

Table 2.1 Details of classification techniques used for Pakistan to define the different 

climate zones. .................................................................................................................... 16 

Table 2.2 Names, locations and altitudes of selected 46 weather stations in Pakistan used 

in this thesis....................................................................................................................... 19 

Table 2.3 Fraction of wet and dry months for observed (APH) precipitation datasets on a 

decadal basis extracted for the duration of study period. .................................................. 27 

Table 2.4 Number of wet and dry periods and their duration for Rohri weather station 

obtained from observed (bias-adjusted APH) precipitation datasets. ............................... 28 

Table 2.5 Wet and dry slope values in units of number of spell per duration of spells for 

all the weather stations and their classification in arid, semi-arid and humid precipitation 

regimes. ............................................................................................................................. 30 

Table 2.6 Climate classifications based on Erniç aridity index and SD technique. ......... 32 

Table 2.7 Comparison of precipitation regime classification based upon graphical and SD 

techniques for 16 weather stations in Saudi Arabia. ......................................................... 35 

Table 3.1 A recent representative chronology of application of the LARS-WG in 

different areas of world along with other different stochastic models when used for 

comparison of results in the same study  .......................................................................... 44 

Table 3.2 The IPCC AR4 based AOGCMs embedded in the LARS-WG considered for 

projection study for time periods T1, T2 and T3 under emission scenario A1B. The models 

HADGEM and NCPCM do not have projection for the period T3 ................................... 47 

Table 3.3 The observed and simulated average annual number of wetdays for each 

weather station for the baseline period, as well as during the three projected periods. .... 53 

Table 4.1 A recent representative chronology of application of the LARS-WG in 

different areas of world including the description of emission scenarios used in IPCC 

AR5 based AOGCMs in the studies. ................................................................................ 71 

Table 4.2 The IPCC AR5 based AOGCMs used in this thesis. The research center, model 

name, country, model acronym used, vertical levels, horizontal resolution (latitude × 

longitude) including key reference are listed. ................................................................... 72 

Table 4. 3 Name, station acronym, location (latitude and longitude), elevation, name of 

administrative unit and type of climate regime for each of the 46 weather stations used in 

this study. The stations are listed according to climate regimes (arid, semi-arid, and 

humid). .............................................................................................................................. 80 



   
  

xx 
 

List of Abbreviations 

ACCESS1.0  AC1 

ACCESS1.3   AC3 

AI   Aridity Index 

AJK   Azad Jammu and Kashmir 

AOGCMs  Atmosphere-Ocean General Circulation Models 

APH Calibrated APHRODITE 

APHRODITE Asian Precipitation Highly-Resolved Observational Data 

Integration Towards Evaluation 

AR4   IPCC Annual Report 4 

AR5   IPCC Annual Report 5 

BCM    Bjerknes Centre for Climate Research 

CanESM2   CEM 

CC   Correlation Coefficient 

CCSM4   CCM 

CGMR   Canadian Center for Climate Modeling and Analysis 

CMCC-CM   CMM 

CMCC-CMS   CMS 

CNCM   Centre National de Recherches Météorologiques 

CNRM-CM  CRM 

CSIRO   Commonwealth Scientific and Industrial Research Organization 

CSIRO-Mk3.6.0 CSM 

EC-EARTH  ECE 

GB   Gilgit Biltistan 

GFDL   Geophysical Fluid Dynamics Lab 

GFDL-CM3   GCM 

GFDL-ESM2M  GEM 



   
  

xxi 
 

GISS   Goddard Institute for Space Studies 

HadGEM2-AO  HAO 

HadGEM2-ES  HES 

IDW   Inverse Distance Weighted 

INM-CM4   INM 

IPCC   Intergovernmental Panel on Climate Change 

IPSL   Institute Pierre Simon Laplace 

IPSL-CM5A-LR  IAL 

KPK   Khyber Pakhtunkhwa   

LARS    Long Ashton Research Station 

MIROC5   MC5 

MIROC-ESM   MEM 

MPEH   Max-Planck Institute for Meteorology 

MPI-ESM-LR   MPE 

NorESM1-M   NEM 

OBS   Observed 

PMD   Pakistan Meteorological Department 

RCP   Representative Concentration Pathway 

RMSD   Root Mean Square Difference 

SA   Semi-Arid 

SD   Slope Difference 

SRES   Special Report on Emissions Scenarios 

STDV   Standard Deviation 

T1   Projection period (2011–2030) 

T2   Projection period (2046–2065) 

T3   Projection period (2080–2099) 

TB   Baseline period 

TH   Historical period 

WG   Weather Generator 



1 
 

Chapter 1 

Introduction 

  



   
  

2 
 

1.1 Scientific background 

Regional climate classification in Meteorology is an important probe to study the 

behavior of meteorological variables on a regional scale (Ahmed, 1997). The climate of 

Pakistan (24° to 38°N and 61° to 78°E, Fig. 1.1 shows the geographical extent and 

location of study area) is broadly classified as arid, semi-arid and humid with 

considerable spatio-temporal variations in precipitation and other meteorological 

variables (Shamshad, 1988, and references cited therein). In countries where terrain and 

climate is very complex, a simplified climate classification scheme is critically important 

to delineate climatic regimes to study their characteristics.  

There are at least two major aspects of climate classification: one is to identify the 

different climate types and to study the characteristics of different climate variables in the 

region, and the second is to provide assistance to policymaker for efficient utilization of 

the available natural resources in different climate regimes (Chaudhry and Rasul, 2003; 

Coria et al., 2016; Rolim and Aparecido, 2016). Previous climate classification is mostly 

carried out by a set of pre-defined criteria for climate variables (Köppen, 1936; Geiger, 

1954), or indices (Martonne, 1926; Thornthwaite, 1931; Erniç, 1965). Both approaches 

utilize two or more climate variables, to delineate the different climate regime 

boundaries. 

Mostly climate classification is carried out on a global scale (Kottek et al., 2006; 

Peel et al., 2007; Rubel and Kottek, 2010; Chen and Chen, 2013; Belda et al., 2014); it is 

difficult to subset the classification of small regions. Nevertheless, aridity index (AI) is 

used on regional and county level for climate classification (Kutiel and Türkes, 2005; 

Alam and Iskander, 2013; Nastos et al., 2013; Haider and Adnan, 2014; Akpoti et al., 

2016; Zolfaghari et al., 2016; Li et al., 2017). 

Different classification techniques are used to classify the climate regimes in 

Asia, neighboring Pakistan. Köppen classification is used to detect changes in arid 

climates in China (Kim et al., 2008). The findings of this study indicate that there is an 

increase in semi-arid areas during 1981−2000. Chen et al. (2017) noted drying trends in 

the transition regions between the humid and arid areas in China during 1961−2012.  
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Fig. 1.1 Location of weather stations in Pakistan, used in this thesis, along with 

topographic elevation (m), including the delineation of all provinces (detail description of 

weather stations is given in Table 1.1). 

In Iran, Zolfaghari et al. (2016) used three AIs and climate data of 51 weather 

stations for 1981−2010, to study the spatio-temporal variations in aridity; the results 

depict that 80% of area is shifting towards an arid type of climate. The AI is also used in 

Bangladesh, to delineate the climate on regional scale (Alam and Iskander, 2013). 

Outcome of their investigation points out that most of the area has humid type of climate 

in Bangladesh. Karki et al. (2016) used monthly precipitation dataset from 240 weather 

stations and monthly temperature dataset from 74 weather stations for 30 years 

(1981−2010) in a modified Köppen-Geiger classification scheme to delineate all five 

climate classes in Nepal. 
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In Saudi Arabia, which is located in western Asia, principal component analysis 

(Al-Jerash, 1985; Almazroui et al., 2015), and factor and cluster analysis are used for 

climate classification (Ahmed, 1997). Ahmed (1997) used three climate variables from 

56 weather stations to classify the study area into nine climatic regimes. Al-Jerash (1985) 

used 24 climate variables from 50 weather stations to classify the study area into six 

climatic regimes, whereas Almazroui et al. (2015) used principal component analysis 

over precipitation and temperature datasets from 27 weather stations to classify the study 

area into five climatic regimes.  

Techniques used to classify the climate regimes can also be helpful to analyze the 

characteristics of climate variables themselves, such as rainfall-based principal 

component analysis is used to study the characteristics of rainy seasons in Senegal 

(Camberlin and Diop, 2003), as well as Ozone co-variability with meteorological 

variables in various climate zones in Europe and North America (Pražnikar, 2017). 

There are different studies carried out in neighboring countries of Pakistan to 

assess the characteristics of wet and dry spells. Shahid (2010) studied the precipitation 

characteristics for Bangladesh and found that precipitation from June to September has an 

increasing behavior, while wet (dry) months have increasing (decreasing) behavior. 

Northern and northwestern parts of Iran have short and inconsistent dry spells which can 

cause extreme dry conditions in these areas (Sarhadi and Heydarizadeh, 2014).  

In China, there is an increasing trend in number of dry spells in summer half of 

the year and number of dry spells displayed a decreasing trend in winter half of the year 

(Liu et al., 2015). Hussain and Lee (2014) have examined the number of wetdays for 

Pakistan, for a 60-year length (1950−2010) using observed precipitation dataset from 32 

weather stations spread thought out Pakistan, and found that length of wet spells in 

northwestern and in upper Indus basin has decreased. In western part of Pakistan 

precipitation regime has shifted towards drier conditions, while in the central part, the 

northwestern mountains, and in the southern part of the country, the precipitation regime 

are shifting towards humid conditions. 
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Water resources are affected by the amount of precipitation they receive (IPCC, 

2013). Extreme precipitation events such as floods and droughts influence the natural 

resources (Akhtar et al., 2008; Zhang et al., 2012; Song et al., 2015). This thesis will thus 

discuss the precipitation behavior in Pakistan by analyzing dry and wet spell 

characteristics. In particular, in this thesis, slope difference (SD) analysis of wet and dry 

months is carried out, extracted from a log-log plot of number of spells versus spell 

length, and on the basis of this analysis, weather stations are classified into three 

precipitation regimes: arid, semi-arid and humid.  

This is an extension of graphical representation of wet and dry spells based upon 

monthly analysis that was carried out for Saudi Arabia by Bazuhair et al. (1997). They 

used the monthly precipitation datasets of 16 weather stations for 1965–1986 to classify 

the weather stations on the basis of location of wet and dry slope lines in a log-log graph 

of number of monthly spells versus monthly spell lengths. Precipitation is the major 

source of fresh water on earth (World Water Assessment Program, 2009). A stochastic 

precipitation generator is a statistical model used to generate synthetic time series of daily 

precipitation which is statistically similar to the observed precipitation (Racsko et al., 

1991; Richardson, 1981; Richardson and Wright, 1984).  

The precipitation generators are used in climate studies as a computationally 

inexpensive tool to generate daily precipitation data (Semenov, 2008).The stochastic 

precipitation generators have been applied in hydrological engineering designs, 

agricultural modeling, and in ecosystem studies (Wilks and Wilby, 1999), as well as in 

climate change studies (Mearns et al., 1997). Sometimes observed datasets have data 

gaps due to the malfunction of the instrumentation. The stochastic precipitation 

generators are a handy tool to fill these data gaps by simulating statistical properties of 

the observed datasets (Sharma and Mehrotra, 2010).  

There are two main reasons for using stochastic precipitation generators; the first 

is to provide means of simulating stochastic precipitation time series datasets which can 

be used in hydrologic and agriculture management, and the second is to provide the 

means of extending the simulation of precipitation time series datasets to unobserved 

locations and to fill the missing data gaps (Semenov and Barrow, 1997).  
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Furthermore, in regional climate studies, one problem is that some of the existing 

available datasets are too sparse and stochastic precipitation generators can be used to 

overcome this problem (Hutchinson, 1987). The first stochastic precipitation generator 

seems to be developed by Todorovic and Woolhiser (1975) using the first order Markov 

chain model. The stochastic precipitation simulation encompasses two components: 

precipitation occurrence (day is wet or dry) and the amount of precipitation on wetday. 

The methodologies to define the existence of precipitation on a certain day include 

Markov chain based models (Wilks, 1989) and the ones that are based on length of wet 

and dry spells (Racsko et al., 1991; Wilks and Wilby, 1999).  

In the current thesis, second approach is assessed. For a recent review of 

stochastic precipitation generators, see Chen and Brissette (2014a). In Pakistan, most of 

the recent investigations are carried out for i) analysis of the behavior and impacts of 

monsoon season precipitation (Sarfaraz, 2007; Rasul and Chaudhry, 2010; Faisal et al., 

2013), ii) impacts of precipitation on agriculture (Adnan and Khan, 2009), iii) 

classification of precipitation patterns (Sarfaraz, 2014) and iv) effect of El-Niño and La-

Niña on precipitation occurrence (Zawar and Zahid, 2013).Extremes (flood and droughts) 

and fluctuations in amount and occurrence of extremes can have adverse effects on crop 

yield, thus affecting the economy (Shakoor et al., 2011).  

Crops cultivated in arid regions are highly vulnerable to precipitation amount and 

its timely occurrence (Adnan et al., 2017).  A future model simulation in agriculture and 

water resource management depends upon the amount of precipitation that drives the 

model simulations (Tian et al., 2015), so availability of long-term daily precipitation data 

is important. Stochastic weather generators are a handy tool for simulation of daily time 

series of climate variables.  

The stochastic weather generators with their less computational involvement are 

presently one of the popular tools which are used to simulate daily time series for future 

climate variables at a particular weather station. The Long Ashton Research Station 

Weather Generator (LARS-WG) is an extensively used weather generator for basic 

climate variable projections (Semenov and Barrow, 1997).   
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The LARS-WG utilizes observed average wet and dry spell length and monthly 

semi-empirical occurrence probability distributions to simulate precipitation amount and 

its occurrence. Alam and Elshorbagy (2015) computed monthly relative change factors 

for LARS-WG to project the daily time series for eight AOGCMs from Fifth Assessment 

Report (AR5) of Intergovernmental Panel on Climate Change (IPCC) (CanESM2, 

HadGEM2-ES, IPSL, CNRM, CSIRO, BCC, MRI, and MIROC) under RCP2.6, RCP4.5 

and RCP8.5 for quantification of the variations in intensity-duration-frequency curves of 

Canadian Prairies and concluded that future (2011–2100) variations in extreme 

precipitation  for most of the AOGCMs will increase up to 18% as compared to the 

baseline time period (1961–1990) and that these variations are sensitive to the selection 

of AOGCMs and RCPs.  

Semenov and Stratonovitch (2015) used LARS-WG to generate daily time series 

as input to Sirius crop simulation model for two IPCC AR5 based AOGCMs: HadGEM2-

ES (projects an increase in temperature and a decrease in precipitation) and GISSE2-R-

CC (projects a decrease in temperature and an increase in precipitation) under RCP4.5 

and RCP8.5 for wheat ideotypes in Europe and found that during 2050s (2090s) RCP4.5 

has 8–10% (2–4%) more crop yield as compared to RCP8.5, respectively.  

Zhuang et al. (2016) used four IPCC AR5 based AOGCMs (CCSM, HadCM3, 

GFDL-CM, and MRI-CGCM) under RCP4.5 to assess the impacts of climate change on 

river flow in the future. They utilized relative monthly projected Δ-change (with respect 

to baseline) in wet/dry spells and monthly precipitation, to simulate the daily time series, 

using LARS-WG. This time series is used as input in stepwise cluster analysis for climate 

change assessment in Kaidu watershed in China, and concluded that stream flow and 

precipitation is projected to decrease by about 5.68 m
3
s

-1
 and 0.8 mm, respectively during 

2015–2035, as compared to baseline of 1961–1990, respectively. Four IPCC AR5 based 

AOGCMs (BNU-ESM, GISS-E2-H, MIROC5, and MPI-ESM-LR) under RCP4.5 

projection were used in LARS-WG to simulate future precipitation in Xiangjiang river 

basin, China (Ma et al., 2016).  
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The ensemble mean shows an insignificant increase in the annual precipitation 

(3%) and in the related extreme events. Bian et al. (2017) used LARS-WG, distributed 

hydrological soil vegetation model and six IPCC AR5 based AOGCMs (BNU-ESM, 

CNRM-CM5, GISS-E2-R, MIROC-ESM, MPI-ESM-LR, and MRI-CGCM3) to assess 

future climate change impacts on Yangtze stream flow under RCP2.6, RCP4.5 and 

RCP8.5, and found that there is an increase of up to 22.58% in the stream flow. Daksiya 

et al. (2017) used LARS-WG along with 15 (21) IPCC AR4 (AR5) based AOGCMs for 

Jakarta, Indonesia and found out that there is a maximum of 20% increase in precipitation 

for 100-year return period. 

Al-Safi and Sarukkalige (2018) used LARS-WG along with eight IPCC AR5 

based AOGCMs (ACCESS1.0, CanESM2, CNRM-CM5, GFDL-ESM2M, CESM1-

CAM5, HadGEM2-CC, MIROC5, and NorESM1-M) to assess future climate change 

impacts on river discharge by Hydrologiska Byrans Vattenbalansavdelning model under 

RCP2.6, RCP4.5 and RCP8.5, and found that there is relative decrease in stream flow of 

about 17–27% (23–52%) during mid-century (end-of-century).  

Araji et al. (2018) used LARS-WG along with five (seven) AOGCMs from IPCC 

AR4 (AR5) under A1B and A2 (RCP2.6 and RCP8.5) to simulate precipitation for 

assessment of crop production during 2020–2039 in Iran. They concluded that there is 

more increase in precipitation in AR4 based AOGCMs (30.24 mm) as compared to AR5 

based AOGCMs (27.72 mm). Lin et al. (2018) defined aridity as ratio of precipitation and 

potential evapotranspiration, and used CCM under RCP4.5 (RCP8.5) to study aridity and 

found that aridity will increase by about 6.4% (3.7%) during 2060–2080 relative to 1985–

2005.  

Until now, no detail study is carried out to link wet and dry spells to regional 

climate regimes in Pakistan, and there is no detail application of stochastic precipitation 

generator employing IPCC AR4/AR5 based AOGCMs, in Pakistan. Thus, in this thesis, 

wet and dry spells are linked with different climate regimes, and performance of LARS-

WG is assessed for baseline and future projections from 15 (25) IPCC AR4 (AR5) based 

AOGCMs under A1B (RCP4.5/RCP8.5) emission scenarios.    
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Fig. 1.2 Altitude coverage for weather stations under Pakistan meteorological 

department. 

1.2 Study area and its climate 

The latitude extent of Pakistan starts from the Arabian Sea in the south and ends 

at Himalayan Mountain range in north, see Fig. 1.1 and Fig. 1.2 (Farooqi et al., 2005). 

Northern part (32° to 37°N, 70° to 78°E) of Pakistan consists of provinces of Punjab, 

Khyber Pakhtunkhwa (KPK), Gilgit Baltistan (GB) and Azad Jammu Kashmir (AJK), 

whereas southern part (24° to 32°N, 61° to 76°E) of Pakistan consists of provinces of 

Sindh and Balochistan. Pakistan is thus divided into six administrative regions: Sindh, 

Punjab, GB, Balochistan, KPK and AJK. Due to large variations in precipitation and 

terrain, Pakistan has a very complex climate profile, with dominantly arid climate in 

southern Pakistan (Asmat and Athar, 2017; Iqbal and Athar, 2018a).  
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There are two major precipitation seasons in Pakistan: monsoon precipitation 

during July to September (Wang, 2006) and winter precipitation during December to 

March due to western disturbances (Dimri et al., 2015). Annual precipitation for Pakistan 

varies from 30 to 400 mm from south to north (Haider and Adnan, 2014). Pakistan 

receives 60–65% (25–30%) of annual precipitation during monsoon (winter) season (see, 

for instance, Asmat and Athar, 2017).  

About 17% of the cultivated area in Pakistan is rain-fed and depends on the 

seasonal precipitation for crop production (Haider and Adnan, 2014). There are two 

major crop types in Pakistan: Kharif and Rabi. The Kharif crops largely depend upon 

monsoon precipitation in arid areas, whereas the Rabi crops depend upon winter 

precipitation in semi-arid and humid areas of northern Pakistan (Adnan and Khan, 2009). 

Thus, the major crop productions in Pakistan are closely associated with timely arrival of 

precipitation systems and therefore on the magnitude and variability of wet spells in 

summer and winter seasons. 

Stations used in current thesis have altitude variations ranging from 5 m (Chhor) 

to 2317 m (Skardu); this variation covers 90% area of Pakistan. Figure 1.2 shows that 

area below (above) 500 m is 50.24% (49.76%) of total area in Pakistan and has 22 (24) 

weather stations, which is 47.83% (52.17%) of total number of weather stations.  

The gridded precipitation datasets nearest to station based grid box is utilized for 

the gridded data analysis (Ali et. al., 2012; Yang et. al., 2014; Lovino et. al., 2014). For 

instance, Karachi weather station is located at latitude (longitude) of 24.90° N (67.13° E). 

Nearest grid box to this weather station have latitudes (longitudes) of 24.75° N and 

25.00° N (67.00°E and 67.25° E) (Fig. 1.3), so precipitation value of this grid will be 

assigned to Karachi weather station.  

In Pakistan, the terrain and climate are very complex and there are no long term 

precipitation datasets available, so linking of gridded dataset with associated weather 

station is important to generate long term precipitation profile/dataset, which can be used 

as input in agriculture and hydrological modeling.  
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Fig. 1.3 The location of a weather station with respect to nearest grid with resolution of 

1° × 1º. Blue rectangle represents the nearest grid for respective weather station. Karachi 

weather station is highlighted with circle. 

1.3 Motivation and scope of thesis 

The general objectives of this thesis are: 

 Can number of wet and dry spells and their lengths be associated with 

precipitation regimes? 

 What will be the performance of a selected stochastic precipitation generator 

when applied over Pakistan? 

 Can we establish a link between precipitation per wetday and precipitation 

extremes (flood and droughts)? 
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 What will be the future relative variations in precipitation, in number of wetdays, 

in precipitation per wetday, in climate regimes, in wet and dry spells, under IPCC 

AR4 and AR5 based emission scenarios? 

The specific objectives of this study are: 

 The spatio-temporal variability assessment of wet and dry spells and precipitation 

over Pakistan. 

 Relationship of the wet and dry spells with precipitation regimes. 

 Development of new climate classification criteria based on wet and dry spell 

lengths only. 

 Determination of monthly change factors for precipitation and wet and dry spell 

lengths for IPCC AR5 based AOGCMs for use in LARS-WG. 

1.4 Problem statement 

Pakistan’s economy is agriculture based, and it plays a critical role in economic 

growth. Agriculture is mostly dependent upon the well timed availability of water to the 

crops. Climatic conditions and amount of precipitation plays important role in proper 

selection of crops and their yield.  Accurately predicting precipitation trends can play an 

important role in a country’s future economic development. It is important to have the 

knowledge about the precipitation amount and its frequency to cope up with the future 

dietary requirements and have a better planning for climate extremes (floods and 

droughts) related to precipitation. 

Amount of precipitation along with its occurrence (wet and dry spells) plays an 

important part in agriculture and water resource management of a country. A proper 

study of past observational/historical and future precipitation data can play important role 

in pertinent management of agriculture and water resources in future. Regional climate 

classification along with reliable future precipitation profile can be useful in 

strengthening a country’s economy.  This thesis provides scientific support for regional 

climate classification in Pakistan, and prepares for a better resource management in 

future under different climatic conditions (such as A1B/RCP4.5/RCP8.5). 
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1.5 Outline of thesis 

Chapter 1: This chapter gives an overview and background about the precipitation and 

associated wet and dry spell characteristics in Pakistan. Importance of precipitation is 

discussed in this chapter. Overview of the previous studies carried out in Pakistan is also 

presented in this chapter. The motivation of the thesis and objectives are also described.  

 

Chapter 2: In this chapter, Asian Precipitation Highly-Resolved Observational Data 

Integration Towards Evaluation (APHRODITE abbreviated as APH) is calibrated with 

observational datasets. Observed and APH precipitation dataset are used to find the monthly wet 

and dry spells for each weather station. Log-log graph is plotted between number and 

length of wet/dry spells, and then difference between wet and dry slopes is determined; this 

difference is used to delineate arid, semi-arid and humid climate regimes in Pakistan. Results of 

SD technique are compared with that of Erniç aridity index and Köppen classification schemes 

for Pakistan. 

Chapter 3: In this chapter, a selected stochastic precipitation generator is used to simulate 

the long-term precipitation data of Pakistan. Observed precipitation datasets are used to 

calibrate and validate stochastic precipitation generator. The precipitation projections of 

15 IPCC AR4 based AOGCMs embedded in stochastic precipitation generator are 

assessed for all three Ts, under A1B emission scenario. 

Chapter 4: In this chapter, monthly change factors for average precipitation, average wet 

spell lengths and average dry spell lengths for 25 IPCC AR5 based AOGCMs under 

RCP4.5 and RCP8.5 are determined. The precipitation projections of all 25 AOGCMs are 

assessed on administrative and annual scales. 

Chapter 5: This chapter consists of core results and key findings from the preceding 

chapters. Recommendations for future research directions with regards to future climate 

regimes and precipitation are discussed. 
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Chapter 2 

Classification of precipitation regimes in Pakistan using 

wet and dry spells  
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2.1 Introduction 

The analysis carried out in this thesis is a first attempt to classify the precipitation 

regimes for Pakistan using SD technique. For Pakistan, there is no such SD analysis for 

wet and dry spells. Earlier climate classifications in Pakistan are based on: characteristic 

variations in temperature and precipitation (Ahmad, 1951; Shamshad, 1988), using ratio 

of precipitation and evaporation (Bharucha and Shanbhag, 1956), factor and cluster 

analysis (Oliver et al., 1978; Hussain and Lee, 2009), Aridity Index or AI (Zahid and 

Rasul, 2011; Haider and Adnan, 2014), Köppen classification (Sarfaraz et al., 2014) and 

principal component analysis (Sarfaraz, 2014).  

Oliver et al. (1978) used 30 years of data from 53 weather stations in Pakistan to 

classify the study area into nine climate regimes using factor and cluster analysis, then 

with the same technique, Hussain and Lee (2009) used 27 years of data from 32 weather 

stations to classify Pakistan into six climate regimes. The thermal efficiency index was 

used by Zahid and Rasul (2011) to regionalize climate of Pakistan into nine thermal 

regimes using 30 years of data from 50 weather stations. Sarfaraz (2014) utilized 

principal component analysis to classify Pakistan into six different climate regimes, 

whereas Sarfaraz et al. (2014) used Köppen classification scheme to classify Pakistan 

into 11 climate regimes, using 59 weather station data with a time span of 30 years. 

 Haider and Adnan (2014) have used the following five AIs to classify the 

climatic regime for Pakistan: 1) De Martonne aridity index, 2) Thornthwaite Precipitation 

Effectiveness index, 3) Thornthwaite Moisture index, 4) United Nations Educational, 

Scientific and Cultural Organization aridity index, and 5) Erniç aridity index, and found 

that 75–85% of area lies in arid regime. Current thesis is a latest attempt to classify the 

precipitation regimes in Pakistan. However, the classification technique used in this 

thesis is different from previous studies carried out for Pakistan (Table 2.1). Techniques 

used to classify the climate regimes can also be helpful to analyze the characteristics of 

climate variables themselves, for instance, precipitation-based principal component 

analysis is used to study the characteristics of rainy seasons in Senegal (Camberlin and 

Diop, 2003), as well as analysis of Ozone co-variability with meteorological variables in 

various climate zones in Europe and North America (Pražnikar, 2017). 
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Table 2.1 Details of classification techniques used for Pakistan to define the different climate zones. 

Sr. 

No. 
Classification techniques 

No. of 

classifications 

No. of weather  

stations used 

Time period  

(No. of years) 
Reference 

1 Characteristics of temperature and precipitation 4   Ahmad (1951) 

2 Characteristics of precipitation and evaporation 5 1   19261940 (15) Bharucha and Shanbhag (1956) 

3 Cluster analysis 9 53 (30) Oliver et al. (1978) 

4 Characteristics of temperature and precipitation 11 34 19311960 (30) Shamshad (1988) 

5 Thornthwaite’s precipitation effectiveness index 6 50 19611990 (30) Chaudhry and Rasul (2003) 

6 Factor and cluster analysis 6 32 19802006 (27) Hussain and Lee (2009) 

7 Thermal Efficiency index 9 35 19712000 (30) Zahid and Rasul (2011) 

8 Principal component analysis 6 35 19762005 (30) Sarfaraz (2014) 

9 Köppen classification 11 59 19812010 (30) Sarfaraz et al. (2014) 

10 Aridity/precipitation/moisture index  54 19602009 (50) Haider and Adnan (2014) 

 (a) De Martonne’s aridity index  6    

 (b) Thornthwaite’s precipitation effectiveness index 6    

 (c) Thornthwaite’s moisture index  8    

 (d) UNESCO aridity index  5     

 (e) Erinç aridity index  6    

11 Wet and dry spells characteristics  3 46 19762007 (32) This work 
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2.2 Data and methodology 

2.2.1 Data 

2.2.1.1 Weather stations dataset 

Monthly precipitation datasets for consecutive 32 years (1976−2007) were 

obtained from Pakistan Meteorological Department (PMD) for all weather stations of 

Pakistan. The obtained data was subject to quality control including but not limited to 

search for negative values, following Athar (2014), and as a result, 46 weather stations 

are selected for further analysis (Fig. 1.1 and Table 2.2). Country normal precipitation on 

the basis of 46 weather stations and with a temporal coverage of 32 years (1976−2007) is 

about 490.00 mm year
−1

. Monthly weather station-based temperature dataset for same 

temporal range is also used for computation of AI and for Köppen-Geiger climate 

classification for Pakistan. 

As pointed out in Section 1.2, stations used in this thesis represent well the 

altitude distribution in Pakistan. Since the area below (above) 500 m is 50.24% (49.76%) 

of total area in Pakistan and has 22 (24) weather stations, which is 47.83% (52.17%) of 

total number of weather stations. 

2.2.1.2 Gridded dataset 

The APH gridded precipitation dataset for Monsoon Asia region containing 

Pakistan, with a spatial resolution of 0.25°×0.25°, is also used in this thesis (Yatagai et 

al., 2012). The APH data is available for the period 1951−2007, however, in current 

thesis, temporal range is restricted to 1976−2007, as observed precipitation data has the 

same temporal range. The APH-based precipitation dataset nearest to station-based grid 

box is utilized for the overlapping period, 1976−2007 (see, for instance, Ali et al., 2012; 

Lovino et al., 2014; Yang et al., 2014). The APH dataset is selected because of its fine 

spatio-temporal resolution and its better performance relative to several other existing 

gridded precipitation datasets in Pakistan (Rana et al., 2015; Ceglar et al., 2017), as well 

as in climatic conditions similar to that in Pakistan (Andermann et al., 2011; Tanarhte et 

al., 2012; El Kenawy and McCabe, 2016; Ghulami et al., 2017; Tan et al., 2017). 
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2.2.2 Methodology 

Monthly and annual precipitation variability both for observed and gridded 

datasets is studied using commonly used statistical metrics such as mean, standard 

deviation (STDV), and Pearson Correlation Coefficient (CC) (Wilks, 2011). Given the 

precipitation climatology of Pakistan, an arid type of precipitation regime is one that 

receives less than 300 mm of precipitation annually; a semi-arid type of precipitation 

regime receives precipitation between 300 and 1000 mm annually, whereas humid type 

of precipitation regime is characterized as a region which receives more than 1000 mm of 

precipitation annually.  

Similar precipitation ranges were obtained for the three precipitation regimes 

using different number of weather stations and observation time period lengths, in earlier 

studies (see, for instance, Siddiqui et al., 1999; Khan et al., 2010; Sadiq and Qureshi, 

2010; Mazhar et al., 2015; Adnan et al., 2017). 

Wet and dry spell characteristics are studied including the ordinary least square-

based linear trend analysis. The wet and dry spells time series analysis is carried out 

using monthly precipitation datasets following Bazuhair et al. (1997). A month is 

considered to be a rainy month or wet if it receives a considerable amount of precipitation 

above a certain threshold limit, in this case, it is ≥ 1 mm. Given the dominant aridity in 

Pakistan, 1 mm threshold for a wet month is considered. The precipitation regime 

classification presented here is not specifically sensitive to the choice of threshold.  

If precipitation in a given month is less than the minimum threshold limit, then it 

is considered as non-rainy or dry month. Consecutive wet (dry) months represent the wet 

(dry) month spell length. Every wet spell is followed by a dry spell and vice versa. Log-

log graph is plotted between number of wet (dry) spells and monthly spell lengths for 

each weather station, and a linear regression-based trend line is obtained for the wet (dry) 

spells. 

 



   
  

19 
 

Table 2.2 Names, locations and altitudes of selected 46 weather stations in Pakistan used 

in this thesis. 

ID Station name ICAO 

Code 

Lat. 

(ºN) 

Lon. 

(ºE) 

Elevation  

     (m) 
Annual precipitation 

(mm) 

Wet spell 

(%) 

Dry spell 

(%) 

1 Badin 41785 24.63 68.90 9.0 235.45 4 96 

2 Karachi 41780 24.90 67.13 22.0 196.88 4 96 

3 Jiwani 41756 25.07 61.80 56.0 111.12 3 97 

4 Pasni 41759 25.37 63.48 9.0 104.11 2 98 

5 Chhor 41768 25.52 69.78 5.0 244.52 4 96 

6 Benazirabad 41749 26.25 68.37 37.0 128.39 3 97 

7 Padidan 41746 26.85 68.13 46.0 122.18 3 97 

8 Panjgur 41739 26.97 64.10 968.0 107.18 4 96 

9 Rohri 41725 27.67 68.90 66.0 117.21 3 97 

10 Khuzdar 41744 27.83 66.63 1231.0 267.08 9 91 

11 Jacobabad 41715 28.25 68.47 55.0 125.07 3 97 

12 Khanpur 41718 28.65 70.68 88.4 96.32 4 96 

13 Nokundi 41710 28.82 62.75 682.0 

 

33.54 2 98 

14 Dalbandin 41712 28.88 64.40 848.0 92.98 4 96 

15 Kalat 41696 29.03 67.58 2015.0 193.63 6 94 

16 Bahawalpur 41700 29.40 71.78 110.0 176.57 6 94 

17 Sibbi 41697 29.55 67.88 133.0 167.24 5 95 

18 Barkhan 41685 29.88 69.72 1097.0 426.94 13 87 

19 Bahawalnagar 41678 29.95 73.25 161.0 243.34 7 93 

20 Quetta 41661 30.08 66.97 1719.0 284.46 9 91 

21 Multan 41675 30.20 71.43 121.9 210.30 7 93 

22 Zhob 41620 31.35 69.47 1405.0 288.06 11 89 

23 Faisalabad 41630 31.43 73.10 185.6 376.14 10 90 

24 Lahore 41641 31.50 74.40 214.0 689.22 15 85 

25 D.I.Khan 41624 31.82 70.92 171.2 297.40 10 90 

26 Sargodha 41594 32.05 72.67 187.0 482.66 11 89 

27 Sialkot 41600 32.50 74.53 255.1 995.84 20 80 

28 Mainwali 41592 32.55 71.55 210.0 567.47 12 88 

29 Jhelum 41598 32.93 73.72 287.2 920.23 19 81 

30 Kohat 41564 33.57 71.43 511.0 562.14 16 84 

31 Islamabad 41571 33.62 73.10 507.0 1253.35 20 80 

32 Cherat 41565 33.82 71.88 1372.0 577.81 13 87 

33 Parachinar 41560 33.87 70.08 1725.0 809.65 30 70 

34 Murree 41573 33.92 73.38 2126.0 1823.89 32 68 

35 Peshawar 41530 34.02 71.58 327.0 475.57 13 87 

36 Kakul 41535 34.18 73.25 1308.0 1350.60 33 67 

37 Gharidupatta 43533 34.22 73.62 813.5 1456.08 28 72 

38 Muzaffarabad 41532 34.37 73.48 702.0 1534.84 32 68 

39 Balakot 41536 34.38 73.35 995.4 1635.93 28 72 

40 Saidu Sharif 41523 34.73 72.35 949.0 1059.18 23 77 

41 Skardu 41517 35.30 75.68 2317.0 222.45 14 86 

42 Bunji 41518 35.36 74.63 1372.0 162.99 9 91 

43 Drosh 41515 35.57 71.78 1463.9 572.92 22 78 

44 Chitral 41506 35.85 71.83 1497.8 446.83 18 82 

45 Gilgit 41516 35.92 74.33 1460.0 138.82 13 87 

46 Gupis 41504 36.17 73.40 2156.0 224.12 7 93 

 Country normal     489.85 12.30 87.70 
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Fig. 2.1  The total monthly mean precipitation (mm) over Pakistan for all the 46 weather 

stations during the study period, including the one sigma standard deviation. The bias-

unadjusted APH underestimated the observed precipitation. 

Slope (and intercept) of wet and dry line is computed for each station. Once wet 

and dry slopes are computed for each weather station then the SD is computed, and on 

the basis of this SD, precipitation regimes are delineated. For delineation of precipitation 

regimes, the range of SD is computed and this range is divided into physically based 

three equal intervals, representing humid, semi-arid and arid type of climates.  

In general, less negative or positive SD value is indicative of relatively drier 

climate regime. All the analyses are carried out on weather station level. For spatial 

distribution maps, inverse distance weighting (IDW) technique is used for interpolation 

(see, for instance, Chen and Liu, 2012; Pingale et al., 2014; Razavi and Coulibaly, 2016).  

The IDW is an interpolation technique, based on averaging of neighboring 

weather stations. A weight is assigned to each neighboring weather station; this weight is 

proportional to a power of the inverse of the distance between weather stations. Thus, 

closer weather stations have more weight in the interpolation average than weather 

stations that are farther apart. 
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Fig. 2.2 Observed and APH-based annual precipitation variability for the selected stations for the period 1976−2007. The horizontal 

dashed line in each panel displays the observed mean annual precipitation. The unadjusted APH has under estimated the total annual 

precipitation over selected weather stations located in southern Pakistan (a, b, c), however, unadjusted APH has over estimated total 

annual precipitation over selected weather stations located in northern Pakistan (d, e, f). 
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2.3 Results and discussion 

2.3.1 Monthly and annual variability of precipitation 

Monthly observed precipitation distribution is shown in Fig. 2.1 along with the 

APH-based precipitation, including the one sigma STDV for both. Most of the 

precipitation is received in July and August which is about 20 and 16% of the total annual 

amount received in Pakistan, respectively. Fig. 2.1 also highlights the bimodality of the 

precipitation occurrence in Pakistan. 

Fig. 2.1 displays the observed and APH (before and after bias adjustment) for 

each month. For bias adjustment of APH with observed precipitation dataset, mean and 

STDV for each month and each weather station are computed.  Fig. 2.2 displays the 

observed and APH-based annual precipitation variability for the six selected weather 

stations: Karachi (Sindh), Quetta (Balochistan), Bahawalnagar (Punjab), Muzaffarabad 

(AJK), Peshawar (KPK) and Gilgit (GB), compared to the observed mean precipitation 

for each weather station. After calibration of APH, comparable monthly and annul 

precipitation dataset are used for further analysis.   

For most of the weather stations (85%) which are located in northern half of 

Pakistan, the APH overestimates the annual precipitation as compared to the observed 

datasets (see Section 2.2). Figure 2.2(e) and (f) show the observed and APH annual 

precipitation for Peshawar and Gilgit, respectively. At both stations, APH has 

overestimated the annual precipitation. In case of southern Pakistan, the APH-based 

precipitation has underestimated the annual precipitation. 

2.3.2 APH data bias adjustment 

The APH precipitation datasets are earlier validated for 12 weather stations during 

1971−2007 in Pakistan by Ali et al. (2012). It was found that APH precipitation datasets 

have low (high) coefficient of correlation (CC) for mean daily (monthly) datasets, 

relative to observations. In this thesis, the station-based APH precipitation datasets were 

validated with respect to observed ones for three climate regimes. 
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Climate regimes include, humid, sub-humid (wet) and sub-humid (dry), on daily 

and monthly time scales. For humid regimes, the CC on daily basis was 0.26 as compared 

to monthly precipitation dataset which was 0.97. For sub-humid (wet) climate, the CC on 

daily (monthly) precipitation dataset was found to be 0.05 (0.98), and for sub-humid (dry) 

climate, the CC on daily (monthly) precipitation dataset was found to be 0.49 (0.99).  

Bias adjustment of APH precipitation data is carried out relative to observed 

precipitation datasets for each weather station. A mean and STDV based bias correction 

is used (Sippel and Otto, 2014), as displayed in Eq. (2.1): 

APH
OBS OBS

APH

APH-μ
Cal(APH)= σ +μ (2.1)

σ

 
 
   

Where, Cal represents bias-adjusted APH precipitation data, APH represents APH 

precipitation dataset, OBS represents observed weather precipitation dataset,   represents 

monthly mean, and   the monthly STDV. The above bias correction formula rescales the 

APH quantities to OBS values such that no qualitative change in the distribution occurs. 

 Furthermore, this bias adjustment procedure has resulted in negligible under/over 

estimation in climate models and re-analysis-based precipitation datasets for region of 

Pakistan (Asmat et al. 2017). Figure 2.1 displays the results for bias-adjusted long-term 

monthly mean APH precipitation, using Eq. (2.1), along with observed and unadjusted 

APH-based precipitation.  

The bias adjusted APH-based precipitation falls within one sigma STDV of the 

observed one, with comparable absolute values. Absolute magnitude and one sigma 

STDV of monthly precipitation are highest (next to highest) in July (August). Figure 2.2 

displays the inter-annual variability in the bias-adjusted APH precipitation as compared 

to the observed one. 
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Fig. 2.3 Spatial distribution of monthly longest (a) wet and (b) dry spell periods for 

observed (left column panels) and bias-corrected APH precipitation datasets (right 

column panels). Northern Pakistan has longer wet spells, whereas southern Pakistan has 

longer dry spells. Weather station locations are displayed using open circles (see Fig. 1.1 

also). 

2.3.3 Spatial distribution of spell lengths 

Monthly precipitation time series of all the weather station is converted into wet 

and dry spells. Spatial distribution of longest wet and dry spells for observed and bias-

adjusted APH precipitation dataset is analyzed during the study period (Fig. 2.3 and Fig. 

2.4). The IDW interpolation technique is used to obtain the spatial distributions (see 

Section 2.2.2). For observed precipitation datasets, the longest (shortest) wet spell is 

found at Saidu Sharif (Nokundi) of 120 months (5 months).  
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Fig. 2.4 Same as Fig. 2.3 except for average monthly spell length. 

Average longest wet spell for Pakistan is 28.20 months. On province level, 

longest wet spell lengths for AJK, Balochistan, GB, KPK, Punjab and Sindh are 77.50, 

10.90, 17.25, 58.10, 27.75 and 6.86 months, respectively. The longest (shortest) dry spell 

is found at Nokundi (Saidu Sharif) of 34 months (1 month). Average longest dry spell for 

Pakistan is 7.78 months.  

Whereas, on province level, longest wet spell lengths for AJK, Balochistan, GB, 

KPK, Punjab and Sindh province are 2.00, 13.45, 6.25, 2.40, 4.33 and 15.00 months, 

respectively. For bias-adjusted APH precipitation datasets, the longest (shortest) wet spell 

is found at Kakul (Badin) with 99 months (5 months  Average longest wet spell for 

Pakistan is 26.28 months, whereas on province level, the longest wet spell lengths for 

AJK, Balochistan, GB, KPK, Punjab and Sindh are 86.00, 49.09, 30.25, 20.60, 10.50 and 

6.29 months, respectively.  
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The longest (shortest) dry spell is found at Karachi (Saidu Sharif) of 22 months (2 

months). Average longest dry spell for Pakistan is 6.80 months, whereas on province 

level, the longest dry spell lengths for AJK, Balochistan, GB, KPK, Punjab and Sindh are 

2.00, 2.64, 3.00, 4.20, 9.00 and 16.86 months, respectively. For observed precipitation 

datasets, maximum (minimum) average wet spell length is found at Parachinar (Nokundi) 

with a spell length of 36.99 months (1.62 months), see Figure 2.4. Average wet spell for 

Pakistan is 9.10 months, on province level, the average wet spell lengths for AJK, 

Balochistan, GB, KPK, Punjab and Sindh are 27.61, 3.14, 4.61, 19.52, 8.53, and 1.88 

months, respectively.  

The maximum (minimum) average dry spell length for observed precipitation 

dataset is found at Nokundi (Saidu Sharif) with average spell length of 5.94 months (1.00 

month). Average dry spell length for Pakistan is 2.10 months, whereas on province level, 

maximum average wet spell lengths for AJK, Balochistan, GB, KPK, Punjab and Sindh 

are 1.19, 3.05, 1.71, 1.22, 1.60 and 3.19 months, respectively. For bias-adjusted APH 

precipitation datasets, maximum (minimum) average wet spell length is found at Kakul 

(Rohri) with average spell length of 36.41 months (1.67 months). Average wet spell 

length for Pakistan is 7.70 months, on province level, average wet spell lengths for AJK, 

Balochistan, GB, KPK, Punjab and Sindh are 14.15, 3.51, 4.58, 16.39, 7.65, and 1.88 

months, respectively. Average dry spell length for Pakistan is 3.12 months, whereas on 

province level, the average wet spell lengths for AJK, Balochistan, GB, KPK, Punjab and 

Sindh are 2.96, 3.18, 2.25, 3.36, 2.61 and 4.10 months, respectively. 

Cumulatively, relatively longer (shorter) wet (dry) spells occur in northern 

Pakistan (latitude > 32°N), and vice versa for southern Pakistan (latitude < 32°N), in both 

datasets. The same latitudinal distribution persists for average of longer and shorter 

spells. Longer wet (dry) spell and higher average number of wet (dry) spell will result in 

more (less) precipitation in northern (southern) Pakistan, hence northern Pakistan 

receives more precipitation relative to northern Pakistan. On administrative scale KPK, 

AJK, GB, Punjab (Sindh, Balochistan) have longer/shorter (shorter/longer) wet/dry spells 

along with longest/shorter (shortest/longer) average wet/dry spell length. 
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Table 2.3 Fraction of wet and dry months for observed (APH) precipitation datasets on a 

decadal basis extracted for the duration of study period. 

Precipitation 

regime 

 Fraction of wet months  Fraction of dry months 

 19761986 19871996 19972007  19761986 19871996 19972007 

Arid  0.45(0.54) 0.43(0.51) 0.42(0.48) 0.55(0.46) 0.57(0.49) 0.58(0.52) 

Semi-arid  0.85(0.88) 0.84(0.87) 0.84(0.85) 0.15(0.12) 0.16(0.13) 0.16(0.15) 

Humid  0.97(0.85) 0.97(0.88) 0.94(0.89) 0.03(0.15) 0.03(0.12) 0.06(0.11) 

2.3.4 Decadal variability and trends in wet and dry spells 

Decadal variability in wet spell length is studied for both observed and bias-

adjusted APH monthly precipitation datasets. The analysis is carried out for each weather 

station in terms of decadal change in fraction of wet and dry spells (not shown). In 

general, weather station based decadal analysis presented here supports the findings of 

Hussain and Lee (2014), where comparison is possible. For instance, this includes the 

observation that the weather stations in northern (southern) Pakistan are shifting towards 

relatively wetter (drier) conditions on a decadal time scale, during the study period. 

Cumulatively, decadal analysis for arid, semi-arid and humid regimes shows that the wet 

spell has a decreasing behavior and dry spell has an increasing behavior in arid and 

humid regimes. In case of semi-arid regime, no change is found for last two decades in 

the study length of 1976−2007 (Table 2.3). 

Weather station-based linear trends in wet and dry spell lengths are analyzed for 

both precipitation datasets for the entire study period (not shown). For the observed 

(APH) wet spell lengths, most of the weather stations, 61% (65%), show a statistically 

non-significant decreasing behavior during the study period. Three weather stations, 

Kakul, Kohat and Jhelum, show a decreasing trend with the coefficient of determination, 

R
2
 > 0.15. In case of observed (APH) dry spells, 59% (69%) weather station shows 

statistically non-significant increasing trend in dry spell lengths, with Islamabad and 

Balakot shows decreasing trend in dry spell lengths having R
2
 > 0.15. 
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Table 2.4 Number of wet and dry periods and their duration for Rohri weather station 

obtained from observed (bias-adjusted APH) precipitation datasets. 

Period (months) 
Number of months 

Dry Wet 

1 22 (24) 47 (47) 
2 15 (14) 16 (17) 

3 13 (13) 9 (9) 

4 6 (6) 1 (1) 

5 2 (2)  1 (1) 

6 5 (5) 2 (2) 

7 4 (4) 0 (0) 

8 4 (5) 0 (0) 

9 2 (2) 0 (0) 

10 1 (0) 0 (0) 

11 0 (0) 0 (0) 

12 0 (0) 0 (0) 

13 0 (0) 

 

0 (0) 

14 1 (1) 0 (0) 

Spatial distribution of number of wet and dry spells using both observed and bias-

adjusted APH datasets over the entire study period, on weather station basis, was also 

studied (not shown). The wet and dry spells differ by a difference of one only. From 

north to south, the number of spells increases. Typically, they are in the range of 20-30 in 

northern Pakistan, this range increases to 40s in central Pakistan, and in southern 

Pakistan, this range is in 50-60s. This behavior is compatible with the weather systems 

impacting the precipitation patterns in Pakistan (see Section 1.2 for further details). 

Secondary lows from western disturbances and monsoon circulations leads to shorter and 

multiple wet spells in southern Pakistan. 

2.3.5 Wet and dry spell SDs 

Table 2.4 displays number and length of wet and dry spells for observed and bias-

adjusted APH precipitation datasets, for selected weather station at Rohri. Table 2.4 

indicates that the agreement between both the number and length of wet and dry spells is 

quite good based on the two datasets. After computation of wet and dry spells for each 

weather station, log-log graph is plotted for both observed and bias-adjusted APH 

precipitation datasets.  
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Fig. 2.5 Wet and dry spell number versus spell duration of observed precipitation dataset 

(upper row panels) and bias-adjusted APH precipitation (lower row panels) datasets on 

log-log graphs for a selected humid station (Murree), a semi-arid station (Sargodha) and 

an arid station (Rohri). 

Figure 2.5 displays an example. The slope is estimated for both wet and dry spell 

lengths, and then SD is computed from wet and dry slope (see Section 2.2 for more 

details). In both datasets, for wet and dry slopes, R
2
, typically was above 0.20−0.40 for 

majority (85%) of weather stations. Table 2.5 displays the dry slope and wet slope for 

observed and bias-adjusted APH-based precipitation datasets for all 46 weather stations. 

In the log-log graph plot, wet and dry trend lines intersect each other at different 

locations for humid, semi-arid and arid regimes, as displayed in Fig. 2.5. In case of a 

humid station, such as Murree [Fig. 2.5(a)], wet and dry trend lines intersect each other 

near x-axis. For an arid station, intersection between wet and dry trend lines occurs near 

y-axis [Fig. 2.5(b)], whereas for a semi-arid station, intersection occurs at central region 

of xy plot [Fig. 2.5(c)]. Note that there is no intersection of wet and dry trend lines in 

analysis of selected stations by Bazuhair et al. (1997). In this study, the wet and dry trend 

lines were plotted and then the weather stations were classified into humid (arid), if wet 

(dry) trend line is significantly above the dry (wet), and semi-arid if wet and dry trend 

lines are close to each other. 
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Table 2.5 Wet and dry slope values in units of number of spell per duration of spells for 

all the weather stations and their classification in arid, semi-arid and humid precipitation 

regimes.  

ID Station name 
Wet slope  Dry slope  Precipitation regime  

 
Observed APH  Observed APH  Observed APH 

1 Badin -1.55 -1.60 -1.24 -1.24 Arid Arid 

2 Karachi -1.71 -1.71 -0.98 -0.98 Arid Arid 

3 Jiwani -1.92 -1.59 -0.96 -1.20 Arid Arid 

4 Pasni -1.74 -1.66 -0.96 -1.33 Arid Arid 

5 Chhor -1.93 -1.96 -1.32 -1.32 Arid Arid 

6 Benazirabad -1.80 -1.80 -1.21 -1.20 Arid Arid 

7 Padidan -1.86 -2.08 -1.26 -1.30 Arid Arid 

8 Panjgur -1.69 -1.40 -1.43 -1.47 Arid Arid 

9 Rohri -2.21 -2.22 -1.24 -1.14 Arid Arid 

10 Khuzdar -1.26 -1.05 -2.39 -2.09 Semi-arid Semi-arid 

11 Jacobabad -1.40 -1.41 -1.47 -1.46 Arid Arid 

12 Khanpur -1.32 -1.39 -1.69 -1.67 Arid Arid 

13 Nokundi -1.94 -1.61 -0.72 -0.95 Arid Arid 

14 Dalbandin -1.25 -1.05 -1.18 -1.29 Arid Arid 

15 Kalat -0.92 -1.38 -1.35 -2.18 Arid Semi-arid 

16 Bahawalpur -1.46 -1.36 -1.87 -1.94 Arid Arid 

17 Sibbi -1.57 -1.54 -1.66 -1.82 Arid Arid 

18 Barkhan -0.55 -0.52 -2.08 -2.15 Semi-arid Semi-arid 

19 Bahawalnagar -1.32 -1.60 -1.88 -2.13 Arid Arid 

20 Quetta -1.24 -0.96 -1.36 -1.74 Arid Arid 

21 Multan -1.32 -1.54 -1.88 -2.08 Arid Arid 

22 Zhob -0.75 -0.68 -2.14 -1.82 Semi-arid  Semi-arid 

23 Faisalabad -1.05 -0.97 -2.21 -2.37 Semi-arid Semi-arid 

24 Lahore -0.49 -0.73 -1.82 -2.42 Semi-arid Semi-arid 

25 D.I.Khan -0.69 -0.63 -1.46 -1.87 Semi-arid Semi-arid 

26 Sargodha -0.49 -0.47 -1.97 -2.34 Semi-arid Semi-arid 

27 Sialkot -0.20 -0.45 -2.17 -3.11 Semi-arid Humid 

28 Mainwali -0.63 -0.57 -2.22 -2.49 Semi-arid Semi-arid 

29 Jhelum -0.35 -0.31 -2.01 -1.26 Semi-arid Semi-arid 

30 Kohat -0.14 -0.25 -1.10 -2.10 Semi-arid Semi-arid 

31 Islamabad -0.07 -0.10 -2.49 -2.58 Humid Humid 

32 Cherat -0.28 -0.86 -2.50 -2.78 Semi-arid Semi-arid 

33 Parachinar -0.14 -0.19 -2.00 -3.46 Semi-arid Humid 

34 Murree -0.06 -0.04 -3.58 -3.70 Humid Humid 

35 Peshawar -0.52 -0.72 -2.32 -1.89 Semi-arid Semi-arid 

36 Kakul 0.01 0.02 -2.00 -3.00 Semi-arid Humid 

37 Garhidupatta -0.18 -0.30 -2.22 -3.00 Semi-arid Humid 

38 Muzaffarabad -0.02 -0.31 -2.00 -2.77 Semi-arid Humid 

39 Balakot -0.16 -0.03 -3.32 -3.32 Humid Humid 

40 Saidu Sharif -0.04 -0.07 -3.46 -4.09 Humid Humid 

41 Skardu -0.75 -0.86 -2.19 -2.69 Semi-arid Semi-arid 

42 Bunji -0.91 -0.69 -2.01 -2.15 Semi-arid Semi-arid 

43 Drosh -0.18 -0.22 -4.39 -2.58 Humid Semi-arid 

44 Chitral -0.31 -0.62 -2.25 -2.14 Semi-arid Semi-arid 

45 Gilgit -0.92 -0.65 -1.83 -2.07 Semi-arid Semi-arid 

46 Gupis -1.08 -1.01 -0.53 -2.04 Arid Semi-arid 
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Table 2.5 displays wet slope for observed precipitation dataset and bias-adjusted 

APH dataset. Observed wet slope has minimum value of -2.21 (for Rohri) and maximum 

slope value is 0.01 (for Kakul), whereas bias-adjusted APH has minimum values of -2.37 

(for Padidan) and maximum value of 0.06 (for Balakot). Climatologically, weather 

stations located in northern (southern) Pakistan have higher (lower) wet slopes. In case of 

dry slope, humid stations have lower slope and arid stations have higher dry slope. 

2.3.6 Delineation of precipitation regimes 

The wet and dry slopes have inverse relationship with each other. In northern 

Pakistan, most of the weather stations lie in humid type of climate and have higher value 

of wet slope and lower values of dry slope, whereas in southern Pakistan, arid type of 

climate dominates which has higher dry slope value and lower wet slope (Table 2.5). 

In humid regime, average wet (dry) slope is -0.15 (-2.83) in units of, number of 

spell per length of spell, where length is in months, average SD is -2.69, and average 

annual precipitation is 1084 mm year
−1

. For semi-arid regimes, average wet (dry) slope is 

-0.79 (-1.87), average SD is -1.08 and average annual precipitation is 413 mm year
−1

. In 

case of arid type of climate, average value of wet (dry) slope is -1.77 (-1.29), average SD 

is 0.48 and average annual precipitation is 149 mm year
−1

.  

In humid type of climate, maximum (minimum) annual precipitation is received 

by Murree (Chitral) which is 1780 mm year
−1

 (455 mm year
−1

). In case of semi-arid type 

of climate in Pakistan, maximum (minimum) amount of precipitation is received by 

Kakul (Gilgit) which is 1317 mm year
−1

 (144 mm year
−1

), and in arid climate, maximum 

(minimum) precipitation is received by Quetta (Nokundi) which is 275 mm day
−1

 (36 mm 

day
−1

). 

Arid stations have higher SD as these stations have higher dry slopes and lower 

wet slopes (such as Badin with dry slope of -1.24 and wet slope of -1.55 and SD of 0.30), 

and in case of humid stations have lower dry and higher wet slopes (such as Drosh with 

wet slope of -0.18 and dry slope of -4.39, and SD of -4.22), weather stations located in 

semi-arid regimes have higher dry slope and relatively close wet slopes (such as Multan 

has dry slope of -1.88, and wet slopes of -1.32, with SD of -0.56). 
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Table 2.6 Climate classifications based on Erniç aridity index and SD technique. 

Sr. 

No. 

 Erniç aridity 

index range 

 Erniç aridity index based 

climate classification 

 Slope difference based  

climate regimes 

1 < 8 Hyper arid Arid 

2 8 – 15 Arid Arid 

3 15 – 23 Semi-arid Semi-arid 

4 23 – 40 Dry sub humid  Semi-arid 

5 40 – 55 Humid Humid 

6 55 > Very humid Humid 

Each weather station has unique SD representative of humid, semi-arid and arid 

weather station. The SD between wet and dry spells is therefore classified into physically 

based three groups for the SD values between -4.22 and 1.22 (implying a range of SD 

equals 5.44). If SD is < -2.38, then the weather station is categorized as humid, if SD 

range is between -2.37 and -0.51, then the weather station is categorized as semi-arid and 

if SD is > -0.51, then the weather station lies in arid regime, for both observed and APH 

precipitation datasets, as displayed in upper row panels in Fig. 2.6. 

According to this SD, 11 stations fall into humid category, as shown in Fig. 2.6 

(upper row panels), whereas 20 (15) weather stations into semi-arid (arid) climate regime. 

In the transitional region between humid and semi-arid, and semi-arid and arid regime, 

SD representation can be similar. For instance, three weather stations Cherat, Chitral and 

Sialkot fall in humid regime; however, they have SD representation closer to semi-arid 

class. Table 2.5 displays the precipitation regimes for each weather station. The 

precipitation regime classification is the same at majority (80%) of stations in the two 

datasets. 

2.3.7 Comparison with existing climate regime classifications of Pakistan  

The AI is used for comparison of precipitation regimes obtained by SD technique. 

It is a ratio between total annual precipitation (mm year
−1

) and mean annual maximum 

temperature. Results obtained from AI show that 4% area is humid, 30% area is semi-arid 

and 66% area is arid in Pakistan (for baseline of 1976−2007). For bias adjustment of SD 

technique with AI, SD for boundary line between humid and semi-arid is set at -2.20, and 

SD for boundary line between semi-arid and arid region is set at -0.20 (Table 2.6). 
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Fig. 2.6 Climate classification of Pakistan using SD technique for observed and APH 

precipitation datasets (upper row panels) and using Erniç aridity index and Köppen 

classification technique (lower row panels).Weather station locations are displayed using 

open circles (see Fig. 1.1 also). 

Figure 2.6 displays the climate regimes obtained by wet and dry SD technique and 

is compared with AI. The AI has six classes which are shown in Table 2.6. For 

comparison, Erniç’s classes are merged into three classes. The SD technique has quite 

comparable precipitation regime delineations as shown in Fig. 2.6. 

Köppen-Geiger climate classification technique is also used to classify the climate 

regimes in Pakistan for comparison. Variables used in Köppen-Geiger classification were 

obtained from the two datasets for 46 weather stations. The results obtained from 

Köppen-Geiger classification show that 70% of the area in Pakistan has arid and semi-

arid type of climate. Figure 2.6 also shows Köppen-Geiger classification comparison with 

those based on other indices including the current climate classification for Pakistan. 
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Fig. 2.7 Comparison of climate classifications based on varying number of climate 

regimes using SD technique (left and middle column panels) and Erniç aridity index 

(right column panels). 

A varying number of climate regimes may be delineated by using a classification 

scheme. Likewise, different number of climate regimes may be delineated by SD 

technique for both observed and bias-adjusted APH precipitation datasets. The SD 

technique based climate regimes are compared with a number of climate regimes in AI, 

based on observed monthly precipitation and temperature datasets (Fig. 2.7). The four 

climate regimes delineated by SD are: hyper arid (SD < -2.86), arid (-2.86 < SD < -1.50), 

semi-arid (-1.50 < SD < -0.14) and humid (SD > -0.14); these are compared with the 

following AI classes in upper row panel in Fig. 2.7: hyper arid (AI < 8), arid (8 < AI < 

15), semi-arid (15 < AI < 40) and humid (AI > 40).  
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Table 2.7 Comparison of precipitation regime classification based upon graphical and SD 

techniques for 16 weather stations in Saudi Arabia. 

 
Station 

name 

 Wet 

slope 

 Dry 

slope 

 Slope 

Difference 

 Bazuhair et al. 

(1997) 

 
This work 

 
Al-Amir  -1.25  -2.00  -0.75  humid  humid 

 
Qamah  -2.20  -1.53  0.67  arid  arid 

 
Ba’Qaa  -1.55  -1.39  0.16  semi-humid  semi-arid 

 
Harad

1
  -1.44  -1.26  0.18  arid  semi-arid 

 
Turabah  -1.65  -1.53  0.12  semi-humid  semi-arid 

 
Hofuf  -1.39  -1.32  0.07  semi-humid  semi-arid 

 
Abha  -1.19  -2.29  -1.10  humid  humid 

 
Beljurshi  -1.20  -2.12  -0.92  humid  humid 

 
Ranyah  -1.60  -1.70  -0.10  semi-humid  semi-arid 

 
Sakaka  -1.40  -1.25  0.15  semi-humid  semi-arid 

 
Yatrib  -1.58  -1.25  0.33  arid  arid 

 
Sarar  -1.39  -1.26  0.13  semi-humid  semi-arid 

 
Al-Ula  -2.38  -1.49  0.89  arid  arid 

 
Mosajid  -1.80  -1.50  0.30  arid  arid 

 
Qatif  -1.32  -1.40  -0.08  semi-humid  semi-arid 

 
Qurrayat  -1.44  -1.39  0.05  semi-humid  semi-arid 

 

For declination of five climate regimes by SD (AI), hyper arid, arid, semi-arid, 

dry sub-humid and humid, SD threshold between climate regimes are at -3.13 (8), -2.04 

(15), -0.95 (23) and 0.13 (40) respectively, as displayed in middle row panels in Fig. 2.7. 

For declination of six different climate regimes by SD (AI),  including hyper arid, arid, 

semi-arid, dry sub-humid, humid and very humid, SD threshold between climate regimes 

are at -3.31 (8), -2.40 (15), -1.50 (23), -0.59 (40) and 0.31 (55) respectively, as displayed 

in lower row panels in Fig. 2.7.  

Precipitation regime classification based on SD is used to classify the 16 weather 

stations in Saudi Arabia used by Bazuhair et al. (1997), see Table 2.7. The SD is obtained 

from wet and dry slopes (Table 4 of Bazuhair et al., 1997), which ranged between -1.10 

and 0.89.  



   
  

36 
 

This range is divided into three equal intervals to define humid (with SD between 

-1.10 and -0.43), semi-arid (with SD between -0.44 and 0.22) and arid (with SD between 

0.23 and 0.89) precipitation regime. Results obtained by SD technique show that all the 

weather stations fall in the same precipitation regime which was delineated by graphical 

technique used by Bazuhair et al. (1997), expect one weather station (Harad), which fall 

in semi-arid precipitation regime delineated by SD technique, whereas according to 

graphical technique, this weather station is associated with arid type of precipitation 

regime. This is due to the fact that it lies on the boundary between arid and semi-arid 

precipitation regime (as delineated by SD technique). 

2.4 Discussion 

2.4.1 Schematic illustration of SD technique 

Schematically, a two-dimensional log-log plot of number of spells versus spell 

length is used to find the slopes of wet and dry spells, since the variations in both span 

several orders of magnitude. The slope of wet (dry) spells is determined by linear 

regression for each weather station. After computing the wet and dry slopes, SD, which is 

defined as difference of dry and wet slopes, is determined for each weather station, and 

then the range, SDmax - SDmin, for SD is determined. The range is divided into three 

intervals to delineate humid, semi-arid and arid climates (Fig. 2.8). Two threshold values 

for boundaries between humid and semi-arid (SDH/SA), and between semi-arid and arid 

(SDSA/A) are defined such that the following inequalities hold: SDmin < SDH/SA < SDSA/A < 

SDmax. 

Humid  (arid) stations have longer wet  (dry) spells and shorter dry (set)  spells, 

with higher wet and lower dry slope (dry  (wet) slope ≪ wet (dry)  slope), with more 

negative (positive ) SD. Semi-arid stations have less negative SD (dry slope < wet slope). 

Thus, the intersection of wet and dry spells for various weather stations is such that the 

arid/semi-arid/humid regimes occur near top/center/bottom of the log-log graph (Fig. 

2.8). This unique graphical intersection property between wet dry spell trend lines can be 

used to classify the location of weather station in different climate regimes (arid/semi-

arid/humid) of region.  
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Fig. 2.8 Illustrative diagram for SD technique to represent humid, semi-arid and arid 

precipitation regimes. 

The slope of wet and dry trend line represents the intensity of wetness and dryness 

of a weather station. Lower slope represents the shorter wet and dry spells. For instance, 

in Fig. 2.5, Murree (Rohri) station has higher (lower) wet slope, which indicates that this 

weather station has longer and persistent wet (dry) spells and shorter dry (wet) spells. 

Wet and dry spell length and number may thus be used to represent the humidity/aridity 

of the region. 

2.4.2 Comparison of SD technique with previous studies 

Ahmad (1951) divided Pakistan into four climate regimes based on variations of 

three climate variables (maximum temperature, minimum temperature and precipitation): 

tropical coastlands (arid in SD), subtropical continental lowlands (semi-arid in SD), 

subtropical continental highlands (semi-arid in SD) and subtropical plateau (arid in SD). 
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Bharucha and Shanbhag (1956) classified the vegetation types in Indian 

subcontinent (India, Pakistan and Burma), by defining a vegetation index based on a ratio 

between average monthly precipitation and evaporation. In their analysis, only one 

weather station, Hyderabad, is located in Pakistan. Their method shows that Hyderabad 

has Thorn forest type climate. Using monthly precipitation data for 22 years (1990–

2011), it is noted that Hyderabad has lower wet slope and higher dry slope with SD value 

of 1.26, and thus Hyderabad has arid type climate. 

Oliver et al. (1978) used multivariate statistical approach (cluster analysis) for 56 

weather stations, for climate classification in Pakistan. According to their classification, 

extreme southern Pakistan has continental plateau, arid marine, subtropical desert, semi-

desert, subtropical plateau, with lower amount of precipitation (arid in SD), whereas 

central Pakistan has continental high land and subtropical arid lowlands (semi-arid in 

SD), and northern Pakistan has continental highlands with more precipitation in summer 

(humid and semi-arid in SD). 

Seasonal climate classification of Pakistan was delineated by Shamshad (1988), 

by dividing Pakistan into three major seasonal climate classes: quadruple season of extra-

tropical type, triple season of subtropical type, and double season of subtropical type. 

These three climate classes are further subdivided into a total of 11 sub-climate regions, 

based on following five factors: topography, proximity to sea, precipitation, temperature 

and wind.  

According to Shamshad (1988), southern Pakistan has arid highlands with winter 

precipitation maxima, deserts, hot-lands and coastlands (arid in SD), central Pakistan has 

arid/semi-arid/humid highlands with winter/summer precipitation maxima type of climate 

(semi-arid in SD) and extreme northern Pakistan has arid/semi-arid high-lands with 

winter precipitation maxima type of climate (humid and semi-arid in SD).On weather 

station level, most of the southern Pakistan has subtropical double seasonal climate which 

consists of desert (Nokundi, arid in SD), hot-lands (Jacobabad, arid in SD) and coastlands 

climates (Karachi, arid in SD).  
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Extreme western and north western Pakistan has extra-tropical quadruple seasonal 

climate which consists of arid highlands with winter precipitation maxima (Gilgit, semi-

arid in SD), semi-arid highlands with winter/summer precipitation maxima (Drosh/Zhob, 

humid/semi-arid in SD), mild-climate highlands (Parachinar, semi-arid in SD) and humid 

highlands with summer precipitation maxima (Murree, humid in SD). Extreme eastern 

Pakistan has subtropical triple seasonal climate, which is subdivided into semi-arid 

lowlands areas (Lahore, semi-arid in SD), semi-arid sub-montane area (Peshawar, semi-

arid in SD) and moderate-climate sub-montane areas seasonal climates (Sialkot, semi-

arid in SD). 

Chaudhry and Rasul (2003), classified climate in Pakistan mainly for agriculture 

use by modifying Thornthwaite approach. They found that 67% area lies under arid 

climate (66% area is arid in SD), most of the area in southern Pakistan has arid type of 

climate (80% area has arid type of climate in SD), and the narrow belt of north Pakistan 

(some part of AJK and GB) on eastern plains have sub-humid climate (humid in SD). 

Hussain and Lee (2009) used factor and cluster analysis for 32 weather stations to 

classify Pakistan into six climate groups. Extreme southern part is classified as 

northwestern Balochistan plateau, costal precipitation region and Makran coastal 

precipitation region with low amount of precipitation (arid in SD), central part is 

classified as the central plain, southern desert and inner-Himalayas precipitation region 

with moderate amount of precipitation (semi-arid in SD) and extreme northern part is 

classified as the northwestern mountain, Murree hills and Pir-Panjal mountain, upper 

Indus basin and Potwar plateau precipitation region with high amount of precipitation 

(humid in SD). 

Zahid and Rasul (2011) used Thornthwaite’s thermal efficiency index based on 

temperature and evapotranspiration for thermal classification of Pakistan on seasonal and 

annual basis. According to them, southern Pakistan has mesothermal and mega thermal 

type of climate (arid in SD), central part has microthermal, mild microthermal, moderate 

microthermal, and strong mesothermal type of climate (semi-arid in SD) and extreme 

northern part has mild microthermal, frost and tundra type of climate (humid in SD). 
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Sarfaraz et al. (2014) used Köppen-Geiger classification and climate data of 59 

weather stations to obtain climate classification for Pakistan. According to Köppen-

Geiger classification applied by Sarfaraz et al. (2014), southern and central part has 

desert/steppe hot climate (arid/semi-arid in SD), whereas extreme northern part has 

temperate and snowy climate (humid in SD), with 5% area falling under cold climate (4% 

in humid in SD). 

Sarfaraz (2014) used principal component analysis to delineate climate 

classification for Pakistan; his study confirms the results of Hussain and Lee (2009). 

According to his study, Pakistan is classified into six climate regimes/areas. Nine weather 

stations fall in area-V and area-VI, with mean winter precipitation ranges between 33.8 to 

35.9 mm (arid in SD), 19 weather stations fall in area-I, area-III and area-IV, with mean 

winter precipitation ranges between 85.5 to 147.5 mm (semi-arid in SD), whereas seven 

weather stations fall in area-II, with mean winter precipitation amount of 423.8 mm 

(humid in SD).  

Haider and Adnan (2014) used the following five AIs: DeMartonne’s 

AI/Thornthwaite’s Precipitation Effectiveness Index/Thornthwaite’s Moisture 

Index/UNESCO aridity index/Erniç aridity index, for 54 weather stations for Pakistan to 

delineate Pakistan into 6/6/8/5/6 classes. According to AIs, southern Pakistan has hyper 

arid/arid type of climate (arid in SD), central part has semi-arid/ sub-humid (semi-arid in 

SD) and extreme northern part has humid/very-humid/semi-arid type of climate (humid/ 

semi-arid in SD). 

In summary, results obtained by comparing the previous climate classifications 

cumulatively indicate that southern part of Pakistan has arid type of climate, central part 

of Pakistan has semi-arid type of climate, then there is small portion of humid climate, 

and extreme northern part of Pakistan has again semi-arid climate. 
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Chapter 3 

Observed, stochastically simulated and projected 

precipitation variability in Pakistan using IPCC AR4 based 

AOGCMs 

  



   
  

42 
 

3.1 Introduction 

Asia has been the region most affected by floods during 1900–2012 (Ali, 2013). 

During this time period, this region suffered about 60% of the total damage due to floods. 

After China and India, Pakistan is third most effected country in Asia region due to 

extreme precipitation occurrence. During the 2010 flood, 20 million people in 78 districts 

of Pakistan were affected, 1800 lost their lives, and more than two million houses were 

completely destroyed or damaged during this incident (Warraich et al., 2011; Webster et 

al., 2011; Tariq and Giesen, 2012). 

Precipitation is one of the major basic climatic parameter which influences 

agriculture (Chen et al., 2013) and hydrology of any country on the globe. Pakistan’s 

economy is mostly dependent on agriculture and its associated products; approximately 

70% of livelihood depends on it (Faisal and Sadiq, 2009). An accurate and timely 

precipitation simulation/projection is a challenge due to intermittent behavior of 

precipitation (Trenberth, 2011), and in order that society be able to adapt for the extreme 

precipitation events. 

The LARS-WG is a stochastic precipitation generator and is applied in different 

regions of the world including USA, Europe, Middle East, Africa, UK, and in Asia (for 

some representative studies, see Table 3.1). The LARS-WG uses wet and dry spell 

lengths to estimate precipitation on a wetday (Racsko et al., 1991). Overall until now, 

only three studies are carried out in Pakistan in perspective of stochastic precipitation 

modeling, including the LARS-WG. 

In particular, Anwar et al. (2012) applied LARS-WG stochastic precipitation 

model for nine weather stations located in the semi-arid region in northern Pakistan, 

using observed daily precipitation datasets for a baseline period of 25-years (1981–2005). 

The Levene’s test, student t-test and F-test indicated a success of greater than seven out 

of ten trials for amount of precipitation on monthly basis. The Markov chain based model 

has been applied for five weather stations for the period 1981–2010 in Pakistan by Sadiq 

(2014). It was concluded that simulated results for amount of precipitation and frequency 

of wetdays are comparable with observed datasets.  
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The RainSim is another stochastic precipitation model which was applied in 

Pakistan for three weather stations located in upper Indus basin by Forsythe et al. (2014) 

in a climate change study in the basin, for the baseline period (1961–1990) and for the 

latter half of 21st century (2071–2100). The root mean square error between observed 

and simulated precipitation datasets for Gilgit (Skardu and Astore) was 0.9 mm (1.2 mm 

and 1.8 mm) on annual basis. Based on change factor method, an increase in precipitation 

of up to 27% was projected for latter half of century. 

Thus, to date, no detailed study has been carried out in Pakistan to evaluate the 

performance of LARS-WG, in particular, as it relates to all (three) climatic zones (arid, 

semiarid and humid) of Pakistan as well as to projected periods encompassing both 

middle and latter half of the 21st century. This thesis uses data from 46 different weather 

stations from throughout Pakistan in a selected stochastic precipitation generator which 

employs an alternate approach to Markov chain based models used by Sadiq (2014). For 

further recent details of study area and climate of Pakistan, the reader is referred to, for 

instance, Iqbal and Athar (2018a), Nabeel and Athar (2018), and Section 1.2 of this 

thesis. 

In general, assessment of climate change and its impacts on water resources is a 

major challenge for scientists in the present era (Parry et al., 2017). The AOGCMs can 

not only probe the current climate but also can be used to study projected climates 

(Sarkar et al., 2015). The LARS-WG is a useful tool for the stochastic projection of 

precipitation data based on the dynamics of the AOGCMs. 

The advantage of a stochastic precipitation generator is that it only requires 

monthly climate projection of an AOGCM and statistical properties at a particular 

weather station to simulate future time series. Another advantage of a statistical weather 

generator is that it is computationally less demanding. In this Chapter, a selected 

stochastic precipitation generator is calibrated and validated for Pakistan, which was not 

carried out before on entire country scale (Table 3.1). The results of this thesis will be 

helpful to provide a daily precipitation data not only to fulfill missing data gaps, but to 

provide future data sets under A1B scenario, which can be used as an input in agricultural 

and hydrological modeling. 
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Table 3.1 A recent representative chronology of application of the LARS-WG in different areas of world along with other different 

stochastic models when used for comparison of results in the same study. 

Region No. of 

weather 

stations 

Baseline period 

 (years) 

Projection 

studied 

Other stochastic models 

used 

Description Reference 

Europe 5 1961-1990 (30) ✓  Climate change studies Semenov and Barrow (1997) 

Europe 18 1941-1991 (51) x WGENa Performance evaluation of stochastic models for precipitation, temperature and solar radiation Semenov et al. (1998) 

Great Britain 3 1949-1995 (47) x  Simulation of precipitation and temperature Semenov and Brooks (1999) 

USA, India 12 1953-1991 (39) ✓ MARKSIMb and WM2c Performance evaluation of stochastic models for crop simulations.  Mavromatis and Hansen (2001) 

Australia  6                   (30) ✓  Crop Simulations Luo et al. (2003) 

Canada 9 1971-2000 (30) x AAFC-WGd Performance evaluation of models for precipitation and temperature Qian et al. (2004) 

Europe 6 1960-1989 (30) x  Used for crop simulations Lawless and Semenov (2005) 

Switzerland 2 1981-2000 (20) ✓  To assess climate change impacts on hydrological processes in Alpine catchments Zierl and Bugmann (2005) 

West Africa 8 1973-2005 (33) x WGENa Comparison of models for domestic rainwater harvesting assessment Cowden et al. (2008) 

Europe, USA 20 1961-1990 (30) x  Simulation of extreme precipitation and temperature events Semenov (2008) 

New Zealand 23 1961-2000 (40) ✓ SDSMe Performance evaluation of models for precipitation Hashmi et al. (2011) 

Pakistan 9 1981-2005 (25) x  Simulation of precipitation and temperature Anwar et al. (2012) 

Canada 2 1971-2001 (30) ✓  Climate change projections for small watersheds Zhang and Huang (2013) 

Great Britain 6 1981-2010 (30) ✓  Used for risk assessment simulations Calanca and Semenov (2013) 

Malaysia 13 1961-1990 (30) x  Impact of climate change on precipitation Hassan and Harun (2013) 

Iran 1 1986-2010 (25) ✓  Precipitation and temperature simulation Noori et al. (2013) 

Iran 5 1986-2005 (20) x IWGf Performance evaluation of models for precipitation  Khazaei et al. (2013) 

Sudan 9 1961-1990 (30) ✓  Precipitation and temperature simulations Chen et al. (2013) 

Iran 4 1961-1990 (30) ✓  Climate change and crop simulations Bannayan and Rezaei (2014) 

China 54 1950-2001 (52) x 
WGENa, CLIMGENg, 

CLIGENh and 

WeaGETSi 

Comparative analysis of daily temperature and precipitation generation Chen and Brissette (2014b) 

Malaysia 3 1968-1989 (22) ✓ SDSMe Simulation and projection of rainfall and temperature Hassan et al. (2014) 

India 3 1981-2010 (30) ✓  Climate change studies Reddy et al. (2014) 

Iraq 1 1961-2000 (40) ✓  Precipitation simulations and future changes Osman et al. (2014) 

Pakistan 5 1981-2010 (30) x Markov Chain Stochastic modeling of the daily precipitation frequency and amount Sadiq (2014) 

Pakistan 3 1961-1990 (30) ✓ RainSimj Assess climate change impacts in a semi-arid climate Forsythe et al. (2014) 

Pakistan 46 1976-2011 (36) ✓  Simulation and projection of precipitation This work 

 

a Weather Generator, b Markov chain Simulator, c Weather generator Model 2, d Agriculture and Agri-Food Canada Weather Generator, e Statistical Down Scaling Model, f Iranian Weather Generator, gSecond Order Two State Markov Chain based, hMonthly WGEN, 
iMarkov Chain based Weather Generator, jRain Simulator 
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3.2 Data and methodology 

3.2.1 Station datasets 

The daily observed precipitation datasets of 46 different weather stations are 

obtained from PMD. The duration of observed datasets is 36 years ranging from 1976 to 

2011 (TB). The geographical location and elevation of weather stations are shown in Fig. 

1.1 and Table. 2.2, including the basic statistics for each weather station. The number of 

weather stations used in this thesis falling in six administrative regions in Pakistan is as 

follows: 12 (11) in Punjab (Balochistan), 10 (7) in KPK (Sindh) and 4 (2) in GB (AJK). 

The datasets are checked for quality control, including checks for negative values, 

amount of missing data and outliers (see Section 2.2.1.1). 

3.2.2 Model description 

The simulation of precipitation occurrence in the LARS-WG is based on 

distribution of the length of continuous series of wet and dry days. A day is considered as 

wet when amount of precipitation in any given day is > 0 mm (Semenov et al., 1998). 

The precipitation is simulated by means of non-parametric semi-empirical probability 

distribution for every month for the lengths of dry and wetday spells and for the amount 

of precipitation if the day is wet, based on observed weather station datasets (Semenov 

and Brooks, 1999). The daily observed precipitation dataset is considered as a 

categorization of interchanging wet and dry spells of varying length; occurrences of wet 

and dry day sequences are independent of each other (Srikanthan and McMahon, 2001).  

In LARS-WG, generation of stochastic precipitation datasets is divided into two 

phases (Chen et al., 2013): calibration phase and the model validation phase. In 

calibration phase, the observed dataset is provided to stochastic generator to analyze the 

statistical properties of the observed datasets. During model validation phase, the 

generated synthetic time series is compared with the observed datasets through several 

statistical measures. The latest publicly available version of LARS-WG only 

accommodates the IPCC AR4 based AOGCMs for projection studies. 
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All fifteen AOGCMs from the AR4, which are incorporated in the LARS-WG 

(Semenov and Stratonovitch, 2010) are utilized for precipitation projections for the 

following    three periods:  2011–2030 or T1,   2046–2065 or T2 and 2080–2099 or T3. 

The AOGCM’s description and their spatial resolution is given in Table 3.2. Two 

AOGCMs (HADGEM and NCPCM) do not have projections for the period T3 in the 

LARS-WG. To generate projected climate at a weather station under an emission 

scenario, the LARS-WG baseline parameters, which are computed from observed 

weather stations for the period 1976–2011, are adjusted by the Δ-changes for projections 

by the AOGCMs for precipitation for the grid covering the site (Semenov and 

Stratonovitch, 2010).  

All fifteen AOGCMs under A1B scenario were used to assess the relative change 

of local-scale precipitation magnitude, number of wetdays, precipitation per wetday and 

relative variation in climate regimes for the three projection periods. The A1B scenario is 

considered as the moderate emission scenario in the IPCC AR4 (Saeed and Athar, 2018, 

and references cited therein). The A1B scenario is akin to moderate emission scenario 

RCP6 from the more recent IPCC AR5 (Appendix A). For further details, the reader is 

referred to: Seo et al. (2013); Szopa et al. (2013); Jacob et al. (2014); Earthscan and 

Sanyal (2015); Maycock (2016); Badou et al. (2018). 

 

3.2.3 Methodology 

The seasonal and annual precipitation datasets are derived for each weather 

station from available observed daily PMD datasets. For seasonal analysis, the following 

four seasons are defined: winter (December, January, and February), pre-monsoon 

(March, April, and May), monsoon (June, July, August, and September), and post-

monsoon (October and November) following Rajbhandari et al. (2015). Seasonal and 

annual analyses are carried out on country, administrative, and on climate regimes scales. 

Analysis variables include, precipitation amount, number of wet days, precipitation per 

wet day, number of wet/ dry spell length, and area under different climate regimes.  
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Table 3.2 The IPCC AR4 based AOGCMs embedded in the LARS-WG considered for 

projection study for time periods T1, T2 and T3 under emission scenario A1B. The models 

HADGEM and NCPCM do not have projection for the period T3. 

Research Center Name AOGCM 
AOGCM 

acronym 

Spatial 

resolution 

Bjerknes Centre for Climate Research BCM2.0 BCM2 1.9º × 1.9º 

Canadian Center for Climate Modeling and Analysis CGCM33.1 (T47) CGMR 2.8º × 2.8º 

Centre National de Recherches Météorologiques CNRM-CM3 CNCM3 1.9º × 1.9º 

Commonwealth Scientific and Industrial Research Organization   CSIRO-MK3.0 CSMK3 1.9º × 1.9º 

Institute of Atmospheric Physics FGOALS-g1.0 FGOALS 2.8º × 2.8º 

Geophysical Fluid Dynamics Lab GFDL-CM2.1 GFCM21 2.0º × 2.5º 

Goddard Institute for Space Studies  GISS-AOM GIAOM 3.0º × 4.0º 

UK Meteorological Office HadCM3 HADCM3 2.5º × 3.75º 

UK Meteorological Office HadGEM1 HADGEM 1.3º × 1.9º 

Institute for Numerical Mathematics  INM-CM3.0 INCM3 4.0º × 5.0º 

Institute Pierre Simon Laplace IPSL-CM4 IPCM4 2.5º × 3.75º 

National Institute for Environmental Studies MR1-CGCM2.3.2 MIHR 2.8º × 2.8º 

Max-Planck Institute for Meteorology  ECHAM5-OM MPEH5 1.9º × 1.9º 

National Centre for Atmospheric Research CCSM3 NCCCS 1.4º × 1.4º 

National Centre for Atmospheric Research  PCM NCPCM 2.8º × 2.8º 

 

The SD technique (see Section 2.2) is used to delineate the climate regimes based 

on the difference between slope of wet and dry spell trend lines, both for the baseline and 

for the projection periods. Briefly, the technique consists in plotting a log-log graph 

between number of wet (dry) spells and duration of spells, obtaining a linearly regressed 

fit to wet (dry) plots, and then computing slope for wet and dry trend lines. The 

difference between wet and dry trend fits is determined, and this difference is then used 

to delineate the climate regimes.  

During the baseline period, the SD based observed (simulated) area in arid type 

climate, A, is 57% (55%), whereas 40% (41%) area is in semi-arid type of climate, SA, 

and only 3% (4%) area is in humid type of climate, H, in Pakistan. The SD thresholds to 

delineate these area proportions in the three climate zones are as follows: SDH/SA is -2.38 

and SDSA/A is -0.51 (Nabeel and Athar, 2018).  
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In particular, southern Pakistan (lower areas of Sindh and Balochistan) mostly 

consists of arid climate. Central Pakistan (lower areas of Punjab along with upper areas 

of Sindh and Balochistan) and extreme northern Pakistan have semi-arid climate, whereas 

AJK and lower GB have humid climate. The IDW spatial interpolation is used to display 

the changes in spatial distributions of precipitation, wet spells and precipitation regimes 

of Pakistan. Commonly used statistics such as mean, STDV, root mean square difference 

(RMSD), student t-test and CC are used to quantify the relative variations in the 

magnitude of precipitation (Wilks, 2011). Taylor diagrams are also used to assess the 

relative projected performance of AOGCMs (Taylor, 2001). 

3.3 Results and discussion 

3.3.1 Observed and simulated precipitation 

3.3.1.1 Observed and simulated number of wetdays 

The left panel of Fig. 3.1 displays the administrative distribution for the annual 

number of wetdays. The annual number of observed (simulated) wetdays is 44.54 (43.60) 

days year
-1

 with a 2% error, when averaged over all Pakistan and over all study period. 

The simulated (observed) average annual number of wetdays for AJK are 107 (108) with 

a 1% error, for Balochistan 23 (22) with a 4% error, for GB 38 (39) with a 2% error, for 

KPK 73 (75) with a 2% error, for Punjab 47 (49) with a 4% error, and for Sindh it is 12 

(12). The maximum and minimum number of annual wetdays is found in 1997 and 2001 

with a value of 55 and 35 wetdays year
-1

, respectively. 

The average seasonal number of simulated (observed) wetdays for winter are 10 

(10), for pre-monsoon are 13 (13), for monsoon are 18 (19), and for post-monsoon are 3 

(3), over all Pakistan. Country wide, about 78% of wetdays are part of monsoon season 

(includes pre-monsoon, monsoon, and post-monsoon), whereas remaining 22% wetdays 

are part of winter season (Fig. 3.2). Out of this 78%, KPK (Sindh) has the highest 

(lowest) share of 28% (4%), whereas out of 22%, KPK (Sindh) again has the highest 

(lowest) share of 8% (1%).  
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 Fig. 3.1 The administrative distribution (in %) of annual number of wetdays (left pie 

chart) and amount of precipitation (right pie chart) based on observed and simulated 

datasets for the 36-year baseline period. 

The stochastic precipitation generator displayed good results in winter season for 

total number of wetdays, having an error of 1%, as compared to the monsoon season 

having an error of 5.90%, pre-monsoon with 1.98% error, and post monsoon with an 

error of 1.37%, for the baseline period (Fig. 3.3). On a monthly basis, average number of 

observed (simulated) wetdays for January is 3 (3), for February is 4 (4), March is 5 (4), 

April is 4 (4), May is 4 (4), June is 3 (3), July is 6 (6), August is 6 (5), September is 3 (3), 

October is 2 (2), November is 1 (1) and for December is 2 (not shown). 

On the level of weather stations, maximum difference of 8.80 days is found for 

Saidu Sharif (KPK), where precipitation generator has underestimated (77.55 days) the 

observed (86.35 days) number of wetdays, as shown in Table 3.3 (and Fig. 3.4). The 

variability in wetdays at weather station level is simulated well by the precipitation 

generator. 
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Fig. 3.2 Comparison between observed and simulated datasets on weather station scale for seasonal number of wetdays (left column 

panels), precipitation (middle column panels) and precipitation on wetdays (right column panels). 
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Fig. 3.3 Comparison of observed and simulated average daily (a) fraction of wetdays and 

(b) precipitation per wetday averaged over all weather stations. 

3.3.1.2 Observed and simulated amount of precipitation 

The right panel of Fig. 3.1 displays the annual percentage distribution of 

precipitation during the baseline period. The observed precipitation datasets show that 

Punjab and KPK has received most of the precipitation during 1976–2011. About 69% of 

the total annual precipitation is received by Punjab and KPK and remaining parts of the 

country have received only 31% of total annual precipitation.  Observed (simulated) 

average annual precipitation for Pakistan is 487.48 (513.70) mm year
-1

, in Sindh it is 

175.49 (199.84) mm year
-1

, in Punjab it is 648.25 (671.03) mm year
-1

, in GB it is 189.71 

(206.40) mm year
-1

, in Balochistan it is 184.53 (203.44) mm year
-1

, in KPK it is 775.03 

(806.93) mm year
-1

 and in AJK it is 1438.65 (1523.20) mm year
-1

. 
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Furthermore, the seasonal analysis of observed (simulated) datasets indicates that 

Pakistan receives most of the precipitation in monsoon season which is about 53% (52%) 

of total annual precipitation during 1976–2011, whereas observed (simulated) 

precipitation in pre-monsoon/winter/post-monsoon season is 23% (24%)/19% (19%)/5% 

(6%) respectively. During monsoon season, amount of observed (simulated) precipitation 

in Sindh is 4.54% (4.70%), in Punjab it is 22.72% (21.76%), in GB it is 1.10% (1.11%), 

in Balochistan it is 3.50% (3.76%), in KPK it is 14.41% (14.18%) and AJK receives 

about 6.52% (6.22%) of the annual precipitation.  

For the baseline period, the amount of precipitation is simulated well by the 

precipitation generator for Pakistan; a 1 % error is found between simulated and observed 

amount of precipitation. At provisional level, the error in the amount of precipitation for 

KPK is 2%, for Punjab it is 5%, for AJK it is 8%, for Sindh it is 10% and for Balochistan 

it is 12%. Seasonal variability is well-simulated by the stochastic precipitation generator 

on weather station scale (Fig. 3.2). 

Figure 3.3 shows that stochastic precipitation in most of the provinces in Pakistan 

is over-estimated (in Sindh, GB, Balochistan, and AJK). The seasonal amount of 

precipitation for monsoon (including pre and post monsoon season) generated by 

precipitation generator shows good agreement with the observed precipitation (less than 

1% error). In the case of winter season, the amount of precipitation simulated by 

precipitation generator is over estimated by 3.5% relative to observed precipitation. 

The precipitation amount for the average wetday is very well simulated by 

precipitation generator for all the weather station (Fig. 3.2). Precipitation generator has 

underestimated the precipitation for Pasni (Balochistan), Chhor (Sindh), Padidan (Sindh) 

and Karachi (Sindh) between 2 mm wetday
-1

 to 3 mm wetday
-1

, thirteen weather stations 

have a difference of about 1 mm wetday
-1

 to 2 mm wetday
-1

 between observed and 

simulated amount of precipitation on average wetday, and 20 weather station have a 

difference of less than 2 mm wetday
-1

. On daily basis, the stochastic precipitation 

generator is able to capture the variability of the observed precipitation (Fig. 3.3). 



   
  

53 
 

Table 3.3 The observed and simulated average annual number of wetdays for each 

weather station for the baseline period, as well as during the three projected periods. 

Weather Station 

Annual number of wetdays 

Observed Simulated 
 Projected  

T1 T2 T3 

Badin 14.70 12.90 13.00 13.15 13.05 

Karachi 16.05 13.25 13.30 13.35 13.35 

Jiwani 7.85 5.75 5.80 5.90 5.80 

Pasni 7.20 6.85 6.95 6.95 6.95 

Chhor 17.55 15.85 16.00 16.15 16.15 

Benazirabad 12.60 11.25 11.50 11.65 11.65 

Padidan 12.05 10.55 10.55 10.60 10.65 

Panjgur 12.30 11.00 11.25 11.20 11.25 

Rohri 9.90 7.35 7.40 7.45 7.45 

Khuzdar 28.65 28.05 28.50 28.70 28.65 

Jacobabad 11.05 12.55 12.65 12.75 12.85 

Khanpur 15.80 12.60 13.00 13.20 13.05 

Nokundi 6.10 4.90 4.85 4.85 4.85 

Dalbandin 12.45 14.55 14.70 14.80 14.75 

Kalat 25.45 27.45 27.75 27.75 28.15 

Bahawalpur 19.75 19.80 20.20 20.40 20.50 

Sibbi 20.15 16.65 16.95 17.20 17.15 

Barkhan 42.55 42.55 43.50 43.40 43.40 

Bahawalnagar 24.65 24.30 24.30 24.35 24.40 

Quetta 28.75 27.95 28.10 28.25 28.20 

Multan 24.60 21.50 21.70 21.80 21.90 

Zhob 37.60 38.10 38.60 38.60 38.85 

Faisalabad 34.20 32.85 33.50 33.45 33.50 

Lahore 51.50 48.90 49.15 49.35 49.45 

D.I.Khan 35.40 34.50 34.95 34.95 35.05 

Sargodha 39.10 36.55 37.00 36.80 37.15 

Sialkot 69.10 70.00 70.95 71.30 71.25 

Mainwali 43.80 41.40 41.80 41.75 41.90 

Jhelum 63.65 60.15 60.65 60.75 60.75 

Kohat 58.15 58.85 59.15 59.20 59.20 

Islamabad 72.95 73.25 73.65 73.70 73.75 

Cherat 50.95 52.25 52.45 52.55 52.60 

Parachinar 105.60 100.80 101.25 101.45 101.35 

Murree 111.00 106.80 107.50 107.60 107.80 

Peshawar 47.45 46.50 47.20 47.40 47.50 

Kakul 115.50 109.45 109.75 109.70 110.00 

Garhidupatta 96.05 98.25 98.65 98.70 98.85 

Muzaffarabad 114.40 110.65 111.30 111.50 111.45 

Balakot 103.80 96.75 97.15 97.20 97.15 

Saidu Sharif 86.35 77.55 78.35 78.55 78.60 

Skardu 52.00 54.65 55.05 55.60 55.45 

Bunji 37.05 38.40 38.45 38.50 38.45 

Drosh 60.95 58.90 59.25 59.40 59.45 

Chitral 75.10 69.40 70.10 70.35 70.45 

Gilgit 48.90 47.70 48.10 48.30 48.85 

Gupis 28.45 30.45 30.55 30.65 30.55 
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Fig. 3.4 The seasonal and annual mean and one sigma STDV ratios between observed 

and simulated precipitation for all weather stations, averaged over the 36-year baseline 

period. 

Figure 3.4 displays the ratio of simulated mean precipitation and observed mean 

precipitation for each weather station used in this thesis. The ratio between the seasonal 

and annual means has a range of ~0.26 which lies between 0.99 for Jiwani (Balochistan) 

and 1.26 for Karachi (Sindh). An overall overestimation is noticeable, in close agreement 

with previous attempts for quantification of error in variance of synthetic precipitation 

based on Markov chains (Chen and Brissette, 2014a). 



   
  

55 
 

 

3.3.1.3 Observed and simulated anomalous precipitation per wetday 

The amount of precipitation and number of wetdays are directly related to 

extreme events. An increase (decrease) in number of wetdays with a decrease (increase) 

in amount of precipitation may results in droughts (floods). The amount of precipitation 

per wetday on annual basis is used to delineate the flood and drought years in Pakistan 

with a threshold of average ± half sigma STDV for moderate flood (drought) year, and 

average ± one sigma STDV for an extreme flood (drought) year, both for observed and 

simulated precipitation per wetday.  

Other approaches to extreme event studies include the specific distribution fits to 

higher percentile of observed precipitation distributions (Iqbal and Athar, 2018b). Figure 

3.5a indicates that the average + half sigma STDV / average + one sigma STDV of 

precipitation for Pakistan, AJK, Balochistan, GB, KPK, Punjab and Sindh is 11.70 

(11.12/11.69), 13.43 (14.36/15.28), 8.61 (9.41/10.22), 6.14 (6.81/7.48), 10.28 

(10.88/11.47), 11.95 (12.68/13.40) and 12.91 (14.84/16.77) mm wetday
-1

, respectively. 

During 1976, 1988 and 1992 Punjab was affected by major floods (Manzoor et 

al., 2013; Mustafa, 1998). During these years, the amount of precipitation for Punjab was 

14.29, 12.82 and 14.20 mm wetday
-1

 which is higher than average + half sigma STDV 

(12.68 mm wetday
-1

) for Punjab.  

During 1980, Sindh was affected by extreme drought (Adnan et al., 2015); in this 

year precipitation was 7.84 mm wetday
-1

 which was lower than average - half sigma 

STDV of 11.23 mm wetday
-1

. In 1988, AJK, KPK and Punjab provinces in Pakistan were 

affected by major floods (Mustafa, 1998), with precipitation per wetday (average + half 

sigma STDV) of 16.13 (14.36) for AJK, 11.47 (10.88) for KPK, 12.82 (12.68) for Punjab 

and for Sindh it was 19.14 (14.84) mm wetday
-1

.  

In 1992, Pakistan suffered from floods with considerable damage to life and 

infrastructure (Hashmi et al., 2012); in 1992 precipitation was 12.41 mm wetday
-1

, which 

is higher than average + one sigma STDV of 11.69 mm wetday
-1

. 
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Fig. 3.5 The (a) observed and (b) simulated amount of annual precipitation on wetday 

(mm wetday
-1

) for the baseline period. The solid black horizontal line/dotted color 

horizontal line represents the average annual precipitation for Pakistan/six administrative 

levels (in mm wetday
-1

). The ratio is higher in Sindh, Punjab and AJK, and lower in GB, 

Balochistan, and KPK. If amount of precipitation per wetday in a given year is greater 

than the average annual precipitation per wetday by one sigma STDV, it resulted in 

floods. The solid (dotted) rectangular box represents the flood (drought) year in Sindh. 

Pakistan witnessed extreme droughts during 2000, 2001, and 2002, and flood in 

2010 (Ullah and Takaaki, 2016), during 2000 to 2002 the amount of precipitation per 

wetday was 8.57, 8.85, 7.67 mm wetday
-1

, which is below the average - one sigma STDV 

of 9.42 mm wetday
-1

, whereas 2010 is the heavy flood year with precipitation of 12.99 

mm wetday
-1

 which was the highest during 1976–2011 (note average + one sigma STDV 

value was 11.69 mm wetday
-1

).  

Figure 3.5b displays the simulated anomalous precipitation per wetday during the 

TB, for Pakistan and its administrative units. Flood and drought events are simulated by 

stochastic precipitation generator (Fig. 3.5) on country and administrative scale. 
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According to criterion of precipitation per wetday, 1988, 1992, 2003, 2007, 2010 

and 2011 (1980, 1982, 2000, 2001 and 2002) are flood (drought) years with precipitation 

per wetday of 12.00, 12.41, 11.88, 11.72, 12.99 and 11.94 (8.53, 9.05, 8.77, 8.85 and 

7.67) for Pakistan. 

A comparison of precipitation per wetday with previous studies carried out over 

Pakistan supports our findings. Adnan et al. (2015) found that Sindh experienced 

droughts in 1987, and in 2002, with a long drought episode between 2000 and 2002 (see 

also, Adnan et al., 2017). According to precipitation per wetday criterion presented in this 

thesis, 2000, 2001, and 2002 have lowest precipitation per wetday (6.86, 7.04 and 7.67 

mm wetday
-1

, respectively). The flood in 2010 was the biggest natural disaster in the 

country effecting 20 million people, damaging 20% land area with an estimated USD 9.7 

billion loss to economy (Anjum et al., 2010; Ullah and Takaaki, 2016); precipitation per 

wetday for 2010 was 12.99, which is highest during 1976−2011. 

3.3.2 Projected changes in precipitation 

3.3.2.1 Projected variation in wet spell lengths 

Figure 3.6 displays the mean wet spell length (in days) for the baseline period and 

the AOGCMs based projections embedded in the LARS-WG. The two AOGCMs 

(HADGEM and NCPCM) having projection for only two periods are displayed in the 

bottom right panel (see Section 3.2.2 and Table 3.2). The maximum (minimum) wet spell 

length is found at Gharidupatta, Balakot and Murree (Nokundi) for the baseline period. 

The simulated wet spell mean length for study area is 9.85 days as compared to observed 

9.49 days during the baseline period.  

The temporal projection for AOGCMs ensemble mean shows an increasing 

behavior in wet spell length during all projected periods, with respect to the baseline 

period. Three (six) models BCM2, CSMK3 and NCPCM (CGMR, GFCM21, HADGEM, 

IPCM4, MPEH5, and NCCS) show an increasing (decreasing) behavior in mean wet spell 

length progressively in the three temporal projections. The models CNCM3 and MIHR 

(GIAOM) project an increase/decrease during T1 and decrease/increase during T2 and T3. 
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 The model INCM3 (FGOALS) displays an increase (decrease) during T1 and T2, 

and a decrease (increase) during T3, whereas model HADCM3 shows decrease (increase) 

during T1 and T3 (T2) in wet spell length. Overall, country wide, 0.29% decrease is 

projected in the mean wet spell length during T1, which further decrease to about 1.62% 

(.82%) during T2 (T3). 

The observed/simulated mean wet spell length for AJK, Balochistan, GB, KPK, 

Punjab and Sindh is 33.10/35.33, 3.20/3.14, 4.72/4.93, 19.58/20.50, 8.82/8.81, and 

1.92/1.92 days respectively during the baseline period. In AJK, the AOGCMs projections 

show no change in mean wet spell lengths, in GB, increased (decreased) mean wet spell 

length is shown by BCM, CGMR, CNCM, GFCM, GIAOM, HADCM, MIHR, and 

NCCCS (CSMK, FGOALS, HADGEM, INCM, IPCM, MPEH, and NCPCM) during T1, 

whereas during T2, 8 (7) AOGCMs exhibit an increase (decrease) in mean wet spell 

length, and during T3, 7 (6) AOGCMs exhibit an increase (decrease) in mean wet spell 

length.  

Over all, there is an increase in mean wet spell length for GB, relative to the 

baseline period. In KPK, CGMR, HADGEM, IPCM, MPEH and NCCCS show a 

decrease in mean wet spell in all three projection time periods, whereas BCM, CNCM, 

GFCM, INCM, MIHR and NCPCM (CSMK, FGOALS, GIAOM, and HADCM) show 

an increase (decrease) during T1 only.  

Furthermore, BCM, CSMK, GIAOM, HADCM and INCM (CNCM, FGOALS, 

GFCM, MIHR, and NCPCM) show an increase (decrease) in the mean wet spell during 

T2; CSMK, FGAOLS, GIAOM, and MIHR (BCM, CNCM, GFCM, HADCM, and 

INCM) wet spells displayed an increase (decrease) during T3. Over all, there is an 

increase in mean wet spell lengths in Punjab and Sindh. An increase in wet spell length is 

also projected for a water shed area in arid climate region in western Saudi Arabia based 

on a regional climate model projection for the end of 21st century (Almazroui et al., 

2017). 
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Fig. 3.6 The spatial variations in the mean wet spell length for the baseline period and for 

the three projection periods, obtained for the IPCC AR4 based AOGCMs embedded in 

the LARS-WG. 
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3.3.2.2 Projected variation in precipitation amount 

Figure 3.7 displays the spatial variations in annual precipitation amounts (mm 

year
-1

) for the AOGCMs based projections with respect to the baseline period (baseline 

minus the AOGCMs projections). All the projections of GFCM (BCM, HADCM) show a 

decrease (increase) in annual precipitation for all the provinces in Pakistan. In 

AJK/KPK/Punjab, ensemble mean shows that during T1 there will be 

5.15%/2.92%/2.70% increase, whereas during T2 there will be 9.42%/7.09%/4.23% 

increase, and during T3 there will be 12.04%/7.64%/5.69% increase in the annual 

precipitation, respectively. In Balochistan/Sindh there is an increase (decrease) in annual 

precipitation of 3.87%/2.83% in T1 and 4.22%/3.61% (3.61%/2.85%) in T2 (T3). In case 

of GB, there is a decrease of 0.58% in annual precipitation during T1, and an increase of 

11.56% during 2046−2065. 

The simulated average annual precipitation for study area is 488.76 mm year
-1

 as 

compared to the observed value of 520.27 mm year
-1

, for the baseline period. Nine (two) 

models BCM2, CGMR, CNCM3, CSMK3, GIAOM, HADCM3, HADGEM, NCCS, and 

NCPCM (FGOALS and GFCM21) show an increasing (decreasing) behavior in all three 

projection periods (Fig. 3.7). The INCM3 (IPCM4) projects a decrease (increase) during 

T1 and T3 and an increasing (decreasing) behavior during T2. The MIHR (MPEH5) shows 

decreasing (increasing) behavior during T1 and increasing (decreasing) behavior during 

T2 and T3. Country-wide, the ensemble mean indicates that a 2.97%, 5.35%, 5.75% 

increase is expected during T1, T2 and T3, respectively, in the annual precipitation 

amount. 

To assess the stochastic seasonal projected variability relative to the baseline 

period, Taylor diagrams are used (Fig. 3.8). On a seasonal basis, all projections of the 

AOGCMs have high correlation with baseline period (> 0.90). During monsoon and post-

monsoon season, the RMSD is increased during all projection periods with respect to the 

baseline period (RMSDT1 < RMSDT2 < RMSDT3), whereas during winter and pre-

monsoon season RMSD is increased during T2 (RMSDT1 < RMSDT2) and decreased 

during T3 (RMSDT2 > RMSDT3). 
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Fig. 3.7 The spatial variation in the annual precipitation relative to the baseline period for 

all fifteen IPCC AR4 based AOGCMs embedded in the LARS-WG. 
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Fig. 3.8 The seasonal Taylor diagrams for precipitation variation assessment for all 

fifteen IPCC AR4 based AOGCM projections relative to the baseline (marked as cross 

along the horizontal axis). 
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During the winter season, 5 (10) AOGCMs based projections have less (greater) 

STDV with respect to baseline period value of 2.18 mm month
-1

, in pre-monsoon season, 

2 (13) AOGCMs projections have less (greater) STDV with respect to baseline period 

value of 1.21 mm month
-1

, in monsoon season, 7 (8) AOGCM projections have less 

(greater) STDV with respect to baseline period value of 2.80 mm month
-1

, and in post-

monsoon season 11 (4) AOGCM projections have less (greater) STDV with respect to 

baseline value of 1.31 mm month
-1

.  

In general, the ensemble based projected average monthly precipitation in winter 

season will decrease with increased STDV, during pre-monsoon season average monthly 

precipitation will increase with a decrease in STDV, and during monsoon and post-

monsoon season average monthly precipitation will increase with increased STDV. In all 

projected periods, the monsoon, post-monsoon, and winter seasons have more variations 

which indicates an increase in extreme events. 

The annual as well as seasonal patterns of relative variations in precipitation 

based on stochastic projections are in general agreement with those obtained from pure 

dynamic projections using full suite of IPCC AR4 based AOGCMs (Saeed and Athar, 

2018), as well as using a non-IPCC based high resolution AOGCM (Ahmad and Hussain, 

2017). 

3.3.2.3 Projected variation in number of wetdays 

During the baseline period, the simulated average monthly wetdays for study area 

is 3.51 wetdays month
-1

 as compared to the observed 3.52 wetdays month
-1

 (not shown), 

whereas the simulated average annual wetdays for study area are 42.19 wetdays year
-1

 as 

compared to observed 42.28 wetdays year
-1

. The relative variations in the annual number 

of wetdays for the three projection periods are shown in Fig. 3.9 (see also Table 3.3). On 

provincial scale, Balochistan, Punjab, and Sindh (GB) show an increasing (decreasing) 

number of annual number of wetdays for all projection periods. In the KPK, there will be 

an increase (decrease) in annual number of wetdays during T1 (T2 and T3), and in AJK 

there will be an increase (decrease) in annual number of wetdays during T1 and T2 (T3). 
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Fig. 3.9 The spatial variations in the annual number of wetdays relative to the baseline 

period in all fifteen IPCC AR4 based AOGCMs embedded in the LARS-WG. 
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In arid climate region, the annual numbers of wetdays in CGMR and in GFCM 

during T1 decreased as compared to the baseline period; however, remaining AOGCMs 

show an increase in annual number of wetdays. The BCM, CNCM, CSMK, FGOALS, 

GIAOM, HADCM, IPCM, NCCCS and NCPCM (CGMR, GFCM, HADGEM, INCM, 

MIHR and MPEH) show an increase (decrease) in the annual number of wet-days during 

T2 in arid climate. In the late 21st century (T3), the BCM, CSMK, FGOALS, GIAOM, 

HADCM, IPCM and NCCCS have an increasing number of annual wetdays. In semi-arid 

climate, BCM, CNCM, CSMK, HADCM, MIHR, and NCCCS (CGMR, GFCM, INCM, 

and MPEH) show an increasing (decreasing) number of annual wetdays in all projected 

periods. In humid climate regions, there is increase (decrease) in annual number of 

wetdays with respect to baseline period during T1 (T2). 

3.3.2.4 Projected variations in climate regimes 

Figure 3.10 displays the variations in climate regimes during the three projected 

periods relative to the baseline period. An increase in humid and semi-arid climate is 

noted, while a decrease in arid climate is noted in Pakistan. During T1, four AOGCMs 

(BCM, FGOALS, GFCM and HADGEM) show an increase in humid climate regime, 

remaining 11 models show a decrease in humid climate regime, whereas for semi-arid 

climate regime, AOGCMs BCM, FGOALS, GFCM, IPCM, MIHR and MPEH (CGMR, 

CNCM, CSMK, GIAOM, HADCM, INCM, NCCCS and NCPCM) show an increasing 

(decreasing) behavior.  

For arid climate regime, CGMR, CNCM, CSMK, GIAOM, HADCM, INCM, 

NCCCS and NCPCM (BCM, FGOALS, GFCM, IPCM, MIHR and MPEH) show 

decreasing (increasing) behavior during T1. During T1, ensemble mean shows that 

57.32% area has arid type of climate, whereas 40.97% (1.71%) area has semi-arid 

(humid) type of climate. During T2, CSMK and NCCCS (CNCM, IPCM, and NCCCS) 

show a decrease in humid (semi-arid) areas, whereas remaining AOGCMs show an 

increase in humid and semiarid area. The NCCCS is the only AOGCM which shows an 

increase in aridity during T2. During T3, BCM, CNCM, FGOALS, HADCM, INCM and 

IPCM (HADCM, MIHR and MPEH) show a decrease in humid (semi-arid) area, whereas 

HADCM, INCM, IPCM and MIHR show an increase in arid area. 
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Fig. 3.10 The relative variations in the arid, the semi-arid and the humid climate regimes 

in Pakistan, for the baseline period, and during the three projection periods based on 

fifteen IPCC AR4 based AOGCMs embedded in the LARS-WG. 
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Fig. 3.11 The ratio between humid, semi-arid and arid climate regime areas for the three 

projection periods for each of fifteen IPCC AR4 based AOGCMs embedded in the 

LARS-WG. The dashed blue horizontal line represents the ratio between climate regimes 

with respect to the baseline period. 

There will be an increase (decrease) in humid climate regime during T1 and T3 

(T2), in case of semi-arid climate, there will be an increase (decrease) during T1 and T2 

(T3), and in case of arid climate there is an overall decreasing behavior. An increase in 

sub-tropical humid climate is also projected for central Europe using Köppen-Geiger 

climate scheme under IPCC AR4 based A1B scenario in the 21st century (Skalák et al., 

2018). Figure 3.11 displays the ratios of arid/semi-arid, semi-arid/humid and arid/humid 

areas for AOGCMs based projections relative to the baseline climate regimes.  

During T1, there is an increasing (decreasing) behavior for all the climate regime 

ratios in CGMR, CNCM, CSMK, GIOAM, HADCAM, INCM, NCCCS, NCPCM 
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(FGOALS, GFCM), whereas IPCM, MIHR and MPEH show a decrease in arid area with 

respect to semi-arid area and an increase in semi-arid and arid regime area with respect to 

humid climate area. The BCM (HADGEM) shows an increase (decrease) in arid climate 

with respect to semi-arid (semi-arid and arid with respect to humid).  

During T2, CNCM, GIAOM, HADGEM, and NCCCS display an increase in 

aridity with respect to semi-aridity and remaining AOGCMs show decrease in aridity. 

The CSMK and NCCCS show increase in aridity and semi-aridity with respect to humid 

climate regime. During T3, all the AOGCMs (except HADCM and INCM) show a 

decrease in arid climate regime area with respect to semiarid regime area; semi-arid and 

arid climate regime areas have a decreasing behavior with respect to humid climate 

regime area. Ensemble mean indicates that there is a decrease in arid (semiarid) climate 

area with respect to semi-arid (humid) climate area; arid (semi-arid) climate area is 

shifting towards semi-arid (humid) climate area. 

In humid (semi-arid) climate, the AOGCMs display an increase of 2.79% (2.66%) 

in annual precipitation during T1, whereas during 2046−2065 there is increase of 7.45% 

(5.14%) and during T3 there is increase of 8.87% (5.72%). In the arid climate, the annual 

precipitation has an increasing (decreasing) behavior during T1 and T2 (T3). The 

AOGCMs projections display a gradual increase in annual precipitation in AJK, KPK and 

Punjab, whereas an increase and then a decrease in Balochistan and Sindh. In humid and 

semi-arid climate area, there is an increase in annual precipitation in all three projected 

periods. 

The projected increase in the amount of precipitation over Pakistan is consistent 

with several recent studies estimating changes in climates regimes areas in countries 

neighboring Pakistan as well as globally, based on dynamics only, under different 

emission scenarios (Belda et al., 2014; Huang et al., 2017; Zarch et al., 2017; Zhang et 

al., 2017). 
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Chapter 4 

Stochastic projection of precipitation and associated wet 

and dry spells using IPCC AR5 climate models over 

Pakistan 
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4.1 Introduction 

Long term variations in amount and frequency of precipitation can alter the 

hydrological cycle (Zhuang et al., 2016). These same variations will also affect available 

water resources, agriculture practices and human health (Li et al., 2016; Sha et al., 2019). 

Agriculture is the back bone of Pakistan’s economy and plays a vital role in its growth of 

gross domestic product of 24% (Ahmed et al., 2018). The agricultural seasons in Pakistan 

are divided into wet summer (dry winter) season called Rabi (Kharif), as mentioned in 

Section 1.2. The Rabi (Kharif) crops are usually sown in October (May-June) and 

harvested in April-May (October-November) (Bastiaanssen and Ali, 2003). Occurrence 

and frequency of precipitation is directly related to water availability for agricultural 

practices.  

In the last Chapter, the use of LARS-WG was demonstrated to predict 

precipitation and associated wet and dry spell characteristics under A1B for fifteen IPCC 

AR4 based AOGCMs and it was noticed that an insignificant increase (decrease) in 

precipitation (wet spells) is expected in Pakistan during three projection periods of  T1, 

T2, and T3. Amin et al. (2018) used simCLIM to predict monthly, seasonal and annul 

average maximum/minimum temperature in Pakistan, by using 39 weather stations and 

an ensemble of 40 IPCC AR5 based AOGCMs under RCP6.0. Maximum temperature 

shows positive trend over all the weather stations, while negative (positive) trend in 

minimum temperature is found during December (February and March), whereas on 

annual time scale, maximum/minimum temperature will increase during 2060s as 

compared to 2030s. 

Li et al. (2019) used AI to assess the variations in climate in future; using two 

IPCC AR5 based AOGCMs under RCP8.5 and found that aridity index is projected to 

increase by about 16.5% in China during 2018–2100 relative to 1999–2017. Sha et al. 

(2019) used LARS-WG along with projections from 14 IPCC AR5 based AOGCMs 

under RCP2.6, RCP4.5 and RCP8.5 to simulate precipitation, during 2041–2060 and 

2061–2080, and concluded that annual precipitation is projected to increase in Xiangjiang 

river Basin, China. 
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Table 4.1 A recent representative chronology of application of the LARS-WG in different areas of world including the description of 

emission scenarios used in IPCC AR5 based AOGCMs in the studies.  

Region 
Baseline period 

(years) 

Number of 

weather 

stations 

Number of 

IPCC AR5 based 

AOGCM used 

Projection 

duration (s) 
Variable 

Projection 

scenario (s) 
References 

Canada 1961–1990 (30) 1 8 

2011–2040 

2041–2070 

2071–2100 

Precip 

Precip 

Precip 

RCP2.6  

RCP4.5 

RCP8.5 

Alam and Elshorbagy (2015) 

Europe 1980–2010 (31) 2 2 
2080–2100 Precip/Temp 

Precip/Temp 

RCP4.5 

RCP8.5 
Semenov and Stratonovitch (2015) 

China 1958–2011 (54) 5 4 2015–2035 Precip/Temp RCP4.5 Zhuang et al. (2016) 

China 1961–2013 (53) 13 4 2021–2050 Precip/Temp RCP4.5 Ma et al. (2016) 

China 1961–2010 (50)  1 6 

2011–2040 

2041–2070 

2071–2100 

Precip/Temp 

Precip/Temp 

Precip/Temp 

RCP2.6 

RCP4.5 

RCP8.5 

Bian et al. (2017) 

Australia 1961–2000 (40) 6 8 

2046–2065 

2080–2099 

Precip/Temp 

Precip/Temp 

Precip/Temp 

RCP2.6 

RCP4.5 

RCP8.5 

Al-Safi and Sarukkalige (2018) 

Iran 1985–2005 (20) 1 7 
2020–2039 

 

Precip/Temp 

Precip/Temp 

RCP2.6 

RCP8.5 
Araji et al. (2018) 

China 1961–2010 (50) 3 14 

2041–2060 

2061–2080 

Precip/Temp 

Precip/Temp 

Precip/Temp 

RCP2.6 

RCP4.5 

RCP8.5 

Sha et al. (2019) 

Pakistan 1976–2011 (36) 46 25 

2011–2030 

2046–2065 

2080–2099 

Precip 

Precip 

Precip 

RCP4.5 

RCP8.5 

Nabeel and Athar (2020)  

This work 
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Table 4.2 The IPCC AR5 based AOGCMs used in this thesis. The research center, model name, country, model acronym used, 

vertical levels, horizontal resolution (latitude × longitude) including key reference are listed. 

Research center name Model name Country AOGCM (Acronym) 

Vertical  

levels 

Spatial resolution 

Lat × Lon   

References 

The Centre for Australian Weather and Climate Research Australian Community Climate and Earth-System Simulator Australia ACCESS1.0 (AC1) 38 1.250º × 1.875º Collier and Uhe (2012) 

The Centre for Australian Weather and Climate Research Australian Community Climate and Earth-System Simulator Australia ACCESS1.3 (AC3) 38 1.250º × 1.875º Collier and Uhe (2012) 

Canadian Center for Climate Modeling and Analysis (CCCMA)  Canadian Earth System Model second generation Canada CanESM2 (CEM) 35 2.767º × 2.812º Chylek et al. (2011) 

National Center for Atmospheric Research (NCAR) Community Climate System Model  USA CCSM4 (CCM) 26 0.942º × 1.250º Gent et al. (2011) 

Centro Euro-Mediterraneo sui Cambiamenti Climatici Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate Model  Italy CMCC-CM (CMM) 31 0.748º × 0.750º Bucchignani et al. (2014) 

Centro Euro-Mediterraneo sui Cambiamenti Climatici 
Centro Euro-Mediterraneo sui Cambiamenti Climatici Climate Model with well 

resolved Stratosphere   
Italy CMCC-CMS (CMS) 95 3.711º × 3.750º Wei et al. (2018) 

Centre National de Recherches Météorologiques (CNRM) Centre National de Recherches Me´te´orologiques Climate Model version 5 France CNRM-CM5 (CRM) 31 1.875º × 1.875º Voldoire et al. (2013) 

Commonwealth Scientific and Industrial Research Organization Commonwealth Scientific and Industrial Research Organization climate model Australia CSIRO-Mk3.6.0 (CSM) 18 1.389º × 1.406º Gordon et al. (2010) 

EC-EARTH consortium The EC-Earth model Europe EC-EARTH (ECE) 62 1.121º × 1.121º Hazeleger et al. (2010) 

NOAA Geophysical Fluid Dynamics Lab (GFDL) Geophysical Fluid Dynamics Laboratory Climate Model version 3 USA GFDL-CM3 (GCM) 48 2.000º × 2.500º Griffies et al. (2011) 

NOAA Geophysical Fluid Dynamics Lab (GFDL) 
Geophysical Fluid Dynamics Laboratory Climate Model version 2 vertical 

coordinates based on density 
USA GFDL-ESM2G (GEG) 48 2.022º × 2.000º Dunne et al. (2012) 

NOAA Geophysical Fluid Dynamics Lab (GFDL) 
Geophysical Fluid Dynamics Laboratory Climate Model version 2 vertical 

coordinates based on depth 
USA GFDL-ESM2M (GEM) 48 2.022º × 2.500º Dunne et al. (2012) 

Met Office Hadley Centre Met Office Hadley Centre Physics only UK HadGEM2-AO (HAO) 38 1.250º × 1.875º Baek et al. (2013) 

Met Office Hadley Centre Met Office Hadley Centre Carbon Cycle Model UK HadGEM2-CC (HCC) 60 1.250º × 1.875º Martin et al. (2011) 

Met Office Hadley Centre Met Office Hadley Centre Earth System Model UK HadGEM2-ES (HES) 38 1.250º × 1.875º Jones et al. (2011) 

Institute for Numerical Mathematics  Institute for Numerical Mathematics Climate Model Russia INM-CM4 (INM) 21 1.500º × 2.000º Volodin at al. (2010) 

Institute Pierre Simon Laplace Institute Pierre Simon Laplace Climate Model Low Resolution France IPSL-CM5A-LR (IAL) 39 1.894º × 3.750º Persechino et al. (2013) 

Institute Pierre Simon Laplace Institute Pierre Simon Laplace Climate Model Medium Resolution France IPSL-CM5A-MR (IAM) 39 1.267º × 2.500º Persechino et al. (2013) 

Institute Pierre Simon Laplace 
Institute Pierre Simon Laplace Climate Model new atmospheric physics with 

Low Resolution  
France IPSL-CM5B-LR (IBL) 39 1.894º × 3.750º Hourdin et al. (2013) 

Center for Climate System Research, University of Tokyo Model for Interdisciplinary Research on Climate Japan MIROC5 (MC5) 40 
1.400º × 1.400º 

Watanabe et al. (2010) 

Center for Climate System Research, University of Tokyo Model for Interdisciplinary Research on Climate Earth System Model Japan MIROC-ESM (MEM) 80 2.790º × 2.812º Watanabe et al. (2011) 

Center for Climate System Research, University of Tokyo 
Model for Interdisciplinary Research on Climate Earth System Model coupled 

with atmospheric CHEMistry 
Japan MIROC-ESM-CHEM (MEC) 80 2.790º × 2.812º Watanabe et al. (2011) 

Max-Planck Institute for Meteorology  Max-Planck-Institute Earth System Model Low Resolution Germany MPI-ESM-LR  (MPE) 47 1.865º × 1.875º Hanlon et al. (2013) 

Meteorological Research Institute Meteorological Research Institute Global Climate Model Japan MRI-CGCM3 (MRC) 48 1.121º × 1.125º Yukimoto et al. (2012) 

Norwegian Climate Center Norwegian Climate Center Earth System Model Norway NorESM1-M (NEM) 26 1.894º × 2.500º Bentsen et al. (2013) 
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Hence there are only few studies globally, where LARS-WG is used by 

employing RCPs. In particular, to date, no detailed study has been carried out in Pakistan 

to assess the performance of LARS-WG using IPCC AR5 based AOGCMs (Table 4.1). 

Thus, the objective of this thesis is to employ LARS-WG along with IPCC AR5 based 

AOGCMs under two RCPs (RCP4.5, and RCP8.5) to assess relative future spatio-

temporal variations in precipitation over data sparse region of Pakistan. An added value 

of this thesis is that it will provide RCP based precipitation projections for all 

administrative and climatic zones of Pakistan. 

Furthermore, this thesis will provide a basis to use daily time series of 

precipitation datasets for hydrological and crop yield modeling to assess the future 

climate impact on hydrology and agriculture in Pakistan. Thus, the objectives of this 

Chapter are (i) to study the stochastic variations in precipitation, number of wetdays and 

precipitation per wetday in future using IPCC AR5 based AOGCMs; and (ii) to develop a 

continuous daily record of precipitation for three projection periods of T1, T2, and T3, 

respectively.  

 

4.2 Data and methodology 

4.2.1 Datasets 

4.2.1.1 Station datasets 

Observed daily precipitation data from 46 weather stations were acquired from 

the PMD for TB. Weather stations are divided into six administrative regions; the location 

and number of weather station in each administrative region including the descriptive 

statistics for each weather station are described in Section 2.2.1.1.  The precipitation 

datasets are checked for quality control, including identification of negative values, and 

amount of missing data. 
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4.2.1.2 IPCC AR5 precipitation datasets 

Daily precipitation datasets of 25 IPCC AR5 based AOGCMs, which are listed in 

Table 4.2, under historical climate (1975–2005 or TH), and under RCP4.5/RCP8.5 with 

radiative forcing of 4.5/8.5 Wm
-2

 at the end of 21st century, are employed in this thesis 

(Taylor et al., 2012). The RCP4.5 (RCP8.5) is medium (high) emission scenario under 

IPCC AR5 (Stanzel and Kling, 2018). The RCP represents the amount of radiative 

forcing causing the imbalance in the energy of earth at the end of the 21st century due to 

external perturbations (Cubasch et al., 2013).  

All the AOGCMs have different spatial resolutions (Table 4.2), so all the model 

outputs are re-gridded to obtain the same spatial resolution (1° × 1°). To study the spatio-

temporal variations in precipitation (quantified by amount), its occurrence (quantified by 

number of wetdays) and extremes (quantified by precipitation per wetday), the AOGCM 

projections are divided into three 20-year projection time periods: T1, T2 and T3 in line 

with previous similar study using IPCC AR4 based AOGCMs under A1B emission 

scenario presented in Chapter 3. Not all the AOGCMs in IPCC AR5 have employed 

RCP6.0 scenario which is akin to A1B scenario in IPCC AR4. Therefore, the emission 

scenarios RCP4.5 and RCP8.5 are selected for IPCC AR5 based AOGCMs. 

4.2.2 Stochastic weather generator 

4.2.2.1 LARS-WG weather generator description  

The LARS-WG estimates the statistical properties of observed (1976−2011) 

precipitation datasets, and uses these properties to simulate daily time series for TB and 

for T1, T2, and T3. The LARS-WG first estimates the occurrence of precipitation using 

semi- empirical distribution (Semenov and Barrow, 1997; Vallam and Qin, 2017). For 

construction of climate change scenarios, daily time series of observed precipitation data 

at specific weather station for a period of 36-years (1976−2011 in current thesis) is used 

as baseline. The observed dataset is used for estimation of statistical properties and site 

parameters at each weather station via Eq. (4.1) (Semenov and Stratonovitch, 2015):   

weather stn weather stn weather stn

1976-2011 1976-2011 20Years (4.1)WG:Observed Site Parameters Simulated Precipitation 
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Synthetic daily precipitation dataset for specific weather station is generated by 

stochastic weather generator with the help of parameters which were estimated by 

observed datasets for the desired number of years.  The LARS-WG version 5.5 does not 

allow to simulate the projections for AR5 directly. To use LARS-WG for AR5, monthly 

change factors are computed for each site and for each IPCC AR5 based AOGCM.   

4.2.2.2 LARS-WG change factors 

Climate projection change factors are estimated for each of 46 weather stations. 

For precipitation, change factor is relative change between statistical parameters of 

baseline and future datasets of the same AOGCM. To describe the precipitation 

variability in projections, relative changes in length of wet/dry spells and mean 

precipitation for each month are required by the LARS-WG. To estimate the monthly 

change factors, average monthly precipitation, average wet and dry spell length for each 

month during TH, T1, T2, and T3 are determined and then change factor are computed by 

using Eq.  (4.2), (4.3) and (4.4) respectively: 

1 2 3

1 2 3

H

T /T /TPrecipitation amount

T /T /T

T

Average January precipitation
Change Factor (4.2)

Average January precipitation


 

1 2 3

1 2 3

H

T /T /TWet spell length

T /T /T

T

Average January wet spell length
Change Factor (4.3)

Average January wet spell length
  

1 2 3

1 2 3

H

T /T /TDry spell length

T /T /T

T

Average January dry spell length
Change Factor (4.4)

Average January dry spell length


 

Where, wet (dry) spell are number of consecutive days when precipitation on a 

given day in greater (less) than the threshold amount. The AOGCM change factors, 

obtained from above equations (Eq. 4.2 to Eq. 4.4) will multiply with relative 

precipitation parameter (amount, wet spell length, and dry spell length) of baseline to 

obtain the future daily time series (Eq. 4.1). Hence, magnitude and occurrence of future 

daily precipitation have the statistical properties of the station dataset as well as of the 

AOGCMs.  
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Fig. 4.1 Monthly change factors for Rohri (arid), Sargodha (semi-arid) and Murree 

(humid) weather stations under RCP4.5 and RCP8.5 for precipitation, wet spells, and dry 

spells, for all three projection time periods (from left to right). These change factors are 

used to generate the precipitation projections. 

With the help of above three equations, change factors for January are estimated 

for each weather station. To find the change factors of remaining months, the average 

precipitation/wet spell length/dry spell length in the respective change factor equations 

are replaced. If change factor is less than/equal to/greater than unity then corresponding 

variable (average monthly precipitation amount, wet and dry spell length) is projected to 

decrease/remain unchanged/increase during the relevant projected time period, relative to 

TH.  The monthly change factors for one AOGCM (AC1) from IPCC AR5 under RCP4.5 

and RCP8.5 for three selected weather stations Rohri, Sargodha, and Murree, located in 

arid, semi-arid and humid climate regimes, respectively, delineated using the SD 

technique (see Section 2.2.2), for precipitation and wet and dry spells, are displayed in 

Fig. 4.1 for future time periods T1, T2 and T3, as an illustration. We next delve into the 

case of Rohri only.  
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Under RCP4.5, monthly change factor for Rohri weather station indicates that 

average monthly precipitation is projected to decrease/increase during the months 

January (Jan), February (Feb), March (Mar), July (Jul), November (Nov) and December 

(Dec)/April (Apr), May (May), June (Jun), August (Aug) September (Sep) and October 

(Oct) during T1,  as compared to TH. A maximum increase/decrease of 2.38/0.33 mm in 

average precipitation during the months of Sep/Feb is projected, relative to TH. 

During T2, average monthly precipitation is projected to decrease/increase/ 

unchanged during Feb, Mar, and Nov/Jan, Apr, May, Jul, Aug, Sep, and Dec/Jun, and 

Oct, relative to TH. During T3, average monthly precipitation is projected to increase 

during Jan and Apr, relative to TH. Overall, average monthly precipitation is projected to 

increase during T1 and T2 and decrease during T3, relative to TH. There is projected 

increase/decrease in wet (dry) spell length during Jan, Apr, May, and Aug (Jan, Feb, Mar, 

May, Jun, Jul, Oct, Nov, and Dec)/Feb, Mar, Jun, Jul, Sep, Oct, Nov, and Dec (Apr, Aug, 

and Sep) during T1, relative to TH.  

During T2, average monthly wet (dry) spell length is projected to increase/ 

decrease/remain unchanged during Jan, Apr to Oct and Dec (Feb, Mar, May, Jul Oct, 

Nov, and Dec)/Feb, Mar, and Nov (Jan, Apr, Jun, Aug, and Sep)/Jun, relative to TH. 

During T3, average monthly wet (dry) spell length is projected to increase/decrease 

during Jan, Apr, and Jun (Jan to Apr, Jul, and Sep to Dec)/Feb, Mar, May, Jul to Dec 

(May, Jun, and Aug), relative to TH. Overall, average monthly wet spell length is 

projected to increase by about 1.33 months during T1, and decreases to 0.91 (0.65) 

months during T2 (T3), relative to TH. 

Under RCP8.5, average monthly precipitation is projected to increase to 1.10 mm 

during T1 then decrease to 0.69 mm and 0.77 mm during T2 and T3 respectively, relative 

to TH. While, wet (dry) spell length is projected to remain unchanged (increase) to 1.00 

(1.22) months during T1, during T2 (T3) wet/dry spell length is projected to decrease 

(increase) to 0.93 (0.91)/1.62(1.56) months, relative to TH. 
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Fig. 4.2 Projected variations in average precipitation (left two panels), number of wetdays 

(middle two panels), and precipitation per wetday (right two panels) for each considered 

IPCC AR5 based AOGCM and for ensemble mean (ESB) under RCP4.5 and RCP8.5 

scenarios, for the three climate regimes in Pakistan. 

4.2.3 Methodology 

The precipitation amounts and annual number of wetdays (precipitation on given 

day > 0.1 mm) for all the weather stations are derived from observed datasets. Arid, semi-

arid, and humid climate regimes are delineated by using SD technique (see Section 2.2.2 

and Section 2.3.6).  

Change factors of IPCC AR5 based AOGCMs for each weather station are 

determined by using LARS-WG as outlined in previous section. Future precipitation for 

all the AOGCMs is then simulated by the weather generator. Student t-test is used to 

assess the statistical significance of change in precipitation in future projection periods 

relative to baseline. The IDW interpolation technique is used to develop the spatial maps 

for SD based climate regimes. 
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Fig. 4.3 Projected variations in amount of precipitation, number of wetdays and 

precipitation per wetdays in different climate regimes and for each weather stations under 

RCP4.5 (upper row panels) and RCP8.5 (lower row panels), for T1, T2, and T3. Each 

pixel value corresponds to a weather station. The weather stations are represented 

according to climate regimes: arid (left side of each panel), semi-arid (middle of each 

panel) and humid (right side of each panel), same as mentioned in Table 4.3. 

Statistical metrics such as mean, RMSD, STDV, and CC, are used to assess the 

relative variations in the average annual precipitation (Wilks, 2011). Taylor diagrams are 

also used to evaluate the relative projected performance of the AOGCMs (Taylor, 2001). 
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Table 4.3 Name, station acronym, location (latitude and longitude), elevation, name of 

administrative unit and type of climate regime for each of the 46 weather stations used in 

this study. The stations are listed according to climate regimes (arid, semi-arid, and 

humid). 

Station name Station 

acronym  
Lat. 

(ºN) 

Lon. 

(ºE) 

Elevation  

     (m) 
Administrative unit 

Climate 

regimes 

Badin BDN 24.63 68.90 9.0 Sindh Arid 

Karachi KHI 24.90 67.13 22.0 Sindh Arid 

Jiwani JWI 25.07 61.80 56.0 Balochistan Arid 

Pasni PSI 25.37 63.48 9.0 Balochistan Arid 

Chhor CHR 25.52 69.78 5.0 Sindh Arid 

Benazirabad NWB 26.25 68.37 37.0 Sindh Arid 

Padidan PDN 26.85 68.13 46.0 Sindh Arid 

Panjgur PNG 26.97 64.10 968.0 Balochistan Arid 

Rohri RRI 27.67 68.90 66.0 Sindh Arid 

Jacobabad JCD 28.25 68.47 55.0 Sindh Arid 

Khanpur KPR 28.65 70.68 88.4 Punjab Arid 

Nokundi NKD 28.82 62.75 682.0 

 

Balochistan Arid 

Dalbandin DBN 28.88 64.40 848.0 Balochistan Arid 

Sibbi SIB 29.55 67.88 133.0 Balochistan Arid 

Quetta QTA 30.08 66.97 1719.0 Balochistan Arid 

Khuzdar KZD 27.83 66.63 1231.0 Balochistan Semi-Arid 

Kalat QLT 29.03 67.58 2015.0 Balochistan Semi-Arid 

Bahawalpur BPR 29.40 71.78 110.0 Punjab Semi-Arid 

Barkhan BKN 29.88 69.72 1097.0 Balochistan Semi-Arid 

Bahawalnagar BNR 29.95 73.25 161.0 Punjab Semi-Arid 

Multan MUL 30.20 71.43 121.9 Punjab Semi-Arid 

Zhob ZHB 31.35 69.47 1405.0 Balochistan Semi-Arid 

Faisalabad FSD 31.43 73.10 185.6 Punjab Semi-Arid 

Lahore LHR 31.50 74.40 214.0 Punjab Semi-Arid 

D.I.Khan DIK 31.82 70.92 171.2 Punjab Semi-Arid 

Sargodha SGD 32.05 72.67 187.0 Punjab Semi-Arid 

Mainwali MNW 32.55 71.55 210.0 Punjab Semi-Arid 

Jhelum JHE 32.93 73.72 287.2 Punjab Semi-Arid 

Kohat KHT 33.57 71.43 511.0 Khyber Pakhtunkhwa Semi-Arid 

Peshawar PSH 34.02 71.58 327.0 Khyber Pakhtunkhwa Semi-Arid 

Kakul KKL 34.18 73.25 1308.0 Khyber Pakhtunkhwa Semi-Arid 

Skardu SKD 35.30 75.68 2317.0 Gilgit Biltistan Semi-Arid 

Bunji BJI 35.36 74.63 1372.0 Gilgit Biltistan Semi-Arid 

Gilgit GLT 35.92 74.33 1460.0 Gilgit Biltistan Semi-Arid 

Gupis GPS 36.17 73.40 2156.0 Gilgit Biltistan Semi-Arid 

Sialkot SKT 32.50 74.53 255.1 Punjab Humid 

Islamabad RWP 33.62 73.10 507.0 Punjab Humid 

Cherat CHE 33.82 71.88 1372.0 Khyber Pakhtunkhwa Humid 

Parachinar PCR 33.87 70.08 1725.0 Khyber Pakhtunkhwa Humid 

Murree MUR 33.92 73.38 2126.0 Punjab Humid 

Gharidupatta GDP 34.22 73.62 813.5 Azad Jammu Kashmir Humid 

Muzaffarabad MBD 34.37 73.48 702.0 Azad Jammu Kashmir Humid 

Balakot BKT 34.38 73.35 995.4 Khyber Pakhtunkhwa Humid 

Saidu Sharif SSH 34.73 72.35 949.0 Khyber Pakhtunkhwa Humid 

Chitral CHT 35.85 71.83 1497.8 Khyber Pakhtunkhwa Humid 

Drosh DSH 35.57 71.78 1463.9 Khyber Pakhtunkhwa Humid 
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Fig. 4.4 Relative changes in projected precipitation for individual AOGCMs and for 

ensemble mean under RCP4.5 and RCP8.5 for three projected time periods relative to 

baseline period, for the three climate regimes. The significant relative change at 95% CL 

is displayed in darker shade. 

Precipitation per wetday (mm wetday
-1

) is the ratio between total precipitation 

(mm) to total number of wetdays (days) during given time scale for a given station and it 

can be expressed by Eq. (4.5). 

Precipitation per wetday  mm wetday       
Total annual precipitation  mm 

Total annual wetdays  days 
                  

Where, total numbers of wet days are the days when precipitation on a given day 

in greater than 0.1 mm. The above equation is used to calculate precipitation per wetday 

on annul time scale. This equation can be used to find precipitation per wetday on 

monthly and seasonal time scale. This ratio can be used to enumerate the extreme events 

(see Section 3.3.1.3) such as flood and droughts. Intensity of these flood (drought) events 

depends upon the sum (difference) between mean and STDV. The mean ± half/one sigma 

STDV results in moderate/extreme flood or drought year. 
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Fig. 4.5 Same as Fig. 4.4 except for precipitation per wetday. 

 

Fig. 4.6 Same as Fig. 4.4 except for precipitation per wetday. 
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4.3. Results and discussion 

4.3.1 Projected variations in amount of precipitation 

The amount of precipitation as projected by IPCC AR5 based AOGCMs and their 

ensemble mean under RCP4.5 and RCP8.5 during T1, T2, and T3 in arid, semi-arid, and 

humid climate regimes is displayed in left (two) column panels of (Fig. 4.2) Fig. 4.3. 

During T1, and under RCP4.5, the projected amount of precipitation is 157.95 mm, which 

is projected to increase to 162.22 mm during T2, whereas during T3, it is projected to 

decrease to 158.01 mm. The CMM/GEM projects the maximum/minimum amount of 

precipitation during T1 (201.23 mm/129.03 mm).  

The amount of precipitation by CMM/GEM is projected to decrease (increase) by 

47.61 mm/12.15 mm (5.48 mm/18.42 mm) during T2 (T3), relative to T1 (T2). Amount of 

precipitation is projected to increase (decrease) in 5 (21) IPCC AR5 based AOGCMs, 

during T1, relative to TB.  

In semi-arid climate regime, the ensemble mean under RCP4.5 (RCP8.5) projects 

the precipitation to be about 451.49 mm (459.48 mm) during T1, and then it is projected 

to increase to 469.38 mm (482.90 mm) during T2, whereas during T3 it is projected to 

decrease (increase) to 467.76 mm (486.35 mm). In humid climate regime, the projected 

precipitation under RCP4.5 is 1118.87 mm during T1, during T2 (T3) it is projected to 

increase to 1157.17 mm (1162.81 mm).  

Under RCP4.5 (RCP8.5), precipitation in arid climate regime decrease by 5.56% 

(5.96%) in T1, 3.43% (6.66%) during T2 and 4.94% (1.73%) during T3, relative to TB 

(Fig. 4.4). In case of semi-arid (humid) climate regime, a 4.27% (1.26%) increase 

(decrease) is projected during T1, 8.40% (2.12%) during T2 and 8.02% (2.61%) during 

T3. Generally, under RCP4.5 and RCP8.5, number of wetdays (precipitation per wetday 

in arid/semi-arid/humid climate regime is projected to increase/decrease/decrease 

(decrease/increase/increase) relative to baseline (Fig. 4.5 and 4.6). 
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Fig. 4.7 The Taylor diagrams for precipitation variation assessment for the 25 IPCC AR5 

based AOGCM projections along their ensemble mean, relative to the baseline (marked 

as cross along the horizontal axis). 

Under RCP8.5, the ensemble mean shows that precipitation in arid climate is 

projected to be 156.77 mm during T1, whereas during T2 (T3) it is projected to be 155.85 

mm (165.24 mm). In semi-arid climate regime, the ensemble mean indicates that 

precipitation is projected to be 445.67 mm during T1, then it is expected to increase to 

485.35 mm and 489.89 mm during T2 and T3, respectively.  The ensemble mean indicates 

that annual precipitation in humid climate regime is projected to be 1157.61 mm, 1215.18 

mm, and 1213.48 mm during T1, T2 and T3, respectively. Overall, under RCP4.5 and 

RCP8.5, precipitation in arid, semi-arid, humid regime is projected to decrease, increase, 

decrease, relative to the baseline, respectively. A decrease in precipitation in arid climate 

under RCP4.5 and RCP8.5 is in line with findings by Rahimi et al. (2019) for southwest 

Asia.   

To assess the variability in stochastically projected annual precipitation during T1, 

T2, and T3, relative to the TB, Taylor diagrams are utilized (Fig. 4.7). On annual basis, 

8/11/6 (8/2/6) IPCC AR5 based AOGCMs has significant (95%) CC during T1/T2/T3 

under RCP4.5 (RCP8.5). The RMSD increased during all projection periods with respect 

to the TB (RMSDT1< RMSDT2 <RMSDT3).  
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The STDV of ensemble mean, during T2 is projected to decrease (1.15 mm under 

RCP4.5 and 1.16 mm under RCP8.5) relative to T1 (1.19 mm under RCP4.5 and 1.21 mm 

under RCP8.5), while it is projected to increase/decrease during T3 (1.25 mm under 

RCP4.5/1.04 mm under RCP8.5). On annual time scale, extreme events are projected to 

increase during T3 due to increased variations in precipitation (Nabeel and Athar, 2019). 

This observation of increase in extreme precipitation events is also supported by Ali et al. 

(2019), who computed the extreme precipitation events for Pakistan through statistical 

downscaling under RCP4.5 and RCP8.5. 

4.3.2 Projected variations in number of wetdays 

Under RCP4.5 (RCP8.5), ensemble mean of IPCC AR5 based AOGCMs 

indicates that the annual number of wetdays during T1 in arid/semi-arid/humid climate 

regime is projected to be 20.13 days (20.53 days)/41.92 days (42.09 days)/83.40 days 

(82.99 days), see middle (two) panels of (Fig. 4.2) Fig. 4.3. The number of wetdays 

during T2 in arid/semi-arid/humid climate regime is projected to be 20.56 days (19.91 

days)/41.60 days (42.02 days)/81.86 days (82.48 days). Number of wetdays during T3 in 

arid/semi-arid/humid climate regime is projected to be 19.99 days (19.10 days)/41.38 

days (42.99 days)/82.18 days (78.55 days). Maximum/minimum number of wetdays in 

arid climate regime under RCP4.5 as simulated by IBL/GEM is 21.74 days/17.06 days, 

during T1, whereas projected maximum/minimum numbers of wetdays as simulated by 

AC3/CMS (CEM/GEM) are 31.27/15.87 days (22.60/17.70 days) during T2 (T3).  

Under RCP4.5, projected maximum (minimum) numbers of wetdays in semi-arid 

climate regime during T1/T2/T3 are 44.97/45.16/48.12 days (37.36/37.08/36.21 days) by 

IBL/GCM/CSM (GEM/CMS/CMS). In humid climate regime, the maximum (minimum) 

numbers of wetdays as simulated by IBL/GCM/CSM (IAL) during T1/T2/T3 are 

87.97/86.58/92.00 (76.85/72.99/71.99) days.  

Under RCP4.5, number of wetdays in arid climate regime increases to 19.97% in 

T1, 22.78% during T2 and 18.87% during T3, relative to TB. In case of semi-arid (humid) 

climate regime, a 1.74% (7.73%) decrease is projected during T1, 2.50% (9.43%) during 

T2 and 3.01% (9.07%) during T3, relative to TB (Fig. 4.5).  
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The maximum/minimum number of wetdays in arid climate regime under RCP8.5 

as simulated by CEM/GEM are 25.22/17.11 days during T1, whereas projected 

maximum/minimum number of wetdays are 23.68/15.56 days (26.26/12.13 days) as 

simulated by IAM/GEG (IAM/CMS), during T2 (T3). Projected maximum (minimum) 

number of wetdays in semi-arid climate regime during T1/T2/T3 are 46.75/48.09/54.06 

days (36.31/35.33/37.34 days) as simulated by CEM/CSM/CSM (CMS/CMS/GEM). In 

humid climate regime, maximum (minimum) numbers of wetdays as simulated by 

CEM/CSM/GCM (CMS/IAL/CMS) during T1/T2/T3 are 90.66/92.99/91.12 

(73.66/69.81/57.72) days. Overall, under RCP4.5 and RCP8.5, number of wetdays is 

projected to increase (decrease) in arid (semi-arid, and humid) climate regime.  

Under RCP8.5, number of wetdays in arid climate regime increase by 5.42% 

during T1, 2.86% during T2 and 5.39% during T3, relative to TB (Fig. 4.4), whereas in case 

of semi-arid (humid) climate regime, a 4.45% (11.99%) increase (decrease) is projected 

during T1, 8.97% (8.95%) during T2 and 8.33% (8.63%) during T3. 

4.3.3 Projected variations in precipitation per wetday 

Under RCP4.5, the amount of precipitation per wetday in arid climate, as 

projected by IPCC AR5 ensemble mean is 7.84 mm wetday
-1

, during T1, it is projected to 

increase to 7.86 and 7.90 mm wetday
-1

, during T2 and T3, respectively [right (two) panels 

of (Fig. 4.2) Fig. 4.3].  Maximum (minimum) precipitation per wetday during T1/T2/T3 as 

projected by CMM/IBL/IBL (MRC/MC5/INM) is 9.72/11.05/9.83 (7.07/6.57/6.96) mm 

wetday
-1

. In semi-arid (humid) climate regime, precipitation per wetday during T1/T2/T3 

is projected to be 10.78, 11.32, and 11.33 (13.67, 14.40, and 14.39) mm wetday
-1

, 

respectively.  

Maximum precipitation per wetday, of 12.10 (14.97), 15.58 (17.97), and 14.46 

(17.99) mm wetday
-1

 is projected by MRC (IBL), IBL (IBL), and IBL (CSM) in semi-

arid (humid) climate regimes, whereas minimum precipitation per wetday, of 9.95 

(12.93), 10.06 (12.75), and 10.07 (12.79) mm wetday
-1

 is projected by IAL (GCM), IAL 

(GEM), and GCM (GCM)  in semi-arid (humid) climate regimes during T1, T2 and T3, 

respectively. 
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Precipitation per wetday in arid climate regime decreases to 12.38% in T1, 

12.19% during T2 and 11.86% during T3, relative to TB. In case of semi-arid (humid) 

climate regime, a 6.26% (4.65%) decrease is projected during T1, 11.54% (0.45%) during 

T2, and 11.59% (0.38%) during T3, relative to TB (Fig. 4.6).  

Under RCP8.5, the amount of precipitation per wetday in arid climate as projected 

by IPCC AR5 ensemble mean is 7.62 mm wetday
-1

 during T1, which is projected to 

increase to 7.83 and 8.70 mm wetday
-1

 during T2 and T3, respectively.  Maximum 

(minimum) precipitation per wetday during T1/T2/T3, as projected by HES/CMM/AC3 

(CSM/AC1/HAO), is 8.70/9.78/12.90 (6.07/5.81/5.22) mm wetday
-1

. In semi-arid 

(humid) climate regime, precipitation per wetday during T1/T2/T3 is projected to be 

10.95, 11.52, and 11.38 (13.96, 14.71, and15.51) mm wetday
-1

, respectively.  

Maximum precipitation per wetday, of 13.81 (16.70), 15.07 (18.44), and 16.13 

(20.77) is projected by IBL (IBL), IBL (CSM), and IBL (CSM) in semi-arid (humid) 

climate regime, whereas minimum precipitation per wetday, of 9.87 (12.92), 10.12 

(12.91), and 6.72 (8.56) mm wetday
-1

 is projected by INM (CMM), GCM (GCM), and 

HAO (HAO) respectively in semi-arid (humid) climate regimes during T1, T2 and T3, 

respectively. Overall, under RCP4.5 and RCP8.5 precipitation per wetdays is projected to 

increase (decrease) in semi-arid (arid, and humid) climate regime. 

4.3.4 Projected variability in precipitation climate regimes  

The spatial variations in three climate regimes (arid, semi-arid, and humid) during 

the three projected periods, relative to the TB, under RCP4.5 and RCP8.5 ensemble 

means are displayed in Fig.  4.8 (first row). Under RCP4.5 (RCP8.5), during T1, 3.52% 

(3.72%), 45.03% (46.03%), and 51.44% (50.25%) of climate regimes in Pakistan are 

projected to be humid, semi-arid and arid respectively. During T2, a 0.24% (5.31%) 

decrease is projected in humid climate, a 1.55% (6.01%) increase (decrease) is projected 

in semi-arid climate, and a 23.30% (5.90%) increase is projected in arid climate under 

RCP4.5 (RCP8.5) ensemble mean relative to T1.  
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Fig. 4.8 Variations in climate regimes, precipitation (P) in mm, number of wetdays 

(WD), precipitation per wetday (PD) in mm wetday
-1

, and average wet (WS)/dry (DS) 

spells in days, under RCP4.5 and RCP8.5 ensemble mean for all 25 IPCC AR5 based 

AOGCMs. 
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During T3, a 24.81% (17.56%) increase (decrease) is projected in humid climate, 

a 2.15% (3.55%) decrease (increase) is projected in semi-arid climate, and a 0.60% 

(1.71%) increase (decrease) is projected in arid climate under RCP4.5 (RCP8.5) 

ensemble mean, relative to T2. Overall, under RCP4.5 (RCP8.5), a 0.84% (4.08%) 

increase is projected in arid climate regime, a 0.62% (2.68%) decrease in semi-arid 

climate regime, and a 4.28% (21.93%) decrease in humid climate regime. Our results are 

in general agreement with study of Lickley and Solomon (2018), which indicates an 

increase in aridity in Asia under RCP8.5 towards the end of 21st century, as well as with 

Zeroual et al. (2019), which projects expansion of desert climate in Algeria using 

Köppen-Geiger climate classification scheme, under RCP8.5, for the end of 21st century. 

The spatial distribution of annual precipitation (in mm) for the ensemble mean of 

IPCC AR5 based AOGCMs projections under RCP4.5 and RCP8.5 is displayed in Fig. 

4.8 (second row). Annual precipitation under RCP4.5 (RCP8.5) and in arid climate 

regime, during T1, is projected to be 157.72 (157.05) mm, during T2, is it projected be to 

161.28 (155.88) mm, and during T3, it is projected to be 158.75 (164.11) mm. In semi-

arid climate, under RCP4.5 (RCP8.5), annual precipitation is projected to be 451.49 

(459.48) mm during T1, 469.38 (482.90) mm during T2, and 467.76 (486.35) mm during 

T3. In humid climate, under RCP4.5 (RCP8.5), annual precipitation is projected to be 

1118.87 (1135.65) mm during T1, 1157.17 (1193.89) mm during T2 and 1162.81 

(1186.48) mm during T3. 

The spatial distribution of annual number of wetdays for the ensemble mean of 

IPCC AR5 based AOGCMs projections under RCP4.5 and RCP8.5 is displayed in Fig. 

4.8 (third row). Annual number of wetdays under RCP4.5 (RCP8.5) in arid climate 

regime, during T1, are projected to be 15.33 (15.74) days, during T2, is it projected to be 

15.67 (15.30) days, and during T3 it is projected to be 15.15 (14.97) days. In semi-arid 

climate, under RCP4.5 (RCP8.5), annual number of wetdays are projected to be 41.92 

(41.99) days during T1, 41.33 (41.87) days during T2 and 41.23 (42.78) days during T3. In 

humid climate, under RCP4.5 (RCP8.5), annual number of wetdays are projected to be 
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81.08 (80.70) days during T1, 79.36 (80.22) days during T2, and 79.79 (75.94) days 

during T3. 

The spatial distribution of precipitation per wetday for the ensemble mean of 

IPCC AR5 based AOGCMs projections under RCP4.5 and RCP8.5 is displayed in Fig. 

4.8 (fourth row). Precipitation per wetday under RCP4.5 (RCP8.5) in arid climate regime, 

during T1, is projected to be 11.98 (11.60) mm wetday
-1

, during T2, is it projected be to 

12.01 (12.20) mm wetday
-1

, and during T3, it is projected to 12.37 (12.71) mm wetday
-1

. 

In semi-arid climate, under RCP4.5 (RCP8.5) precipitation per wetday is projected to be 

10.43 (10.56) mm wetday
-1

 during T1, 10.96 (11.21) mm wetday
-1

 during T2 and 10.96 

(11.35) mm wetday
-1

 during T3. In humid climate, under RCP4.5 (RCP8.5) precipitation 

per wetday is projected to be 13.27 (13.52) mm wetday
-1

 during T1, 13.98 (14.28) mm 

wetday
-1

 during T2 and 13.99 (15.79) mm wetday
-1

 during T3. 

4.3.5 Projected variations in wet and dry spell lengths 

The spatial distribution of average wet and dry spell length for the ensemble mean 

of IPCC AR5 based AOGCMs projections under RCP4.5 and RCP8.5 is displayed in Fig. 

4.8 (fifth and sixth row). Average wet spell length, under RCP4.5 (RCP8.5), in arid 

climate regime, during T1, is projected to be 2.23 (2.26) days, during T2, is it projected be 

to 2.25 (2.20) days, and during T3, it is projected to be 2.21 (2.20) days. In semi-arid 

climate, under RCP4.5 (RCP8.5), average wet spell length is projected to be 6.95 (7.11) 

days during T1, 6.94 (7.28) days during T2 and 6.79 (6.76) days during T3. In humid 

climate, under RCP4.5 (RCP8.5), average wet spell length is projected to be 24.69 

(25.27) days during T1, 24.07 (24.44) days during T2 and 23.63 (23.36) days during T3. 

Average dry spell length, under RCP4.5 (RCP8.5), in arid climate regime, during 

T1, is projected to be 3.28 (3.25) days, during T2, is it projected to be 3.34 (3.42) days, 

and during T3 it is projected to be 3.37 (3.35) days. In semi-arid climate, under RCP4.5 

(RCP8.5) average dry spell length is projected to be 1.64 (1.54) days during T1, 1.62 

(1.54) days during T2 and 1.66 (1.58) days during T3. In humid climate, under RCP4.5 

(RCP8.5), average dry spell length is projected to be 1.19 (1.34) days during T1, 1.18 
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(1.35) days during T2 and 1.18 (1.39) days during T3. We next present these variations in 

wet and dry spell lengths in terms of TB as well. 

In arid climate regime, under RCP4.5 (RCP8.5), wet spell length is projected to 

increase by 3.88% (5.19%) during T1, 4.51% (2.10%) during T2, and 2.65% (2.64%) 

during T3, relative to TB. In semi-arid climate regime, under RCP4.5 (RCP8.5), wet spell 

length is projected to increase by 3.01% (5.39%) during T1, 2.85% (7.81%) during T2, 

and 0.54% (0.19%) during T3, as compared to TB. In humid climate regime, under 

RCP4.5 (RCP8.5), wet spell length is projected to decrease by 3.65% (1.39%) during T1, 

6.07% (4.63%) during T2, and 7.81% (8.85%) during T3, relative to TB.  

In arid climate regime, under RCP4.5 (RCP8.5), dry spell length is projected to 

decrease by 0.63% (1.63%) during T1 and then increase to 1.28% (3.50%) during T2, and 

a further increase of 2.01% (1.48%) during T3, relative to TB. In semi-arid climate 

regime, under RCP4.5 (RCP8.5), dry spell length is projected to increase (decrease) by 

2.90% (2.86%) during T1, 1.96% (2.99%) during T2, and 4.40% (0.619%) during T3, as 

compared to TB. In humid climate regime, under RCP4.5 (RCP8.5), dry spell length is 

projected to increase by 2.21% (15.70%) during T1, 1.29% (16.66%) during T2, and 

2.09% (19.50%) during T3, relative to TB. 

4.3.6 Projected time variations at administrative scale 

Time variations of annual precipitation, annual wetdays and precipitation per 

wetday, projected by 25 IPCC AR5 based AOGCMs including their ensemble mean 

along with baseline precipitation over Pakistan, for three projected periods are displayed 

in Fig. 4.9. Annual precipitation during T1 is projected to be 536.81 mm, during T2 (T3), a 

1.36% (1.59%) decrease is projected relative to T1.  

Annual precipitation projected by IPCC AR5 based ensemble mean under RCP4.5 

(RCP8.5) in AJK is 1515.24 mm (1542.37 mm) (Fig. 4.10), 210.93 mm (212.56 mm) in 

Balochistan (Fig. 4.11), 209.24 mm (209.84 mm) in GB (Fig. 4.12), 825.23 mm (840.89 

mm) in KPK (Fig. 4.13), 688.26 mm (698.38 mm) in Punjab (Fig. 4.14), and 172.81 mm 

(170.36 mm) in Sindh (Fig. 4.15), during T1.  
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Fig. 4.9 Time series of annual precipitation (panels in left column), number of wetdays 

(panels in middle column) and precipitation per wetday (panels in right column) for the 

IPCC AR5 based AOGCMs, including the ensemble means under RCP4.5 and RCP8.5, 

for all Pakistan, for the three projection periods. In each panel, black solid line represents 

the baseline period. 

During T2, it is projected to be 1554.14 mm (1605.97 mm), 216.14 (216.02 mm) 

mm, 210.91 mm (212.91 mm), 844.16 mm (870.43 mm), 726.57 mm (749.93 mm), and 

178.65 mm (170.34 mm) in AJK, Balochistan, GB, KPK, Punjab, and Sindh, 

respectively. 
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Fig. 4.10 Same as Fig. 4.9 except for AJK. 

 

Fig. 4.11 Same as Fig. 4.9 except for Balochistan. 
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Fig. 4.12 Same as Fig. 4.9 except for Gilgit Biltistan. 

 

Fig. 4.13 Same as Fig. 4.9 except for KPK. 
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Fig. 4. 14 Same as Fig. 4.9 except for Punjab. 

 

Fig. 4.15 Same as Fig. 4.9 except for Sindh. 
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During T3, and under RCP4.5 (RCP8.5), projected annual precipitation in AJK is 

1566.50 mm (1585.62 mm), in Balochistan it is 210.93 mm (214.13 mm), in GB it is 

211.50 mm (213.14 mm), in KPK it is 849.20 mm (861.63 mm), in Punjab it is 727.05 

mm (762.53 mm), and in Sindh it is 174.68 mm (186.00 mm).  

Annual number of wetdays projected by IPCC AR5 based ensemble mean, under 

RCP4.5 (RCP8.5), in AJK are 104.11 days (103.89 days), 21.64 days (21.91 days) in 

Balochistan, 37.00 days (37.37 days) in GB, 71.82 days (71.41 days) in KPK, 46.25 days 

(46.02 days) in Punjab, and 27.19 days (27.85 days) in Sindh, during T1. During T2, it is 

projected to be 101.61 days (103.46 days), 21.36 days (20.85 days), 36.44 days (37.71 

days), 70.06 days (70.84 days), 45.72 days (46.12 days), and 28.07 days (27.20 days) in 

AJK, Balochistan, GB, KPK, Punjab, and Sindh, respectively. For T3, projected annual 

number of wetdays in AJK are 101.94 days (101.55 days), in Balochistan it is 21.08 days 

(20.72 days), in GB it is 36.49 days (36.94 days), in KPK it is 70.36 days (71.21 days), in 

Punjab it is 45.72 days (45.10 days), and in Sindh, it is 27.31 days (24.09 days).  

Annual precipitation per wetday projected by IPCC AR5 based ensemble mean, 

under RCP4.5 (RCP8.5), in AJK is 14.55 mm wetday
-1

 (14.86 mm wetday
-1

), 9.75 mm 

wetday
-1 

(9.69 mm wetday
-1

) in Balochistan, 5.66 mm wetday
-1 

(5.62 mm wetday
-1

) in 

GB, 11.50 mm wetday
-1

 (11.78 mm wetday
-1

) in KPK, 14.87 mm wetday
-1

 (15.17 mm 

wetday
-1

) in Punjab, and 6.35 mm wetday
-1 

(6.11 mm wetday
-1

) in Sindh, during T1.  

During T2, it is projected to be 15.29 mm wetday
-1

 (15.50 mm wetday
-1

), 10.10 

mm wetday
-1

 (10.43 mm wetday
-1

), 5.79 mm wetday
-1

 (5.70 mm wetday
-1

), 12.04 mm 

wetday
-1

 (12.27 mm wetday
-1

), 15.84 mm wetday
-1

 (16.18 mm wetday
-1

), and 6.31 mm 

wetday
-1 

(6.27 mm wetday
-1

), in AJK, Balochistan, GB, KPK, Punjab, and Sindh 

respectively. For T3, projected precipitation per wetday in AJK is 15.36 mm wetday
-1

 

(15.59 mm wetday
-1

), in Balochistan it is 10.01 mm wetday
-1

 (10.24 mm wetday
-1

), in GB 

it is 5.80 mm wetday
-1

 (5.78 mm wetday
-1

), in KPK it is 12.06 mm wetday
-1

 (12.08 mm 

wetday
-1

), in Punjab it is 15.87 mm wetday
-1

 (16.91 mm wetday
-1

), and in Sindh it is 6.39 

mm wetday
-1

 (8.61 mm wetday
-1

). 
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Fig. 4.16 Relative change in average annual precipitation, number of wetdays and 

precipitation per wetday for ensemble mean of IPCC AR4 (AR5) based AOGCMs under 

A1B (RCP4.5 and RCP8.5) on administrative scale and on climate regimes scale. 

Negative (positive) change indicates increasing (decreasing) magnitude during T1, T2 and 

T3, relative to TB. 

There is a progressive increase in the spread in amount of precipitation across the 

25 AOGCMs, under both RCPs (Fig. 4.9). This progressive increase becomes even more 

prominent at the administrative scale (Fig. 4.10 to Fig. 4.15). A more or less similar 

pattern persists for number of wetdays and for precipitation per wetday. 

4.3.7 Comparison between IPCC AR4 and IPCC AR5  

The results presented in the Chapter utilizing 25 IPCC AR5 based AOGCMs 

(under RCP4.5 and RCP8.5) are compared with 15 IPCC AR4 based AOGCMs (under 

A1B), which are embedded in LARS-WG, as presented in Chapter 3 (Fig. 4.16). Baseline 

daily precipitation dataset for both the AOGCM sets is the same. During T1, arid climate 

regime is projected to decrease by about 2.12%/6.79%/1.66% under A1B/RCP4.5/ 

RCP8.5. During T2, aridity is projected to increase (decrease) by about 13.76% 

(28.55%/6.88%) under A1B (RCP4.5/RCP8.5), relative to TB. During T3, arid climate 

regime is projected to decrease by about 14.29%, 10.78%, 23.23% under A1B, RCP4.5, 

RCP8.5, relative to TB. 
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Under A1B, semi-aridity in Pakistan is projected to increase (decreased) by about 

0.47% (0.85%/0.97%) during T1 (T2/T3), whereas under RCP4.5 (RCP8.5), semi-aridity 

is projected to increase by about 10.45%/12.17%/9.76% (12.91%/6.12%/9.89%) during 

T1/T2/T3, relative to TB.  

In case of humid climate, there is a 0.20%/0.31% (1.68%) decrease (increase) 

during T1/T2 (T3), relative to TB. Under RCP4.5 and RCP8.5, humid climate is projected 

to decrease during all the three projection periods. Average annual precipitation in 

Pakistan during T1 under A1B/RCP4.5/RCP8.5 is projected to increase by about 

2.97%/1.20%/2.60%, relative to TB. During T2 (T3), average annual precipitation is 

projected to increase by about 5.35%, 4.70%, and 7.22% (5.75%, 4.69%, and 7.76%) 

under A1B, RCP4.5, and RCP8.5 respectively. 

 Although both positive and negative changes occur at administrative scale 

in all the three variables (precipitation amount, number of wetdays, and precipitation per 

wetday) under both ARs in all three projected time periods relative to TB, however a 

decrease in precipitation per wetday in arid, semi-arid and humid climate regimes is 

projected except for T1 under RCP8.5, where it is projected to increase. 
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Chapter 5 

Conclusions and future plans 
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5.1 Conclusions and future plans 

5.1.1 Conclusions 

Station wise monthly wet and dry spell characteristics are studied for a period of 

32 years (1976−2007), for data sparse region of Pakistan (24°–38°N and 61°–78°E). 

These include their decadal variability, spatial distributions of length and number of wet 

and dry spells and station wise linear trends. It is noted that wet spell length has a 

decreasing behavior in arid and humid areas of Pakistan. The present thesis contributes 

towards the duration characteristics of precipitation in Pakistan using weather station 

based datasets. 

The SD technique is used to classify precipitation regimes in Pakistan in this 

thesis. For calculation of wet and dry slopes, observed monthly precipitation data of 46 

weather stations is used for the study period. To corroborate the obtained precipitation 

regime classification based on the SD technique of wet and dry spells, bias-adjusted-

gridded precipitation data by APH is also used. Most of the wet spells occurred in the 

months of June, July, August and September in Pakistan. 

On the basis of SD between wet and dry spells, weather stations are classified into 

the following classes: humid (SD < -2.38 in units of number of spell per length of spells), 

semi-arid (SD between -2.37 and -0.51) and arid (SD > -0.51). The SD technique of 

precipitation regimes classification is compared with similar classification using Erniç 

aridity index and Köppen classification. 

This thesis also demonstrates the use of a stochastic precipitation generator 

(LARS-WG) to simulate and project the amount and frequency of precipitation 

occurrence for all six administrative regions in Pakistan: Sindh, Punjab, Balochistan, 

KPK, GB, and AJK, on monthly, seasonal and on annual basis. The most recent 36-years 

(1976−2011) observed precipitation datasets from a total of 46 different weather stations 

are used for simulation of precipitation during the baseline period. The LARS-WG uses 

alternating wet and dry day series for occurrence of precipitation, and semi-empirical 

distribution is used to simulate the amount of precipitation.  
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The stochastic precipitation generator performed well for wetdays and amount of 

precipitation on monthly and seasonal basis for all the weather station, however it over 

simulated wetdays and the amount of precipitation on annual basis. An application of 

student t-test at 95% confidence interval indicates that on annual and seasonal time 

scales, the change in number of wetdays is insignificant except for pre-monsoon during 

2011–2030 or T1 and post-monsoon during 2080–2099 or T3, relative to the baseline 

period. On annual time scale, precipitation amount displays an insignificant increase 

(significant decrease) during T1 (2046–2065 or T2 and T3), relative to the baseline period.  

On seasonal scale, winter (monsoon) season shows insignificant (significant) 

decreasing precipitation. Pre-monsoon (post-monsoon) season shows decreasing 

(increasing) precipitation during T1 (T2 and T3) that is insignificant (significant). The 

monsoon precipitation is projected to increase significantly in all three projection periods. 

Seasonal Taylor diagrams also indicate a progressive increase in the relative standard 

deviation spread for the three projection periods, respectively. Over all, there is a 

statistically insignificant change in number of wetdays and precipitation amount in all 

three projected time periods over Pakistan. 

The salient features of the study carried out in this thesis are as follows: 

 Pakistan has dominantly an arid type of climate. 

 APPHRODITE precipitation dataset is calibrated using gauge based observed 

precipitation dataset. 

 Use of GIS environment in regional climate classification is accomplished. 

 The long-term observed precipitation from 46 weather stations is utilized to 

calibrate the LARS-WG. 

 The LARS-WG model was successfully applied in the data sparse region of 

Pakistan for modeling the daily precipitation in arid, semi-arid and humid climate 

regimes.  

 The LARS-WG simulates precipitation very well over Pakistan. 

 



   
  

102 
 

 Change factors of 25 IPCC AR5 based AOGCMs, including their ensemble mean 

under RCP4.5 and RCP8.5, are utilized to project daily precipitation data for three 

projection time periods of  T1, T2, and T3. 

 Semi-aridity in Pakistan is projected to increase. 

 Precipitation extremes are projected to increase in future. 

 Overall, number of wet (dry) spells is projected to decrease (increase) in Pakistan. 

 Precipitation and number of wetdays (precipitation per wetday) are projected to 

decrease (increase) during T3 which may result in extreme events.  

 The change in precipitation is only significant at 95% confidence interval on 

annual scales during T3 relative to T2 in both RCPs.  

 On an annual time scale, number of wetdays and precipitation per wetday display 

a significant change in T3 relative to T2 under RCP4.5 only. 

 Taylor diagrams also display a relative progressive increase in the precipitation 

variability during the three projection time periods, which is indicative of an 

increase in projected extreme events. 

 Under A1B/RCPs, semi-arid (humid) area is projected to decrease/increase 

(decrease).  

5.1.2 Future plans 

 Application of slope difference technique to other regions of the World. 

 Comparison of precipitation per wetday criterion with other extreme 

indices/criteria’s. 

 Use of LARS-WG projections output for agriculture and hydrological modeling. 
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Appendix A: Integration of various emission scenarios used  

 

Fig. A1 CO2 (ppmv), and radiative forcing concentration (Wm
-2

) in selected AR4 and 

AR5 projection scenarios, used in this study. 
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Appendix B: Monthly precipitation scale factors for Badin under RCP4.5 during T1/ T2/ T3 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

AC1 0.64/1.06/0.82 0.33/1.05/0.61 0.74/1.49/1.18 1.04/1.36/0.99 1.30/1.16/0.79 1.70/1.48/1.95 0.60/1.29/0.64 1.31/1.64/0.56 2.38/3.48/0.67 1.38/2.79/0.79 0.86/1.21/0.61 0.73/0.72/0.54 

AC3 1.29/2.36/0.73 2.38/2.77/1.56 0.73/2.72/0.64 0.83/2.49/1.64 0.58/3.26/0.40 1.24/3.04/0.25 0.00/1.00/0.05 0.00/1.80/0.97 1.17/1.39/1.63 1.93/2.95/0.39 1.89/2.81/1.07 1.62/3.31/0.97 

CEM 0.40/0.62/0.09 1.73/0.12/0.51 0.35/1.33/1.69 1.90/2.52/3.19 1.00/1.59/2.12 0.77/0.831.43 0.34/1.56/1.17 0.65/0.74/0.47 0.97/3.48/0.99 2.65/2.22/3.48 1.17/0.20/0.32 2.51/2.88/2.32 

CCM 1.03/1.32/2.45 1.99/0.80/0.45 1.12/0.43/0.46 1.04/0.91/0.80 1.89/0.90/1.90 0.59/0.68/0.52 1.26/1.15/0.97 0.88/0.88/0.80 1.15/1.27/0.91 1.61/1.65/1.14 0.86/0.79/0.82 1.17/0.95/1.47 

CMM 1.49/0.15/0.62 1.45/3.18/1.68 0.21/2.11/0.85 2.11/2.66/2.44 0.40/0.39/0.18 3.33/1.79/0.66 1.78/0.80/1.01 1.52/1.10/2.09 0.44/0.66/0.36 1.93/0.48/0.32 0.51/0.81/0.30 0.98/0.54/0.63 

CMS 1.97/1.21/1.94 1.34/0.57/0.18 0.70/0.19/0.46 0.56/0.95/0.23 0.75/0.33/0.18 1.27/0.02/0.15 1.11/0.70/1.67 0.96/0.71/0.50 1.38/0.80/1.68 1.12/0.57/1.28 0.38/0.81/0.88 1.23/1.25/0.82 

CRM 1.22/0.05/0.64 1.77/3.59/1.49 1.03/2.06/1.72 1.54/1.09/1.22 0.36/0.75/0.64 2.94/1.62/2.62 1.49/1.25/1.60 1.50/1.21/1.65 0.86/0.67/0.71 1.19/0.76/1.72 1.17/3.38/2.45 0.85/1.26/1.86 

CSM 0.00/1.00/1.87 0.16/1.13/1.81 0.18/0.97/1.05 1.01/1.05/0.81 1.32/1.25/2.40 0.71/0.77/0.82 0.00/0.00/0.12 0.00/1.29/3.06 1.39/2.21/1.60 1.14/2.60/2.60 0.53/2.71/3.57 0.00/0.91/1.26 

ECE 0.82/0.88/1.54 1.31/1.39/0.77 1.45/1.02/1.25 0.74/0.76/1.07 1.17/0.76/0.46 0.91/0.82/0.78 1.06/0.99/0.86 0.88/0.80/0.778 0.73/0.95/0.90 1.15/1.13/0.69 0.50/0.95/0.43 0.60/0.75/0.83 

GCM 0.86/0.41/0.05 0.11/1.17/0.50 0.53/0.76/0.23 1.24/1.47/1.37 0.42/0.73/1.98 1.95/1.32/1.220 1.23/1.42/1.16 1.19/1.23/1.10 1.05/1.09/1.54 3.00/2.99/2.13 2.80/2.19/3.55 1.11/0.90/0.46 

GEG 0.21/0.28/0.86 1.06/0.70/0.00 1.92/1.80/0.53 0.55/0.41/0.24 0.68/0.23/0.00 0.09/0.72/0.21 0.46/0.30/0.61 1.23/0.65/0.91 1.23/0.55/1.50 1.17/1.01/1.38 1.62/0.96/0.56 1.28/2.33/2.22 

GEM 0.27/0.09/0.82 0.30/0.24/1.01 0.87/0.00/1.02 2.70/1.40/3.17 1.19/0.40/0.76 0.41/1.00/0.83 0.15/0.80/0.19 0.07/0.15/0.16 0.29/0.47/0.24 0.41/1.23/0.50 1.29/1.52/2.19 1.51/3.04/0.67 

HAO 1.50/0.37/2.29 0.83/0.46/0.70 0.39/0.68/0.71 0.71/0.61/0.72 0.71/1.72/1.54 2.01/2.58/1.14 1.95/1.26/0.76 0.75/0.89/1.05 1.59/1.29/0.78 0.71/1.27/0.47 1.48/0.63/0.38 0.48/0.47/0.50 

HCC 1.87/0.64/1.52 1.28/1.30/1.09 1.31/1.30/0.69 3.14/2.65/2.45 1.41/1.33/1.26 2.59/1.44/1.45 0.57/0.97/0.67 0.52/0.93/0.20 0.79/0.94/0.48 0.82/0.48/0.26 1.55/0.60/0.58 1.98/0.91/1.06 

HES 0.87/1.13/1.14 2.11/0.57/1.03 1.25/0.86/1.16 2.12/2.85/2.77 0.95/1.64/1.21 0.45/1.45/0.79 0.90/0.63/0.47 2.08/2.00/0.81 0.66/0.44/0.21 0.84/0.86/0.51 1.17/0.52/0.48 0.91/0.62/0.21 

INM 0.85/0.40/0.33 0.34/1.16/0.30 0.62/0.30/1.21 0.20/0.92/0.45 0.44/1.34/0.74 0.56/0.60/0.66 1.03/1.18/1.22 0.45/0.65/1.10 1.14/1.50/0.75 1.45/1.08/0.80 0.58/0.60/0.90 1.03/0.69/0.74 

IAL 1.68/1.01/1.07 0.16/0.18/0.51 1.21/2.95/0.71 0.26/0.53/0.00 0.36/0.00/0.00 0.62/0.35/0.80 0.42/0.97/0.80 0.62/0.76/1.37 2.35/3.12/2.70 0.85/0.58/1.99 1.07/1.27/1.55 0.35/0.49/0.60 

IAM 0.88/1.52/1.39 2.81/2.68/1.04 1.69/1.96/0.18 0.31/2.19/3.02 0.15/0.11/0.59 0.78/1.68/0.91 1.20/1.92/0.45 0.89/1.34/2.35 0.56/0.63/1.27 0.55/1.12/1.08 0.84/1.10/1.33 1.79/1.43/1.93 

IBL 0.34/0.25/0.12 1.58/0.96/1.20 0.67/2.60/0.79 1.76/1.44/2.26 2.25/2.17/1.28 0.46/0.55/1.13 1.34/4.31/3.64 2.75/3.60/4.24 1.29/3.55/0.55 0.18/0.96/0.51 1.18/1.17/0.79 2.09/1.65/0.86 

MC5 1.18/0.88/0.75 1.00/0.89/0.84 1.16/0.78/0.75 1.11/0.89/1.06 0.41/0.64/0.50 2.18/1.54/1.78 0.96/0.97/1.60 0.74/0.51/0.75 1.22/1.12/1.87 0.89/1.99/2.13 1.26/0.56/0.44 0.83/0.74/0.61 

MEM 0.71/0.71/0.47 1.09/2.49/1.23 1.34/0.46/0.44 0.88/0.44/0.99 0.50/0.37/0.57 1.43/0.90/0.89 1.11/0.89/0.84 1.34/1.25/1.05 1.02/0.99/1.19 0.81/1.01/1.20 0.94/1.22/1.16 1.33/0.78/1.41 

MEC 1.05/0.79/1.34 0.41/0.48/0.21 1.70/1.19/1.38 0.73/0.74/0.63 0.93/0.73/0.63 1.02/1.24/1.10 0.86/0.87/0.83 1.01/0.88/0.81 1.03/1.01/0.92 1.12/1.42/0.68 1.29/0.95/1.12 1.21/0.94/1.27 

MPE 1.58/1.70/0.62 0.49/1.11/0.51 0.26/0.77/0.37 0.56/0.14/1.20 1.39/0.00/0.93 0.65/0.63/0.57 0.81/0.78/0.77 1.83/0.76/2.32 1.13/1.46/1.44 2.04/0.78/0.74 3.89/3.40/3.14 1.28/0.81/0.48 

MRC 0.78/0.33/0.29 0.42/1.00/1.00 0.57/1.00/1.72 0.26/0.06/1.39 3.03/0.50/2.82 0.00/3.74/0.00 0.00/2.00/0.82 0.13/0.43/1.95 0.42/0.24/1.00 2.66/2.49/2.42 1.22/1.63/0.62 1.24/2.82/0.88 

NEM 1.67/1.48/2.77 1.13/1.47/1.98 0.96/1.09/0.79 0.71/0.84/0.37 1.33/1.01/0.78 1.18/0.99/1.18 1.01/1.08/1.06 0.94/0.75/0.88 1.01/1.09/1.07 1.07/2.84/1.21 0.47/0.41/1.42 1.50/1.05/0.66 
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