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Abstract. The Middle East and North Africa (MENA) is the dustiest region, in the world and understanding the projected 

changes in the dust concentrations in the region is crucially important. Stratospheric aerosol injection (SAI) 15 

geoengineering aims to reduce global warming, by increasing the reflection of a small amount of the incoming solar 

radiation to space, and hence reducing the global surface temperatures. Using the output from the Geoengineering Large 

Ensemble Project (GLENS) project, we show a reduction in the dust concentration in the MENA region under both global 

warming (RCP8.5) and GLENS-SAI scenarios compared to the present-day climate. This reduction in dust over the whole 

MENA region is stronger under the SAI scenario, except over dust hotspots and for the dry season. In other words, in the 20 

summer with the strongest dust events, more reduction has been projected for the global warming scenario compared with 

the SAI scenario. The maximum reduction of the dust concentrations in the MENA region (under both the global warming 

and SAI) is due to the weakening of the dust hotspots emissions from the sources of the Middle East. Further analysis of 

the differences in the surface temperature, soil water, precipitation, leaf area index, and near surface wind speed provides 

some insights into the underlying physical mechanisms that determine the changes in the future dust concentrations in the 25 

MENA region. Detailed correlation analysis over dust hotspots indicates that lower future dust concentrations are 

controlled by lower wind speed and higher precipitation in these regions, under both RCP8.5 and SAI scenarios.  

1 Introduction 

Dust aerosols have a great potential to influence the Earth’s climate system (Alpert et al., 1998; Middleton et al., 2017; 

Wang et al., 2017; Kok et al., 2018), including directly scattering of short-wave radiation, absorption of long-wave 30 

radiation (Dufresne et al., 2002; Albani et al., 2014; Mahowald et al., 2014; Kok et al., 2017), and indirectly changing 
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cloud properties and precipitation rates through aerosol-cloud interaction (Atkinson et al., 2013; Sagoo et al., 2017). 

Furthermore, dust deposition in different environments (particularly on ice and snow) may affect the surface albedo 

(Krinner et al., 2006; Painter et al., 2013; Albani et al., 2018; Sarangi et al., 2020). Mineral dust may also be transported 

a long distance and affects areas apart from the emission source, such as the biogeochemistry of the oceans, and hence 35 

induces feedbacks within the climate system (Jickells et al., 2005; Cao et al., 2005; Gasso et al., 2010; Wang et al., 2017; 

Kok et al., 2018). The dust storms can further influence the human health, agriculture, and transport sectors, particularly 

in the arid and semi-arid regions (Alboghdady et al., 2016; Sternberg et al., 2017). In the Northern Hemisphere (NH), the 

Middle East and North Africa (MENA) regions, including Sahara and the Middle East, are important sources for the dust 

emission. The MENA region is part of the NH “dust belt”, which extends from North Africa to East Asia which is evident 40 

from satellite observations (Ginoux et al., 2012). Generally, the MENA region is dry with a weak and scattered vegetation 

coverage, partially because it is away from the storm-track regions and cannot receive humidity transferred from source 

regions (Karami et al., 2019). The MENA region also accounts for the dustiest region in the world (i.e., northern Chad) 

and the largest warm desert (Sahara) (Giles et al., 2005). Therefore, it is essential to understand dust concentration changes 

in this region under different future climate scenarios. 45 

Previous research using different methods and approaches indicates great uncertainty in determining the future changes 

of the global dustiness. As an example, Tegen et al. (2004) using HADCM3 and ECHAM4 models with IS92a IPCC 

scenario demonstrated that future dust emissions may increase or decrease. Woodward et al. (2005) using the HadAM3 

AGCM model with the IS92a scenario, indicated an increase in the future global dust emissions, while Mahowald et al. 

(2003) suggested a 20–60% reduction in future dust emissions under six scenarios using the Climate System Model (CSM) 50 

1.0 model from the National Center of Atmospheric Research. Under Representative Concentration Pathway (RCP8.5) 

scenario and using regional climate model (RegCM4.0) (Giorgi et al. 2012), regional predictions over West Africa 

projected an increase in mineral dust with significant increase over Sahel and Sahara in the warm season (Ji et al., 2015). 

Liu et al., (2019) projected a reduction in the dust events over Northern China under RCP8.5 scenario using the fifth 

Climate Models Intercomparison Project (CMIP5). The incorporated dust emission, transport, and both dry and wet 55 

depositions (collectively called the dust cycle) are incorporated into climate models and Earth system models which 

greatly differ in dust emission schemes, vegetation cover for dust emission (either prescribed or prognostic) and 

assumptions about dust sizes (Wu et al., 2020). While most models have the skill to generate the general patterns of global 

dust distribution (Liu et al, 2012; Huneeus et al, 2011), however large uncertainties still exist in the simulated global dust 

budgets estimated by the model results (Huneeus et al., 2011; Textor et al., 2006) which impede the interpretation of the 60 

evolution of dust storms under future climate projections (Boucher et al, 2013; Yue et al., 2010). For example, the recent 

study of Wu et al (2020) analysed 15 models which participated in the CMIP5 project and compared them with an aerosol 

reanalysis as well as station observations and concluded that while the models generally agree with each other as well as 

observations in producing the NH dust belt, the models greatly differ in the spatial extent of the dust belt and have large 

biases in dust deposition regions for some models.  65 
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Slow progresses in decoupling anthropogenic emissions from economic growth and negative emission technologies are 

the main reasons for continuation of the increase in the global atmospheric greenhouse gas concentration (Fuss et al., 

2014; Rozenberg et al., 2015; Sanderson et al., 2016). Moreover, previous research indicates that the current pledges to 

reduce greenhouse gas emissions would not be sufficient to limit temperature rise beyond 1.5-2°C (compared to the pre-

industrial period) (Millar et al., 2017; Pasztor and Turner., 2018). Geoengineering is considered as the third pillar of 70 

climate change policy (alongside mitigation and adaptation efforts) to compensate for anthropogenic warming (e.g., Nurse, 

2011; Macnaghten and Szerszynski., 2013), and Stratospheric Aerosol Injection (SAI) geoengineering is one of the most 

discussed strategies. In other words, SAI is an interim measure to offset warmings while the emissions are reduced. Among 

various geoengineering approaches, SAI has received a particular attention for mainly two reasons a) volcano eruptions 

may serve as a natural analogy for this strategy, and b) all modelling studies show an efficient global cooling effect with 75 

the SAI strategy (e.g., Caldeira and Matthews, 2007; Robock et al., 2008; McClellan et al., 2010; Tilmes et al., 2018; 

Simpson et al., 2019; Visioni et al., 2020). Climate models may simulate SAI by injecting sulfate aerosols or their precursor 

(sulfur dioxide, SO2) into the stratosphere, which reflects some of the incoming sunlight back to space (Crutzen, 2006; 

Rasch, 2008). Other types of aerosols are also being investigated, e.g., the sensitivity of the chemistry-climate models to 

injection of H2SO4 instead of SO2 have been investigated (Keith et al., 2019; Vattioni et al., 2020). 80 

There are many unknowns regarding the SAI and its modelling, particularly its potential side effects on regional and local 

scales. While some of the debates is focused on the technical, financial, and even political feasibility of such climate 

intervention scenarios, the lack of knowledge on the potential impacts, including dust concentration change, of such 

interventions in local scale is still a main cause for concern (Karami et al., 2020). Therefore, there is an immediate need 

for knowledge on the dust concentrations response to the possible future climate change scenarios in the MENA region. 85 

This might assist to inform the local governments and public of the potential impacts of such climate intervention 

scenarios. Here, we use the data generated by the Geoengineering Large Ensemble Project (GLENS) project (Tilmes et 

al., 2018) to (1) examine the future changes of dust concentration in the MENA region under RCP8.5 and SAI, and (2) 

demonstrate the dust relationship with hydro-climate variables of temperature, soil water, precipitation, leaf area index, 

and near surface wind. The paper is structured as follows: the method and data are presented in Section 2, the results in 90 

Section 3, the discussion in Section 4, and the conclusions are finally drawn in Section 5. 

2 Data and Methods 

In this study, we use the GLENS project output. The GLENS project investigates the impacts of SAI within the climate 

variability on the global and regional scale with large ensemble members to reach multiple temperature targets using a 

feedback algorithm (Tilmes et al., 2018). GLENS includes a 20-member ensembles of the baseline RCP8.5 scenario for 95 

the period 2010-2030, which serves as a control dataset (hereafter the present-day climate or CTL simulation). Three of 

the control simulations were continued until 2097, which serves as the baseline simulation. For each ensemble member, 
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the atmospheric state is initialized with 1 January conditions taken from different years between 2008 and 2012 

of the reference simulation and a round-off (order of 10–14 K) air temperature perturbation, while the land, sea ice, 

and ocean start from the same initial conditions for each ensemble member. In addition, there are 20 ensemble 100 

members of the SAI simulations from 2020 to 2097.  Annually varying SO2 injections were performed at four locations 

(30°N, 30°S, 15°N, and 15°S) into the stratosphere (roughly about 5 km above the tropopause) (Kravitz et al., 2017). 

Sulfur injection amounts for the GLENS simulations are shown in Tilmes et al., 2018 (BAMS paper) in Figure 2. The 

feedback control algorithm calculates the needed amount of sulfur injections per year for each of the 4 injection locations, 

as illustrated in Tilmes et al, 2018, Figure 2. To counter the warming of RCP8.5, over 50 Tg SO2 injections will be needed 105 

in total by the end of the 21st century. The amount of injection annually adjusts using a feedback-control algorithm to 

keep a) the global surface temperature, b) interhemispheric and c) equator-to-pole temperature gradients close to the year 

2020 conditions. The interhemispheric surface temperature gradient is defined in equation (1) of Kravitz et al (2017). It is 

simply the difference between the mean surface temperature in the Northern and Southern hemispheres. In the study of 

Tilmes et al (2018), the values for the interhemispheric differences for the different periods and scenarios are presented in 110 

Table 3 (T1). In the GLENS project, an updated version of the Community Earth System Model CESM Version 1 (Hurrell 

et al., 2013) with the Whole Atmosphere Community Model (WACCM) as its atmospheric component (Mills et al., 2017) 

is used. The baseline scenario is the Representative Concentration Pathway 8.5 (RCP8.5) (2010-2097). The SAI scenario 

(2020-2097) is based on the same baseline emission pathway and uses sulfur dioxide injections to keep surface 

temperatures at 2020 conditions. The model simulations are performed with horizontal resolution of 0.9° latitude by 1.25° 115 

longitude, and 70 vertical layers up to 140 km (~10–6 hPa). The three-mode version of the Modal Aerosol Module (MAM3) 

is used to simulate microphysical processes of the aerosols in the troposphere and stratosphere (Liu et al. 2012) and include 

prognostic stratospheric aerosols (Mills et al., 2016). WACCM is fully coupled with the Community Land Model, version 

4.5 (CLM4.5) (Oelson et al. 2013) as well as with other CESM1 components, are listed in the Table 1. Details of 

simulations, coupled models, and parametrization are further descripted by previous researchers (e.g., Danabasoglu et al., 120 

2012; Holland et al., 2012; Guenther et al., 2012; Marsh et al., 2013; Milles et al., 2016; Milles et al., 2017; Tilmes et al., 

2018). In the CLM model, Dust Entrainment and Deposition model (DEAD) (Zender et al., 2003) is used for atmospheric 

dust mobilization scheme (Mahowald et al. 2006; Oleson et al., 2013). Based on the DEAD, the total vertical mass flux 

of dust (Fj) from the ground into transport bin j is computed by 

𝐹𝑗 = 𝑇𝑆𝑓𝑚𝛼𝑄𝑠 ∑ 𝑀𝑖.𝑗

𝐼

𝑖=1

                                                                                                                                                                         (1) 125 

where T is a global factor, S the source erodibility factor, 𝑓𝑚 grid cell fraction of exposed bare soil suitable for dust 

mobilization, α sandblasting mass efficiency, 𝑄𝑠the total horizontally saltating mass flux of “large” particles, and 𝑀𝑖,𝑗 the 

mass fraction of each source mode i carried in each of J = 4 transport bins j. 
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The value of 𝑓𝑚 factor and ability of dust to mobilize are highly decreased by increasing the total water content (including 

lake, wetlands, and soil moisture) as well as the fraction of vegetation cover in each grid cell (Oelsen et al., 2013), based 130 

on 𝑓𝑚 = (1 − 𝑓𝑙𝑎𝑘𝑒 − 𝑓𝑤𝑒𝑡𝑙)(1 − 𝑓𝑠𝑛𝑜)(1 − 𝑓𝑣)𝑤𝑙𝑖𝑞,1 (𝑤𝑙𝑖𝑞,1 + 𝑤𝑖𝑐𝑒,1)⁄  where 𝑓𝑙𝑎𝑘𝑒 , 𝑓𝑤𝑒𝑡𝑙 , 𝑓𝑠𝑛𝑜  and 𝑓𝑣  are the grid cell 

fractions of lake, wetland, snow cover, and vegetation cover, respectively. 𝑤𝑙𝑖𝑞,1 and 𝑤𝑖𝑐𝑒,1 represent the top soil layer 

liquid water and ice contents, respectively. In practice, soil moisture controls the threshold wind friction speed for saltation. 

Further, the total horizontally saltating mass flux (𝑄𝑠) is related to the third power of the wind speed; thus, any changes in 

wind speed could affect the dust emissions (Tegen and Fung, 1994; Tegen et al., 2002; Zender et al., 2003; Oelsen et al., 135 

2013) with a positive correlation. Previous studies also show that a higher vegetation coverage leads to smaller dust 

emissions as the vegetation coverage can trap soil moisture through its roots and shade and also reduce soil erosion by 

reducing wind friction (Hillel et al., 1982; Raupach et al., 1994; Nicholson et al., 1998; Zender et al., 2003). In other 

words, the total Leaf area index (TLAI) have a negative correlation with dust emissions and subsequently with atmospheric 

dust which is also depicted in the result section. The dust model also consists of removing mineral dust from the 140 

atmosphere, including dry deposition and wet deposition. Wet deposition removes dust aerosols through in-cloud and 

below-cloud precipitation process (Albani et al., 2014; Zender et al., 2003). In practice, precipitation has a negative 

correlation with atmospheric dust concentration, as discussed below. Although the temperature does not directly contribute 

to the dust flux equation in the CLM model, increasing the temperature leads to lower soil moisture (Seneviratne et al., 

2010) and a higher possibility for dust emission. For more details about parametrizations and calculations, the readers are 145 

encouraged to see (Zender et al., 2003, and Oelsen et al., 2013). 

From the model outputs, we derived all available columnar dust burden dataset (ranging from 0.058 µm to 3.65 µm) by 

the summation of the mean monthly values of the accumulation mode (particle size from 0.058 to 0.27 µm) and the coarse 

mode (particle size from 0.8 to 3.65 µm). The geographical focus of the current study’s latitude and longitude is 15 °N to 

45 °N and 20 °W to 62.5 °E (hereafter referred to as the MENA region). Figure 1 shows the population density map over 150 

the MENA region (available from the Socioeconomic Data and Applications Center (SEDECA) a data center in the 

National Aeronautics and Space Administration (NASA) (https://sedac.ciesin.columbia.edu/). We further focus on the 

Middle East region (20 °N to 45 °N and 45 °E to 62.5 °E) since it has a higher population and is sensitive to changes in 

the dust events, as discussed in the introduction. Furthermore, we focus over the regions with higher dust concentrations 

as dust hotspots. Here, we use the regional and temporal averaged monthly surface temperature, near surface wind speed, 155 

precipitation, soil water, and total leaf area index between 2010 to 2097 to investigate the possible changes in the dust 

concentrations. The dust concentration is controlled by above-mentioned variables. Here, we calculated the differences 

between CTL, RCP8.5 and SAI simulations to identify the important factors that influence the temporal and spatial 

changes of the dust concentration under the above-mentioned scenarios. In this study, all available ensemble members of 

the GLENS project are used to represent the present-day climate or CTL (2010-2029 period), the global warming climate 160 

or RCP8.5 (2078-2097 period), and the future climate under GLENS-SAI (2078-2097 period) simulations. Table 2 

https://sedac.ciesin.columbia.edu/)
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represents the different simulations, acronyms, number of ensemble members, and period of the analyses used in this 

study. We also carried out the t-test with (99.9% confidence level) to determine whether the differences between RCP8.5, 

SAI, and CTL simulations are significant. In all contour plots, regions with a confidence level of more than 99.9% are 

indicated with hatch lines (i.e., differences in these regions are significant). In this study, the independent t-test analysis 165 

has been used for comparing the statistical difference between scenarios for considered parameters. T-test analysis is a 

statistical test that is used to determine the statistically significant difference. Depending on the confidence level, the 

obtained t-value can be lower or higher than the statistical analysis threshold (t-value). If the t-value is lower than the 

critical value, there is no statistically significant difference between samples, and if it is higher than the critical value there 

is a statistically significant difference between them. The t-value depends on the means and variabilities of the two datasets 170 

(i.e., means, variances, and the number of samples in different scenarios). In this investigation, the t-test is performed for 

20 years (60 months for seasonal and 240 months for annual difference). The t-test formula is given in equation 1, where 

X1 and X2 are the means, S1
2 and S2

2 are the variances and n1 and n2 are the number of samples,  

𝑡 − 𝑣𝑎𝑙𝑢𝑒 =
|𝑋1
̅̅ ̅ − 𝑋2

̅̅ ̅|

√
𝑆1

2

𝑛1
+ 

𝑆2
2

𝑛2

                                                                                                                                                                         (2) 

For more detail about statistical analysis reader, the readers are encouraged to see (Miller. J. N. and Miller. J. C., 1998). 175 

Furthermore, the spatial average of annual time series over dust hotspots are used to visualize the annual trends by the end 

of this century. 

 

We also calculate the correlation coefficient of dust with other considered parameters for all grids (i.e., cells with a 

horizontal resolution of 0.9° latitude by 1.25° longitude) over the MEAN region, for both RCP8.5 and SAI scenarios. 180 

Moreover, the spatial average of annual time series over dust hotspots are used to calculate the correlation coefficients of 

atmospheric dust concentration with surface temperature, near-surface wind speed, total leaf area index, precipitation, and 

soil water for both RCP8.5 (2010-2097) and SAI (2020-2099) scenarios and are listed in Table 3.  

3 Result 

3.1 Atmospheric Dust Concentrations change under Different Scenarios 185 

Fig. 2a shows the seasonal cycle of monthly regional mean values. The dust reduction in the MENA region for both the 

SAI and RCP8.5 scenarios (compared to the CTL simulation) is stronger during the spring and summer seasons (i.e., about 

15%). Fig. 2b shows the annual mean trends of dust concentrations across the MENA region for RCP8.5 (2010-2097), 

and SAI (2020-2099). This figure displays that dust mass concentrations tend to decrease in MENA under both the global 

warming and SAI scenarios by the end of this century, and under SAI scenario, dust mass concentration reduction is about 190 
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5% stronger than that in RCP8.5. The climatology of columnar dust mass concentration over the MENA region is derived 

from all twenty ensembles for the control simulation from 2010 to 2029 (Fig. 2c), which suggests that there are five sub-

regions in the MENA region with the highest dust concentrations: Northwest Africa (R1), North Africa (R2), Northeast 

Africa (R3), Southwest of the Iranian plateau (R4) and Northeast of Iranian plateau (R5). Figures 2d and 2e show the 

meridional and zonal mean annual dust concentration for the CTL, RCP8.5, and SAI scenarios, which are averaged over 195 

the whole MENA region, respectively. Overall, in Fig. 2e, the highest dust concentrations (up to 37 μg/m3) are found 

across North-eastern Africa (i.e., 30-32 °E) and Middle East (i.e., 48-62.5 °E) while in Fig. 2d, the lower latitudes of 15-

20 °N (i.e., Northern Africa) have the highest dust (up to 30 μg/m3). Notably, these high dust concentrations coincide with 

the five major dust hotspots of R1 to R5 (Fig. 2c) where among them, R5 is the largest and strongest. Figure 2c shows 

only a portion of the R5 region while the R5 in combination with R4 constitutes a major dust source for the Middle East. 200 

The seasonal mean values of dust concentration under both the SAI and RCP8.5 scenarios are shown for the MENA region 

(Fig 2f). Figure 2f illustrates that summer and, to a lesser extent, spring have higher dust concentrations than autumn and 

winter seasons under both the SAI and RCP8.5 scenarios across the whole MENA region.  

Fig. 3a-o show seasonal and annual changes of dust mass concentration mean value in the MENA region under different 

climate scenarios. The differences are represented by the percent of change relative to the maximum number of the annual 205 

dust concentration in the MENA region (𝐷𝑈𝑆𝑇𝑀𝐴𝑋 = 185.75 (𝜇𝑔/𝑚3)) in the current climate (CTL). The dashed line 

contours show dust hotspots (R1 to R5) in the current climate and the regions with hatch line indicates the regions where 

the changes are more than 99.9% significant level based on the student’s t-test analysis. The reduction for the SAI scenario 

is generally larger than that for the RCP8.5 (Fig. 2b and Fig. 3o), although 5-15 % reduction is found in each dry season 

under the RCP8.5 scenario compared SAI scenario (Fig. 3g, h and i). The detailed analysis suggests that the maximum 210 

reduction of the dust concentrations in the MENA region (in both the global warming and SAI scenarios) mostly results 

from the weakening of the dust concentration in the Middle East, rather than from the North Africa (Fig. 3d, e, g and h).  

3.2 Candidate Variables Change under Different Scenarios 

In the following, we determine the contributions from climate changes to dust concentration under different scenarios over 

the entire MENA region. The annual mean temperature responses to the different scenarios are shown in Fig 4a-c. As 215 

expected, in the whole MENA region, surface temperature increases 20-30 % (4.5-6.5 °C) under the high emission scenario 

(RCP8.5), while under the SAI scenario, there is no statistically significant changes (Fig. 4), (as also shown in Kravitz et 

al., 2017; Tilmes et al., 2018; MacMartin et al., 2019). Furthermore, the annual mean surface temperature with its standard 

deviation (indicated by the shaded envelope) for RCP8.5 and SAI scenarios are shown in Fig. 4d from 2010 to 2099. 

RCP8.5 shows strong temperature increasing, while SAI successfully maintain the average temperature as the level of 220 

CTL.  

Figure 5 shows the spatiotemporal anomalies of TLAI for the different scenarios of CTL, RCP8.5, and SAI. The Leaf area 

index (LAI) is a quantity to characterize the plant canopies (e.g., the aboveground portion of trees, crops, etc.). LAI is a 
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dimensionless quantity and is defined with, 𝐿𝐴𝐼 = 𝑜𝑛𝑒 − 𝑠𝑖𝑑𝑒𝑑 𝑙𝑒𝑎𝑓 𝑎𝑟𝑒𝑎 (𝑚2)  𝑔𝑟𝑜𝑢𝑛𝑑 𝑎𝑟𝑒𝑎 (𝑚2)⁄ . The TLAI under 

the RCP8.5 scenario shows 5-30 % reduction compared to the CTL across the different area of MENA region, except the 225 

region between the Mediterranean and Caspian Seas (Fig. 5a, d, g and j). The percent of change has calculated relative to 

maximum number of the TLAI in the current climate (𝑇𝐿𝐴𝐼𝑀𝐴𝑋 = 7.34). Seasonal cycle plots of TLAI over the whole 

MENA region (Fig. 5p) show that the TLAI slightly increases during the winter and spring seasons up to 20% (i.e., mostly 

wet seasons) for RCP8.5 scenario. This increase in the monthly TLAI, despite the decrease in TLAI over the large 

geographical coverage of the MENA region, reveals that the averaged-TLAI is determined by the values from the Northern 230 

MENA region. Over the summer and autumn, there are no statistically significant changes in the mean value of TLAI 

under the RCP8.5 scenario (Fig. 5p). On the contrary, under the SAI scenario compared to the CTL, the TLAI shows a 

20-35 % increase both spatially and temporally (Fig. 5b, e, h, k, p and q). The mean annual TLAI time series with its 

standard deviation (indicated by the shaded envelope) (Fig. 5q and r) also confirm these results where TLAI has a positive 

trend under the SAI scenario while it has no change under the RCP8.5. Figure 5r reveals the annual number of the grid 235 

cell in the studied region with a TLAI of larger than 0.3 for both SAI and RCP8.5 scenarios. This number is a threshold 

in the dust module for dust emission. Although Figure. 5r indicates almost 15 % increase in TLAI under SAI simulations, 

and approximately no change in TLAI under RCP8.5, the shaded envelope depicted the standard deviation of different 

ensemble members. 

The 10-meter wind speed responses to different scenarios are shown in Figure 6. In general, the wind speed tends to 240 

decrease under the global warming (RCP8.5) scenario compared to CTL across the whole region (Fig. 6p and q). Despite 

this reduction across the whole region, during summer there is an increase in the wind speed (up to 20%) under global 

warming compared to the CTL across 15-30°N, containing the two major dust hotspots of R1 and R3 (Fig. 6g).  SAI also 

shows reductions in the wind speed compared to the CTL during all the seasons, notably in the Middle East with two 

major dust hotspots, it shows a 5 to 20 % reduction (Fig. 6b, e, h, k, n). Figure 6q further shows that the wind speed with 245 

its standard deviation for both the SAI and RCP8.5 scenarios are reduced compared to the CTL, and under SAI this 

reduction is gradually stronger than RCP8.5 starting from 2050. Fig. 6p show that the decrease in the wind speed under 

the SAI scenario is larger than that from the global warming scenario over the whole MENA region. Figure 6r shows the 

annual mean of the near surface wind for all scenarios for different latitude. Furthermore, it is evident that the regions with 

higher latitudes (>32oN) are indicated by a reduction in their wind speed under both RCP8.5 and SAI compared to CTL 250 

(Fig. 6r).  

Figure 7 displays the spatiotemporal differences between the CTL precipitation and those obtained from the RCP8.5 and 

SAI scenarios. The results suggest that under the RCP8.5 scenario compared to CTL, the precipitation increases across 

the North Africa up to 25% (relative to maximum precipitation of CTL scenario in the MENA region 

(𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑀𝐴𝑋 = 4.70 𝑚𝑚/𝑑𝑎𝑦)), in summer and fall seasons (Fig 7g and j). Under SAI simulation compared to 255 

the CTL, the Middle East receives a 10 to 25% higher precipitation in winter and spring seasons (Fig. 7b and e). 

Comparison of the precipitation changes between SAI and RCP8.5 simulations reveals that during the spring season, there 
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is about 20% enhancement in the precipitation under the SAI simulation compared to the RCP8.5 in parts of the Middle 

East region (Fig. 7f). The box plot and monthly mean values of the precipitation from different scenarios (Fig. 7p) show 

that under the RCP8.5 scenario (compared to the CTL), precipitation is projected to almost a 20% increase during the 260 

summer season, and under the SAI scenario (compared to the CTL), this region would experience 5 to 25% more 

precipitation during the spring and summer. The time series of the annual mean precipitation with their standard deviation 

(indicated by the shaded region) is presented in Fig. 7q. It suggests that the mean annual precipitation across the whole 

MENA region has little significant differences under the SAI and RCP8.5 scenarios by the end of this century. 

Furthermore, Fig. 7r shows that the increased precipitation rate for the RCP8.5 and SAI scenarios are about 25% higher 265 

compared to CTL over the Middle East.  

The temporal and spatial differences in the top 10 cm soil water for different scenarios are shown in Fig. 8. In general, 

Fig. 8a, d, g, j, and m depict an increase in the soil water over the North Africa and a decrease across the Middle East 

under the RCP8.5 scenario (compared to the CTL). On the contrary, under the SAI simulation (compared to RCP8.5), the 

soil water demonstrates a decrease (i.e., about 30%) over the North Africa and up to 30% increase across the Middle East 270 

(particularly during the spring season). Figures 8p and 8q show the box plot with monthly mean values and annual trends 

with standard deviation of the soil water for different scenarios. In the wet seasons (winter and spring), the soil water for 

the RCP8.5 is 5% lower than the CTL, while the SAI simulation shows up to 5% higher values of soil water compared to 

the CTL (Fig. 8p). Furthermore, Fig 8q shows that a moderate positive trend and slightly negative trend of the annual 

mean value exists in the soil water under the SAI and RCP scenario, respectively, for whole MENA region. 275 

3.3 Correlation of Atmospheric Dust Concentrations with Candidate Variables 

Finally, to find the most efficient factors for reducing columnar dust concentration over hotspots, we calculated the 

correlation coefficient of dust with other considered parameters for all grids (i.e., cells with a horizontal resolution of 0.9° 

latitude by 1.25° longitude) over the MEAN region (Fig. 9). The positive and negative correlations are depicted as a 

contour plot for both RCP8.5 (2010-2097) (Fig. 9, left column) and SAI (2020-2099) (Fig. 9, right column). The detrended 280 

annual mean time series is used to calculate the correlation coefficient between dust concentration with other considered 

parameters. Moreover, the statistical analysis performed on the time series, and regions with a confidence level of more 

than 99.5% are shown with hatch-line in Fig 9. In Fig. 9a and Fig. 9b, the correlation between dust and wind speed is 

presented, and positive correlations (i.e., +0.7) are shown over the dust hotspots. The correlation of dust concentration 

precipitation (Fig. 9c and d) and with soil water (Fig. 9e and f) show negative mean values (i.e., up to -0.35) for the R4 285 

region.  Furthermore, negative correlations (i.e., 0.1 to -0.3) between dust and TLAI can be seen for some parts of hotspots 

in both scenarios (Fig. 9g and h). The correlations between dust and surface temperature are depicted in Fig. 9i and j. 

Moreover, the spatially averaged correlation coefficients between dust and considered parameters for five dust hotspots 

over the MEAN region and under both RCP8.5 and SAI scenarios are calculated using detrended annual mean time series 

and listed in Table. 3. In this table, the most important variables for each region are highlighted by italic bold font. According 290 
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to this table, for all dust hotspots (i.e., R1 to R5), the wind speed is the main parameter that affects dust concentration 

change under both RCP8.5 and SAI scenarios. It seems that the increase in precipitation under both RCP8.5 and SAI 

scenarios is the other important factor that could affect the reduction of dust concentration in the R5 region. 

Moreover, to explore the annual trends of parameters over the dust hotspots, and to compare the annual mean values of 

different variables, we depicted the regional annual mean of considered parameters under both RCP8.5 and SAI scenarios 295 

over different hotspots regions (Fig. 10). Figure 10, indicates that the reduction of dust concentration for R4 (i.e., about 

15%) and R5 (i.e., about 20%) under both RCP8.5 and SAI scenarios have been modeled (Fig. 10a4 and a5). Although, 

the dust concentration over the R2 hotspot has no considerable change by the end of the century for RCP8.5, an 

approximately 20% reduction is projected for the SAI scenario over the R2 hotspot (Fig. 10a2). Corresponding to the 

reduction (i.e., about 15%) of dust in R4 region (Fig. 10a4) under both RCP8.5 and SAI scenarios, an increase (i.e., about 300 

50%) in precipitation (Fig. 10c4) and a decrease (i.e., about 5% for RCP8.5) in wind speed (Fig. 10b4) are seen. Detailed 

analysis of annual trends for the R5 region indicates that the reduction of dust concentration in this region (i.e., about 20%) 

would be affected by the decrease (i.e., about 5%) in wind speed and the considerable increase (i.e., about 50%) in leaf 

area index under both RCP8.5 and SAI scenarios (Fig. 10a5, b5, and e5). 

Figure 11 included error bars for monthly mean values of all considered parameters for R4 and R5 regions, and shows a 305 

reduction of dust concentration between the control and the two future scenarios (up to 25%) for R4 and (up to 35%) for 

R5 regions in spring to fall (Fig. 11a and b). Differences between RCP.85 and SAI are however not statistically significant. 

The monthly mean values with error bars of all considered parameters for R1, R2 and R3 regions are also shown in Fig 

S1. It seems that the reduction of dust concentration over the R4 region (Fig. 11a) has affected by the lower wind speed 

(Fig. 11c), and higher precipitation (Fig. 11d) and leaf area index (Fig. 11j) under both RCP8.5 and SAI scenarios. 310 

Furthermore, the reduction of the monthly mean value of dust concentration over the R5 region (Fig. 11b) could be a result 

of the decrease in wind speed (Fig. 11d) and increase in leaf area index (Fig 11j). The results of Fig. 10 and Fig. 11, are 

in good agreement with the results and correlation coefficients in Table 3. 

4 Discussion 

Based on the CTL simulation, the regions that are highlighted with the dashed-lined contour in Fig 2c (i.e., R1, R2, R3, 315 

R4 and R5) are introduced as hotspots of the columnar dust concentration over the MENA region, and this is in agreement 

with the global-scale atmospheric dust sources determined by previous studies (e.g., Prospero et al, 2002; Ginoux et al., 

2012; Middleton 2017). The Saharan desert as the largest warm desert in the world encompasses R1, R2 and R3. Notably, 

R3 is consistent with the Bodélé Depression in Northern Chad, as the region of highest dust concentrations in the world 

(Giles et al., 2005). Region R4 also covers some part of Iraq and Iran and this region accounts for one of the important 320 

sources of dust emissions in the Middle East region (Prospero et al., 2002; WMO and UNEP, 2013; Cao et al., 2015). 

Finally, the Central Asia, and the Karakum and Kyzylkum deserts are the main sources of dust storm generation (Orlovsky 
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et al., 2005), which corresponds to region R5 in Fig 2c. In general, it is found that the locations and concentrations in the 

dust hotspots regions are realistically simulated by the GLENS. The changes in the dust concentration over the Middle 

East might be considered even more important than those in the Northern Africa due to its higher population; although the 325 

future patterns of the population density may also change. Also, dust activities are more important in the area of interest 

during summertime with drier and warmer conditions (Fig 2 and 3). As our analysis reveals, the reduction of the future 

dust mass concentration over the MENA region (in both of the RCP8.5 and SAI scenarios) are mostly due to the weakening 

of the Middle East dust hotspots (Fig. 2 and 3). Moreover, the highest dust concentration of each year over the MENA 

region occurs during summertime (Fig. 2f). The reduction rate of the dust concentration is about 5-35% for the RCP8.5 330 

scenario (compared to CTL), where it is stronger from March to September, especially for the dust hotspots in the Middle-

East region (Fig. 3d, g, and j). Similarly, the dust concentration is also found to decline 5-30% under the SAI scenario 

compared to CTL over the dust hotspots in the MENA region (Fig. 3b, e, h, and k). Dust concentrations in the summer of 

the R3, R4, and R5 hotspot regions under the SAI scenario are approximately 5-15% higher than in the RCP8.5 scenario 

(Fig. 3i). 335 

As depicted in the result section, the increase in the monthly mean TLAI for the RCP8.5 and SAI scenarios (compared to 

the CTL), is mostly determined by the values of the quantity in the Northern MENA region. This increase is probably 

because of CO2 fertilization, the Northern MENA are covered with vegetation, and higher CO2 in RCP8.5 and SAI boosts 

plant growth (Ueyama et al., 2020). Fig. 5p demonstrates that the TLAI from the SAI scenario has increased up to ~0.2 

(i.e., about 30%) compared to the CTL. In the spatial maps, this increase is projected in the Northern MENA (i.e., southern 340 

Europe) with higher annual precipitation (i.e., tropical climate), which contains no dust hotspot. In the Community Land 

Model, 0.3 has been considered as a threshold of Leaf Area Index (LAI) for the dust emission, and for a region with LAI 

of less than 0.3, dust emission may be emitted (Mahowald et al., 1999; Zander et al., 2003; Mahowald et al., 2010; Kok 

et al., 2014). Overall, the total leaf area index is found to increase over the whole MENA region (Fig. 5q and p), and also 

over the R2, R4 and R5 hotspots regions with higher latitude (Fig. 10, 11, and S1) under both the RCP8.5 and SAI 345 

scenarios, whereas the increase under SAI is higher compared to the RCP8.5 scenario. Under RCP8.5, extreme heat and 

potential extreme drought will prohibit the TLAI from increasing (compared to the SAI), but under SAI, lower temperature 

will benefit some plants, and also reduce the latent heat which will increase soil water. Although, more than 100% increase 

of TLAI is projected in R4 and R5 region for both RCP8.5 and SAI scenarios (Fig. 10e4, e5, Fig. 11i and j), the TLAI 

mean values over R4 and R5 are still lower than the threshold of the dust emission in the dust generation model (i.e., 350 

𝑇𝐿𝐴𝐼𝑚𝑒𝑎𝑛 < 0.3). However, this small increase may help to decrease the dust concentrations, since based on correlation 

coefficients in Fig. 9, and Table.3, there is a negative correlation between the dust and TLAI in these regions. 

Our results show that over the whole MENA region, the wind speed is generally weaker under SAI simulation compared 

to RCP8.5 throughout the year (Fig 6p, and q). Figure 6r demonstrates that the wind speed at the higher latitudes considered 

here (>32 oN), such as the R4 and R5 dust hotspots, would decreases to a larger degree (i.e., about 5%) under both the SAI 355 

and RCP8.5 scenarios. This could be a possible reason for the larger reduction in the dust concentrations over the Middle 
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East compared to North Africa under the SAI and RCP8.5 scenarios compared to the CTL (Fig 2, 3, 10 and 11). Such 

wind change under different climate change scenarios is expected to affect the sub seasonal variability and circulation 

(Zagar et al., 2020).  

R4 dust hotspot will encounter an enhancement in the annual precipitation (i.e., about 100% and 65% under both RCP8.5 360 

and SAI simulations respectively), consistent with an increase TLAI index (i.e., more than 100% under both scenarios) 

(Fig. 10). In the other word, the R4 region, with a semiarid climate would undergo more precipitation under both RCP8.5 

and SAI scenarios (compared to the CTL), which is an important factor on how the dust concentration is determined. In 

detail, for longitudes > 40 oE (i.e., in the vicinity of R4 and R5), the precipitation differences between the RCP8.5 and 

SAI with CTL scenarios is about 20-50 mm/year (Fig. 7r). This means that mentioned region receives 20-50% more 365 

precipitation in the future climate and this is a considerable amount for this semiarid region.  

Based on the above analysis, dust emission physically reduces with cooler temperatures, weaker winds, and wetter climates 

through increasing precipitation and soil water and, in turn, denser and broader vegetation coverage. As explained using 

Eq. (1), the ability of dust to mobilize highly reduces with greater total water content (Oelsen et al., 2013). The results 

demonstrate that the dust concentrations in the dust hotspots are substantially affected by wind speed and precipitation 370 

more than other parameters. Nonetheless, there are some limitations associated with the present work. First, the GLENS 

project is based on only one model and a specific SAI injection scenario and applied injection strategy. We suggest to also 

consider other model results in future studies to reduce the possible uncertainties associated with just using a single one. 

Moreover, neither the current study nor the GLENS project suggests the SAI as an alternative way for the emission 

reductions and mitigation efforts. We also point out that the results presented in the current study should not be used as an 375 

indication for the real-world large-scale deployment of aerosols in the atmosphere.  

5 Conclusions 

This study projects the changes in atmospheric dust mass concentrations in the MENA region under the Stratospheric 

Aerosol Injection (SAI) and high emission global warming (RCP8.5) scenarios compared to the current climate (CTL). 

Our results show that the future dust mass concentration would be reduced by up to 35% under both the RCP8.5 and SAI 380 

scenarios compared to the CTL, in the different areas of the MENA region. Although this reduction is slightly stronger 

for the SAI simulations compared to RCP8.5 over the whole MENA region. However, a more detailed analysis of regions 

in the vicinity of dust hotspots in the summer of northeast Africa (R3) and the Middle East (R4 and R5), shows 5-15% 

more dust concentration under the SAI scenario compared to RCP8.5. Under the SAI simulations, the more densely 

populated Middle East area would encounter more dust concentration (i.e., about 5-15%) than under the RCP8.5 scenario 385 

after 2060, but still, fewer (i.e., about 5-30%) dust concentration would occur compared to the present day. We further 

conclude that, over the coming 80 years, the dust mass concentration generally decreases under the both RCP8.5 and SAI 

scenarios with an increase in the precipitation, soil water, and leaf area index, and a decrease in 10m wind speed over the 
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MENA region, particularly across the Middle East, and also over the dust hotspots, the near surface wind speed and 

precipitation have the most impact on this reduction. 390 
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Table 1. Component of the ECSM1 used in GLENS project 

Component Version Reference 

Atmosphere WACCM Marsh et al. (2013), Mills et al. (2017) 

Aerosol MAM3 Liu et al. (2012), Mills et al., 2016 

Land CLM4.5 Oleson et al. (2013) 

 

 

 605 

 

Table 2. Number of ensembles for each simulation 

Simulation Acronym Period Number of Ensembles 

current climate simulation CTL 2010 – 2029 20 

future climate simulation RCP 2078 – 2097 3 

feedback simulation SAI 2078 – 2097 20 
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Table 3. The correlation coefficient of dust with considered parameters for all dust hotspots over the MEAN region. The 

most important variables for each region highlighted by italic bold font. The correlation coefficients are calculated using 

detrended annual mean time series resulting from the average of all ensemble members, and spatially averaged over 

the corresponding dust hotspot region. 

 615 

 

 

 

Figure 1: Population density in the MENA region [(SEDECA: https://sedac.ciesin.columbia.edu/).].  

 620 

 
RCP8.5 Scenario (2020-2097)  SAI Scenario (2020-2099) 

R1 R2 R3 R4 R5  R1 R2 R3 R4 R5  

Wind Speed 0.70 0.64 0.66 0.37 0.27  0.70 0.50 0.71 0.39 0.35  

Precipitation -0.31 -0.15 -0.18 -0.35 -0.28  -0.24 -0.23 -0.13 -0.34 -0.27  

Soil Water -0.10 -0.18 -0.04 -0.24 -0.16  -0.04 -0.29 0.06 -0.26 -0.26  

Leaf Are Index -0.10 -0.18 -0.02 -0.01 -0.16  -0.25 -0.31 -0.04 -0.01 -0.14  

Surface Temperature -0.36 0.22 -0.24 -0.13 -0.03  -0.11 0.08 -0.16 -0.10 -0.03  

https://sedac.ciesin.columbia.edu/)
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Figure 2: The monthly (a) and annual (b) mean values of the dust concentration for different scenarios, The box plots in (a) are 

depicted with the median (horizontal line), the 25–75 percentile (box), the 5–95 percentile (horizontal line), and outlier data 

(circle), and the shaded region in (b) indicated the standard deviation of all available ensemble members. c) Climatology of dust 

concentration of RCP8.5 (2010-2029), mean values are calculated for all available ensemble member in the GLENS dataset. In 625 
(c), black dash-line contours show the dust concentration hotspots. Mean values over different latitude (d) and different 

longitude (e) of annual dust concentration and their standard deviation in the MENA region of CTL (2010-2029), RCP8.5 and 

SAI (2010-2029). f) The seasonal mean dust concentration in the MENA region under SAI and RCP8.5 simulations. 
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 630 

Figure 3: (a-o) Seasonal and annual percent of changes of dust mass concentration mean value in the MENA region under 

different climate scenarios. All available ensemble members of the GLENS project are used to calculate mean value of dust 

concentration for CTL (2010-2029), RCP8.5 (2078-2097) and SAI (2078-2097). The dashed line contours show dust hotspots and 

the regions with hatch line shows student’s t-test analysis with 99.9% significance level. The percent of changes has been 

calculated relative to the maximum value of dust concentration in the CTL scenario over the whole MENA region (i.e., 185.75 635 
𝝁𝒈/𝒎𝟑). 
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Figure 4: Annual changes of surface temperature mean value in the MENA region under different climate scenarios (a - c). All 640 
available ensemble members of the GLENS project are used to calculate mean value of surface temperature for CTL (2010-

2029), RCP8.5 (2078-2097) and SAI (2078-2097). The percentage of change has been calculated relative to the current climate 

(CTL scenario). The dashed line contours show dust hotspots and the regions without hatch line shows student’s t-test analysis 

with 99.9% significance level. d) The annual mean values of the surface temperature for different scenarios are shown, shaded 

envelope in (d) show standard deviation of annual surface temperature for RCP8.5 and SAI scenarios. 645 
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Figure 5: The same as Fig 3 but for the total leaf area index (TLAI) differences (TLAI is a unitless parameter). The percent of 

changes for total leaf area index has been calculated relative to the maximum value of TLAI in the CTL scenario over the whole 

MENA region (𝑻𝑳𝑨𝑰𝑴𝑨𝑿 = 𝟕. 𝟑𝟑). The monthly mean values of the TLAI for different scenarios (p). The box plots in (p) are 650 
depicted with the median (horizontal line), the 25–75 percentile (box), the 5–95 percentile (horizontal line), and outlier data 

(circle). Fig. 6q shows the annual mean value with its standard deviation (indicated by the shaded region) of TLAI for different 

scenarios. r) The time series of the annual mean total leaf area index higher than 0.3 (that is considered as minimum threshold 

for the dust emission) in the MENA region.   
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 655 

 

 

Figure 6: The same as Fig 5 but for the wind speed differences. The percentage of change has been calculated relative to the 

current climate (CTL scenario). r) is mean value of annual wind speed over different latitude with its standard deviation for 

MENA region.  660 
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Figure 7: The same as Fig 5 but for the precipitation. The percent of changes for precipitation has been calculated relative to 

the maximum value of precipitation in the CTL scenario over the whole MENA region (𝑷𝒓𝒆𝒄𝒊𝒑𝒊𝒕𝒂𝒕𝒊𝒐𝒏𝑴𝑨𝑿= 4.70 (mm/day)).  

r) Is mean value of annual precipitation over different longitude with its standard deviation for MENA region. 665 
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Figure 8: The same as Fig 5 but for the top 10 cm soil water. The percentage of change has been calculated relative to the current 670 

climate (CTL scenario). 
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Figure 9: the correlation coefficient of dust with other considered parameters for RCP8.5 (left column) and for SAI (right 675 
column) for all grids (i.e., cells with a horizontal resolution of 0.9° latitude by 1.25° longitude) over the MEAN region. The 

correlation is calculated using the detrended annual mean time series of all grids. The dashed line contours show dust hotspots 

(R1 to R5) regions. Furthermore, the regions without hatch line show statistically significance region with 99.5% confidence 

level. 

 680 
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Figure 10: The annual mean values of the considered parameters for RCP8.5 and SAI scenarios. Different columns (i.e., columns 

1 to 5) indicates the dust hotspots region R1 to R5, respectively, and different rows depicted the annual mean trends for different 685 
parameters with their standard deviation for all ensemble members. 
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Figure 11: The multi monthly mean values of the considered parameters with percentile values as error bars for R4 dust hotspot 

(left column) and R5 dust hotspot (right column), for different scenarios. The box plots are depicted with the median (horizontal 690 
line), the 25–75 percentile (box), the 5–95 percentile (horizontal line), and outlier data (circle). 


