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Abstract:



Past and the projected future climate change in Afghanistan has been analyzed systematically and differentiated with respect to its different climate regions to gain some first quantitative insights into Afghanistan’s vulnerability to ongoing and future climate changes. For this purpose, temperature, precipitation and five additional climate indices for extremes and agriculture assessments (heavy precipitation; spring precipitation; growing season length (GSL), the Heat Wave Magnitude Index (HWMI); and the Standardized Precipitation Evapotranspiration Index (SPEI)) from the reanalysis data were examined for their consistency to identify changes in the past (data since 1950). For future changes (up to the year 2100), the same parameters were extracted from an ensemble of 12 downscaled regional climate models (RCM) of the Coordinated Regional Climate Downscaling Experiment (CORDEX)-South Asia simulations for low and high emission scenarios (Representative Concentration Pathways 4.5 and 8.5). In the past, the climatic changes were mainly characterized by a mean temperature increase above global level of 1.8 °C from 1950 to 2010; uncertainty with regard to reanalyzed rainfall data limited a thorough analysis of past changes. Climate models projected the temperature trend to accelerate in the future, depending strongly on the global carbon emissions (2006–2050 Representative Concentration Pathways 4.5/8.5: 1.7/2.3 °C; 2006–2099: 2.7/6.4 °C, respectively). Despite the high uncertainty with regard to precipitation projections, it became apparent that the increasing evapotranspiration is likely to exacerbate Afghanistan’s already existing water stress, including a very strong increase of frequency and magnitude of heat waves. Overall, the results show that in addition to the already extensive deficiency in adaptation to current climate conditions, the situation will be aggravated in the future, particularly in regard to water management and agriculture. Thus, the results of this study underline the importance of adequate adaptation to climate change in Afghanistan. This is even truer taking into account that GSL is projected to increase substantially by around 20 days on average until 2050, which might open the opportunity for extended agricultural husbandry or even additional harvests when water resources are properly managed.
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1. Introduction


Afghanistan is frequently ranked among the countries most vulnerable to climate change (e.g., [1,2,3]) due to a combination of low adaptive capacity and high exposure to climate fluctuations. Over the past four decades, armed conflict has destroyed the country’s infrastructure, damaged its institutions, and led to widespread poverty and underdevelopment, which collectively underpin Afghanistan’s vulnerability and lack of adaptive capacity to climate change [4]. The population and the economy are almost completely dependent on agricultural production, particularly subsistence farming [5], and key sectors, including water, energy, agriculture, are among the most vulnerable to climate change. The country is regularly hit by extreme weather or climatic events, causing substantial economic damage and loss of lives [1,6], showing that even today Afghanistan is not sufficiently adapted to the current climate.



Despite this very alarming situation, almost no scientific literature on climate change and its impacts, in the past nor projected for the future, exists [7]. Most adaptation initiatives rely on one study of the Tyndell Centre for Climate Change Research done for the United Nations Development Programme, where global climate models of the third phase of the Coupled Model Intercomparison Project (CMIP3) were analyzed for Afghanistan amongst all other nations of the world in 2010 [8]. The study found that mean annual temperature has increased by 0.6 °C since 1960 in Afghanistan, while mean rainfall decreased slightly. In this study, the analysis of the past is based on station data which have large gaps, especially after 1970. In addition, the explanatory power of the projections is limited due the coarse resolution of the CMIP3 global models of 2.5° (Afghanistan is covered by 19 cells), particularly given the extremely mountainous character of the country. Another study by the Stockholm Environment Institute used the same data sets to analyze the socio-economic impacts of climate change on Afghanistan [9], finding that the “adaptation challenges facing Afghanistan are very significant in scope and scale.” Another study by Ridley et al. (2013) [10] found that the Karakorum will receive more precipitation due to an increase of westerly disturbances. This is confirmed by the study by Mukhopadhyay and Khan (2014), which projects a warming of 2 °C and a slight increase of precipitation (8–10%) until 2050 for the Upper Indus Basin, including its Hindukush part [11]. In addition to the lack of literature on climate change, there are also very few impact studies for Afghanistan. For glaciers in the Pamir/Hindu Kush region and their influence on the water resources of the Amu Darya basin, of which Afghanistan has shares in the upper catchment, several climate impact studies exist for past [12,13,14,15] and future projections [16,17,18,19,20,21]. Other relevant studies exist on the general influence of climate change and human impact on water resources in the Amu Darya basin, including the Aral Sea as part of this basin [22,23,24]. Other studies focus on hazards, mainly floods [25,26] and landslides [27], but without a climate change perspective. Beside these studies, some grey literature on climate change effects in Afghanistan exists that is mostly not based on systematic scientific approaches since the reports in the development context have different scopes (e.g., [4,28,29,30]). The main reason for this large scientific gap is most likely the difficult working conditions during the long period of conflict and the lack of data and capacity in the country. Moreover there is a strong focus on peace and development of the international community rather than scientific research. In addition, the extreme heterogeneous geography of Afghanistan, ranging from the glacier-covered Hindu Kush in the north to the arid deserts in the south, impede transferring larger-scale climate change studies to Afghanistan.



The present study intends to start filling this gap and is the first analysis of past and future climate trends using the outcome of regional climate models with explicit focus on Afghanistan. The goal is a solid analysis of climate change for both the past, using reanalysis data due to the limited observed data, and future, using an ensemble of state of the art regional climate models from the Coordinated Regional Climate Downscaling Experiment (CORDEX) for South Asia, which includes an assessment of data uncertainty.



As the scientific literature on Afghanistan’s climate is limited and Afghanistan’s geography might not be known to all readers, the sub-regions of Afghanistan are briefly described in the following section, with a focus on the climatically relevant context. The reanalysis data is validated against the available station data and, subsequently, the ability of the models to reproduce the current climate of Afghanistan is evaluated in order to determine systematic biases and to assess the confidence we can have in their future projections. With the reanalysis data, differences between the 30-year periods of 1981–2010 and 1950–1980, as well as linear trends over the whole period from 1951 to 2010, are analyzed.



In addition to the standard parameters for annual temperature and annual precipitation, five additional climate indices for extremes and agriculture assessments are applied, which are especially relevant for Afghanistan’s most common hazards and its agricultural system (heavy precipitation; spring precipitation; growing season length (GSL), the Heat Wave Magnitude Index (HWMI); and the Standardized Precipitation Evapotranspiration Index (SPEI)). The same parameters are subsequently analyzed for the future model projections. The difference between the future period 2021–2050 and the base period 1986–2005 is calculated and mapped in order to visualize the regional patterns of the expected changes for an adaptation-relevant, near-future scenario. Linear trends are analyzed, starting in 2006 when the scenario data of the climate models begin again, until 2050. The trends are additionally analyzed until 2099 in order to show long-term changes. In order to cover a broad range of potential future scenarios, a low emission (Representative Concentration Pathway (RCP) 4.5) and a high emission scenario (RCP 8.5) are used for the projections. Finally, the results and their uncertainties are discussed, including not only the pure climatic changes in the past and future but also their implications for the agricultural sector and water resources since these areas are considered crucial to national development.




2. Regional Setting, Data and Methods


2.1. Natural Regions of Afghanistan


The geography of Afghanistan is dominated by the Hindu Kush mountain range, which runs from northeast to southwest and divides the country into different natural regions [31,32]. The variation in climate (Table 1), soil, topography, vegetation and other geographic features are fundamental [33]. This pronounced geographic heterogeneity also creates very different conditions for livelihoods and agricultural systems. In order to account for this heterogeneity in the context of climate change, Afghanistan has been subdivided into five major regions, derived from the ecoregion zoning provided by the World Wildlife Fund [34] (Figure 1). The most important crop in all regions of Afghanistan is wheat (winter and spring) with a share of over 80% of total crop production. Regionally, various other crops as well as fruit crops are grown [5]. In the following sections, the climate, overall geography, and the main agricultural features of each region are summarized.


Figure 1. Physical geography of Afghanistan, including major vegetation zones (adapted after [34]) and topography.
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Table 1. Mean annual temperature and annual precipitation for all of Afghanistan and the defined climate regions (Figure 2b).







	

	
Mean Annual Temperature in °C

	
Annual Precipitation in mm






	
Afghanistan

	
14.0

	
312




	
Hindu Kush

	
0.7

	
745




	
Northern Plains

	
16.2

	
311




	
Central Highlands

	
5.2

	
332




	
Eastern Highlands

	
14.7

	
366




	
Southern Plateau

	
23.3

	
116










2.1.1. Hindu Kush


The Hindu Kush region in the Northwest is mainly covered by Badakhshan province, which also comprises the Wakhan corridor, including parts of the Pamir and Karakoram regions (~45,000 km2) [5]. The region has a population of around one million people, with only around 4% living in urban areas [5]. It is the highest and most mountainous part of Afghanistan with over three-quarters of its area covered with mountains [35]. It receives the highest amount of precipitation and approximately 7.5% of the land is covered with permanent snow and ice. Therefore, the Hindu Kush region is a major water source, feeding main rivers like the Amu Darya [36]. The vegetation of the region is mainly dominated by rangelands (>60%) while less than 1% of the total area is covered by forests and shrubs [36]. In total, 8.5% of the region is suitable for agricultural production [36], which is mainly used for the cultivation of wheat, alongside smaller areas of barley, maize, and fruit crops [5]. Due to its mountainous topography, the region is particularly prone to natural disasters such as landslides, avalanches, floods, flashfloods, and substantial erosion of fertile soil [4].




2.1.2. Northern Plains (North)


The Northern Plains (North) have a mean altitude of around 600 m covering around 30% of Afghanistan (~190,000 km2) [5]. This region has political and geographical importance because it links Afghanistan to Central and West Asia. Only about 20% of the nine million people living in the North reside in urban areas [5]. It is mainly covered by rangelands (~50%) and barren lands (~15%). Rain-fed agriculture is predominant (16.4%), while only about 7% of the land is available for irrigated agriculture [36]. The North is also called the food basket of the country as it produces a wealth of grain crops such as rice, wheat, barley and maize as well as fruit crops such as peaches, almonds, pomegranates, apples and grapes. In addition, in the North, saffron and cotton are produced [5]. The Northern Plains are also home to the Northern Pistachio Belt, one of the largest forest systems in the country, as well as of the most extensive flatlands of the country around the foothills of the Amu Darya River [37].




2.1.3. Central Highlands (Centre)


The Central Highlands in the middle of Afghanistan are characterized by deep valleys and mountain ranges of up to 6400 m. They cover around 20% of Afghanistan (~ 125,000 km2) [36]. Over 40% of the population in the region lives in urban areas [5]. The Central Highlands region is mainly covered by rangeland (>80%) and barren lands (~8%). Agriculture is predominantly irrigated (6%), though a small amount is still rain-fed (2%) [36]. Due to the mountainous nature of the Central Highlands, agriculture is mostly small scale. Other grown crops beside wheat are barley, maize and fruit crops [36].




2.1.4. Eastern Highlands (East)


The Eastern Highlands represent the smallest region of the country, covering around 11% of Afghanistan’s land (~72,000 km2). Here around 7% of the population lives in urban areas [5]. The Eastern Highlands regions consist mainly of rangelands (>56%), and the largest existing forests in the so-called Eastern Forest Complex (17%) can be found here. The Eastern Highlands is the only region that is directly influenced by the moist air masses of the Indian monsoon getting trapped at the high mountain slopes and bringing rain. Therefore, it is covered by forests and highly suitable for agriculture. The rains, however, also can cause flooding and land/mud slides. Agriculture is mainly irrigated, focusing on wheat and other crops [36].




2.1.5. Southern Plateau (South)


The Southern Plateau is the largest region and mainly covered by arid desert, with only the river and marshland areas viable for agriculture. The Helmand River divides the region and nourishes Lake Helmand. This region is also prone to sand and dust storms, mainly associated with northerly winds. The southern region covers around one-third of Afghanistan (~215,000 km2). Less than 20% of the population in the region lives in urban areas [5]. The Southern Plateau is mainly covered by barren land (>50%), rangeland (~20%), and sand (~15%). Agriculture is relatively small and always irrigated, covering only around 5% [36]. Although the southern region is the driest in the country, it still produces wheat and other crops and in some areas fruits [5].





2.2. Climate Data


The analysis of climate change and its impacts in Afghanistan for the past and the future are based on reanalysis and regional climate models (RCM) which were tested with the available but limited number of station data. The different data types are explained in the following sections.



2.2.1. Availability of Direct Meteorological Observations


Observed weather data is scarce in Afghanistan due to the limited number of meteorological stations and the political instability over the last four decades. In particular, under the Taliban regime data records were destroyed and observations stopped completely. Thus, an analysis of past climate purely based on station data would be unsatisfactory; therefore, reanalysis data is used additionally. In order to verify the reliability of the reanalysis data and also to validate the capability of the climate models to capture main characteristics of Afghanistan’s climate, observed data has been used. Historic data sets have been restored by the Project for the Promotion and Enhancement of the Afghan Capacity for Effective Development (PEACE) project [7] and are publicly available, however only on a monthly basis. Daily data for all of the few stations is incomplete and cannot be used as time series. Therefore, daily dynamics could not be validated, which has implications especially on the uncertainty of the extremes and will be considered in the discussion. The most complete monthly time series for each of the five climate regions and additionally for Kabul have been used to validate the reanalysis and the climate models for this analysis (Table 2, Figure 2).


Figure 2. Topography (a), climatic regions used in the analysis and available weather stations (b), annual precipitation for the period 1960–1990 [38] (c), and mean annual temperature for the period 1960–1990 [38] (d) in Afghanistan.
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Table 2. Periods of available monthly weather data used for the validation of reanalysis and climate model hindcasts.







	
Station

	
Faizabad

	
Mazar-e Sharif

	
Kabul

	
Panjab

	
Herat

	
Gardez

	
Kandahar






	
Period

	
1963–1977

	
1958–1978

	
1959–1977

	
1965–1977

	
1958–1988

	
1958–1978

	
1963–1977











2.2.2. Reanalysis Data


Due to the limited availability of station data (see Section 2.2.1), reanalysis data was used to analyze the climate of the second half of the 20th century until 2010. Climate reanalyses are numerical descriptions of the past climate. They are produced by assimilating all available observations in a weather forecast model. In this study, different reanalysis data products have been evaluated against station data for Afghanistan Water and global Change (WATCH) (WATCH Forcing Data 20th Century (WATCH; 1950–2001) [39], data from the Global Soil Wetness Project Phase 3 (GSWP3; 1901–2010) [40,41], and from the second version of the Global Meteorological Forcing Dataset for land surface modeling of Princeton University (PFGv2; 1901–2012) [42]; see Figure S1, supplementary material). They all showed comparable performances. ERA-Interim (1979–2012) [43] data is only available after 1979 and had therefore no overlap with the available observation periods (Table 2). WATCH showed good performance, however is not available continuously for the complete period of interest (from 1950 to 2010). GSWP3 has been selected due to its overall good performance over Afghanistan and its temporal coverage of the period from 1950 until 2010. It is generated globally on a 0.5° × 0.5° grid and provides amongst other parameters temperature at surface and precipitation at a daily time step.



The data is validated in order to estimate the robustness of the results. For this validation, the reanalysis data is compared to observed data of weather stations of the same time span (Table 2) in different regions of Afghanistan, where long time series are available (see Section 2.2.1). Since the data is on a 0.5° × 0.5° grid, the nine nearest tiles around the point have been averaged (9-point filter). This is a standard procedure in order to account for slight spatial shifts in the reanalysis grid [44,45]. The area of the compared data therefore has a mean of around 24,000 km2, and the regional geographical setting of the weather station, including its altitude, is therefore not reflected adequately. Still, the general physical patterns should be reproduced by the reanalysis but the absolute magnitudes of temperature and precipitation might differ.




2.2.3. Climate Projections


Climate projections from the Coordinated Regional Downscaling Experiment for South Asia (CORDEX-SA) have been used in this study [46]. CORDEX is an internationally coordinated framework to produce an improved generation of regional climate change projections world-wide, providing input for impact and adaptation studies. CORDEX data is provided for different domains around the globe. The South Asian domain covers all of Afghanistan. In total, 12 Earth system model—regional climate model (RCM) combinations are available and used in this study (Table 3). The data is gridded on a 0.5° × 0.5° mash and for Afghanistan it comprises over 300 tiles, which allows a detailed spatial analysis, especially for the mountainous areas of the Hindu Kush.



Table 3. Earth system model—regional climate model combinations applied in the study.







	

	
General Circulation Models (GCM)/Institute

	
Regional Climate Models (RCM)/Institute






	
1.

	
Australian Community Climate and Earth-System Simulator (ACCESS)/Bureau of Meteorology, Australia

	
Conformal Cubic Atmospheric Model (CCAM) /Commonwealth Scientific and Industrial Research Organisation, Australia




	
2.

	
Community Climate System Model (CCSM) /National Center for Atmospheric Research in Boulder, USA

	
CCAM




	
3.

	
Centre National de Recherches Météorologiques Climate Model 5.1 (CNRM–CM5)/Centre National de Recherches Météorologiques, France

	
Rossby Centre regional atmospheric model (RCA4) /Swedish Meteorological and Hydrological Institute, Sweden




	
4.

	
CNRM–CM5

	
CCAM




	
5.

	
EC-Earth/Irish Centre for High-End Computing, Ireland

	
RCA4




	
6.

	
Max-Planck-Institute Earth System Model (MPI-ESM)/Max Planck Institute für Meteorologie, Germany

	
CCAM




	
7.

	
MPI-ESM

	
RCA4




	
8.

	
MPI-ESM

	
Regional Modell (REMO)/Max Planck Institut für Meteorologie, Germany




	
9.

	
Geophysical Fluid Dynamics Laboratory Climate Model (GFDL−CM)/Geophysical Fluid Dynamics Laboratory, USA

	
CCAM




	
10

	
GFDL-CM

	
RCA4




	
11.

	
Institut Pierre Simon Laplace Climate Model 5 (IPSL–CM5)/Institut Pierre Simon Laplace, France

	
RCA4




	
12.

	
Model for Interdisciplinary Research on Climate Earth System Model (MIROC−ESM)/Japan Agency for Marine-Earth Science and Technology

	
RCA4




	
13.

	
Norwegian Earth System Model (NorESM) /Bjerknes Centre for Climate Research, Norway

	
CCAM










All model output covers at least the timespan from 1976 to 2099, of which the period until 2005 is the reference period. The scenarios start in the year 2006 with different available Representative Concentration Pathways (RCPs). The RCPs are named after the level of additional radiative forcing achieved by 2100, with respect to the pre-industrial value. For this study, RCP 4.5 and RCP 8.5 have been selected since they represent the realistic range from a reduction of greenhouse gas (GHG) emissions in the medium-term future (4.5) to a further increase in a business-as-usual scenario (8.5). RCP 4.5 corresponds to a low stabilization scenario, whereby in 2100 the radiative forcing is 4.5 W above the pre-industrial level. RCP 8.5 corresponds to a high-end scenario, whereby in 2100 the radiative forcing is 8.5 W above the pre-industrial level. RCP 4.5 corresponds to likely global warming of between 1.1 °C and 2.6 °C until the end of this century with respect to the pre-industrial level, and under the RCP 8.5 scenarios global temperatures are projected to increase between 2.6 °C to 4.8 °C [47].



The historical period of the CORDEX-SA data have been tested for the complete domain and with a focus on the summer monsoon [48,49] in order to assess their capability of reproducing the climate in the region. In general, they showed at least adequate performance. For Afghanistan, the performance of the models is evaluated in detail in order to estimate the level of reliability/uncertainty of the projections. For the validation, the historical period of the projections are interpolated to the weather stations, similarly to the procedure of the reanalysis. Since the historical runs of the models are not intended to reproduce the correct weather sequence but only the climate in the long run, the mean of the period from 1970 until 1999 has been used for the comparison instead of using the same time span as for the observations.





2.3. Indices and Statistical Methods


2.3.1. Indices


In order to not only capture the basic parameters of temperature and precipitation, but to account for climatic constraints of livelihood in Afghanistan, five additional parameters or indices are investigated: two for extremes (heavy precipitation, HWMI) and three that are especially relevant for Afghanistan’s agriculture (spring precipitation, Standardized SPEI, and growing GSL). For the preparation of the data and the calculation and processing of these seven parameters the R statistical software has been used [50]. In the following sections, the five additional parameters are briefly described.



Heavy precipitation leads to flash floods that occur regularly in Afghanistan. In addition, it causes substantial erosion, which already harms Afghanistan’s agriculture, destroys infrastructure and spreads epidemic diseases especially in degraded regions with strong relief energy such as in the north, Central Highlands, east and in the Hindu Kush [51]. Relevant months for these kinds of events are mainly March to September. Hence, the analysis for heavy precipitation is limited to these months. It is analyzed as the 95th percentile of days above 1 mm precipitation. This is a standard indicator for precipitation extremes and is used, for example, by the European Union [52].



Due to its continentality and the location in low latitudes, summer temperatures can be extreme in Afghanistan, especially in the regions with less elevation in the South and North. Here heat waves occur that affect human health and hinder physical labor and, hence, the economy of the mainly agricultural country with temperatures well above 40 °C for several days [51]. For quantifying heat waves, several approaches and indices exist. The HWMI was chosen for this study since it takes into account both magnitude and duration of the heat waves and has been successfully applied for analyzing future climate projections [53]. It is defined as the maximum of the heat waves in a year with at least three consecutive days above the threshold for the reference period 1981–2010. The threshold is calculated as 90th percentile of daily maxima, centered on a 31-day window. The HWMI is classified into seven categories: 1–2: normal, 2–3: moderate, 3–4: severe, 4–8: extreme, 8–16: very extreme, 16–32: super extreme and above 32 ultra-extreme. The process is described in detail in Russo et al. (2014) [53]. The dimensionless HWMI was calculated using the R package “extRemes” [54].



The SPEI is an advanced version of the Standardized Precipitation Index and takes into account not only precipitation but also potential evapotranspiration (PET) [55]. The SPEI uses the difference between precipitation and PET to calculate a simple climatic water balance. It is standardized using a log-logistic distribution and has a standard deviation of 1 [56,57]. An SPEI of 0 indicates a value corresponding to 50% of the cumulative probability. Positive values indicate above average moisture conditions and negative values indicate dry conditions. According to the scale used for the common Standard Precipitation Index, values between −1.00 and −1.99 represent extremely dry conditions and those exceeding −2.00 represent severely dry conditions. Both the SPEI and the potential evapotranspiration (PET) have been calculated on a monthly basis using the R package “SPEI” [55]. PET is estimated using the Thornwaite equation [58] which is based on monthly average temperature and latitude. The procedure to calculate the index is complex and involves a climatic water balance and adjustment to a log-logistic probability distribution. For this study a 12-month accumulation period is used for the analysis. The normalization period for the reanalysis was set to 1951 to 1980 and for the scenarios to 1976 to 2005.



Spring precipitation is especially important for rain-fed crop cultivation in Afghanistan, which is still the dominant form of agriculture [59]. January to April have been identified as relevant months for this important rainfall period and the parameter is calculated accordingly as the mean of these four months [60].



GSL is a standard index defined by the Expert Team on Climate Change Detection and Indices of the World Meteorological Organization [61,62]. It counts the days between first span of at least six days with daily mean temperature above 5 °C and the first span after July 1 of six days with mean temperature below 5 °C of a year. Above this temperature threshold, growth of crops is generally possible.




2.3.2. Analysis of Trends and Changes


Linear trends in the time series or indices based on means (annual mean temperature, annual precipitation, spring precipitation, SPEI, and GSL) were identified using the Mann–Kendall test [63]. For this robust nonparametric test, each element is compared with its successors and ranked as larger, equal, or smaller. Based on this analysis the statistical significance of rejecting the null hypothesis that there is no monotonic trend is tested (for all tests α = 0.05). The R package “Kendall” was used for the calculation [64].



In order to quantify the linear trend the Theil–Sen approach was used [65,66]. It is commonly used with the Mann–Kendall test and estimates the trend slope of a time series in its original unit. The R package “zyp” was used to calculate the Theil–Sen trend and includes a pre-whitening according to Ye et al. (2002) [67] if autocorrelation occurs [68].



For trends in extremes (heavy precipitation and HWMI) the well-established method of quantile regression is used [69]. In contrast to classic regression that estimates the conditional mean of a predictand’s distribution on the basis of one or more predictors, quantile regression is a more generalized linear approach that estimates the median or any given quantile of the predictand [70]. Mathematically, quantile regression requires a more complex optimization algorithm based on linear programming than the least-square fit used in classic linear regression. For this study, the R package “quantreg” was used to estimate the trend and its significance (for all tests α = 0.05) [71].



To analyse the changes between the period 1951 to 1980 and 1981 to 2010, difference maps are used. The changes are statistically tested with a t-test for independent samples for every grid bix (α = 0.05).






3. Results


3.1. Validation of Reanalysis


The validation of the reanalysis and historical model data is done based on monthly time series and in a qualitative way (Figure 3 and Figure 4); the results and their implications on uncertainty are discussed in Section 4.1. The seasonal variations of temperatures of the reanalysis data are in good agreement with meteorological measurements at all stations. The absolute magnitudes of temperatures are well reflected for Gardez (East), Herat (Northwest), Kandahar (South), and mostly for Panjab (Center). For Faizabad (Hindu Kush), Mazar-e Sharif (North), Kabul and partly Panjab (Centre) the absolute magnitudes differ. However, for Faizabad, the reanalyzed and monthly averaged temperatures are underestimated by approximately 5 °C and for Mazar-e Sharif and Kabul by approximately 3 °C to 5 °C. For Panjab, the winter temperatures are underestimated by approximately 5 °C. These differences are discussed in Section 4.1.


Figure 3. Validation of (a) mean monthly temperature and (b) monthly precipitation time series of reanalysis data against observation data for one weather station in each of the six climate regions of Afghanistan and Kabul (Figure 1). Discrepancies are discussed in Section 4.1.
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Figure 4. Validation of long-term monthly mean temperature and monthly mean precipitation of reanalysis data against observation data for one weather station in each of the six climate regions of Afghanistan and Kabul (Figure 1) (see Section 2.2.2 for periods). In addition, the spread and the mean of the climate models for the period 1970–1999 are plotted in order to evaluate their performance (see Section 2.2.3 for method). Discrepancies are discussed in Section 4.1.
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The seasonal cycle for precipitation is generally correct for all stations with one rainy season in the North during winter and spring and for the stations in the East that are influenced by the summer monsoon, an additional small rainy season occurs in summer (Gardez, Kabul, Kandahar). In terms of absolute monthly magnitudes, Herat (North) and Kandahar (South) are well in line with observations during all months. For the other five stations, monthly precipitation between May and December is reasonably estimated. Precipitation between January and April for these stations is, however, mainly overestimated by up to approximately 40 mm in some cases.




3.2. Performance of Climate Models


The comparison between the historical climate model runs and observations shows similar patterns for temperature even though for some stations the absolute temperature level differs. The models are able to reproduce the seasonal temperature cycle for all stations. The absolute values of model mean and the simulated range of monthly temperature are in the same ranges as in the observations for all stations except for Faizabad, Mazar-e Sharif and Kabul. Here the deviations range in the same order of magnitude as in the reanalysis. This is further discussed in Section 4.1.



With respect to precipitation, the results differ completely. Only for stations Faizabad, Mazar-e Sharif and partly for Herat in the northern part of Afghanistan are the models capable of reproducing the observed seasonal cycle of monthly precipitation. For all the other stations, the models particularly underestimate the spring precipitation from January to April. Only the onset of winter precipitation is simulated correctly for these stations; however, not the observed magnitudes. This has strong implications on the interpretability of these data which is discussed in detail in Section 4.1.




3.3. Analysis of Past Climate Trends for the Period 1951–2010


The general climatic trends are depicted in the Figure 5a,b and quantified for the regions in Table 4. In the reanalysis, the mean annual temperature increased substantially in most parts of Afghanistan by up to 1.2 °C in a diagonal northwest–southeast belt west of the Central Highlands for the difference between 1981/2010 and 1951/1980. The temperature for the whole period from 1951 to 2010 for all Afghanistan even increased by 1.8 °C, with highest increases of 2.4 °C in the east and only 0.6 °C in the Hindu Kush region. Towards the northeast and west, the temperature increase fades. No increase is detectable in the region southeast of Kabul. In Badakhshan, in the northeast, where Afghanistan’s main glaciered areas are located, the warming is between 0.3 and 0.7 °C. All these trends are statistically significant.


Figure 5. Maps of differences between the periods 1981–2010 and 1950–1980 based on reanalysis data for (a) mean annual temperature; (b) annual precipitation; (c) Heat Wave Magnitude Index; (d) heavy precipitation; (e) Standardized Precipitation Evapotranspiration Index; (f) spring precipitation; and (g) growing season length. The color scheme is arbitrary but was selected so that predominantly positive changes for livelihood are in green and negative ones in red. Significant changes within a grid cell are marked with a black square (α = 0.05; for method see Section 2.3.2).
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Table 4. Trends for mean annual temperature, annual precipitation, Heat Wave Magnitude Index (HWMI) and heavy precipitation (95th percentile) (March–September), Standardized Precipitation Evapotranspiration Index (SPEI), spring precipitation (January–April), and growing season length (GSL) for the period from 1951 to 2010. Significant trends are bold (α = 0.05; for method see Section 2.3.2).







	

	
Trends for Mean Annual Temperature in °C

	
Trend for Annual Precipitation in %

	
Trend for HWMI

	
Trend for Heavy Precipitation (3–9) in %

	
Trend for SPEI

	
Trend for Spring Precipitation (1–4) in %

	
Trend for GSL in Days






	
Afghanistan

	
1.8

	
−1.0

	
1.0

	
−26.9

	
−0.1

	
−6.9

	
12.3




	
Hindu Kush

	
1.0

	
5.1

	
−0.1

	
3.6

	
0.2

	
−3.8

	
11.5




	
North

	
1.6

	
−9.2

	
1.1

	
−34

	
−0.4

	
−13.3

	
12.5




	
Centre

	
1.7

	
0.5

	
0.8

	
−32.5

	
−0.3

	
−5.5

	
18.8




	
East

	
0.6

	
6.4

	
0.1

	
8.5

	
0

	
−10

	
2.8




	
South

	
2.4

	
−9.8

	
2

	
−17.2

	
−0.1

	
−14

	
6.7










The trends in the reanalysis for annual precipitation are less distinct for most parts. In addition they are not significant for all regions. Most parts of Afghanistan experienced changes between −10% and +10%. Only in small areas in the North and the West, the decrease is up to −20% and partly above. In the Wakhan corridor in Badakhshan and in the small areas along the border to Pakistan, stronger precipitation increases are shown by the reanalysis.



Changes in HWMI are similar to mean annual temperature in northwest-southeast oriented bands. The highest increases of over 1 of the standardized index are located in the arid areas in the southeast. The increases in the North, Centre and South regions are significant for the period 1951–2010.



Heavy precipitation between March and September increased in the East along the border to Pakistan up to 25% and above. For most of the country, however, the reanalysis shows a decrease mainly in the North, the Central Highlands and the Southwest. The changes over the whole period from 1951 to 2010 are not significant.



In Figure 5e–g indices are plotted that are directly relevant for agriculture in Afghanistan. The SPEI indicates a decrease for most of Afghanistan, meaning an increase of drought frequency and magnitude in the past. The strongest changes are indicated for the northeastern part with a decrease of over 0.5, meaning more than half of the standard deviation. In the East smaller areas occur with an increase of SPEI, meaning a reduction of droughts. Still, none of the SPEI changes for the whole region is significant in the reanalysis data.



Spring precipitation (January to April) decreased in the northern regions and the Central Highlands of Afghanistan whereas for the southeastern part an increase is indicated. Again, averaged over the regions, the trends are not significant.



Significant GSL changes in Afghanistan extend especially along a northwest–southeast band, similar to the strongest heating. Here up to over 15 days of increase for the growing season is indicated by the reanalysis. For all of Afghanistan, from 1951 to 2010 the GSL significantly increased by over 12 days, even though it increased only by 2.8 days in the eastern region.



Changes in seasonality for monthly temperature and precipitation are depicted in Figure 6. With regard to temperature, there is no change in seasonality visible. Temperature increased rather uniformly throughout the whole year with lowest increases at the beginning of the calendar year.


Figure 6. Observed changes of seasonality for temperature and precipitation as monthly values for the periods 1951–1980 and 1981–2010 for all Afghanistan and five climate regions derived from reanalysis data.
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Precipitation decreased for all Afghanistan and all regions, except for the South, from March to May, and increased slightly from around June to February. This implies a slight shift of the seasons towards an earlier onset of precipitations. This pattern is most apparent in the North and Centre. In the South, no general pattern can be described but an increase in March and, less distinct, summer monsoon precipitation in July.




3.4. Analysis of Future Climate Trends for the Time Period 2006–2050/2099


The future climate model projections are, similarly to the reanalysis, analyzed in two ways: the differences between the mean of a future period 2021/2050 and a base period 1976/2005 are mapped for the different parameters (Figure 7). In addition, linear trends are detected for the period 2006–2050 and 2006–2099 (Table 5).


Figure 7. Difference between maps for projected changes in mean annual temperature, annual precipitation, Heat Wave Magnitude Index (HWMI) and heavy precipitation (95th percentile) for the scenario period 2021–2050 compared to the base period 1975–2005 for the Representative Concentration Pathways (RCPs) 4.5 and 8.5. Please note that unlike in Figure 5, the black points indicate not significance but a measure of uncertainty for the future. The significance can be read for the regions from Table 5. For annual temperature and HWMI all models project an increase for all data points. For annual precipitation and heavy precipitation an agreement of trend direction of >66% of the models is marked with a dot. The color scheme is arbitrary but was selected so that predominantly positive changes for livleihood are green and negative ones red. Please note that projections for annual precipitation for the southern and the central part and for heavy precipitation in general are highly uncertain according to the validation (see Section 4.1).
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Table 5. Projected trends for mean annual temperature, annual precipitation, Heat Wave Magnitude Index (HWMI) and heavy precipitation (95th percentile) (Mar–Sep) for two emission scenarios (RCP 4.5 and 8.5) and for the first half (2006–2050) and the whole 21st century (2006–2099) as model mean and model range. Significant trends (α = 0.05) are marked with an asterisk. Trends where >66% of the models agree in the direction of trend are marked with a “+”. If both criteria apply, the trend is bold (α = 0.05).







	
Region

	
Period

	
Scenario

	
Trend for Mean Annual Temperature in °C

	
Trend for Annual Precipitation in %

	
Trend for HWMI

	
Trend for Heavy Precipitation in %




	
Mean

	
Range

	
Mean

	
Range

	
Mean

	
Range

	
Mean

	
Range






	
Afghanistan

	
2006–2050

	
RCP 4.5

	
1.7

	
1.1–2.9

	
−1.6 +

	
−19.1–24.7

	
1.1

	
0.4–1.6

	
0.4 +

	
−28.4–9.4




	
RCP 8.5

	
2.3

	
1.6–3.5

	
−3.8

	
−27.3–18.6

	
1.7

	
0.7–2.4

	
−2.6 +

	
−29.5–50.9




	
2006–2099

	
RCP 4.5

	
2.7

	
2.1–3.6

	
−13.1 *

	
−18.2–33

	
2.7

	
1–3.9

	
−7.1

	
−32.2–22.1




	
RCP 8.5

	
6.4

	
5–8.4

	
−18 *

	
−31.8–22.40

	
8.5

	
4–14.9

	
−10.5

	
−38.6–34




	
Hindu Kush

	
2006–2050

	
RCP 4.5

	
1.8

	
1–3.2

	
−0.1 +

	
−7.6–22

	
1.2

	
0.1–1.8

	
1.9 +

	
−27.5–21.9




	
RCP 8.5

	
2.6

	
1.7–3.8

	
−1.3

	
−20.9–9.6

	
2.0

	
0.7–2.3

	
−4.1

	
−24.1–20.3




	
2006–2099

	
RCP 4.5

	
2.9

	
2–4.1

	
−11.3 *

	
−9.7–14.1

	
3.4

	
1.1–5

	
−2.7 +

	
−20.5–7.5




	
RCP 8.5

	
7.1

	
5.3–10.3

	
−14.7 *

	
−25.5–21.4

	
12

	
4.4–20.2

	
−12.8 *

	
−35.6–10.3




	
North

	
2006–2050

	
RCP 4.5

	
1.6

	
1–2.6

	
−3.1 +

	
−22–47.9

	
0.8

	
0.1–1.4

	
−2.6

	
−46.6–71




	
RCP 8.5

	
2.3

	
1.6–3.5

	
−9.8

	
−26.6–7.2

	
1.1

	
0.4–1.8

	
−8.5 +

	
−40.4–24.7




	
2006–2099

	
RCP 4.5

	
2.6

	
2.1–3.6

	
−16.2 *

	
−20.9–33.5

	
1.8

	
0.4–2.9

	
−14.6

	
−54.3–16.3




	
RCP 8.5

	
6.2

	
4.7–8.2

	
−25

	
−46.8–16.8

	
5.8

	
2–10.7

	
−20.1 +

	
−72.9–32




	
Centre

	
2006–2050

	
RCP 4.5

	
1.9

	
1.1–3

	
−2

	
−25.5–42.8

	
1.1

	
0.3–1.6

	
−4.4

	
−34.9–19.6




	
RCP 8.5

	
2.4

	
1.4–3.6

	
−2.9

	
−30.8–27

	
1.8

	
0.6–2.5

	
8.3 +

	
−26.2–68




	
2006–2099

	
RCP 4.5

	
2.9

	
2.2–3.6

	
−14.2 *

	
−26.9–29

	
2.9

	
1–4

	
−3.5

	
−31.8–29.8




	
RCP 8.5

	
6.7

	
5.4–8.7

	
−19.2

	
−37.6–26.8

	
8.7

	
4–14.4

	
−2.1

	
−51.6–40




	
East

	
2006–2050

	
RCP 4.5

	
1.6

	
0.9–2.8

	
0.2

	
−28.3–59.3

	
1.2

	
0.5–1.5

	
0.2

	
−12.4–42.5




	
RCP 8.5

	
2.0

	
1.1–3.2

	
7.1 +

	
−24.2–55.5

	
1.5

	
0.3–2.3

	
3.6+

	
−23.1–56.2




	
2006–2099

	
RCP 4.5

	
2.4

	
1–2.8

	
−9.7

	
−14.4–24.8

	
2.5

	
1.3–3.5

	
0.9

	
−25.6–24




	
RCP 8.5

	
5.9

	
4.4–7.9

	
−7.3

	
−35.2–42.7

	
6.5

	
3–12.2

	
0.7+

	
−39.8–56.2




	
South

	
2006–2050

	
RCP 4.5

	
1.5

	
1.9–3.2

	
−0.1

	
−32.9–37.2

	
1.2

	
0.5–1.8

	
−0.6

	
−48.4–70.2




	
RCP 8.5

	
2.1

	
1.5–3.4

	
−4

	
−51.5–89.6

	
1.7

	
0.7–2.6

	
5.8

	
−75.1–256.8




	
2006–2099

	
RCP 4.5

	
2.4

	
1.1–2.9

	
−5.8 +

	
−25.7–41.4

	
2.6

	
1–4

	
2.5 +

	
−50.3–186.1




	
RCP 8.5

	
6.0

	
4.5–8.2

	
−13.1 *

	
−44.4–38.4

	
8.6

	
4.8–15.1

	
−0.4 +

	
−85.5–152.3










Mean annual temperature is projected to increase significantly when comparing the mean for the future period with the base period for all of Afghanistan and for all regions for the low emission scenario RCP 4.5 as well as for business-as-usual scenario RCP 8.5. For RCP 4.5, the strongest warming is in the Wakhan corridor with over 2 °C, followed by the Central Highlands with a warming of 1.75° to 2 °C. The other parts are projected to experience an increase of 1.5° to 1.7 °C. Under RCP 8.5, the spatial pattern is almost identical, however, with a magnitude that is generally 0.25 °C larger. Temperatures after 2050 until 2099 continue to increase under RCP 4.5 but less quickly. Under RCP 8.5 the warming, however, is projected to accelerate and reaches approximately 6 °C in most regions and in the Hindu Kush even over 7 °C until 2099 (Figure 8). The model spread and the related uncertainty for the models is approximately 5 °C with all models showing very similar degrees of relative warming. The ensemble mean is more or less in the middle of the ensemble spread, indicating a homogeneous distribution.


Figure 8. Temperature projections for Afghanistan until the end of the 21st century for Representative Concentration Pathways 4.5 (green) and 8.5 (red).
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The changes of annual precipitation are small, ranging between −5% and + 10%. Only under RCP 8.5 is there a slight wetting trend of 5–10% projected for the South, the East, and the Centre by more than 66% of the models. Until 2050, the trends are not significant with the exception of RCP 8.5 in the North. Until 2099, the signal becomes clearer and most models indicate a decrease, which is significant under RCP 8.5 for the East, North, and the Centre. The model spread is large in relation to the average, underlining the large uncertainty of the precipitation projections.



HWMI is projected to increase by all models under both scenarios for all of Afghanistan. The mean increase over all models for the future period 2021/2050 is between 1 and over 4. Given the definition of category 4–8 as extreme heat wave, this increase is substantial. The strongest increases are in the Wakhan corridor, Hindu Kush, and a large hotspot of HWMI increase covers the Centre, South and East with increases of 2–3 under RCP 4.5 and 2–4 under RCP 8.5. Until 2099, the projected increases under RCP 8.5 are enormous with +8.5 for all of Afghanistan and even 12 for the Hindu Kush region alone.



For heavy precipitation between March and September, the projected signals from the models are spatially incoherent, similar to annual precipitation. In the East and the Central Highlands, the ensemble mean indicates an increase by up to 10%. For the other parts of the country slight decreases are projected. Under RCP 4.5 there is almost no agreement among the models in terms of the trend and for RCP 8.5 over 66% of the models agree for the projected increase in the Centre. The regional trends until 2099 are similar but with even higher uncertainties and none of the regional trends of the model ensemble is significant.



The results of the analysis of the agriculturally relevant parameters are presented in Figure 9 and Table 6. The SPEI difference maps show a strong decrease in southern Afghanistan by over 2 standard deviations, meaning a strong increase in drought. In the other parts of the country, the SPEI is projected to decrease mainly by 1 to 0.5, and slightly below. All trends are significant but for the Hindu Kush. The differences between the scenarios until 2050 are small. The trends until 2090, however, reveal an intensification of droughts under RCP 8.5 by −2.32 for the mean of all Afghanistan. All trends under the RCP 4.5 scenario are also significant. For the future, the pattern of change of SPEI does not agree with the patterns of temperature or precipitation change. The non-linear increasing evaporation with increasing temperature can explain this effect. The smaller increase in temperature in the hot South and West of Afghanistan has a stronger effect on the evaporation (due to high absolute temperature values) compared the stronger increase in the central highlands, where absolute temperatures are, however, still lower.


Figure 9. Difference in projected changes in Standard Precipitation Evapotranspiration Index (SPEI), spring precipitation (January–April) and growing season length (GSL) for the scenario period 2021–2050 compared to the base period 1975–2005 for the Representative Concentration Pathways 4.5 and 8.5. For SPEI and GSL all models project an increase for all data points. For spring precipitation an agreement of trend direction of >66% of the models is marked with a dot. Please note that projections for spring precipitation for the South and the Centre regions are highly uncertain according to the validation (see Section 4.1).
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Table 6. Future trends for agricultural indices Standardized Precipitation–Evapotranspiration Index (SPEI), spring precipitation (January–April), and growing season length (GSL) for two emission scenarios (RCP 4.5 and 8.5) and for the first half (2006–2050) and the whole 21st century (2006–2099) as model mean and model range. Significant trends (α = 0.05) are marked with an asterisk. Trends where >66% of the models agree in the direction of trend are marked with a “+”. If both criteria apply, the trend is in bold.







	
Region

	
Period

	
Scenario

	
Trend for SPEI

	
Trend for Spring Precipitation in %

	
Trend for GSL in Days




	
Mean

	
Range

	
Mean

	
Range

	
Mean

	
Range






	
Afghanistan

	
2006–2050

	
RCP 4.5

	
−0.79

	
−1.4–−0.1

	
−3.7

	
−25.5–49

	
16.6

	
8.2–27.8




	
RCP 8.5

	
−0.66

	
−1.2–−0.2

	
−12.9 +

	
−31.6–23.3

	
21.5

	
9.9–31.8




	
2006–2099

	
RCP 4.5

	
−1.2

	
−2.1–0.8

	
−15.1 *

	
−25–33.7

	
22.4

	
18.5–32.2




	
RCP 8.5

	
−2.32

	
−2.9–−1.5

	
−28.9

	
−58.7–24.3

	
59

	
44.6–81.4




	
Hindu Kush

	
2006–2050

	
RCP 4.5

	
−0.21 +

	
−0.7–0.8

	
−1.9

	
−12.2–37

	
17.2

	
1.7–40.8




	
RCP 8.5

	
−0.08

	
−0.9–0.3

	
−6.3 +

	
−22.4–17.7

	
25

	
9.2–54.7




	
2006–2099

	
RCP 4.5

	
−0.01 +

	
−0.6–1.7

	
−9.3

	
−10.2–32.5

	
20

	
15.9–49.4




	
RCP 8.5

	
−0.44

	
−1.7–0.6

	
−18.9

	
−48.1–32.8

	
78.3

	
34.5–122.4




	
North

	
2006–2050

	
RCP 4.5

	
−0.79

	
−1.4–0

	
−3.9

	
−25–30.8

	
18.5

	
11.1–32.8




	
RCP 8.5

	
−0.84

	
−1.3–−0.4

	
−16.8

	
−36.1–9.5

	
23.4

	
6.7–38.9




	
2006–2099

	
RCP 4.5

	
−1.42

	
−2.3–0

	
−17.4 *

	
−22.4–20.8

	
22.9

	
20.5–39.2




	
RCP 8.5

	
−2.64

	
−3.1–−1.8

	
−33.5

	
−66.8–6.4

	
64.9

	
48.7–91.7




	
Centre

	
2006–2050

	
RCP 4.5

	
−0.64

	
−1.4–0.3

	
−5.9

	
−38.5–79.7

	
19.6

	
5.8–35.1




	
RCP 8.5

	
−0.55

	
−1.2–0.1

	
−13.6

	
−41.7–37.1

	
24

	
10.7–37.5




	
2006–2099

	
RCP 4.5

	
−0.86

	
−1.9–1.3

	
−18.9 *

	
−41.3–44.6

	
21.1

	
20.8–41.3




	
RCP 8.5

	
−2.08

	
−3–−0.8

	
−33.4

	
−70.9–25.5

	
73.4

	
52.7–104.1




	
East

	
2006–2050

	
RCP 4.5

	
−0.77

	
−1.4–0.1

	
−14.2

	
−42.7–105.9

	
19.2

	
10.8–26.8




	
RCP 8.5

	
−0.49

	
−1.4–−0.4

	
−23.8

	
−49.9–56.8

	
24.1

	
15.7–33




	
2006–2099

	
RCP 4.5

	
−1.01

	
−2.1–0.4

	
−24.5 *

	
−54.3–45.2

	
20.9

	
19.4–35.5




	
RCP 8.5

	
−2.18

	
−2.9–−1.2

	
−39.3

	
−66.1–47.1

	
59.8

	
44.3–77.9




	
South

	
2006–2050

	
RCP 4.5

	
−1.28

	
−2–−0.6

	
−7.5

	
−48–172.5

	
11.2

	
0.9–28.1




	
RCP 8.5

	
−0.93

	
−1.4–−0.4

	
30.2

	
−66.8–60.7

	
14.9

	
1.1–29.9




	
2006–2099

	
RCP 4.5

	
−1.99

	
−2.9–0.5

	
−18.5

	
−52.5–46.4

	
11.1

	
3.4–36.1




	
RCP 8.5

	
−3.17

	
−3.3–−2.8

	
−44.1

	
−61.4–26.1

	
27.9

	
59.9–2.6










The projected changes for spring precipitation are rather small between −5 to +10% and the patterns are heterogeneous. The models hardly agree in the direction of the trends, only in the North there is some agreement with respect to a small decrease of desertification in spring. The differences between the scenarios are small. Until 2099, most models show a decrease in precipitation which is significant under the RCP 8.5 scenario in all regions and in the mean for Afghanistan this decrease amounts to more than 30%. Still, the model spread is large and some models project an increase of spring precipitation.



In contrast, the signal for GSL is very obvious and significant for all regions under both scenarios and time periods. The growing season across all regions of Afghanistan, especially the central part, is projected to increase by 7 days until 2050 compared to the base period. Under RCP 8.5, the trends in all regions until 2099 are especially extreme and for the whole of Afghanistan the ensemble mean projects an increase of nearly 60 days.



The projected changes in the seasonality of temperature and precipitation are illustrated in the climate diagrams in Figure 10 for the period from 2021 and 2050 and in the supplementary material in Figure S2 for the future period 2070–2099. The projected temperature increase is, similar to the observations, homogeneous throughout the year. With regard to precipitation, there is a slight shift to an earlier onset of the rainy season for all regions, which is more pronounced under RCP 8.5 than under RCP 4.5.


Figure 10. Projected changes of seasonality for temperature and precipitation as monthly values for the periods 1976–2005 and 2021–2050 for all Afghanistan and five climate regions for Representative Concentration Pathways 4.5 and 8.5.
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4. Discussion and Conclusions


4.1. Robustness and Uncertainties of the Results


The validation using the 9-point filter or other interpolation-to-point techniques are inherently problematic. In this study, the area of the compared data of the nine grid cells is the mean of around 24,000 km2. The regional geographical setting of the weather station, including its altitude, is therefore not reflected adequately. The general physical patterns should be reproduced by the reanalysis but the magnitudes of local temperature and precipitation might differ, e.g., due to topographic characteristics of the weather station. For example, Faizabad is located in the Kokcha valley (Figure 2). Due to this lower location, temperatures are distinctly warmer than the mean of the surrounding mountainous area. Therefore, the temperature difference between the reanalysis and the measurements vary strongly but still show the same seasonal cycle. For stations in less orographic terrain, such as Kandahar, Herat and Gardez, the validation shows a more adequate performance, observed and reanalyzed temperatures being almost equal. This means that in terms of temperature, the reanalysis data at its given scale is quite reliable.



In terms of precipitation, regional differences are larger and the results are more heterogeneous, e.g., throughout the seasonal cycle. For the stations in mountainous areas, the described effect of the 9-point-filter is apparent. In addition, climate and weather models still have difficulties with high altitudes, since the spatial resolution of the cells is often too coarse to represent relevant processes that lead to rainfall at station locations. This bias is stable during the whole period. As mainly relative changes are considered for the analysis of precipitation, there is also some agreement between reanalysis and station data. Especially heavy precipitation from the reanalysis could not be validated with station data because the latter are marked by large gap.



For the regional climate model data, the same difficulties apply as for the reanalysis and additional sources of uncertainty come along. Nevertheless, the simulated seasonal cycle of temperature seems reliable. This holds for all derived parameters and indices, i.e., annual mean temperature, HWMI, SPEI, and GSL. In contrast, precipitation and the related indices that are mainly based on precipitation (i.e., annual precipitation, heavy precipitation and spring precipitation) are partly not satisfactorily reproduced by the models. In the East, the North, and the Hindu Kush, the general patterns are well represented. In contrast, the precipitation validation in the Centre and the South are, especially during spring, less promising: the models are not able to reproduce the basic patterns and, therefore, the results for these regions should not be included in the interpretation and discussion.



In summary this means that temperature and related indices (mean annual temperature, SPEI, HWMI, GSL), as well as monthly precipitation and related parameters (annual precipitation, spring precipitation) are more reliable from reanalyses compared to the sparse station data. In contrast, the performance of the GSWP3 in terms of precipitation extremes reanalysis could not be assessed, since no daily data for the validation was available. Concerning the CORDEX-SA simulations, temperature and the related indices again are reliable. For precipitation, the results of annual and spring precipitation are satisfactory in the East and North, but they are not in the Centre and South of Afghanistan.



This partly discouraging result implies a strong need for an improvement of current observations, including the potential rescue and restoration of currently unused data. It is likely that there are more analogue observations of weather stations which are currently not available due to malfunctioning administration in the responsible national ministries/agencies. With a relatively small effort, large improvements in regard of a better understanding of past climate variations and changes could be achieved, which would also help to improve current models for the future. Another option might be the exploitation of existing remote sensing data. In this regard international research has treated Afghanistan poorly and there is still a huge potential for research.




4.2. Climate Impacts


The observed and projected climatic changes found in this study tell a fairly coherent story, although there is large uncertainty with regard to precipitation. In the past, the changes are mainly characterized by temperature increases and, no matter in which direction precipitation goes, temperature increases will certainly affect ecosystems and livelihood in Afghanistan. These changes have already begun and Afghanistan has experienced a temperature increase substantially higher than in the global mean, amounting to 1.8 °C between 1951 and 2010. This warming is projected to continue from 2006 until 2050 by 1.7–2.3 °C and afterwards even 2.7–6.4 °C until 2099 across the whole country. The range is determined by the amount of global emissions. This is in accordance with the overall regional results for Central Asia which, depending on the emission scenario, are projected to be 2.5 °C compared with 2 °C globally and even 6.5 °C compared with a 4 °C global warming until the end of the century [7]. The effects of unprecedented heat waves, as indicated by the HWMI results, will directly affect the health sector in Afghanistan. Projected increases by 8 to 16 mean that Afghanistan will regularly experience very extreme heat waves, especially under the business-as-usual emission scenario RCP 8.5. Temperature will also impact on water resources and agriculture as well as on natural ecosystems in Afghanistan. Increasing evapotranspiration as indicated by the SPEI will probably exacerbate the country’s already difficult conditions.



Although Afghanistan has vast water resources (approximately 1700 m3 per capita per year, which in theory is sufficient for domestic, agricultural, industrial, and environmental needs), the country still does not use the resources efficiently due to a lack of water management capacity in the face of the large regional as well as intra- and interannual variability of water availability [72]. In the future, this situation may become even more problematic given the growing demand related to population growth, economic development, and improved standards of living. Despite Afghanistan’s strong dependency on agriculture, which employs around 85 percent of the population directly or indirectly and contributes around 30% to the gross domestic product [72], only very few research and impact studies for agriculture and water resources have been conducted (see Section 1). Only the glaciers of the Hindu Kush have attracted the attention of some international research activities [13,14,16,17,18,20].



The negative impacts of climate change not only hold for the agricultural sector but also for Afghanistan’s natural ecosystems, which have already been deteriorated during the country’s many years of conflict, unsustainable management, and over-exploitation. For example, over 80% of Afghanistan’s land is said to be subject to soil erosion [36]. This discussion can also be extended for the hazard landscape of Afghanistan. The numerous regularly occurring hazards like avalanches, floods, droughts, landslides but also long-term erosion are related to the changing climate [73]. Also in this regard, there is a large research deficit for Afghanistan. The contribution of this study to hazard research is limited due to its more general character; however, it is likely that droughts will occur more often and hazards related to runoff, such as landslides, floods and flash floods, are likely to be enhanced by climate change [74,75].



Overall, the current results show that in addition to the already existing deficit in adaptation to current climate conditions, the situation will be aggravated in the future, particularly in the areas of water management and agriculture. Thus, the results of this study underline the importance of adaptation to climate change in Afghanistan.



This holds even more because there is also a clear positive signal in the results. The GSL will increase substantially with rising temperatures, e.g., by around 20 days on average until 2050. This might open the opportunity for extended agricultural usage or in some cases even an additional harvest. This requires, of course, a smart management of water resources and a more sophisticated and climate-adapted agriculture.









Supplementary Materials


Supplementary materials can be found at www.mdpi.com/2225-1154/5/2/38/s1. Figure S1: Validation of long-term monthly mean temperature and monhtly mean precipitaion of three reanalysis products (Global Soil Wetness Project Phase 3 (GSWP3), WATCH Forcing Data 20th Century (WATCH), second version of the Global Meteorological Forcing Dataset for land surface modeling of Princeton University (PFGv2)) against observation data for one weather station in each of the six climate regions of Afghanistan and Kabul (Figure 1) (see Section 2.2.2 for periods). Figure S2: Projected changes of seasonality for temperature and precipitation as monthly values for the periods 1976–2005 and 2070–2099 for all Afghanistan and five climate regions for Representative Concentration Pathways 4.5 and 8.5.
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