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Abstract

CMAQ was implemented in the central region of Saudi Arabia and the effect
of simulating models using various chemical mechanisms on selected oxi-
dants, nitrogen species, and O, was investigated. CBOSTUCL predicted OH,
MEPX, and NO, about 7%, 7.7%, and 8% more than CBO5E51 respectively;
however, there was no observable difference in the O, predictions. The dif-
ferences in variations of SAPRC07 mechanism (SAPRC07TB, SAPRC07TC,
and SAPRCO7TIC) for all parameters were less than 1%. RACM2 produced
the highest OH and H,O, concentrations. RACM2 enhanced OH production
in the range of 24% - 32% and H,O, by 9% over other mechanisms; these are
comparatively less than the findings of other studies. Similarly, CB05 pro-
duced over 40% more PAN concentration than CB05. Moreover, PAN con-
centrations produced by all mechanisms were very high compared to other
studies. SAPRCO07 produced approximately 3% more mean surface O, con-
centration than RACM?2 and approximately 10% more than CB05. RACM2
O, predictions were higher than CB05 by 7%. The predicted O, concentra-
tions by CB05, RACM2, and SAPRCO07 were 6%, 11%, and 15% more than the
average observed concentrations, which indicate that closest predictions to
the observed values were by CB05. This study concludes that there is a wide
variation of mechanisms with respect to the predictions of oxidants and ni-
trogen compounds; however, less variation is noticed in predictions of O,.
For any air pollution control strategies and photochemical modeling studies
in the current region or in any other arid regions, the CB05 mechanism is
recommended.
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1. Introduction

Ozone (O,) is a secondary pollutant formed because of the reactions of its pre-
cursors: nitrogen oxides (NO + NO, = NO,) and Volatile Organic Compounds
(VOCs) in the presence of sunlight. The formation of O, in the atmosphere can
be understood through a combination of measurements (of O, and its precur-
sors) and model predictions. Measurements are generally limited in terms of
space and time, so the atmospheric chemical transport models (ACTM) fill this
gap. ACTM can also estimate many chemical species that are not easily meas-
ured. Several chemical mechanisms were developed for ACTM to address the
issues associated with urban and rural O, formation. Three of the more widely
used mechanisms are the Carbon Bond (CB) [1], Regional Atmospheric Chem-
istry Mechanism (RACM) [2], and State Air Pollution Research Center (SAPRC)
[3].

The original CB mechanism, CB04, was based on the simple Arrhenius law
rate constant forms that were derived from more complex temperature and
pressure-dependent rate constants. It is a lumped structure type and is the fourth
in a series of CB mechanisms and includes 36 species and 96 reactions of which
12 are photolytic. Subsequent changes were made by adding rate constants for
the formation and decomposition of peroxyacetyl nitrates (PAN) and a termina-
tion reaction between the XO, and XO,N operator and the HO, radical. Carter
and Atkinson in 1996 enhanced the mechanism by updating the isoprene chem-
istry [4]. Yarwood et al in 2005 proposed a major kinetic and photolysis update
to CB04 and extended the inorganic reaction set [5].

The new CB05 mechanism was shown to enhance the model performance for
O, and organic carbons in rural areas and high altitude conditions [6]. CB05 was
further improved to include toluene chemistry (CB05TU), and it was proved
that CBO5TU enhances the prediction of O, formation rate [7]. The CB mecha-
nism has been widely used in several studies, to develop reduced form models
[8] [9] [10] and to study O, and meteorological sensitivities [11] [12] [13].
Dunker et al. in 2002 used CBO5 to study the oxidation of reactive VOCs and
other processes [14]. Community Multiscale Air Quality (CMAQ) implements
two enhanced versions of the CB05 mechanisms, namely cb05e51 and cb05tucl.
The enhancements include the updates in molecular hydrolysis and rate con-
stants based on the recent International Union of Pure and Applied Chemistry
[15]. Cb05e51 consists of 148 species and 343 reactions, and cb05tucl includes
107 species and 238 reactions, as shown in Table 1 and Table 2.

The regional acid deposition model (RADM2) is a lumped species mechanism

that uses a reactivity-based weighting scheme to account for lumping chemical
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Table 1. Summary of chemical mechanisms and their variations.

Chemical Mechanism Variation
CBO5E51
CBO05
CBO5TUCL
RACM RACM2
SAPRCO7TB
SAPRCO07 SAPRCO7TC
SAPRCO7TIC

Table 2. Number of species and reactions in different chemical mechanisms.

Sno. Chemical Mechanism Species Reactions
1 CBO05E51 148 (Aerosol = 25; Gas = 123) 343
2 CBO5TUCL 107 (Aerosol = 24; Gas = 83) 235
3 SAPRCO7TC 186 (Aerosol = 25; Gas = 161) 741
4 SAPRCO07TB 186 (Aerosol = 25; Gas = 161) 457
5 SAPRCO7TIC 231 (Aerosol = 33; Gas = 198) 928
6 RACM2 156 (Aerosol = 22; Gas = 134) 400

compounds into surrogate species. It was built on the RADMI1 [2] by including
higher classes of alkenes and isoprene, more detailed aromatic chemistry, and
the treatment of peroxy radical reactions [16]. The photo-oxidation of isoprene
was further improved in RADM2 by Zimmermann and Poppe in 1996 [17]. The
base mechanism includes 57 model species and 158 reactions, 21 of which are
photolytic. RADM?2 was later updated to the Regional Atmospheric Chemistry
Mechanism RACM [16] and recently to RACM2 [18]. The updated version,
RACM2, implemented in CMAQ consists of about 400 chemical reactions and
156 chemical species, as shown in Table 2. The kinetic data used in the reactions
include the recent suggestions of [IUPAC [15] and NASA/JPL [19]. This mecha-
nism was used to study heterogeneous chemistry [20] and sensitivity analysis
with respect to the microphysics scheme in WRF-Chem [21].

The original version of SAPRC99 is a detailed mechanism for gas-phase at-
mospheric reactions of VOCs and NO, in urban and regional atmospheres, the
details of which are documented by Carter in 2000 [3]. SAPRC99 was later up-
dated to SAPRCO07 to reflect the new kinetic and mechanistic data and to incor-
porate new data on several types of VOCs. The versions available in CMAQ are
saprc07tb and saprc07tc; both consist of 186 species and 741 chemical reactions.
In another SAPRC version in CMAQ, saprc07tic, the number of species has been
increased to 231, as shown in Table 1.

The three chemical mechanisms discussed above share the common concept
of reaction rates and products; however, they differ in terms of rate constants,

photolysis (due to change in pressure and temperature), and treatment of or-
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ganic and inorganic chemistry. Several studies have compared these mechanisms
and found large variations between model predictions.

Jimenez ef al in 2003 reported considerable variation in model predictions
when using CB04 and SAPRC99, particularly in the reactive species HO, and
NO, [22]. A comparison between RADM?2 and its updated version RACM?2 un-
der urban and rural conditions showed large species and process differences in
organic speciation [23]. Tonnesen and Luecken in 2004 [24] studied the differ-
ences between two mechanisms: CB04 and SAPRC99 and observed that differ-
ences in production and propagation of HOX (HO, and hydroxyl radicals) and
organic peroxy radicals affect O, formation. Both Byun et al in 2006 [25] and
Faraji et al in 2008 [26], while using air quality models with versions of CB04
and SAPRC99 over southeast Texas, predicted more O, with SAPRC99. Luecken
et al. in 2008 [27] also reported higher concentrations of O, using SAPRC99. The
predicted O, concentrations are similar for most of the USA, but statistically sig-
nificant differences occur over many urban areas and the central USA. They also
noted that the difference in O, predictions depends on the location, the
VOC/NO, ratio, and concentrations of precursor pollutants. Sarwar et al in
2013 [28] compared atmospheric compositions using CBO5TU and RACM2 and
reported large variations in the predictions of various chemical species. The two
mechanisms CB05 and RACM2 were compared in a domain in India, and it was
observed that O, concentrations are better predicted by the CB05 mechanism
[13].

The problem of O, is generally of concern in large cities due to its role in the
formation of photochemical smog, and the city of Riyadh in Saudi Arabia is no
exception. Recent studies show the declining trend of air quality [29] [30] [31],
and Riyadh is reported to be one of the top 10 cities in the world with urban
smog problems. In Riyadh, ACTM can be implemented to evaluate various air
pollution strategies to control O; and its precursors and to improve air quality in
Riyadh and its vicinity. Applying the correct chemical mechanism in ACTM is
fundamental in formulating the appropriate mitigation measures.

Atmospheric chemical mechanisms have not been studied in arid regions such
as Saudi Arabia before. Therefore, the aim of this paper is to identify the impacts
of using various chemical mechanisms on the formation of O,, selected oxidants
(OH and H,0,), and nitrogen species (PAN and NO,) in the central region of
Saudi Arabia. This will provide insight into the formation of O, and assist regu-
latory agencies in designing effective O, control strategies. Moreover, it will also
serve as a benchmark for any future implementations of ACTM in this region as

well as similar regions.

2. Methodology

All simulations were performed using CMAQ which is a 3D grid-based air qual-
ity model developed by the United States Environmental Protection Agency (US
EPA). It simulates O,, photochemical oxidants, particulate matter (PM), and
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deposition of pollutants such as acids, toxic pollutants, and nitrogen species.
CMAQ is an active open-source project that continuously enhances the accuracy
and efficiency of photochemical modeling by taking advantage of state-of-the-art
multi-processor computing techniques. It is maintained by the Community
Modeling & Analysis System (CMAS), the details of which can be found at their
website [32]. Several recent studies have used CMAQ to study atmospheric
chemistry [6] [28] [33], uncertainty [10] [34], haze pollution [35], biomass
burning [36], and health impact [37]; however, to the knowledge of authors no
published study has implemented CMAQ in Saudi Arabia.

The meteorological fields for the study were generated by the Weather Re-
search and Forecasting (WRF) version 3.4.1; it is a next-generation mesoscale
model that uses an updated four-dimensional data assimilation approach [38].
The physics options selected for the WRF simulations are summarized in Table
3. The WRF meteorological data was applied to a Meteorology Chemistry Inter-
face Processor (MCIP) to develop the meteorological input dataset required for
the CMAQ simulations. The horizontal domain in both the WRF and CMAQ
covers the central region of Saudi Arabia centering approximately at Riyadh with
a resolution of 4 km and 312 km x 312 km extent (Figure 1). CMAQ version 5.1
was used to run the simulations. The configurations and options used in the
model are summarized in Table 4. One month simulations were performed for
July 2012 with six different chemical mechanisms. This time period was chosen
to compare the model results with O, data collected at various locations.

The chemical mechanisms included variations of cb05 (CBO5E51 and CBO5TUCL),
racm (racm2), and saprc07 (saprc07tb, saprc07tc, and saprc07tic) totalling six
simulations as summarized in Table 1. The Rosenbrock third order numerical
solver [39] was used to solve the system of differential equations for gas-phase
chemistry. Clean air was assumed as the initial and boundary conditions. In
most studies, spin-up periods are used to minimize the effect of initial condi-

tions in the model, so 50 hours of simulation time was used as a spin-up period

Table 3. WRF domain configurations and major physics options.

Simulation Period July 2012
Domain 312km x 312 km
Horizontal Resolution 4 km

Vertical Resolution 1 km

Initial and Boundary Conditions
Shortwave Radiation

Longwave Radiation

Land Use

Surface Layer

Planetary Boundary Layer Model

Cloud Microphysics

(NCEP) National Centre for Environmental Prediction [51]
Rapid Radiative Transfer Model (RRTM) [52]

Rapid Radiative Transfer Model (RRTM) [52]

Noah Land Surface Model [53]

Monin-Obukhov similarity theory

Mellor-Yamada-Janjic scheme [54]

Kain-Fritsch scheme [55]
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Figure 1. WRF and CMAQ modeling domain.

Table 4. CMAQ configuration and options.

Simulation Period

Domain

Horizontal Resolution

Vertical Resolution

Initial and Boundary Conditions

Aerosol Module

Photolytic Rate
Chemistry Solver

Cloud Module

Windblown Dust

Lighting NOx

July 2012

312 km x 312 km (78 x 78)
4 km

1 km

Clean air

Sixth-generation modal CMAQ aerosol model with extensions
for sea salt emissions and thermodynamics; includes a new
formulation for secondary organic aerosol yields (aero6)

Clear-sky photolysis rates off-line using the CMAQ program
JPROG; provide daily photolysis rate look-up tables to CCTM

Rosenbrock chemistry solver (ros3)

Cloud processor that uses ACTM methodology to compute
convective mixing with heterogeneous chemistry for AERO6
(cloud_acm_ae6)

None

No lightning, no emissions
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in this study, as recommended by Harley et a/ in 2006 [40].

Biogenic emissions were calculated based on Model of Emissions of Gases and
Aerosols from Nature (MEGAN), and anthropogenic emissions were estimated
by a combination of direct sources of inventories and indirect calculations from
the source data. MEGAN v2.1 [41] [42] was configured to generate these emis-
sions biogenic emissions. MEGAN is a modeling system for estimating terres-
trial emissions of gases and aerosols. To generate the atmospheric emissions,
MEGAN requires information related to land-cover, weather, and atmospheric
chemical composition. Land-cover variables include emission factors, leaf area
index, and plant functional types; this data was downloaded from MEGAN’s
global distributions and processed for the area using the ESRI ArcGIS tools [43].
The appropriate mapping of emissions of real organic species to the emissions of
mechanism species is vital for the effective use of condensed mechanisms in air
quality models. Carter, W. P. L in 2015 [44] documented the mapping for dif-
ferent mechanisms; however, in MEGAN v2.1, the assignments for the mecha-
nisms are built into the code. Subsequently, MEGAN tools were run and the
emission files were merged using Sparse Matrix Operator Kernel Emissions
(SMOKE v3.65) system [32] to generate hourly gridded and speciated model-ready
emissions files. Two main sources were considered for anthropogenic emissions,
the mobile source such as emissions from automobiles and static sources such as
emissions from power plants and factories.

This paper presents the results of the comparison between various chemical
mechanisms on the formation of the selected HOX, nitrogen compounds, and

O,. The surface O, concentrations were also compared with the observed data.

3. Results and Discussion

3.1. Comparing Variations of CB05 and SAPRC07
3.1.1. CBO5E51 and CBO5TUCL

Table 5 presents the domain-wide mean concentrations of various species
simulated with six different chemical mechanisms including the variations of CB
(CBO5E51 and CBO5TUCL). The differences in the mean concentrations between
the two CB mechanisms were less than 1% except for OH, NO,, and MEPEX
which had differences of 7%, 7.7% and 8% more than CBO5TUCL respectively.
The differences in the mean concentration of O, (shown in Figure 2) were less
than 0.5%; this implies that there is no significant difference between the mecha-
nisms when producing O,. In order to compare with the other mechanisms, the
concentrations for the various parameters for CBO5E51 and CBO5TUCL were aver-
aged and referred to as CBO05.

3.1.2. SAPRCO7TB, SAPRC0O7TC and SAPRCO7TIC

The three variations of SAPRC07 (saprc07tb, saprc07tc and saprc07tic) pro-
duced similar concentrations for various species. The differences between the
species as presented in Table 5 are less than 1% implying that no significant dif-

ferences exist in terms of producing the listed species. The concentrations
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Table 5. Domain-wide mean concentrations predicted by six chemical mechanisms during the modeling period.

Species Unit CBO5E51 CB05TUCL SAPRCO07TB SAPRCO7TC SAPRCO7TIC RACM2
Hydroxyl Radical (OH) pptv 0.16 0.14 0.15 0.15 0.15 0.18
Hydrogen Peroxide (H,0,) pptv 1535.6 1540.0 1527.9 1527.9 1538.9 1599.4
Methylhydroperoxide (MEPX) pptv 258.2 236.9 204.3 204.3 204.3 7.0
Nitric Acid (HNO;) pptv 393.8 369.8 368.8 368.8 374.2 402.8
Peroxyacetyl Nitrate (PAN) pptv 9.3 9.1 5.9 5.9 5.8 33
Nitrogen Oxide (NO) pptv 2660.8 2658.2 2668.7 2668.7 2664.1 2702.9
Nitrogen Dioxide (NO,) pptv 3198.1 3226.8 3217.8 3217.6 3218.0 3155.5
Secondary Nitrogen (NO,) pptv 518.9 511.7 6357.7 6357.7 6361.5 533.4
Ozone (O5) ppbv 41.6 42.1 45.5 45.3 45.4 43.5
10.00

8.00

Percent Difference

-10.00

6.00
4.00
2.00 I I
0.00 I
CBO5E5 1 ICBO 5STUCL RCO7T RCO7T RCO7TI CM2
-2.00
-4.00

mCBOSES1 ®CBOSTUCL = SAPRCO7TB SAPRCO7TC ®SAPRCO7TIC ®™RACM2

Figure 2. Comparison of mean O, concentration for various chemical mechanisms.

produced by the three variations were averaged and were called SAPRCO7 to

compare with the other mechanisms.

3.2. Comparing CB05, SAPRC07 and RACM2
3.2.1. Selected Oxidants

1) Effect on Hydroxyl Radical (OH)

The atmospheric oxidation capacity is determined by the presence of an OH
radical, as it reacts with many trace species in the atmosphere. Domain-wide
mean OH concentrations predicted by CB05, SAPRC07, and RACM2 were 0.15
pptv, 0.15 pptv, and 0.18 pptv respectively. While there was no significant dif-
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ference between the CB05 and SAPRCO07 predictions, RACM2 predicted about
25% more OH than CB05 and SAPRCO07 (Table 6). Spatial variation of the OH
radical and the pertaining percent differences are shown in Figure 3. CB05 and
SAPRCO7 predicted the highest amount in the north (0.160 pptv), and both were
close to zero in south. On the other hand, RACM2 predicted a high of 54 pptv in
the southwest and a low of 6 pptv in and around the centre. Compared to CB05,
RACM2 enhanced OH mostly in the range of 24% - 32% and the maximum en-
hancement was 64%, and SAPRCO07 enhanced in the range of 24% - 30% with a
maximum enhancement reaching 60%. The overall maximum enhancement was
observed in the southwest of the domain. This is the same area where O, is pro-
duced in high concentrations (described later). Some of the reasons that can be
attributed to this high OH production by RACM2 are explained ahead.

Firstly, RACM2 produces more O; and subsequently generates more O atoms
under photolysis, and O atoms react with H,0O to produce OH radicals. Sec-
ondly, the lower reaction rate of NO, + OH in RACM2, consumes less OH radi-
cals from the atmosphere compared to CB05 and SAPRCO07. Sarwar ef al. in 2013
[28] states that additional reactions in RACM2 with olefins and methacrolein
may be another reason for higher OH production. However, this does not seem
to be the case, as the reactions with acrolein exist in all the three mechanisms at
similar rates. The CMAQ model species name for methacrolein in CB05 is
MAPAN and the species name in SAPRC07 and RACM2 is MACR.

In the study’s US domain, Sarwar et al in 2013 [28] observed that OH en-
hancement by RACM2 was in the range of 36% - 60%. Comparing these results,
the enhancements in this study were mostly in the range of 24% - 32%, which is
significantly lower than the US domain. This could be due to the shortage of
H,O in Saudi Arabia as it is dry and arid. OH measurements were not performed

in the study area; hence, the model predictions could not be compared with field

Table 6. Domain-wide mean concentrations during the modeling period of various species averaged by variations (CBO05,

SAPRCO07, and RACM2).

Percent Differences

Species Unit CBO05 SAPRCO07 RACM2 CBO5 vs CBO5 vs SAPRCO7 vs
SAPRCO07" RACM?2? RACM?2?

Hydroxyl Radical (OH) pptv 0.15 0.15 0.18 -2.06 25.26 25.26
Hydrogen Peroxide (H,0,) pptv 1537.80 1531.57 1599.40 —0.41 4.43 4.43

Methylhydroperoxide (MEPX) pptv 247.59 204.32 7.03 —-17.48 —-96.56 -96.56
Nitric Acid (HNO;) pptv 381.81 370.65 402.87 -2.92 8.69 8.69

Peroxyacetyl Nitrate (PAN) pptv 9.18 5.88 3.28 —-35.98 —44.14 —44.14
Nitrogen Oxide (NO) pptv 2659.51 2667.21 270291 0.29 1.34 1.34
Nitrogen Dioxide (NO,) pptv 3212.46 3217.73 3155.54 0.16 -1.93 -1.93

Secondary Nitrogen (NO,) pptv 515.31 6358.97 533.38 1134.00 -91.61 -91.61
Ozone (O3) ppbv 41.67 45.33 43.54 8.78 4.47 -3.96

1100 x (SAPRC07 — CB05)/CB05; 2100 x (RACM2 — CB05)/CB05; *100 x (RACM2 — SAPRC07)/SAPRCO7.
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Figure 3. Spatial distribution of predicted mean OH concentrations obtained with chemical mechanism (a) CB05 (b) SAPRCO07
(c) RACM2 and percent differences between the mechanisms (d) SAPRC07 and CB05 (¢) RACM2 and CB05 (f) RACM2 and
SAPRCO7.
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measurements. Some studies suggested that RACM2 under-predicts the ob-
served OH by 15% and CBO05 by 30% with respect to field measurements [29]
[45] (Mao et al, 2010; Lu et al., 2013).

2) Effect on Hydrogen Peroxide (H,0,)

H,0, exists in substantial amounts in both gaseous and aqueous phases inside
clouds, and it is considered the most efficient oxidant in the aqueous phase and
is known to convert SO, to SO, [46] (Seinfield and Pandis, 2016). Spatial varia-
tion of the H,O, radical and the pertaining percent differences are shown in
Figure 4. SAPRC07 and CBO05 predicted similar H,O, concentrations in the
domain, varying from 1.05 ppbv in the north to 2.1 ppbv towards the south-
east. RACM2 produced up to 9% more H,O, than the other two, with its high-
est concentration in the south. The chemical reactions and rates governing the
formation and destruction of H,O, under various chemical mechanisms are
shown in Table 7. The formation of H,0, in CB05 and SAPRCO07 is similar
except for the additional reaction OH + OH = H,0O, in CB05, however, it also
has an additional destruction reaction (H,0, + O = OH + HO,). RACM2 pro-
duces additional H,0, because of the reactions of O, with different organic
compounds (such as alkenes), as shown in Table 6. RACM2 has the highest
H,0, formation potentially due to these reactions unlike other findings [28].
This implies that organic compounds have a significant role in the formation

and destruction of O,.

3.2.2. Selected Nitrogen Species

1) Effect on Peroxyacyl Nitrates (PAN)

PAN is one of the components of photochemical smog and forms with the re-
action of aldehydes and NO, as shown in Table 8. Although the reaction rates
differ (RACM2 reaction rate being the highest), the formation mechanisms of
the three mechanisms are similar. The reverses of the same mechanisms destroy
PAN; additionally, it is also destroyed with the formation of NO,, NO, and other
compounds. In RACM2, PAN reacts with OH to form NO; and other organic
compounds. Figure 5 shows the spatial distribution of the mean PAN concen-
tration and percent differences predicted by the three mechanisms. In most of
the domain, all three mechanisms produced concentrations in the range 0 - 8
ppbv, but there were few patches of concentrations in the north ranging from 48
to 64 ppbv. CB05 produced the maximum concentration followed by RACM2
and SAPRCO07. Due to large differences in the concentrations at certain loca-
tions, the percent differences showed a wide variation. The concentrations of
PAN predicted by all mechanisms, when compared with another study [28], are
high. This indicates that there is high formation of photochemical smog in cer-
tain areas in the domain. The reason for this high concentration and its forma-
tion requires further analysis.

2) Effect on Secondary nitrogen species (NO,)

NO, was calculated based on equations presented in Table 9 for the three

mechanisms. Figure 6 shows the variation of the mean concentration of NO,
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Figure 4. Spatial distribution of predicted mean H,O, concentrations obtained with chemical mechanisms (a) CB05 (b) SAPRCO07
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Table 7. Chemical reactions and rates describing the formation and destruction of H,O, in various mechanisms.

Reactions

Formation
HO, + HO, = H,0,
HO, + HO, + H,0 = H,0,
OH + OH = H,0,

OLT + O, = H,0, + other compounds
DIEN + O; = H,0, + other compounds
ISO + O; = H,0, + other compounds
API + O; = H,0, + other compounds
LIM + O; = H,0, + other compounds
Destruction
H,0, = 20H
H,0,+ O =0H + HO,

H,0, + OH = HO,

OLT + O, = H,0, + other compounds
DIEN + O, = H,0, + other compounds
ISO + O, = H,0, + other compounds
API + O, = H,0, + other compounds

LIM + O, = H,0, + other compounds

RACM2

k, =2.2E - 13exp(600./T)
k, = 3.08E — 34(2800/D)
4.33E - 15*exp(‘1300-0/T)
1.34EF — 14*exp(-2280/1)
7.86E — 15*exp(‘1913-/T)
5.0E — lﬁ*exp(—530./T)

2.95E — 15*exp™7*/D

1.0/<H,0, RACM2>

2.9E — 12*exp160/D
4.33E — 15*exp('13°°-°/T)
1.34E — 14*exp(—2283.0/T)
7.86E — 15*exp('1913-/T)

5.0E — lﬁ*exp(—530./T)

2.95E — 15%exp7%/D

Reaction Rates

CBO05

k, =2.3E - 13*exp(600/T)
k, = 3.22E — 34*exp80/D

k, = 6.9E — 31*(T/300)1%

1.0/<H,0, TUPAC10>

1.4E — 12*exp0%/D

SAPRCO07

k, = 2.20e — 13*exp®T

k; = 3.08e — 34*exp@0/D

1.0/<H,0,>

1.80e — 12

Table 8. Chemical reactions and rates describing the formation and destruction of PAN in various mechanisms.

Reactions

Formation
C,0; + NO, = PAN
MECO; + NO, = PAN

ACO, + NO, = PAN

Destruction
PAN = C,0; + NO,
PAN = MECO; + NO,

PAN = ACO, + NO,

Reaction Rates

RACM2

k, = 9.7E — 29*(T/300)>9

9.00E — 29*exp(14,000/'r)

PAN = 0.6 * NO, + 0.6 * C,0, + 0.4 * NO, + 0.4 * MEO, -

PAN = 0.6 * MECO, + 0.6 * NO, + 0.4 * MEO,

CBO05

ko, =4.9E — 3*exp(—12,1oo/T>

ky=4.9E - 3*exp(—1z,1oo/T)

1.0/<PAN_IUPAC10>

SAPRCO07

k, = 2.70e — 28*(T/300)71%

ko =4.90e — 03*exp(’12’100/T)

- - 1.0/<PAN
+0.4%CO, + 0.4 *NO, /<PAN>
PAN + HO =XO, + NO; + HCHO 4.0E - 14 — .
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Figure 5. Spatial distribution of predicted mean PAN concentrations obtained with chemical mechanisms (a) CB05 (b) SAPRCO07
(c) RACM2 and percent differences between the mechanisms (d) SAPRC07 and CB05 (e¢) RACM2 and CBO05 (f) RACM2 and
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Table 9. Components in secondary nitrogen species (NO,) in various mechanisms.

Chemical Mechanism NO,
CBO5 NO; + 2 * N,0; + HONO + HNO; + PAN + PANX + PNA + NTRI + NTRIO2 + NTRM + NTRMO, + NTROH + NTRPX
+ CRON + CRNO + CRN2 + CRPX + OPAN
RACM2 NO; + 2 * N,0; + HONO + HNO; + PAN + PPN + MPAN + HNO, + ISON + ONIT + NALD + ADCN + OLNN + OLND
SAPRCO07 NO + NO, + NO; + 2N,0; + HONO + HNO; + HNO, + PAN + PAN2 + PBZN + MAPAN + NPHE

(a)Mechanism:CB05 (b)Mechanism:SAPRCO7
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Figure 6. Spatial distribution of predicted mean NO, concentrations obtained with chemical mechanisms (a) CB05 (b) SAPRCO07 (c)
RACM2 and percent differences between the mechanisms (d) SAPRC07 and CB05 (e) RACM2 and CB05 (f) RACM2 and SAPRCO07.
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predicted by the mechanisms along with percent differences. RACM2 predicts

the highest concentration followed by SAPRC07 and CBO05. For all the three

mechanisms, the lowest concentration was in the southeast area of the domain
and the highest was towards the northwest. RACM2 produced about 60% and

35% more NO, than CB05 and SAPRCO7 respectively. The major components of

NO, are organic nitrate (NTR) and PAN which were about 78% in CB05, 81% in

SAPRCO07, and 86% in RACM2.

3) Formation of O,

4) Effect on Surface O,

As shown in Figure 2 and Table 6, SAPRC07 produced the highest O,
concentration, followed by RACM2 and CB05. SAPRCO07 produced approxi-
mately 3% more O, than RACM?2 and approximately 10% more than CBO5.
RACM2 predictions were in excess by 7% over CB05. Comparing RACM2
and CB05 mechanisms in the US domain, Sarwar et al. in 2013 [28] found
RACM2 predicted 10% more O, than CB05. Kim et al. in 2009 [47] also com-
pared O, and observed that RACM2 predicts higher concentration than CB05
in California. The reasons for high production of O, could be summarized as
follows:

e The production and destruction of O, are primarily governed by reactions of
NO and NO, with other molecules including O, such as the reaction O; +
NO. This reaction has a lower reaction rate in RACM2 when compared to
CBO05 and SAPRCO07, and this lower reaction rate keeps the concentration of
O, high.

e NO, is the primary source for producing O, if it reacts with another molecule
such as OH, the O, concentrations will be lower. In RACM2 the reaction rate
of NO, + OH is lower, thus more NO, is available for photolysis, subse-
quently producing more O,.

e NO, can also be produced through organic compounds (RO2) by the conver-
sion of NO; these conversions are higher in RACM2, especially by aromatic
compounds.

¢ The organic nitrates recycling reactions are higher in RACM2.

Similar reasons were outlined by Kim et a/. in 2009 [47], Shearer et al in 2012
[48], and Sarwar ef a/in 2013 [28] for higher O, production by RACM2 over
CBO05. In the current scenario as well, RACM2 produced higher than CBO5,
however, the percent differences are larger. In addition to faster photolysis due
to high temperature, the reaction NO, + OH is further slowed down, likely due
to the shortage of OH radical in the atmosphere, as the region is arid. Kim et al
in 2009 [47] studied the effect of condensing the updated SAPRC07 mecha-
nism and found that it produced greater O, concentration, the reasons for
which were not evaluated. In the current study, SAPRC07 produced the high-
est concentration over RACM2 and CBO05. Explanations 1 and 2 mentioned
above for high O; concentration cannot be the reasons as reaction rates for
SAPRCO07 is equal to CBO5 rates. In fact, SAPRCO07 should produce similar O,
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concentration to CB05; however, it produces less O, even than RACM2. How-
ever, the role of organic compounds and NO, recycling from organic nitrates
seems to be predominant in SAPRCO07, thus producing more NO, (e.g. from
HNO,) which in turn is the reason for the formation of O,. Further analysis on
this aspect is required to gain insights by performing sensitivity analysis on
these reactions.

Over the course of one month, O, data were collected at three stations in the
domain. The mean O, concentration at all the three locations was 39.16 ppbv.
This observed value is about 6%, 11%, and 15% more than the predicted values
by CB05, RACM2 and SAPRCO7 respectively.

Spatial variations of the mean O, predicted by all the three mechanisms are
shown in Figure 7. The peak concentrations were generally in the middle and
towards the west of the domain. This is likely due to the predominant wind
direction that was from the southwest which drives the O, concentration from
north of the domain towards the south. All the three mechanisms share simi-
lar spatial distribution pattern, with SAPRC07 having the larger patches of
peak concentrations. Figure 7 also illustrates the spatial differences between
the mechanisms and differences were observed high towards south of the
domain.

5) Diurnal Variation of O,

Figure 8(a) shows boxplots of hourly diurnal O, predictions obtained with
the six chemical mechanisms. The O, predicted with all the mechanisms takes a
general pattern over the day increasing after sunrise, reaching to maximum at
noontime, and subsiding towards the evening. From midnight to 4 am (sunrise),
there was no effect of the chemical mechanisms as O, concentrations were the same.
Immediately after sunrise CBO5 started producing more O, than the others did, and
as the day progressed all variations of SAPRC07 (SAPRC07TB, SAPRC07TC, and
SAPRCO7TIC) produced higher concentrations over the other two ie., RACM2
and CBO05. The concentration differences between various mechanisms were
highest during noon time and close to zero during midnight, indicating that the
reactions rates in the formation of O, are sensitive to temperatures. The reac-
tions in SAPRC07 and RACM2 under high temperature produced more O;,
while CB05 had no significant change due to high temperatures. The organic
aromatic reactions (converting NO to NO,) appeared to take precedence in
SAPRCO07 and RACM2 under high temperatures. Figure 8(b) illustrates the di-
urnal variation including the observed data. Generally, the observed data is scat-
tered more than the model values. There is a significant difference in the ob-
served and model-predicted values and this difference is anticipated as the
model simulations were performed with biogenic emissions inventory only.
During nighttime, the observed values are lower or similar to model values, and
there is a significant drop in the concentration in the early morning. Early
morning O; loss is a well-known phenomenon that is also true in Riyadh. There

is a huge increase in O; concentration during the day (from 8 to 17 hours). This
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comparison of diurnal variation of predicted hourly surface O, obtained with six chemical mechanisms and observed data.

increase is clearly due to daytime activities most likely the automobile traffic.
Evening and late-night values are similar to the model predictions. Some of the
things that can be inferred from here are: firstly, the biogenic emissions produce
substantial O, concentrations. In this case, up to 40 ppbv, secondly, the spike of

observed values during daytime (up to 65%) indicates significant anthropogenic

contributions.
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6) Vertical Distribution of O,

Figure 9 presents the vertical profiles of O, predicted by SAPRC07, RACM2
and CBO5. These are averaged over the entire domain and modeling period. As
depicted in the figure, SAPRCO07 continued to enhance O, over RACM2 and CBO05 to
approximately 12,000 m, and above that, the three mechanisms produced almost
the same O; concentrations. SAPRC07 enhancement over RACM?2 is approxi-
mately 1 - 2 ppbv and over CBO05 is 4 - 5 ppbv. Thus, vertically, SAPRCO07 also
produces higher O, concentrations than other mechanisms.

7) Ozone Production Efficiency (OPE)

The conditions under which O, forms can be determined by calculating OPE.
OPE is defined as the number of molecules of oxidant (O; + NO,) produced
photo-chemically when molecules of NO, are oxidized [49]. It is generally calcu-
lated from the slope of linear regression relationship between daytime O, and
NO, concentration for aged air masses (O,/NO, > 46) [50]. Figure 10 shows the
average OPE calculated over the entire domain and modeling period. The OPE
values for CB05, SAPRC07, and RACM2 were 36.5, 19.7, and 13.2 respectively.
The observation data was not sufficient to calculate OPE. When compared with
other studies OPE values were high. It can potentially be due to the arid weather
conditions of the study area. It is also noticed that CB05 produced more O, as
NO, increased and this indicates that CB05 mechanisms are more sensitive to
NO, values in the formation of O, than RACM2 and SAPRCO07. However, the
NO, produced is lesser in CB05 compared to SAPRC07 and RACM2, thus it

produces lower O, concentrations.
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Figure 9. Domain wide mean predicted vertical O, profile obtained with SAPRC07, RACM2 and CB05 chemical mechanisms

during the modeling period.
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4. Summary and Conclusions

This paper investigated the effect of various chemical mechanisms in CMAQ
when implemented in the arid region of Saudi Arabia. One month simulations
were performed for six different chemical mechanisms and the predicted values
were compared for oxidants (OH and H,0,), nitrogen species (PAN and NO,),
and O, (diurnal variation, surface distribution and vertical variation). The
mechanism CBO5TUC produced more oxidants and nitrogen species than CB05E51;
however, both mechanisms predicted the same O, concentrations. There was no
significant difference in the production of all parameters among SAPRC07TB,
SAPRCO07TC, and SAPRCO7TIC. RACM2 produced higher OH concentrations
than the other mechanisms, but the enhancements were much less than other
studies. This indicates the shortage of the OH radical in the area is potentially
due to the arid conditions. Higher concentrations of the H,O, radicals were
produced by RACM2, due to the reaction of O, with alkenes, implying the pre-
dominant role of organic compounds in the atmosphere. High PAN concentra-
tions were noticed in the domain by all mechanisms, indicating photochemical
smog conditions in certain locations. SAPRC07 produced the highest concentra-
tion of surface O, followed by RACM2 and CB05. A similar pattern was noticed
in the vertical variation of O;. When compared with the observed O, CBO05 pre-
dictions were the closest. Diurnal variation indicated significant spike in O,
during daytime verifying that automobile activities contribute significantly to O,

formation. OPE values were very high compared to other studies. Based on the
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current comparisons, CB05 appears to be the appropriate chemical mechanism

to run photochemical models for O, predictions in dry and arid areas such as the

current study. High OPE and PAN concentrations in the domain require further

investigation.
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