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Abstract. In this paper, we rectify inconsistencies that emerge in the WRF-Chem v3.2 code when using the Goddard Chemistry
Aerosol Radiation and Transport (GOCART) aerosol module. These inconsistencies have been reported, and corrections have
been implemented in WRF-Chem v4.1.3. Here, we use a WRF-Chem experimental setup configured over the Middle East
(ME) to estimate the effects of these inconsistencies. Firstly, we show that the diagnostic output underestimated PMj 5 surface
concentration by 7% and overestimated PM;g by 5%. Secondly, we demonstrate that the contribution of sub-micron dust
particles was incorrectly accounted for in the calculation of optical properties, and thus, Aerosol Optical Depth (AOD) was
underestimated by 25-30%. Thirdly, we show that gravitational settling, as it was coded, overestimated dust column loadings
by 4-6%, PM; surface concentrations by 2-4%, and the rate of gravitational dust settling by 5-10%. The cumulative effect of
the found inconsistencies leads to a strong overestimation of the dust content in the atmosphere. We present the methodology
for calculating diagnostics we used to estimate the impacts of introduced code modifications. Our results explain why in many
WRF-Chem simulations PM; g concentrations were exaggerated. We share the developed Merra2BC interpolator, which allows
processing Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) output for constructing

initial and boundary conditions for chemical species, and aerosols.

1 Introduction

Produced by wind erosion, mineral dust is one of the major drivers of climate over the ME. Dust suspended in the atmosphere
affects the energy budget by absorbing and scattering incoming solar radiation (Sokolik and Toon, 1996; Miller and Tegen,
1998; Kalenderski et al., 2013; Osipov et al., 2015; Osipov and Stenchikov, 2018) and by affecting cloud radiative properties
(Levin et al., 1996; Forster et al., 2007; Rotstayn and Lohmann, 2002). Dust can also negatively impact infrastructure and tech-
nology. For instance, reducing solar radiation reaching the earth’s surface dust decreases the output of photo-voltaic systems.
Moreover, dust deposition on solar panels deteriorates their efficiency (Mani and Pillai, 2010; Rao et al., 2014; Sulaiman et al.,
2014). Dust also has socioeconomic implications. Bangalath and Stenchikov (2015) showed that due to high dust loading, the
tropical rain belt across the ME and North Africa strengthens and shifts northward, causing up to a 20% increase in summer
precipitation over the semi-arid strip south of the Sahara, including the Sahel. Frequent dust outbreaks have a profound effect

on air quality in the ME region (Cahill et al., 2017; Banks et al., 2017; Farahat, 2016; Kalenderski and Stenchikov, 2016;
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Munir et al., 2013; Alghamdi et al., 2015; Lihavainen et al., 2016; Anisimov et al., 2017). Air pollution is characterized by
near-surface concentrations of particulate matter (PM), which comprise botls BMI PM, (particles with diameters less

than 2.5 m and 10 pn, respectively). Dust is the major contributor to PM over the ME region (Ukhov et al., 2020a). The ME

is also subjected to the in ow of dust from the nearby Sahara Desert, which is another major dust source region (Osipov et al.,
2015; Kalenderski and Stenchikov, 2016). Dust deposition fertilizes ocean surface waters and the seabed (Watson et al., 2000
Talbot et al., 1986; Swap et al., 1996; Zhu et al., 1997).

Thus, given the impact of dust on climate, technology, human health, and ecosystems, an accurate description of dust effect:
in numerical models is essential. In the rst place, it requires careful description of the dust cycle; from emission at the earth's
surface, to transport in the atmosphere, and, nally, to removal by deposition.

Most of the studies mentioned above were conducted within the group of Atmospheric and Climate Modeling at King
Abdullah University of Science and Technology (KAUST) using the WRF-Chem model (Skamarock et al., 2005; Grell et al.,
2005; Powers et al., 2017). WRF-Chem is a popular open-source tool that is widely used to study atmospheric chemistry, air
quality, and aerosols (Jish Prakash et al., 2015; Khan et al., 2015; Kalenderski et al., 2013; Kalenderski and Stenchikov, 2016;
Parajuli et al., 2019; Anisimov et al., 2017; Osipov and Stenchikov, 2018). This model has been used extensively to study
aerosols and their impact on air quality (Fast et al., 2006; Wang et al., 2015; Fast et al., 2009; Ukhov et al., 2020a, b; Parajuli
et al., 2020), climate (Zhao et al., 2010, 2011; Chen et al., 2014; Fast et al., 2006), and to analyse dust outbreaks (Bian et al.
2011; Chen et al., 2014; Fountoukis et al., 2016; Ma et al., 2019; LeGrand et al., 2019; Su and Fung, 2015; Chen et al., 2018;
Eltahan et al., 2018; Bukowski and van den Heever, 2020) in the ME and North Africa (Zhang et al., 2015; Flaounas et al.,
2016; Rizza et al., 2017; Karagulian et al., 2019; Rizza et al., 2018), North America (Zhao et al., 2012), India (Dipu et al., 2013;
Kumar et al., 2014), and Australia (Nguyen et al., 2019). Many aforementioned studies utilized the WRF-Chem model coupled
with the Goddard Chemistry Aerosol Radiation and Transport (GOCART) aerosol module (Chin et al., 2002). The GOCART
module simulates major tropospheric aerosol components, including sulfate, dust, black and organic carbon, and sea-salt, ani
includes algorithms for dust and sea salt emissions, dry deposition, and gravitational settling. The GOCART module is one of
the most popular aerosol modules used in WRF-Chem (Bian et al., 2011; Dipu et al., 2013; Kumar et al., 2014; Chen et al.,
2014; Su and Fung, 2015; Zhang et al., 2015; Flaounas et al., 2016; Fountoukis et al., 2016; Rizza et al., 2017; Flaounas et al.
2017; Nabavi et al., 2017; Chen et al., 2018; Rizza et al., 2018; Ma et al., 2019; LeGrand et al., 2019; Parajuli et al., 2019;
Yuan et al., 2019; Ukhov et al., 2020a; Eltahan et al., 2018; Nguyen et al., 2019; Bukowski and van den Heever, 2020).

However, working with the WRF-Chem/Gocart modeling system we found a few inconsistencies in the physical parameter-
izations which affected its performance. Firstly, we found that the diagnostic output §§ RN PMo was miscalculated.
Secondly, the contribution of sub-micron dust particles was underestimated and thus, aerosol optical depth (AOD) was under-
estimated. Thirdly, an inconsistency in the process of gravitational settling was leading to a violation of the dust and sea salt
mass balance. The complete list of the WRF-Clobyam_opnhamelist options that were affected are presented in Tab. 1.

All of these inconsistencies have affected WRF-Chem performance since April 2, 2010, when the WRF-Chem v3.2 was
released. We have reported all those issues, and they have been recti ed in the WRF-Chem v4.1.3 code release. In this pape

we speci cally discuss these corrections and evaluate how they have affected results. We demonstrate the methodology for
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Table 1. WRF-Chemchem_ophamelist options.

Found inconsistencies in calculation of

chem_opt| Description PM | Optical properties| Gravitational settling

2 MADE/SORGAM aerosols, RADM2 chemistry - - +
11 same aghem_opt2 and some aqueous reactions - - +
41 same aghem_opt2 and aqueous reactions - - +
42 same aghem_opt41 using KPP library - - +
109 MADE/VBS aerosols, RACM Chemistry and aqueous - - +

reactions using KPP library.

112 GOCART aerosols, MOZART Chemistry using KPP library. + + +
300 GOCART aerosols, no ozone chemistry. + + +
301 GOCART aerosols, RACM chemistry using KPP library. + + +
303 GOCART aerosols, RADM2 chemistry + + +
401 Dust concentration only - - +

calculating diagnostics that we used to estimate the impact of the introduced corrections. We also share with the community
theMerra2BCinterpolator (Ukhov and Stenchikov, 2020), which allows constructing initial and boundary conditions (IC&BC)
for chemical species and aerosols using MERRA-2 reanalysis (Randles et al., 2017). We believe that this discussion is in line
with the open-source paradigm and will help users to better handle the code, understand physical links, and evaluate the
sensitivity of the results to particular physical assumptions made in the code.

The paper is organized as follows: Section 2 describes the WRF-Chem model setup. In Section 3, a description of the
inconsistencies found in the WRF-Chem code and their effects on the results are presented. Conclusions are presented i
Section 4.

2 WRF-Chem experimental setup

To quantify the effects of introduced code modi cations, we use our typical model setup which we previously adopted for sim-
ulating dust emissions using the WRF-Chem model coupled with the GOCART aerosol module. The WRF-Chem simulation
domain (see Fig. 1) is centered at B8 42 E, with a 10km 10km horizontal grid (450 450 grid nodes). The vertical grid
comprises 50 vertical levels with enhanced resolution closer to the ground. The model top boundary is bPaat#® use
chem_opt300 namelist option, which corresponds to simulation using GOCART aerosol module without ozone chemistry.

The Uni ed Noah land surface modedf( surface_physie®) and the Revised MM5 Monin-Obukhov schersg éfclay _physicsl)
are chosen to represent land surface processes and surface layer physics. The Yonsei University scheme is chosen for PBL p
rameterizationtfl_pbl_physics1). The WRF single moment microphysics scheme (physics4) is used for the treatment of
cloud microphysics. The New Grell schenoei (physics5) is used for cumulus parameterization. The Rapid Radiative Trans-
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Figure 1. Simulation domain with marked locations of the AERONET sites. The red square corresponds to dust emission area. Shaded

contours correspond to source funct®ifGinoux et al., 2001).

fer Model (RRTMG) for both short-waved sw_physics4) and long-waveré_Iw_physics4) 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/lusers/phys_references.html.

Dust size distribution in the GOCART module is approximated by ve dust bins; see Tab. 2. Dust density is assumed to be
2500kg=m? for the rst dust bin and 265&g=m? for dust bins 2-5. In WRF-Chem there are three dust emission schemes
that can be used with GOCART: the original GOCART-WRF schedost( opt1) (Bagnold, 1941; Belly, 1964; Gillette and
Passi, 1988), the Air Force Weather Agency (AFWA) schedust_opt3) (Marticorena and Bergametti, 1995; Su and Fung,
2015; Wang et al., 2015), and the University of Cologne (UoC) schelmst (opt4) (Shao, 2001, 2004; Shao et al., 2011).

The detailed description of all schemes is provided in LeGrand et al. (2019).

Here, we simulate dust emissions using the original GOCART-WRF schduse ppt1) proposed in Ginoux et al. (2001).

Dust emission mass uxX, (Mg m 2 s 1) in each dustbip=1,2,...,5 is de ned by the relation:

8
? CSspuZpm (Uzom  Up);  if Uzom > Ui

Fp= @
- 0 if Uiom Ut
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Table 2. Radii ranges (n ) of dust and sea salt bins used in the GOCART aerosol module.

’ ‘ Bin

1 2 3 4 5
Dust 0.1-1.0| 1.0-1.8| 1.8-3.0| 3.0-6.0 | 6.0-10.0
Seasalt| 0.1-0.5| 0.5-1.5| 1.5-5.0| 5.0-10.0 -

where,C (ug & m °) is a spatially uniform factor which controls the magnitude of dust emissionS.is;the source function
(Ginoux et al., 2001) (see Fig. 1) that characterizes the spatial distribution of dust emiagignis the horizontal wind speed
at 10m; uy is the threshold velocity, which depends on particle size and surface wedpéss;fraction of dust emission mass
ux within dustbin p.
Sea salt size distribution in the GOCART module is approximated by four sea-salt bins (see Tab. 2). Sea salt density is 2200
kg=m?3. Emission of sea salt is calculated according to Gong (2003).

2.1 Dust emission tuning

To adjust to regional conditions, dust emission in the model is calibrated to t observed AOD and aerosol volume size distribu-
tions (AVSD) obtained from the AErosol RObotic NETwork (AERONET; Holben et al. (1998)). AERONET AOD observations
represent the total AOD with contributions from all types of aerosols. But because in the ME dust is more prevalent than all
other aerosols, we focus on dust emission only. More detailed information on dust emission tuning is provided in Ukhov et al.
(2020a). For this study, we choose three AERONET sk&8JST CampusMezairg andSede Bokelocated within the do-

main (Fig. 1). We utilize level 2.0 (cloud screened and quality assured) AERONET AOD data. Note that from here onwards,
we assume that AOD is given or calculated at 55@ see Appendix C.

2.1.1 Tuning theC parameter

To adjust dust emissions we rst tune ti factor from Eq. 1, as practiced in our own studies (Kalenderski et al., 2013;
Jish Prakash et al., 2015; Khan et al., 2015; Kalenderski and Stenchikov, 2016; Anisimov et al., 2017; Parajuli et al., 2019,
2020; Ukhov et al., 2020a) and in the studies of other authors (Zhao et al., 2013; Kumar et al., 2014; Flaounas et al., 2017;
Rizza et al., 2017). Our test runs indicate that for the KE; 0.5 achieves a good agreement between simulated and observed
AOD at theKAUST Campus, MezairandSede BokeAERONET sites. Therefore this sub-optimal valDe= 0.5 is retained

in all subsequent runs.
2.1.2 Tuning thes, fractions

We also tunes, fractions from Eq. 1 to better reproduce the AVSDs provided by AERONET retrievals using the spectral de-
convolution algorithm (SDA) (O'Neill et al., 2003). The AERONET provides column integrated Ag@inr (um3=pm?) on
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22 logarithmically equidistant discrete points in the range of radii between 0.05 amd. FopAVSDs we use the AERONET
V3, level 2.0 product (Dubovik and King, 2000).
In WRF-Chem the default values of paramedgfrom Eq. 1 are {0.1, 0.25, 0.25, 0.25, 0.25}, for tb&J ST;, DUST,, ...
, DUST5 dust bins, respectively. They control the size distribution of emitted dust. Our test runs indicate that when we use
the defaults, values the dust volume size distributions in the atmosphere do not match those from AERONET. To achieve a
better agreement between the modeled and AERONET volume size distributions, we adjust the ad¢tidres{0.15, 0.1,
0.25, 0.4, 0.1}. The fractions, are set in thphys/module_data_gocart_dustl€, array frac _s. We effectively increase the
dust emission in the nedbUST; and in coars®U ST,4, and decrease thoselilJ ST, andDU STs. The size distribution
of emitted dust is further processed in the atmosphere.

2.2 Initial and boundary conditions for meteorological parameters, chemical species, and aerosols

As is the case with any partial differential equation solver, WRF-Chem requires the IC&BC for meteorological parameters and
chemical species. IC&BC for meteorological elds are derived from the ERA-Interim (Dee et al., 2011) global atmospheric
reanalysis produced by the European Centre for Medium-Range Weather Forecasts (ECMWEF). IC&BC for chemical species
are required to account for initial concentrations and in ow of aerosols and chemical species. The setting of improper lateral
boundary conditions for aerosols and chemistry may signi cantly affect the result of the simulation. The role of lateral boundary
conditions increases if the domain is located close to a signi cant source of dust or other chemicals. Concentrations of aerosols
and chemicals within the domain are especially affected by the in ow through the lateral boundaries of species with long
atmospheric lifetimes.

By default, WRF-Chem uses the idealized vertical pro les of a limited number of chemical species for calculating IC&BC.
These pro les are obtained from the NALROM model (Liu et al., 1996) simulation and are representative of the northern
hemispheric, mid-latitude (North America) summer and clean environmental conditions. Another option in WRF-Chem is to
use the output from the Model for Ozone And Related chemical Tracers, version 4 (MOZART-4) global model (Emmons et al.,
2010), which is an of ine tropospheric global chemical transport model.

The MERRA-2 reanalysis (Randles et al., 2017) provides a consistent distribution of aerosols and chemical species con-
strained by observations with the spatial resolution abokiOMERRA-2 aerosol and chemical elds are superior compared
to those used previously in WRF-Chem. To calculate the chemical IC&BC using MERRA-2 output, we develop an interpolator
Merra2BC (Ukhov and Stenchikov, 2020), which uses gaseous and aerosol elds from MERRA-2 reanalysis to construct the
IC&BC required by the WRF-Chem simulation. For more details regardinfytérea2BCinterpolator, see Appendix A.

3 Results

In the discussion below, we refer to the WRF-Chem run with all inconsistencies xed and with properly adjusted dust emission
(see Sect. 2.1), with IC&BC constructed using the develd@eda2BCinterpolator (see Sect. 2.2) AtL_OK
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To quantify the effect of each inconsistency we perform a WRF-Chem run where all the other corrections we discuss here
are implemented, with the exception that we focus on a given time. The relative difference (%) of a speci c set of variables in
this run with respect to th&LL_OKrun is presented as a measure of sensitivity to the chosen correction. All WRF-Chem runs
are performed for 1-12 August, 2016. At the end of this section we estimate the cumulative effect of all inconsistencies. For
this purpose we performed WRF-Chem simulation over the period from June 1 to December 31 of 2016.

3.1 Calculation of PM,.5 and PMq

The subroutinesum_pm_gocarin module_gocart_aerosols.€alculates Pls and PMg surface concentrations using the
following formulas:

PMas (DUST; + DUST, d 25+ SEAS; + SEAS, s_25);

PMio (DUST,; + DUST,+ DUST3+ DUST, d 10+ SEAS; + SEAS, + SEAS3); (2)

where is the dry air densitykg=m?), DUST1.2.3.4 andSEAS;.».3 are the mixing ratios (gekg) of the dust in the rst
four bins and sea-salt in the rst three bins, respectively. The contribution of the dust and sea salt bingtarfeMPM, is
de ned by the mapping coef cientd 25, d_10for dust ands_25 for sea salt, see eq. 2. Black and organic carbon and sulfate
also contribute to PM, but their contributions are small in comparison to dust and sea salt, and we omit them for the sake of
brevity.

We calculate the mapping coef cients using the assumption that dust and sea salt volume size distributions are functions
of natural logarithm of particle radius. The updated values of mapping coef cge2ts d 25, d_10 along with their default
values are presented in Tab. 3. Effectively, the contributions in.£M sea salSEAS, decreases, while that of dU3tJ ST,
increases. The contribution &fUST, in PMyg decreases. We are not certain how the default coef cients are calculated,
but interpolation in the logarithm space is more accurate than in the radius space, as aerosol size distributions are smoothe

functions of logarithm than radius.

Table 3. Default and updated values f25, d_25, d_10 mapping coef cients used to calculate RPMand PMp.

Default coef cients Updated coef cients
s 25 0.942 In(2.5/1) / In(3/1) =0.834
d_25 0.286 In(2.5/2) / In(3.6/2) =0.380
d 10 0.870 In(10/6) / In(12/6) =0.737

The effects of using the updated mapping coef cients in place of default ones in PM calculation are shown in Fig. 2. We
calculate the PMs and PMg concentrations in the lowest model layer using Eq. 2. Surface concentrations of dust and sea salt
are computed using the procedure presented in Appendix E. When using the default mapping coef cients values, the model
underestimates P} by 7% and overestimates RMby 5% on average over the ME.



Figure 2. Average dust and sea salt PMa) and PMy b) surface concentrationg@gm?) calculated using default and updated coef cients

values and relative difference.

3.2 Calculation of Aerosol optical Properties

For modeling in the ME, the treatment of optically active dust within the model is vitally important. AOD is calculated based

on aerosol number-density and aerosol optical properties, which depend on the aerosol size and refractive index. In WRF-

Chem, a parameterized Mie theory (Ghan and Zaveri, 2007) is employed to calculate the aerosol optical properties. This
5 parameterization is modi ed for the sectional representation of the aerosol size distribution by Fast et al. (2006) and Barnard



et al. (2010), so the Mie subroutine requires input of dust number-density or concentration in eight size intervals: {0.039-

0.078, 0.078-0.156, 0.156-0.312, 0.312-0.625, 0.625-1.25, 1.25-2.5, 2.5-5.0, 5.0410.0hese size intervals are identical

with those used in the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) microphysical module (Zaveri
5 To correctly calculate the dust optical properties we implement two corrections in the subittoa prep_gocart()n

module_optical_averaging.that computes the volume-averaged refractive index needed for Mie calculations.

3.2.1 Effect of Small Particles

In WRF-Chem's GOCART aerosol module, dust particle sizes span two orders of magnitude, from 0.ImpsHeTab. 2.
However, we nd that dust particles with radii between 0.1 and 0.46aue incorrectly accounted for in the Mie calculations

10 of aerosol optical properties. Their mixing ratio is mapped on coarser MOSAIC bins than is required. Since ner particles have
a stronger effect on AOD per unit mass in comparison to coarser particles, the model AOD is underestimated. As a result, when
tuning dust emission we push the model to emit more dust into the atmosphere, in order to t the observed AOD. We rectify
this error by correcting mapping fractions@fJ ST, into MOSAIC bins, see Tab. 4.

Table 4. Dust mass redistribution between GOCART and MOSAIC bins. Before a) and after b) inclusion of dust particles witldradii
um into calculation of aerosol optical properties.

a)

MOS: | MOS; | MOS3 | MOS4 | MOSs | MOSg | MOS7 | MOSg
DUST: 0.0 0.0 0.0 0.0 0.305 0.695 0.0 0.0
DUST: 0.0 0.0 0.0 0.0 0.0 0.312 0.688 0.0
DUSTs 0.0 0.0 0.0 0.0 0.0 0.0 0.583 0.417
DUST, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.666
b)
DUST: 0.0 0.0 0.062 0.174 0.347 0.417 0.0 0.0
DUST: 0.0 0.0 0.0 0.0 0.0 0.312 0.688 0.0
DUSTs 0.0 0.0 0.0 0.0 0.0 0.0 0.583 0.417
DUST, 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.666

Tab. 4 presents the mapping fractions of the GOCART dust b3 T1.2.3.4) to the MOSAIC bins M OS1.2.3.4:5:6:7:8)

15 before and after correction. We do not include in the Tab. 4 GOCART duddbiB Ts since it is out of the MOSAIC size
range and is therefore not accounted for in the mass redistribution. Also, the ma$3WrSimy, is only partially accounted for.
Although this is a potential drawback, it does not impact the AOD drastically, as large particles contribute little in dust AOD.
After the changes, the dust mass fr@ ST, bin is redistributed between ne@WOS3.4.5.6 bins compared to the original
WRF-Chem where alDU ST; mixing ratio was mapped on the coar8&0Ss.¢ bins.
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3.2.2 Bin Concentration Interpolation

Originally, the subroutineptical_prep_gocart(Jedistributes dust and sea salt mass from GOCART into MOSAIC bins, using

the assumption that dust size distribution is a function of particle radius. Consistent with Sect. 3.1, here we conduct interpo-
lation assuming that dust distribution is a function of natural logarithm of radius. This correction causes changes in the mass
redistribution between the GOCART and MOSAIC bins (see Tab. 5) and increases the contribution of small dust particles
into the dust AOD. The rationale is that dust size distribution is a smoother function of logarithm of radius than radius itself,
therefore interpolation is more accurate in logarithms than in radii.

Table 5. Dust mass redistribution between GOCART and MOSAIC bins based a) on the assumption that bin concentration is a function of
radius, and b) on the assumption that bin concentration is a function of natural logarithm radius.

a)

MOS: | MOS,; | MOS3; | MOS4 | MOSs | MOSs | MOS7; | MOSs
DUST: 0.0 0.0 0.062 0.174 | 0.347 0.417 0.0 0.0
DUST:2 0.0 0.0 0.0 0.0 0.0 0.312 0.688 0.0
DUST3 0.0 0.0 0.0 0.0 0.0 0.0 0.583 0.417
DUST4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.666
b)
DUST; 0.0 0.0 0.194 0.301 0.301 0.204 0.0 0.0
DUST: 0.0 0.0 0.0 0.0 0.0 0.380 0.620 0.0
DUST3 0.0 0.0 0.0 0.0 0.0 0.0 0.643 0.357
DUST,4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.737

Table 6. Pearson correlation coef cierR and mean bias calculated for AOD time-series from two runs with respect to AERONET AOD

observations.

KAUST Campu# Mezaira Sede Boker

R bias R bias R bias
ALL_OK 0.66 -0.10 0.42 | -0.19 | 0.75 | -0.07
NON_LOG _046| 0.66 -0.20 0.36 | -0.38 | 0.67 | -0.11

To estimate the effect of these two corrections, we develop the WRF-Chem simiadnLOG_046where only these two
inconsistencies are not xed, and compare the resulting AOD with that fromlthe OK run. The AOD values are computed
as described in Appendix C. As expected, the AOD increases after the corrections. Fig. 3 compares the AOD obtained from
two (with and without corrections) WRF-Chem runs with AERONET AODK#&UST CampusMezairaand Sede Boker
Because AERONET conducts measurements during daylight hours only, we interpolate WRF-Chem AOD's to the AERONET
measurement times.

10
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Figure 3. AOD time-series (left) and scatter plots (right) frod®N_LOG_04@&ndALL_OKruns (blue and red lines) and AERONET AOD
(green markers) &AUST Campus, Mezaira, Sede BoR&RF-Chem's AOD is interpolated to the times (blue diamonds and red dots) when
AERONET AOD measurements were conducted.

To quantify the capability of the WRF-Chem in reproducing the AERONET AOD, we calculate the Pearson correlation
coef cient R and mean bias (see Appendix B) of simulated AOD with respect to the AERONET AOD observations for the
entire simulation period (see Tab. 6). The corrections improve the correlatideiairaandSede Bokeand cause a twofold
reduction in the mean bias KAUST CampusindMezaira The magnitude and temporal evolution of the AOD time-series
is well correlated in both runs (with and without corrections) with the observed AERONET AOD at all sites only when the
AERONET AOD < 1. For dusty conditions with AOD > 1, WRF-Chem with the original GOCART schetust (opt1)
struggles to capture the observations. We nd the worst correlaRe®(42) and highest mean bias (-0.19) with AERONET
AOD at theMezairastation, which is located in a major dust source region (see Fig. 1). We obtain higher correlations with
AERONET AOD of 0.66 and 0.75 fd(AUST CampuandSede Bokestations, respectively. Both of these stations are located
outside the main dust source regions.

Figure 4 shows the averaged AOD elds obtained from &id. OK andNON_LOG_04&uns, as well as their relative
difference (%). We conclude that due to these two inconsistencies, dust AOD in the original WRF-Chem v3.2 is underestimated
by 25-30% over the ME. Over Libya, Egypt, Oman, Iran, Azerbaijan, Turkmenistan, and Pakistan, the difference is even higher,
reaching 30-35%.

3.3 Gravitational Settling

We nd that in the original WRF-Chem code the gravitational settling of dust and sea salt is calculated incorrectly. The default
nite-difference scheme (implemented in the subroutie&tling() le module_gocart_settling)Floes not account for change
in air density when it calculates deposition mass ux. Thus, in the course of the gravitational settling the total mass of dust and

11
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Figure 4. Averaged AOD elds obtained fromALL_OK andNON_LOG_046uns and their relative difference (%).

seasaltin the atmosphere increases, violating their mass balances. We introduce the new nite-difference scheme, which allows
conservation of the mass of dust and sea salt in the course of gravitational settling in the atmosphere. The new nite-difference
scheme is provided below.

The change of aerosol mixing ratio due to gravitational settling at downward directed veloisityiven by the following
differential equation:
@a)_@aw). 3)

@t @z

whereq is the aerosol mass mixing ratioggkg) and is the dry air densitykg=m?). Using the rst-order upwind scheme,

this equation can be discretized into the following form:

n+l n+1 n n+l \..n n n+l ..n
o O ko= Gk ke Wi Kok Wi, @

t Zx

where z is the depth of th& model level, t is the model time step. Subscriptienotes the model levels and supersaript
is the time-level. Taking into account that the calculation of gravitational settling is split from the calculation of the continuity

equation, we assumcﬁ+1 ¢ and get the following solution:

1

twh twi,,
n+1 - " 1 k + " k+1 k+1 . 5
o) Ok 2 T T (5)

k

Equation 5 is solved for each model column from the top to the bottom.
To validate the modi ed nite-difference scheme, we zero dust emissions across the whole domain, except for the 200
km 200km area located at the center of the domain; see Fig. 1. Only the rst 10 simulation hours of dust emissions within
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this area are included. We prohibit the in ow of dust from the domain boundaries by zeroing the corresponding boundary
conditions, and we zero the initial dust concentrations to simplify calculation of the dust mass balance, which we compute
using the following balance relation:

Dust in the atmosphere = Emitted dust  (Grav: settled dust + Dry deposited dust) (6)

The amount of dust in the atmosphere is controlled by dust emission and dust deposition. The latter comprises gravitational
settling and dry deposition. For the sake of clarity, we refrain from introducing other dust removal processes, such as sub-
grid wet depositiondonv_tr_wetscav=0 The procedure of calculation of these diagnostics using the WRF-Chem output is

provided in Appendix F.

Figure 5. Dust mass balance check: a) before and b) after correction of gravitational séddipgsited dust = Grav: settled dust +

Dry deposited dust:

Figure 5 demonstrates the evolution of the components of the dust mass balance (see eq. 6) from the two runs, with and with-
out correction of the gravitational settling procedure. For the analysis, we took only the rst 40 hours of output because, after
that time the dust plume reaches the lateral boundaries of the domain. As shown in Fig. 5a, the red dashed line corresponding t
the sum of deposited mass and dust mass in the atmosphere diverges from the purple dash-dotted line, which corresponds to tt
mass of emitted dust. This difference reaches 2.16% before the dust plume reaches the boundaries of the domain. The run usin
the original gravitational settling gains the dust mass represented by the blue line, due to the error in calculating gravitational
settling, as discussed above. This is in contrast with Fig. 5b, where we see perfect agreement between the amounts of deposite
dust plus dust in the atmosphere and emitted dust until the dust plume reaches the boundaries of the domain. Thus, this incon
sistency in the gravitational settling subroutine is signi cant, as the error of 2.16% of total emitted mass accumulates within
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20 hours. For larger domain this imbalance will be more signi cant. This effect is especially important in the low-latitude
desert regions. Zhang et al. (2015); Dipu et al. (2013); Huang et al. (2010) reported that in dry subtropics the boundary layer
height can reach 6-Km, which promotes the transport of dust particles to this altitude. When dust particles are settling from
higher altitudes, a larger mass imbalance is accumulated.

We estimate the effect of the gravitational settling error by comparing averaged total dust column loadings (see Fig. 6a),
accumulated gravitationally settled dust (see Fig. 6b), and averaged dust and seagaliffdde concentrations (see Fig. 6¢)
obtained inALL_OKandNOT_FIXED_GRAV_SETTLINGIns. We perform a comparison in terms of relative differences (%)
in the runs, with and without corrections. Dust column loadings, gravitationally settled dust, agdsiffhce concentrations
are calculated according to the methodology described in Appendix D, F3, E, respectively. According to Fig. 6a,b,c, we observe
higher negative values of relative difference over non-dust source regions (see Fig. 1), i.e., over Sudan, Turkey, Yemen, Eritrea,
Djibouti, and Ethiopia. By contrast, the relative differences over dust source regions, which include Egypt and the eastern part
of Arabian Peninsula, are close to zero. Coarse dust particles have shorter lifetimes in the atmosphere because of their highe
deposition velocities. Thus, coarse dust particles are mostly deposited in the dust source regions, which explains close to zerc
values of relative difference in this region. Fine dust particles have longer atmospheric lifetime and thus can be transported over
longer distances. The discrepancies in the descriptions of the life cycle of ne dust explain larger relative errors in non-dust
regions, as mentioned above.

Thus, we can conclude that in the original WRF-Chem v3.2 runs, the total dust column loading is overestimated by 4-6%
over the ME. The computed total amount of dust in the atmosphere (see Appendix F4) was 6.41 argl for7ALL_OK
andNOT_FIXED_GRAV_SETTLINfEIns, respectively. Hence, the amount of dust in the atmosphere is around 4.8% higher.
The total amount of gravitationally settled dust is overestimated by 5-10% on average over the ME. The biggest difference
(15-25%) is observed in Sudan, Yemen, Eritrea, Djibouti, Ethiopia, and Turkey. The computed total amount of gravitationally
settled dust (see Appendix F3) was 11 and 1T§5for ALL_OK andNOT_FIXED_GRAV_SETTLIN@ins, respectively.

Hence, the amount of gravitationally settled dust is around 5% higher iN@e FIXED_GRAV_SETTLINIn. Dust and
sea salt PNy surface concentrations (see eg. 2 and Appendix E) are overestimated by 2-4% on average over the ME. We
observe even bigger differences (6-10%) over Eritrea, Djibouti, Ethiopia, and Turkey.

3.4 Case study

In the previous sections, we separately quanti ed the effect of each inconsistency in the WRF-Chem code and explained
the associated physical links using short-term runs. In this section, we conduct a seven-month case-study to demonstrate th
cumulative effect of all inconsistencies. We ran two WRF-Chem simulations from June 1 to December 31, 2016, using the
experimental setup described in Sec. 2. We refer to the WRF-Chem run, where all inconsistencies arefhtadda®. We

compare it withALL_OK run in which all inconsistencies are corrected. The simulation period is chosen to take advantage
of PMo surface concentrations measurements conducted by the Saudi Authority for Industrial Cities and Technology Zones
(MODON) in Riyadh, Jeddah, and Dammam (mega-cities of Saudi Arabia). More details on these measurements are provided
in Ukhov et al. (2020a).
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