
Responses to Reviewer 1 
 
This paper shows the dust and non-dust aerosol components over the Middle East that are 
available from two reanalysis products, MERRA-2 and CAMS, and WRF-Chem model 
simulations. It first compares the 10-m wind speed among the products, then compares AOD 
and size distributions with remove-sensing data (such as MODIS MAIAC and AERONET) and 
PM2.5/PM10 concentrations with ground-based measurements. With the results from 
WRF-Chem simulations and reanalysis products, the aerosol composition of PM2.5 and PM10 
is presented and days of PM above the reulatory standard are estimated.  
 
I found this paper is interesting in the sense that an evaluation of model and reanalysis 
products is specifically performed for the Middle East region with, albeit limited, remote sensing 
and ground-based measurements, and the seasonal and annual levels of PM are presented. I 
however have quite some comments regarding the presentation and understanding of the 
products used in the paper, and recommend substantial revision before accepting for 
publication on ACP. I believe that the revision is not difficult to deal with although it could be 
extensive.  
 
We thank the reviewer for the valuable comments. Despite poor air quality, the Middle East has 
very sparse air quality observations. So it is essential to thoroughly test the modeling tools. 
This is the first attempt to reconcile observation, models, and reanalysis products in this region.  
 
All references supporting our response are placed at the end of the text. The reviewer's 
questions are in black. Our answers are in blue. 
 

 
For the presentation style in general:  
- Abstract should contain only one paragraph with acronyms spelled out (e.g., ME).  
- Introduction section is too long  
- should be more concise and more relevant to the point of the study. It is not a literature 
review.  
- Conclusion section is also too long and unfocused. It has 14 paragraphs! It should be 
consolidated with key points summarized and highlighted, not list everything you have done.  
 
We agree and have revised the abstract, introduction, and conclusions sections accordingly. 
 
Aerosol composition: there are no data to evaluate the models. The surface measurement data 
are for PM, not chemical species. Besides, the models do not include nitrate and ammonium, 
and it seems they don’t have the chemical mechanisms for producing secondary organic 
aerosols. Therefore, the chemical composition from the model omits some important 
components. The problem should be acknowledged at least. Is there any reference for the 
aerosol composition in the region?  
 
In-situ air quality observations in the Middle east are scarce. It is one of the known problems for 
air quality research in this area. The things are simplified a bit by the fact that in the ME dust 
dominates aerosol pollution. E.g., Calipso records dust in 95% of profiles (Osipov et al., 2015). 
The effect of nitrates, ammonia, and organics on AOD and PMs is insignificant in comparison 
with dust therefore the employed chemical scheme ​(​GOCART-RACM​)​ is adequate.  
 
To support this conclusion, we have conducted a laboratory analysis of the chemical 
composition of soil and dust deposition samples  that show a little presence of organics and 
ammonium (Prakash et al. 2016; Engelbrecht et al., 2017). According to (Engelbrecht et al., 



2017) in 2015 the annual average weight percentages of soluble ions of ammonium (NH4) and 
sulfate (SO4) in deposition samples taken at four sites at the  KAUST campus are 0.05% and 
2.513%, respectively. It means that available ammonium may neutralize at maximum 5% of 
sulfate mass. The actual contribution of ammonium sulfate should be lower, as some 
ammonium may also be bound as ammonium nitrate, ammonium phosphate, or ammonium 
chloride. We have added this explanation to the revised text (see Sec 4.1, last paragraph). 

 
Reanalysis products: It should be pointed out that the reanalysis products from MERRA-2 and 
CAMS-OA are the reanalysis of AOD, not the mass concentrations of individual aerosol 
species. The mass of individual aerosol specie is adjusted mostly proportionally according to 
the differences between the AOD from native model simulation and after the assimilation of 
satellite data. Also, in general, a better understanding of the reanalysis products and other 
products is needed.  
 
We are aware of the reanalysis machinery and mentioned in the original text on p. 4, line 88: 
“​They improve the aerosol total column loadings through the assimilation of observed AOD but 
are not capable of assimilating the aerosol vertical structure and chemical composition.”  ​The 
representatives of both MERRA-2 and CAMS development teams are co-authors on this paper.  

 
Comparisons with data: The comparison with AERONET AOD is not an independent evaluation 
of WRF-Chem and MERRA-2, because the WRF-Chem is “tuned” to match AERONET AOD 
and MERRA-2 assimilates AERONET AOD. This evaluation should be properly addressed.  
 
This is partially correct. All satellite retrievals use AERONET observations for calibration. 
MERRA-2 assimilates AERONET AOD, but CAMS-OA does not. In WRF-Chem, we tuned to 
the annual average AOD to fit AERONET observations. We did not tune the temporal 
correlations between the model and AERONET data, just the mean bias. In this sense, the 
correlation coefficient, which is about (0.62-0.85), between WRF-Chem and AERONET AOD 
provides an independent evaluation of the WTF-Chem performance (see Table 4). We clarified 
this issue in the text (Sec. 5.2.2, last paragraph). 

 
Also, for the AOD comparisons with both AERONET and satellite data, it is not clear if the 
comparisons were done under the same spatial and temporal conditions (e.g., models are 
sampled under clear-sky only condition or all-sky, if model and data are temporally matched). 
 
The model, reanalysis, and observations are temporarily matched. It was mentioned in the 
original text (p. 17, line 364): “​Because AERONET conducts observations only during the 
daylight time, we interpolated WRF-Chem, MERRA-2, CAMS-OA AODs to the AERONET 
measurements times and then conducted time averaging to make simulated and observed 
AODs consistent.” 

 
To me, a major conclusion is that the PM2.5 concentrations over the Middle East (at least at 
the places the study was examined) almost never below the WHO standard because of the 
dominance of dust in PM2.5 which cannot or very hard to mitigate. Even if all anthropogenic 
emissions are shut down, the air quality in the Middle East will not improve. What is the 
implication for that? How to improve the air quality in the Middle East under such 
circumstance? This problem should be discussed.  
 
WHO provides the guidelines, not air quality standards, that are subject to the national 
regulations. Yes, one of the important implications of this study is that anthropogenic pollutants 
in the cities are coming on top of the high aerosol background maintained by natural dust 
aerosols. This puts stricter requirements on anthropogenic pollution control. The effect of 



natural pollution could be alleviated by using specific architectural planning, increasing in-city 
vegetation cover, and providing air quality forecasts to alarm the population about hazardous 
air quality. Our work is well in line with these ideas. The text is extended to include this 
discussion in page 32, in the conclusion section. 
 
Specific comments:  
Page 1, line 4: Spell out “ME”.  
 
Fixed 
 
Page 2, line 26: “mass budget” – it should be “emission budget”.  
 
Fixed 
 
Page 2, line 55-56: AVHRR was not designed to measure column aerosol properties. It was 
designed to observe clouds, surface temperature, and vegetation but later was expanded to 
retrieve aerosols over the ocean. 
 
This sentence was removed due to the reorganization of the introduction section. 
 
Page 3, line 57: Change “CALIOPE” to “CALIOP”.  
 
Fixed 
 
Page 4, line 92: “we improve the latest. . .emission. . .” does not sound appropriate. You just 
use the new SO2 emission data set. What is the spatial resolution of the new SO2 emission 
data set from Liu et al. 2018? Does it match the WRF-Chem spatial resolution? Do you have to 
do “downscaling” or interpolation?  
 
It is not precisely correct. We added ship emissions to OMI-HTAP and implemented (and 
improved in comparison what was there) this dataset in WRF-Chem. We modified the text to 
make it sound more appropriate (Sec. 4.1, 2nd paragraph). We also added a reference to our 
recently published paper, where this emission dataset has been used. The dataset is built 
initially on a 0.10 ​0​x 0.10 ​0​ grid, and we conservatively interpolated the emissions on WRF-Chem 
10 km x 10 km grid. 
 
Page 6, line 123: Which wavelength is your chosen reference wavelength? What the 
wavelengths pair you used to calculate the Angstrom Exponent? Or did you use the Angstrom 
Exponent provided by AERONET? 
 
We now mention (Sec. 2.1, after formula 1) in the text that we use the Angstrom exponent from 
AERONET that is provided for the  440-675 nm waveband. 
 
Page 7, line 167-168: “MERRA-2 assimilates AOD at 550 nm from the AVHRR over the 
oceans”: This was done before the MODIS observations. MERRA-2 assimilates the MODIS 
AOD over the oceans since 2000. 
 
This is correct. As explained in Table 2 from  (Randles et al., 2017), since 2000 MERRA-2 
assimilates MODIS and MISR data (over land and ocean) on the Terra satellite which has an 
equatorial overpass at 10:30 am UTC, while AVHRR has mostly orbited with the afternoon 
equatorial crossing time.  Therefore MERRA-2 continued using AVHRR data over the ocean 
until 2002 when the Aqua satellite was launched. Since Aqua has an orbit with the equator 



overpass at 2:30 pm, AVHRR data was no longer needed for coverage. This information was 
added to the revised paper (see Sec. 3.1). 

 
Page 7, line 169: “specially processed MODIS observations. . .”: What product is that? Any 
references for such “non-standard” product?  
 
Randles et al. (2017) in section 3 (subsection d) gives details on the aerosol observing system 
used in MERRA-2 for assimilation, including bias correction (see Sec. 3.1). 

 
Page 7, line 184: “CAMS-OA assimilates MODIS observations”: Be more specific on what 
MODIS product(s) it assimilates. 
  
CAMS-OA assimilates MODIS AQUA  and  TERRA AODs. It uses  observations from 
Collection 5 since 20090901, and Deep Blue since 20150902. The clarification is added to the 
revised text (Sec. 3.2, last 2 sentences). 

 
Page 8, line 200: “wavelengths larger than 450 km”???  
 
We nudge only long waves. The text is corrected to read: “We only nudge waves with 
wavelengths longer than 450 km.” (Sec 4, 2nd paragraph). 
 
Page 9, section 4.1: SO2 is oxidized to form sulfate aerosol. It is described that gas phase 
SO2+OH reaction is done with the RACM, but it is not clear how the heterogeneous reactions 
are treated. Such description should be added.  
 
Oxidation of SO2 into sulfate is calculated within the GOCART aerosol module. Calculation of 
OH and other chemical reactions is done within RACM. There are no heterogeneous reactions 
in the RACM chemical mechanism, only gas-phase chemistry. The reference to (Stockwell et 
al., 1997) is in the original text. We clarified this point (Sec 4.1, 1st paragraph). 
 
Page 9, line 234: “the first bin appears to be very poorly populated”: Why? The small particles 
should be transported by the winds more easily than the larger particles. Explain.  
 
This discussion is related to sea salt. The sea salt droplets are relatively large and there is little 
mass accumulated in the first bin, therefore it is relatively unimportant. The text was corrected 
in a few places to clarify this issue. 
 
Page 10, line 260-261: What was the error that you are correcting? Simply saying it was 
corrected because it was incorrectly calculated does not help the readers/users.  
 
We have corrected three essential drawbacks in the code. These corrections have been tested 
and implemented in the official WRF-Chem release v4.1.3 (released on Nov 25, 2019). In the 
text, we provided a brief description of each of them (see Sec. 4.2). We also submitted a paper 
to GMD, where the effect of those errors has been quantified. ​Firstly, we show that the 
diagnostic output of PM2.5 surface concentration was underestimated by 7% and PM10 was 
overestimated by 5%. Secondly, we demonstrate that the contribution of sub-micron dust 
particles was underestimated in the calculation of optical properties and thus, AOD was 
consequently underestimated by 25-30%. Thirdly, we show that an inconsistency in the 
process of gravitational settling led to the overestimation of the dust column loadings by 4-6%, 
PM10 surface concentrations by 2-4%, and the rate of dust gravitational settling by 5-10%. 
 
 



Page 10, section 4.2: I don’t think the bug-fix needs to be described in a devoted section. It can 
be summarized in a few sentences in the model description.  
 
Sorry, we prefer to present this information in a separate section. 

 
Page 12, Figure 3 caption: change “for” to “from”.  
  
Fixed 
 
Page 11-13, section 5.1: Why not compare soil moisture and precipitation, since you mentioned 
on page 11 that dust emission and deposition are sensitive to the soil moisture and 
precipitation.  
 
The ME, and especially the Arabian Peninsula, where primary dust sources are concentrated, 
are arid regions. Winds are the primary driver of dust generation there. The precipitation is 
sporadic, and soil moisture is always low. A comparison of soil moisture and precipitation could 
be essential in other regions of the world.  
 
Page 14, line 321: What is “the lower atmospheric layer”? i.e., what is the altitude range the 
dust is emitted into? Or is it emitted into the lowest atmospheric layer? Please clarify 

 
In the model, dust is emitted in the lowest model layer, but here we discuss the physical process in the 
real atmosphere. Saltation injects dust particles at about 0.1 m height (Martin and Kok, 2017).  Dust is 
mixed up by turbulence in the near-surface atmospheric layer. It is a well-known process, and we do 
not mean giving here extra details. 

 
Page 14, line 324-325: “But because. . .” this sentence has been said in the WRF-Chem 
description section. It does not belong here anyway.  
 
We agree. This sentence is removed. 
 
Page 14, line 328-329: “WRF-Chem underestimated. . .” What is the evidence for that? Is there 
any reference or from your own simulation describing that problem? This contradicts the 
findings by Kok et al. that global models overestimate the fine mode aerosols but 
underestimate the coarse mode aerosols.  

 
Please see Figure 4 and explanations therein. Kok (2011) found that the models overestimate 
the emission of a fine dust mode, and Adebiyi and Kok. (2020) suggested that the models 
underestimate the mass of the coarse (with radius r > 2.5 um) dust mode in the atmosphere 
almost four times, because of too fast removal processes. The argument is not entirely valid for 
the dust source regions like the Middle East where deposition, which Adebiyi and Kok. (2020) 
blame for too-quick removal of coarse dust from the atmosphere, does not have enough time to 
do this.  Adebiyi and Kok. (2020) also analyzed dust size distribution in the near-surface layer 
where in-situ measurements are available.  
 
Here we compare the column integrated dust volume size distribution from the model with the 
column integrated aerosol volume size distribution from AERONET and find that WRF-Chem 
underestimates the volume of fine particles with 0.1 um < r < 1 um and overestimate the 
volume of particles  with 1 um < r < 2 um. We have to increase emissions in the first bin and 
decrease emissions in the second bin to correct this deficiency. The text is expanded to clarify 
this issue (Sec. 5.2.1). 
 



Strictly speaking, our new ​s​p​ settings (see the modified text in Sec. 5.2.1, last sentence of the 
2nd paragraph) are in line with  (Adebiyi and Kok., 2020), as in comparison with the default ​s​p 
set we decreased the dust mass influx fraction into two finest bins 1 and 2 (0.1 um < r < 1.8 
um) from 0.3175 to 0.25 (see explanation to the reviewer’s comment to Page 14, line 331, 
below), slightly increase the mass flux fraction from 0.2275 to 0.25 for the intermediate bin 3 
(1.8 um < r < 3 um), and increased dust mass flux fraction into two coarsest bins 4 and 5 (3 um 
< r < 10 um) from 0.455 to 0.5. We have added the new Appendix 3 to the paper to explain 
these points. 

 
Page 14, line 330: How do you know that the total emitted dust mass is overestimated, since 
there is absolutely no measurements of dust emission?  
 
We here do not mean to compare the simulated dust emissions with the absolute value of real 
dust emissions that are not measured. The measured physical quantity is AOD that in the 
model is controlled by emissions. If the model overestimates AOD, this is associated with 
overestimating dust emission (assuming we do not touch the dust removal processes). If the 
model excessively emits large particles, it generates higher dust mass flux than if it would 
generate emitting more fine particles, because finer particles produce a larger AOD per unit 
mass. We changed the wording to clarify this issue. (Sec. 5.2.1, 2nd paragraph) 
 
Page 14, line 331, adjusted sp fraction: The first size bin represents clay and the rest four bins 
represents silt. The 0.1, 0.25, 0.25, 0.25, 0.25 fractions is based on the assumption that 10% of 
clay will be emitted but 100% of silt is subject to be emitted to the atmosphere based on the 
early work in the 1990s from Tegan. Even though these numbers are arbitrary, but the sum of 
adjusted silt fractions (0.15, 0.17, 0.38, 0.1) is only 0.8. Please explain why you do not account 
for the rest of 0.2 fraction in the silt group.  
 
The GOCART dust emission formula (2) calculates dust mass flux into the atmosphere within 
five dust bins. In this formula the factor ​C​ controls the total mass flux, and the ​s​p​ coefficients 
split the total mass flux into five different size fractions. Following this logic, we have to assume 
that the sum of ​s​p​ equals 1 as we stated in the text. In the revised paper, we reiterated the 
sensitivity of the results to the choice of ​s​p​ and slightly readjusted the ​s​p​ values. Now we use 
the set of ​s​p​ =(​0.15; 0.1; 0.25; 0.4; 0.1). It means that 15% of the total dust mass flux is coming 
as clay and 85% as silt. 
 
In the original formulation the sum of ​s​p​ equals to 1.1. It is not crucially important, as the total 
flux is multiplied by the factor ​C​ that is tuned to fit the observed optical depth. So we can 
normalize the original ​s​p​ coefficients by dividing them to 1.1 and multiplying constant ​C​ to 1.1. It 
will not change any results in (2) but gives the ​s​p​ set of (0.09, 0.2275, 0.2275, 0.2275, 0.2275) 
that is normalized to 1 consistently with our approach. We have added the new Appendix 3 to 
the paper to discuss these points. 
 
Page 16-18, Section 5.2.2: As I mentioned at the beginning, the comparison with AERONET 
AOD is not an independent evaluation of WRF-Chem and MERRA-2, because the WRF-Chem 
is “tuned” to match AERONET AOD and MERRA-2 assimilates AERONET AOD.  

 
It is not exactly correct, at least for the model. The model is tuned to match the average value 
of AOD at AERONET sites using a spatially uniform time-independent factor ​C​, which controls 
total dust emission. So we tuned the time-averaged AOD bias concerning available AERONET 
observations, not the correlation coefficient. Therefore, the high correlation of (0.62-0.85) 
between simulated and AERONET AOD is an independent proof of the model performance. To 
clarify this issue, we have expanded the text (Sec. 5.2.2, last paragraph). 



 
Page 17, Figure 6: There are several very large spikes of AOD from the WRF-Chem 
simulations in Mesaira and Sede Boker in 2016. What causes these spikes?  

 
Thanks for catching these spurious AOD spikes. We have analyzed the meteorological fields             
from our run for July 2016. We found that on the 27th of July 2016, a high-pressure system in                   
the Eastern Mediterranean moving south-eastward formed high-pressure gradients reaching 3          
hPa/100km. This system forced a strong gradient wind with speed exceeding 15 m/s and              
associated dust generation. MERRA-2 and CAMS, as well as synoptic charts based on ​in-situ              
observations, suggest that WRF-chem overestimates the sea level pressure gradient (see           
Figure A below). The preliminary analysis indicates that the boundary conditions calculated            
using MERRA-2 fields generated the spurious meteorological system. We re-calculated the           
entire July of 2016 with the boundary conditions from ERA-Interim reanalysis (see Figure A, top               
right panel). In the new run, the sea level pressure looks similar to observations, and spurious                
AOD spikes disappeared (see Figure B). We have incorporated the new July-2016 results in              
our analysis and corrected the figures and tables in the paper accordingly. 
 

Figure A. ​Sea Level Pressure     
anomaly from MERRA-2,   
CAMS-OA, and two   
WRF-CHEM runs with   
MERRA-2 and ERA-Interim   
boundary conditions. 

 
 

 
 
 



 

Figure B. Simulated   
and Observed  
AERONET AODs at   
the KAUST site for    
July 2016. 

 
Page 19, Figure 7: How are the models sampled when compared to satellite data? Are they 
temporally matched (i.e., model results are concurrent with the satellite data, or model results 
are averaged for the clear sky only during the season)?  
 
In the revised paper, we sampled  WRF-Chem, MERRA-2, CAMS-OA during a day-light time (6 
am-2 pm UTC or 9 am-5 pm local time) (Sec. 5.2.2, 1st paragraph). The results are not visibly 
different from our previous estimates when we applied 24-hour sampling.  
 
Page 20, line 388-389: “. . .in good agreement with. . .”: What is your criteria for “good 
agreement”? In general, such subjective statement should be avoided. Instead, you could say 
something more quantitative, such as “with xx%” or “correlation coefficient within xx-yy”.  
 
We agree and have corrected the sentence to account for the reviewer’s comment. Now it 
reads, as  “​Based on the comparison of WRF-Chem AOD with the AOD from MODIS and 
AERONET observations, we conclude that spatial and temporal WRF-Chem’s AOD distribution 
is in good agreement with the available satellite and ground-based observations, i.e. annual 
mean correlation coefficient R exceeds 0.6 (see Tab. 5) and correlation with AERONET is 
0.43-0.85 (see Tab. 4).​” (Sec. 5.2.3, last sentence). 
 
Page 20, line 406: “. . .good agreement. . .” again! See my comments above. 
 
This sentence was corrected. See the previous comment. 
 
Page 21, line 420: sulfate ion: So for PM2.5 you only consider the mass of sulfate ion, not 
neutralized sulfate that exists in the atmosphere, such as ammonium sulfate? The mass of 
ammonium sulfate is 37% more than just sulfate ion.  
 
We understand that ammonium sulfate has a bigger mass than sulfate ion. But in our region of 
interest, there is little ammonia to neutralize a significant amount of sulfate. Therefore, we 
assume that most of the ME anthropogenic aerosol is sulfate.  
 
We repeat here our response to the major concern: 
To support this conclusion, we have conducted laboratory analysis of the chemical composition 
of soil and dust deposition samples  that show a little presence of organics and ammonium 
(Prakash et al. 2016; Engelbrecht et al., 2017). According to (Engelbrecht et al., 2017) in 2015 
the annual average weight percentages of soluble ions of ammonium (NH4) and sulfate (SO4) 
in deposition samples taken at four sites at the  KAUST campus are 0.05% and 2.513%, 
respectively. It means that available ammonium may neutralize at maximum 5% of sulfate 



mass. The actual contribution of ammonium sulfate should be lower, as some ammonium may 
also be bound as ammonium nitrate, ammonium phosphate, or ammonium chloride. 

 
Page 21, line 422: again, what is the reason that “the first sea salt bin is poorly populated”?  
 
This is related to sea salt size distribution. The sea salt is a relatively coarse aerosol with very 
poor fine fraction therefore the fine model bin is poorly populated. We have modified the 
analysis and accounted for the contribution of the first sea salt bin in PM for MERRA-2 in the 
revised paper. The results did not visibly change. 

 
Page 21, line 426-429, PM calculations: It should be noted that all models do not include nitrate 
and ammonium when calculating the PM mass. Associated error/uncertainty should be 
estimated. 
 
Yes, for consistency, we show the contribution of only SO​4​ for all models.  

 
Page 24, 3rd line from the bottom: “As we have shown, WRF-Chem provides reliable 
estimates. . .”: What is the criteria for "reliable"? From Fig. 8, WRF-Chem underestimates 
PM2.5 at Jeddah and Riyadh by a factor of 2 and overestimates PM2.5 at Dammam. Its 
performance for total PM2.5 is inferior to CAMS. In addition, its chemical composition of PM 
have not been evaluated at all.  
 
In this study, we evaluate the performance of the WRF-Chem and the best available 
assimilation products over the Arabian Peninsula using observed PM concentrations. This 
region has a poorer observation coverage in comparison with Europe or the US. Therefore 
model estimates are valuable to plan further analysis and mitigation measures. 
 
The situation in the Middle East is simplified by the dominance of dust in the PM. WRF-Chem 
does a good job in comparison with MODIS and AERONET AOD observations, as well as 
predicts well the distribution of SO​2​, which is the only sulfate precursor, see (Ukhov et al., 
2020).  
 
The calculations of surface aerosol concentration within a city is challenging for the 10x10-km​2 
resolution model in comparison with the point observations. E.g., we do not account for in-city 
dust generation, although there could be a significant amount of resuspended dust. So the 
larger discrepancies in PM concentrations within the city are expected.  

 
Page 27, Figure 10: The labels and legends on this figure are way too small to be legible.  
 
Fixed 
 
Page 28, line 516-517: Is this a “drift of sulfate”? What is the emission patter of SO2?  
 
As it is stated in the paper, Figure 10f shows SO​4​ concentration. The OMI-HTAP SO​2 ​combined 

emissions are presented in (Ukhov et al., 2020). 
 

Page 28, line 517-521: I don’t understand what the relevancy is to refer the sulfate 
concentration over the US.  

 
We added this sentence for comparison of sulfate concentrations over the US and the ME. 
 



Page 28, line 523, MERRA-2 underestimates the SO2 emission: Do you know if indeed sulfate 
is too low or SO2 emission is too low in MERRA-2? Several issues here to challenge such 
statement. First, sulfate mass in MERRA-2 is not necessarily corresponding to SO2 emission 
because the aerosol masses (including sulfate) are adjusted after the AOD simulation, which 
has nothing to do with SO2 emission. Second, van Donkelaar’s work “retrieved” PM2.5 based 
on the satellite AOD and the GEOS-Chem model such that the sulfate (and other aerosols) 
concentration is adjusted based on the adjustment of model AOD to satellite total AOD. As a 
result, the sulfate from van Donkelaar’s work is not necessarily representative of the “true” 
sulfate concentrations.  
 
We clarified the text and added a reference on our recently published paper (Ukhov et. al., 
2020), where we compare different SO​2​ emission dataset including EDGAR-4.2 used in 
MERRA-2. Ukhov et. al. (2020) shown that EDGAR-4.2 underestimates SO​2​ emissions over 
the Arabian Peninsula in comparison with the new OMI-HTAP SO​2​ emission dataset. 
 
Page 28, line 538-539: Again, I don’t understand what the relevancy of the US-EPA standard 
being applied here. The Saudi Arabia’s standard should be used. And in line 539, now you use 
the WHO guidelines as reference. This is confusing. 

 
We can not avoid the comparison of air quality in the Middle East with air quality in the US and 
Europe. For this purpose, we specifically discussed all PM air quality limits in Table 1, and 
apply them when appropriate.  We specifically discuss WHO guidelines, European, US, and 
Saudi Arabian air pollution limits to comprehensively evaluate PM pollution in the ME, and 
quantify its sources. 
 
Page 30, line 554 and 556-557: I would not emphasize “for the first time” to elevate the 
significance of the paper. Simply state what you’ve done and found is more appropriate. 
 
We agree, the wording “for the first time” is removed from the text.  
 
Page 30, line 564: “The air pollution in the major Middle Eastern cities is evaluated” sounds 
overstatement. The evaluation is rather limited to only three cities and only with PM2.5 and 
PM10, not all major cities and not all pollutants. 
 
This sentence is replaced by “​We evaluated the AOD and PM air pollution over the Arabian 
Peninsula and in the ME major cities.​” (Sec. 6, 4th sentence) 
 
Page 30, line 576: “ improve calculation of sulfate aerosol”: there is no approve that sulfate 
simulation is improved because there is no data to evaluate it. 
 
The reviewer technically is correct. Strictly speaking, we did calculations with the improved SO​2 
emissions (see Ukhov et al., 2020) that affected sulfate concentrations. The text is revised to 
clarify this point. 

 
Page 31, line 582-583: CAMS-OA deficiency has been corrected: Then why don’t you use the 
latest version that is available in 2019? What is the point to evaluate the results from an 
obsolete model version? 
 
The paper evaluates the operational CAMS product. So for any given time, only the forecast 
and analyses of the current operational version is available. Further,  rerunning the CAMS 
system (with data assimilation at the full resolution) is quite expensive. So it can not be easily 
redone. The re-analysis has a frozen model version for the whole period. So we always 



evaluate the best product at the time. E.g., CAMS-OA had an important upgrade of the 
horizontal resolution of the operational system from T255 (80km) to T511 (40 km) on 
21.6.2016. The CAMS-OA product is still in use and is distributed by ECMWF, so an 
independent evaluation of the existing product is useful. The evaluation period of 2015-2016 
does not cover the time when the latest changes in CAMS-OA were introduced, so the 
evaluation of the newest version can not be done in the current study. 

 
Page 31, line 589: “quite well” – again! Please avoid using such subjective statement. 
 
We agree. The text is corrected. 
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Responses to Reviewer 2 

General comments 

The manuscript by Ukhov et. al., presents a detailed comparison of WRF-Chem, MERRA-2 and CAMS 
aerosol data with respect to the two MODIS data products, AERONET and ground-based network of PM 
measurements. The paper is well written and extensive sets of data are considered for comparison which 
represents aerosol optical depth, PM10, PM2.5 and their spatial and temporal patterns. In addition to the 
comparison, the composition of aerosol among dust, sulfate, sea salt and other constituents have been 
discussed. The impact on aerosol air pollution has also been investigated. This study could have been 
completed by also including some comparison for vertical profiles of aerosol extinction or various 
components of aerosol (e.g. dust, sulfate), with the measurements (if available) or at least among the 
model and assimilated products. I have a few major and several minor concerns with the manuscript, 
which upon being addressed, I recommend publication in ACP.  

We thank the reviewer for the valuable comments. We agree that comparing vertical aerosol distribution               
in the models and in observation is very useful. But it is not a small side issue. To address it, we have                      
established a micropulse lidar (MPL) site at the KAUST campus and observed the aerosol vertical profile                
since 2014. There is no way currently to separate in observations the vertical profile of dust from that of                   
sulfate and other aerosols. We are not sure we have enough space in this paper to address the important                   
issue of the aerosol vertical profile properly; therefore, we refrain from doing this here. This work is mostly                  
the subject of another paper submitted to ACP recently. 
 
All references used to support our responses to the reviewer's comments are presented at the end of the                  
text. The reviewer's questions are in black. Our answers are in blue. 
  
Major issues:  

1. The manuscript primarily focuses on the various aerosol product and WRF- Chem code has been 
modified to calculate these parameters. In section 4.2, authors mention that the code modification will be 
published in a forthcoming publication. Since the data produced for use in this publication is simulated 
with modified model code, yet not peer-reviewed, I can only recommend publication after the technical 
publication. 

The model modifications have been reviewed, tested, and implemented in the v4.1.3 official version of the                
WRF-Chem code (released on Nov 25, 2019). The forthcoming paper in GMD is about the quantitative                
evaluation of the effects of those changes on simulations. The GMD paper is independent of the current                 
study, and, we believe, should not delay the publication of the present manuscript.  

2. For sections 2.2, 5.2.2 and 5.2.3 authors use the MODIS combined deep blue (DB) and dark 
target (DT) product. It a level 3 gridded product at a much coarse spatial resolution of 1◦ × 1◦. DB has 
poorer performance over water, while DT has limitation over land. In my opinion, authors should use 
separate DB and DT, level 2 gridded products, which are available at much finer (10km × 10km) 
resolution (comparable to WRF-Chem and MAIAC). Moreover, level 2 product also allows the possibility 
of applying a quality assurance criterion, which has shown improvement in the comparison previously (for 
e.g. Liu, N., et al. (2019)). 

Following the reviewer's recommendation, we calculated the 10x10 km​2​ MODIS DB&DT level 2 AOD 
product. The AOD fields with 10x10 km​2​ and 100x100 km​2​ resolution are shown below. We see that 
qualitatively the AOD structure is similar at both resolutions, but 10x10 km​2​ fields have much more fine 
details. In the revised manuscript, we now use the 10x10 km​2​ resolution MODIS DB&DT product, and all 
tables in the revised paper are corrected accordingly. 



Figure A. 10 x 10 km​2 ​ MODIS AOD 

 

Figure B. 100 x 100 km​2 ​ MODIS AOD 

 

 

2. For comparison with MODIS data products, the model data should be sampled around satellite 
overpass or at most averaged ± 1h around satellite overpass. Further, in order to avoid sampling bias, 
only those days should be considered for calculating seasonal means when both measurements 
(AERONET/Satellite) and model (or assimilation) data are available. 

Because we analyze the seasonal mean AOD fields over the entire ME, we have to use multiple                 
overpasses to compile a map for the whole domain. Therefore AOD's from WRF-Chem, MERRA-2,              
CAMS-OA are sampled at the day-light time (6 am-2 pm UTC or 9 am-5 pm local time). We added this                    
explanation in the text (Sec. 5.2.3, 1st paragraph). 

There is no missing data in the model and the reanalysis outputs, and only a little in the MODIS products,                    
therefore all available observations and model outputs were used for calculating seasonal means. The              
undefined pixels detected in observations are synchronously excluded from the statistical analysis in all              
datasets. 

4. The introduction is very long in general and can be curtailed by only keeping the content most 
important to the study. Some (not all) suggestions: - Lines 55-60- MISR, AVHRR and CALIOPE are not 
relevant to this study. Some restructuring is also needed. For example, the description of the work to be 
presented in the text fits better towards the end of the introduction. In line 75, authors mention about 
evaluation to be presented in the subsequent section but this is followed by further literature review. Line 
93 again starts with the highlight of work to be presented in this work. 

We revised the text to remove the redundancies  

5. The conclusion needs to be curtailed. Redundancy in the conclusion can be reduced. Some 
examples (not all): Lines 558-559 and lines 571-543; Lines 560- 561 and 574-575. Numbers should be 
provided in conclusion rather than only qualitatively stating “overestimate” / “contribute” etc.  

We revised the conclusion and made it more concise.  

 

 



Detailed Comments:  

1. Abstract: Please use abbreviations only after providing their full form at the first use (e.g. ME). Abstract 
does not do justice to the manuscript. Some more key finding should be added. 

Added full form for ME (Middle East). More key findings were added. 

2. Line 6: WRF-CHEM code was modified but this is not described in detail in this manuscript. Authors 
wish to publish it as separate manuscript and hence this does not fit to abstract. 

We agree and have removed this sentence from the abstract. 

3. Line 15: rich – reach 

Fixed 

4. Lines 15-16: Contribution of both organic matter and black carbon are negligible. Is is important to 
mention this comparison? 

The PM speciation is vital to plan air quality mitigation measures. There are few observations available, 
so model results that provide spatially resolved information are valuable for understanding the effect of 
different types of aerosols on air quality in the ME. 

5. Line 35: Essential – Important/crucial 

Fixed 

6. Line 46: PM10 and PM2.5 are defined with respect to “aerodynamic diameter”. 

Yes 

7. Lines 61-63: Is it justified to compare the 21 days’ mean with air quality regulation standards for 1 year. 
Please note that some of the measured mean PM10 concentrations are smaller than 24 hours’ limit. 

Due to the modification of the introduction, this part was removed from the text. 

8. Lines 79-85 : What are the conclusions of these comparisons? 

The text was rephrased to: “​These data assimilation products adequately reproduce AOD and PM 
concentrations at different regions of the world (Provençal et al., 2017; Buchard et al., 2017; Cesnulyte et 
al., 2014; Cuevas et al., 2014).​” 

9. Lines 89-92: Given that mineral dust contributes 75-95% of the PM, how much discrepancy is caused 
by outdated emission inventories in MERRA-2 and CAMS-OA? 

The anthropogenic emissions certainly make an essential contribution in the air pollution in the cities and 
this information is important for air quality control in urban centers. To clarify this issue we have added 
the following sentence (p.4 line 85): “​E.g.,SO2 emissions used in MERRA-2 and CAMS-OA differ by 
45-50% in some ME regions (Ukhov et al., 2020)”. ​In the 2nd paragraph of the Sec. 4.1 we also 
mentioned that 14 previously unaccounted SO​2​ point sources located in the ME were included in the new 
OMI-HTAP dataset. 

10. Line 113: What are CIMEL and PREDE? 



To clarify the text the sentence is updated to read “​AERONET comprises more than 1000 observation 
sites equipped with CIMEL sunphotometers and PREDE skyradiometers manufactured in France by 
CIMEL and in Japan by PREDE.​” 

11. Lines 118-120: Authors should also provide a statistical comparison for the case when only cloud 
screened and quality-assured data are used in the results and discussion. 

In our analysis now we use “Utilizes AERONET AOD, which is pre- and post-field calibration applied, 
automatically cloud cleared and manually inspected (Level 2.0 AOD).” The text (Sec 2.1, 1st paragraph) 
is clarified to read: ​“We utilized level 2.0 (cloud screened and quality assured) AERONET AOD data.” 

12. Line 119, 122: Angstrom – Ångström 

Fixed 

13. Line 139: MAIAC also provides AOD at 470nm. 

Added 

14. Section 2.2: Please mention the Quality assurance filter criteria if applied! 

We did not use a quality assurance filter. 

15. Line 153? quarterly refers to what? 

“Quarterly” refers to the calibration audit. Sentence has been rephrased to read (Sec 2.3. Last sentence) 
“..​.audit is conducted quarterly by Ricardo-AEA Ltd...​”.  

16. Line 164 (DMS) 

Fixed 

17.  Line 173: This line is not clear to me. 

CAMS-OA is the operational analysis, not reanalysis. The model, its horizontal resolution, and 
assimilation routine are improving on the way, so we always use the best available product. E.g., the 
important upgrade of the horizontal resolution of the operational system from T255 (80km) to T511 (40 
km) was accomplished on 21.6.2016.  

18. Line 179 and later in the text: dustbins – dust-bins. 

Fixed 

19. Line 2019: OH is hydroxyl radical and not “Hydroxide radical”. 

Fixed 

20. Line 219: I had difficulties understating the treatment of PM, BC and OC emissions. Black carbon, 
organic carbon and dust, these are already included in PM. So if the emission of both PM and its 
constituents are specified separately, this would end up in doubling of certain constituents of PM. 

Reviewer meant line 229 not 219. We agree that it sounds confusing, because we followed the emission 
categories used in the WRF-Chem. It meant that the “PM” emissions comprise the additional aerosol 
biogenic and fossil components. Now the text reads as (Sec 4.1, 2nd paragraph): “​All other constituents 
(other PM from biogenic and fossil components, black and organic carbon, etc.), ...​” 



21. Equation 3: Use of S in both LHS and RHS are confusing. I would suggest using Smod or S’ or 
something different. 

We agree, this is confusing. We defined S’ as a modified topographic source function. 

22. Lines 250-253: How is the value of C=0.5 achieved? The tuning of C with respect to measured AOD 
should be discussed in more detail. 

WRF-Chem is tuned to reduce the seasonal mean AOD biases with respect to AERONET observations. 
The value of ​C​=0.5 obtained in the course of multiple WRF-Chem runs with different values of ​C​ gives 
the best AOD fit. Three references with detailed description of the tuning procedure were provided in the 
original text (page 10 line 248): (Kalenderski et al., 2013; Jish Prakash et al., 2015; Anisimov et al., 
2017). 

23. Section 4.2: How are the diagnostic output of PM are different from those calculated in section 5.3? 

As we mention in the original text, if we would use the default WRF-Chem v3.7.1 code we would 
overestimate the PM10 and underestimate the PM2.5 surface concentrations. For typical Middle East 
conditions, ​diagnostic output of PM2.5 surface concentration could be underestimated by 7% and PM10 
surface concentrations could be overestimated by 5%. (See Sec. 4.2) 

24. Section 5.1 Lines 271-275 fit better for methods/domain description. 

Sorry, we prefer to concentrate on the ME climate description in section 5.1. 

25. Figure 2: What is the physical significance of the topographic source function? Do the high values 
represent higher dust emission potential? 

The topographic source function defines a spatial pattern of emission. The factor ​C​ - controls the total 
amount of emissions. The topographic source function has been built under an assumption that low-land 
areas accumulate fine-scale material (Ginoux et al., 2001). The areas with the higher values of source 
function generate higher dust emission flux, see eq. (2). 

26. Line 283: Missing “)”. 

Fixed 

27. Lines 305-309: Higher R and lower RMSD for V are not specific only for summers. 

We agree. The text has been corrected accordingly. 

28. Table 3: How are the statistics for Autumn and Spring 

The dry subtropics have essentially two seasons, warm Winter, and very warm Summer. The 
intermediate seasons are not so essential. We prefer not to spend much time on their discussion. 

29. Table 3,4 and 5: Slope/Bias should also be provided in addition to the R and RMSD. These quantities 
provide an idea about overestimation/underestimation/trend. 

Table 4 shows bias for the AOD time series. We added the scatter plots for the AOD time series in Fig. 6. 
The bias has been added for the spatial distributions of AOD in Table 5. Figure 3 shows that the seasonal 
mean wind field in WRF-Chem and both reanalyses do not have systematic differences. We believe it is 
not needed to add bias for the wind in Table 3. 

30. Line 315: Aerosol content is also characterized by other quantities apart from AOD. 



We talk here about the satellite observed quantities. Of course, one needs aerosol size distribution or 
mass extinction coefficient to convert AOD to mass loading. 

31. Lines 327-330: It would be nice to see the underestimation/overestimation with default sp fraction and 
its magnitude as a figure (at least in appendix). 

In the revised paper, we reiterated the sensitivity of the dust size distribution to the choice of ​s​p​ and 
slightly readjusted the ​s​p​ values. Now we use the set of ​s​p​=(​0.15; 0.1; 0.25; 0.4; 0.1). Below we compare 
the size distributions obtained in the simulations with this updated and the default ​s​p​=(0.1; 0.25; 
0.25;0.25;0.25) values for summer of 2015. Using the updated ​s​p​ values improves the size distribution fit 
(see Figure below). We have added the new Appendix 3 to the paper to discuss these points. 

 

 

Figure C. Volume size distribution at KAUST AERONET site averaged for JJA of 2015 from WRF-Chem simulation 
with default sp={0.1,0.25,0.25,0.25,0.25} fractions (bottom) and updated sp={0.15; 0.1; 0.25; 0.4; 0.1} (top). 

 

32. Line 345: This line should only be kept if the evaluation of updated CAMS-OA is shown in the 
manuscript. 

Figure 4 compares the volume size distributions from WRF-Chem, MERRA-2, and CAMS-OA with the 
AERONET retrievals. The paper evaluates the operational CAMS product, CAMS-OA. So, for any given 
time, only the forecast and analyses of the current operational version are available. Further,  rerunning 
the CAMS system (with data assimilation at the full resolution) is quite expensive. So it can not be easily 
redone. The product is still in use and is distributed by ECMWF, so an independent evaluation of the 
existing product is useful. The evaluation period of 2015-2016 does not cover the time when the latest 
changes in CAMS-OA were introduced, so the comparison can not be made in the current study. 



33. Figure 6: Please mention that panel A corresponds to 2015 and B correspond to 2016. 

The caption has been changed to address this issue. 

34. Line 366: At a given location, up to 4 measurements are possible on several days due to overlap of 
two orbits each for TERRA and AQUA. 

Thanks. The text is corrected. 

35. Section 5.2: I was surprised to see that MAIAC underestimates AOD with respect to AERONET. The 
evaluation of MAIAC by Lyapustin et. al., shows overestimation at all the three AERONET sites shows in 
this study. Authors should address, why even for a similar dataset, an underestimation is observed in this 
study by MAIAC. Authors could also refer to the finding of Liu et. al., 2019, where they have found that 
applying a QA filter significantly reduces the Deep blue (over land) AOD from MODIS over China. There 
are other evaluation studies (e.g. Liu et al., 2019, Mhawish et. al., 2019), which have found MAIAC to be 
more accurate than Deep blue and Dark Target. Authors should address, why for their domain this is not 
the case. 

According to (A. Lyapustin personal communication, April 2020), MAIAC underestimates AERONET in 
the ME (at ​KAUST_Campus​ and ​Mezaira ​ sites). So, our results are consistent with this. We do not apply 
a QA filter in our calculations.  

 
36. Figure 7, I wonder how there are NAN values at around 40 ◦N 40 ◦E in MODIS DB&DT products in 
the annual mean but there are no NAN values in MAIAC annual mean. If the seasonal NAN values are 
removed by annual mean, this should hold valid for both the MODIS data products. I would recommend 
the authors to recheck the calculation of spatial means. Please also indicate the location of three 
AERONET site in Figure 7. This would help the reader to follow the discussion. 

There are some undefined pixels in the MAIAC product that we referred to as NANs. This confusing 
terminology has been corrected in the revision. In Figure 7 in the original manuscript, we interpolated 
MODIS and MAIAC AODs to the MERRA-2 grid. That caused some discrepancies, e.g., led to an artificial 
increase in undefined areas. Now model outputs and satellite products are plotted in its original resolution 
(see Figure 7 in the manuscript and figure below). We have recalculated all statistical characteristics in 
Table 4 using MAIAC on its original grid. Table 4 shows that MAIAC now compares better with 
AERONET than MODIS DB&DT in terms of bias and correlation coefficient. Locations of 3 AERONET 
sites are now shown on the plots, as requested by the reviewer. We also fixed an error in the calculation 
of spatial means.  



 

Figure D. MODIS 100x100km​2 ​ and MAIAC (interpolated on MERRA-2 grid) and error in calculation of seasonal means. 

 

Figure E. MODIS 10x10km​2 ​ and MAIAC (on its original resolution). Fixed error in calculation of seasonal means. 

 

 

37. Section 5.3: Please provide references from where the formulas for calculation of PM2.5 and PM10 
are adapted. What is the rationale behind the choice of the coefficients used in equation 4 and 5? 

These formulas are taken from the WRF-Chem source code and Copernicus knowledge base 
(​https://confluence.ecmwf.int/display/CUSF/PM10+and+PM25+global+products​). The coefficients in 
those formulas account for the contributions of dust and sea salt bins to PM2.5 and PM10. Dust and sea 
salt have different bin sizes in WRF-Chem and CAMS-OA; therefore, those coefficients are different for 
WF-Chem and CAMS-OA. Both WRF-Chem and MERRA-2 use the GOCART aerosol module with the 
same bin sizes; therefore, the coefficients for WRF-Chem and MERRA-2 are the same. 

38. Sections 5.3, 5.3.3, 5.3.4 and 5.4: Air Quality and Air pollution are very broad terms which also 
include trace gases in addition to the aerosol. Hence, the subtitles of these sections should be made 
more specific. 

The reviewer is generally correct and we changed the titles 5.3, 5.3.3, 5.3.4 (there is now 5.4) to “​PM Air 
Pollution ​”, “​Spatial patterns of PM air-pollution ​”, “​PM air-pollution in the ME major cities​”, correspondingly. 



We have to mention here that according to the US EPA the air quality index is defined by the leading 
pollutant, which in the ME, almost exclusively is PM2.5. 

39. Line 443: How does the calculated concentration of 298 μg/m3 compare against the measurements? 

It is not possible to compare because there are no observations of total dust concentration, only PM2.5 
and PM10 are available from MODON observations. Daily average PM10 surface concentration on 8 July 
2016 registered by Jeddah AQMS is 184 μg/m3. 

40. Figure 8 and 9: Please provide the uncertainty marks in the histogram which represent the variability 
over the mean. 

Uncertainty marks are shown now in both figures. PM2.5 and PM10 measurement error is +/- 5%. This 
information was added to the text (Sec. 2.3). 

41. Lines 496-503 Authors evaluate the PM2.5/PM10 ratio to evaluate the dominance of coarse/fine 
particles. A more quantitative evaluation would be PM10-PM2.5, which provides a more exclusive 
number for larger particles. 

Both PM10-PM2.5 and PM2.5/PM10 are informative. The PM2.5/PM10 ratio is widely accepted in air 
pollution literature, e.g., see Gehrig et al., 2003; Parkhurst et al., 1999; Querol et al., 2001. Therefore we 
prefer to use this ratio in this study. 

42. What are the major non-sulfate constituents in total PM2.5 non-dust aerosol? 

In coastal areas it is sea salt and organic matter, over inland only organic matter. BC has a very little 
effect (see Table 6). 

43. Lines 587-588: In addition to the AOD retrieval uncertainty, there are several other differences e.g. 
Spatial resolution, Quality assurance filter which contribute the observed difference. 

The discussion is expanded to add more detailed explanation. 

44. Line 600: Please use the same convention for the naming of seasons. “Fall” season is nowhere 
discussed in the text and appears for the first time in the conclusion. 

Changed to autumn. 

45. Line 609: Air quality should be replaced with PM air quality. 

According to the US EPA the air quality is evaluated based on the concentration of  the most significant 
leading pollutant, which are PM2.5 and PM10 in the Middle East, so PM air quality and air quality terms 
are almost equivalent in the ME.  
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Abstract. Modern-Era Retrospective analysis for Research and Applications v.2 (MERRA-2), Copernicus Atmosphere Mon-

itoring Service Operational Analysis (CAMS-OA)data assimilation products, and a
::::::::::::
high-resolution

:
regional Weather Re-

search and Forecasting model (10 resolution) coupled with Chemistry (WRF-Chem) were used to evaluate natural and an-

thropogenic aerosol
:::::::::
Particulate

::::::
Matter

:::::
(PM)

:
air pollution in the ME

::::::
Middle

::::
East

:::::
(ME)

:
during 2015-2016. Satellite and

ground-based AOD
:::
Two

:::::::::
Moderate

:::::::::
Resolution

:::::::
Imaging

::::::::::::
Spectrometer

::::::::
(MODIS)

:::::::::
retrievals:

::::::::
combined

:::::::
product

:::::
Deep

::::
Blue

::::
and5

::::
Deep

::::::
Target

:::::::::::::::::
(MODIS-DB&DT),

::::::::::
Multi-Angle

::::::::::::::
Implementation

::
of

:::::::::::
Atmospheric

::::::::::
Correction

:::::::::
(MAIAC),

::::
and

:::::::
Aerosol

:::::::
Robotic

:::::::
Network

:::::::::::
(AERONET)

::::::
aerosol

::::::
optical

:::::
depth

::::::
(AOD)

:
observations, as well as in situ Particulate Matter (PM )

:::
PM measurements

for 2016, were used for validation
:
of

:::
the

:::::::::::
WRF-Chem

:::::
output

::::
and

::::
both

::::::::::
assimilation

:::::::
products.

:::::::::
MERRA-2

:::
and

::::::::::
CAMS-OA

::::::::
assimilate

:::::
AOD

:::::::::::
observations.

:
WRF-Chem code was modified to correct the calculation of dust

gravitational settling and aerosol optical properties. The
:
is
::
a

::::::::::
free-running

::::::
model,

:::
but dust emission in WRF-Chem is calibrated10

to fit Aerosol Optical Depth (AOD )
:::::
tuned

::
to

::
fit

:::::
AOD

:
and aerosol volume size distributions obtained from Aerosol Robotic

Network (AERONET) observations
:::::::::
AERONET. MERRA-2 was used to construct WRF-Chem initial and boundary conditions

both for meteorology and chemical/aerosol species. SO2 SO2 emissions in WRF-Chem are based on the novel NASA SO2

emission datasetthat reveals unaccounted sources over the ME.
:::::::::
OMI-HTAP

:
SO2 :::::::

emission
:::::::
dataset.

:::
The

::::::::::
correlation

::::
with

:::
the

::::::::::
AERONET

:::::
AOD

:::
is

::::::
highest

:::
for

::::::::::
MERRA-2

::::::::::
(0.72-0.91),

::::::::
MAIAC

::::::::::
(0.63-0.96),

::::
and

::::::::::
CAMS-OA15

:::::::::
(0.65-0.87),

::::::::
followed

::
by

:::::::::::::::
MODIS-DB&DT

:::::::::
(0.56-0.84)

::::
and

::::::::::
WRF-Chem

::::::::::
(0.43-0.85).

::::::::
However,

:::::::::
CAMS-OA

::::
has

:
a
::::::::
relatively

::::
high

::::::
positive

:::::
mean

::::
bias

::::
with

::::::
respect

::
to

::::::::::
AERONET

:::::
AOD.

:::
The

::::::
spatial

:::::::::::
distributions

::
of

:::::::::
seasonally

:::::::
averaged

::::::
AODs

::::
from

:::::::::::
WRF-Chem,

::::::::::
assimilation

:::::::
products,

::::
and

:::::::
MAIAC

:::
are

:::
well

:::::::::
correlated

::::
with

:::::::
MODIS

:::::::
DB&DT

:::::
AOD

:::::::
product.

:::::::
MAIAC

:::
has

::
the

:::::::
highest

:::::::::
correlation

::::::
(R=0.8)

::::::::
followed

:::
by

:::::::::
MERRA-2

:::::::::
(R=0.66),

::::::::::
CAMS-OA

:::::::::
(R=0.65),

:::
and

:::::::::::
WRF-Chem

::::::::
(R=0.61).

:::::::::::
WRF-Chem,

::::::::::
MERRA-2,

::::
and

:::::::
MAIAC

::::::::::::
underestimate,

:::
and

::::::::::
CAMS-OA

:::::::::::
overestimates

:::::::::::::::
MODIS-DB&DT

:::::
AOD.

:
20

:::
The

::::::::
simulated

::::
and

:::::::
observed

::::
PM

::::::::::::
concentrations

:::::
might

:::::
differ

::
of

:
a
:::::
factor

::
of

::::
two,

:::::::
because

::
of

:
it
::
is
:::::
more

:::::::::
challenging

::
to
:::
the

::::::
model

:::
and

:::
the

::::::::::
assimilation

:::::::
products

::
to
:::::::::
reproduce

:::
PM

::::::::::::
concentration

::::::::
measured

:::::
within

:::
the

::::
city.

:
Although aerosol fields in WRF-Chem

and assimilation products are quite
::::::
entirely

:
consistent, WRF-Chem, due to its higher spatial resolution and better SO2 SO2

1



emissions, is preferable for analysis of regional air-quality over the ME. The WRF-Chem’s PM background concentrations

exceed the World Health Organization (WHO) guidelines over the entire ME. The
::::::
Mineral

::::
dust

::::::
makes

:::
the

:
major contributor25

to PM (⇡75–95%) is mineral dust. In the ME urban centers and near oil recovery fields
::::::::
compared

::
to

:::::
other

::::::
aerosol

:::::
types.

:::::
Near

:::
and

:::::
down

:::
the

::::
wind

:::::
from

:::
the SO2:::::::

emission
:::::::
sources, non-dust aerosols (primarily sulfate) contribute up to 26

::
30% into PM2.5.

The contribution of sea salt into PM can rich up to
::
in

::::::
coastal

::::::
regions

::::
can

::::
reach

:
5%. The contribution

::::::::::
contributions

:
of organic

matterinto PM prevails over black carbon. ,
:::::
black

::::
and

::::::
organic

::::::
carbon

::::
into

::::
PM

::::
over

:::
the

::::::
Middle

::::
East

:::
are

:::::::::::
insignificant.

:::
In

:::
the

:::::
major

::::
cities

::::
over

:::
the

:::::::
Arabian

:::::::::
peninsula,

:::
the

::::
90th

:::::::::
percentile

::
of

:::::
PM10:::

and
::::::
PM2.5::::

daily
:::::
mean

:::::::
surface

::::::::::::
concentrations

::::::
exceed

:::
the30

:::::::::::
corresponding

::::::::
Kingdom

:::::
Saudi

::::::
Arabia

:::::::::
air-quality

::::::
limits.

:::
The

::::::::::
contribution

::
of

:::
the

::::::::
non-dust

:::::::::
component

::
to

:::::
PM2.5::

is
::
<

::::
25%,

::::::
which

:::::
limits

:::
the

:::::::
emission

:::::::
control

:::::
effect

::
on

:::
air

:::::::
quality.

:::
The

:::::::::
mitigation

:::
of

:::
the

::::
dust

:::::
effect

::
on

:::
air

::::::
quality

:::::::
requires

::::
the

::::::::::
development

:::
of

:::::::::::::::
environment-based

::::::::::
approaches

:::
like

:::::::
growing

::::
tree

::::
belts

::::::
around

:::
the

:::::
cities

:::
and

:::::::::
enhancing

::::::
in-city

:::::::::
vegetation

:::::
cover.

::::
The

::::::::
presented

::
in

:::
this

:::::
study

::::::::::
WRF-Chem

::::::::::::
configuration

:::::
could

::
be

::
a
::::::::
prototype

::
of

::
a
:::::
future

:::
air

::::::
quality

:::::::
forecast

::::::
system

::::
that

::::
warn

::::
the

:::::::::
population

::::::
against

::
air

::::::::
pollution

:::::::
hazards.

:
35

1 Introduction

PM is a complex mixture of sea salt, sulfate, black carbon, organic matter, and mineral dust, suspended in the air. The dramatic

increase in the level of air pollution in developing countries over the last decades is forced by rapid economic and population

growth, burning of fossil fuels, construction, and agricultural activities (Janssens-Maenhout et al., 2015). However, the primary

cause of air pollution in the ME is mineral dust, and it is on the rise (Klingmüller et al., 2016). Along with Asia and Africa,40

the ME significantly contributes to global dust emissions, which are in the range of 1000-2000 Tg/year (Zender et al., 2004).

According to Prospero et al. (2002), the Middle East and North Africa (MENA) regions account for about half of global dust

emissions. By integrating surface emissions in MERRA-2 reanalysis we found that, the total global dust emission averaged

over the 2015-2016 period is about 1600 Tg/year, right in the middle of the Zender et al. (2004) estimate. The dust emission

from our
::::::::
simulation domain (see Fig. 1) that covers the ME and nearby areas is about 500 Tg/year, contributing ⇡30% to the45

global dust mass
:::::::
emission

:
budget. Also, frequent inflows of pollutants from Europe, Africa, and India, worsen the air quality

over the Arabian Peninsula (Jish Prakash et al., 2015; Kalenderski et al., 2013; Notaro et al., 2013; Reid et al., 2008; Mohalfi

et al., 1998; Kalenderski and Stenchikov, 2016; Parajuli et al., 2019). Because of the large amount of dust, the ME is one of

the most polluted areas in the world. Located in the center of the northern subtropical dust belt, the Arabian Desert is the third-

largest (after the Sahara and the East Asian deserts) region of dust generation, where dust plays a significant role in controlling50

regional climate (Cahill et al., 2017; Banks et al., 2017; Jish Prakash et al., 2016; Farahat, 2016; Kalenderski and Stenchikov,

2016; Munir et al., 2013; Alghamdi et al., 2015; Lihavainen et al., 2016; Anisimov et al., 2017; Osipov and Stenchikov, 2018).

In addition to natural dust aerosols, the ME receives high concentrations of anthropogenic PM (Karagulian et al., 2015; Al-Taani et al., 2019)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Karagulian et al., 2015; Al-Taani et al., 2019; Alharbi et al., 2015; Khodeir et al., 2012). The most essential

::::::::
important anthro-

pogenic aerosol in ME is sulfate with SO2 SO2 as a precursor, the contributions of other types of aerosols in PM, sea salt,55

organic matter, and black carbon are of lesser importance in the ME (Randles et al., 2017). SO2 :::
ME

:::::
emits

:::::
about

::::
10%

:::
of

:::
the
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::::
total

:::::
global

::::::::::::
anthropogenic

:
SO2 :::::::::::::::::

(Klimont et al., 2013)
:
.
:
SO2 produced in the course of power generation, water desalination,

and oil recovery operations
::::::::::::::::::::::::
(Al-Jahdali and Bisher, 2008) is converted photochemically into sulfate aerosol, which contributes

to PM and has significant adverse effects on human health (Lelieveld et al., 2015). Sulfate aerosol concentration strongly

depends upon the strength of the SO2 sources, and is subject to diurnal variability due to the photochemical reactions, and thus60

exhibits substantial temporal and spatial heterogeneity. Along with air-pollution, aerosols (natural and anthropogenic) alter

the Earth’s radiative balance and generally cool the climate playing an essential role in regional and global climate changes

(Carlson and Benjamin, 1980; Miller and Tegen, 1998; Bangalath and Stenchikov, 2016; Charlson et al., 1992; Chuang et al., 1997; Myhre et al., 2013; Ramanathan et al., 2005)

. This aerosol direct climate effect is associated with the total content of aerosols in the atmospheric column
::::::::::::::::
Ukhov et al. (2020)

::::::::
simulated SO2::::::::

transport
:::
and

::::::::::
distribution

::::
over

:::
the

::::::
Middle

::::
east

::::
using

:::
the

:::::::::::::
high-resolution

::::::::::
WRF-Chem

::::::
model

:::
and

::::::::::::
demonstrated65

::::
high

::::::
surface

::::::::::::
concentrations

::
of

:
SO2 ::::

along
:::
the

::::
west

::::
and

:::
east

::::::
coasts

::
of

:::::::
Arabian

::::::::
Peninsula.

The impact of aerosols on air-quality is characterized by near-surface concentrations of PM, which comprise both PM10 and

PM2.5 (particles with diameters less than 10 µm and 2.5 µm
:
, correspondingly). Extended exposure to PM may cause cardiovas-

cular and respiratory disease, lung cancer, and cause premature mortality on a global scale (Lelieveld et al., 2015). According

to the WHO, outdoor air pollution caused 4.2 million premature deaths worldwide in 2016 (WHO, 2018). To protect human70

health and the environment WHO (WHO, 2006), and the National Agencies, e.g., the United States Environmental Protection

Agency (US-EPA) (USEPA, 2010), European Commission (EC) (EUEA, 2008), and Kingdom Saudi Arabia Presidency of

Meteorology and Environment (KSA-PME) (PME, 2012) issued the air quality regulations for PM that are presented in Table

1. The WHO regulations are the strictest, while KSA-PME regulations are the softest.

Table 1. Air quality regulations for PM2.5 and PM10 prescribed by WHO, US-EPA, EC, and KSA-PME, µg/m3.

Aver. period WHO US-EPA EC KSA-PME

PM2.5 24 hours 25 351 - 35

1 year 10 152 25 15

PM10 24 hours 50 1504 503 340

1 year 20 - 40 80
1 98th percentile, averaged over 3 years
2 annual mean, averaged over 3 years
3 35 permitted exceedances per year
4 not to be exceeded more than once per year on average over 3 years

Satellite observations provide information on global aerosol abundance and spatial-temporal variability. This enables a better75

understanding of the sources of aerosols and associated physical processes. Passive satellite aerosol sensors like Moderate

Resolution Imaging Spectrometer (MODIS) , Multiangle Imaging SpectroRadiometer (MISR), Advanced Very High-Resolution

Radiometer (AVHRR) are designed to measure column integrated aerosol properties. Active instruments such as Cloud-Aerosol

Lidar with Orthogonal Polarization (CALIOPE) can, in principle, provide information on the vertical structure of aerosols,

although the current generation of spaceborne lidars do not possess the necessary vertical or spectral resolution to properly80

characterize near surface aerosol properties. The
::::::
Global

:::::::
satellite

::::::::::
observations

:::
of

::::::
aerosol

::::::
optical

:::::
depth

:::::::
(AOD)

::::::
inform

:::::
about

3



Figure 1.
::::::::
Simulation

::::::
domain

::::
with

::::::
marked

::::::
locations

::
of
:::
the

::::::
AQMS

:::
and

::::::::
AERONET

:::::
sites.

::::::::::::::::
vertically-integrated

:::::::
aerosol

:::::::
loading

::
in

:::
an

:::::
entire

:::::::::::
atmospheric

:::::::
column.

::::
But

:::
the

:
near-surface PM concentration can not be

observed from the spacebut is measured in situ. These measurements could be conducted only
::
in

:::
situ in a limited num-

ber of locations. For example, in Tawabini et al. (2017) the measurements of PM10 concentration conducted for 21 days at

Dhahran, Khobar, and Dammam (cities on the west coast of Saudi Arabia) in October-December of 2015 have shown average85

PM10 concentrations of 177, 380, and 126 respectively, which are higher than WHO, US-EPA, and even KSA-PME limits.

The PM2.5 observations in the United Arab Emirates conducted for the period 1980-2016 showed that annual mean PM2.5

concentrations varied from 49 to 77 with an overall average of 61.25 exceeding the US-EPA standards (Al-Taani et al., 2019)

, and over the last 14 years PM2.5 concentrations showed a positive trend. In Karagulian et al. (2019), the WRF-Chem v3.8.1

was used to simulate a dust storm over the UAE on 2 April 2015. The simulated PM10 concentration peaked at 1500 .90

During another severe dust storm that occurred on 18 - 22 March 2012, the AOD reached 4.5 at KAUST Campus AERONET

station (Jish Prakash et al., 2015). This dust storm covered a huge area, including Iraq, Iran, Kuwait, Syria, Jordan, Israel,

Lebanon, UAE, Qatar, Bahrain, Saudi Arabia, Oman, Yemen, Sudan, Egypt, Afghanistan, and Pakistan. Dust source regions

along the western coast of the Arabian Peninsula were also activated. The dust emission rate calculated in WRF-Chem
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exceeded 500 (Jish Prakash et al., 2015). Nayebare et al. (2016); Khodeir et al. (2012); Al-Jeelani (2009); Munir et al. (2013)95

conducted chemical characterization of airborne PM and the general state of air pollution in Saudi Arabia’s cities.

Simulation domain with marked locations of the AQMS and AERONET sites.

Along with
:::::
Along

::::
with

:::::::::::
instrumental observations, modern data assimilation products provide valuable information about

AOD and near-surface PM concentration even in areas where satellite sensors are unreliable due to factors such as the high

reflectivity of land surfaces (Shi et al., 2011). Here we evaluate two
::::::::::
Assimilation

:::::::
products

::::::::
improve

:::
the

::::::
aerosol

::::
total

:::::::
column100

:::::::
loadings

:::::::
through

:::
the

::::::::::
assimilation

:::
of

::::::::
observed

:::::
AOD

:::
but

::::
are

:::
not

:::::::
capable

::
of

:::::::::::
assimilating

:::
the

::::::
aerosol

:::::::
vertical

::::::::
structure

::::
and

:::::::
chemical

:::::::::::
composition.

:::::
There

:::
are

:::
two

::::
well

::::::
known data assimilation products that assimilate atmospheric constituents: MERRA-

2 (Randles et al., 2017; Buchard et al., 2017) from National Aeronautics and Space Administration (NASA) Goddard Space

Flight Center (GSFC) and CAMS-OA (Flemming et al., 2015; Inness et al., 2015)
:::::::::::::::::::::::::::::::::::::::::::::::::::
(Inness et al., 2019; Flemming et al., 2015; Inness et al., 2015)

from European Centre for Medium-range Weather Forecast (ECMWF). The accuracy of these
:::::
These data assimilation products105

in terms of
:::::::::
adequately

::::::::
reproduce

:
AOD and PM concentrations was evaluated at different regions of the world (Provençal et al.,

2017; Buchard et al., 2017; Cesnulyte et al., 2014; Cuevas et al., 2014). E.g., Provençal et al. (2017) tested PM surface concen-

trations from the MERRA Aerosol Reanalysis (predecessor of MERRA-2) against observations over Europe. Buchard et al.

(2017) evaluated MERRA-2 surface PM2.5 on the global scale and over the continental United States. Excessive validation

of the Monitoring Atmospheric Composition and Climate (MACC) reanalysis (predecessor of CAMS) has been conducted in110

Cesnulyte et al. (2014), where
::
by

:::::::::::::::::::
Cesnulyte et al. (2014),

:::::
who

::::::::
compared

:
the model AOD is compared with the AERONET

observations. In Cuevas et al. (2014) ,
::::::::::::::::
Cuevas et al. (2014)

::::::::
evaluated atmospheric mineral dust from the MACC reanalysis has

been evaluated over the MENA region for 2007–2008 using satellite and ground-based observations. MERRA-2 and CAMS-

OA are global and have a relatively low spatial resolution (in comparison with the regional models), which diminishes their

ability to resolve fine-scale regional spatial features. They improve the aerosol total column loadings through the assimilation115

of observed AOD but are not capable of assimilating the aerosol vertical structure and chemical composition. Like any other

model, MERRA-2 and CAMS-OA use emission inventories of anthropogenic pollutants that may be outdated and incomplete,

especially in the rapidly developing parts of the world, like the ME region (McLinden et al., 2016). Here we improve the

latest inventories of anthropogenic emissions in WRF-Chem using the novel SO2 emissions data set (Liu et al., 2018)
::::
E.g.,

SO2 ::::::::
emissions

::::
used

::
in

:::::::::
MERRA-2

::::
and

:::::::::
CAMS-OA

:::::
differ

:::
by

:::::::
45-50%

::
in

::::
some

::::
ME

::::::
regions

:::::::::::::::::
(Ukhov et al., 2020).120

Thus in
:
In

:
this study, we test

::::::
evaluate

:
aerosol outputs from MERRA-2, CAMS-OA, and WRF-Chem over the ME, against

satellite, ground-based AOD observations, and in situ PM2.5 and PM10 measurements , and evaluate air-quality
:::::
during

:::::::::
2015-2016

::::::
period,

:::
and

:::::
assess

:::
air

::::::::
pollution over the ME focusing on the following science questions:

1. How accurately do WRF-Chem, MERRA-2, and CAMS-OA capture the abundance of dust aerosol, its volume size, and

spatial distributions over the ME, in comparison with AERONET and satellite observations?125

2. How accurately do WRF-Chem, MERRA-2, and CAMS-OA capture PM surface concentrations compared with in situ

measurements?

3. What are the contributions of dust, sea salt, sulfate, black carbon, and organic matter in PM surface concentrations?
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4. What is the overall impact of PM pollution on air quality over the ME region and in the most significant ME urban

centers
:::
ME

:::::
major

:::::
cities?130

The paper is organized as follows: Section 2 describes the observational datasets used in this study. Section 3 briefly describes

::::::::::
characterizes

:
data assimilation products. In Section 4, the WRF-Chem model setup is described. In Section 5, a comparison

of the capabilities of WRF-Chem, MERRA-2, and CAMS-OA to simulate dust aerosol abundance over the ME is presented.

PM pollution maps and PM levels in major urban centers of the ME
:::
are

:::::::::
compared;

:::
the

::::
PM

:::::
spatial

:::::::::::
distributions

:::
and

::::
PM

:::
air

:::::::
pollution

::
in
::::

the
:::
ME

::::::
major

::::
cities

:
obtained from the WRF-Chem simulation

:::::::::
simulations

:
are also discussed. Conclusions are135

presented in Section 6.

2 Observational datasets

To evaluate the data assimilation products and WRF-Chem output, we use MODIS
:::::::
Moderate

::::::::::
Resolution

:::::::
Imaging

:::::::::::
Spectrometer

::::::::
(MODIS) AOD retrievals, ground-based Aerosol Robotic Network (AERONET) AOD observations, and aerosol volume size

distribution retrievals, as well as in situ measurements of PM surface concentrations.140

2.1 AERONET

AERONET comprises more than 1000 CIMEL and PREDE robotic sunphotometers (made in France and Japan, respectively)

which
::::::::::
observation

::::
sites

:::::::
equipped

::::
with

:::::::
CIMEL

:::::::::::::
sunphotometers

:::
and

:::::::
PREDE

:::::::::::::
skyradiometers

:::::::::::
manufactured

::
in

::::::
France

::
by

:::::::
CIMEL

:::
and

::
in

:::::
Japan

:::
by

:::::::
PREDE.

:::::
They measure direct sun and sky radiances at eight wavelengths (340, 380, 440, 500, 670, 870, 940,

and 1020 nm) every 15 minutes during daylight time (Holben et al., 1998). In 2012 we established the KAUST Campus site,145

which is currently the only
::::::::::
permanently

:
operational AERONET site in Saudi Arabia. For this study we have chosen three

AERONET sites (KAUST Campus, Mezaira, and Sede Boker, see Fig. 1) that routinely collected data in 2015-2016 and are

located within our domain. We primarily utilized level 2.0 (cloud screened and quality assured) AERONET AOD databut used

level 1.5 (cloud screened) data when level 2.0 data were not available. To facilitate comparison with the model output the 550

nm AOD is calculated using Angstrom exponent according to the following relation:150

⌧�
⌧�0

=

✓
�

�0

◆�↵

(1)

where ↵ is the Angstrom exponent
::::::::
Ångström

::::::::
exponent

:::
for

::
the

::::::::
440-675 nm

:::::::::
wavelength

:::::
range

::::::::
provided

::
by

::::::::::
AERONET, ⌧� is

the optical thickness at wavelength �, and ⌧�0 is the optical thickness at the reference wavelength �0. From here forward, we

will presume that AOD is given or calculated at 550 nm.

In addition to direct observations of AOD, the AERONET retrieval algorithm provides column integrated Aerosol Volume155

Size Distribution (AVSD) dV/dlnr (µm3/µm2) on 22 logarithmically equidistant discrete points in the range of radii between

0.05 and 15 µm (Dubovik and King, 2000). We use these retrievals to evaluate the AVSDs produced
:::::::::
calculated by WRF-Chem,

CAMS-OA, and MERRA-2.
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2.2 MODIS

MODIS instruments onboard the NASA Terra and Aqua
:::::::
on-board

:::
the

::::::
NASA

:::::::
TERRA

::::
and

::::::
AQUA

:
satellites provide aerosol160

properties over both land and ocean with near-daily global coverage. The high surface albedo over the desert surfaces complicates

the AOD retrievals (Shi et al., 2011). The standard MODIS AOD aerosol product combines two retrieval algorithms: 1) the

MODIS dark-target (DT) algorithm (Kaufman et al., 1997) is used over the ocean and dark areas with sufficient vegetation, 2)

the Deep Blue (DB) algorithm is used over bright desert surfaces of the Sahara and the ME. The uncertainties of AOD obtained

with the DB algorithm are ⇡25–30% (Hsu et al., 2006). From this combined product (MODIS-DB&DT v6.1) we use AOD at165

550 nm level 3
:
2
:
data from the daily dataset at 1�⇥1�

::
10

:
km spatial resolution, downloaded from (Acker and Leptoukh, 2007)

https://ladsweb.modaps.eosdis.nasa.gov/about/purpose
:::::::::::::::
(Levy et al., 2015).

Recently, a new MODIS AOD product became available that was obtained using the Multi-Angle Implementation of Atmo-

spheric Correction (MAIAC) algorithm (Lyapustin et al., 2018). This algorithm uses time series analysis and image processing

to derive the surface bidirectional reflectance function at fine spatial resolution. MAIAC uses empirically tuned, spatially vary-170

ing, aerosol properties derived from the AERONET climatology, and provides AOD at
:::
470

:::
and

:
550 nm with 1 km spatial

resolution over land globally. We include the new MAIAC product (version 6, level 2) in the comparison between simulated

and retrieved AODs.

2.3 Surface in situ PM observations

To test the model-produced PM concentrations, we use observations conducted by the air quality monitoring stations (AQMS)175

that measure surface concentrations of PM2.5 and PM10 in Riyadh, Jeddah, and Dammam (megacities of Saudi Arabia), see Fig.

1. Observations are available starting from 2016. The measurements were conducted by the Saudi Authority for Industrial Cities

and Technology Zones (MODON). MODON uses MP101M analyzer to continuously detect PM2.5 and PM10 concentrations by

measuring the absorption of low-energy �-radiation that is proportional to the mass of aerosol particles independently of their

physicochemical nature (measurement Method ISO 10473).
:::::
PM2.5:::

and
::::::
PM10 :::::::::::

measurement
::::
error

::
is

::
±

:::
5%.

:
The system satisfies180

the European Standards EN 12341 and US EPA (40CFR part 53) for PM10 and EN 14907 for PM2.5 continuous monitoring.

The PM measurements are conducted every 15 minutes, and collected data are transmitted in real-time to servers at MODON

for processing and storage. To provide confidence in the operational status of the each AQMS, a comprehensive physical audit

is conducted
:::::::
quarterly by Ricardo-AEA Ltd, (https://www.ctc-n.org/network/network-members/ricardo-aea-ltd)quarterly.

3 Data assimilation products185

MERRA-2 and CAMS-OA assimilate satellite and ground-based observations to provide aerosol abundance and air-quality

data globally.
::::::::
MERRA-2

::::
also

::::::::::
assimilates

::::::::::
AERONET

::::::
AODs. In contrast, WRF-Chem is a free-running model and does not

assimilate observations. Here, we specifically evaluate these products against observations over the ME, and compare them

with the WRF-Chem output.
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3.1 MERRA-2190

MERRA-2 (https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2) provides meteorological and atmospheric composition fields

on 0.625�⇥0.5� latitude-longitude grid and 72 terrain-following hybrid �� p model layers (Randles et al., 2017; Buchard

et al., 2017). The pressure at the model top equals 0.01 hPa. MERRA-2 uses the Goddard Earth Observing System, ver-

sion 5 (GEOS-5) atmospheric model (Rienecker et al., 2008), which is interactively coupled to the Goddard Global Ozone

Chemistry Aerosol Radiation and Transport (GOCART) model (Chin et al., 2002)
:::::::::::::::::
(Chin et al., 2002; ?) (i.e., it takes into ac-195

count the effects of aerosols on radiation and model dynamics). This model simulates dust and sea salt in five size bins

(see Tab. 2), SO2SO2, sulfate, organic and black carbon (hydrophobic and hydrophilic), O3, COO3:, CO, dimethyl sulfide

DMS
:
(DMS), and methane sulfonic acid (MSAMSA). The dust density is 2600 kg/m3 for all sizes. Dust and sea salt emis-

sions are calculated in the model, depending on the near-surface wind. The dust source function is taken from Ginoux et al.

(2001). For anthropogenic emissions, MERRA-2 employs the EDGAR-4.2 (Janssens-Maenhout et al., 2013) emission inven-200

tory available on a 0.1�⇥0.1� grid. MERRA-2 assimilates
:::::::::
assimilated

:
AOD at 550 nm from the AVHRR

::::::::
Advanced

:::::
Very

:::::::::::::
High-Resolution

::::::::::
Radiometer

:::::::::
(AVHRR) (Heidinger et al., 2014) over the oceans , AOD retrievals from the MISR over bright

surfaces (Kahn et al., 2005), as well as
::::
until

:::::
2002.

:::::
Since

::::
2000

:::::::::
MERRA-2

::::::
started

::::::::::
assimilating

:::::::
MODIS

:::
and

::::::::::
Multiangle

:::::::
Imaging

:::::::::::::::
SpectroRadiometer

:::::::
(MISR)

::::::::::::::::
(Kahn et al., 2005)

::::
data

::::
over

::::
land

:::
and

::::::
ocean.

::::
Both

::::::::::
instruments

:::
are

::
on

:::
the

::::::::
TERRA

::::::
satellite

::::::
which

:::
has

::
an

:::::::::
equatorial

:::::::
overpass

::
at
::::::
10:30

:::
am

:::::
UTC,

:::::
while

:::::::
AVHRR

:::
has

::::::
mostly

:::::::
orbited

::::
with

:::
the

::::::::
afternoon

:::::::::
equatorial

:::::::
crossing

:::::
time.205

::::::::
Therefore

:::::::::
MERRA-2

:::::::::
continued

:::::
using

:::::::
AVHRR

::::
data

::::
over

:::
the

:::::
ocean

::::
until

:::::
2002

:::::
when

:::
the

::::::
AQUA

:::::::
satellite

:::
was

:::::::::
launched.

:::::
Since

::::::
AQUA

:::
has

::
an

:::::
orbit

::::
with

:::
the

::::::
equator

::::::::
overpass

::
at

::::
2:30

:::
pm

:::::
UTC,

:::::::
AVHRR

::::
data

::::
was

::
no

::::::
longer

::::::
needed

:::
for

::::::::
coverage.

:::
We

:::::
have

::
to

:::::::
mention

:::
that

:::::::::
MERRA-2

::::::::::
assimilates specially processed MODIS observations(but ,

:
not the standard MODIS-DB&DT aerosol

product) and AERONET to constrain the atmospheric aerosols
:
.
:
It
::::
also

:::::::::
assimilates

::::::::::
AERONET

::::::
AODs

:::::::::::::::::
(Randles et al., 2017).

3.2 CAMS-OA210

CAMS-OA (https://atmosphere.copernicus.eu/) has been conducted in almost real-time since July 2012. The CAMS-OA prod-

uct has a resolution of 0.8�⇥0.8� before 21 June 2016, and 0.4�⇥0.4� after that, with 60 vertical levels. It employs the ECMWF

aerosol data assimilation system developed within the Integrated Forecast System (IFS) (Morcrette et al., 2009; Benedetti et al.,

2009). The extended version of the Carbon Bond chemical mechanism 5 (CB05) (Yarwood et al., 2005) is implemented in the

IFS (Flemming et al., 2015). CB05 describes tropospheric chemistry with 54 species and 126 reactions. The chemistry scheme215

is coupled with the aerosol module.

CAMS-OA simulates five aerosol species: dust, sea salt, sulfate, organic carbon, and black carbon. To simulate
:::::::
calculate

dust and sea salt, it uses three dustbins
:::::::
dust-bins

:
(see Tab. 2). The dust density is 2600 kg/m3 for all bins. Emissions of

mineral dust and sea salt depend on simulated near-surface wind speed. Dust emission is parameterized following Marticorena

and Bergametti (1995) with the source function adopted from Ginoux et al. (2001). SO2 SO2 oxidation into sulfate aerosol220

is parameterized using a prescribed latitude-dependent e-folding timescale ranging from 3 days at the equator to 8 days at the

poles. The anthropogenic emissions for the chemical species are taken from the MACCity inventory (Granier et al., 2011),
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Table 2. Radii ranges (µm) of dust and sea salt bins used in GOCART model (WRF-Chem, MERRA-2) and in CAMS-OA.

Bin

1 2 3 4 5

CAMS-OA dust 0.03-0.55 0.55-0.9 0.9-20.0 - -

CAMS-OA sea salt 0.03-0.5 0.5-5.0 5.0-20.0 - -

GOCART dust 0.1-1.0 1.0-1.8 1.8-3.0 3.0-6.0 6.0-10.0

GOCART sea salt 0.03-0.1 0.1-0.5 0.5-1.5 1.5-5.0 5.0-10.0

which is available on a 0.5�⇥0.5� grid and covers the period 1960–2010. CAMS-OA assimilates MODIS observations.
::::::
AQUA

:::
and

:::::::
TERRA

::::::
AODs.

::
It

::::
uses

::::::::::
observations

:::::
from

::::::::
Collection

::
5
:::::
since

:::::
2009,

:::
and

:::::
Deep

::::
Blue

::::
since

:::::
2015.

:

4 WRF-Chem225

To calculate fine-resolution PM and sulfate fields, we use the Weather Research and Forecasting (WRF) model (Skamarock

et al., 2005) coupled with chemistry (WRF-Chem v3.7.1) (Grell et al., 2005). The WRF-Chem is used for prediction and

simulation of weather, air quality, and dust storms, accounting for the aerosol effect on radiation. WRF-Chem can be configured

with one of the few gas-phase chemical mechanisms, photolysis, and aerosols parameterization models. WRF-Chem has been

widely used for air quality simulations in different parts of the globe: East Asia (Wang et al., 2010), US
:::::
North

:::::::
America

:
(Kim230

et al., 2006; Chuang et al., 2011), Europe (Forkel et al., 2012; Ritter et al., 2013), South America (Archer-Nicholls et al., 2015)

and Middle East (Parajuli et al., 2019).

To reduce the clock-time of our two-year calculations, we simulated each month of the 2015-2016 period separately. Each

simulation starts from the last week of the previous month. This time is considered a spin-up and is excluded from post-

processing. The simulation domain, shown in Fig. 1, is centered at 28�N, 42�E, and a 10⇥10 km2 horizontal grid (450⇥450235

grid nodes) is employed. The vertical grid comprises 50 vertical levels with enhanced resolution closer to the ground comprising

11 model levels within the near-surface 1-km layer. The model top boundary is set at 50 hPa.

To improve the representation of the meteorological fields, we apply spectral nudging (Miguez-Macho et al., 2004) above

the planetary boundary layer (PBL) (>5.0 km) to horizontal wind components (U and V ) toward the MERRA-2 wind field.

The nudging coefficient for U and V is set to be 0.0001 s�1. We nudge modes with wavelengths larger
::::
only

:::::
nudge

::::::
waves

::::
with240

::::::::::
wavelengths

::::::
longer than 450 km. This allows us to keep the large-scale motions close to reanalysis, and leave the resolved

small-scale, high-frequency features unaffected.

The aerosol/chemistry initial conditions and boundary conditions (IC&BC) are calculated using MERRA-2 output by means

of
:::::
using the newly developed Merra2BC interpolation utility (see Appendix ??)

:::::::::::::::::::::::::
(Ukhov and Stenchikov, 2020). To be consis-

tent with aerosol/chemistry IC&BC, we also define the meteorological IC&BC using MERRA-2 output (see Appendix ??
:::
A1).245

The following set of physical parameterizations was used in WRF-Chem runs. The Unified Noah land surface model

(sf_surface_physics=2) and the Revised MM5 Monin-Obukhov scheme (sf_sfclay_physics=1) are chosen to represent land sur-
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face processes and surface layer physics. The Yonsei University scheme is chosen for PBL parameterization (bl_pbl_physics=1).

The WRF single moment microphysics scheme (mp_physics=4) is used for the treatment of cloud microphysics. The New

Grell scheme (cu_physics=5) is used for cumulus parameterization. The Rapid Radiative Transfer Model (RRTMG) for both250

short-wave (ra_sw_physics=4) and long-wave (ra_lw_physics=4) radiation is used for radiative transfer calculations. Only

the aerosol direct radiative effect is accounted for. More details on the physical parameterizations used can be found at

http://www2.mmm.ucar.edu/wrf/users/phys_references.html.

4.1 Gas-phase chemistry and aerosols

To calculate the atmospheric chemistry within WRF-Chem, we employ the Regional Atmospheric Chemistry Mechanism255

(RACM, chem_opt=301) (Stockwell et al., 1997) containing 77 species and 237 reactions, which include 23 photolysis re-

actions. It ,
:::
but

:::
no

::::::::::::
heterogeneous

:::::::::
chemistry.

::::
The

::::::
RACM

::::::::
chemical

:::::::
module

:
is embedded into WRF-Chem using the Kinetic

PreProcessor (KPP) (Damian et al., 2002). The role of KPP is to integrate the system of stiff nonlinear ordinary differential

equations, which represents the specified set of chemical reactions. The photolysis rates are calculated on-line according to

Madronich (1987) (phot_opt=1). Similar to MERRA-2, the GOCART chemistry module is used to calculate SO2 SO2 to260

sulfate oxidation (Chin et al., 2002) by the hydroxide
:::::::::::::::::
(Chin et al., 2002; ?)

::
by

:::
the

::::::::
hydroxyl radical OH whose abundance is

interactively simulated by RACM.

Here we
:::
We use the novel OMI-HTAP SO2 SO2 emission dataset (Liu et al., 2018) based on the combination of distributed

SO2 SO2 emissions from residential and transportation sectors, taken from the HTAP-2.2 inventory (Janssens-Maenhout et al.,

2015) with the catalogue of the strong (>30 kt/year) SO2 SO2 point emissions (Fioletov et al., 2016) built using satellite265

observations by Ozone Monitoring Instrument (OMI) (Levelt et al., 2006; Li et al., 2013). The catalogue contains more than

500 point sources of industrial origin, some of which are not present in the widely used EDGAR-4.2 and HTAP-2.2 emission

datasets. For example, 14 previously unaccounted SO2 SO2 point emissions located in the ME (mostly in the Arabian Gulf)

were detected, most of them are related to oil and gas industry. OMI-HTAP divides SO2 SO2 emissions into surface and

elevated ones. We distribute the surface SO2 SO2 emissions with a constant mixing ratio in the 0-1000 m layer, and elevated270

emissions in 120-1000 m layer. All other constituents (
::::
other

:
PM

::::
from

::::::::
biogenic

::::
and

:::::
fossil

::::::::::
components, black and organic

carbon, etc.), including SO2 SO2 shipping emissions, are taken from the HTAP-2.2 inventory and are treated as surface

emissions.
:::::::::
OMI-HTAP

:
SO2 ::::::::

emissions
:::
are

:::::::
provided

:::
on

:::::::::
0.1�⇥0.1�

::::
grid

::::::::::::::
(Liu et al., 2018).

:::
We

::::::::::::
conservatively

::::::::::
interpolated

:::::
them

::
on

:::
the

::::::::::
WRF-Chem

::::::
10⇥10

:
km2

::::
grid.

:::
See

:::::::::::::::::
Ukhov et al. (2020)

::
for

::::::
details.

:

To calculate aerosols we employ the GOCART (Chin et al., 2002) aerosol model (chem_opt=301). It is the same microphys-275

ical model as that used in MERRA-2 (see Sec. 3.1). Dust and sea salt size distributions in WRF-Chem are approximated by

the same five dust and sea-salt size bins as those in MERRA-2 (Tab. 2). However, only the last four "salt" bins in Tab. 2 are

used in WRF-Chem, as the first bin appears to be very poorly populated. Dust density is assumed to be 2500 kg/m3 for the

first dustbin
:::::::
dust-bin and 2650 kg/m3 for 2-5 dustbins

:::::::
dust-bins. Emission of sea salt is calculated according to Gong (2003).
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Dust emission from the surface is calculated using the GOCART emission scheme (Ginoux et al., 2001) (dust_opt=1). Dust280

emission mass flux, Fp (µg m�2 s�1) in each dustbin
:::::::
dust-bin p=1,2,...,5 is defined by the relation:

Fp =

8
><

>:

CSspu2
10m(u10m �ut), if u10m > ut

0, otherwise
(2)

where, C has the dimension of (µg s2 m�5) and is a spatially uniform factor which controls the magnitude of dust emission

flux; S is the spatially nonuniform
::::::
varying

:
topographic source function (Ginoux et al., 2001) that characterizes the spatial

distribution of dust emissions; u10m is the horizontal wind speed at 10 m
:::::
height; ut is the threshold velocity, which depends

on particle size and surface wetness; sp is a fraction of
:::
dust

:
mass emitted into dustbin

::::::
dust-bin

:
p,

P
sp = 1.285

To avoid natural dust emission in urban areas, we use the built-in WRF-Chem the U.S. Geological Survey (USGS) 24-

category land-use data set (Anderson, 1976). We modify the source function S using the following expression:

S0 = (1.0�URBAN_MASK) ·S (3)

where
::
S0

::
is
:::
the

::::::::
modified

::::::::::
topographic

::::::
source

::::::::
function, URBAN_MASK is the USGS “Urban and Built-up Land” mask

field. It has the sense of a fraction of urban area in a grid-cell and ranges from 0 to 1. Grid cells with URBAN_MASK=1 do290

not produce natural dust emissions. We do not account for anthropogenic dust emissions within cities, and therefore potentially

underestimate urban dust pollution.

As in our previous studies (Kalenderski et al., 2013; Jish Prakash et al., 2015; Anisimov et al., 2017), we tune dust emissions

to fit the daily average AOD from the AERONET stations located within the domain. For this purpose, the parameter
:::::
factor

C from Eq. (2) has been adjusted to achieve the best agreement between simulated and observed AOD at KAUST Campus,295

Mezaira, and Sede Boker AERONET sites, see Fig. 1.
::::::::
Assuming

:::
that

::::::
factor

::
C

::::
does

::::
not

::::::
depend

:::
on

::::
time

::::
and

:::::::::::
geographical

::::::::::
coordinates,

:::
we

:::
can

::::
only

::::
tune

:::
the

::::::
annual

:::::::
average

::::
AOD

:::::
bias. Both simulations and observations represent the total AOD with

contributions from all types of aerosols. Because dust dominates all other aerosols in the ME, we choose to tune only the dust

emissions.

Obtained during test runs, C value of 0.5 is kept constant in all subsequent production runs. We also tune sp from Eq. (2)300

to better reproduce the AVSDs provided by AERONET inversion algorithm. This tuning and the comparisons of AOD and

AVSDs from the assimilation products and WRF-Chem simulations are discussed in detail below.

::
In

:::
situ

::
air

::::::
quality

::::::::::
observations

::
in
:::
the

:::::::
Middle

:::
east

:::
are

::::::
scarce.

::
It
::
is

:::
one

:::
of

:::
the

:::::
known

::::::::
problems

:::
for

:::
air

::::::
quality

:::::::
research

::
in

::::
this

::::
area.

:::
The

::::::
things

:::
are

::::::::
simplified

::
a

::
bit

:::
by

:::
the

:::
fact

::::
that

::
in

::
the

::::
ME

::::
dust

::::::::
dominates

:::::::
aerosol

::::::::
pollution.

::::
E.g.,

:::::::::::::
Cloud-Aerosol

::::
Lidar

::::
and

::::::
Infrared

:::::::::
Pathfinder

:::::::
Satellite

:::::::::::
Observations

::::::::::
(CALIPSO)

::::::::::::::::::
(Vaughan et al., 2004)

::::::
records

::::
dust

::
in

::::
95%

::
of

::::::
profiles

:::::::::::::::::
(Osipov et al., 2015)305

:
.
:::
The

:::::
effect

:::
of

:::::::
nitrates,

::::::::
ammonia,

::::
and

:::::::
organics

:::
on

:::::
AOD

:::
and

::::
PMs

::
is
::::::::::::

insignificant;
::::::::
therefore,

:::
the

::::::::
employed

:::::::::::::::
aerosol-chemical

::::::
scheme

::::::::::::::::
(GOCART-RACM)

:::
is

:::::::
adequate

::::
for

:::
the

:::
ME

::::::::::
conditions.

:::
To

:::::::
support

:::
this

::::::::::
conclusion,

:::
we

:::::
have

:::::::::
conducted

:::::::::
laboratory

::::::
analysis

:::
of

::
the

::::::::
chemical

::::::::::
composition

:::
of

:::
soil

:::
and

::::
dust

:::::::::
deposition

:::::::
samples

:::
that

:::::
show

:
a
::::
little

::::::::
presence

::
of

:::::::
organics

:::
and

::::::::::
ammonium

11



:::::::::::::::::::::::::::::::::::::::::
(Jish Prakash et al., 2016; Engelbrecht et al., 2017).

:::::::::
According

::
to

::::::::::::::::::::
Engelbrecht et al. (2017)

:
,
::
in

:::::
2015,

:::
the

:::::
annual

:::::::
average

::::::
weight

:::::::::
percentages

:::
of

::::::
soluble

::::
ions

::
of

::::::::::
ammonium

:
(NH4:) :::

and
::::::
sulfate

::
in

:::::::::
deposition

:::::::
samples

:::::
taken

::
at

::::
four

::::
sites

::
at

:::
the

:::::::
KAUST

:::::::
Campus310

::
are

::::::
0.05%

::::
and

:::::::
2.513%,

::::::::::
respectively.

::
It
::::::
means

:::
that

::::::::
available

::::::::::
ammonium

::::
may

::::::::
neutralize

::
at

::
a

::::::::
maximum

::
of

::::
5%

::
of

::::::
sulfate

:::::
mass.

:::
The

:::::
actual

:::::::::::
contribution

::
of

::::::::::
ammonium

:::::
sulfate

::::::
should

:::
be

:::::
lower,

::
as
:::::

some
::::::::::
ammonium

::::
may

::::
also

::
be

::::::
bound

::
as

::::::::::
ammonium

::::::
nitrate,

:::::::::
ammonium

:::::::::
phosphate,

::
or

::::::::::
ammonium

::::::::
chloride.

4.2 WRF-Chem code modification

We have corrected the source code of the WRF-Chem v3.7.1 with GOCART aerosol module in several places. These corrections315

were implemented in the WRF-Chem v4.1.3 official releaseand will be described
:
.
:::
We

:::::::
evaluate

::::
how

::::
they

::::::
change

:::
the

::::::
results in

the forthcoming technical publication. Here we
::::
only briefly discuss the introduced changes and their effects.

Firstly, the diagnostic output of PM concentrations was corrected, because contributions of the individual dust and sea salt

bins were incorrectly calculated. Therefore, PM2.5 surface concentrations were erroneously underestimated
::
by

:::
7% while PM10

- were overestimated .320

::
by

::::
5%. Secondly, we found that the contribution of fine dust particles with radii <0.46 µm was omitted in the calculation of

AOD
:
,
::::
AOD

::::
was

:::::::::::
consequently

:::::::::::::
underestimated

::
by

:::::::
25-30%. This led to an overestimation of the dust emission flux because we

force the simulated AOD to match the AERONET observations.

Thirdly, we fixed the dust and sea salt gravitational settling subroutine, since initially, the calculations of mass fluxes of

settling particles did not account for changes in air density. Due to this error, the total mass of dust and sea salt aerosols325

increased, violating mass conservation.

5 Results

5.1 Regional climate and circulation

The ME is one of the hottest and driest regions on the Earth. Summer in the ME is long and hot with little precipitation.

Precipitation mainly occurs in the south-west of the Arabian Peninsula. Winter is mild, with rainfall being mostly associated330

with cold fronts and cyclones propagating from the Eastern Mediterranean (Climate.com, 2018). Emission and transport of dust

are driven by winds. Emission and deposition of dust are also sensitive to soil moisture and precipitation (Furman, 2003; Shao,

2008; Yu et al., 2015).
::::::::
However,

:::::::
because

:::
the

:::
ME

::
is

::
an

::::
arid

::::::
region,

:::
the

:::
soil

::::::::
moisture

:::
and

:::::::::::
precipitation

:::::
effects

:::
are

:::::::::::
insignificant.

:

Figure 2 shows contours of sea level pressure, topographic source function S (Ginoux et al., 2001), and seasonally 2015-2016

averaged wind speed barbs at 10 m
:::::
height over the ME during winter (DJF) and summer (JJA) from WRF-Chem simulations.335

Over northeast Africa in winter (see Fig. 2a), the strong pressure gradient between the Red Sea trough and the stationary

high-pressure system over Egypt predominantly generates moderate north-easterly winds (up to 10 m/s). Therefore in winter,

dust storms occur more frequently in the west of the Arabian Peninsula. Over the Central and Eastern Arabian Peninsula and
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Figure 2. Seasonally averaged for 2015-2016 wind barbs (m/s) at 10 m, sea level pressure (contours), and erodibility function (shading)

(Ginoux et al., 2001). a) Winter (DJF), b) Summer (JJA).

the eastern part of the ME, winds are relatively weak and do not have a clear direction. However, cold fronts generated by

Mediterranean cyclones can cause dust storms and dust transport to central regions of the Arabian Peninsula.340

In summer (see Fig. 2b
:
)
:
the high-pressure system over the eastern Mediterranean and low-pressure system over the Arabian

Gulf promote moderate north-northwesterly winds known as Shamal (Yu et al., 2016; Hamidi et al., 2013), which dominate

over the central part of the Arabian peninsula. Shamal is the primary driver of dust storm events over this area (Yu et al., 2016;

Shao, 2001; Middleton, 1986; Goudie and Middleton, 2006; Notaro et al., 2015). Shamal brings dust to the Arabian Gulf,

north, and central part of Saudi Arabia, from the Tigris-Euphrates basin of Syria and Iraq (Anisimov et al., 2018).345

Figure 3 shows wind speed seasonally averaged for 2015-2016 at 10 m from MERRA-2, CAMS-OA, and WRF-Chem during

winter (DJF) and summer (JJA). WRF-Chem spatial distributions of wind speed agree well with MERRA-2 and CAMS-OA,

but due to the higher spatial resolution, WRF-Chem better resolves the fine-scale spatial structures of the 10 mwind
:::::
-wind field

over complex terrain. All panels have similar seasonal variations of wind speed. In winter, maximum winds are stronger over

the south-east of the domain. In the Central and northern parts of the domain winds are weak. In summer, wind speed increases350

in the northern and central parts of the ME. Somali Jet produces strong (10-15 m/s) winds in the Arabian Sea along the coasts

of Somalia and Oman.
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Figure 3. Seasonally averaged 2015-2016 wind speed at 10 m for
::::
from WRF-Chem, MERRA-2, and CAMS-OA during winter (DJF),

summer (JJA).

To conduct the statistical analysis, we interpolated the seasonally averaged 2015-2016 zonal and meridional wind compo-

nents (U and V ) at 10 m from WRF-Chem, and CAMS-OA on MERRA-2 grid and calculated Pearson correlation coefficient

(R), and root mean square differences (RMSD) between each pair, see Tab. 3, correspondingly. RMSD is calculated us-355

ing the same formula as the root mean square error (RMSE). The procedure of calculation of these parameters is given in

Appendix A2. Pearson correlation coefficients provided in Tab. 3 are close to 1. The highest correlation is achieved between

MERRA-2 and CAMS-OA. WRF-Chem’s correlation coefficient with respect to MERRA-2 is smaller but exceeds that of the

WRF-Chem - CAMS-OA pair. The WRF-Chem and MERRA-2 wind fields are close partly because WRF-Chem boundary

conditions are built using MERRA-2 reanalysis, and the large-scale winds are nudged (see Sec. 4) to the ones from MERRA-2360

over the PBL.
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The RMSDs (see Tab. 3) are lower in winter than in summer. All RMSDs are in the range of 0.45-0.85 m/s. The lowest

RMSDs are between MERRA-2 and CAMS-OA. Notably, in all three cases, the correlation coefficients for the meridional

component V are higher, and the RMSDs are lower when compared with the zonal wind component U . This is because ,

in summer, the northern winds are stable since they are maintained by the large-scale processes. In contrast, the zonal wind365

component, which is affected by small-scale processes like sea-breezes, is variable. The results of the statistical analysis in

Tab. 3 and the clear similarity of the spatial patterns (among all products) of the averaged 10 m wind fields presented in Fig.

3, suggest that WRF-Chem captures the magnitude and spatial distribution of the 10 m wind. Thus, we conclude that WRF-

Chem with the selected set of physical parameterizations satisfactorily simulates both the large- and meso-scale atmospheric

processes in the ME.370

Table 3. Pearson correlation coefficient R and root mean square difference RMSD (m/s) for the seasonally averaged 2015-2016 wind

components U and V at 10 m.

Season WRF-Chem wrt CAMS-OA WRF-Chem wrt MERRA-2 CAMS-OA wrt MERRA-2

R RMSD R RMSD R RMSD

U | V U | V U | V U | V U | V U | V

Winter (DJF) 0.918 | 0.954 0.716 | 0.593 0.954 | 0.963 0.572 | 0.537 0.954 | 0.974 0.558 | 0.449

Summer (JJA) 0.929 | 0.981 0.853 | 0.704 0.938 | 0.982 0.833 | 0.669 0.965 | 0.986 0.636 | 0.593

Annual mean 0.924 | 0.968 0.785 | 0.649 0.946 | 0.973 0.703 | 0.603 0.960 | 0.980 0.597 | 0.521

* wrt - with respect to

5.2 AOD

In this section, we evaluate the ability of WRF-Chem, CAMS-OA, and MERRA-2 to reproduce the aerosol content in the

atmosphere accurately. This content is characterized by AOD. In the ME, mineral dust contribution to the total AOD is dominant

(⇡87%) (Kalenderski and Stenchikov, 2016; Osipov et al., 2015). The treatment of optically active dust within the model is

therefore vitally important. AOD is calculated based on aerosol concentrations and aerosol optical properties, which depend375

upon aerosol size distribution. We, therefore, evaluate how well WRF-Chem and assimilation products reproduce aerosol

::::::
volume size distribution.

5.2.1 Aerosol
::::::
volume

:
size distributions

Dust particles are emitted into the lower atmospheric layer with some predominant size distribution (Kok, 2011)
:::::::::::::::::::::::::::::
(Martin and Kok, 2017; Kok, 2011)

. Emitted dust is processed by the atmosphere to produce the atmospheric dust size distribution that is retrieved by the380

AERONET inversion algorithm (Dubovik and King, 2000) and reported as column integrated AVSD. Strictly speaking, AERONET

AVSD incorporates contributions from all types of aerosols. But
:::
the

::::
size

:::::::::
distribution

::
of

:::::::
emitted

::::
dust

:::
has

:::
the

:::::::
strongest

:::::
effect

:::
on
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::::::
column

:::::::::
integrated

::::::
AVSD, because dust dominates all other aerosols in the ME

:
.
::::::::
Therefore, we have to tune the dust emission

parameters in the first place.

Eq. (2) assumes that dust particles of different sizes have different emission mass fluxes that
:::
into

::::
five

::::
dust

::::
size

::::
bins are385

controlled by the sp fractions. In WRF-Chem the default values of sp fractions for the five dustbins
:::::::
dust-bins (see Tab. 2) are

{0.1, 0.25, 0.25, 0.25, 0.25}. We found that with these default sp fractions, WRF-Chem underestimated the volume of fine dust

particles in comparison
:::
first

:::
bin

:::
0.1

:
µm

:
<

:
r
:::
<1 µm

::::::::
compared

:
with AERONET AVSD, whereas the coarse mode

::::::
volume

::
of

:::
the

::::::
second

:::
bin

:
1 µm

:
<
:
r
::::
<1.8

:
µm was overestimated. In combination with the tuning of

::::
fitting

:::
the

::::::::
observed

:::::
AOD

::
by

::::::
tuning

::
of

:::::
factor

Cparameter, this led to an overestimation
::
the

:::::::
increase

:
of the total emitted dust mass, since fine particles are optically more390

efficient per unit mass
::::
than

:::::
coarse

::::::::
particles. To achieve a better agreement between the simulated and AERONET AVSDs we

adjusted fractions sp to be {0.2, 0.15, 0.17, 0.38,
:::
0.1,

::::
0.25,

::::
0.4, 0.1}. A similar approach was implemented in Khan et al. (2015)

using the MADE/SORGAM chemistry/aerosol scheme. Updated
:::
This

:
sp values were kept in further

:::::::::::
modification

:
is
::
in

::::
line

::::
with

:::::::::::::::::::::
(Adebiyi and Kok, 2020)

:
as

::
it

:::::::::
effectively

::::::::
decreased

::::::::
emission

::
of

::::
dust

::::::::
particles

::::
with

::::
radii

:::::
r<2.5 µm

:::
and

::::::::
increased

:::::::
emission

:::
of

:::::
coarse

:::::::
particles

::::
with

:::::
radii

::::
r>2.5

:
µm

:::
(see

:::::::::
Appendix

::::
A3).

:::
We

:::
use

:::
the

:::::::
updated

::
sp::::::

values
::
in

::
all

:::
our

:
WRF-Chem simulations.395

Figure 4 shows seasonally averaged 2015-2016 volume size distributions obtained from MERRA-2, CAMS-OA, AERONET

and WRF-Chem with updated sp fractions. The comparison is conducted for the KAUST Campus, Mezaira, Sede Boker

AERONET sites (see Fig. 1), since only these sites have information on AVSDs during the 2015-2016 period. Because dust

bins are coarse, especially in the sub-micron range, model and assimilation products struggle to correctly reproduce the fine

mode of the AERONET AVSD (see
:::
The

::::::
effect

::
of

::
sp:::::::::::

modification
:::::
could

:::
be

::::
seen

::
in
:

Fig. 4 ). The volume size distributions400

from the model and assimilation products demonstrate pronounced seasonal variability with the increased amount of dust in

the atmosphere during spring and summer. Since the KAUST Campus and Mezaira sites are located in the vicinity of the strong

dust sources, the coarse mode at these sites is more pronounced than at the Sede Boker site, which is farther from the strong

dust emission sources
::
by

:::::::::
comparing

::::::
AVSDs

:::::
from

::::::::::
WRF-Chem

::::
with

:::::::
updated

:::
set

::
of

:::
sp :::

and
::::::::::
MERRA-2

:::
that

::::
uses

:::
the

::::::
default

:::
sp

:::
set.

::
A

:::::
direct

::::::::::
comparison

::
of

::::::
AVSDs

:::::
from

:::
the

::::::::::
WRF-Chem

::::
runs

::::
with

:::
the

:::::::
updated

:::
and

::::::
default

::
sp::::

sets
::
is

:::::
shown

::
in
:::::::::
Appendix

:::
A3.405

Summer (JJA) averaged 2015-2016 AVSD () at KAUST Campus AERONET site obtained from the AERONET inversion

algorithm and from WRF-Chem.

Both MERRA-2 and WRF-Chem use the GOCART aerosol scheme with the same five dustbins
:::::::
dust-bins, and they approx-

imate the shape of the AERONET AVSD relatively well. CAMS-OA uses only three dustbins
:::::::
dust-bins

:
(see Tab. 2) and fails

to reproduce the AERONET AVSD even qualitatively. It overestimates the volume of particles with radii of 0.55-0.9 µm and410

underestimates the volume of particles with radii of 0.9-20 µm. With the latest system upgrade in 2019, this weakness of

CAMS-OA has been corrected by introducing of a new dust scheme (Nabat et al., 2012).

The
::::::
volume

:::
size

:::::::::::
distributions

::::
from

:::
the

::::::
model

:::
and

:::::::::::
assimilation

:::::::
products

::::::::::
demonstrate

::::::::::
pronounced

::::::::
seasonal

:::::::::
variability

::::
with

::
the

:::::::::
increased

::::::
amount

::
of
::::

dust
:::

in
:::
the

:::::::::
atmosphere

::::::
during

::::::
spring

:::
and

::::::::
summer.

:::::
Since

:::
the

:::::::
KAUST

:::::::
Campus

:::
and

::::::::
Mezaira

::::
sites

:::
are

::::::
located

::
in

:::
the

::::::
vicinity

::
of

:::
the

::::::
strong

::::
dust

:::::::
sources,

::
the

::::::
coarse

:::::
mode

::
at

::::
these

::::
sites

::
is
:::::
more

::::::::::
pronounced

::::
than

::
at

:::
the

::::
Sede

:::::
Boker

::::
site,415

:::::
which

::
is

::::::
farther

::::
from

:::
the

:::::
strong

::::
dust

::::::::
emission

:::::::
sources.
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Figure 4. Seasonally averaged 2015-2016 AVSDs (µm3
/µm2) obtained from MERRA-2, CAMS-OA, WRF-Chem, and from the AERONET

inversion algorithm at a) KAUST Campus, b) Mezaira and c) Sede Boker AERONET sites. Winter (DJF), spring (MAM), summer (JJA) and

autumn (SON).
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Figure 5.
::::::
Summer

::::
(JJA)

:::::::
averaged

::::::::
2015-2016

::::::
AVSD

:
(µm3

/µm2
:
)
:
at
::::::
KAUST

::::::
Campus

::::::::
AERONET

:::
site

:::::::
obtained

:::
from

:::
the

:::::::::
AERONET

:::::::
inversion

:::::::
algorithm

:::
and

::::
from

::::::::::
WRF-Chem.

:::
The

:
fine mode in the AERONET AVSD is more pronounced at the KAUST Campus in comparison with the other AERONET

sites due to its proximity to strong SO2 SO2 sources located along the west coast of Saudi Arabia
::::::::::::::::
(Ukhov et al., 2020). This

proximity leads to a higher contribution of fine sulfate particles to the fine mode. The smaller volume of fine particles in the

WRF-Chem and MERRA-2 simulated dust AVSD (see Fig. 4) is in part because the sulfate contribution is not shown
::::::::
simulated420

::::::
AVSDs

:::::
show

::::
only

::::
dust

:::::::
omitting

::::
the

:::::::::::
contributions

::
of

::::::
sulfate

::::
and

:::
sea

:::
salt. Sea salt particles/droplets are relatively large and

mostly contribute to the coarse mode.

Figure 5 shows the contributions of dust, sea salt, and sulfate aerosols into the AVSD at the KAUST Campus AERONET site

in WRF-Chem simulation averaged for two summer seasons (JJA) of 2015-2016. In WRF-Chem, sulfate aerosol is computed

using a bulk approach. However, for
:::
For

:
calculating of aerosol optical properties, it is assumed that sulfate aerosol is described425

by
:::::::::
comprises two log-normal modes: nuclei and accumulation. According to WRF-Chem source code, the nuclei mode

::::::
median

radii µnuc=0.005 µm and geometric width �nuc=1.7, the accumulation mode
::::::
median

:
radii µacc=0.035 µm and geometric width

�acc=2.0. The nuclei mode comprises 25% of the sulfate aerosol mass, and accumulation mode - 75%. It is assumed that sulfate

aerosol density is 1800 kg/m3 and sea salt density is 2200 kg/m3. Figure 5 demonstrates that the contribution of the sulfate

nuclei mode in the aerosol volume is almost negligible, while the sulfate accumulation mode adds in the volume of aerosol430

particles with radii <1 µm. The contribution of the sea salt aerosol into AVSD in WRF-Chem simulations is very little.
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Figure 6. Daily averaged AOD 2015-2016 at three AERONET sites (KAUST Campus, Mezaira, Sede Boker)
:::
and

:::::::::::
corresponding

:::::
scatter

::::
plots

computed for WRF-Chem, AERONET, MERRA-2, CAMS-OA, MODIS-DB&DT, and MAIAC.:
::
a)

:::::
2015,

::
b)

::::
2016.
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Table 4. Pearson correlation coefficient R and mean BIAS
::
bias

:
calculated for daily averaged AOD time-series from WRF-Chem, CAMS-OA,

MERRA-2, MODIS-DB&DT, and MAIAC with respect to AERONET AOD observations.

WRF-Chem CAMS-OA MERRA-2 MODIS-DB&DT MAIAC

BIAS
:::
bias R BIAS

:::
bias R BIAS

:::
bias R BIAS

:::
bias R BIAS

:::
bias R

2015

KAUST Campus -0.05
::::
-0.04

:
0.73

:::
0.74 0.01 0.86 -0.05 0.85 0.02

:::
0.06

:
0.83

:::
0.81 -0.07

::::
-0.08

:
0.88

:::
0.89

Mezaira 0.05
::::
0.07 0.73 0.11 0.80

:::
0.81 0.03

:::
0.04 0.83 0.10

:::
0.07

:
0.78

:::
0.79 -0.07 0.88

Sede Boker -0.03
::::
-0.01

:
0.44

:::
0.43 0.07 0.65 0.02 0.72 0.02

:::
0.06

:
0.92

:::
0.84 0.04 0.96

2016

KAUST Campus 0.00
::::
-0.01 0.60

:::
0.75 0.01 0.76 -0.03 0.88 -0.05

::::
0.06 0.77

:::
0.73 -0.07

::::
-0.05

:
0.64

:::
0.74

Mezaira 0.09 0.52
:::
0.62 0.11

:::
0.12 0.88

:::
0.87 0.06 0.87

:::
0.85 0.08 0.70

:::
0.77 -0.04 0.83

Sede Boker 0.02
::::
0.03 0.66

:::
0.85 0.10

:::
0.09 0.84

:::
0.83 0.04 0.91 0.03

:::
0.08

:
0.47

:::
0.56 0.05 0.63

5.2.2 Comparison with AERONET AOD

The comparison of the daily averaged AOD from
::::
time

:::::
series

:::
and

:::::::::::::
corresponding

:::::
scatter

:::::
plots

:::::::::
calculated

:::::
using WRF-Chem,

MERRA-2, CAMS-OA, MODIS-DB&DT, and MAIAC
:::
data

:
with AERONET AOD observations conducted at KAUST Cam-

pus, Mezaira and Sede Boker during 2015-2016 period is presented in Fig. 6. Because AERONET conducts observations only435

during the daylight time, we interpolated WRF-Chem, MERRA-2, CAMS-OA AODs to the AERONET measurements times

and then conducted time averaging to make simulated and observed AODs consistent. AODs from MODIS-DB&DT and MA-

IAC are provided as a daily average. However, MODIS conducts
:::::::
Although

:::::::
MODIS

::::::::
routinely

:::::::
provides

:
observations only twice

a day during daylight time
:
,
::
up

::
to

::::
four

:::::::::::
observations

:::::
might

::
be

::::::::
collected

::
on

:::::
some

::::
days

::::
due

::
to

::::::
overlap

::
of

:::
the

:::::::
TERRA

::::
and

::::::
AQUA

:::::
orbits

:
at
:::::
some

::::::::
locations.440

The
:::::
scatter

::::
plots

:::::
show

::::
that

:::
the

:
model and assimilation products reproduce

:::
are

::::::
capable

:::
of

::::::::::
reproducing

:
the magnitude and

temporal evolution of the observed AERONET AOD at all sitesquite well. During both years, KAUST Campus and Mezaira

sites show higher AOD in summer and lower AOD in winter.

To quantify the capability of the WRF-Chem, MERRA-2, and CAMS-OA models, and the MODIS-DB&DT and MAIAC

products to reproduce the AERONET AOD, we calculate Pearson correlation coefficient R and mean BIAS
:::
bias

:
(see Ap-445

pendix A2) with respect to the AERONET AOD observations for the 2015-2016 period, see Tab. 4. The correlation coefficients

are the highest for MERRA-2 and MAIAC. MAIAC shows better correlation than MERRA-2 during 2015 (0.88-0.96), but

MERRA-2 is better correlated with AERONET (0.88
:::
0.85-0.91) than MAIAC in 2016. CAMS-OA, despite it does not assimi-

late AERONET, shows better correlations (0.65-0.88
::::
-0.87) than MODIS-DB&DT (0.47-0.92

::::::::
0.56-0.84). However, CAMS-OA

overestimates AOD, particularly during acute dust events, and has a relatively high positive mean BIAS
::::
bias. The R coefficient450

for the WRF-Chem AOD is (0.44-0.73
:::::::
0.43-0.85). MERRA-2 and WRF-Chem have the lowest BIAS

:::::
mean

::::
bias in compari-

son with the other models and products. Both MODIS-DB&DT and MAIAC have a slightly larger BIAS than WRF-Chem.
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MODIS-DB&DT BIAS is positive except KAUST Campus in
::::
mean

::::
bias

::
is

:::::::
positive

::
in

:::::
2015

:::
and

:
2016, while MAIAC BIAS

::::
mean

::::
bias

:
is negative for KAUST Campus and Mezaira and positive for Sede Boker during both years

:
.

:::
We

::::
have

::
to

:::::::
mention

::::
here

:::
that

:::
the

:::::::
satellite

:::::::
retrievals

::::
and

:::::::::
MERRA-2

:::
use

::::::::::
AERONET

::::::::::
observations

:::
for

::::::::::
calibration.

::::::::::
WRF-Chem455

:
is
:::::
tuned

::
to
::::::

reduce
:::
the

::::::
annual

:::::
mean

::::
bias

::::
with

::::::
respect

::
to
::::::::::
AERONET

:::::::::::
observations.

::::::::::
CAMS-OA

::::
does

:::
not

:::::::::
assimilate

::::::::::
AERONET

::::::
AODs.

::
In

:::::::::::
WRF-Chem,

:::
we

:::
did

:::
not

::::
tune

:::
the

::::::::
temporal

:::::::::
correlation

:::::::
between

:::
the

::::::
model

:::
and

::::::::::
AERONET

:::::
AOD.

:::
In

:::
this

::::::
sense,

:::
the

:::::::::
correlation

::::::::
coefficient

:::::::
between

:::::::::::
WRF-Chem

:::
and

::::::::::
AERONET

::::
AOD

:::::::
provides

:::
an

::::::::::
independent

::::::::
evaluation

::
of

:::
the

::::::
model

::::::::::
performance

(see Tab. 4).
:
It
::
is
::::::::
expected

:::
that

:::
the

::::::::
temporal

:::::::::
correlation

:::
for

:::
the

::::::::::
assimilation

:::::::
products

::::
and

::::::
satellite

::::::::
retrievals

::::
will

::
be

::::::
higher

::::
than

::
for

:::
the

:::::::::::
free-running

:::::::::::
WRF-Chem.460

5.2.3 Comparison of spatial AOD distributions

We also examine how well MERRA-2, CAMS-OA, MAIAC, and WRF-Chem reproduce spatial patterns and seasonal vari-

ability of the AOD in comparison with
:::
the

:::::::::::
conventional MODIS-DB&DT retrievals. The seasonally and annually-averaged

2015-2016 AOD fields from WRF-Chem, CAMS-OA, MERRA-2, and the two MODIS retrievals DB&DT and MAIAC are

presented in Fig. 7. For the
:::
The

::::::::::
seasonally

:::::::
averaged

:::::::
AOD’s

::::
from

:::::::::::
WRF-Chem,

::::::::::
MERRA-2,

::::::::::
CAMS-OA

:::
are

::::::
shown

::
at
:::::

their465

::::::
original

::::::
spatial

:::::::::
resolution

:::
and

:::::
were

:::::::::
calculated

:::::
using

::::
only

:::::::
daytime

::
(6

:::::
am-2

:::
pm

:::::
UTC

::
or
::

9
:::::
am-5

:::
pm

:::::
local

:::::
time)

::::::
output.

::::
The

:::::
AODs

::::
were

::::::::
sampled

:::::
under

::::::
all-sky

:::::::::
conditions,

::::::
which

::
in

:::
the

:::
ME

::::
does

:::
not

:::::
make

:::::
much

::
of
::

a
:::::::::
difference,

::
as

:::::
cloud

:::::::
fraction

::
is

::::
low.

:::
For

:::
the

::::::::
statistical comparison, we interpolate

:::::::::
interpolated

:
AOD fields (preserving the area average AODs) on the MERRA-2

grid and calculate
::::::::
calculated

:
the Pearson correlation coefficient R and root mean square error RMSE (see Tab. 5)

:::
and

:::::
mean

:::
bias

:
with respect to MODIS-DB&DT AOD.470

The spatial and seasonal variability of the AOD from WRF-Chem, CAMS-OA, MERRA-2, and MAIAC is in good agreement

with the MODIS-DB&DT AOD. The WRF-Chem and assimilation products exhibit similar AOD patterns. MAIAC underestimates

AOD over the whole domain during all seasons in comparison with MODIS-DB&DT, which is consistent with the MAIAC

and MODIS-DB&DT AOD comparison with AERONET AOD (see Fig. 6). CAMS-OA overestimates MODIS-DB&DT AOD

in spring and summer but has the best agreement with MODIS-DB&DT in autumn and winter. In summer, when dust emission475

is at its maximum, WRF-Chem shows higher AOD over the south-eastern part of the Arabian Peninsula in comparison with

MODIS-DB&DT AOD, but MERRA-2 underestimates MODIS-DB&DT AOD in summer. In winter and autumn, WRF-Chem

and MERRA-2 demonstrate similar patterns and AOD levels, but both of them slightly underestimate MODIS-DB&DT AOD.

The extremely high MODIS-DB&DT AOD over the southern part of the Red Sea is real but is overestimated in comparison

with the findings of Brindley et al. (2015); Osipov and Stenchikov (2018).480

:::
see

:::
Tab.

:::
5. When conducting statistical analysis, the grid-cells with NAN-values

::::::::
undefined

:::::
pixels

:
in MODIS-DB&DT and

MAIAC retrievals were excludedfrom the analysis both in observations and the model outputs.
:
.

The statistical scores provided in Tab. 5 show that the annual mean AOD from MERRA-2 and CAMS-OA have the highest

spatial correlations (0.720 and 0.696)and one of the lowest
:::::::
MAIAC

:::
has

:::
the

::::::
highest

:::::::::
correlation

::::::::::
(R=0.796),

:::
but

::::
also

::
the

:::::::
highest

RMSE(0.088 and 0.093)
::::::
=0.123,

:::
and

:::
the

::::::
biggest

::::::::::
bias=-0.095

:
with respect to MODIS-DB&DT AOD, followed by WRF-Chem485

(.
:::::::::
MERRA-2

::::::
annual

:::::
mean

:::::
AOD

:::
has R=0.653,

:::::
0.663

::::
with

::::::
respect

::
to

:::::::::::::::
MODIS-DB&DT

:::::
AOD,

::::::::::
CAMS-OA

:
- RMSE

::
R=0.090)and
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Figure 7. Seasonally averaged 2015-2016 AOD. Right column is annual mean AOD. Rows: a) WRF-Chem, b) MERRA-2, c) CAMS-OA, d)

MODIS-DB&DT, and e) MAIAC. Winter (DJF), spring (MAM), summer (JJA), and autumn (SON). White dots are NAN values
:::::::
undefined

::::
pixels.

::::
Black

:::::::
triangles

:::::
denote

:::::::
locations

::
of

::::::
KAUST

::::::
Campus

:
,
::::::
Mezaira

:
,
:::
and

::::
Sede

::::
Boker

::::::::
AERONET

:::::::
stations.
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MAIAC AOD
::::::
0.650),

::::
and

::::::::::
WRF-Chem

:
-
::

R
::::::
=0.609

::::
with

::::::::
RMSE’s

:::::
=0.116

:::
for

:::
all

::
of

::::::
them.

::::::::::
WRF-Chem, which has the lowest

correlation (0.608) and highest RMSE (0.135). Notably, the difference in terms of R and RMSE between the two retrieval

algorithms
:::::::::
MERRA-2,

::::
and

:::::::::
CAMS-OA

::::::::::
demonstrate

::::::
similar

:::::
AOD

:::::::
patterns,

:::
but

:::::::::::
WRF-Chem

:::
and

:::::::::
MERRA-2

::::::::::::
underestimate,

::::
and

:::::::::
CAMS-OA

::::::::::::
overestimates MODIS-DB&DT and MAIAC is bigger than the difference between WRF-Chem

::::
AOD

::::::
during

:::
all490

::::::
seasons

::::
with

:::
the

::::::
annual

:::::
mean

:::::::::::
bias=-0.009,

::::::
-0.042,

:::::
0.039,

::::::::::::::
correspondingly.

:::::::
MAIAC

:::::::::::::
underestimates

:::::
AOD

::
in

::::::::::
comparison

::::
with

::::::::::::::
MODIS-DB&DT,

::::::
which

::
is

::::::::
consistent

::::
with

:::
the

::::::::
MAIAC and MODIS-DB&DT .

::::
AOD

::::::::::
comparison

::::
with

::::::::::
AERONET

:::::
AOD

::::
(see

:::
Tab.

::
4
:::
and

::::
Fig.

:::
6).

Table 5. Pearson correlation coefficient (R)and
:
, root mean square error (RMSE)

::
and

:::::
mean

:::
bias

:
calculated for seasonally and annually

averaged 2015-2016 AOD geographic distributions from CAMS-OA, MAIAC, MERRA-2, and WRF-Chem with respect to MODIS-DB&DT

AOD.

CAMS-OA MAIAC MERRA-2 WRF-Chem

R RMSE
:::
bias R RMSE

::::
bias R RMSE

:::
bias R RMSE

:::
bias

Winter (DJF) 0.625
::::
0.599 0.074

::::
0.084 0.459

::::
0.019 0.109

::::
0.794 0.577

::::
0.092 0.078

::::
-0.072

:
0.464

::::
0.569 0.082

:::::
0.090

:::::
-0.033

::::
0.473

: ::::
0.092

: :::::
-0.008

Spring (MAM) 0.726
::::
0.700 0.112

::::
0.129 0.526

::::
0.052 0.180

::::
0.802 0.742

::::
0.142 0.102

::::
-0.107

:
0.670

::::
0.717 0.103

:::::
0.127

:::::
-0.047

::::
0.661

: ::::
0.124

: :::::
-0.007

Summer (JJA) 0.737
::::
0.702 0.142

::::
0.152 0.601

::::
0.069 0.190

::::
0.782 0.792

::::
0.160 0.112

::::
-0.117

:
0.747

::::
0.742 0.128

::::
0.133

:::::
-0.050

::::
0.685

: ::::
0.148

: :::::
0.000

Autumn (SON) 0.620
::::
0.559 0.085

::::
0.111 0.455

::::
0.027 0.140

::::
0.717 0.647

::::
0.111 0.087

::::
-0.084

:
0.539

::::
0.595 0.098

::::
0.108

:::::
-0.027

::::
0.497

: ::::
0.116

: :::::
-0.015

Annual mean 0.696
::::
0.650 0.093

::::
0.116 0.608

::::
0.039 0.135

::::
0.796 0.720

::::
0.123 0.088

::::
-0.095

:
0.653

::::
0.663 0.090

:::::
0.116

:::::
-0.042

::::
0.609

: ::::
0.116

: :::::
-0.009

Based on the comparison of WRF-Chem AOD with the AOD from AERONET and MODIS
::::::
MODIS

::::
and

:::::::::
AERONET

:
ob-

servations, we conclude that spatial and temporal WRF-Chem’s AOD distribution is in good agreement with the available495

ground-based and satellite observations.
::::::
satellite

::::
and

:::::::::::
ground-based

::::::::::::
observations,

:::
i.e.

::::::
annual

:::::
mean

:::::::::
correlation

::
R

:::::::
exceeds

:::
0.6

:::
(see

::::
Tab.

::
5)

::::
and

:::::::::
correlation

::::
with

::::::::::
AERONET

:
is
:::::::::
0.43-0.85

:::
(see

::::
Tab.

:::
4).

5.3 Air-quality
:::
PM

:::
air

::::::::
pollution

To test the ability of the data assimilation products and models to characterize air-quality
:::
PM

:::
air

:::::::
pollution

:
in the ME, we com-

pare surface daily mean PM2.5 and PM10 concentrations from WRF-Chem, MERRA-2, and CAMS-OA, with daily averaged500

measurements conducted by the three AQMS, see Fig. 8 and 9. The AQMS are installed in Jeddah, Riyadh, and Dammam (Fig.

1), the Saudi Arabian mega-cities. PM measurements conducted by MODON (see Sec. 2.3) are only available starting from

2016. The modeled PM2.5 and PM10 concentrations were sampled from the model fields at the exact AQMS locations. The

following formulas were used to calculate PM2.5 and PM10 surface concentrations using WRF-Chem and MERRA-2 output:

PM2.5 = DUST1 +DUST2 ⇤ 0.38+SEAS1 +SEAS
::::::::

2 +SEAS3 ⇤ 0.83505

+sulfate+(OC1 +OC2) ⇤OCmfac +BC1 +BC2

PM10 = DUST1 +DUST2 +DUST3 +DUST4 ⇤ 0.74+SEAS1 +SEAS
::::::::

2 +SEAS3 +SEAS4

+sulfate+(OC1 +OC2) ⇤OCmfac +BC1 +BC2 (4)
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where DUST1,2,3,4, SEAS2,3,4:::::::::::
SEAS1,2,3,4, OC1,2, BC1,2, and sulfate are respectively the concentrations of the dust

:
,

:::
and

::::::
sea-salt

:
in the first four bins, sea-salt in the three bins, organic and black carbon (hydrophobic and hydrophilic) and sulfate510

ion (SO2�
4 ).

::
As

:::
was

::::::::::
mentioned

::
in

::::
Sec.

:::
4.1,

:::::::
SEAS1::

is
:::
not

:::::::
present

::
in

:::
the

::::::::::
WRF-Chem

::::::
output.

:::
So

:::
for

::::::::::
WRF-Chem

:::
we

:::::::
assume

::::::::
SEAS1=

::
0. The factor OCmfac = 1.8 accounts for the conversion of organic carbon into organic matter. WRF-Chem simulates

only the last four sea salt bins from the GOCART model (see Tab. 2). Because the first sea salt bin is poorly populated, we

omit it from calculations of PM for MERRA-2.

CAMS-OA PM2.5 and PM10 were calculated using the following relations (https://confluence.ecmwf.int/display/CUSF/515

PM10+and+PM25+global+products):

PM2.5 = DD1 +DD2 +SS1/4.3+0.5 ⇤SS2/4.3+0.7 ⇤ (OM1 +OM2 + sulfate)+BC1 +BC2

PM10 = DD1 +DD2 +DD3 ⇤ 0.4+SS1/4.3+SS2/4.3+OM1 +OM2 + sulfate+BC1 +BC2 (5)

where DD1,2,3, SS1,2, sulfate, BC1,2, OM1,2 are surface concentration of dust in three bins, sea salt in two bins, sulfate,

black carbon, and organic matter (hydrophobic and hydrophilic). The size ranges of dust and sea salt bins from CAMS-OA are520

presented in Tab. 2.

The histograms at the right-side panels in Fig. 8 and 9 show the annual mean PM concentrations from WRF-Chem, MERRA-

2, and CAMS-OA split into the dust and non-dust components.
:::
The

::::::
dashed

::::
and

::::::::::
dash-dotted

::::::::
horizontal

:::::
lines

:::::::::
correspond

:::
to

:::::::::
KSA-PME

:::::
limits

:::
and

:::::
WHO

:::
air

::::::
quality

:::::::::
guidelines

:::
for

::::
daily

:::
(on

:::
the

:::::::
left-side

::::::
panels)

::::
and

:::::
annual

:::::
mean

:::
(on

:::
the

::::::::
right-side

:::::::
panels)

:::
PM

:::::::::::::
concentrations. We also calculated the separate contributions of sulfate, sea salt, organic matter, and black carbon into525

the non-dust PM2.5 and PM10, see Tab. 6 and 7, respectively. The dashed and dash-dotted horizontal lines correspond to

KSA-PME limits and WHO air quality guidelines for daily (on the left-side panels) and annual mean (on the right-side panels)

PM concentrations.

The sporadic peaks in the observations which are not captured by the model and assimilation products are due to unaccounted

factors, such as nearby traffic, construction works, and local anthropogenic or natural emissions, which are not present in the530

emission inventories, or due to meteorological fluctuations that are not resolved in the models. Talking about extreme dust

pollution cases, we analyzed dust surface concentrations using WRF-Chem output during the dust storm, which took place in

the Jeddah region on 8th July in 2016. The calculated surface concentrations in all dustbins
::::::::
dust-bins DUST1,2,3,4,5 at the peak

of the storm were {55,58,63,111,11} µg/m3, respectively. The sum of all dustbins
:::::::
dust-bins

:
yields the total dust concentration

of 298 µg/m3.535

5.3.1 PM2.5

Fig. 8 shows that the daily averaged PM2.5 concentrations observed by MODON AQMS at all locations never drop below

the WHO limit of 25 µg/m3. During the severe dust events, this limit is exceeded in 2016 10-15 times. The less restrictive

KSA-PME limit of 35 µg/m3 is exceeded 7-11 times during the dust outbreaks. Annually averaged MODON measurements
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Figure 8. Left: WRF-Chem daily averaged PM2.5 surface concentrations (µg/m3) with MODON observations, MERRA-2, CAMS-OA at

Jeddah, Riyadh, Dammam. The dash-dotted line corresponds to the 25 µg/m3 WHO daily average guideline. Right: stacked bars show the

decomposition of the PM2.5 annual mean surface concentrations into dust and non-dust components. The dash-dotted line corresponds to the

10 µg/m3 WHO annual guideline. Numbers on the right hand side of WRF-Chem, CAMS-OA, and MERRA-2 bars show the contribution

(%) of the dust and non-dust into the total PM2.5 concentration. a) 2015, b) 2016.

are 8-18 times higher than the 10 µg/m3 WHO limit and 5-12 times higher than the 15 µg/m3 KSA-PME limit for annual540

mean PM2.5 concentrations.

Both data assimilation products and WRF-Chem underestimate
:::
⇡3

:::::
times annual mean PM2.5 concentrations in Jeddah

and Riyadh and slightly overestimate
:
,
::::::
though

:::::::::::
WRF-Chem

::::::
slightly

::::::::::::::
underestimates, PM2.5 in Dammam in comparison with
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observed concentrations during 2016. The CAMS-OA annual mean surface PM2.5 concentrations in Jeddah and Riyadh are

higher than those from WRF-Chem and MERRA-2, providing the best fit for MODON observations, at least on an annual545

mean (during 2016) basis.

Annual mean PM2.5 concentrations from WRF-Chem and MERRA-2 exceed the WHO limit of 10 µg/m3 5 and 11
::::
⇡4-7

:::
and

::::::
⇡6-10 times, respectively, in all locations. The KSA-PME limit of 15 µg/m3 for annual average PM2.5 concentrations is

exceeded 3-8
:::::::
⇡2.5-4.5

::::
and

::::::
⇡4-6.5 times, respectively, for WRF-Chem and MERRA-2.

In Jeddah and Dammam, WRF-Chem and MERRA-2 show similar
::::::
relative

:
contributions of non-dust components to PM2.5550

(25-33
:::::
30-34% in Jeddah and 10-14

:::::
12-14% in Dammam), but in MERRA-2 sea salt is a major contributor into non-dust PM2.5,

while in WRF-Chem it is sulfate, see Tab. 6. This difference between WRF-Chem and MERRA-2 is mainly because MERRA-

2 generates more sea salt, but also because MERRA-2 underestimates SO2 SO2 emissions located in the Arabian Gulf and

along the west coast of Saudi Arabia (Janssens-Maenhout et al., 2013)
::::::::::::::::
(Ukhov et al., 2020), and hence underestimates sulfate

concentrations, as discussed in Sec. 4.1. In Riyadh, the contribution of the non-dust component to PM2.5 is ⇡9-11
::::
9-12% for555

both MERRA-2 and WRF-Chem. In CAMS-OA, the contribution of non-dust particulates to PM2.5 in Jeddah and Dammam

is ⇡7-11
::::
7-10%, and the contribution of sea salt is little. According to Tab. 6, in all considered cities, the contribution of

black carbon
:::::
(BC) to PM2.5 is not significant in WRF-Chem, CAMS-OA, and MERRA-2

::
for

:::
all

::::::
models. In MERRA-2, the

contribution of organic matter
:::::
(OM )

:
to PM2.5 is more substantial (but still minor) in comparison with WRF-Chem and CAMS-

OA.
::
In

:::::::
general,

::::::
among

:::
all

::::::
models

:::::::::::
contribution

::
of

::::
dust

::
to

::::::
PM2.5::

in
::::::
Jeddah

:::
is

:::::::
65-90%,

:::::
while

::
in
:::::::

Riyadh
::::
and

::::::::
Dammam

::::
this560

::::::::::
contribution

::
is

:::::::
85-95%,

:::
see

::::
Tab.

::
6.

5.3.2 PM10

Daily averaged MODON measurements almost continuously exceed the WHO guideline of 50 µg/m3 at all locations.
:
,
:::
see

:::
Fig.

::
9.

:
In Riyadh and Dammam, PM10 concentration is higher than in Jeddah, where the KSA-PME limit of 340 µg/m3 for

daily averaged PM10 is exceeded in 2016 about a dozen times. In Dammam, this limit is more frequently exceeded, especially565

during the summer period. During acute dust events in Dammam, daily averaged PM10 concentrations can exceed the WHO

guideline limit by more than 10-20 times. Annually averaged MODON measurements are 8-11
::::
7-11 times higher than the 20

µg/m3 WHO guideline, and in 2-3 times higher than the 80 µg/m3 KSA-PME limits for annual mean PM10 concentrations.

WRF-Chem simulations,
::
In

:::::::
contrast

::::
with MERRA-2 , and CAMS-OAdata assimilation products compare well

:
,
::::::::::
WRF-Chem

::::::::
compares

:::::
better with PM10 observations by MODON in Jeddah and Riyadh. The

::
all

::::::::
locations.

:
MERRA-2 and WRF-Chem570

:::::::::::
overestimates

::::::::
⇡1.2-1.8

:::::
times

:::
and

::::::::::
CAMS-OA

::::::::::::
underestimates

::::::
⇡1.5-2

:::::
times

::::::
annual

:::::
mean

:
PM10 concentrations time-series are

quite close to each other. Both WRF-Chem and MERRA-2 overestimate observations in Dammam. WRF-Chem reproduces

annually-averaged MODON PM10 observations quite well, especially in Jeddah and Riyadh.

CAMS-OA, in general, underestimates PM10 concentrations in comparison with the observations.
::::::::
MODON

:::::::::::
observations

::
in

::
all

:::::::::
locations.

:
This is in agreement with Cuevas et al. (2014), who stated that MACC (the predecessor of CAMS-OA)575

underestimates PM10 daily and monthly means all year long, and with our findings in Sec. 5.2.1, where we have shown that

CAMS-OA underestimates the volume of particles with radii 0.9-20 µm.
::::::
Annual

:::::
mean

:::::
PM10::::::::::::

concentrations
::::
from

:::::::::::
WRF-Chem
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Table 6. Contributions (%) of dust and non-dust components into PM2.5 for Jeddah, Riyadh, and Dammam during 2015-2016.

Jeddah Riyadh Dammam

W
RF-C

he
m

CAMS-O
A

MERRA-2

W
RF-C

he
m

CAMS-O
A

MERRA-2

W
RF-C

he
m

CAMS-O
A

MERRA-2

2015

dust 74.8
:::
68.6 90.9 70.6 91.1

:::
88.1 96.8 90.8 90.2

:::
87.0 93.0 88.1

sulf 15.6
:::
19.9 5.1 6.1 6.8

::
9.0

:
2.1 5.0 7.5

::::
10.0 3.9 3.6

BC 1.7
::
2.1

:
0.7 0.6 0.1 0.2 0.3 0.1 0.7 0.3

OM 3.3
::
4.0

:
3.1 5.1 1.4

::
1.8

:
0.8 2.7 1.2

::
1.5

:
2.3 3.1

salt 4.5
::
5.5

:
0.1 17.6 0.7

::
0.8

:
0.1 1.3 1.0

::
1.3

:
0.1 4.9

2016

dust 71.9
:::
65.4 89.9 66.8 90.6

:::
87.4 96.8 89.6 89.1

:::
85.3 90.9 85.5

sulf 18.9
:::
23.2 5.7 6.8 7.0

::
9.5

:
1.9 5.7 8.4

::::
11.3 4.7 4.3

BC 1.7
::
2.1

:
0.8 0.7 0.1

::
0.2

:
0.3 0.3 0.1

::
0.2

:
0.9 0.4

OM 3.2
::
4.0

:
3.4 5.4 1.6

::
2.1

:
0.9 2.9 1.3

::
1.8

:
3.4 4.1

salt 4.4
::
5.4

:
0.1 20.4 0.7

::
0.9

:
0.1 1.4 1.1

::
1.5

:
0.1 5.7

⇤ for WRF-Chem and MERRA-2: dust = DUST1 +DUST2 ⇤ 0.38, BC = BC1 +BC2, sulf = sulfate, OM = (OC1 +OC2) ⇤OCmfac,

salt = SS1 +SS2 +SS3 ⇤ 0.83
⇤⇤for CAMS: dust = DD1 +DD2, sulf = 0.7 ⇤ sulfate, BC = BC1 +BC2, OM = 0.7 ⇤ (OM1 +OM2),

salt = SS1/4.3+ 0.5 ⇤SS2/4.3

Abbreviations of the aerosols’ names correspond to those given in Sec. 5.3.

:::
and

:::::::::
MERRA-2

::::::
exceed

:::
the

::::::
WHO

::::
limit

:::
of

::
20

:
µg/m3

:::::
⇡6-15

::::
and

::::::
⇡10-20

::::::
times,

:::::::::::
respectively,

::
in

::
all

:::::::::
locations.

:::
The

::::::::::
KSA-PME

::::
limit

::
of

::
80

:
µg/m3

::
for

::::::
annual

:::::::
average

:::::
PM10 ::::::::::::

concentrations
:
is
::::::::
exceeded

:::::::
⇡1.5-4

:::
and

::::::
⇡1.5-5

:::::
times,

:::::::::::
respectively,

::
for

:::::::::::
WRF-Chem

:::
and

::::::::::
MERRA-2.580

According to Tab. 7 MERRA-2 shows the highest contribution of the sea salt into PM10 in the coastal cities of Jeddah and

Dammam
:::::::::
(⇡21-25%)

::::
and

::::::::
Dammam

::::::::
(⇡6-7%). MERRA-2 demonstrates the lowest (⇡1-2%) contribution of sulfate to PM10,

while WRF-Chem and CAMS-OA produce similar sulfate contribution to PM10 in Jeddah ((⇡6
:
7%)) and Riyadh ((⇡2

::
2.4%)).

MERRA-2 also shows the lowest contribution (⇡0.1-0.2%) of black carbon
::::
(BC)

:
to PM10 in all considered cities. CAMS-OA

organic matter
:::::
(OM )

:
contribution to PM10 is prevailing (up to 3-4 times )

:
in

::::
2-8

::::
times

:
over the WRF-Chem and MERRA-2585

contributions.
:::::::::
CAMS-OA

:::::::::::
demonstrates

:::
the

::::::
lowest

:::::::::
(0.1-0.2%)

::::::::::
contribution

::
of

:::
sea

::::
salt

::
to

::::::
PM10.

::::::::::
Contribution

:::
of

:::
dust

:::
to

:::::
PM10

::
in

::::::
Jeddah

:
is
::::::::
70-90%,

:::::
while

::
in

::::::
Riyadh

:::
and

:::::::::
Dammam

:::
this

::::::::::
contribution

::
is

:::::::
90-96%.

::::::::
Minimal

::::::::::
contribution

:::::::::
(⇡3.5-4%)

::
of

::::::::
non-dust

::::::::::
components

::
to

:::::
PM10::

is
:::::::
observed

::::::
among

:::
all

::::::
models

::
in

:::::::
Riyadh.

5.3.3 Spatial patterns of air-pollution
:::
PM

:::
air

::::::::
pollution
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Figure 9. Left: WRF-Chem daily averaged PM10 surface concentrations (µg/m3) with the MODON observations and MERRA-2 and

CAMS-OA, at Jeddah, Riyadh, and Dammam. The dash-dotted line corresponds to the 50 µg/m3 WHO daily - guideline. Right: stacked

bars show the decomposition of the PM10 annual mean surface concentrations into dust and non-dust components. The dash-dotted line

corresponds to the 20 µg/m3 WHO annual guideline. Numbers on the right-hand side of WRF-Chem, CAMS-OA, and MERRA-2 bars show

the contribution (%) of the dust and non-dust particulates to the total PM10 concentration. a) 2015, b) 2016 year.

As we have shown, WRF-Chem provides reliable estimates of aerosol pollution in major Saudi Arabia’s cities, Riyadh, Jeddah,590

and Dammam. Further, we will
::
In

:::
this

::::::
section

:::
we use WRF-Chem output averaged for 2015-2016 to discuss the spatial patterns

of aerosol pollution and partial contributions from natural and anthropogenic aerosols into PM
::::
over

::
the

::::
ME.
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Table 7. Contributions (%) of dust and non-dust components into PM10 for Jeddah, Riyadh, and Dammam during 2015-2016.

Jeddah Riyadh Dammam

W
RF-C

he
m

CAMS-O
A

MERRA-2

W
RF-C

he
m

CAMS-O
A

MERRA-2

W
RF-C

he
m

CAMS-O
A

MERRA-2

2015

dust 86.6
:::
87.5 89.2 75.6 96.2

:::
96.6 96.2 96.5 95.9

:::
96.2 91.6 92.2

sulf 6.0
::
6.3

:
6.2 1.7 2.3

::
2.4

:
2.6 1.4 2.5

::
2.6

:
4.8 0.9

BC 1.9
::
0.7

:
0.6 0.2 0.5

::
0.0

:
0.2 0.1 0.4

::
0.0

:
0.6 0.1

OM 1.3 3.8 1.4 0.5 1.0 0.7 0.4 2.8 0.8

salt 4.2 0.2 21.2 0.5 0.1 1.4 0.8 0.2 6.0

2016

dust 85.1
:::
85.8 87.8 71.7 96.0

:::
96.4 96.2 96.1 95.4

:::
95.7 89.1 90.8

sulf 7.5
::
7.8

:
7.0 1.9 2.4

::
2.5

:
2.3 1.6 2.8

::
2.9

:
5.7 1.1

BC 1.9
::
0.7

:
0.7 0.2 0.6

::
0.0

:
0.2 0.1 0.5

::
0.0

:
0.8 0.1

OM 1.3 4.2 1.5 0.5 1.1 0.8 0.4
::
0.5

:
4.2 1.1

salt 4.3
::
4.4

:
0.2 24.8 0.5 0.1 1.5 0.9 0.2 6.8

⇤ for WRF-Chem and MERRA-2: dust = DUST1 +DUST2 +DUST3 +DUST4 ⇤ 0.74, sulf = sulfate, BC = BC1 +BC2,

OM = (OC1 +OC2) ⇤OCmfac, salt = SS1 +SS2 +SS3 +SS4

⇤⇤for CAMS: dust = DD1 +DD2 +DD3 ⇤ 0.4, sulf = sulfate, BC = BC1 +BC2, OM = OM1 +OM2, salt = SS1/4.3+SS2/4.3

Abbreviations of the aerosols’ names correspond to those given in Sec. 5.3.

Figures 10 a, b, c show the spatial distributions of the PM2.5 and PM10 surface concentrations and the PM2.5/PM10 ra-

tio. The left limits of the color bars for PM2.5 and PM10 are set to be equal to the corresponding WHO annual guideline

limits
:::::::::::
concentrations. Over the whole domain, the annual mean surface concentrations of PM2.5 and PM10 exceed WHO guide-595

lines of 10 and 20 µg/m3, correspondingly. The regions of high surface concentrations coincide with the main dust sources,

which span from Northern Iraq to Oman, include Sudan, Egypt, Algeria
::::
Libya, and Turkmenistan. PM concentrations in these

regions exceed even the less restrictive KSA-PME air quality limit for annual mean PM2.5 and PM10 concentrations by more

than 5 times.

In the entire domain, the max, min, and mean values of the PM2.5/PM10 ratio (see Fig. 10c) are 0.89, 0.24, and 0.38
::::
0.73,600

::::
0.20,

:::
and

::::
0.31

:
respectively. As expected, the lower PM2.5/PM10 ratios (0.2-0.3) are observed over the dust source regions (i.e.,

along the eastern Arabian peninsula, Iraq, and northern Africa), where both coarse and fine particles are generated. However,

large particles can not be transported as far from source regions as small particles, due to the shorter lifetime of large particles

compared with small particles with respect to deposition processes. The higher values
:::::::
(0.4-0.6)

:
of the PM2.5/PM10 ratio are

observed over south-eastern Europe, Turkey, Ethiopia, and western parts of the Arabian Peninsula that are farther from the605

main dust sources.
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Figure 10d shows the sum of surface concentrations of black carbon and organic matter
::::::
organic

::::::
matter

::::
and

:::::
black

::::::
carbon

(OC1 +OC2) ⇤OCmfac +BC1 +BC2). Their max, min, and mean concentration values are 31.8, 0.2, and 1.3 µg/m3 re-

spectively. Their contribution to aerosol pollution over the Arabian Peninsula in WRF-Chem simulations is fairly insignificant.

Figure 10e shows the surface concentration of sea salt calculated as a sum of concentrations in each bin SEAS2 +SEAS3 +610

SEAS4. Over the seas and coastal areas, the average concentration of sea salt is 3-12 µg/m3. In summer, strong winds in

Somali jet (see Fig. 3b intensify sea salt emission over the Arabian Sea, creating high surface concentrations of sea salt (27-42

µg/m3) along the coasts of Somalia and Oman. Due to prevailing northern winds, the transport of sea salt from the Mediter-

ranean Sea to Egypt and Libya is observed.

The relatively high sulfate surface concentration (see Fig. 10f) is observed in the vicinity of the strong SO2 SO2 sources615

located along the west and east coast of Saudi Arabia and over the Arabian Gulf, as well as downwind from those sources
:
,

:::
see

:::::::::::::::::
(Ukhov et al., 2020)

::
for

::::::
details. Figure 10f also denotes the locations of the AERONET stations, as in Fig. 1. The sulfate

concentration at the KAUST Campus site is higher than at the Mezaira and Sede Boker AERONET sites (see Sec. 5.2.1) so it

experiences more pronounced contribution of sulfate particulates into the fine mode of the AVSD (see Fig. 4a and Fig. 5).

Due to the prevailing northern winds along the Red Sea, sulfate aerosols originating from SO2 SO2 emissions along the Red620

Sea coast spread along the west coast of the Arabian Peninsula towards Yemen. The drift of sulfate from the Arabian Gulf into

the interior of the Eastern part of the Arabian Peninsula is also seen. The sulfate annual mean background surface concentration

over the US for the period 2003–2012, obtained in Buchard et al. (2016), is 2-3 µg/m3, similar to the background concentrations

we see in the ME. But in the downwind or in the vicinity of strong SO2 SO2 point emissions, sulfate concentrations are 3-4

times higher. Similar sulfate surface concentrations for the period 2000-2016 over the US were obtained in van Donkelaar et al.625

(2019), where the concentrations reach ⇡10 µg/m3 over the eastern part of the US during summer. In Al-Taani et al. (2019) the

average 1980-2016 sulfate concentration computed for UAE is 2.5-3 times lower. This difference is caused by the fact that in

Al-Taani et al. (2019) , sulfate fields were taken
::::::::::::::::::
Al-Taani et al. (2019)

::::
took

::
the

::::::
sulfate

:::::
fields from MERRA-2 reanalysis, which

underestimates the SO2 emissions SO2 ::::::::
emissions

::
as

::::::
shown

::
in

:::::::::::::::::
(Ukhov et al., 2020).

Contributions of dust to PM2.5 and PM10 calculated as ratios of dust PM2.5 to total PM2.5, and dust PM10 to total PM10,630

are shown in Fig. 10g and 10h
:
, respectively. Due to relatively low dust surface concentrations over the eastern Mediterranean,

Turkey, and south-eastern Europe, the contribution of dust to PM2.5 and PM10 is 20-50% and 50-80%, respectively. In other

areas that are closer to the dust source regions, the contribution of dust to PM is above 90
::
80%.

Figure 10i shows the ratio between the concentration of sulfate aerosol with respect to the total concentration of PM2.5

non-dust aerosols. The max, min, and mean values of this ratio are 0.76
:::
0.84, 0.07, and 0.45

:::
0.52, respectively. This ratio is low635

over the seas where sea salt is prevalent but consistently exceeds 0.6 over land. Sulfate, therefore, is the primary anthropogenic

pollutant over land. In the Arabian Coastal areas, central and southern parts of Saudi Arabia, and over south Iran, sulfate

contributes 60-80
:::::
60-90% to the total PM2.5 non-dust aerosols concentration. Over the other parts of the Arabian Peninsula,

the northern part of Sudan, Libya, and Egypt, sulfate contributes approximately 40-60% to total PM2.5 non-dust aerosols

concentration.640
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Figure 10. WRF-Chem’s average 2015-2016 surface concentrations, (µg/m3): a) PM2.5, b) PM10; c) ratio PM2.5/PM10; d) black carbon

and organic matter ((OC1 +OC2) ⇤OCmfac +BC1 +BC2), (µg/m3), e) sea salt (SEAS2 +SEAS3 +SEAS4), (µg/m3), f) sulfate,

(µg/m3) and locations of AERONET stations, g) ratio dust PM2.5/(total PM2.5), h) ratio dust PM10/(total PM10), i) ratio sulfate/(PM2.5 total

non-dust). Abbreviations of the aerosols’ names correspond to those given in Sec. 5.3.

5.3.4 Air-pollution
:::
PM

:::
air

::::::::
pollution in urban centers

:::
the

::::
ME

:::::
major

:::::
cities

To evaluate the air-quality in the ME’s major cities, we calculate for their locations the average
::
for

:
2015-2016 daily PM2.5 and

PM10 surface concentrations, their 90th percentiles, and we also calculate the contribution of the dust and non-dust components
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Figure 11. Annual mean 2015-2016 PM surface concentrations (µg/m3) calculated for the ME major cities and PM decomposition into

dust and non-dust (sulfate, sea salt, black carbon and organic matter) components (stacked bars). Abbreviations of the aerosols’ names

correspond to those given in Sec. 5.3. Hatched bars denote 90th percentiles (µg/m3) calculated using daily mean PM concentrations. WHO

guidelines and KSA-PME air-quality limits for annual averaged PM are shown by dash-dotted and dashed lines. Numbers over the stacked

bars correspond to the number of days during 2015-2016, when daily averaged PM surface concentration exceeded US-EPA air-quality

limit: a) PM2.5. Daily averaged US-EPA air-quality limit is 35 µg/m3. Annual WHO guideline and KSA-PME limit are 10 and 15 µg/m3,

respectively; b) PM10. Daily averaged US-EPA air-quality limit is 150 µg/m3. Annual WHO and KSA-PME limits are 20 and 80 µg/m3,

respectively.

into PM (see Fig. 11). We calculate the number of days during the 2015-2016 period when the daily PM2.5 and PM10 surface

concentrations exceed the US-EPA air-quality limit of 35 µg/m3 and 150 µg/m3 respectively.645
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Figure 11 shows that the annually-averaged PM10 and PM2.5 ::2.5::::
and

:::::
PM10 exceed the WHO air-quality guidelines 2-20 and

2-12
:::
2-9

:::
and

::::
3-20

:
times, respectively in all major cities of the ME, except Ankara. The KSA-PME air-quality limit for annual

mean PM10 ::2.5:is exceeded by up to 5
:
6
:
times, and by up to 8

:
5
:
times for PM2.5 :10. Due to the lack of strong dust sources

nearby, air-quality conditions in the cities in the eastern Mediterranean are more favorable when compared with those in the

Arabian Peninsula. In these cities, the air-pollution
::
air

::::::::
pollution

:
shifts from natural to anthropogenic, as the contribution of650

non-dust aerosols to PM2.5 increases up to 40
:::::
30-45%, in contrast with the cities located in the Arabian Peninsula, where this

contribution is up to 6-26
::::
8-25%. Sulfate aerosol is the major contributor to non-dust PM2.5.

The cities at the eastern coast of the Arabian Peninsula and Baghdad have the highest 90th percentiles of daily mean PM

concentrations. For example, in Dammam, Abu Dhabi, Doha,
:::
and

:
Kuwait City, and Baghdad, the 90th percentiles of daily

mean surface concentration of PM10 and PM2.5 exceed 500-750 and 150-230
:::
are

::
in

:::
the

:::::
range

::
of

:::::::
400-740

:::
and

::::::::
130-180 µg/m3655

respectively. This is above the KSA-PME air-quality limits for daily mean PM10 and PM2.5.

In the Eastern Mediterranean cities, within the 2015-2016 period, the US-EPA air-quality daily mean limits are exceeded

5-75
:::::
40-75 days for PM10 and 7-208

:::::
60-100

:
days for PM2.5. In the cities of the Arabian Peninsula, Iraq, and Iran, the US-EPA

PM daily mean limits are exceeded 95-626
::::::
94-627 days for PM10 and 230-684

::::::
213-640

:
days for PM2.5 during the same period.

6 Conclusions660

This study presents, for the first time,
:::::::
assesses

:::
the

::::::
impact

:::
of

:::::::
aerosols

:::
on

:::
air

::::::::
pollution

::
in

:::
the

:::::::
Middle

:::::
East.

::
It

:::::::
presents

:
an

evaluation of the advanced components of
:::
two

:
aerosol data assimilation products, MERRA-2 and CAMS-OA,

::
as

::::
well

:::
as

::::::::::::
high-resolution

:::::::::::
WRF-Chem

::::::::::
simulations over the Middle East. For this purpose, we collected the unique PM2.5 and PM 10

measurements taken in the biggest Saudi Arabian cities, retrievals of aerosol size distribution, and advanced satellite products.

For the first time, we compared the
::
In

:::
the

:::::
scope

::
of

::::
this

:::::
study,

:::
we

:::::::::
conducted

:::::::::::::
high-resolution

::::::::::
WRF-Chem

::::::::::
simulations

:::
for

:::
the665

:::::::::
2015-2016

::::::
period.

:::
We

::::::::
evaluated

:::
the

::::
AOD

::::
and

:::
PM

:::
air

:::::::
pollution

::::
over

:::
the

:::::::
Arabian

::::::::
Peninsula

:::
and

::
in
:::
the

::::
ME

:::::
major

:::::
cities.

:::
We

::::
also

:::::
tested

:::
the new MODIS AOD retrieval, MAIAC, with the conventional MODIS-DB&DT

:::
and

::::::::::
AERONET AOD over the dust

source regions of the Middle East. In the scope of this study, we conducted advanced two-year high-resolution WRF-Chem

simulations.

The WRF-Chem code was corrected to better
:::::
v3.7.1

::::
code

::::
was

::::
fixed

::
to

:
describe the aerosol effects , and a new capability of670

using
:::::::
correctly,

::::
and MERRA-2 output for

:::
has

::::
been

::::
used

:::
for

::::::::::
constructing

:
boundary and initial conditions has been developed

:::
for

::::::::::::
meteorological

::::
and

::::::::::::::
chemistry/aerosol

::::::::
variables. To improve the calculation of sulfate aerosols, the most accurate SO2 SO2

emission dataset retrieved from OMI observations using the “
:
"top-down" approach was implemented in WRF-Chem . The

contribution of natural dust, sea salt, and anthropogenic aerosols into the PM was estimated. We found that the three-bin

approximation in CAMS-OA is not enough to correctly represent the aerosol size distribution, and MERRA-2 overestimates675

sea salt and underestimates sulfate concentrations. The air pollution in the major Middle Eastern cities is evaluated.
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We evaluate the PM air-pollution over the ME during the 2015-2016 period using the regional
::::::::::
calculations.

::::
We

::::
also

::::
tuned

:::
in WRF-Chem model v3.7.1, MERRA-2 and CAMS-OA assimilation products, and satellite and ground-based AOD

observations, as well as in situ PM2.5 and PM10 surface concentration measurements available for 2016.

The regional WRF-Chem model has an advantage of higher spatial resolution (10 ⇥10 ) versus global MERRA-2 (0.625�⇥0.5�)680

and CAMS-OA (0.8�⇥0.8� before 21 June 2016, and 0.4�⇥0.4� thereafter). We have modified the WRF-Chem code to correct

the discovered model deficiencies. These bug fixes have been implemented in the official WRF-Chem v4.1.3 release. The dust

emission and its size distribution are tuned to fit the observed AOD and AVSD. To consistently account for the trans-boundary

pollutant transport, MERRA-2 reanalysis was used to construct initial and boundary conditions for WRF-Chem both for

meteorological fields and chemistry species. For this, we developed the new pre-processing utility named Merra2BC available685

at (). We equipped WRF-Chem with the novel OMI-HTAP SO2 :::
the

::::
dust emission data-set (Liu et al., 2018) based on the

combination of SO2 emissions taken from the HTAP-2.2 inventory with the catalogue of strong SO2 point emission sources

(Fioletov et al., 2016). This allows us to improve calculation of sulfate aerosol and its contribution to PM.
:::
size

::::::::::
distribution

::
to

:::::
match

:::
the

:::::::
retrieved

::::::::::
AERONET

:::::::
AVSDs.

:

The model and assimilation products struggle to fit the retrieved AERONET AVSD, failing to correctly reproduce the690

fine mode in the sub-micron range. MERRA-2 and WRF-Chem use the
::::::
five-bin

:
GOCART aerosol model with the same

five dustbins and demonstrate a better agreement with the AERONET AVSD
::::::::::
observations

:
than CAMS-OA that uses only

three dustbins
:
a
:::::
three

::::::::
dust-bins

:::::::::::
microphysical

::::::
model. CAMS-OA overestimates the volume of fine dust particles with radii of

0.55-0.9 µm and underestimates the volume of coarse dust particles with radii of 0.9-20 µm in comparison with AERONET

’s AVSD. This CAMS-OA deficiency has been corrected with the latest system upgrade in 2019 by the introduction of a new695

desert dust scheme (Nabat et al., 2012). AOD and aerosol concentrations are linked through aerosol size distributionand optical

properties
::::::
aerosol

::::::
volume

::::
size

::::::::::
distribution.

We use in this study AOD observed by three AERONET stations and AOD from two MODIS retrieval products: MODIS-DB&DT

and MAIAC. The AOD observations reflect the effect of the mixture of all aerosols, but over the ME land areas dust is

dominant. The MODIS-DB&DT and MAIAC retrievals are not identical and the differences between them, with the most700

accurate AERONET AOD, advise the level of intrinsic AOD retrieval uncertainty. At all
::
At

:::
all

:::::::::
considered

:
AERONET sites,

WRF-Chem, CAMS-OA, MERRA-2, MODIS-DB&DT, and MAIAC reproduce quite well
:::
can

::::::::
reproduce

:
the magnitude and

temporal evolution of the AERONET AOD time series during the whole considered period.
::::::
period.

:::::::
MAIAC

:::
and

:
MERRA-2

and MAIAC have the highest correlation with respect to AERONET AOD. CAMS-OA shows better correlation than MODIS-

DB&DT, although CAMS-OA overestimates AERONET AOD, especially during the severe dust events and exhibits the
:
a705

relatively high positive BIAS
::::
bias. The MODIS-DB&DT and MAIAC retrieval products have similar absolute values of the

mean BIAS
:::
bias, which is slightly larger than that of MERRA-2 and WRF-Chem. The MODIS-DB&DT AOD is biased posi-

tivelyexcept at KAUST Campus in 2016, but the MAIAC AOD is biased negatively except for Sede Boker for both years.

The model fields
:::
The

::::::
spatial

::::
AOD

:::::
fields

::::
from

:::::::::::
WRF-Chem and assimilation products exhibit similar AOD seasonal patterns.

CAMS-OA overestimates MODIS-DB&DT AOD during spring and summer but has the best agreement with MODIS-DB&DT710

during the autumn and winter. During summer,
:::::::
patterns,

:::
but

:
WRF-Chemshows higher AOD over the south-eastern part of the
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Arabian Peninsula in comparison with MODIS-DB&DT AOD. In general, MERRA-2 underestimates the MODIS-DB&DT

AOD during summer. During winter and fall, WRF-Chem ,
::::::::
MAIAC, and MERRA-2 AODs are close, but both of them slightly

underestimatethe
::::::::::::
underestimate,

::::
and

::::::::::
CAMS-OA

:::::::::::
overestimates

:
MODIS-DB&DT AOD. The AOD fields from

::::::
MAIAC

::::
has

::
the

:::::::
highest

::::::::::
correlation,

::::::::
followed

::
by

:
MERRA-2and ,

:
CAMS-OAhave the highest spatial correlationand lowest RMSE with715

respect to MODIS-DB&DT AOD. MAIAC underestimates AOD over the whole domain during all seasons in comparison with

MODIS-DB&DT. ,
::::
and

:::::::::::
WRF-Chem.

MODON AQMS observations of daily mean PM 2.5 concentrations at all locations never drop below the WHO limit of

25 . The less restrictive
::::
The

::::::::
capability

::
of

:::::::::::
WRF-Chem,

::::::::::
MERRA-2,

:::
and

::::::::::
CAMS-OA

::
in
:::::::::::
reproducing

:::
PM

:::
air

::::::::
pollution

::::
over

:::
the

:::
ME

::::
was

:::::
tested

::::::
against

::
in
::::

situ
:::::::::::
measurements.

:::::::
Annual

:::::
mean

:::
PM

:::::::::::::
concentrations

::::
from

:::::::::::
WRF-Chem

:::
and

::::::::::
MERRA-2

::::::
exceed

:::
the720

:::::::::::
corresponding

::::::
WHO

:::::
limits

::
up

:::
to

::
20

:::::
times.

::::
The

:
KSA-PME limit of 35 is exceeded by 7-11

::
for

::::::
annual

:::::::
average

::::::::::::
concentrations

:
is
::::::::
exceeded

:::
up

::
to

:::
6.5

:
times. The daily mean PM10 MODON measurements exceed the WHO guideline of 50 at all locations.

PM10 concentration is higher in Riyadh and especially in Dammamin comparison with Jeddah. In Dammam the KSA-PME

limit for daily averaged PM10 of 340 is more frequently exceeded than in Jeddah
:::::::::
CAMS-OA

:::::::
annual

:::::
mean

:::::
PM2.5::::

fits
:::
the

::::::::
MODON

::::::
AQMS

::::::::::
observations

:::::
better

::::
than

:::::
other

:::::::
products.

::::::::::
CAMS-OA, especially during the summer period. Annually averaged725

MODON measurements are 8-11 times higher than the WHO guideline of 20 and 2-3 times higher than the KSA-PME limit

of 80 .

The capability of WRF-Chem, MERRA-2
:
,
:::
and

::::::::::
WRF-Chem

::::::::::::
underestimate

:::
⇡3

::::
times

::::::
annual

:::::
mean

:::::
PM2.5::::::::

observed
::::::::::::
concentrations

:::::
during

:::::
2016

::
in

::::::
Jeddah

::::
and

:::::::
Riyadh.

::::::::::
CAMS-OA, and CAMS-OA in reproducing the ME air-quality is tested against AQMS

measurements.
::::::::
MERRA-2

::::::::::::
overestimate,

:::
and

::::::::::
WRF-Chem

:::::::::::::
underestimates

::::::::
observed

::::::
annual

:::::
mean

:::::
PM2.5:::

in
:::::::::
Dammam. In Jed-730

dah and Riyadh
:::
and

:::::::::
Dammam,

::::::::::
WRF-Chem

::::
and

:::::::::
MERRA-2

:::::
show

::::::
similar

:::::::
relative

:::::::::::
contributions

::
of

::::::::
non-dust

::::::::::
components

:::
to

::::::
PM2.5.

::::
Still,

::
in

::::::::::
MERRA-2,

:::
sea

::::
salt

::
is

:
a
::::::
major

:::::::::
contributor

::
in

::::::::
non-dust

::::::
aerosol

::::::::::::
concentration,

:::::
while

:::
in WRF-Chemand ,

::
it

::
is

:
a
::::::
sulfate.

::::
This

:::::::::
difference

::
is

::::
both

:::::::
because MERRA-2 are able to reproduce the PM

::::::::
generates

::::
more

:::
sea

::::
salt

:::
and

:::::::::::::
underestimates

SO2 :::::::::
emissions,

:::::
hence

::::::::::::::
underestimating

::::::
sulfate

:::::::::::::
concentrations.

::
In

:::::::
Jeddah,

:::::::::
Dammam,

::::
and

:::::::
Riyadh,

:::
the

::::::::::
contribution

:::
of

:::::
black

:::::
carbon

:::
to

:::::
PM2.5::

is
:::::::::::
insignificant

:::
for

::
all

:::::::
models.

:::::::::::
WRF-Chem

:::::
results

::::::::
compare

:::::
better

::::
with

::::
PM10 measurements quite well, but735

both of them overestimate observations in Dammam.
:::::::
MODON

:::::::::::
observations

::
in

:::
all

::::::::
locations

::::
than

::::
ones

:::::
from

:::::::::
MERRA-2

::::
and

::::::::::
CAMS-OA.

:::::::::
MERRA-2

:::::::::::
overestimates

::::::::
⇡1.2-1.8

:::::
times.

:
CAMS-OA underestimates the

::::::
⇡1.5-2

:::::
times

::::::
annual

:::::
mean PM10 surface

concentrations in the ME region
::::::::
MODON

::::::::::
observations

::
in
:::
all

::::::::
locations primarily due to

::
its

:
deficiency in the dust size distribu-

tion. PM10 concentrations from CAMS-OA are 1.5-3.0 times smaller in comparison with those from MERRA-2 and
:::::
shows

:::
the

::::::
highest

::::::::::
contribution

::
of

:::
the

:::
sea

:::
salt

::::
and

:::
the

:::::
lowest

::::::::::
contribution

:::
of

::::
black

::::::
carbon

::::
and

:::::
sulfate

::
to
:::::
PM10::

in
:::
all

::::::::
locations.

::::::::::
CAMS-OA740

::::::
organic

::::::
matter

::::::::::
contribution

::
to

:::::
PM10::

is
:::::::::
prevailing

::::
over

:::
the

:
WRF-Chem . In Riyadh and Jeddah WRF-Chem, and MERRA-2

underestimate PM2.5 in comparison with MODON observations during 2016 about twice. However, both WRF-Chem and

MERRA-2 PM2.5 concentrations are in relatively good agreement with MODON observations in Dammam
::::::::::
contributions.

CAMS-OA PM2.5 concentrations are higher than in WRF-Chem and MERRA-2 capturing PM2.5 observations better than

other products in Jeddah and
::::::::::
demonstrates

::::
the

:::::
lowest

:::::::::::
contribution

::
of

::::
sea

:::
salt

:::
to

:::::
PM10.

::::::::
Minimal

:::::::::::
contribution

::
of

::::::::
non-dust745

::::::::::
components

::
to

:::::
PM10::

is
:::::::
observed

::::::
among

:::
all

::::::
models

::
in

:
Riyadh.
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We use WRF-Chem output to conduct the
:::
The

:
PM composition analysis . We found that

:::::
shows

:::
that

:::
in

:::::::::::
WRF-Chem, the

annual average PM2.5/PM10 ratio over the ME is 0.38
::
0.3. It decreases to 0.2-0.3

::::
0.25

:
over the major dust source regions,

i.e.along
:
,
::
in the eastern Arabian peninsula, Iraq, and northern Africa. In most parts of the ME, dust is the major contributor to

PM, but in the eastern Mediterranean and Turkey contribution of the dust component to PM2.5 and PM10 decreases to 20-50%750

and 50-80%, respectively.

Sulfate aerosol contributes .
::::
The

::::::
sulfate

:::::::
aerosol

::::::::::
contribution

:
to PM2.5 :

is
::::::::

essential
:
in the areas where strong SO2 SO2

sources are present, i.e., in the west and east coasts of Saudi Arabia and over the Arabian Gulf. In these areas sulfate surface

concentration reaches 8-11 µg/m3, while the "clean" background level is 2-4 µg/m3. High sulfate content along the west

coast of Saudi Arabia is consistent with the increased volume of the fine mode in the KAUST Campus AERONET AVSD in755

comparison with AVSDs from other sites. Sulfate
::
In

:::::::::::
WRF-Chem,

:::::
sulfate

:
is the major non-dust pollutant over the ME. Sulfate

aerosols contribute 60-80
:::::
60-90 % to the total PM2.5 non-dust aerosols over the western and eastern Arabian coasts, over the

central and southern parts of Saudi Arabia , and over the southern
:::
and Iran. Over the other parts of

:::
the Arabian Peninsula,

northern Sudan, Libya, and Egypt, sulfate contributes approximately 40-60 % to the total PM2.5 non-dust aerosol concentra-

tion.
::
In

::::::
Jeddah

:::
and

:::::::::
Dammam,

:::::::::::
WRF-Chem

:::
and

::::::::::
MERRA-2

::::
show

:::::::
similar

::::::
relative

:::::::::::
contributions

::
of
::::

the
:::::::
non-dust

::::::::::
component

::
to760

:::::
PM2.5::::::::

(30-34%
::
in

::::::
Jeddah

:::
and

:::::::
12-14%

::
in

::::::::::
Dammam).

::
In

::::::::::
MERRA-2,

::
in

:::::::
contrast

::::
with

::::::::::
WRF-Chem,

:::
sea

::::
salt

::
is

:
a
:::::
major

::::::::
non-dust

:::::::::
contributor

::
to

::::::
PM2.5.

:::
In

:::::::::
CAMS-OA

:::::::::::
contribution

::
of

:::
the

::::::::
non-dust

::::::::::
particulates

::
to

::::::
PM2.5 ::

in
::::::
Jeddah

::::
and

::::::::
Dammam

::
is
::::::::
⇡7-10%

:::
and

:::
the

::::::::::
contribution

::
of
::::

sea
:::
salt

::
is

:::::
little.

::
In

:::::::
Riyadh,

:::
the

::::::::::
contribution

::
of

:::
the

::::::::
non-dust

:::::::::
component

:::
to

:::::
PM2.5::

is
::::::::
⇡9-12%

:::
for

::::
both

:::::::::
MERRA-2

:::
and

:::::::::::
WRF-Chem.

The analysis of the annually averaged PM2.5 and PM10 surface concentrations in the ME major cities conducted using765

WRF-Chem output shows a very high level of PM pollution
:::
PM

::::::::
pollution

::::
level. In Dammam, Abu Dhabi, Doha,

:::
and

:
Kuwait

City, and Baghdad, the 90th percentile of PM10 and PM2.5 annual mean surface concentrations exceed 500-750 and 150-230

:::::::
400-740

:::
and

:::::::
130-180

:
µg/m3 respectively, which is above the KSA-PME air-quality limit. In the eastern Mediterranean, dust

concentration drops, and the contribution of non-dust aerosols
:
’
::::::::::
contribution

:
to PM2.5 increases up to 25-40

:::::
30-45%. In the

cities located in the Arabian Peninsula contribution of the non-dust component to PM2.5 is 6-26
:::
8-25%, which limits the

:::::
effect770

::
of

:::
the emission control on air-quality. In the eastern Mediterranean cities during the 2015-2016 period, the daily mean surface

PM concentrations exceed the US-EPA air quality daily mean limit 5-75
::::
40-75

:
days for PM10 and 7-208

:::::
60-100

:
days for

PM2.5. In the ME cities over the Arabian peninsula, Iraq, and Iran, the US-EPA air-quality daily mean limit is exceeded 95-626

::::::
94-627 days for PM10 and 230-684

::::::
213-640

:
days for PM2.5.

In Jeddah and Dammam, WRF-Chem and MERRA-2 show similar contributions of the non-dust component to PM2.5775

(25-33% in Jeddah and 10-14% in Dammam). In MERRA-2, however, sea salt is a major non-dust contributor to PM2.5,

while in WRF-Chem it is sulfate. In CAMS-OA contribution of the non-dust particulates to PM2.5 in Jeddah and Dammam is

⇡7-11%. In Riyadh, the contribution of the non-dust component to PM2.5 is ⇡9-11% for both MERRA-2 and WRF-Chem.

In Jeddah, Riyadh, and Dammam, the contribution of black carbon to PM2.5 and PM10 is not significant in WRF-Chem and

both assimilation products. In MERRA-2, the contribution of organic matter to PM2.5 is more substantial in comparison with780

WRF-Chem and CAMS-OA. However, in CAMS-OA, PM10 has more organic matter than in WRF-Chem and MERRA-2.
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We also observe the relative increase of organic matter in PM2.5 (except WRF-Chem in some cases) and PM10 in Jeddah and

Dammam in comparison with Riyadh.

Thus, in this study, we found that MERRA-2 and CAMS-OA assimilation products, as well as WRF-Chem output de-

spite some intrinsic uncertainties, could be successfully used for evaluation the air-quality over the Arabian Peninsula
:::
PM

:::
air785

:::::::
pollution

::::
over

:::
the

::::
ME. All products show the dominant contribution of mineral dust into PM. However, in the Arabian coastal

areas where SO2 SO2 emissions are high, both contributions of sulfate and sea salt could be significant. The
::::
broad

:::::
effect

:::
of

::::::
natural

:::::::
aerosols

::
on

::
air

::::::
quality

::
in
:::
the

::::
ME

:::
puts

::::::
stricter

:::::::::::
requirements

:::
on

:::::::::::
anthropogenic

::::::::
pollution

:::::::
control.

:::
The

::::::
impact

::
of

::::
dust

:::::
could

::
be

::::::::
alleviated

:::
by

:::::::::
employing

:::::::
specific

::
to

:::::
desert

:::::
areas

:::::::::::
architectural

::::::::
solutions,

:::::::::
increasing

::::::
in-city

::::::::
vegetation

::::::
cover,

:::
and

:::::::::
providing

::::::::
air-quality

::::::::
forecasts

::
to

:::::
alarm

:::
the

:::::::::
population

:::
on

::::::::
hazardous

:::
air

::::::
quality.

::::
The developed WRF-Chem modeling framework can be790

used to simulate other pollutants like NO2 and O3NOx :::
and O3. The results of the current research could serve as the basis for

an improved air-quality forecast system that interactively calculates high-resolution radiative, dynamical, atmospheric chem-

istry and aerosol processes, driven by natural and anthropogenic emissions. This system will be especially valuable for the

prediction of extreme pollution events. It will also improve understanding of the impact of anthropogenic and natural pollution

on air quality and human health in the ME region.795

Code availability.

1. Merra2BC interpolation utility is available at http://github.com/saneku/Merra2BC

Data availability.

1. MERRA-2 is
:::
data

:::
are

:
available at https://disc.gsfc.nasa.gov/daac-bin/FTPSubset2.pl

2. CAMS-OA is
::::
data

:::
are available at http://apps.ecmwf.int/datasets/data/cams-nrealtime800

3. MODIS-DB&DT AOD
::::
level

::
2 data are available at https://ladsweb.modaps.eosdis.nasa.gov/about/purpose

4. AERONET data are available at https://aeronet.gsfc.nasa.gov/

5. MAIAC data are available at https://lpdaac.usgs.gov/products/mcd19a2v006/

6. HTAP-2.2
:::::::
emission

::::::::
inventory is available at http://edgar.jrc.ec.europa.eu/htap_v2/index.php?SECURE=123

7.
::::::::::
OMI-HTAP SO2 :::::::

emission
::::::
dataset

::
is
::::::::
available

::
at https://avdc.gsfc.nasa.gov/pub/data/project/OMI_HTAP_emis/805

Appendix A

A1 Merra2BC interpolation utility

Merra2BC interpolator (available at ) creates time-varying chemical boundary conditions based on MERRA-2 reanalysis for a

WRF-Chem simulation by interpolating chemical species mixing ratios defined on the MERRA-2 grid to the WRF-Chem grid
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for initial conditions and boundary conditions. In the case of initial conditions, interpolated values are written to each node of810

the WRF-Chem grid. In the case of boundary conditions, only boundary nodes are affected.

Merra2BC utility is written in Python. The utility requires additional modules which need to be installed in the Python

environment: NetCDF4 interface (to work with netCDF files) and SciPy’s interpolation package.

The full MERRA-2 reanalysis dataset including aerosol fields is publicly available online (see "Code and data availability"

section). Depending on the requirements, one or both of the following aerosol and gaseous collections need to be downloaded:815

inst3_3d_aer_Nv - gaseous and aerosol mixing ratios () and inst3_3d_chm_Nv - Carbon monoxide and Ozone mixing

ratios (). In addition to downloaded mixing ratios, pressure thickness DELP and surface pressure PS fields also need to be

downloaded. Spatial coverage of the MERRA-2 files should include the area of the WRF-Chem simulation domain. The time

span of the downloaded files should match with the start and duration of the WRF-Chem simulation. For more information

regarding MERRA-2 files specification please refer to Bosilovich et al. (2016).820

A0.1 Mapping chemical species between MERRA-2 and WRF-Chem

The Merra2BC input file config.py contains multiplication factors to convert MERRA-2 mixing ratios of gases given in to

. Aerosols are converted from to . When using the GOCART aerosol module in the WRF-Chem simulation, all MERRA-2

aerosols and gases are matched with those from WRF-Chem. To convert MERRA-2 aerosol mixing ratios given in into ,

multiply by a factor of 109. In the case of gases, multiply MERRA-2 mixing ratios by a ratio of molar masses Mair/Mgas825

multiplied by 106 to convert to , where Mgas and Mair are the corresponding molar masses. If another aerosol module is

chosen in WRF-Chem, then different multiplication factors should be used.

A0.1 Typical workflow

Below are the steps describing how to work with the Merra2BC utility:

1. Run real.exe, which will produce the initial wrfinput_d01 and boundary conditions wrfbdy_d01 files required by830

WRF-Chem simulation

2. Download required MERRA-2 collection files

3. Download the Merra2BC code from

4. Edit config.py file which contains:

5. Mapping of chemical species and aerosols between MERRA-2 and WRF-Chem835

6. Paths to wrfinput_d01, wrfbdy_d01, met_em...⇤ files;

7. Path to the downloaded MERRA-2 collection files
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Program real.exe sets default boundary and initial conditions for some chemical species. Merra2BC adds interpolated values

to the existing ones and it may cause incorrect concentration values. To avoid this, run script “zero_fileds.py”, which will zero

the required fields Run script “main.py”, which will perform the interpolation; as a result, files wrfinput_d01, wrfbdy_d01840

will be updated by the values interpolated from MERRA-2 Modify WRF-Chem namelist.input file at section &chem: set

have_bcs_chem= .true. to activate updated boundary conditions from MERRA-2 and, if it is needed, chem_in_opt= 1 to

activate updated initial conditions; Run wrf.exe program.

For the usage of the Merra2BC interpolator the following python modules need to be installed:

– netcdf4:845

– scipy:

A0.1 Meteorological Boundary and Initial Conditions

A1
:::::::::::::
Meteorological

:::::::::
Boundary

::::
and

::::::
Initial

::::::::::
Conditions

To be consistent with BC&IC
::::::
IC&BC

:
for chemical species and aerosols, we utilized the same

::::::::
developed

:
a
:
procedure to build

meteorological BC&IC
::::::
IC&BC from MERRA-2 reanalysis for all required

::
by

:::::::::::
WRF-Chem meteorological parameters. In par-850

ticular, the following 3D parameters were processed: pressure (Pa), geopotential height (m), temperature (K), meridional and

zonal wind components (m/s), relative humidity (%); 2D parameters: surface pressure (Pa), sea level pressure (Pa), meridional

and zonal wind components at 10m (m/s), temperature at 2m (K), relative humidity at 2m (%), skin temperature (K), ice mask

(0/1), terrain height (m), land/sea mask (1/0), soil temperature at 0-10 (cm), 10-40 (cm), 40-100 (cm) and 100-200 (cm); soil

moisture at 0-10 (cm), 10-40 (cm), 40-100 (cm) and 100-200 (cm); snow depth (m); snow water equivalent (kg/m2).855

A2 Statistics

We calculated the following statistical parameters to quantify the level of agreement between estimations and observations:

Pearson correlation coefficient (R):

R=

NP
i=1

⇣
Fi � F̄

⌘⇣
Oi � Ō

⌘

s
NP
i=1

⇣
Fi � F̄

⌘2 NP
i=1

⇣
Oi � Ō

⌘2
. (A1)

Root mean square error (RMSE):860

RMSE =

vuut 1

N

NX

i=1

⇣
Fi �Oi

⌘2
(A2)

Mean bias (BIAS):
::::
bias:

BIASbias
:::

=
1

N

NX

i=1

⇣
Fi �Oi

⌘
(A3)
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where Fi is the estimated value, Oi is the observed value, F̄ = 1
N

NP
i=1

Fi and Ō = 1
N

NP
i=1

Oi their averages and N is the

number of data.865

A3
:::::::::::
Comparison

:::
of

::::::::::
AERONET

::::
and

:::::::::::
WRF-Chem

:::::::
volume

:::
size

::::::::::::
distributions

:::
The

:::::::::
GOCART

:::
dust

::::::::
emission

:::::::
formula

::
(2)

:::::::::
calculates

::::
dust

::::
mass

:::
flux

::::
into

:::
the

::::::::::
atmosphere

:::::
within

:::
five

:::::::::
dust-bins.

::
In

:::
this

:::::::
formula

:::
the

:::::
factor

::
C

:::::::
controls

:::
the

::::
total

::::
dust

:::::::
emission

:::::
mass

::::
flux,

:::
and

:::
the

:::
sp :::::::

fractions
::::
split

::::
this

:::
flux

::::
into

:::
five

::::::::
different

::::::::
dust-bins.

:::
We

:::::::
assume

:::
that

:::::::

P
sp=1.

:::
To

:::::
match

:::
the

::::::::
observed

::::::::::
AERONET

::::::
AVSD

::
we

::::::::
changed

:::
the

::::::
default

:::::::
sp={0.1,

:::::
0.25,

::::
0.25,

:::::
0.25,

:::::
0.25}

::
to

:::::
{0.15,

::::
0.1,

::::
0.25,

::::
0.4,

::::
0.1}.

::
It

:::::
means

::::
that

::::
15%

::
of

:::
the

::::
total

::::
dust

::::
mass

::::
flux

::
is

::::::
coming

:::
as

:::
clay

::::
and

::::
85%

::
as

::::
silt.870

::
In

:::
the

::::::
original

::::::::::
formulation

:::
the

::::::::
fractions

::
sp:::

are
:::
not

:::::::::
normalized

::::
and

::::::::

P
sp=1.1.

::
It

::
is

:::
not

::::::::
essential,

::
as

:::
the

::::
total

:::
flux

::
is

:::::::::
multiplied

::
by

:::
the

:::::
factor

::
C
::::

that
::
is

:::::
tuned

::
to

::
fit

:::
the

::::::::
observed

::::::
AOD.

::
So

:::
we

::::
can

::::::::
normalize

:::
the

:::::::
original

::
sp::::::::

fractions
:::
by

:::::::
dividing

::::
them

:::
to

:::
1.1

:::
and

::::::::::
multiplying

:::::
factor

::
C

::
to

::::
1.1.

:
It
::::

will
:::
not

::::::
change

::::
any

::::::
results

::
in

:::
eq.

::
(2)

::::
but

::::
gives

:::
the

:::
sp ::

set
:::
of

:::::
{0.09,

:::::::
0.2275,

::::::
0.2275,

:::::::
0.2275,

::::::
0.2275}

::::
that

::
is

::::::::::
normalized

::
to

:
1
::::::::::
consistently

:::::
with

:::
our

::::::::
approach.

::::::
Figure

:::
A1

::::::::
compares

:::
the

:::::::
AVSDs

:::::::::
calculated

::::
with

:::
the

:::::::
updated

:::
and

::::::
default

::
sp::::::::

fractions
:::
for

:::::::
Summer

:::::
(JJA)

::
of

:::::
2015.875
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Figure A1.
::::::
Volume

:::
size

::::::::::
distributions

::
at
:::::::

KAUST
::::::
Campus

:
,
::::::
Mezaira

:::
and

::::
Sede

:::::
Boker

::::::::
AERONET

::::
sites

:::::::
averaged

:::
for

::::
JJA

::
of

::::
2015

:::::
from

:::::::::
WRF-Chem

:::::
(bars)

:::
and

::::
from

:::::::::
AERONET

::::
(solid

:::::
line):

::
a)

::::::
updated

::::::::
sp={0.15,

:::
0.1,

::::
0.25,

:::
0.4,

::::
0.1},

::
b)
::::::
default

:::::::
sp={0.1,

::::
0.25,

::::
0.25,

::::
0.25,

:::::
0.25}

:::::::
fractions.
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