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Abstract To improve the representation of convective mixing of atmospheric pollutants in the
presence of clouds, we developed a convection module based on Kain and Fritsch (KF) method and
implemented it in the Community Multiscale Air Quality model. The KF-convection method is a mass-
flux-based model that accounts for updraft flux, downdraft flux, entrainment, detrainment, and the
subsidence effect. The method is consistent with the convection parametrization of the meteorology
model. We apply the KF-convection model to an idealized case and to a reference setup prepared for
East Asia during the KORUS-AQ campaign period to investigate its impact on carbon monoxide (CO)
concentration at various atmospheric altitudes. We investigate the impact of KF-convection on the
horizontal distribution of CO concentrations by comparing it to aircraft measurements and the MOPITT
CO column. We further discuss two types of impacts of KF-convection: the direct impact caused by
vertical movement of CO concentrations by updraft or downdraft and the indirect impact caused by
transport of lifted CO concentrations to another region. May 12 saw a high indirect impact originating
from the Shanghai region at higher altitudes and a high direct impact of updraft fluxes at 1 km altitude.
However, May 26 revealed an immense updraft increasing higher altitude concentrations (up to 40 ppbv)
and diverse indirect impacts over the region of the study (+50 ppbv). The overall comparison shows a
strong connection between differences in the amount of concentration caused by the direct impact at each
altitude with the presence of an updraft at that altitude. The developed model can be employed in large
domains (i.e., East Asia, Europe, North America, and Northern Hemisphere) with sub-grid scale cloud
modeling to include the impacts of convection.

Plain Language Summary We developed a more physically accurate convective mixing
model based on the Kain and Fritsch scheme for a chemical transport model. We verified the physical
processes involved in the developed scheme for an idealized case and then implemented it into the
Community Multiscale Air Quality modeling platform. We also investigated the developed convection
model on the vertical and spatial distribution of carbon monoxide over East Asia during the KORUS-

AQ aircraft campaign. We investigated the impact by comparing the results of these models to aircraft
measurements and satellite retrievals. Furthermore, we separated the impact of convective transport over
the study region into two types: the direct impact caused by vertical convective fluxes, which changed

the vertical distribution of concentrations, and the indirect impact originating from vertical fluxes in
neighboring regions and leading to spatial differences on vertical layers in the region of study. The
developed model can be employed in large domains (i.e., East Asia, Europe, North America, and Northern
Hemisphere) with sub-grid scale cloud modeling to include the convection impacts.

1. Introduction

Clouds have profound impacts on the Earth's atmosphere. They shape the characteristics of aerosols and
greenhouse gases and elucidate a number of mechanisms that affect global and regional climate (Bogen-
schutz et al., 2012; Wallace & Hobbs, 2006; Wu & Li, 2008). Cloud convection can transport gaseous and
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particulate matter from the boundary layer into the free troposphere, redistribute these constituents, and
return them back to the surface through dry and wet deposition processes (Stocker et al., 2013). The ver-
tical distribution of pollutants among the convective layers and the roles it likely plays in surface layers’
concentrations made it crucial for chemical transport models (CTMs) that convection schemes should be
developed as one of the components of their framework. As the processes involved in convection impacts
chemical constituents, physical descriptions of the clouds are essential for the understanding of the amount
and composition of trace species in the atmosphere (Bogenschutz et al., 2012; Fahey et al., 2017; Seinfeld
& Pandis, 2016). Nevertheless, researchers have encountered several challenges in the quest to explain the
convective processes that take place within clouds (Barth et al., 2007; Ervens, 2015; Scott, 1981). A major
challenge that lies at the core of our understanding has been how to represent the impacts of deep and
shallow convections on gas-phase chemistry, wet deposition, and especially the distribution of atmospheric
constituents (Fowler et al., 2020). Over the past decades, several studies have proposed various schemes of
parameterizations to model the impacts of cloud convection for both regional and global models (Alapaty
et al., 2012; Arakawa, 2004; Byun & Schere, 2006; Herwehe et al., 2014; Randall et al., 2007) or to investigate
cloud-aerosol-interaction modeling (Chapman et al., 2009; Grell et al., 2011). The results stemming from
these parametrizations, however, are mostly inconsistent due to variability in assumptions and simplifica-
tions of the schemes (Heikenfeld et al., 2019; Lawrence & Rasch, 2005).

Cloud convection is typically composed of multiple processes, including updrafts carrying masses of air
from lower levels to upper levels and downdrafts transporting masses of upper air to the surface, both of
which affect the fluxes of masses in a group of layers in the atmosphere. Other processes taking place in
cloud convection are entrainment, drawing of air masses into an updraft-downdraft plume, and detrain-
ment, dispersion of masses out of an updraft-downdraft plume. Near tropical regions, the combination of
convective processes increases the vertical transport of pollutants, causing a connection between surface
emissions and the upper troposphere (Chandra et al., 2016). Several studies have highlighted the importance
of deep-shallow convection in the transport of atmospheric constituents such as carbon monoxide (CO) in
low to high-tropospheric altitudes (Erukhimova & Bowman, 2006; Ghude et al., 2011; Park et al., 2009;
Yang et al., 2018). Therefore, to accurately simulate atmospheric chemistry over multiple vertical layers and
correctly quantify long-range transport (Pouyaei et al., 2020; Tsai & Wu, 2017), a reliable convection scheme
has been of atmospheric chemists and physicists communal tasks (Orbe et al., 2017; Yang et al., 2020).

Convective transport of chemical species in regional models is classified in clouds of full-grid and sub-grid
scales. The EPA's Community Multiscale Air Quality (CMAQ) model (Byun & Schere, 2006) resolves the
full-grid clouds that occupy the entire grid cell by the meteorological models and the parametrized sub-grid
clouds. Among the convective parameterization schemes developed over the last decades, the algorithm of
Kain-Fritsch (Kain & Fritsch, 1990, 1993) is one of the most physically accurate mass-flux parameterizations
which has been used in multiple mesoscale and regional models (Saito et al., 2006; Samuelsson et al., 2011;
Skamarock et al., 2005; Zhao et al., 2009, 2013). Although the latest version of the Kain-Fritsch scheme
contains the essential physics to parametrize the convection, any version that follows must address several
shortcomings such as the interactions between clouds, scale separation in deep convective clouds, and the
interaction between microphysics and cloud radiation (Arakawa, 2004; Bechtold et al., 2001). In addition,
similar to other cumulus parameterization methods, the Kain-Fritsch scheme entails uncertainty in the
modeling of horizontally nonlocal structures (Arakawa, 2004; Ong et al., 2017; Sakradzija & Klocke, 2018).
Although the CMAQ modeling framework addresses the issue of nonlocal structures by separating resolved
clouds and sub-grid scale clouds, it still lacks physical efficacy when modeling convective mixing in clouds
(Roselle & Binkowski, 1999). Moreover, the sub-grid convection in CTMs needs to be consistent with the
cloud parametrization in the meteorological model (Li et al., 2018).

In this study, we introduce a modified version of the Kain-Fritsch scheme (Kain, 2004) and implement it
into the CMAQ model to accomplish two objectives: (a) to develop a more physically accurate scheme of
sub-grid cloud parameterization and (b) to enhance the capabilities of the CMAQ model to simulate the
vertical distributions of chemical species in the layers of the atmosphere where convection has occurred.
We also investigate the impact of KF-convection over the East Asia region during the KORUS-AQ campaign
period by separately studying the convective mixing in vertical atmospheric layers and transported constit-
uents caused by convection in the region of study using the Process Analysis (PA) approach.
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2. Methodology

The original Kain and Fritsch (KF) scheme was derived and developed from the Fritsch-Chapel convective
parametrization scheme (Fritsch & Chappell, 1980). In the 1990s, KF made a series of changes and intro-
duced a more distinguishable scheme from its parent algorithm. The KF scheme of convection is a mass flux
parameterization scheme that has been used in several Numerical Weather Prediction systems, including
the Weather Research and Forecasting (WRF) model. Since the main goal of this study is to incorporate
a cloud convection scheme into a CTM, we will describe in detail the methodology, we used to apply the
concept of the KF scheme into vertical convective mixing of sub-grid cloud module in the CMAQ mode-
ling platform. We chose the WRF-CMAQ two-way coupled model for this implementation, as it is more
straightforward when transferring variables from WRF into CMAQ, and we can pass the variables in smaller
intervals. We turned off the feedback of the system so that it will be the same as the offline WRF-CMAQ
framework. In this section, we will provide a scientific description of the CMAQ model of cloud convection
and present the implementation of KF convective mixing in the WRF-CMAQ framework.

2.1. Description of the Standard CMAQ Cloud Model

To understand the implementation of KF-convection in CMAQ, we will briefly review how the standard
CMAQ (Standard-CMAQ) model processes convective mixing in the clouds. CMAQ accounts for cloud
modeling in two main components of the sub-grid cloud model (subcld) and the resolved cloud model (res-
cld) (Roselle & Binkowski, 1999). The first component of the CMAQ model of the cloud takes into account
smaller than grid size clouds, referred to as “sub-grid clouds.” The second component of the CMAQ cloud
model simulates clouds that occupy the entire grid cell. The impacts of the latter, referred to as “rescld
clouds,” have already been resolved by the meteorological model. The sub-grid and resolved cloud models
update pollutant concentrations following the equation below, where 7, represents pollutant concentrations:

o,
ot

_om;
ot

om;
+—

1

ey

cld subcld rescld

The scheme of rescld cloud utilized the meteorological model outputs for the impacts of the grid fully
covered by clouds. The sub-grid scheme of CMAQ version 5.2 was inherited from the diagnostic cloud
model of the Regional Acid Deposition Model version 2.6 (Chang et al., 1987; Dennis et al., 1993; Walcek &
Taylor, 1986). This scheme parameterizes the convective effects of clouds by modeling a series of processes
that include mixing, scavenging, aqueous chemistry, and wet deposition. These parameterizations assume
that the area of cloud convection is smaller than the size of the grid cell. While the impacts of sub-grid
clouds are updated once per hour, those of resolved clouds are updated at every synchronization time step.
Hence, the CMAQ cloud module differentiated between sub-grid and resolved clouds both temporally and
spatially. We applied the developed KF-convection scheme for every synchronization time step of sub-grid
clouds only because the cumulus scheme modeling used in WRF simulates the impacts of resolved clouds.
The application of KF-convection at every synchronization time step of CMAQ requires a more scientific
understanding of the physical description of the Standard-CMAQ model of sub-grid clouds.

The sub-grid scheme of the cloud determines whether a cloud is precipitating or nonprecipitating. For
precipitating clouds, CMAQ uses the amount of convective precipitation from the meteorological model.
Nonprecipitating clouds are modeled when the relative humidity of the source level is above 70% and the
calculated cloud base is below a certain level (Dennis et al., 1993). In both types of precipitating and non-
precipitating clouds, the sub-grid scheme calculates the geometry of a cloud, including the cloud base, the
cloud top, and the cloud extent. These calculated sub-clouds are composed of air transported vertically and
laterally between the cloud and the surrounding environment. Concentrations of pollutants for each layer
of the cloud are calculated by Equation 2:

T (2) = e (1= Lot 4 Sy (2) | (1= fog )7, @

POUYAEI ET AL.

30of 18

85U8017 SUOILIOD A1 3(cedtdde 8y Aq pausenob a1 SSILe VO ‘85N JO S8|ni 10§ AreIq1T 8UIUO AB|IM UO (SUONIPUOD-PUR-SWLIBY WD A8 1M A RR1q 1 U1 IUO//:SdNL) SUOTIPUOD PUe SWi 1 84} 88S *[1202/60/90] Uo Ariqiauluo AB|Im (1S19) ABojouyos | pue 8oteIos Jo siniisu| nibuems Aq §/200S INTZ0Z/620T 0T/10p/wod A im Areiq i put|uo'sandnfey/sdny wouy pspeojumod ‘9 ‘1202 ‘99226



~u |
ra\%“ 19
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Advances in Modeling Earth Systems 10.1029/2021MS002475

& Taylor, 1986). m "™ represents the below cloud concentrations, and

where fq4. is the fraction of entrained air originating from the side of the
) cloud and f,, is the entrainment calculated by iteratively solving both
Detrainment conservation and thermodynamic equations (Chang et al., 1987; Walcek

! Updraft

A

Downdraft

B

L4

m® represents the above cloud concentrations. Once the cloud volume

has been calculated, the average temperature, pressure, total water con-

Compensating tent, and pollutant concentrations are computed based on liquid water
‘ subsidence content W, as the weighting function that assigns the most weight to the
layers with the highest liquid water content. Thus, the average pollutant

concentrations within clouds are calculated following Equation 3:
Entrainment j Id( ) ( )
“ctop n_,l(a z W z dZ
Boundary layer mid = M )
J‘wtop Wc (Z)dZ

Zcbase

The final step of convective mixing is the reapportioning of the mass back
into each individual layer. Although the cloud mixing of below cloud,

Figure 1. Schematic of cloud convection and the processes involved. above cloud, and within cloud layers varies, this step is accomplished by

fractional cloud coverage, in-cloud initial and final concentrations, and

the vertical concentration profile. The algorithm of the CMAQ scheme of
sub-grid clouds has resulted in improved efforts to parameterize the net effects of the displacement of air by
the convection and subsidence of that air back into layers below the cloud. The mixing algorithm of CMAQ
does not simulate the dynamic nature of air flows within the processes of convection.

2.2. The Structure of the KF-Convection Model

The KF module of a convective cloud that we presented and implemented uses a pattern of mixing that
relies on a dynamic description of a cloud. Here, the estimation of pollutant concentrations is based on the
physical processes of transporting air modeled from the WRF meteorological model.

To set up the main algorithm of the KF scheme in CMAQ, we first need mass flux variables and cloud
properties from the WRF model to represent the convective processes of the cloud. A list of these variables
appears in Table S1. The body of the convective mixing represented in the KF scheme is a mass-conserved
steady-state entraining-detraining plume model. The concept of these mixing processes involves mass flux-
es of updraft and downdraft among the layers of the convection cloud as the driving forces that vertically
transport masses of air from the convection originating layer to the ending layer. It also includes two-way
mass fluxes between the layers of cloud convection and the environment through entrainment and detrain-
ment. Therefore, understanding the potential originating layers of updraft and downdraft and their ending
layers is a necessary task that requires assessing and modifying the modules of the WRF model. We archived
the KF cloud characteristics and transferred the required parameters listed in Table S1 into the CMAQ mod-
el through the coupling subroutines inside the WRF-CMAQ two-way system.

The main code for KF convective mixing follows the concept of the KF algorithm (Kain, 2004; Kain &
Fritsch, 1990, 1993). The schematic of a cloud and the processes involved in convective mixing are present-
ed in Figure 1. The main code begins by distinguishing the grid points where convection is taking place. We
implement our scheme only for grid points with convection. Then we differentiate them into two categories
of clouds, deep and shallow convection. Shallow convection is activated only when we have deep convection
in which updraft is more shallow than the minimum cloud depth. This typically occurs at below 4 km, while
deep convective clouds occur at 4 km and higher. The modeling of deep convection begins with the impacts
of the updraft. The calculation of updraft considers the effects of upward fluxes of air masses from the
updraft originating layer moving to its ending layers. Updraft calculations also take into account the mass
fluxes of entrainment and detrainment in the middle layers. We finally include the effect of compensation
distributed throughout the cloud layers.

Deep convection modeling continues with calculations related to the effects of the downdraft. The proce-
dure follows the same algorithm of calculations that we conducted for the updraft, but it uses the downward
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Algorithm: CONV_KF fluxes of air from the downdraft originating layer to the surface. It also
Define Cumulus convection variables contains the impacts of entrainment and detrainment fluxes between
Get  KF-scheme variables from WRF these layers and subsequently distributes the effects of compensation.
Jfori: 1 to NROWS
forj: 110 NCOLS For cases of shallow convection, the KF main code calculates only the up-
i Deep ‘"“’"ge““"“ is:apped"i‘;g: . draft effect, which involves the elements of the upwards fluxes of masses
ompute the updraft effect. . .. .
Computs the entrainment-detrainment effect, from the bottom to top layers of clouds, the impacts of mixing air through
Compute the effect of compensating due to updraft. the entrainment and detrainment, and the compensating effect due to
Computs the downdsiteiic the updraft. At the last step of the deep and shallow cloud calculations,
Compute the entrainment-detrainment effect. . . . .
Coripits e eftset of coimpaisating duis to dowiideadt: the KF would update concentrations of all of the required grid points
else if  Shallow convection is happening: of convection. The general pseudocode for this algorithm is presented in
Compute the updraft effect. Figure 2
Compute the entrainment-detrainment effect. :
o COmpUlS the etiset olicompensang due fo updrats The main differences between the Standard-CMAQ model and our de-
i
Fnd veloped KF-convection module according to what we have discussed
End above are presented in Table 1. Some key elements play significant roles
Update th trati tri . . . .
peate e concentistions et in the algorithm of the KF-convection scheme, changing the transport
Conti b-grid cloud sch . . .
et of a pollutant species between the layers and over the modeling region.

The main factors are temporal resolution, cloud geometry, transported air
through the convective vertical layers, and convection classification. Us-
ing KF-convection for cloud geometry and mixing, we ensure the consist-
ency of cloud parameterization between the chemical transport and me-
teorological models. This consistency benefits the convective transport
modeling of trace gases by taking into account real convective areas, direct convective fluxes, and accurate
cloud geometries. It also helps prevent a mismatch between the convection fields and mass/moisture fields
(Li et al., 2018).

Figure 2. Pseudocode for the KF-convection module developed inside the
CMAQ modeling system. CMAQ, Community Multiscale Air Quality; KF,
Kain and Fritsch.

3. Investigating the KF-Convection Impact in an Idealized Case

To validate the concept of KF-convection main code, first, we tested it in an idealized case, defined as a
situation that has no interferences from physical and chemical processes (i.e., advection, diffusion, and aer-
osols chemistry) except KF-convection. The testing required KF-related tendencies and cloud information
archived from a WRF output. In the next step, by implementing the main code for a specific vertical profile
of a trace gas, CO, in this case, we investigate the impact of convective mixing on the vertical distribution of
the pollutant. To achieve a more comprehensive understanding of the change, we implemented the process
over 35 vertical layers (from the bottom to the top of the domain) in 10 synchronization time steps lasting
a total of 60 min. The objective of this section was to represent the general concept of the KF-convection
main code. To this end, we selected four cases: (a) deep convection with only updraft flux, (b) deep convec-
tion with only downdraft flux, (c) deep convection with both updraft and downdraft fluxes, and (d) shallow
convection with updraft flux. In all of the cases, we accounted for the effect of entrainment, detrainment,
also subsidence effect.

’g;lr)r:;alrison Between the Main Parts of the Cloud Parameterization of the Standard-CMAQ Algorithm and the KF-Convection Algorithm

Standard-CMAQ KF-convection

Sub-grid scheme Cloud modeling
Temporal resolution 1h Synchronization time (~6 min)
Cloud geometry (definition of the cloud layers and characteristics) CMAQ parameterization Utilized the dynamic model (WRF)
Vertical mixing (air transporting by updraft and downdraft) CMAQ parameterization Developed model consistent with the

dynamic meteorological model (WRF)

Convection classification General cloud Deep and shallow convection

CMAQ, Community Multiscale Air Quality; KF, Kain and Fritsch.
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By investigating the differences between concentration profiles before and after applying KF-convection
considering the flux rates, we observed that for the case of deep convection with only updraft (Figure 3a),
the updraft flux moves the concentrations from the originating layer of updraft flux to the cloud's top layer.
The minor impacts in between are caused by entrainment, detrainment, and subsidence effects. On the
other hand, for the case of deep convection with the only downdraft (Figure 3b), the vertical profile of
concentration after applying the KF-convection demonstrates how concentrations are reduced over upper
layers and diffused into lower layers at the ending point of downdrafts. Also, both downdraft entrainment
and detrainment strengthen the impact in this case. In the case where we include both updraft and down-
draft in the deep convection (Figure 3c), we observe the combined impact of increasing concentrations in
layers near the clouds top and the ending layers of the downdraft, as well as the decreasing concentration
at the updraft originating and downdraft originating layers. Furthermore, the shallow convection case with
updraft (Figure S1) has an impact similar to that of deep convection with updraft only. Although the overall
impact of KF-convection fluxes seems to be marginal in the tested idealized case, in real cases, the impacts
will be accumulated, and they will redistribute the vertical profiles of pollutants considerably.

4. Investigating the Impact of KF-Convection in a Real Case
4.1. Reference Setup

For the real case investigation, we applied WRF-CMAQ two-way coupled model (Wong et al., 2012). To pre-
vent any impact from chemistry on meteorology, we turned off the feedback. We chose this model because
it has the same structure as the WRF-CMAQ off-line modeling framework; in addition, it requires no extra
preparation of the meteorological parameters for the CTM (running the Meteorology-Chemistry Interface
Processor). Unlike the conventional off-line CMAQ model, in which calculations are driven by hourly me-
teorological data, the calculations of the WRF-CMAQ two-way coupled model occur in synchronous time
steps (e.g., every 360 s, based on a run-time parameter), which we considered helpful in this case. After all,
the convection model functions in smaller time steps from which we need to access variables.

The WRF and CMAQ model share a single domain with a 27 km horizontal grid spacing over East Asia,
shown in Figure 4. The coupled model consists of WRF version 3.8 and CMAQ version 5.2. We set Morri-
son double-moment scheme for microphysics and the Rapid Radiative Transfer Model for GCMs scheme
for longwave and shortwave radiation. We utilized the ACM2 planetary boundary layer (PBL) model
(Pleim, 2007a, 2007b) and the Pleim-Xiu land surface model (Pleim & Xiu, 1995; Xiu & Pleim, 2001). The
cumulus parameterization scheme employed in WRF had to be KF (Kain & Fritsch, 1990, 1993) to transfer
the required variables. The initial and boundary conditions for meteorology were produced based on the
National Centers for Environmental Prediction FNL (final) operational global analysis data. In addition,
we employed Hemispheric CMAQ v5.3 to calculate initial and boundary conditions for chemistry. More
information on the reference model setup and emission inventory can be found in Jung et al. (2021). Addi-
tionally, we adjusted the CO anthropogenic emissions of East Asia based on Tang et al.'s (2019) simulations.
‘We conducted the simulation between April 20 and May 31, 2016, spent 10 days in April for model spin-up
and studied May 2016 and the KORUS-AQ campaign days on which the convection impacted flight meas-
urement areas.

4.2. Case Study: KORUS-AQ Aircraft Campaign

During the KORUS-AQ aircraft campaign measurements, we chose days with convection to further study
the detailed roles of KF-convection on the performance of the CMAQ modeling system. The routes of se-
lected KORUS-AQ flights and radar reflectivity in Figure S2 show the presence of convection during some
flights in the area. We compared the developed KF-convection model with the Standard-CMAQ model for
the days on which we observed convection over the aircraft measurement points by interpolating model
outputs to observation points. Comparisons between measured and modeled concentrations of CO on all
convection days showed that the application of the KF-convection module reduced the number of under-
and over-predicted concentration points (Figure 5). According to the histogram difference of relative bias
between two models and observations (see Figure S3), the KF-convection model reduced under-predict-
ed points by ~550 and over-predicted points by ~100. Although the KF-convection model had a negative
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Figure 3. Comparison of the differences between the concentration profile (left) caused by KF-convection tendencies
(right) for the cases of (a) deep convection with the updraft, (b) deep convection with downdraft, and (c) deep
convection with both updraft and downdraft. KF, Kain and Fritsch.
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Figure 4. Map of the study region; the blue line indicates the study domain.
impact in some cases, the overall difference shown in the histograms indicates the large impact of KF-con-
vection on reducing the number of under- and over-predicted points. Furthermore, we evaluated the sta-
tistical parameters for these two models at different altitude ranges (see Table S2). Basically, above the PBL
(~0-2 km) and mid-tropospheric altitude, we found a higher correlation and index of agreement (IOA)
when we compared the results. More specifically, over the lower mid-troposphere (~2-4 km), the KF-con-
vection model predicts CO concentrations that are closer to concentrations measured by aircraft. However,
over the surface and in the upper mid-troposphere (~4-6 km), the prediction becomes less accurate. In-
terestingly, after the modifications of KF-convection, the predictions of CO concentrations over the upper
troposphere (~6-9 km) improved; the results can be caused by either direct impact of KF-convection over
the area or by the tropospheric transport of increased concentrations caused by KF-convection in other re-
gions. To view the impact of the KF-convection module spatially, we prepared horizontal plots of simulated
CO concentrations for the KF-convection and Standard-CMAQ models compared to aircraft measurements
Standard KF-convection
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Figure 5. CO concentrations found by the model versus aircraft CO measurements for the Standard-CMAQ and CMAQ with the KF-convection model (the
number of points in each bin is depicted by colors). CMAQ, Community Multiscale Air Quality; CO, carbon monoxide; KF, Kain and Fritsch.
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Figure 6. Spatial analysis of CO concentrations in aircraft tracks over South Korea on convection days: (a) Aircraft measurements, (b) The KF-convection
model, (c) The Standard-CMAQ model, (d) The difference between the KF-convection and Standard-CMAQ models. CMAQ, Community Multiscale Air
Quality; CO, carbon monoxide; KF, Kain and Fritsch.

over the track of aircraft during the convection days with all the measured points (Figure 6). We will address
these findings in greater detail in the following sections.

To view the impact of the KF-convection module spatially, we prepared horizontal plots of simulated CO
concentrations for the KF-convection and Standard-CMAQ models compared to aircraft measurements
over the track of aircraft during the convection days with all the measured points. The model outputs were
linearly interpolated to the exact location of the measurements. Overall we observed under-estimations
from both models. The KF-convection module attempt to reduce this underestimation on May 3 and May
10. On other days, we see a mixed impact of the KF-convection module, an enhancement, and a reduction in
CO concentrations. From panel (d), we identify the points with the largest differences. These points highly
correlate with the radar reflectivity in that area (see Figure S2), indicating that the strongest impact of the
KF-convection module occurs when the measurements are near or at the convection points. In Section 5,
we will explain how and why the KF-convection module impacts CO concentrations.

4.3. Comparison With Satellite-Derived CO Columns

The scattered convective area around the measurements during KORUS-AQ days indicates the spatial im-
pact on CO concentrations that the KF-convection module would produce over the region. Although this
impact focuses on vertical mixing, minor differences that would change the patterns in CO transport over
the region of study are expected to occur. To investigate these differences, we used the NASA Terra MOPITT
version 8, level 2, multispectral total column retrievals with standard quality flags for comparison. We calcu-
lated the CO total column based on averaging kernels for the KF-convection and Standard-CMAQ models.
Figure 7 panel (a) represents the MOPITT CO total column for the entire month of May 2016 and separately
for each of the convection days (May 1, May 3, May 10, May 12, and May 26). Panels (b) and (c) represent
the CO total column for the KF-convection and Standard-CMAQ models, respectively. To study the impact
of the KF-convection module, we also plotted a map for each case that displayed the differences between the
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Figure 7. Spatial comparison of the total CO columns for the convection days in May 2016 (May-01, May-03, May-10, May-12, and May-26), averaged over the
entire month (May-all), (a) the MOPITT measured total CO columns, (b) the KF-convection module simulated CO columns, (c) the Standard-CMAQ model
simulated CO columns, and (d) the difference between the CO columns of the KF-convection and Standard-CMAQ models. CMAQ, Community Multiscale Air
Quality; CO, carbon monoxide; KF, Kain and Fritsch.

KF-convection and Standard-CMAQ models (panel d). In general, the models over-estimate CO columns
over China and the Yellow Sea. According to Table 2, the overall impact of KF-convection caused the model
to generate marginally higher IOA for the averaged CO column over the entire month of May. As of May 1
and May 3, the IOA and correlation decreased marginally; the KF-convection module, however, reduced the
mean bias and mean absolute error. For the remaining convection days, this module consistently reduced
bias and increased the IOA. From panel (d), we observe a distinguishable impact on the east and west sides
of the map on May 1 and May 10. Comparisons of the spatial distributions revealed that the KF-convection
module alters the vertical mixing of the CO profiles, and the combination of mixing with horizontal trans-
port could lead to considerable changes in CO transport patterns.

5. A Comparison Between the CMAQ With KF-Convection and Standard-
CMAQ Models

Convection is the primary cause of the vertical mixing of tracers across cloud layers. In the atmosphere
where both convection and advection simultaneously transport constituents to various altitudes and re-
gions, differentiating between vertical mixing and horizontal transport is a complicated task. In this part of
our study, we illustrate how KF-convection could impact CO concentrations over latitudes and longitudes
of measurements during convection days. Such an impact could be due to the vertical mixing of CO pol-
lutants across cloud layers. During the process of vertical mixing, which we refer to as the “direct impact
of KF-convection,” intensive upward fluxes of convection help with lifting the CO concentrations from
the updraft originating layer to the top layer of the cloud. An equally important process responsible for
the difference between concentrations at any altitude, especially layers higher than 2 km, is the horizontal
transport of CO. Tracers pushed to higher levels could be advected to another region. In this study, we refer
to such an impact as the “indirect impact of KF-convection.” Thus, whereas the inquiry into the direct im-
pact of KF-convection mostly focuses on vertical mixing caused by the KF scheme, the study of the indirect
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Table 2

Statistical Analysis of the KF-Convection and Standard-CMAQ Modeled CO Column Versus the MOPITT CO Column for
Convection Days in May 2016 (May-01, May-03, May-10, May-12, and May-26), Averaged Over the Entire Month of May
2016 (May-All)

I10A R MAE MB RMSE

KF-convection 0.699666 0.818576 5.33E+17 —-4.44E+17 6.85E+17
May-all

Standard-CMAQ 0.69323 0.818883 5.45E+17  —-4.61E+17 6.96E+17

KF-convection 0.515233 0.618245  7.04E+17 —6.85E+17 8. 71E+17
May-01

Standard-CMAQ 0.517034 0.639575 7.24E+17  —7.06E+17 8.71E+17

KF-convection 0.598759  0.796003 7.10E+17  —6.61E+17 8.74E+17
May-03

Standard-CMAQ 0.600105 0.805933 7.11E+17  —6.67E+17 8.74E+17

KF-convection 0.653015 0.771208 7.01E+17  —5.67E+17 8.82E+17
May-10

Standard-CMAQ 0.635949 0.764381 7.27E+17  —6.05E+17 9.21E+17

KF-convection 0.816427 0.841772 3.73E+17  —1.40E+17 5.24E+17
May-12

Standard-CMAQ 0.814253 0.846377 3.93E+17 —1.56E+17 5.31E+17

KF-convection 0.503251 0.570847  6.35E+17  —5.75E+17 8.53E+17
May-26

Standard-CMAQ 0.485646 0.558987 6.48E+17  —6.09E+17 8.63E+17

Note. In comparisons between the KF-convection model and satellite measurements, green indicates improvement by
the KF-convection module, red indicates rosining by the model. (I0A, index of agreement; MAE, mean absolute error;
MB, mean bias; R, correlation; RMSE, root mean square error).

impact is more general, focusing on the physical processes responsible for the differences caused by KF-con-
vection. In the next sections, we will elaborate on both types.

5.1. Direct Impact of KF-Convection

It is generally believed that deep or shallow convection can efficiently inject air masses from the originating
layers of updrafts over the PBL into the mid and upper-troposphere (Konopka et al., 2019). When we intro-
duced our KF-convection scheme to the sub-grid clouds of CMAQ, the impact of the new approach changed
the vertical mixing profile of CO concentrations. Figure 8 panel (a) shows the vertical profile of modeled CO
concentrations from the KF-convection scheme compared with observation points of campaign flight for
May 1, May 3, May 10, May 12, and May 26, the days and hours on which convection occurred. Figure 8 pan-
el (b) shows the same comparison of modeled and observed concentrations for the Standard-CMAQ model.
From these two panels, it is noticeable that on some days the CO concentrations have higher intensity over
the surface. This is because flights measured concentrations at lower altitudes over the Seoul Metropolitan
Area and the long-range transport of pollutants from China (Ghahremanloo et al., 2021; Mousavinezhad
et al., 2021; Pouyaei et al., 2020). The colored points in panels (a) and (b) depict the aircraft measurement
values for different ranges of altitudes. To take into account the contribution of KF-convection to the chang-
es in CO concentrations over the measured points, we included the differences between the concentrations
found by the CMAQ with KF-convection module and those found by the Standard-CMAQ model, shown
in panel (¢). The differences are shown in this panel lie within a range from —50 to +50 ppb. On some days
(e.g., May 12 and May 26), the impacts of KF-convection on differences in concentrations are apparent
while they are less on other days, shown in Figure 8c. To illustrate the causes of these differences, the up-
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Figure 8. Analysis of the direct impact of KF-convection on days with convection: (a) CO concentrations determined by the KF-convection model at different
altitude ranges versus CO measurements of DC8 aircraft (points); (b) CO concentrations determined by the Standard-CMAQ model at different altitude ranges
versus CO measurements of DC8 aircraft (points); (c) differences between the CO concentrations of the CMAQ with KF-convection and Standard-CMAQ
models; (d) the updraft flux rate at different altitudes from the KF-convection model; and (e) the downdraft flux rate at different altitudes from the KF-
convection model. CMAQ, Community Multiscale Air Quality; CO, carbon monoxide; KF, Kain and Fritsch.

draft and downdraft flux rates from the KF-convection model during the exact point of measurements are
shown in Figure 8 panels (d) and (e).

Figure 8 shows that in the early hours of measurements on May 1, the CO concentrations over the surface
and lower altitudes (~1-2 km) were lifted to higher altitudes (~3-4 km) by updrafts. Conversely, down-
drafts with sufficient counter-flux rate pushed down the concentrations, resulting in a small deficit in CO
concentrations in the upper troposphere (~5-7 km). The CO concentration in the mid-day hours of May 1
exhibited mixed effects from both updraft flux at 3 km altitude and possible transport from other regions at
higher altitude (~6-7 km). In the next section, we will elaborate the convective mixing and its relation to the
transport of CO concentrations over the region of study. On May 3 and May 10, differences in CO concentra-
tions were marginal but still noticeable, especially at 3 km and above, in increments of 10-20 pbbv. We can
also spot a relatively small downdraft flux at the early hours of May 10, which did not cause a noticeable im-
pact on CO concentrations. The situation, however, differed on May 12, when a 50 ppbv decrease in the CO
concentration over the surface caused by KF-convection occurred along with a 40 pbbv increase at a 1-km
altitude caused by high energy updraft flux. But on this day, in higher altitudes (>2 km), the decrement or
increment of CO concentration must be caused by the indirect impact of KF-convection. The major cause
of these differences around mid-day on May 26 at 3—-6 km altitudes was the transport of CO originating in
another region, which revealed itself in the KORUS-AQ campaign observation area. Conversely, the other
differences in CO concentrations on May 26 can be explained by the direct impact of updraft flux, which we
detected by comparing the patterns of differences in CO concentrations and those in the vertical profiles of
updraft flux.
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Figure 9. Analysis of the indirect impact of KF-convection on days with convection at 3 km altitude, (a) averaged spatial distribution of the differences
between the CO concentrations from CMAQ with KF-convection module and those from the standard-CMAQ model over the study domain, (b) the averaged
wind pattern and pressure field over the study domain, (c) results of the process analysis of the differences between the CMAQ with KF-convection and
Standard-CMAQ models at the points where convection occurred. CMAQ, Community Multiscale Air Quality; CO, carbon monoxide; KF, Kain and Fritsch.

5.2. Indirect Impact of KF-Convection

As previously mentioned, another explanation for differences in CO concentrations at observation points
is the indirect impact of KF-convection. For this purpose, we examined the spatial distribution of CO con-
centration differences, taking into account the maps of wind patterns and pressure fields over the region
of study. We also differentiated the physical processes responsible for differences in CO concentrations
involved in the model through the application of the PA module, an integrated process rate approach in
CMAQ modeling. To thoroughly evaluate the impacts of the KF scheme on the distribution of CO over the
region, we examined two altitudes: the mid-troposphere (3 km) and the lower troposphere (1 km). We also
provided the same plots for the upper troposphere (6 km) in the supporting information.

Figure 9 panel (a) shows the spatial distribution of differences in CO concentrations, calculated by the
results of the Standard-CMAQ model subtracted from the results of the CMAQ with KF-convection mod-
ule at an altitude of 3 km on convection days over the domain of study. The black lines indicate the area
around campaign observations on each day of measurements. Figure 9 panel (b) shows the wind patterns
and pressure fields at the same altitude (3 km), and Figure 9 panel (c) represents the PA results of the CO
concentration differences for two responsible processes of advection (i.e., the indirect impact) and cloud
convection (i.e., the direct impact) for the exact points where convection occurred.

The difference among the distributions of CO concentrations at the 3 km altitude during May 1 observation
hours shows two patterns of CO concentrations: a decreased difference in CO concentrations over East
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China and an increased difference over the regions north of the Korean Peninsula and the Sea of Japan.
The mentioned patterns of CO differences stem from both the direct and indirect impacts of KF-convection
that we introduced earlier. The direct impact of KF-convection was mainly due to fluxes of updrafts and
downdrafts, which played an influential role in each vertical layer of the cloud by changing total masses
of air within each layer. In contrast, the indirect impact of KF-convection appears to have originated from
horizontal winds transporting masses of air to hundreds of kilometers across the region of the study. A mix-
ture of direct and indirect impacts of KF-convection shows reasonable agreement with that shown in the
meteorological map on May 1. Primarily south-westerly wind patterns transported the updated masses of
air from the more industrialized areas of China toward the Korean Peninsula and Japan at an altitude layer
of 3 km. Results from the PA module for this day reveal that the contribution from cloud convection (i.e.,
the direct impact of KF-convection) was marginal. During morning hours, however, advection contributed
about —10 ppbv, which we regarded as a sink for CO difference concentration, but in the afternoon, the
contribution from advection was positive or negative, around +10 ppbv.

Plots from May 3 indicate that KF cloud convection contributed to a lower degree of positive differences
above the Korean Peninsula and the Sea of Japan during the presence of a cyclone. Strong patterns of wind
components around the cyclone caused a more homogeneous atmospheric layer over the Korean Peninsu-
la. The weakening patterns of wind speed show relatively more level of CO differences, probably because
of the direct impacts of KF-convection. Overall, the direct and indirect impacts of KF-convection on May
3, compared to other days, were marginal. The spatial difference in CO levels also indicates the marginal
difference common over the Korean Peninsula. Interestingly, although the wind pattern for May 3 was
relatively strong and north-westerly since the net amount of CO difference caused by KF-convection was
marginal in the north-western part of the Korean Peninsula, this strong wind pattern caused marginal, if
any, differences in CO in the measurement points.

The maps of wind pattern for May 10 and May 12 follow a relatively similar form of south-westerly hori-
zontal wind components. On both days, the wind pattern was in favor of transport of CO concentrations
caused by KF-convection from south-eastern China toward the western regions of the Korean Peninsula.
In particular, on May 10, when positive differences in CO concentration were demonstrably higher over
Japan, the strong south-westerly wind appeared to influence the transport of the CO constituents to this
region. The map of CO difference also shows that patterns of low-speed winds are indicative of the pres-
ence of stagnant air with positive differences in CO levels. The negative difference in CO concentrations
over the northern part of the Korean Peninsula was developed by the loss of masses of air that could have
been due to the transport of species through the help of northerly winds. These masses of air could have
changed the distributions of CO concentration over the region of the measurement campaign in the black
rectangle. Again, it is worthwhile to mention that these discrepancies were the result of a mixture of both
direct and indirect impacts of the KF-convection. The results of the integrated process rate also show the
mixed positive and negative contribution of CO concentration for this day. On the other hand, on May 12,
the distinguishable plume over the Shanghai region and the Yellow Sea was responsible for the transport of
CO concentrations toward the South Korea region. From the results of the PA, we conclude that the impact
from concentrations of this plume was negative and that advection was a major sink on this day.

May 26 represents a special case among the measurement days. The results of PA on this day indicate
that the absolute amount of cloud convection was equal to or higher than that of advection. To be more
concise, the average spatial distribution of the difference in CO concentrations at 3 km altitude showed
intensive positive and negative impacts from KF-convection from China over the Yellow Sea to the Korean
Peninsula. Two separate plumes of air impacted CO concentrations over the target region; one from the
Shanghai region with mostly positive and some negative differences in CO levels (50 ppbv) and one from
the Shandong Peninsula with all positive differences (+40 ppbv). The wind pattern also favored long-range
transport from China toward the Korean Peninsula. Interestingly, during the first hours of measurements,
although the average wind pattern was westerly, the contribution of cloud convection (i.e., the direct impact
of KF-convection) was positive, indicating that updrafts were the major source of changes in CO levels over
the target area during this period. However, after an hour or two, the contribution of cloud convection ex-
hibited mixed responses from being a source to being a sink weighted toward sinking. In most cases, cloud
convection had a negative impact, explained by the updrafts at a 3 km altitude that lifted the constituents
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Figure 10. Analysis of the indirect impact of KF-convection for days with convection at a 1-km altitude: (a) averaged spatial distribution of the differences
between the CO concentrations from the KF-convection and Standard-CMAQ models over the study domain, (b) average wind patterns and pressure fields over
the study domain, (c) results of the process analysis for the differences between the CO concentrations from the KF-convection and Standard-CMAQ models at
the points where convection occurred. CMAQ, Community Multiscale Air Quality; CO, carbon monoxide; KF, Kain and Fritsch.

of CO and led to negative differences in CO concentrations; and in some cases, the altitudes of the updrafts
were lower than 3 km, which positively impacted differences in CO levels. Advection also showed a mixed
response, from positive to negative, caused by plumes moving toward the target region.

We also prepared plots of the indirect impact analysis at a 1-km altitude and reviewed the extent to which
differences between CO concentrations could be attributed to cloud convection at this altitude (Figure 10).
On May 1 and May 3, the overall impact on these differences was marginal in the area of measurements. The
PA results show differences in concentrations of less than +3 ppbv. In addition, the spatial distribution of
these differences did not reflect any significant transport of CO from highly polluted areas toward the target
region. Although the wind patterns followed the same direction as winds at 3 km altitude, the magnitude
was noticeably smaller, so the severity of the transport was lower. The wind pattern and pressure distribu-
tion map for May 10 shows a relatively stagnant condition over the Korean Peninsula, which explains why
the transport-related impact was mostly local. From the spatial distribution of concentrations, we also spot
some negative differences in CO around the target area, which confirms the results of the PA analysis find-
ing negative CO concentrations from advection. The positive impact of cloud convection in the early morn-
ing of May 10 corresponds to the updraft flux at lower altitudes, which we saw in Figure 8 panel (d). When
the altitude of the updraft flux is lower, the impact of the cloud convection is more apparent. Following the
same logic, the highly positive CO concentrations from cloud convection (i.e., the direct impact) on May 12
were caused by intense low-altitude updrafts, represented in Figure 8 panel (d). In addition, the differences
in the negative plumes of CO over the target region explained the sinking effect of the advection process.
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On May 26, however, KF-convection had no significant impact at a 1-km altitude. The indirect impact of
KF-convection at the 6 km altitude (see Figure S4) was consistent with our findings for 3 and 1 km altitudes;
that is, the higher the altitude, the greater the impact of advection or transport from other regions.

6. Conclusion

The complete and realistic modeling of convective mixing in unresolved clouds is of great importance in
CTMs. This study implemented a version of the KF scheme into the CMAQ cloud module to present a phys-
ically more realistic convective mixing of chemical compounds and provide a fully consistent approach with
cloud parameterization in a meteorological model. The developed KF-convection scheme separates shallow
and deep convection. Based on their physical nature, the scheme accounts for updraft flux, downdraft flux,
entrainment, detrainment, and the subsiding effect. To validate our approach, we verified the process of
convective mixing in several cases with updraft and downdraft. Then, we tested our developed convection
module for CO concentrations over East Asia during the KORUS-AQ campaign period to investigate its
impact on differences in concentrations. We first compared the results over aircraft measurement points
statistically and spatially. Then, we investigated the impact on the CO column by comparing the results
with the MOPITT CO column. Then we analyzed the impact of KF-convection from two perspectives: One
mostly focused on the vertical profiles of CO concentrations and the other considering the CO spatial dis-
tribution over the domain of study. We referred to these perspectives as the direct and indirect impact of
KF-convection, respectively.

An investigation of both types of impacts revealed the potential of KF-convection to substantially increase
or decrease CO concentrations over the domain of study at different altitudes. In the early hours of May
1, the updrafts and downdrafts played a significant role in increasing and decreasing CO concentrations at
various altitudes. The differences which occurred during the rest of the day were primarily caused by the
indirect effect of KF-convection through transport. On May 3 and May 10, the major process responsible
for differences in CO levels at 3 km altitude was cloud convection and advection respectively. The overall
impact of KF-convection, however, was low. May 12 showed a negative plume of CO difference from China
at higher altitudes but a direct impact of updraft fluxes below PBLH. Finally, on May 26, updrafts increased
CO concentrations at higher altitudes, and advection influenced the CO concentrations over the region.
Investigating KF-convection impact at 1 km altitude showed a similar response as 3 km altitude. However,
we noticed that intensive lower altitude fluxes were responsible for differences in CO concentration levels
on convection days.

We concluded that the KF-convection scheme has a clear impact when applied to the sub-grid cloud module
in CMAQ. The inclusion of the KF scheme as a complete and independent sub-grid cloud module inside
CMAQ, however, requires further investigation. By implementing the same study for ozone, NO,, and water
vapor and comparing such distributions with observations, we plan to investigate the impact of KF-convec-
tion on the vertical distribution of other species in the mid-troposphere and study the impact of aqueous
chemistry and wet deposition.

Data Availability Statement

The data set used for evaluation of the models was downloaded from the KORUS-AQ data repository
(https://doi.org/10.5067/Suborbital KORUSAQ/DATAO01, KORUS-AQ—An International Cooperative Air
Quality Field Study in Korea, 2016), and the MOPITT-derived CO columns were downloaded from EARTH-
DATA website (https://doi.org/10.5067/ TERRA/MOPITT/MOP02J_L2.008, MOPITT Derived CO [Near
and Thermal Infrared Radiances] V008). The CMAQ model is an open-source model that can be accessed
via Zenodo (https://doi.org/10.5281/zenodo.1167892, US EPA Office of Research and Development, 2017).
The idealized case for KF-convection and the WRF-CMAQ Two-way model with the KF-convection module
can be accessed via Zenodo (https://doi.org/10.5281/zenodo0.4724239, Pouyaei, 2021).
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