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Abstract
Background  Projections of temperature and precipitation with low uncertainties are key parameters to climate change-
related studies.
Purpose  The projected temperature and precipitation and their uncertainties over the Arabian Peninsula for the 21st century 
for three CMIP5 multimodel ensembles under RCP4.5 and RCP8.5 are examined in this paper.
Methods  Analyzing the performance of 30 CMIP5 model individually, they are categorized into three groups for the present 
climate (1976–2005). By applying simple model averaging ensemble method, three multimodel ensemble means, namely: 
(i) all CMIP5 models ensemble (AME), (ii) selected CMIP5 models ensemble (SME), and (iii) best-performing CMIP5 
models ensemble (BME) are developed.
Results  Over the Arabian Peninsula, a continuous rise in temperature is obtained in all three ensembles (i.e., AME, SME, 
and BME) in the 21st century. The BME shows enhanced changes in temperature at the end of 21st century as compared 
to AME and SME. Moreover, the BME shows a remarkable reduction in uncertainties for the projected temperature. The 
AME, SME, and BME show strong inter-annual variability for the projected precipitation over the peninsula. Compared to 
AME and SME, the BME revealed enhanced positive change in the annual mean precipitation by the end of 21st century.
Conclusions  Regionally, southern/northwestern areas of the peninsula receive enhanced/reduced future precipitation as 
compared to the present climate. The differences in the projected precipitation and temperature signals increase largely 
between the three ensembles towards the end of 21st century. Therefore, it is concluded that selecting the best-performing 
models may lead a better planning by the policy makers and stakeholder for the region.

Keywords  Uncertainties · Climate models · CMIP5 · Arabian Peninsula · Future projections

1  Introduction

Climate change is the greatest threat to the life and liveli-
hood on earth. The increasing future extremes in the form of  
natural hazards such as droughts and floods impose serious 

impacts on various sectors of societal activities. The Inter-
governmental Panel on Climate Change (IPCC) has already 
mentioned in its recent Fifth Assessment Report (AR5) that 
the global mean temperature will continue to rise in the 21st 
century (IPCC 2013). The IPCC climate projections are 
mainly based on the global climate models simulations. The 
climate model projections are associated with uncertainties 
(Qian et al. 2016). There are three main sources that contrib-
ute to the uncertainties in the climate projections which are 
(i) internal variability of the climate system, (ii) inter-model 
variability, and (iii) variability between different emission 
scenarios. The internal variability results from the natural 
variations occurring in the climate system in the absence of 
the external forcing. The inter-model variability comes from 
the fact that each model simulates different climate change 
under the same forcing. This difference mainly comes from 
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different sources within a model such as the model resolu-
tion, physical parameterization implemented in the global 
climate models. The third source of uncertainty is associated 
with different emission scenarios, which represent a differ-
ent amount of greenhouse gas emissions (and aerosols and 
their precursors).

There are only a few studies available in the literature 
(for instance, see Almazroui et al. 2012a, b, 2013, 2016; 
Al Sarmi and Washington 2011, 2013; Donat et al. 2014; 
Deng et al. 2015; El Keenawy et al. 2014; Evans 2009; 
Kwarteng et al. 2009), that are conducted to examine the 
present climate, future climate projections, and extremes 
over the study region. The climate projections over the Ara-
bian Peninsula using the CMIP3 data set were examined by 

Almazoui et al. (2016). They reported a significant rise in 
temperature for the Peninsula in the 21st century. They fur-
ther showed a decreasing (increasing) trend in precipitation 
for the northern (southern) peninsula. Due to its geographi-
cal location, the annual mean temperature in the Arabian 
Peninsula observes relatively high. A further increase in the 
future temperature can be considered as a severe threat to 
the human and animal lives in the peninsula. The central 
parts of the Arabian Peninsula observe dry and hot weather 
conditions throughout the year, whereas the coastal regions 
are highly humid (Almazroui et al. 2012a, b). If climate 
change continues unabated, a combination of high future 
temperatures and humidity could result in extreme heat con-
ditions around the Arabian Gulf and other coastal areas in 

Table 1   List of CMIP5 models 
used in this study

Model Resolution RCP4.5 RCP8.5 Country

1 ACCESS1.0 1.875° × 1.875° * * Australia
2 ACCESS1.3 1.875° × 1.875° * * Australia
3 BCC-CSM1.1 2.8° × 2.8° * * China
4 BCC-CSM1.1 M 2.8° × 2.8° * * China
5 BNU-ESM 2.8° × 2.8° * * China
6 CanESM2 2.8° × 2.8° * * Canada
7 CCSM4 0.9° × 1.25° * * USA
8 CESM1-BGC 0.9° × 1.24° * * USA
9 CESM1-CAM5 0.9° × 1.25° * *` USA
10 CMCC-CM 0.75° × 0.75° * * Italy
11 CMCC-CMS 1.875° × 1.875° * * Italy
12 CSIRO-Mk3_0-6 1.875° × 1.875° * * Australia
13 EC-EARTH 2.8° × 2.8° * * Europe
14 FIO-ESM 2.8° × 2.8° * * China
15 GFDL-ESM2G 2.5° × 2.0° * * USA
16 GFDL-ESM2 M 2.5° × 2.0° * * USA
17 GISS-E2-R 2.5° × 2.0° * * USA
18 HadGEM2-AO 1.875° × 1.25° * * South Korea
19 HadGEM2-CC 1.875° × 1.25° * * UK
20 HadGEM2-ES 1.875° × 1.25° * * UK
21 INMCM4 1.5° × 2° * * Russia
22 IPSL-CM5A-LR 2.5° × 1.25° * * France
23 IPSL-CM5A-MR 1.268° × 2.5° * * France
24 IPSL-CM5B-LR 1.9° × 3.75° * * France
25 MIROC5 1.4° × 1.4° * * Japan
26 MPI-ESM-LR 1.8° × 1.8° * * Germany
27 MPI-ESM-MR 1.8° × 1.8° * * Germany
28 MRI-CGCM3 1° × 1° * * Japan
29 NorESM1-M 2.5° × 1.9° * * Norway
30 NorESM1-ME 2.5° × 1.9◦ * * Norway
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the Arabian Peninsula that will also be intolerable for human 
life in these areas (e.g. Pal and Eltahir 2016; Schär 2016). 
The decision makers in the Arab region are, therefore, keen 
to know about the reliability of the future climate projections 
made for this region, so they can adequately design adapta-
tion strategies. It is, therefore, important to inform the deci-
sion makers about the reliability of the climate projections 
made for the peninsula.

The CMIP5 data sets are widely used by the scientific 
community to understand various aspects of global and 
regional climate. A list of publications can be found at 
https://cmip-publications.llnl.gov/search?type=project&
option=CMIP5. The CMIP5 experiments used new gen-
eration of global models with improved physical param-
eterizations and new emission scenarios. These new RCPs 
(Representative Concentration Pathways) contain informa-
tion about latest socioeconomic data, new technologies, 
changes in land cover, and changes in land use (Moss et al. 
2010). As mentioned earlier, the future climate projections 
based on the simulation data are not free from uncertain-
ties, whereas the policy makers are more interested in rea-
sonable future estimates of temperature and precipitation 
together with a reduction in uncertainties associated with 
these projections. None of the studies mentioned above 
analyzed the more updated Climate Model Intercompari-
son Project, Phase-5 (CMIP5) climate models simulations 
(Taylor et al. 2012) except Almazroui et al. (2017a). The 
changes in projected precipitation and temperature over the 
peninsula were examined by Almazroui et al. (2017a) using 
a set of 22 CMIP5 models data. The present study further 
aims to utilize data from larger number (30) of CMIP5 mod-
els over the Peninsula. The aim of this study is to examine 
the changes in projected precipitation and temperature and 
their corresponding uncertainties for three different multi-
model ensembles based on CMIP5 data set. For this pur-
pose, the projected precipitation and temperature over the 
study region for all available 30 CMIP5 models are exam-
ined. In the second step, based on the model performance 
in the present climate, the 30 CMIP5 models are classified 
into two more groups. Finally, the difference in the climate 
change signals and their corresponding uncertainties over 
the peninsula for these three categories mentioned above 
are examined.

2 � Data and Methodology

The main data set employed in this study has been attained 
from the CMIP5 archives (http://cmip-pcmdi.llnl.gov/
cmip5/index.html). We analyzed monthly mean precipi-
tation and temperature simulation data from 30 CMIP5 
models (Table 1). The CMIP5 monthly precipitation and 
temperature data cover the historical (1901–2005) and Th
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future (2006–2099) periods. In addition, the precipitation 
and temperature data at 27 observational stations across 
Saudi Arabia for the historical period acquired from the 
General Authority for Meteorology and Environmental 
Protection (GAMEP) have been used to assess the CMIP5 
models performance for the study region. The observa-
tional data from Saudi Arabia are considered representative 
for the Arabian Peninsula as it covers more than 80% of 
the area in the peninsula (Almazroui et al. 2012a, b). The 
performance of CMIP5 models is examined using Climatic 
Research Unit (CRU) TS3.23 data (e.g. Figure S1), but for 
brevity, the results are not shown here (Harris et al. 2014). 
The future precipitation and temperature projections are 

examined for the medium (RCP4.5) and high (RCP8.5) 
emission scenarios.

Prior to the analysis, we re-gridded the CMIP5 model 
outputs to a uniform horizontal resolution of a 1° × 1º grid 
using bilinear technique. For each CMIP5 model, the perfor-
mance is examined in simulation of precipitation and tem-
perature over the peninsula. For this purpose, we extracted 
the model’s data for the grid points which correspond to the 
station locations. For the present climate, the model bias 
(simulation data minus observation), NRMSE (normalized 
root mean square error), StE (standard error), correlation 
coefficient (r), and patterns of simulated precipitation and 
temperature over the Peninsula are examined with reference 
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Fig. 1   CMIP5 models (listed in Table  1) simulated temperature 
with respect to the station observation a Bias, b Bias and NRMSE, 
c StE and r, and d patterns. The CMIP5 models data are extracted 
at station nearest coordinates and averaged over 27 locations for the 
period 1978–2005. The dash-dotted lines in plot (a) show multimodel 
mean ± 1 standard deviation. The multimodel ensemble mean bias is 

shown by the dashed line. The red (blue) colors are adopted to indi-
cate the warm (cold) CMIP5 models over the Arabian Peninsula. In 
plots (b) and (c), the horizontal dashed and solid lines indicate aver-
age values of respective parameters. In plot (d), the observation is 
shown by black dashed line. The unit is  ℃ where applicable



	 M. Almazroui et al.

1 3

23  Page 6 of 20

to observations. Based on our analysis following Almazroui 
et al. (2017b), the CMIP5 models are categorize into three 
groups, analyzed 30 CMIP5 models, selected CMIP5 models 
and best-performing CMIP5 models (see the next section). 
In the second step, we computed the multimodel ensemble 
means (MMEs) for the above three categories of models. 
The MMEs are generally preferred over any single model 
simulation (IPCC 2001). The previous studies (e.g., Weigel 
et al. 2008; Pincus et al. 2008) noticed that climate projec-
tions based on single model simulation are generally not 
suitable for decision-making purposes. On the other hand, 
the climate projections based on the MMEs are more suit-
able, because they contain information from all participating 

models. In the present study, we used simple model averag-
ing ensemble method where each model has the same weight 
in the multimodel projection.

In the next step, the future projections and their cor-
responding uncertainties for the near future (2021–2050) 
and far future (2070–2099) with respect to the present 
climate (1976–2005) are computed for (i) all 30 CMIP5 
models ensemble (AME), (ii) selected CMIP5 models 
ensemble (SME), and (iii) best-performing CMIP5 mod-
els ensemble (BME). The robustness of the future sig-
nals for three ensembles is examined by investigating 
the direction of climate change signal in all participating 
models (Almazroui et al. 2016; Heansler et al. 2013a, b). 
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Fig. 2   CMIP5 models (listed in Table  1) simulated precipitation 
with respect to the station observation: a Bias, b Bias and NRMSE, 
c StE and r, and d patterns. The CMIP5 models data are extracted 
at station nearest coordinates and averaged over 27 locations for the 
period 1978–2005. The dash-dotted lines in plot (a) show multimodel 
mean ± 1 standard deviation. The multimodel ensemble mean bias is 

shown by the dashed line. The red (blue) colors are adopted to indi-
cate the dry (wet) CMIP5 models over the Arabian Peninsula. In plots 
(b) and (c), the horizontal dashed and solid lines indicate average val-
ues of respective parameters. In plot (d), the observation is shown by 
black dashed line. The unit is mm/month where applicable
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Following Kendall (1976), the significance of the precipi-
tation and temperature trends in the 21st century simula-
tions is assessed. Following the previous studies (e.g. Di 
et al. 2015), we used the inter-model standard deviation 
(STD) and range as metrics to quantify the uncertainty in 
projected temperature and precipitation. Note that we used 
data only from the land pixels in this analysis, because 
surface observations are used for the assessment of models 
performances.

3 � Results and Discussion

3.1 � Classification of the CMIP5 Models

Before assessing the climate change signals, it is important 
to examine the performance of individual models over a 
particular region. If the models cannot reasonably simulate 
the historical and present climate conditions, how much we 
can trust the future climate projections (Zhao et al. 2015; 
Watterson et al. 2013). We, therefore, first accessed the 
CMIP5 models performance over the peninsula against the 
surface observations for the present climate and grouped 
them into three main categories (Table 2).

3.1.1 � Assessment of Simulated Temperature in the Present 
Climate

To assess the best-performing CMIP5 models suitable 
for temperature simulation over the peninsula, bias, 
NRMSE, StE, r, and patterns of simulated temperature 
for each model involved in this study are analyzed (see 
Table 1). The models with bias, NRMSE, and StE (r) 
values close to the observations are the candidates for 
well-performing models. The models with biases (pat-
tern) within ± 1σ (observation ± 0.5σ) are considered for 
the second and third categories. Here, “σ” represents the 
multimodel standard deviation. The simulated temperature 
bias with respect to the surface observation indicates that 
18 (12) models fall within (out of) bias ± 1σ (Fig. 1a). 
The bias is small (within ± 0.3 ℃) in six models (namely 
MPI-ESM-MR, BCC-CSM1.1  M, CMCC-CMS, MPI-
ESM-LR, BNU-ESM, and CanESM2), while it is large 
(larger than ± 3 ℃) for seven models (namely NMCM4, 
IPSL-CM5A-LR, IPSL-CM5B-LR, ACCESS1-3, MRI-
CGCM3, EC-EARTH, and IPSL-CM5A-MR). The 18 

models simulating bias within ± 1σ are considered as the 
best-performing models (CT, 2nd column in Table 2). The 
bias below average (from all 30 models) indicates that 15 
models are best-performing candidates in the simulation 
of temperature (Fig. 1b). Hence, these 15 CMIP5 models 
are the best-performing candidates (CT, 3rd column in 
Table 2). Figure 1b also infers that 18 models are the best-
performing candidates in NRMS analysis; however, some 
of them differ for bias analyses (4th column in Table 2). 
The StE analysis indicates that 19 models are the best-per-
forming candidates (Fig. 1c). Again, common and uncom-
mon models with other statistical measures are found (5th 
column, Table 2). Figure 1c indicates that there are 12 
models for which the correlation is below the multimodel 
mean (6th column in Table 2). Taking the pattern within 
observation ± 0.5σ (because all model patterns fall within 
observation ± 1σ) and at least common three statistical 
measures out of four (bias, Average_bias NRMSE, StE, 
and r), the temperature models are selected. There are 15 
models with patterns within observation ± 0.5σ (CT, 7th 
column in Table 2) out of which 14 are the temperature 
selected models (T, 8th column in Table 2).

3.1.2 � Assessment of Simulated Precipitation in the Present 
Climate

The 30 CMIP5 models are assessed to identify the best-
performing models in the simulation of precipitation the 
peninsula based on statistical measures bias, NRMSE, 
StE, r, and patterns. The model precipitation bias with 
respect to the surface observation indicates that 26 (4) 
models fall within (out of) bias ± 1σ (Fig. 2a), where “σ” 
represents the multimodel standard deviation. The bias 
is small (within ± 1 mm/month) in 12 models (namely 
BCC-CSM1.1, ACCESS1-0, GFDL-ESM2G, IPSL-
CM5A-MR, IPSL-CM5B-LR, MIROC5, MPI-ESM-LR, 
FIO-ESM, MPI-ESM-MR, NorESM1-ME, MRI-CGCM3, 
and NorESM1-M), while it is large (larger than ± 5 mm/
month) in four models (namely IPSL-CM5A-LR, CCSM4, 
CESM1-CAM5, and EC-EARTH). The 26 CMIP5 mod-
els having bias within ± 1σ are the candidates for best-
performing models (CP, 9th column in Table 2). The bias 
below of its average indicates that 21 models are candi-
dates for best-performing in the simulation of precipita-
tion (Fig. 2b). The 21 models are the best-performing 
candidates (CP, 10th column in Table 2). Figure 2b also 
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infers that 20 models are the best-performing candidates 
in NRMSE analysis; however, all of them are common in 
bias analysis (11th column in Table 2). The StE analysis 
indicates that 24 models are the best-performing candi-
dates (Fig. 2c). Again, common and uncommon models 
with bias and NRMSE analyses are found (12th column, 
Table 2). The correlation analysis shows that 18 models 
are best-performing candidates (Fig. 2c and 13th col-
umn in Table 2). Taking the pattern within observation 
nearly ± 1σ (because exactly within observation ± 1σ is 
none) and at least common three statistical measures out of 
five (bias, average_bias, NRMSE, StE, and r), the precipi-
tation models are selected. There are 13 models showing 
patterns within observation nearly ± 1σ (CP, 14th column 
in Table 2) which are also the precipitation selected mod-
els (P, 15th column in Table 2). Results show that there 
are 20 selected models (S, 16th column in Table 2) which 
are performing well in the simulation of either temperature 
or precipitation, while eight of them are common for both 
parameters (S*, 16th column in Table 2). These common 
models are called best-performing models.

3.2 � Future Precipitation Change

The climate of the Arabian Peninsula is in semi-arid and arid 
category; therefore, the amount of precipitation in the pen-
insula is low in amount. The projected future precipitation 
change in the Arabian Peninsula for three ensembles (i.e., 
AME, SME, and BSME) is shown in Fig. 3 and Fig. 4 for 
the emission scenario RCP4.5 and RCP8.5, respectively. For 
both scenarios, the projected precipitation change is high-
est (lowest) for the BME (AME), while for the SME, it lies 
between these two extremes. For all three ensembles, the 
future precipitation shows a reduction (enhancement) over 
the northwestern (southern) part of the Arabian Peninsula. 
In the case of AME, there is a small spatial area where the 
sign of change agrees for more than 66% of the contributing 
models. This spatial area increases for the SME and BME. 
Although, the precipitation change for AME, SME, and 
BSME shows a nearly similar spatial pattern, the magnitude 
of change varies widely between the three set of ensembles. 

In the case of RCP4.5 scenario, the AME reveals future pre-
cipitation change that lies between − 30 and + 35% for both 
the near future and far future periods (Fig. 3a, b). The SME 
also shows a similar precipitation change (− 30 to + 35%) 
for both the near future and far future periods. However, the 
spatial area coverage in this case slightly differs from the 
AME case (Fig. 3c, d). In the case of BME (Fig. 3e, f), the 
projected precipitation shows a higher change ranging from 
− 30 to 70% for the near future (2021–2050) and − 30 to 
more than 100% for the far future (2070–2099) period. It is 
interesting that the spatial area covered with positive precipi-
tation change has increased in size for the BME compared 
to the AME and SME.

In the case of RCP8.5 emission scenario (Fig.  4), a 
larger part of the peninsula shows positive change in future 
precipitation with reference to the present climate for all 
three ensembles. The spatial pattern of the change in future 
precipitation under RCP8.5 is nearly similar to that shown 
in case of RCP4.5 (Fig. 3); however, the projections show 
more positive change in precipitation under the RCP8.5 in 
all three ensembles cases compared to the RCP4.5. Again, 
under RCP8.5, the precipitation change is larger in the BME 
compared to AME and SME. Using CMIP3 models ensem-
bles, Almazroui et al. (2016) showed that the precipitation 
in future climate over the Peninsula enhances (reduces) for 
the southern and adjacent southeastern (northwestern) areas. 
In the present study, the projected changes based on three 
multimodel ensembles (i.e., AME, SME, and BME) show 
that a larger part of the peninsula will receive surplus pre-
cipitation in the 21st century.

Figure 5 shows the changes in annual mean precipita-
tion over the peninsula as compared to the present climate 
(1976–2005). The annual mean precipitation reveals strong 
inter-annual variability for both RCPs (Fig. 5). The inter-
annual variability is larger for the BME compared to AME 
and SME. This is simply because the number of models in 
the BME is smaller and the variations in the individual mod-
els are, therefore, not completely cancelled out. On average, 
the AME revealed a significantly (99% level, Mann–Kendall 
trend test) rising trends in precipitation over the Arabian 
Peninsula [0.17% (19.9%)/100 year for the RCP4.5 (RCP8.5) 
scenario]. For SME and BME, these values are 1.82% 
(27.5%)/100 year and 13.7% (62.5%)/100 year, respectively 
(Table 3).

We also examined the change in future precipitation 
over the northern (25°N–33°N; 36°E–52°E) and southern 
(13°N–25°N; 40°E–60°E) Arabian Peninsula (Fig. 6). In this 
case, we first computed change in the precipitation over each 

Fig. 3   Simulated future changes in precipitation (%) for RCP4.5 sce-
narios over the Arabian Peninsula by AME, SME, and BME for near 
future (2021–2050, left panel) and far future (2070–2099, right panel) 
with reference to the present climate (1976–2005). The regions where 
at least 66% of CMIP5 models agree on sign of change are indicated 
by the dotted areas

◂
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Fig. 4   Same as Fig. 3 except the future changes are for RCP8.5 scenario
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grid cell within the analysis domain. We then constructed 
a sample consisting of change values from each grid cell. 
For both RCPs, the BME shows larger spatial area showing 
positive change in precipitation over both the northern and 
southern Arabian Peninsula in the near future and far future 
periods. This is evident from the widening of the distribution 
in the BME compared to the AME and SME. The increase 
in spatial area with positive precipitation change in the BME 
might be associated with increase in precipitation extremes 
over this region. Further studies are needed to examine this 
issue in detail.

3.3 � Future Temperature Change

The Arabian Peninsula has relatively high annual mean tem-
perature. The gradual rise in temperature is noticed over the 
peninsula using average from all models during the 21st cen-
tury (e.g., Almazroui et al. 2017a, b). Figures 7 and 8 show 
the future changes in temperature as compared to the present 
climate (1976–2005) over the Arabian Peninsula for three 
multimodel ensemble means (i.e., AME, SME, and BME) 
under two emission scenarios RCP4.5 and RCP8.5. The spa-
tial pattern of the projected temperature over the peninsula 
resembles to those obtained by Almazroui et al. (2017a). 
In the case of RCP4.5, the BME shows more increase in 
the future temperature as compared to the AME and SME 
(Fig. 7). In all three ensembles, the projected temperature 
shows larger changes towards the end of the 21st century. 
The AME reveals a spatial change in temperature over the 
Arabian Peninsula that varies from 1 to 1.8 ℃ (2 to 2.8 ℃) 
in the near future (far future) period. Similarly, SME shows 
a spatial change in temperature between 1 and 1.8 ℃ (2.2 to 
3 ℃), while the BME shows a temperature change between 
1 and 1.8 ℃ (2.2 to 3.2 ℃) in the near future (far future) 
periods.

For the RCP8.5 emission scenario, the changes in pro-
jected temperature are higher than the changes in RCP4.5 

Fig. 5   a Simulated annual mean precipitation anomalies (%) averaged 
over the Arabian Peninsula, relative to 1976–2005 for RCP4.5 (blue) 
and RCP8.5 (red) scenarios from the AME (solid line) with  ±  one 
inter-model standard deviation (color shading). The  ±  one standard 
deviation for RCP4.5 and RCP8.5 scenarios are shown by light sky 
blue and violet red colors. b, c same as (a) except showing changes 
for SME and BME

Table 3   Simulated Temperature and Precipitation trends AME, SME, and BME over the Arabian Peninsula during 21st century. The trends in 
temperature are significant at 99% confidence level based on Mann–Kendall trend test

Temperature trend (℃/100 year) Precipitation trend (%/100 year)

AME SME BME AME SME BME
RCP4.5 2.29 2.63 2.59 0.17 1.82 13.7
RCP8.5 5.53 6.07 6.04 19.9 27.5 62.5
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(Fig. 8). The AME reveals future temperature increase over 
the Arabian Peninsula that varies spatially from 1 to 2 ℃ (3.4  
to 5 ℃) in the near future (far future) period. Similarly, SME 
reveal a temperature change that varies spatially from 1 to 
2.4 ℃ (3.4 to 5.2 ℃), while the BME shows a temperature 
change from 1 to 2.4 ℃ (3.4 to 5.8 ℃) over the Arabian 

Peninsula for near future (far future) period. For both RCPs, 
the projected future temperature shows larger change over 
the central part of the Arabian Peninsula in all three ensem-
bles. Furthermore, the projected temperature changes over 
the Arabian Peninsula are more pronounced in the BME as 
compared to the AME and SME.

Fig. 6   Future precipitation changes in the northern (a, b) and south-
ern (c, d) Arabian Peninsula. The solid, dashed, and dotted lines show 
future changes for AME, SME, and BME. The green and blue colors 

show the change for RCP 4.5 and RCP8.5 scenario, respectively. The 
left (right) panels show future changes for mid-century (end-century) 
periods
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Over the peninsula, a continuous increase in tempera-
ture is shown by the multimodel ensembles AME, SME, 
and BME during the 21st century for both RCP4.5 and 8.5 
scenarios (Fig. 9). In all three cases, the projected tem-
perature under the two scenarios reveals small difference 
in the early half of the 21st century. The gradual rise in 
temperature is noticed with the integration of time. Moreo-
ver, the projected temperature shows small changes for the 
RCP4.5 scenario as compared to the RCP8.5 during the full 
integration period. On average, the AME reveals that tem-
perature over the Arabian Peninsula will increase by 2.28 
(5.53) ℃/100 year for the RCP4.5 (RCP8.5) scenario. For 
SME and BME, these values are 2.63 (6.07) ℃/100 year and 
2.59 (6.04) ℃/100 year, respectively (Table 3). The above 
trends in temperature are significant (99% level, Mann–Ken-
dall trend test).

The change in future temperature over the northern 
(25°N–33°N; 36°E–52°E) and southern (13°N–25oN; 
40oE–60oE) Arabian Peninsula are also examined (Fig. 10). 
In case of both RCP4.5 and RCP8.5 emission scenarios in 
the near future (2021–2050) and far feature (2070–2099) 
periods, the three ensembles show positive change in tem-
perature over both northern and southern Arabian Peninsula. 
For both RCPs, the difference between AME, SME, and 
BME is marginal in the near future (2021–2050), relative to 
the present climate (1976–2005) (Figs. 7, 8, 10). However, 
the difference in temperature is larger in the far future period 
as compared to the present climate. In the future climate, the 
BME shows larger increase in temperature in the northern 
and southern areas of the peninsula as compared to the AME 
and SME. This is especially evident in case of high RCP8.5 
scenario. The results of AME resembles to a previous study 
by Almzroui et al. (2017a).

3.4 � Uncertainties Associated with Future 
Projections of Precipitation and Temperature

To examine the uncertainties related to the future projec-
tions revealed by three different categories of multimodel 
ensembles presented above (i.e., AME, SME, and BME) 
is one of the aims of this study. Although the multimodel 
ensemble-based projections are not free from uncertainties, 

the policy makers are generally interested in climate pro-
jection for long-term planning. The mean precipitation 
with ± one standard deviation (STD) and inter-model range 
for the AME, SME, and BME is shown in Figs. 5 and 11b. 
As precipitation is highly variable over the Arabian Penin-
sula and the annual precipitation amount is very low, the 
uncertainties associated with precipitation are larger during 
both near future and far future periods (Fig. 9b). The BME 
shows enhanced future mean precipitation over the penin-
sula compared to the AME and SME (Fig. 9b). For the near 
future period, the differences in the uncertainties associated 
with precipitation projections for the three ensembles are 
marginal (Fig. 9b). During the period near future, the mean 
of the annual precipitation is supposed to be increased by 
9.68 ± 20% (8.27 ± 36%), 11.86 ± 20% (8.42 ± 26%), and 
21.62 ± 20% (13.31 ± 20%) for the AME, SME, and BME, 
under RCP4.5 (RCP8.5) scenario, respectively, relative to 
the present climate (1976–2005). The inter-model ranges 
from − 13 to 116% (− 33 to 79%), − 13 to 116% (− 21 
to 79%), and − 12 to 116% (− 13 to 79%) for the AME, 
SME, and BME under RCP4.5 (RCP8.5), respectively, rela-
tive to the present climate. During the far future, the mean 
of the annual precipitation is supposed to be increased by 
8.27 ± 20% (27.34 ± 50%), 12.57 ± 40% (30.18 ± 55%), 
and 25.96 ± 30% (45.19 ± 50%) for the AME, SME, and 
BME, under RCP4.5 (RCP8.5) scenario, respectively. The 
inter-model ranges from − 33 to 145% (− 30 to 200%), − 33 
to 145% (− 30 to 200%), and − 8 to 145% (− 5 to 200%) for 
the AME, SME, and BME under RCP4.5 (RCP8.5), respec-
tively (Fig. 9b). The uncertainties associated with precipita-
tion projections increase with integration of time towards the 
end of 21st century. Furthermore, the difference between the 
RCP4.5 and RCP8.5 emission scenario-based precipitation 
projections is larger towards the end of 21st century.

The mean temperature change with ± one standard devia-
tion (STD) and inter-model range for the AME, SME, and 
BME are shown in Figs. 9 and 11a. In all cases, the tempera-
ture increases continuously from 2006 under the RCP4.5 and 
RCP8.5 emission scenarios, however, largest warming under 
RCP8.5 towards the end of 21st century (Fig. 9).

The ± one STD and inter-model range show smaller 
spread in case of BME (Figs. 9c, 11a) compared to the 
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AME and SME (Figs. 9a, b, 11a). The two emission sce-
narios show increase in uncertainty with the increase in 
time. During the near future, the mean of the annual tem-
perature is supposed to be increased by 1.47 ± 0.35 ℃ 
(1.77 ± 0.35 ℃), 1.55 ± 0.31 ℃ (1.83 ± 0.33 ℃), and 
1.55 ± 0.25 ℃ (1.88 ± 0.27 ℃) for the AME, SME, and 
BME, under RCP4.5 (RCP8.5) scenario, respectively. The 
inter-model ranges from 0.58 to 2.08 ℃ (0.92 to 2.55 ℃), 
0.96 to 2.08 ℃ (1.37 to 2.55 ℃), and 1.19 to 1.99 ℃ (1.55 
to 2.35 ℃) for the AME, SME, and BME under RCP4.5 
(RCP8.5), respectively. During the far future, the annual 
mean temperature is projected to increase by 2.51 ± 0.72 ℃ 
(4.87 ± 0.86 ℃), 2.59 ± 0.80 ℃ (5.04 ± 0.79 ℃), and 
2.79 ± 0.30 ℃ (5.26 ± 0.32 ℃) for the AME, SME, and 
BME, under RCP4.5 (RCP8.5) scenario, respectively. The 
inter-model ranges from 1.10 to 3.69 ℃ (3.49 to 6.34 ℃), 
1.10 to 3.69 ℃ (3.76 to 6.34 ℃), and 2.11 to 3.22 ℃ (4.36 to 
5.95 ℃) for the AME, SME, and BME under RCP4.5 
(RCP8.5), respectively. The above results indicate that the 
model spread and uncertainties range associated with tem-
perature projections is reduced remarkably in the case of 
BME as compared to the AME and SME (Figs. 9, 11a). 
The results further suggest that selected models may provide 
more reasonable projections that can be used with relatively 
high confidence for future policy planning purposes.

4 � Summary and Conclusions

This current study examined the changes in precipitation 
and temperature and their corresponding uncertainties over 
the Arabian Peninsula in the 21st century under RCP4.5 
and RCP8.5 emission scenarios using three different mul-
timodel ensembles from CMIP5 data set. Analyzing the 

performance of each model for the present climate, the 
CMIP5 models are categorized into three groups. The 
three groups are (i) all CMIP5 models ensemble (AME), 
(ii) selected CMIP5 models ensemble (SME), and (iii) 
best-performing CMIP5 models ensemble (BME).

In the 21st century, the projections show positive 
change in precipitation over most parts of the peninsula 
with respect to the present climate (1976–2005). The pro-
jected precipitation pattern over the Arabian Peninsula 
shows a marginal difference between AME, SME, and 
BME in the near future (2021–2050) period. However, 
the difference between the three ensemble projected mean 
precipitation increases with the advancement of time. For 
the peninsula, the BME shows a large positive change 
in future precipitation compared to AME and SME. For 
the far future, the annual precipitation in supposed to be 
increased by 8.27 ± 20% (27.34 ± 50%), 12.57 ± 40% 
(30.18 ± 55%), and 25.96 ± 30% (45.19 ± 50%) for the 
AME, SME, and BME, under RCP4.5 (RCP8.5) scenario, 
respectively. In this period, the associated inter-model 
range for AME, SME, and BME under RCP4.5 (RCP8.5) 
is − 33 to 145% (− 30 to 200%), − 33 to 145% (− 30 to 
200%), and − 8 to 145% (− 5 to 200%), respectively. The 
projected precipitation shows large inter-annual variability 
over the Arabian Peninsula in all three multimodel ensem-
bles. The uncertainties in projected precipitation over the 
Arabian Peninsula are larger and seem less sensitive to 
the emission scenarios as compared to the temperature 
projections. The previous studies (e.g., Hawkins and Sut-
ton 2009) showed that the precipitation is either not or 
less sensitive to the emission scenarios than temperature. 
In all three multimodel ensembles, the northwestern part 
of the Arabian Peninsula will receive less precipitation in 
the future relative to the present climate. The northwestern 
part of the Arabian Peninsula mainly receives precipitation 
from the western disturbances that originate in the North 
Atlantic Ocean and the Mediterranean Sea and travel to 
the East (Almazroui and Awad 2016). The CMIP5 models 
show a poleward shift of the mid-latitude jet by 1.1° over 
the North Atlantic by the end of 21st century (Barnes and 
Polvani 2013). The northward shift in the upper-level jet 

Fig. 7   Simulated future changes in temperature (units:℃) for RCP4.5 
scenarios over the Arabian Peninsula by AME, SME, and BME for 
near future (2021–2050, left panel) and far future (2070–2099, right 
panel) with reference to the present climate (1976–2005). The regions 
where at least 66% of CMIP5 models agree on sign of change are 
indicated by the dotted areas

◂
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Fig. 8   Same as Fig. 7 except for the future changes are for RCP8.5 scenario
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may be associated with a reduction in the precipitation by 
influencing the number of cyclonic systems (Almazroui 
and Awad 2016) reaching the northwestern part of the 
Arabian Peninsula.

On the other hand, the southern part of the Peninsula 
is projected to receive enhanced future precipitation. The 
southern and eastern parts of the peninsula are influenced 
mainly by the convection associated with the variation of 
inter-tropical convergence zone and the South Asian mon-
soon flow that also intrudes into the southern and east-
ern parts of the peninsula. This could be associated with 
enhanced southwesterly monsoon flow in the CMIP5 models 
projections (Menon et al. 2013). The CMIP5 models also 
simulate cold bias in sea surface temperature (SST) over 
the north Arabian Sea (Levine et al. 2013). This cold bias 
is associated with enhanced low-level moist flow into the 
Arabian Peninsula (clearly visible in the figures of Levine 
et al. 2013). It is not yet clear that to what extent the Arabian 
Sea cold SST bias contributes to the enhancement of future 
precipitation in the southeastern and southern areas of the 
peninsula. Further studies are, therefore, needed to explore 
this issue in detail.

The multimodel ensembles AME, SME, and BME 
show a gradual rise in over the peninsula in temperature 
in the future climate. The uncertainties associated with 
the projected temperature are remarkably reduced in the 
case of BME. The BME also shows robust amplification 
in the future mean temperature compared to the AME and 
SME. For the far future, the temperature is supposed to be 
raised by 2.51 ± 0.72 ℃ (4.87 ± 0.86 ℃), 2.59 ± 0.80 ℃ 
(5.04 ± 0.79 ℃), and 2.79 ± 0.30 ℃ (5.26 ± 0.32 ℃), com-
pared to the present climate (1976–2005) for the AME, 
SME, and BME, under RCP4.5 (RCP8.5) scenario, respec-
tively. The inter-model range for AME, SME, and BME 
under RCP4.5 (RCP8.5) is 1.10 to 3.69 ℃ (3.49 to 6.34 ℃), 
1.10 to 3.69 ℃ (3.76 to 6.34 ℃), and 2.11 to 3.22 ℃ (4.36 to 
5.95 ℃), respectively.

Fig. 9   a Simulated annual mean temperature anomalies (unit: ℃) 
averaged over the Arabian Peninsula, relative to 1976–2005 for 
RCP4.5 (blue) and RCP8.5 (red) scenarios from the AME (solid line) 
with ± one inter-model standard deviation (color shading). The ± one 
standard deviation for RCP4.5 and RCP8.5 scenarios is shown by 
light sky blue and violet red colors. b, c same as (a) except showing 
changes for SME and BME
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It is to be noted that the future climate projections based 
on the multimodel ensembles are not free from uncertain-
ties. The progress in climate modeling in terms of narrowing 
uncertainties is too limited, although the CMIP5 models are 
improved compared to the previous generation, with repre-
sentation of more processes in greater detail. This implies 
great confidence in their projections and the uncertainties 
should not stop decisions being made (Knutti and Sedlacek 

2012). The current results demonstrate that selected CMIP5 
model over a particular region may reduce the uncertainties 
associated with climate projections. The results presented 
in this study provides more reliable future temperature and 
precipitation estimates with a reduced uncertainty range, 
that can be used for climate change adaptation measures 
including impact studies and long-term planning in the Ara-
bian Peninsula.

Fig. 10   Simulated mean temperature for present day and future peri-
ods over northern (a, b) and southern (c, d) Arabian Peninsula. The 
solid, dashed, and dotted green (red) lines shows simulated tempera-
ture for three model ensembles AME, SME, and BME for the future 

periods 2021–2050 and 2070–2099 under RCP4.5 (RCP8.5) scenar-
ios. The black, green and red colors indicate the temperature for pre-
sent day, future RCP4.5, and future RCP8.5 climates over the Arabian 
Peninsula
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