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The Regional Initiative for the Assessment of Climate Change Impacts on Water Resources and Socio-Economic Vulnerability 
in the Arab Region (RICCAR) is a joint initiative of the United Nations and the League of Arab States. 

RICCAR was launched under the auspices of the Arab Ministerial Water Council in 2010 and derives its mandate from 
resolutions adopted by this council as well as the Council of Arab Ministers Responsible for the Environment, the Arab 
Permanent Committee for Meteorology and the ESCWA Ministerial Session.

RICCAR is implemented through a collaborative partnership involving regional and specialized organizations. The RICCAR 
Regional Knowledge Hub (RKH) is managed by the Economic and Social Commission for Western Asia (ESCWA) in 
collaboration with the Arab Center for the Studies of Arid Zones and Dry Lands (ACSAD) with the Food and Agriculture 
Organization of the United Nations (FAO), which host the Arab/MENA Domain data portal. ESCWA coordinates the regional 
initiative under the umbrella of its Arab Centre for Climate Change Policies.

This technical note was prepared by Phil Graham, Peter Berg, Thomas Bosshard, Grigory Nikulin and Wei Yang at the 
Swedish Meteorological and Hydrological Institute (SMHI). Editing and design was provided by ESCWA as part of the RICCAR 
publication series.

Funding for the study was provided by the Government of Sweden through the Swedish International Development Cooperation 
Agency (Sida) under a project focused on water and food security in a changing climate context implemented by ESCWA. 
This project component provides regional climate projections to inform science-based assessments and analysis of climate 
impacts on water and agriculture in the Mashreq region.
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EXECUTIVE SUMMARY

This report was prepared for the Regional Initiative for the Assessment of Climate Change Impacts on Water Resources and 
Socio-Economic Vulnerability in the Arab Region (RICCAR). It documents climate modelling and analysis done by the Swedish 
Meteorological and Hydrological Institute (SMHI) to produce finer resolution climate projections over the Mashreq region. 

Building upon the regional knowledge generated under RICCAR for the entire Arab region (ESCWA, 2017), SMHI established the 
Mashreq Domain at 10 km grid resolution. Regional climate modelling (regional climate model, RCM) was performed to dynamically 
downscale global climate model (GCM) results and prepare a new ensemble of regional climate modelling projections for this 
domain. The aim was to provide outputs at finer resolution – including bias-adjusted variables – that can be used by regional 
researchers to inform further climate analysis in the Mashreq region.

The main purpose of this technical report is to provide an overview of summary outcomes from the Mashreq Domain climate 
modelling work conducted under RICCAR and made available with the support of ESCWA on the RICCAR Regional Knowledge Hub 
(RKH). Although it provides some example analyses from the Mashreq climate projections, it is not meant to be a full assessment of 
results over the domain. A separate SMHI technical note entitled "Future climate projections for the Mashreq region: methodology" 
focuses on the methodology and setup for producing the projections and presents a background analysis over the Mashreq Domain. 

Climate projections over the Mashreq Domain at 10 km horizontal resolution were produced using the HCLIM-ALADIN RCM for the 
period 1961-2070. These projections serve as a complement to the previously established RICCAR Arab Domain covering all the 
Arab region. Based on forcing data from the latest Coupled Model Intercomparison Project Phase 6 (CMIP6) GCM projections for 
the SSP5-8.5 emissions scenario, the six-member ensemble of projections is compatible with the global projections presented in the 
latest Intergovernmental Panel on Climate Change (IPCC) report, the Sixth Assessment Report (AR6) (IPCC, 2021a, 2021b). 

The higher resolution Mashreq projection results provide finer-scaled information that may be more suitable for application in 
impacts models, particularly over coastal and mountainous areas. These projections provide new results for the region, but they 
do not supersede the projections produced for the Arab Domain. Rather, they can be seen as an enhancement to the previous 
projection results. 

As has become common practice for further application of climate model results, methods for adjusting biases in the projection results 
for temperature and precipitation were applied. The bias-adjusted datasets are appropriate for use in climate impacts studies, such as 
hydrology and agriculture that are highly affected by precipitation and temperature, or for calculation of climate change indicators that 
rely on absolute thresholds. The temperature and precipitation change results presented in this report were bias adjusted.

Projected climate changes over the Mashreq Domain for both the near future period 2021-2040 and the mid-century period 2041-
2060 are presented in this report for temperature, precipitation, runoff, evaporation,1 soil moisture and five extreme events indices. 
The indices are only a subset of the many established indices available and serve as examples for such analyses. In addition to 
maps, results have also been summarised as time series over selected sub-regions, river basins and aquifer recharge areas.

Temperature results from all six HCLIMALADIN projections show similar patterns of change. All the projections agree on an increase 
of temperature over the region, and the magnitude of temperature change is similar to that seen from the Arab Domain projections. 
The southern part of the domain along the South Arabian coast and the Horn of Africa show less temperature change than other 
parts of the domain. 

Precipitation results show more variability with considerable spread between projections in some areas. As with the previous Arab 
Domain projections, they do not agree completely on increases or decreases of precipitation over the region, such as over the 
headwaters for the Euphrates and Tigris rivers. However, the projections show a consensus for decreased wintertime precipitation 
along the relatively water rich areas of the Mediterranean coast and mountains by mid-century. Most of the ensemble members 
show increased summertime precipitation over much of the dryland or desert areas. It should be noted that the amounts are small 
and not likely to have much impact on the overall water cycle in these already dry areas, with the exception of the more pronounced 
summertime increases along the Southwestern Arabian coast. 

From the projected changes in runoff, seasonal increases can be seen even where annual flows are shown to decrease. Examples of 
this occur for both the Euphrates and Tigris headwaters. In these basins, increases in wintertime runoff are shown, which most likely 
indicates a decrease in water stored as snow, while decreases in both summertime runoff and annual runoff are shown. This occurs 
even though wintertime precipitation is shown to be slightly increasing or close to zero, which means that together with increases in 
evaporation, annual runoff decreases. 
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Other basins, such as the Jordan river, Nahr Al-Kabir, and Nahr Al-Kalb, show decreasing runoff in all seasons and annually. Some 
desert or dryland basins show slightly increasing runoff, such as the lower Euphrates, but these are at such low levels that they may 
not affect river flows. The Sana’a basin, on the contrary, shows increasing levels of runoff that are mostly associated with increased 
summer rainfall over that area. Additional analyses using hydrological models that better represent hydrological details would 
provide more insight on the impacts on runoff and river flows.

When comparing new results to previous ones, differences will always be encountered. One must keep in mind the many influencing 
factors at play for producing climate projections and look for where robust signals can be identified. Temperature trends are often 
easier to interpret, whereas precipitation typically shows a broader range of response according to different model setups, forcing 
conditions and more. 

Results presented in this technical report provide only an overview of climate change trends from the Mashreq Domain for a 
few selected areas and a few selected indices. Primary output variables from the modelled climate projections are available via 
the RICCAR RKH for further analysis. Regional researchers that work with impact studies can use the projections to carry out 
additional work that considers specific sectors in more detail, such as for hydrological, agricultural or health impacts studies.
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1 INTRODUCTION

This report was prepared for the Regional Initiative for the Assessment of Climate Change Impacts  on Water Resources and 
Socio-Economic Vulnerability in the Arab Region (RICCAR). It documents climate modelling and analysis done by the Swedish 
Meteorological and Hydrological Institute (SMHI) to produce finer resolution climate projections over the Mashreq region. 

Building upon the regional knowledge generated under RICCAR for the entire Arab region (ESCWA, 2017), SMHI has established the 
Mashreq Domain at 10 km grid resolution. Regional climate modelling (regional climate model, RCM) was performed to dynamically 
downscale global climate model (GCM) results and prepare a new ensemble of regional climate modelling projections for this 
domain. The aim was to provide outputs at finer resolution – including bias-adjusted variables – that can be used by regional 
researchers to inform further climate analysis in the Mashreq region.

The purpose of this report is to provide an overview of summary outcomes from the Mashreq Domain climate modelling work in 
support of other reports prepared by the Economic and Social Commission for Western Asia (ESCWA), Arab States and regional 
partners under the RICCAR publication series. Although example analyses from the Mashreq climate projections are presented, it is 
not meant to be a full assessment of results over the domain. Description and details of the overall initiative are not included here. 
More information is available on the RICCAR Regional Knowledge Hub (RKH).

A separate SMHI technical note entitled “Future climate projections for the Mashreq region: methodology" focuses on the 
methodology and setup for producing the projections and presents background analysis over the Mashreq Domain.

2 BACKGROUND

A. Climate data

The Mashreq Domain covers a region of Western Asia and Northeast Africa that includes large reaches of sparsely populated, 
dry areas. This is reflected in the in situ weather and water observations network characterised by a sparse network of stations, 
particularly in remote inland areas. From those existing observation stations, it is often difficult to access the data generated there, 
either due to technical reasons, protectionist attitudes, conflict zones, or a combination of these factors. However, research efforts 
over the years have resulted in various data sets that combine different observation sources into usable representative observations.

Climate data originates as measurements of daily weather variables (observations) that, when collected over time, create the 
climate record. Point measurements taken in situ at observation stations are probably the most direct and therefore precise form of 
observation. In some places, they also provide long records of observation. However, for regional analysis, the point data may not be 
representative for larger regions, particularly where the terrain varies widely (e.g. mountains and coast). Depending on the observed 
variable, the errors of areal estimates based on point data can be large. The measurement itself can also be error-prone. For 
example, precipitation observations are known to have “undercatch” errors, which means that the measured amount of precipitation 
is typically lower than what actually fell due to losses from wind or evaporation. Such limitations should be kept in mind when using 
observed climate data.

Observations data can be organised into a uniform horizontal grid with one data value at the centre of each gridbox, similar to 
how data from climate models are organised. Gridded observed data is based on available observed station data (point data), 
interpolated from non-uniform points to the selected grid. An advantage of gridded data is its ability to provide data at points where 
no observation stations exist. However, the quality of the gridded data is always a function of the density of the station data that 
goes into it. Also, data from climate or numerical weather prediction (NWP) models is always gridded.

Due to the infrequency of reporting and quality assurance issues, it can be difficult and time-consuming to work directly from station 
data. Yet, international research groups have created gridded observed datasets from such station data that are suitable for climate-
related studies and are freely available. These have gone through quality control checks and further processing to improve their 
usability.

Furthermore, generating “reanalysis” data is a specific application that uses a NWP model  to incorporate all available weather 
observations into a common structure over an observed period of time (e.g. Uppala and others , 2005). This is in essence a much 
more sophisticated type of interpolation. The outcome is data that is evenly spaced in the gridded structure of the NWP model, both 
horizontally and at various vertical levels in the atmosphere. Being based solely on observed data, this model provides the closest 
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representation of observations available, particularly for sites where no actual observations exist. Reanalysis data is seen as an 
important component for both testing and evaluation of climate models. It is also used in combination with other observations to 
improve gridded observed datasets. However, as with all climate data, it has its limitations. An example is reanalysed precipitation 
data, which has been shown to provide good representation of the temporal precipitation distribution but can have large biases in 
precipitation magnitude. Such data can vary depending on location. On the contrary, reanalysed temperature data generally shows 
good agreement with observations.

Moreover, there are numerous gridded datasets available for use over the Mashreq region and they continue to develop as new 
methods for combining in situ observations with numerical methods and remote sensing evolve. None of these datasets give a 
perfect representation of the actual observations, and thus a combination of different datasets has been applied to make best use of 
their different characteristics. These include:

·	 CRU (v4.03): University of East Anglia Climatic Research Unit Time Series (Harris and Jones, 2019).

·	 GPCC (v8): Global Precipitation Climatology Centre (Schneider and others, 2014, 2018).

·	 UDEL (v4.01): University of Delaware Air Temperature and Precipitation (University of Delaware, 2019).

·	 TRMM (3B42-v7): Tropical Rainfall Measurement Mission Project (Goddard, 2019).

·	 CHIRPS (v2.0): Climate Hazards Group InfraRed Precipitation with Station data (Funk and others, 2015).

·	 ERA-Interim: ECMWF ERA-Interim Reanalysis (Dee and others, 2011).

·	 ERA5: Fifth Generation ECMWF Reanalysis (C3S, 2020).

·	 WFDEI: WATCH Forcing Data methodology applied to ERA-Interim (Weedon and others, 2014).

·	 HydroGFD3: Hydrological Global Forcing Data (Berg and others, 2021).

The WFDEI dataset is a combination of observations and reanalysed model data, whereby monthly observed values are distributed 
into daily values according to the temporal distribution resulting from the ERA-Interim reanalysis. The result is a dataset of gridded 
daily observations, which is otherwise difficult to obtain as the actual daily observations are not widely available. The WFDEI dataset 
with a grid resolution of 0.5° (about 50 km) was used as the reference data to produce the bias-adjusted results from the RICCAR 
climate projections over the Arab region. It is mentioned here for comprehensiveness purposes.

The HydroGFD3 dataset has been developed more recently. At a grid resolution of 0.25° (about 25 km), it includes daily precipitation, 
minimum mean, and maximum temperature. Similar to the WFDEI dataset, the HydroGFD3 dataset combines observations data with 
reanalysed model data to produce a dataset with global land area coverage, excluding the Antarctic and small islands. Based on the 
latest global reanalysis product ERA5, it covers the complete reanalysis period starting in 1979 and is continuously updated to the 
present date minus 5 days. HydroGFD3 was used as the reference data to produce the bias-adjusted results from the RICCAR climate 
projections over the Mashreq Domain presented in this report.

B. The Mashreq Domain RCM projections

As the focus of the regional downscaling performed over the Arab Domain was to provide consistent impacts assessment for all Arab 
countries, the large size of the domain placed constraints on the RCM resolution that could be applied. Follow-up activities have been 
carried out to create additional climate projections at finer resolution to provide further detail for coastal and mountainous areas over a 
smaller sub-region. The Mashreq Domain at 10 km grid resolution was established over the north-eastern parts of the Arab Domain, as 
shown in figure 1. This domain covers the Mediterranean coastal countries of the Levant and north-eastern Africa, the entire drainage 
basins of the Tigris and Euphrates rivers, and the entire Arabian Peninsula. RCM outputs from this modelling domain will be made 
available to regional researchers to further advance climate impacts assessment over the Mashreq region.

The HCLIM-ALADIN RCM was applied over the Mashreq Domain at 10 km horizontal resolution. HCLIM-ALADIN is part of the HCLIM38 
system for regional climate modelling developed by a consortium of national meteorological institutes, including the Rossby Centre at 
SMHI and European partners. They have the specific aim to establish a comprehensive dynamical modelling system with appropriate 
configurations that can be applied across different scales to provide good results without additional region-specific tuning (Belušić and 
others, 2020). Within HCLIM38, HCLIM-ALADIN is intended for application with grid spacing close to or larger than 10 km (Termonia 
and others, 2018). ALADIN is an established regional model that has been used in climate mode for more than 10 years and that also 
appears in the configuration CNRM-ALADIN. Although the names and model configurations are similar, it is important to note that there 
are differences in the physical parameterizations between HCLIM-ALADIN and CNRM-ALADIN.
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FIGURE 1: Mashreq Domain

After having established and tested the Mashreq Domain, an ensemble of downscaled projections was produced based on the 
SSP5-8.5 emissions scenario (Riahi and others, 2017; O’Neill and others, 2016). Boundary conditions from six different GCMs were 
used to run the HCLIM-ALADIN model to produce dynamically downscaled regional climate projections from the respective GCM 
global projections. For ensemble analysis, a larger ensemble is always preferred over a smaller one. Even for the Arab Domain, a 
larger ensemble was planned whereby additional research institutes had intended to also provide RCM projections over the domain. 
However, due to various reasons, the other institutes were not able to provide their expected contributions in a format that could be 
incorporated into the ensembles for the Arab Domain produced by SMHI. The projections used for the Mashreq Domain are derived 
from the latest CMIP6 results that are part of the IPCC AR6 report (IPCC, 2021a, 2021b), which was finalised for successive release 
during 2021-2022. A list of the six GCM projections used is shown in the table.

The choice for a subset of the CMIP6 GCM ensemble for downscaling over the Mashreq Domain was based on a combination of a 
number of criteria. These criteria include (i) time frames of the project, (ii) resources provided, (iii) availability of boundary forcing 
data, (iv) GCM resolution, and (v) a representative spread of climate sensitivity. It was decided that six GCMs could realistically be 
downscaled to fit the time frames of the project and resources provided. The first HCLIM-ALADIN simulations were started in spring 
2020 when just a few CMIP6 modelling centres had made their 6-hour boundary forcing data available through the Earth System Grid 

Note: The active domain  (red) includes the area where RCM results are considered usable. The full domain  (blue) indicates the actual area needed 
for the RCM (HCLIM-ALADIN in this case) to perform properly within the active domain . The area between the active and the full  domains is a 
transition zone between the GCM driving boundaries and the RCM; using results from this zone should be avoided.

Source: Authors.
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Federation (ESGF). Even as other CMIP6 modelling centres gradually made their forcing data available after spring 2020, the number 
of CMIP6 GCMs with fully available forcing data was still limited during the active phase of running or initiating the HCLIM-ALADIN 
simulations (through the end of 2020). 

To avoid a large jump in resolution between the GCM forcing data and the 10 km target resolution for the Mashreq Domain, GCMs with higher 
resolution were prioritised. A number of coarse-resolution GCMs were thus excluded, such as CanESM5 (2.8° x 2.8°) MIROC-ES2L (2.8° x 
2.8°) and ACCESS-CM2 (2.8° x 1.25°). Additional factors also impacted the selection such as, for example, a technical error in netCDF files 
with forcing data for CESM2 and the absence of the Red Sea in MIROC6 (no marginal seas included in the MIROC6 ocean model).

The equilibrium climate sensitivity (ECS) is the expected long-term warming after a doubling of atmospheric CO2 concentrations. 
It is an important indicator of how severe the impacts of future warming will be. It can be noted that the analysis of CMIP6 models 
to date show their tendency to have a higher climate sensitivity than the Coupled Model Intercomparison Project Phase 5 (CMIP5) 
models used for the Fifth Assessment Report (AR5) which were characterised by an ECS range of 1.5°C to 4.5°C. Of the 40 CMIP6 
models with ECS values available, the highest value reaches 5.6°C and 14 have ECS values above 4.5°C. The AR6 concludes that 
the best estimate of ECS is 3°C; it is likely (66-100 per cent) within the range 2.5°C to 4°C and very likely (90-100 per cent) within 
the range 2 to 5°C. As can be seen in the table, the ECS values for the six GCMs used for the Mashreq Domain range from 2.5°C to 
4.8°C and fit within the AR6 very likely range of 2°C to 5°C. The 6-member CMIP6 GCM ensemble for downscaling over the Mashreq 
Domain was an optimal choice in 2020 considering all the above factors.

List of RCM simulations conducted over the Mashreq Domain by Rossby Centre, SMHI

Horizontal resolution

CMIP6 GCM ECLon (deg) Lon (deg) Lat (deg)

CMCC-CM2-SR5 3.5 1.25 0.94

CNRM-ESM2-1 4.8 1.4 1.4

EC-Earth3-Veg 4.3 0.7 0.7

MPI-ESM1-2-LR 3.0 1.875 1.875

 MRI-ESM2-0 3.1 1.125 1.121

NorESM2-MM 2.5 1.25 0.95

The HCLIM-ALADIN projection simulations were carried out for the period 1961-2070, where 1961-2014 represents the historical 
period and 2015-2070 represents the emissions scenario period. In addition, an evaluation simulation using ERA-Interim reanalysis 
forcing was also carried out for 1981-2018. As ERA-Interim provides a proxy representation of observations over the entire domain, 
both at the surface and in the atmosphere, the ALADIN simulation forced by ERA-Interim provides an assessment of how well 
ALADIN can represent the present climate over the Mashreq Domain.

C. Reference and projection periods

When creating future climate projections, the climate models always cover a period of observed historical climate that is used as a 
“control period” (reference period) to check how well the model represents the present climate. Over the observed climate period, 
greenhouse gas emissions correspond to levels that were observed for the period in question. The climate model simulations are 
not expected to correspond directly with values from actual observed years, but they should ideally provide climate results during 
the control period that correspond with the statistics of observed climate over those years, such as 10- to 30-year mean values. The 
reference to biases in regard to climate models states the differences between the observed long-term mean for a region and the 
modelled long-term mean results from the control period over the same region.

When analysing the climate change signal in the projections, “time slices” over future periods are selected for use in assessing 
how the climate change signal evolves over time. Results from these time slices are compared back to a time period in the same 
projection that represents the present climate or “baseline” condition. Periods to be compared should be of the same length and 
should span at least 20 years. The selection of periods to use varies and is subject to the specific needs of a study. Within RICCAR, 
it is desirable to compare regional outcomes to the global outcomes presented in the IPCC reports. When results from the Arab 
Domain were presented, the chosen time periods corresponded to the IPCC AR5 report (IPCC, 2013, 2014).

For reporting on the Mashreq Domain, it was decided to adopt the same baseline and future time periods for analysis as used in the 
IPCC AR6 report. These are 1995-2014 as a baseline, and future periods of 2021-2040 (near future) and 2041-2060 (intermediate 

Source: Authors.
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future). Results presented in this summary outcomes report and in the technical note were analysed using these adopted time 
periods. Regarding further impact studies, regional scientists can use these same reference periods or choose other periods that 
may be more relevant to their work or local region. It is important, however, that the chosen baseline period does not extend beyond 
2014, as the modelled emissions scenarios start in 2015.

D. Climate variables

Climate models produce a full suite of different atmospheric variables, both near the earth’s surface and far up into the atmosphere. 
In addition, land surface and water body variables of varying complexity are also produced depending on the model used. However, 
the most common variables of interest remain temperature and precipitation near the surface (i.e. corresponding to observations at 
standard instrument height).

For water resources, runoff is the key variable of interest. Complementary variables include evaporation and soil moisture, which are 
also produced while resolving the water balance.

For all variables concerned, mean changes are useful for showing change over time. However, it is not sufficient to define these 
changes on an annual basis only. Rather, it can be equally important to evaluate and understand how the changes will be spread out 
over different months of the year. Furthermore, to evaluate changes in extreme events, it is necessary to define specific thresholds in 
the form of indices as a basis for comparison between present-day and future conditions.

This technical note focuses on the following key variables:

·	 Temperature

·	 Precipitation

·	 Runoff

·	 Evaporation

·	 Soil moisture

E. Mashreq bias-adjusted results

There are typically biases in the RCM statistics of key hydro-meteorological variables, such as precipitation and temperature (e.g. 
Kotlarski and others, 2005; Kay and others, 2006). Many of these biases originate from either the driving GCM model or the RCM used 
for downscaling. Direct use of RCM outputs in impact studies is therefore usually not appropriate. It has become a common procedure 
to first adjust the hydrologically important variables of precipitation and temperature before using them in impact studies or before 
calculation of climate change indicators that rely on absolute thresholds (e.g. Graham and others, 2007; Berg and others, 2012; Vrac and 
others, 2016). 

Bias adjustment is the collective term for the process of reducing biases in climate models in a post-processing step applied to 
model outputs. Both precipitation and temperature were bias adjusted for the Mashreq Domain, using the most up-to-date methods 
and observational databases. This is further described in the methodology note. Most of the projection results presented in this 
report are from the bias-adjusted results. 



TECHNICAL NOTE

9

3 ANALYSIS BACKGROUND AND TECHNIQUES

A number of projected model outputs have been analysed. Many users of the projections will mostly be interested in the bias-
adjusted results as they can provide realistic results during the historical period, which are in turn consistent with the results that 
the impacts models will produce for the future period. Bias-adjusted results should also be used for analysing indicators or indices 
that are based on threshold values, such as rainfall exceedance or temperature indices. For studies that only use the relative change 
values of temperature or precipitation, either raw or bias-adjusted can be used. Nevertheless, one should be aware that there can be 
some differences in the change values produced by the raw compared to the bias-adjusted ones. Researchers who will be interested 
in sub-daily results, will have to rely on the raw outputs as there are no bias-adjustments available on sub-daily time scales.

Results presented here are based on the bias-adjusted outputs, unless otherwise noted. They are presented as both maps and 
plotted time series. The maps show the entire Mashreq Domain. The times series shown are area means summarised over specified 
sub-regions, river basins, or aquifer recharge areas that have been chosen to give an overview of different areas of interest within 
the region. Many of the change results presented here are shown as ensemble mean changes from HCLIM-ALADIN driven by the six 
GCMs as shown in the table. 

A. Common model outputs

The two most common model outputs of interest from the RCM projections are changes in precipitation and temperature. Changes in 
temperature are given in degrees Celsius. Precipitation is shown in mm over a given time. For water resources applications, runoff is 
the key variable of interest. Unlike for the Arab Domain, regional hydrological modelling (RHM) projections were not conducted over 
the Mashreq Domain. Changes in runoff coming directly from the RCM are therefore presented, but it is important to note that these 
can only be considered as indicative for trends. Runoff is also shown as mm over a given time.

Although all RCMs include a representation of the hydrological cycle, this cannot be compared to the level of detail from a calibrated 
hydrological model, particularly with consideration for biases in precipitation. To get more information on the expected magnitude of 
the change in runoff, a more detailed analysis with hydrological models is needed.

Although change in annual mean values can be sufficient for some applications, it is often important to also see how changes occur 
over different seasons. As water is a key focus for this study, evaluating differences between “wet” and “dry” seasons is of interest. 
Given the variation in climate between different sub-regions, it was also determined that wet and dry seasons could adequately be 
captured for most areas by dividing the year into two seasons: April-September and October-March. The seasonal results presented 
below are therefore defined according to these two periods, as was done for the Arab Domain.

B. Extreme events indices

Although mean changes in the future climate are of interest for many applications, changes in extreme events are sometimes even 
more important. A list of 27 indices were developed by the Expert Team on Climate Change Detection and Indices (ETCCDI; Peterson 
and Manton, 2008) to provide metrics for extreme events. Change in selected ETCCDI indices were analysed over the Mashreq 
Domain, whereby five indices were chosen as examples for this report, as listed below. Note that the SU35 index was defined in 
previous RICCAR work as more relevant for the climate in the region. The full list of 27 indices is given in Donat and others (2013) 
together with an analysis over the Arab region using historical observations.

SU35 Number of hot days: annual count of days when daily maximum temperature > 35ºC (defined for application in RICCAR).

TR  Number of tropical nights: annual count of days when daily minimum temperature > 20ºC.

R20  Annual count of 20mm precipitation days: when daily precipitation ≥ 20 mm.

SDII  Simple precipitation intensity index: defined as total precipitation amount ÷ number of wet days.

CDD  Maximum length of dry spell: maximum number of consecutive days with daily precipitation < 1 mm.
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4 RCM RESULTS FOR THE MASHREQ DOMAIN

Results from the RCM projections for two future periods are shown here, 2021-2040 and 2041-2060, compared to the baseline period 
1995-2014. General outcomes on temperature, precipitation and runoff come first, followed by results based on the extreme events 
indices. These are all based on the ensemble of six HCLIM-ALADIN 10 km projections; ensemble mean values are shown in the 
mapped outputs. As mentioned above, results presented here are based on the bias-corrected outputs, unless otherwise noted.

A. Temperature

The figures below indicate different aspects of temperature change over the Mashreq region. Included are changes in mean daily 
temperature, daily minimum temperature, and daily maximum temperature, as shown in figures 2, 4, and 5, respectively. All six 
projections agree on increasing temperatures over the domain.

For easier comparison with results from the Arab Domain, changes in mean daily temperature are also shown using one of the 
previously used reference periods, 2046-2065, compared to the previously used baseline period 1986-2005 (figure 3).

FIGURE  2: Mean temperature change (°C) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

Note: 

·	 Left shows mean temperature for the baseline period, middle shows the temperature change for 2021-2040, and right shows the temperature 
change for 2041-2060. All units are degree Celsius. 

·	 Top: Annual, middle: April-September, bottom: October-March. 
·	 The legends to the left are for the mean during the baseline only; the bottom legend pertains to changes in all other plots.

Source: Authors.
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FIGURE 3: Mean temperature change (°C) for the ensemble of six SSP5-8.5 projections according to the previous RICCAR reference periods

Note: 

·	 Left shows mean temperature for the baseline period 1986-2005 and right shows the temperature change for 2046-2065. All units are degree Celsius. 
·	 Top: Annual, middle: April-September, bottom: October-March. 
·	 The legends to the left are for the mean during the baseline only; the bottom legend pertains to changes in the plots to the right.

Source: Authors.



FUTURE CLIMATE PROJECTIONS FOR THE MASHREQ REGION: SUMMARY OUTCOMES

12

FIGURE 4: Mean change in minimum temperature (°C) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

FIGURE 5: Mean change in maximum temperature (°C) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

Note: 

·	 Left shows mean temperature for the baseline period, middle shows the temperature change for 2021-2040, and right shows the temperature 
change for 2041-2060. All units are degree Celsius. 

·	 Top: April-September, bottom: October-March. 
·	 The legends to the left are for the mean during the baseline only; the bottom legend pertains to changes in all other plots.

Note: 

·	 Left shows mean temperature for the baseline period, middle shows the temperature change for 2021-2040, and right shows the temperature 
change for 2041-2060. All units are degree Celsius.

·	 Top: April-September, bottom: October-March. 
·	 The legends to the left are for the mean during the baseline only; the bottom legend pertains to changes in all other plots.

Source: Authors.

Source: Authors.
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B. Precipitation

The maps in figure 6 below demonstrate mean precipitation changes over the Mashreq Domain. Also shown is the level of 
agreement between the six projections on whether precipitation is expected to increase or decrease (figure 7). As precipitation is 
much more variable over the domain, evaluation of these maps is easier in combination with the areal time series plots presented 
in sections 5 and 6.

FIGURE 6: Mean precipitation change (mm/month) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

Note: 

·	 Left shows mean precipitation for the baseline period, middle shows the precipitation change for 2021-2040, and right shows the precipitation 
change for 2041-2060. All units are mm per month.

·	 Top: Annual, middle: April-September, bottom: October-March. 
·	 The legends to the left are for the mean during the baseline only; the bottom legend pertains to changes in all other plots.

Source: Authors.
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FIGURE 7: Agreement on precipitation change between the ensemble of six SSP5-8.5 projections

C. Runoff

Maps of change in area runoff are shown in figure 8 below. As mentioned above, regional hydrological modelling has not been 
performed for the Mashreq Domain and the changes in runoff presented here are direct results from the RCM. No bias adjustment 
has been made.

Note: 

·	 Brown indicates where all agree on a decrease in precipitation (0 increase), green indicates where all agree on an increase in precipitation (6 
increase), white indicates where there is no consensus on increase or decrease. 

·	 Left shows for 2021-2040 and right shows for 2041-2060. Units are number of model projections, 1 to 6. 
·	 Top: April-September, bottom: October-March.

Source: Authors.
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FIGURE 8: Mean runoff change (mm/month) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

D. Evaporation

Maps of change in total evaporation are shown in figure 9 below. Evaporation plays an important role in the water cycle, 
particularly for regions that are water scarce. For some areas, changes in precipitation can be offset by increased evaporation to the 
extent that runoff could decrease even if precipitation is shown to increase.

As with runoff, the changes in evaporation presented here are direct results from the RCM. No bias adjustment has been made. 

Note: 

·	 Left shows mean runoff for the baseline period, middle shows the runoff change for 2021-2040, and right shows the runoff change for 2041-2060. 
All units are mm per month. 

·	 Top: April-September, bottom: October-March. 
·	 The legends to the left are for the mean during the baseline only; the bottom legend pertains to changes in all other plots.

Source: Authors.
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FIGURE 9: Mean evaporation change (mm/month) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

E.  Soil moisture

Maps of change in soil moisture are shown in figure 10. As with runoff, the changes in soil moisture presented here are direct results 
from the RCM. No bias adjustment has been made.

Note: 

·	 Left shows mean evaporation for the baseline period, middle shows the evaporation change for 2021-2040, and right shows the evaporation 
change for 2041-2060. All units are mm per month. 

·	 Top: April-September, bottom: October-March. 
·	 The legends to the left are for the mean during the baseline only; the bottom legend pertains to changes in all other plots.

Source: Authors.
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FIGURE  10: Mean soil moisture change (mm/month) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

F. Extreme events indices

Five indices for extreme events were defined under section 3 B. Projected changes for these are presented in figures 11-15. 

Note: 

·	 Left shows mean soil moisture for the baseline period, middle shows the soil moisture change for 2021-2040, and right shows the soil moisture 
change for 2041-2060. All units are mm per month. 

·	 Top: April-September, bottom: October-March. 
·	 The legends to the left are for the mean during the baseline only; the bottom legend pertains to changes in all other plots.

Source: Authors.
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FIGURE 11: Change in the number of “hot days” according to the regional definition adopted for RICCAR (SU35, Tmax > 35°C) for the ensemble 
of six SSP5-8.5 projections compared to the baseline period 1995-2014

FIGURE 12: Change in the number of “tropical nights” according to ETCCDI/CRD indices (TR, Tmin > 20°C) for the ensemble of six SSP5-8.5 
projections compared to the baseline period 1995-2014

Note: Left shows mean days for the baseline period, middle shows change in days for 2021-2040, and right shows change in days for 2041-2060. 
Units are number of days per year.

Note: Left shows mean days for the baseline period, middle shows change in days for 2021-2040, and right shows change in days for 2041-2060. 
Units are number of days per year.

Source: Authors.

Source: Authors.
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FIGURE 13: Change in the number of “20 mm precipitation days” according to ETCCDI/CRD indices (R20, days when daily precipitation 
≥ 20 mm) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

FIGURE 14: Change in the “simple precipitation intensity index” according to ETCCDI/CRD indices (SDII, total precipitation amount divided by 
number of wet days) for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

Note: Left shows mean days for the baseline period, middle shows change in days for 2021-2040, and right shows change in days for 2041-2060. 
Units are number of days per year.

Note: Left shows mean days for the baseline period, middle shows change in days for 2021-2040, and right shows change in days for 2041-2060. 
Units are number of days per year.

Source: Authors.

Source: Authors.
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FIGURE 15: Change in the “maximum length of dry spell” according to ETCCDI/CRD indices (CDD, consecutive days with precipitation < 1 mm) 
for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014

5 ANALYSIS FOR SUB-REGIONS IN THE MASHREQ DOMAIN

As it can be difficult to see climate change differences on large scale maps, results have also been summarised over selected 
sub-regions that represent different parts of the Mashreq Domain, as shown in figure 16. A number of variables are presented in 
figures 17-21 for each of the sub-regions. Results for each variable are the mean area values over the sub-region in question shown 
as time series plots with 20 year moving mean values. In each time series plot, all six RCM projections are shown together with 
the ensemble mean. For temperature and precipitation change, the three projections from the Arab Domain are also shown for 
comparison as grey lines.

FIGURE 16: Location map showing sub-region areas identified for highlighted analysis

WM – WEST MASHREQ

EM – EAST MASHREQ

WA – WEST ARABIAN PENINSULA

EA – EAST ARABIAN PENINSULA

SA – SOUTH ARABIAN PENINSULA

Note: Left shows mean days for the baseline period, middle shows change in days for 2021-2040, and right shows change in days for 2041-2060. 
Units are number of days per year.

Note: The background colours on the map indicate topography where brown shows higher elevations and green designates lower elevations. 

Source: Authors.

Source: Authors.
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A. West Mashreq

FIGURE 17: Summary of projection results for west Mashreq

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in maximum length of dry spell (CDD)

Note: 

·	 Shown are changes in temperature, precipitation, and five extreme indices from the HCLIM-ALADIN SSP5-8.5 model projections. Depending on the 
variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. All results 
are based on the bias-adjusted values. 

·	 The six-member ensemble mean is indicated as a solid black line. 
·	 For temperature and precipitation, the three Arab Domain projections are shown as grey lines (MNA-44 RCA4).

Source: Authors.
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FIGURE 18: Mean change in annual temperature for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014 for 
west Mashreq

B. East Mashreq

FIGURE 19: Summary of projection results for east Mashreq

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)
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Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in maximum length of dry spell (CDD)

FIGURE 20: Mean change in annual temperature for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014 for 
east Mashreq

Note: 

·	 Shown are changes in temperature, precipitation, and five extreme indices from the HCLIM-ALADIN SSP5-8.5 model projections. Depending on the 
variable in question, units are given in degree Celsius number of days per year, mm per month or mm per day, as identified on each plot. All results 
are based on the bias-adjusted values. 

·	 The six-member ensemble mean is indicated as a solid black line.
·	 For temperature and precipitation, the three Arab Domain projections are shown as grey lines (MNA-44 RCA4).

Source: Authors.

Source: Authors.
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C. West Arabian Peninsula

FIGURE 21: Summary of projection results for the west Arabian Peninsula

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in maximum length of dry spell (CDD)

Note: 

·	 Shown are changes in temperature, precipitation, and five extreme indices from the HCLIM-ALADIN SSP5-8.5 model projections. Depending on the 
variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. All results 
are based on the bias-adjusted values. 

·	 The six-member ensemble mean is presented as a solid black line. 
·	 For temperature and precipitation, the three Arab Domain projections are indicated as grey lines (MNA-44 RCA4).

Source: Authors.



TECHNICAL NOTE

25

FIGURE 22: Mean change in annual temperature for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014 for 
the west Arabian Peninsula

D. East Arabian Peninsula

FIGURE 23: Summary of projection results for the east Arabian Peninsula

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Source: Authors.
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Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in maximum length of dry spell (CDD)

FIGURE 24: Mean change in annual temperature for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014 for 
the east Arabian Peninsula

Note: 

·	 Shown are changes in temperature, precipitation, and five extreme indices from the HCLIM-ALADIN SSP5-8.5 model projections. Depending on the 
variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. All results 
are based on the bias-adjusted values. 

·	 The six-member ensemble mean is presented as a solid black line. 
·	 For temperature and precipitation, the three Arab Domain projections are indicated as grey lines (MNA-44 RCA4).

Source: Authors.

Source: Authors.
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E. South Arabian Peninsula

FIGURE 25: Summary of projection results for the south Arabian Peninsula

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in maximum length of dry spell (CDD)

Note: 

·	 Shown are changes in temperature, precipitation, and five extreme indices from the HCLIM-ALADIN SSP5-8.5 model projections. Depending on the 
variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. All results 
are based on the bias-adjusted values. 

·	 The six-member ensemble mean is indicated as a solid black line. 
·	 For temperature and precipitation, the three Arab Domain projections are presented as grey lines (MNA-44 RCA4).

Source: Authors.
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Figure 26: Mean change in annual temperature for the ensemble of six SSP5-8.5 projections compared to the baseline period 1995-2014 for 
the south Arabian Peninsula 

6 ANALYSIS FOR RIVER BASINS AND RECHARGE AREAS IN THE MASHREQ 
DOMAIN

As with the sub-regions analysis, selected river basins and aquifer recharge areas within the Mashreq Domain are highlighted here 
to show results specific to these areas, as shown in figure 22. They show by example how the projection results can be summarised 
for different areas of the domain. A number of variables are presented in figures 23-32 for each of the areas where results for each 
variable are the mean area values shown as time series plots with 20-year moving mean values. In each time series plot, all six RCM 
projections are shown together with the ensemble mean.

FIGURE 27: Location map showing river basins and recharge areas identified for highlighted analysis

EU – EUPHRATES HEADWATERS

EL – EUPHRATES LOWER

TU – TIGRIS HEADWATERS

TL – TIGRIS LOWER

AK – NAHR AL-KABIR

LK – NAHR AL-KALB

JR – JORDAN RIVER WEST

WQ – WESTERN AQUIFER

DQ – DAMMAN AQUIFER NORTH

YS – SANA’A BASIN

Note: The background colours on the map indicate topography where brown shows higher elevations and green indicates lower elevations.
Source: Authors.
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A. Euphrates river basin 

Euphrates river headwaters

FIGURE 28: Summary of projection results for the Euphrates river headwaters

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)
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 Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

Lower Euphrates river

FIGURE 29: Summary of projection results for the lower Euphrates river

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Source: Authors.
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Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Source: Authors.
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B. Tigris river basin 

Tigris river headwaters

FIGURE 30: Summary of projection results for the Tigris river headwaters

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Source: Authors.
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Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

Lower Tigris river

FIGURE 31: Summary of projection results for the lower Tigris river

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)
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Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Source: Authors.
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C. Jordan river basin 

Note that only the western parts of the Jordan river basin where predominant precipitation occurs were chosen for analysis.

FIGURE 32: Summary of projection results for the Jordan river basin west

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)
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Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

D. Nahr Al-Kabir basin

FIGURE 33: Summary of projection results for the Nahr Al-Kabir basin

Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Source: Authors.
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Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in area runoff: April-September

Change in Area Runoff: October-March

Change in Area Runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Source: Authors.
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E. Nahr Al-Kalb basin

FIGURE 34: Summary of projection results for the Nahr Al-Kalb basin

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)
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Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

F. Sana’a basin

FIGURE 35: Summary of projection results for the Sana’a basin

Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Source: Authors.
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Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six member ensemble mean is indicated as a solid black line.

Source: Authors.
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G. Damman aquifer north recharge area

Note that only the parts of the Damman aquifer north that predominantly receive recharge were chosen for analysis.

FIGURE 36: Summary of projection results for the Damman aquifer north recharge area

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)
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Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

H. Western aquifer recharge area

Note that only the parts of the western aquifer that predominantly receive recharge were chosen for analysis.

FIGURE 37: Summary of projection results for the western aquifer recharge area

Temperature change (April-September) Temperature change (October-March)

Summer days (SU35) Tropical nights (TR)

Source: Authors.
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Note: 

·	 Shown are changes in temperature, precipitation, five extreme indices, and changes in runoff from the HCLIM-ALADIN SSP5-8.5 model projections. 
Depending on the variable in question, units are given in degree Celsius, number of days per year, mm per month or mm per day, as identified on each plot. 

·	 All results are based on the bias-adjusted values, with the exception of runoff that comes directly from the RCM. 
·	 The six-member ensemble mean is indicated as a solid black line.

Precipitation change (April-September) Precipitation change (October-March)

Change in precipitation intensity (R20mm) Change in precipitation intensity (SDII)

Change in area runoff: April-September Change in area runoff: October-March

Change in area runoff: Annual Change in maximum length of dry spell (CDD)

Source: Authors.
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7 CONCLUSION 

Future climate projections over the Mashreq Domain at 10 km horizontal resolution were produced using the HCLIM-ALADIN RCM. 
These projections serve as a complement to the previously established RICCAR Arab Domain covering the Arab region. Based on 
forcing data from the latest CMIP6 GCM projections for the SSP5-8.5 emissions scenario, the six-member ensemble of projections is 
compatible to the global projections presented in the latest IPCC AR6 report (IPCC, 2021a, 2021b). Such higher resolution projection 
results provide finer-scaled information that may be more suitable for application in impacts models, particularly over coastal and 
mountainous areas.

Although some details of the background for the climate projections produced are presented in this technical note, additional 
documentation for the bias adjustment and other background can be found in the complementary RICCAR technical note: Future 
climate projections for the Mashreq region: methodology.

The Mashreq projections provide new results for the region, but they do not supersede the projections produced for the Arab Domain. 
Rather, they can be seen as an enhancement to the previous projection results as they add further information on possible outcomes. 
For ensemble analysis, a larger ensemble is always preferred over a smaller ensemble. With six new projections, the ensemble of 
results over the Mashreq region has been substantially increased. However, increasing the number of projections over any region will 
also increase insight over the spread of possible outcomes over that region.

Climate is complex with many interacting processes and producing climate projections is a continuously evolving science – both on 
global and regional scales. There are many factors to consider when processing and analysing future projections, as also pointed out 
in the methodology report. This is important to remember when comparing the Mashreq Domain projections to those from the Arab 
Domain, and such factors include the following:

·	 The domain is different, both in size and location.

·	 The resolution is different.

·	 The RCM used is different.

·	 The GCMs have been further developed, with higher climate sensitivity.

·	 The emissions scenarios are different – based on the AR6 SSP formulations.

·	 The techniques for bias adjustment have been further developed.

·	 The time scale focus is on mid-century and does not include late-century results where the climate signal may be more 
pronounced.

In comparing new results to previous ones, differences will be encountered. As mentioned above, one must keep in mind the 
influencing factors at play and look for where robust signals can be identified. Temperature trends from different model simulations 
are often easier to interpret, whereas precipitation is much more chaotic and variable, and typically shows a much broader range of 
response according to different model setups and forcing conditions. 

As has become common practice for further application of climate model results, methods for adjusting biases in the projection 
results for temperature and precipitation were applied. These are further described in the methodology report. The bias-adjusted 
datasets are appropriate for use in climate impacts studies, such as hydrology and agriculture that are highly affected by 
precipitation and temperature, or for calculation of climate change indicators that rely on absolute thresholds. Most of the summary 
outcome results presented in this report are based on the bias-adjusted variables of temperature and precipitation. 

Unlike for the Arab Domain, projections over the Mashreq Domain do not comprise RHM. In the absence of hydrological modelling 
results, runoff, evaporation, and soil moisture results that come directly from the RCM are presented in this report. It is important 
to note that such results should only be interpreted as indicative for trends. Further studies with calibrated hydrological models are 
needed to get more informative results on details such as the magnitude of hydrological changes for specific areas.

Projected climate changes over the Mashreq Domain for both the near future period 2021-2040 and the mid-century period 2041-
2060 are presented in this report for temperature, precipitation, and five extreme events indices. The indices are only a subset of 
the many established indices available and serve as examples for such analyses. Additional indices can be calculated from these 
projection results according to the specific aims of further studies. In addition to maps, results have also been summarised as time 
series over selected sub-regions, river basins and aquifer recharge areas.



TECHNICAL NOTE

45

Temperature results from all six HCLIMALADIN projections show similar patterns of change. All the projections agree on an increase 
of temperature over the region and the magnitude of temperature change is similar to that seen from the Arab Domain projections. 
However, in some areas, such as over both the east and west Mashreq sub-regions, ensemble mean temperature increases from 
the Mashreq projections reach levels seen in the Arab projections about 10 years earlier. The southern part of the domain along the 
South Arabian coast and the Horn of Africa shows less temperature change than other parts of the domain. 

Precipitation results show more variability with considerable spread between projections in some areas. They do not agree 
completely on increases or decreases of precipitation over the region, although most of the ensemble members show increased 
summertime precipitation over much of the dryland or desert areas. It should be noted that the amounts are small and not likely to 
have much impact on the overall water cycle in these already dry areas as further discussed below for runoff. However, summertime 
increases along the southwestern Arabian coast are more pronounced. 

Although at much coarser resolution, similar precipitation trends for these areas are also shown by the larger ensemble of CMIP6 
GCM projections available in the AR6 Interactive Climate Atlas, agreement among the models is not high. Differences in precipitation 
change over the Arabian Peninsula between the Mashreq projections and the Arab Domain projections are likely a combination of 
the generally wetter precipitation signals in the CMIP6 projections, the use of different models, and the differences in the domain 
configuration. It is difficult to pinpoint in a more exact way without further detailed analysis.

The projections show a consensus for decreased wintertime precipitation along the relatively water rich areas of the Mediterranean 
coast and mountains. The precipitation change over the headwaters for the Euphrates and Tigris rivers is mixed among the climate 
projections, as it also was for the Arab Domain projections. However, evaporation in the region plays an important role, which means 
that runoff can decrease even if precipitation increases somewhat. 

From the projected changes in runoff, seasonal increases can be seen even where annual flows are shown to decrease. Examples of 
this occur for both the Euphrates and Tigris headwaters. In these basins, increases in wintertime runoff are shown, which most likely 
indicates a decrease in water stored as snow, while decreases in both summertime runoff and annual runoff are shown. This occurs 
even though wintertime precipitation is shown to be slightly increasing or close to zero, which means that annual runoff decreases 
with increases in evaporation.

Other basins, such as the Jordan river, Nahr Al-Kabir, and Nahr Al-Kalb, show decreasing runoff in all seasons and annually. Some 
desert or dryland basins show slightly increasing runoff, such as the lower Euphrates, but these are at such low levels that they may 
not affect river flows. The Sana’a basin, on the contrary, shows increasing levels of runoff that are mostly associated with increased 
summer rainfall over that area. Additional analyses using hydrological models that better represent hydrological details would 
provide more insight on impacts on runoff and river flows.

The projected changes in evaporation and soil moisture reflect responses to the changes in temperature and precipitation. 
Evaporation shows for the most part increasing trends in line with increasing temperatures over much of the region. Exceptions are 
for periods when little water is available for evaporation, such as summertime along the Mediterranean coast and mountains. The 
patterns for soil moisture are similar as these processes are strongly coupled. 

From the changes in extreme events shown in this report, both the annual number of hot days – where maximum daily temperature 
exceeds 35°C – and the annual number of tropical nights – where minimum daily temperature exceeds 20°C – are shown to increase 
throughout the Mashreq region. The increase in tropical nights is greater than the increase in hot days. Areas along the southern 
Mediterranean coast, e.g. Sinai, stand out as those that will be highly affected for both, and areas along the southern Arabian coast 
will also be highly affected by warmer nights.

Changes in precipitation extremes are not always straight forward to evaluate. However, indications from both generalised extreme 
precipitation indices (R20 and SDII) show increasing trends over much of the Mashreq domain. Such increases are present even in 
some areas that show a decrease in annual runoff, which implies that local extreme rainfall events can increase even though river 
flows may be decreasing. Additional analyses are warranted to evaluate this in more detail.

Following the expected trends for precipitation, the length of dry spells (CDD) shows little change or even decreases over drylands 
over large areas of the domain. However, the same areas that show decreases in runoff also tend to show increases in the length 
of dry spells, particularly after mid-century. These include the headwaters for both the Euphrates and Tigris rivers, Jordan river, 
Nahr Al-Kabir, Nahr Al-Kalb and the western aquifer recharge area. The Sana’a basin provides an example of increasing summertime 
precipitation and increasing runoff, yet little change in the length of dry spells.
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Results presented in this report provide only an overview of climate change trends from the Mashreq Domain for a few selected 
areas and a few selected indicators. Primary output variables from the modelled climate projections will be available via the RICCAR 
RKH for further analysis. Regional researchers that work with impacts studies can use the projections to carry out additional work 
that considers specific sectors in more detail, such as for hydrological, agricultural or health impacts studies. 

Many users of the projections will mostly be interested in the bias-adjusted results. They can provide realistic results during 
the historical period, which are in turn consistent with the results that the impacts models will produce for the future period. 
Bias-adjusted results should also be used for analysing indicators or indices that are based on threshold values, such as rainfall 
exceedance or temperature indices. For studies that only use relative change values of temperature or precipitation, either raw or 
bias-adjusted results can be used. 

One should be aware that there can be differences in the change values produced by the raw compared to the bias-adjusted 
projections. The fact that bias adjustment can influence climate change results in the projections is well known and not unique 
to this region (breakout group 3bis: IPCC, 2015). As such, it is an area of ongoing research that will continue to be investigated 
in coming years. Aside from the bias adjustment methods applied, the choice of reference dataset for observed climate can also 
influence bias-adjusted outcomes. Although the best observations and techniques available are used in assembling them, the quality 
of such datasets at a regional and local scale is a factor at play, particularly over data sparse regions such as the Arabian Peninsula. 
Bias adjustment is an additional source of uncertainty in the projection results, where the importance of its influence depends to 
some degree on the application at hand.

When reviewing the results presented here, it should be remembered that the reference periods used are different from those 
presented in the Arab Domain Main Report.2 For instance, temperature change values may at first glance appear lower as they are 
compared to a later baseline period. The baseline period used was chosen to be compatible with the global outcomes presented 
in the newest IPCC AR6 reports (IPCC, 2021a, 2021b). For further impact studies, regional scientists can decide to use the same 
reference periods as presented here or choose other periods that may be more relevant to their work or local region.

As stated in the introduction, the primary purpose of this report is to provide an overview of summary outcomes from the Mashreq 
Domain climate modelling work done. Although it provides some example analyses from the Mashreq climate projections, it is not 
meant to be a full assessment of results over the domain. It is therefore a background document to support ESCWA as the RICCAR 
RKH is expanded and further developed.
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TECHNICAL NOTE

49

TECHNICAL REPORT

1. The evaporation parameter is defined as "evaporation at surface (also known as evapotranspiration): flux of water into the atmosphere due to the 
conversion of both liquid and solid phases to vapor (from underlying surface and vegetation". (https://clipc-services.ceda.ac.uk/dreq/u/089961a3af
4d54d5fb045cf3750e760c.html). The terms are often used interchangeably. The variable is evspsbl and we have chosen to refer to the variable by its 
more common CORDEX name (https://docs.google.com/spreadsheets/d/1qUauozwXkq7r1g-L4ALMIkCNINIhhCPx/edit#gid=1672965248).

2. E/ESCWA/SDPD/2017/RICCAR/Report.
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This technical report conducted under the Regional Initiative for the Assessment of Climate Change 
Impacts on Water Resources and Socio-Economic Vulnerability in the Arab Region (RICCAR) was 
made available on the RICCAR Knowledge Hub (RKH) with the support of the Economic and Social 
Commission for Western Asia (ESCWA). An ensemble of six regional climate projections for the 
Mashreq Domain was generated by the Swedish Meteorological and Hydrological Institute (SMHI) 
using HCLIM ALADIN for SSP8.5-5.  The findings show that temperature is increasing across the 
Mashreq region by an average of 1.9 oC, which is similar to the magnitude of temperature change 
projected from the RICCAR Arab Domain ensemble for RCP 8.5.  Precipitation results show more 
variability with considerable spread between projections in some areas. From the projected changes 
in runoff, seasonal increases can be seen even where annual flows are shown to decrease. 

The results prepared in this technical report provide only an overview of climate change trends from 
the Mashreq Domain for a few selected areas and a few selected indices. Primary output variables 
from the modelled climate projections are available via the RICCAR RKH for further analysis.
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