

  geosciences-08-00114




geosciences-08-00114







Geosciences 2018, 8(4), 114; doi:10.3390/geosciences8040114




Article



Impact of Climate Change on Flood Frequency and Intensity in the Kabul River Basin



Muhammad Shahid Iqbal 1,*, Zakir Hussain Dahri 2, Erik P Querner 3, Asif Khan 4,5 and Nynke Hofstra 1





1



Environmental Systems Analysis Group, Wageningen University and Research, 6708 PB Wageningen, The Netherlands






2



Water Systems and Global Change Group, Wageningen University and Research, 6708 PB Wageningen, The Netherlands






3



Querner Consult, 6709 DA, Wageningen, The Netherlands






4



Department of Civil Engineering, UET Peshawar, Jalozai Campus, Peshawar 25000, Pakistan






5



Centre for Water Informatics and Technology (WIT), LUMS, Lahore, Pakistan









*



Correspondence: muhammad.shahidiqbal@outlook.com; Tel.: +92-321-859-9431







Received: 12 February 2018 / Accepted: 15 March 2018 / Published: 30 March 2018



Abstract

:

Devastating floods adversely affect human life and infrastructure. Various regions of the Hindukush-Karakoram-Himalayas receive intense monsoon rainfall, which, together with snow and glacier melt, produce intense floods. The Kabul river basin originates from the Hindukush Mountains and is frequently hit by such floods. We analyses flood frequency and intensity in Kabul basin for a contemporary period (1981–2015) and two future periods (i.e., 2031–2050 and 2081–2100) using the RCP4.5 and RCP8.5 scenarios based on four bias-corrected downscaled climate models (INM-CM4, IPSL-CM5A, EC-EARTH, and MIROC5). Future floods are modelled with the SWAT hydrological model. The model results suggest an increasing trend due to an increasing precipitation and higher temperatures (based on all climate models except INM-CM4), which accelerates snow and glacier-melt. All of the scenario results show that the current flow with a 1 in 50 year return period is likely to occur more frequently (i.e., 1 in every 9–10 years and 2–3 years, respectively) during the near and far future periods. Such increases in intensity and frequency are likely to adversely affect downstream population and infrastructures. This, therefore, urges for appropriate early precautionary mitigation measures. This study can assist water managers and policy makers in their preparation to adequately plan for and manage flood protection. Its findings are also relevant for other basins in the Hindukush-Karakoram-Himalayas region.
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1. Introduction


Recurring floods often pose devastating effects in terms of human sufferings and material losses. The Indus basin, originating from the Hindukush-Karakorum-Himalayan (HKH) region, is prone to such extreme flood hazards. The basin has been strongly hit by destructive floods during recent decades and this induced massive infrastructural, socio-economic, and environmental damages (see Figure S1). The cumulative estimated economic losses of more than US $45.607 billion are reported. Around 12,655 people lost their lives and nearly 200,000 villages were damaged or destroyed due to these floods in the past 80 years. The most devastating flood in 2010 spread over an area of about 160,000 km−2 across 82 districts affected over 20 million people, including about 2000 deaths and 3000 injuries.



Kabul river, the largest tributary of the Indus river on its right side, originates in Afghanistan and brings frequent intensive flash floods in its low-land downstream areas, particularly when heavy monsoon rains are joined by snowmelt runoff during the summer months [1]. The most severely affected areas by the 2010 flood include the Peshawar, Charsadda, Mardan, Nowshera, Swabi, and Swat districts that are located in lower reaches of the Kabul river. All of these districts suffered from massive damages (see Table S1).



A warming climate and changes in precipitation patterns are expected to substantially influence river flows in the HKH region, including the Kabul basin [2]. The mean surface temperature increase in the HKH region towards 2100 is expected to be higher than the global mean surface temperature increase [3]. This temperature increase will probably cause considerable changes in the region’s weather patterns hydrological cycle. Relative to the 1961–1990 baseline period, the mean temperature during the near future (i.e., 2021–2050) period is projected to rise 2 °C, and an average change of 8% to 12% in annual precipitation is projected under the RCP4.5 [4]. The change in mean temperature and precipitation will probably become larger in the far future (i.e., 2081–2100), due to the increasing greenhouse gas concentrations [2,5]. Western low pressure weather systems, which generate most of the winter precipitation in the Hindukush and Karakorum regions, are expected to be accelerated by the changing climate [6,7]. This can maintain a positive snow/glacier mass balance. This positive mass balance coupled with the increasing summer temperatures and monsoon precipitation will not only intensify the snow/glacier melt, but also bring in extreme floods.



To better prepare for the recurring natural flood hazards and prevent financial losses and casualties, the possible future changes in flood frequency and the intensity in the Kabul river basin should be analysed. However, such analysis for this important river basin is still lacking. This study therefore determines the projected future climate change and assesses its impacts on river flows in the Kabul river basin. The study provides quantitative estimates of the projected changes in flood frequency and intensity for both the near future (i.e., 2031–2050) and far future (i.e., 2081–2100) periods relative to the contemporary period (i.e., 1981–2000). The results of this study will be vital to develop effective flood risk management plans and to design safeguarded hydraulic infrastructures along the Kabul River.



This paper is structured as follows. In Section 2, we describe the study area in more detail. Section 3 describes the data used and prepared for the analysis. Section 4 explains the approach used in the hydrological model, flood frequency analysis, and selection of climate models. Section 5 described the results followed by the discussion. Finally, the major findings are presented in the conclusion.




2. The Study Area


The Kabul River originates from the Sanglakh range of the Hindukush mountains in Afghanistan and sustains the livelihoods of millions of people in Afghanistan and Pakistan (Figure 1a). It contributes around 10% to 12% of the annual flows to the main Indus river system [8]. The total area of the Kabul basin is approximately 92,650 km2. Its main tributaries are the Salang, Panjshir, Nerkh, Maidan, Duranie, Kunar, Swat, Jindi, Barra, and Kalpani Rivers. The Kabul basin can be divided into three major sub-basins on the basis of flow generation: the upper Kabul, Panjshir, and lower Kabul. The upper Kabul basin generates 2.6% of the average annual flow of the basin, because this part of the basin receives less rainfall and there is no snowmelt contribution in its annual flow, Panjshir generates almost 15% of the annual flow, while the rest of the flow is generated by the lower parts of the Kabul River, including Chitral, Swat, Jindi, and Barra tributaries [9].



The basin’s average monthly temperature reaches its maximum in July, when snow and glacier-melt considerably contribute to river flows. Mean monthly precipitation encounters two peaks throughout a year: in April and August. The August peak precipitation predominantly stems from the Indian summer monsoon and is mainly experienced in the Chitral, Swat and extreme lower reaches of the Kabul River. The upper Kabul and Panjshir basins are mainly influenced by western disturbances (WDs) that originate from the Mediterranean Sea and receive peak precipitation during April. Chitral and Swat basins are also complemented with snow- and glacier-melt. These factors together cause the major floods along the Kabul River, particularly in low-land areas in the lower Kabul basin (Figure 1c). Mean monthly river flows that were observed at the Attock rim station (Figure 1b) indicates that about 80% of the annual flows occur during the April–September months with a peak in August (Figure 2).



Elevation of the basin ranges between 271 m and 7603 m, while its topography comprises high mountains with steep slopes (up to 10%) in the north and western part, and low slopes (up to 2%) and valleys in the lower basin (Figure S2a). Land use of the Kabul basin consists of agriculture (29.4%), pasture land (26.1%), urban area (19.7%), barren area (9.4%), water bodies (14.6%), and forest (0.6%) (Figure S2b). The predominant soil texture is loam to clay-loam textured (85%) and additionally 12% of the area’s soil is silty-clay, while only 3% is clay [10] (Figure S2c).




3. Data


3.1. Topographic, Soil and Land-Cover Data


Delineation of the Kabul basin was carried out using a 90 m resolution Digital Elevation Model (Figure S2) from the Shuttle Radar Topography Mission, acquired in January 2016 from the website (http://srtm.csi.cgiar.org). The Harmonized World Soil Database (available from http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database) and European Space Agency’s land cover data for 2009 [11] (available from http://due.esrin.esa.int/page_globcover.php) were employed.




3.2. Historic Hydro-Climatic Data


The Pakistan climatic data includes, daily precipitation, daily min, max temperature, wind speed, relative humidity, and solar radiation for thirty-five years (1981–2015) was acquired from the Pakistan Meteorological Department, while the Afghanistan data was digitized/extracted from the country’s meteorological reports that were provided in shape of hard copies by the Afghanistan Meteorological Department (available at http://afghanag.ucdavis.edu/natural-resource-management/weather). Meteorological stations (either at the periphery or within the Kabul basin) in both countries were selected and used (see Figure 1b). Data from the selected meteorological stations were used to prepare the necessary weather input files for the SWAT model. Daily measured discharge data at the Attock rim station from January 1981 to December 2015 were acquired from the Water and Power Development Authority (WAPDA) of Pakistan. These observed flow data are used to analyse the flood frequency and calibration and validation of the SWAT model.




3.3. Future Climatic Data


3.3.1. GCM and Scenario Selection


General Circulation Models (GCMs) are used to simulate the global climate at different spatial resolutions (~100 km2 to ~250 km2) and to provide future climate change projections till 2100. GCMs are not preferred if RCMs datasets based on best available GCMs are available. Unfortunately, limited datasets are available for the study area, particularly RCMs data based on best available GCMs. In such conditions, the only way of climate change impact assessment is use of best available GCMs concomitant with robust bias-correction method. Extreme caution has been taken into account in the selection of GCMs and bias-correction method. The present-day cutting edge GCMs were prepared by the 5th Coupled Model Intercomparison Project CMIP5 [12]. The CMIP5’s data were the basis of the Fifth Assessment Report by the Intergovernmental Panel on Climate Change (IPCC). Over 61 publically available GCMs provide future climate data. However, most of these GCMs underestimate the monsoon precipitation in the HKH region and are not truly representative of this region [13]. Therefore, they cannot be directly used for the projection of extreme events (floods) [14]. A recent study by Lutz et al. [15] evaluated 94 GCM runs for RCP4.5 and 69 GCM runs for RCP8.5 for the HKH region using an advanced envelop-based selection approach that is integrated with the past performance of the GCMs. They shortlisted a climate model based on the projected average annual changes in the mean temperature and precipitation sum for the 2071–2100 period over the 1971–2000 period. The shortlisted GCM runs are further refined based on the changes in extremes of precipitation and temperature. Finally, the remaining GCM runs are validated by comparing their performance to reproduce the historical climate from a reference product. Lutz et al. (2016b), based on the same advance-envelop based approach, later selected four GCMs for the Upper Indus basin including the area under this study. We relied on Lutz et al. (2016b) and used the GCM runs that they selected for the upper Indus basin. We selected three GCMs that best represent the extremes of floods and droughts. The extreme of drought is represented by two possible dry-cold and dry-warm scenarios, while extreme floods are best represented by wet-warm scenario. The fourth GCM is selected on the basis of average conditions. The selected four GCMs are INM_CM4_r1i1p1 (Institute for Numerical Mathematics) for the dry-cold scenario, IPSL-CM5A-LR_r3i1p1 (Institute Pierre-Simon Laplace) for dry-warm scenario, MIROC5_r3i1p1 (Japanese Atmosphere and Ocean Research Institute, National Institute for Environmental Studies and Japan Agency for marine-earth Science and Technology) for wet-warm scenario, and EC-EARTH_r12i1p1 (EC-EARTH consortium) for the average scenario.



Climate change is expected to substantially alter the hydrological cycle, although projections of flow variations probably contain large uncertainties [16]. Due to such future climate uncertainties, researchers generally use different scenarios that indicate how future climate may change under specific assumptions. IPCC’s Fifth Assessment Report provides four Representative Concentration Pathways (RCPs) for climate-change projections and modelling. However, in our current study, climatic data for two representative concentration pathways (RCPs) were selected and used: RCP4.5 represents a medium concentration stabilization scenario in which greenhouse gas emissions peak around 2040 and then decline and RCP8.5 depicts a very high baseline scenario where emissions continue to rise throughout this century [17]. The CMIP5 daily climatic data for the four GCMs both RCP scenarios were downloaded from the Earth System Grid Federation Portal (http://cmip-pcmdi.llnl.gov/cmip5/; https://esgf-data.dkrz.de/search/cmip5/) to be used in our analysis.




3.3.2. Bias Correction, Downscaling and Grid Cell Selection


The evident inconsistencies in the spatial resolutions of GCMs can be corrected by different downscaling methods. This is necessary when climate models are used to drive hydrological and other models. Many downscaling methods are available to produce climatic data for climate impact models [18]. Downscaling can be divided in two main categories: dynamic [19] and statistical downscaling [20]. We used the statistical downscaling method explained by Liu et al. [21]. Its advantage is that it produces the data for a point rather than a grid and this point can then be used directly in a hydrological model, such as SWAT, that depends on point data. Liu et al. (2015) use a delta method with a straight forward quantile to quantile correction.



This downscaling method requires selection of a grid cell for downscaling. The grid cell on top of the local meteorological station can be used or the grid cells surrounding different stations can be interpolated so that the meteorological station is centred in the grid [22]. The SWAT model automatically incorporates the virtual meteorological station and we assume that the virtual meteorological station is right on top of actual meteorological station. The difference between these two selection methods is small at the local scale [23]. So, we apply the single grid cell on top of the local meteorological station in the current study.






4. Methods


Flood frequencies are studied with historic annual flood data and with coupled hydrology (SWAT model) and flood frequency (HEC-SSP statistical software) for a reference period (1981–2000) and two future time periods (2031–2050 and 2081–2100). The future period of (2081–2100) has been selected, as base period is 1981-2000, therefore to predict 100 years change the time period has been selected and used. The methodology is summarized in Figure 3.



4.1. SWAT Model


The Soil and Water Assessment Tool (SWAT) is a river basin or watershed-scale model. It has been widely used for modelling watershed hydrology at continuous timescale. SWAT was developed to project the effects of water use, sediments and agricultural yields [24]. It is a physically based semi-distributed hydrologic model [24,25], which routes continuously on an hourly or daily time step. The SWAT model uses an ArcGIS interface for the definition of watershed hydrological features [24,26]. There are nine basic elements in the SWAT model: hydrology, weather, soil types, sediment yields, plant growth, nutrients loss, pesticides, bacterial load, and land-use management. The model subdivides the watershed into sub-basins based on a 90-m resolution digital elevation model. These sub-basins are further split up into hydrological response units (HRUs) that constitute land-use, soil, and slope features.



SWAT calculates potential evapotranspiration by applying the Penman-Monteith [27], Priestley-Taylor [28], or Hargreaves [29] parameterization depending on data availability. The Penman-Monteith method has been adopted in this study. The surface runoff from daily precipitation is computed with an altered curve- number method [30], which calculates the quantity of runoff based on data for the local land use and soil types. The land component ensures that the quantity of water, nutrients, sediments, bacteria, etc., are delivered to a primary channel in every individual sub-basin. All of the sub-basins are then directed through the main outlet of the basin.



The SWAT model requires hourly surface air temperature, while usually only daily maximum and minimum temperature are provided. Hourly surface air temperature is calculated as follows, assuming that the daily maximum temperature occurs at 15.00 o’clock and daily minimum temperature occurs at 03.00 o’clock [31]:


    T  h r   = T  '  a v   +    (   T  m x   −  T  m n    )   2  cos  (  0.216 .  (  h r − 15  )   )    



(1)




where Thr is the hourly surface air temperature (°C), hr is the hour, T’av is the average temperature on that day    ( T  '  a v   =  (     T  m x   +  T  m n    2   )  )    Tmx is the maximum temperature (°C), and Tmn is the daily minimum temperature (°C).



High altitudes of the upper part of the Kabul basin receive and store significant amounts of snowfall during winter and releases snow-melt during summer months. Therefore, the snowmelt factor has been included in the model calibration and validation. Equation (2) explains the snowmelt process in the model:


   S N  O  m l t   =  b  m l t       s n  o  c o v        (   T  s n o w   +  T  m s    )   2  −  T  m l t     



(2)




where SNOmlt is the amount of snow melt per day (mm water equivalent (w.e)), bmlt is the melt factor (mm day−1 °C−1 w.e), snocov is the fraction of the hydrological response unit’s area covered by snow, Tsnow is the temperature below which precipitation is considered as snow fall (°C), Tmx is the maximum temperature on a given day (°C), and Tmlt is the base temperature above which snow melt is allowed. Model has built-in property that it automatically incorporates the leap year in calculations. The factor bmlt can be estimated with the following equation:


    b  m l t   =   (  b  m l t 6   +    b  m l t 12   )  2  +    (   b  m l t 6   −  b  b l t 12    )    2 !     sin  [    2 π   365      (   d n  − 81  )   ]    



(3)




where bmlt is the melt factor (mm day−1 °C−1 w.e), bmlt16 is the melt factor for 21 June (mm day−1 °C−1 w.e), bmlt12 is the melt factor for 21 December (mm day−1 °C−1 w.e), and dn is the day number of the year, where 1 is for 1 January and 365 is for 31st December [32].




4.2. Sensitivity Analysis, Calibration and Validation


Calibration is a crucial step in any hydrological modelling study to reduce the uncertainty in the modelled discharge [33], and validation is essential to trust the model’s performance [34]. For validation four years (2012–2015) of observed and simulated discharge data have been used. The calibration process generally requires a sensitivity analysis accompanied by manual or automatic calibration [35]. The sensitivity analysis was conducted using one-factor-at-a-time (OAT) sampling method that was proposed by Morris [36], which was applied in the Sequential Uncertainty Fitting SUFI-2 algorithm SWAT-CUP automatic sensitivity analysis tool [37] to see that changes in the model output represent to the parameter value changed. This method is robust and has been extensively used in modelling, but it demands long calculation times [38]. This sensitivity analysis also helped to evaluate how certain input variables influenced the model’s output. The analysis was done by changing individual variables by 10% of the initial value (keeping all of the other input variables constant) and examining the resulting effect on the predicted flow by the model. Ideally, the calibration process should use three to five years of data and constitutes a broad range of hydrological events [39]. Here, five years (2007–2011) of observational and simulated discharge data have been used for calibration.



Calibration and validation were carried out by comparing simulated and observed daily discharge records using common hydrological modelling statistical parameters: the coefficient of determination (R2), Nash-Sutcliffe Efficiency Index (NSE), and the percent bias (PBIAS). Generally, model simulations are called satisfactory if NSE > 0.50, R2 > 0.60 and PBIAS is approximately 25%. Negative values of PBIAS indicate that the model overestimates flow while the positive values of PBIAS indicate underestimated flow [40]. Similarly, Moriasi et al. [41] and Parajuli [42] categorized the model performance as excellent if (NSE > 0.90), very good (NSE > 0.75–0.89), good (NSE > 0.50–0.74), fair (NSE > 0.25–0.49), Poor (NSE > 0.00–0.24), and unsatisfactory if (NSE = 0.00).




4.3. The HEC-SSP Framework


Flood frequency Analysis (FFA) shows the characteristics of a basin and possible extreme flood events. In the present study the FFA was executed using HEC-SSP for the Kabul basin to identify the return period of extreme flood events in the Kabul River. Annual maximum (AM) discharges are the basis for the analysis, as is common practice [43]. HEC-SSP is a statistical software package, developed by the US Army Corps of Engineers (http://www.hec.usace.army.mil/software/hec-ssp). The most recent HEC-SSP version has built-in FFA-Bulletin-17B procedures that have been adopted for flow frequency analysis. The FFA-Bulletin-17B procedure produces a probability plot based on the following equation:


   P =    (  m − A  )     (  n + 1 − A − B  )                



(4)




where m is the rank of annual maximum flows values with the largest flood equal to 1, n is the number of flood peaks in the data set, while A and B are the constants dependent on which equation is used during the flood frequency analysis procedure. In case of Weibull A and B equal 0, for Median A and B equal 0.3 and for the Hazen method A and B equal 0.5. To provide a conservative recurrence period, in the current study the Median probability plotting position factors (A and B equal 0.3) have been adopted [44].





5. Results and Discussion


5.1. Present Day Hydrological Modelling and Flood Frequency Analysis


The sensitivity analysis was carried out for 14 different SWAT variables for daily flow using the model sensitivity tool (Table S2). These variables were selected because they influenced the model’s output. (Table S2) shows the influence of the five most sensitive variables. The most sensitive variable is the curve number (CN2). A 10% increase in CN2 increased the flow by 20%. Other sensitive variables have less influence on the model’s outputs. The SWAT model was calibrated for these 14 sensitive variables. The SWAT model is sensitive to fourteen parameters for which it has been calibrated (see Table S2). Other studies [45,46,47,48] adjust the same model parameters. The model has been calibrated and validated for 2007–2011 and 2012–2015, respectively. The model performance was good as measured and simulated flows correlated well with R2 ranging between 0.84 and 0.77 for calibration and validation, respectively. The NSE was 0.77 for calibration and 0.72 for validation periods. Percent bias (PBIAS) values were 22.2 and 17.7 for calibration and validation, respectively (see Figure 4). Underestimation can be found for peaks, particularly during the calibration period. Underestimation in winter flows was observed. However, as low-flows are not the focus of the current study, therefore such underestimation can/is ignored in the current study. Such underestimation is common in hydrological modelling and could be due to flow recording-errors, biases in precipitation data and hydrological modelling uncertainties. However, the timing of the peaks is accurate for the calibration and validation periods and PBIAS is still within the appropriate range. This suggests that the current SWAT model calibration parameters can be rightfully used for future flow modelling and flood frequency analyses.



Observed and simulated flows are usually high during June to September every year. This is evident from both the calibration and validation time periods. The magnitude of peaks varies from year to year. In the calibration graph (see Figure 4 top), for example the peak starts in March followed by July each year and lasts till the end of July. Similarly, a similar peak is also observed in the validation graph (see Figure 4 bottom). This peak occurs from March till August but the intensity of flow differs much.



The HEC-SSP model was used to analyse flood return periods for the study area. In the Kabul River, especially in its low-land areas, flows that exceeds 2800 m3 s−1 are declared as floods [49]. The highest annual maximum peak flow was recorded in August 2010 (see Figure 5). This event has a probability of 0.02%, which equals 1 in 50 year event.




5.2. Future Discharge and Flood Frequency


Summer monsoon precipitation, snow, and glacier melt contribute to the peak flows of the Kabul River [50]. In this study, temperature and precipitation changes that are based on the four GCMs and two RCPs (RCP4.5 and RCP8.5) scenarios have been used to project changes in the Kabul river flows for the near future (2031–2050) and far future (2081–2100) periods. IPCC provides scenarios ranging from RCP2.6 to 8.5. As the current study deals with the extreme climate conditions (floods) therefore RCP4.5 and 8.5 have been selected, where RCP4.5 provides an average scenario, while RCP8.5 provides an extreme scenario, and is a common research practice by other well-known researchers. Mean monthly temperature is expected to rise towards the near and far future periods when compared to the contemporary reference period for both RCPs and all GCMs, except INM-CM4, which represents the cold-dry corner of our selected GCMs (see Figure 6a–d). Increased temperatures agree well with other studies [6,7,51]. Mean monthly precipitation also increases towards the near and far future periods for EC-EARTH and MIROC5 GCMs for both RCPs. However, precipitation declines in those periods for INM-CM4 GCM for both RCPs and a mixed response occurs for IPSL-CM5A (see Figure 6e–h). Variability is higher for precipitation than for temperature. Ahmad et al. [52] already observed that winter and autumn precipitation increased in the Swat River (a sub-basin of the Kabul River basin), based on their trend analysis of fifteen climate stations for the period 1961 to 2011. Ridley [6] and Wiltshire [7] also project increases in precipitation in the HKH region, including the Kabul River basin, in the mid to end of the 21st century.



Mean monthly modelled flows increases in the near and far future periods when compared to the historic flows for most GCMs and both scenarios. Only the INM-CM4 climate model shows a slight decline for both future periods and scenarios (see Figure 6i–l). In addition, seasonal flow variability could be expected in both future periods as compared to the reference period, although flows continue to peak in August for all GCMs and scenarios (see Figure 6i–l). Variation in flows could be driven by the following major factors. These are temperature driven variations in (i) precipitation, (ii) snow/glacier melt, (iii) clean ice exposure, (iv) debris-cover thickness, and (v) preceding winter snowfall. Therefore, to determine the main causes of the rise or decline in the Kabul basin’s river flows, all of these factors are evaluated and discussed below.



Our results suggest an increase in the near and far future flows as compared to the contemporary flows for both RCPs and all GCMs except for INM-CM4 (see Figure 6i–l), where flow temporal variations that are probably caused by temporal variations in precipitation (see Figure 6e–h). Ali et al. [53] and Rajbhandari et al. [54] concluded that flows in the nearby Upper Indus Basin indeed depend on the past precipitation variability. Thus, our results agree well with other studies.



In addition to precipitation, temperature variability also agrees well with the flows (see Figure 6a–d,i–l). Dey et al. [55] showed a strong relation between temperature and snow-melt in the Kabul basin and Archer [56] argued that summer river flows are mainly derived from the snow-melt of preceding winter snowfall in the Kunhar and Swat basins (sub-basins of the Kabul river basin). Archer’s (2003) argument is also complemented by other, more recent studies (see e.g., [2,57]). Therefore, an increase/decrease in temperature drives the increase/decrease in snow-melt during summer months. These arguments and results also agree well with the study’s result for the near and far future, where the rise/decline in temperature and flows are comparable.



The increased flows that we simulate are also supported by the literature. An increase in winter to early summer temperature probably reduces snowfall and accelerates snow-melt during the early summer months. Additionally, early seasonal snow-melt may also expose clean glacier ice, which can produce more melt during the summer months than the more airy snow. A decline in snow-cover has been observed by Savoskul and Smakhtin [58] in the Kabul basin between the periods 1960–1990 and 2000–2010. This decline in snow-cover expedited glacier-melt and resulted in a shrinking glacier length. Other studies e.g., [59,60,61,62] observed shrinkage in glacier length in the Hindukush region (including the Kabul basin). Early seasonal snow-melt and exposure of glacier ice, which resulted in a negative glacier mass balance (about −0.3 ± 0.1 m water equivalent per year based on 2003–2008 data analysis by Kääb et al. [63] and Kääb et al. [64], likely have supported part of the rising flows during peak summer months in the recent decades [58,65]. However, since the glacier length in the Kabul basin declined as per Randolph Glacier Inventory 5.0 data [66] to only 2.2% of the total basin area (approximately 2100 km2), its contribution to rising flows are probably small.



In contrast, Lutz et al. (2014) projected declines in the Kabul River flows by the end of 21st century. The main reasons for this contradiction with our results could be the use of different GCMs data, sub-optimal bias correction of GCM data, use of different hydrological models, and data from different time periods. The result by Lutz et al. [2] are part of study for much larger region, while for Kabul basin their results are not supported by literature. Therefore, based on the above results and discussion, an increase (decrease) in flows for the near and far future are caused by an increase (decrease) in precipitation, coupled to an increase (decrease) temperature. This enhances (suppresses) snow- and glacier-melt in the Kabul basin. Normally, the Kabul river flows are originated from snow-melt and rainfall runoff. In addition, the study region is extremely complex, as there would be rise in temperature together with increase in precipitation, therefore early snow-melt and rise in glacier-melt will encounter. Similarly increase in precipitation will enhance rainfall runoff.



Increases in extreme precipitation events and a rise in temperature are the major sources of floods in the HKH region e.g., [1,67,68]. In our study, FFA has been carried out for the near future and far future peak flows (see Figure 7). FFA results show an increase in recurrence of peak flows for the near and far future and both RCP scenarios for all GCMs, except for INM-CM4, which show slight declines in the recurrence periods for both periods and RCPs. The result for MIROC5 provides the most extreme peak flow projection. For this model, the recurrence of the historic peak flow (i.e., the 2010 flood) is reduced from 1 in 50 years to 1 in less than 3 years for the near and far future periods and both RCPs. Projections for the other GCMs also suggest an intensification of future peak flows with a substantial reduction in the recurrence intervals during the near and far future periods.



FFA estimation is commonly used in hydrology and is usually performed to plan and design various hydraulic structures [69]. Dams and reservoirs could be built to protect the population and infrastructure from floods. In general, small dams are built to be strong enough to withstand a peak flood of a 100 year return period, while agricultural area protection infrastructure is designed for a 15–25 year return period flood [70]. When such structures are planned and built, the impacts of future climate change should be incorporated. Afghanistan plans to construct 13 dams for irrigation and energy production in the Kabul basin, upstream of the current study’s gauging station (FAO Aquastat, 2011). This new infrastructure should consider the changing return periods estimated in this study (see Table S3). That means that small dams should withstand flow up to approximately 15,000 m3/s m3 s-1. Our analysis thus provides insight into the boundary conditions of current and new infrastructure.



Our results can be used to prepare flood inundation plans and to study the vulnerability of various infrastructures and land and population at risk (see for example the inundation mapping by Tariq and van de Giessen [71]). The population in the most affected districts by the 2010 flood (shown in Figure 1c) is expected to become more vulnerable because of more frequent extreme flows and larger future population [35] in the flood plans. Our quantification of vulnerabilities assessment (e.g., Table S3) helps to prepare flood inundation maps, flood mitigation plans, and risk assessments.





6. Conclusions


Lower Kabul basin in Pakistan is often hit by intensive floods that cause devastating effects in terms of human suffering, economic losses, and infrastructural damages. The basin usually receives severe floods when high monsoon rainfall is joined by snow and glacier melt. The basin’s average monthly temperature reaches its maximum in July, while precipitation is bimodal, with peaks in April and August. April peaks result from the strong influence of western disturbances and August peaks predominantly stem from the Indian summer monsoon. The threshold level of floods is when river flows at Nowshera cross 2800 m3 s−1. The historical (1981–2015) flows reveal that this threshold level is attained more often than every second year. The exceptionally high and most devastating flood of 2010 was a one in 50 years event.



This study revealed substantial changes in hydro-climatology of the basin for both near and far futures. The GCMs MIROC5 and EC-EARTH project consistent increases in mean monthly temperature, precipitation, and river flows, while the INM-CM4 projects a slight decline for all three variables. IPSL-CM5A shows a slight increase in temperature and river flows, while for precipitation the response is mixed for RCP4.5 and increases for RCP8.5. These changes in river flow influence the flood frequency. The return periods are in most cases reduced. Depending on the scenario, GCM and period in the future, present day 1 in 50 year events could in the future occur from once in every three years to once in every 24 years.



Kabul River is an important part of the Indus river system. The low-altitude and densely populated areas in its downstream reaches are seriously threatened by frequent high-levels of floods. The biggest flood on record, in 2010, influenced a large area and killed over 2000 people. The results and analyses that are presented in our study indicate the hydrological implications of the projected climate changes in the basin until 2100. These changes have great practical implications for river discharge variation and occurrence of extreme events of floods and droughts. As the flow that caused the 2010 flood is expected to occur much more often in the future, climate proof flood protection measures are essential for the current and future water development and management plans in the Kabul River basin.
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Figure 1. Near Here Study map of Kabul basin Afghanistan and Pakistan (a) geography of the basin (b) Kabul basin, including all the major tributaries of the main river as this river is the part of upper Indus basin (c) flood prone urban areas in the lower part of Kabul basin in Pakistan. The green triangle is the gauge station from where the discharge data is collected. 
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Figure 2. Mean monthly flow of the Kabul basin at Attock, monthly average temperature, and precipitation variation based on climate stations (see details in Section 3) in the Kabul basin, for the period 1981–2000. 
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Figure 3. Schematic diagram of the hydrological modelling and flood frequency analysis (historic and future projected peak flows). 
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Figure 4. Daily observed versus simulated Kabul river discharge for calibration period (2007–2011, top Figure) and validation period (2012–2015, bottom Figure). X-axis shows the time period (years) of observed and simulated discharge, while the Y-axis presents the daily discharge measured in cubic meter per second (m3 s−1). The blue line showed daily observed flow and dotted red line showed modelled (simulated) discharge for Kabul River. 
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Figure 5. Trends of flooding events in Kabul river. The blue dots are the observed flow recorded over the period of 1981–2015. The higher outlier during this analysis, which was actually the 2010 flood in this region. Y-axis represents the discharge of Kabul River in m3 s−1 while the primary X-axis shows the probability while the secondary X-axis shows the return period of the flooding in years. The red line shows the medium level flood (2800 m3 s−1) as described by the Federal Flood Commission of Pakistan. 
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Figure 6. Variation in average monthly temperature (a–d), average monthly precipitation (e–h) and average monthly flow (i–l), all based on 20 years data for the Kabul river basin. When comparing observational data (1981–2000) and downscaled scenario data from four selected General Circulation Models (GCMs) under two Representative Concentration Pathways (RCPs) 4.5 and 8.5 in near (2031–2050, (a,b,e,f,i,j)) and far future (2081–2100, (c,d,g,h,k,l)). 
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Figure 7. Return periods of peak flow in Kabul river (years). Results for four different GCMs for the RCPs 4.5 and 8.5 for the near future (2031–2050, (a,c)) and far future (2081–2100, (b,d)) are presented. The horizontal dark brown line shows the magnitude of the most devastating flood in 2010. 
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