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Abstract. The Modular Emission Inventory Allocation Tool for Community Multiscale Air Quality Model (MEIAT-CMAQ)
v1.0 is a resource that enables the refinement of coarse emission inventories by delivering complete temporal, species, and
vertical allocations. This tool generates model-ready emission files for CMAQ, and it effectively addresses the challenges
concerning the pinpointing of grid information and the spatial allocation for spatial surrogates with specific shapes. These
features significantly enhance the accuracy of the allocation of emissions from transportation sectors. Additionally, MEIAT-
CMAQV1.0 features an efficient operational algorithm and a modular design, thus conferring greater flexibility and making
it suitable for both gridded and tabulated emissions inventories. By inputting pre-assessment and post-assessment emissions
separately into the CMAQ model, we observe that post-allocation inventory has a significant positive effect on both O3 and
PM, s simulations. The development of MEIAT-CMAQvV1.0 provides valuable insights into the automated operation of air

quality models and the development of emission inventory allocation tools.

1 Introduction

High-resolution emission inventories of air pollutants are essential for formulating effective atmospheric environmental
mitigation strategies (Lu et al., 2023; Qiu et al., 2023; H. Wang et al., 2022), improving ambient air quality forecasts (Wu et
al., 2014), and promoting air pollution research (Wang et al., 2021; Yang et al., 2020). Determining pollutant concentrations
necessitates employing an air quality model (AQM) (Liu and Wang, 2020a, 2020b), such as the Weather Research and
Forecast (WRF)-Community Multiscale Air Quality (CMAQ) model. For an effective analysis of regional air quality using
regional numerical models like WRF-CMAQ, emission inventories with a 1-5 km resolution are required. However, both

"top-down" and "bottom-up" emission inventory approaches generally yield resolutions above 5 km, as exemplified by the
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Multi-resolution Emission Inventory for China (MEIC, http://meicmodel.org.cn, last accessed: May 7, 2023) with a 0.25°
resolution (Li et al., 2017; Zheng et al., 2018), developed using the "bottom-up" methodology, and the satellite-derived NOx

emissions (Yang et al., 2021) with a 9 km resolution, developed using the "top-down" approach.

Moreover, due to limitations in observational methods and economic constraints, emission inventory production typically
focuses on monthly or annual scales for conventional species such as NOy, NHs, SO,, VOC, PM, s, and PM;o. Yet, AQM
demand hourly scale inventory emissions with more detailed species descriptions based on chemical mechanisms, such as
CBO06 (Luecken et al., 2019) or SAPRCO7 (Hutzell et al., 2012; Xie et al., 2013). This discrepancy necessitates significant
effort in adapting original emission inventories for AQM use. Consequently, there is an urgent need for a tool to facilitate

spatial, temporal, and species allocation in emission inventory processing.

In the recently published study by Wang et al. (2023), the authors introduced Inventory Spatial Allocation Tools version 2.0
(ISATv2.0), offering a pioneering investigation into the spatial, temporal, and species distribution of emissions. Boasting a
WRF nested domain design and advanced inventory downscaling capabilities, ISATv2.0 enables streamlined data
preparation for air quality modeling. Moreover, this novel approach employs a "sub-grid" method to expedite processing
efficiency, a crucial advancement in the field. This simplification greatly streamlines the process of preparing model-ready
emission files for air quality model users. However, the inherent trade-off in utilizing the sub-grid method is the reduction in
the accuracy of the tool in pinpointing grid information. Consequently, this limitation induces biases in the resulting
emission inventory, which will input into AQM. Addressing this problem, the development of a method that simultaneously
upholds distribution efficiency and accuracy, a breakthrough that holds substantial implications for advancing air quality

research.

In the term of spatial allocation, ISATv2.0 employs spatial surrogates to apportion a fraction of total national and regional
emissions to a target grid. Proxies such as population density, land use, and road maps have been developed as spatial
surrogates to represent the intensity of real-world activities in sectors including residential, agriculture, and transportation.
However, it is essential to emphasize that ISATv2.0 solely supports gridded spatial surrogates, necessitating the conversion
of spatial surrogates with specific shapes, such as roads, into gridded data. This conversion process may introduce distortions
in spatial surrogates, and the substantial computational effort required for the transformation constrains the attainable
resolution. Consequently, these areas that are open to further refinement may contribute to deviations in the resulting
emission inventory. As a result, the implementation of a method adept at efficiently managing spatial surrogates with
specific shapes carries significant ramifications for the distribution of emission inventories in the transportation sector.
Furthermore, MEIAT-CMAQ includes a module to enable users to allocate emissions vertically for inventories that only
cover one layer. This enhancement enables more accurate representation of upper atmospheric emissions, including those

from aviation and a portion of power emissions.
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In a novel approach, we have developed a modular emission inventory allocation tool, dubbed MEIAT-CMAQ. This
innovative solution not only boasts an efficient operational algorithm, but also addresses challenges related to pinpointing
grid information and spatial allocation for spatial surrogates with specific shapes. Furthermore, the modular design of
MEIAT-CMAQ confers greater flexibility compared to an integrated tool, rendering it suitable not only for gridded emission

inventories but also for tabulated emissions inventories.

This report undertakes a thorough introduction of the algorithmic principles at the foundation of MEIAT-CMAQ and
establishes its accuracy through the use of the WRF-CMAQ model. Apart from the introduction in Section 1, we offer an in-
depth introduction of the workflow and algorithmic principles underlying MEIAT-CMAQ in Section 2. Section 3 outlines
the model configuration and provides an overview of the data utilization. Section 4 evaluates the performance of tool using
the WRF-CMAQ model, and Section 5 presents our conclusions. Additionally, a step-by-step guide for MEIAT-CMAQ has

been furnished in the appendix.

2 Model Mechanism

MEIAT-CMAQ has been specifically designed for the Windows operating system and is developed using Python 3 and GIS
(Geographic Information System) interfaces. To optimize processing efficiency, the tool is configured to utilize 50% of the
CPU (Central Processing Unit) by default, enabling parallel processing of the entire allocation process. Figure 1 provides an
overview of MEIAT-CMAQ, which consists of three main parts that transform the original emissions inventory into model-

ready emission data.

Part 2 comprises two scripts which encompasses spatial allocation, temporal allocation, and species allocation. The first
script, 'coarse _emission_2 fine emission.py,’ performs spatial allocation by converting coarse-resolution emission
inventories to fine-resolution emission inventories using spatial surrogates. The second script, 'Create-CMAQ-Emission-
File.py', handles temporal and species allocation, converting the assigned results into model-ready emission data. The
temporal allocation process supports only monthly scale emission inventories and assume that there are four weeks in a
month with emissions remaining constant across each week and the module can be modified to account for weekly and

diurnal variations in weekly and hourly profiles, facilitating allocation of monthly emissions to hourly emissions.

Therefore, Part 1 serves as a pre-processing module that includes components enabling the conversion of annual-scale
emission inventories into monthly-scale emission inventories based on monthly profiles. Additionally, the pre-processing

module features scripts for processing commonly-used emission inventories into GeoTIFF format, as is required by MEIAT-
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CMAQ. Part 3 is an optional component that handles vertical allocation. This part is omitted for emissions occurring solely

near the surface, while it is essential for sectors where emissions may occur at aloft.

2.1 Spatial Allocation

Spatial allocation constitutes a critical component of MEIAT-CMAQ, with temporal and species allocation relying on its
output for subsequent processing. Figure 2 displays a conceptual representation of spatial allocation, which aims to transform
emissions from coarse to fine resolution using user-specified spatial surrogates. For instance, in Figure 2, a coarse emission
grid with a value of 40 Mg is converted into a 3%3 grid configuration. Spatial surrogates are then employed to represent the
intensity of activity within the coarse grid at a finer resolution, ultimately enabling the calculation of fine grid emissions (Eq.

).

Efine = Ecoarse X

SSfine (1)

SScoarse

In Eq.1, Efiy, is the fine grid emission, E¢yqr5. denotes the coarse grid emission, ssg;,. corresponds to the value of the
spatial surrogate grid associated with the fine grid, and sS.,4.se is the sum value of the spatial surrogate grid within the
coarse grid range. Thus, the sum value of ss¢;n, within the same coarse grid equals 1, allowing the coarse grid to be

considered as a computational cell.

Figure 3 elucidates the process of spatial distribution within MEIAT-CMAQ, exhibiting the constituents of this allocation,
which encompass modules such as "create fined grid", "fine grid information", "calculate allocation factor", "calculate coarse
grid emission", and "calculating fine grid emissions". The GRIDDESC file, an output from the Meteorology-Chemistry
Interface Processor (MCIP), is employed in the fabrication of a shapefile delineating the simulation grid. Moreover, spatial
surrogates in raster or line shapefile format are utilized in the computation of allocation factors. The initial coarse emission

inventory is segregated and quantified by a coarse grid. Eventually, the final refined grid emission is calculated in

accordance with the allocation factor.

2.1.1 Create Fine Grid

The "create fine grid" module is designed to transform GRIDDESC into a shapefile with Lambert Conformal Conic (LCC)
projection, a projection utilized in regional numerical models, including WRF and CMAQ. This shapefile fundamentally
comprises multiple small rectangles, with each representing a grid within the CMAQ simulation domain. To locate each
small rectangle, four points are required, which can be computed using Eq. 2-5. The points correspond to the left bottom
position  (Xmin, Ymin)» the right bottom position (Xpax, Ymin), the left upper position (Xpmin, Ymax)> and the right upper
position (Xmax, Ymax) - Additionally, x4rg and y,,, represent the coordinates in the horizontal and vertical directions,

respectively, while dx and dy denote the resolutions in these respective directions.

4
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Xmin = Xorg +dx X1 2)
Xmax = Xorg + dx X (i+1) 3)
Ymin = Yorg +dy X j “4)
Ymax = Yorg +dy X (j + 1) (&)

2.1.2 Fine Grid Information

Figure 4 (a) depicts an idealized conceptual model, assuming that the boundary of each coarse grid emission seamlessly
overlaps with multiple fine grids. However, gridded emission inventories often face challenges in precisely aligning with
multiple fine grids due to variations in coordinate systems. Additionally, the boundaries of some tabulated inventories might
exhibit irregular shapes. These circumstances can result in the smaller grid being divided into one or more sub-grids along
the boundary of the coarse grid. Consequently, addressing these split sub-grids in a reasonable manner becomes the primary

challenge for MEIAT-CMAQ.

Figure 4 (b) presents a conceptual illustration of the "fine grid information" module, demonstrating how the coarse grid
subdivides the fine grid. As shown in Figure 3 (b), the fine grid is partitioned into four sub-grids (F1-F4), each belonging to
distinct coarse grids (C1-C4). The primary objective of the "fine grid information" module is to identify the sub-grid with the
largest area and determine the corresponding coarse grid as the current attribution for the fine grid. This approach addresses
the issue of insufficient accuracy in pinpointing grid information and accelerates computation through the implementation of

parallel computing techniques.

2.1.3 Calculate Allocation Factor

The allocation factor is a critical parameter for spatial allocation, and the "calculate allocation factor" module employs high-
resolution spatial surrogates to represent the intensity of activity in each sector. Notably, this module supports both raster and
line shapefile formats as spatial surrogates, with the inclusion of line shapefiles marking a significant breakthrough in
transportation sector allocation. Furthermore, the "calculate allocation factor" module integrates the output file containing

fine grid information about coarse grid labels from the "fine grid information" module to compute $S;44r5c and SSgipe.

Spatial surrogates in raster format exhibit distinct boundaries, which can divide coarse or fine grids. Consequently, the
"calculate allocation factor" module employs the "nearest" method for these values. Eq. 6 illustrates the calculation of the
allocation factor, where v, represents the sum value within the fine grid and v,qq,5e denotes the sum value within the

coarse grid.

Vi
Afine = e (6)

Veoarse
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Line shapefile format spatial surrogates commonly represent roads, aircraft flight paths, and shipping channels, acting as

essential indicators of activity intensity within the transportation sector. Nevertheless, existing inventory assignment tools
typically handle roads by converting them into raster format to serve as spatial surrogates. However, due to the significant
computational costs and format limitations associated with spatial surrogates, these road-based raster often lack sufficient

resolution, resulting in distortions in the final emissions within the fine grid.

Figure 5 displays the fine grid NOyx emissions for the transportation sector in January, allocated from the 2017 Multiscale
Emissions Inventory of China (MEIC) developed by Tsinghua University, using both a 3 km resolution road raster and line
shapefile spatial surrogates. The 3 km road raster in Figure 5 (a) is converted from the four distinct roads depicted in Figure
5 (b), with values in the raster representing the sum of the four different road lengths, each multiplied by their respective
coefficients indicating activity intensity. Figure 5 (c) reveals that the fine grid emissions allocated by raster spatial surrogates
exhibit pronounced striping patterns due to the low resolution of the road raster. In contrast, Figure 5 (d) demonstrates that

employing line shapefile spatial surrogates effectively addresses this issue.

Calculating the allocation factor for line shapefile spatial surrogates is similar to that for raster spatial surrogates. The length
in the coarse grid is treated as V;y4rs. and the length in the fine grid as Vf;p. The allocation factor (Af;p.) is computed
following Eq. 6. As most spatial surrogates for the transportation sector are provided in the form of one or more-line
shapefiles, converting these line shapefiles into raster format with a specific factor is highly computationally intensive.
MEIAT-CMAQ enables users to input an unlimited number of shapefile files and easily specify coefficients for each line

shapefile, offering a crucial function for allocating emission inventories in the transportation sector.

2.1.4 Calculate Coarse and Fine Grid Emissions

Based on the boundaries of each coarse grid, the sum value within the grid represents the coarse grid emission. Thus, the
"calculate coarse grid emission" module functions as an independent processor, requiring only the input of the coarse grid
and original coarse grid emission. Additionally, users can create a fishnet shapefile as the coarse grid for gridded emission
inventories, ensuring complete overlap of the boundaries, or they can bypass this step to directly generate the output file of
the "calculate coarse grid emission" module for tabulated emission inventories representing countries or cities within each
coarse grid. The "calculate fine grid emission" module combines the coarse emission grid table, grid information table, and

allocation factor table to compute fine grid emissions.

2.2 Temporal and Species Allocation

The "CMAQ emission file" module incorporates both temporal and species allocation, conforming to the stringent
stipulations of CMAQ emission files. These specifications dictate that the unit for gaseous species must be reported in

"mol/s" and particulate species in "g/s." While annual emission inventories are more accessible than their monthly

6
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counterparts, the METAT-CMAQ model solely accommodates monthly-scale emission inventories across all modules due to

the higher temporal resolution in monthly-scale emission inventories.

To address this limitation, METAT-CMAAQ introduces an efficient alternative procedure, "year2month.py”, which effectively
converts annual emission inventories into monthly emission inventories. This method harnesses monthly-scale temporal
profiles, enabling the use of transformed data within the MEIAT-CMAQ framework. The "year2month.py" script is

governed by a monthly temporal profile (“monthly.csv’’) found in the "temporal" directory.

Alongside the monthly-scale temporal profile, the module "CMAQ emission file" also employs weekly and hourly-scale
temporal profiles arranged by emission sectors, resulting in a highly organized and efficient system. Thus, the temporal
allocation process aims to assigns monthly emissions inventory data to hourly emissions. Nonetheless, species allocation is
also necessary to fulfil the requirements of CMAQ emission files. Therefore, the complete calculation for both temporal and

species allocation adheres to Eq. 7.

X 106 X —— x S; (U, = Mmol & U, = mol/s)

3600
1
E= Em,sector X Fw,sector X F/i,sector X 10° x 3600 X Sf (Uo =Mg&U, = g/s) (7)
6 1 — —
X 10° X s X Sf (U, =Mg & U, =mol/s)

In Eq. 7, E represents the final emission value within the CMAQ emission file, while E}, sctor denotes the monthly emission
for each sector. Fyy cocror and F ggecror correspond to the weekly and hourly temporal allocation factors for each sector, as
provided by "weekly.csv" and "hourly.csv" files, respectively. Furthermore, Sy, MW, U,, and U, symbolize the split factor
for the same species, molecular weight, unit of original emission inventories, and unit of CMAQ emission files, respectively.

These parameters can be defined in the species files located within the "species" directory.

2.3 Vertical Allocation

The input for the "vertical allocation" module is derived from the output file of the "CMAQ emission file" module, which
has undergone spatial, temporal, and species allocation. However, current emission files primarily characterize near-surface
sources and are not yet suitable for high-altitude emissions. Consequently, accurately characterizing emissions at high
altitudes, such as stack emissions from the industrial and power sectors, proves challenging. The "vertical allocation" module

can utilize user-provided vertical profiles to complete the vertical allocation according to Eq. 8.

Elayer = Flayer X Ey (8)

In Eq. 8, Ej4yr denotes the emission value for each respective layer, whereas E, signifies the emission value of the initial

layer. Figy e represents the vertical allocation factor provided by the vertical profile.

7
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3 Materials and methods
3.1 Model configuration and observation data
3.1.1 WRF-CMAQ configuration

The WRFv4.4.2 (Skamarock et al., 2019) and CMAQvVS5.4 (https://zenodo.org/record/7218076, last accessed: June 3, 2023)
models were compiled and executed on a server within a Linux environment. The WRFv4.4.2 model simulated
meteorological conditions, with initial and boundary conditions obtained from the NCEP 1°x1° Final (FNL) reanalysis
dataset (National Centers for Environmental Prediction, National Weather Service, NOAA, U.S. Department of Commerce,
2000). Figure 6 illustrates the adoption of three nested domains with horizontal resolutions of 27, 9, and 3 km, respectively.
The outermost domain encompasses China and its surrounding countries, while the innermost domain concentrates on the

Pearl River Delta (PRD). Table 1 details the physical parameterizations employed within the WRF model.

Table 1: the physical parameterizations employed within the WRF.

Model attribution Configuration

Microphysics Purdue Lin (Chen and Sun, 2002)

PBL physics scheme MY (Janjic, 1994)

Shortwave radiation Goddard (Chou et al., 2001)

Longwave radiation Rapid Radiative Transfer Model (RRTM) (Mlawer et al., 1997)

Land surface model Noabh land surface model (LSM) (Ek et al., 2003)

Urban scheme Single-layer urban canopy model (UCM) (Kusaka and Kimura, 2004)

The initial and boundary conditions of CMAQv5.4 were derived from default profiles representing a clean atmosphere. The
Model of Emissions of Gases and Aerosols from Nature version 3.2 (MEGANvV3.2) calculated BVOC emissions and was
integrated into CMAQVS5.4 for in-line computations. The CMAQv5.4 model was configured with the CB06 and AERO7. To
represent winter, spring, summer, and autumn in PRD, the model simulated January, April, July, and October, respectively.
In addition, to mitigate meteorological drift and clean atmosphere bias, an additional 10-day sign-up time was incorporated

for each month, which was excluded from the analysis period.

3.1.2 Scenario configuration

In order to assess the influence of post-assignment emission inventories compared to pre-assignment inventories on the
performance of CMAQ simulation, a comprehensive study was devised. This study incorporates two distinct scenarios to
examine their impact. The first scenario, named BASE, employs emission allocations without the utilization of spatial
surrogates. Conversely, the second scenario, known as EXPR, utilizes emission allocations with spatial surrogates to
quantify the influence of MEIAT-CMAQ on air quality modeling performance. Furthermore, an additional scenario, EXPR-
V, was established to evaluate the impact of vertical allocation. This scenario encompasses both the assignment processing

and the vertical allocation, providing insights into the effects of vertical allocation on the overall evaluation.

8
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Table 2 shown the details of the all-scenario configuration and present that all scenarios employ the identical species (Shi et
al., 2015; Yuan et al., 2010; Zeng et al., 2021) (Table S1-S5) and temporal profiles (Cai et al., 2018; Zhang et al., 2018)
(Table S6-S7), which allows for the attribution of pollutant concentration disparities across scenarios to the distinct spatial
allocation algorithms employed by various emissions. In the BASE scenario, coarse emissions are uniformly allocated to the
fine grid, resulting in fine emissions. Conversely, EXPR utilizes population gridded data in 2017, sourced from the
LandScan Population Data Explorer (https://landscan.ornl.gov/, last accessed: May 7, 2023), to allocate residential sector
emissions. Road data in line shapefile format, obtained from Open Street Map (https://www.openstreetmap.org/, last
accessed: May 7, 2023), is for the allocation of transportation sector emissions. In addition, the China Land Cover Dataset
(CLCD) was used for the allocation of agriculture, industry, and power sectors (Yang and Huang, 2021). Furthermore,
emissions from other sectors, including agriculture, power, and industry, are evenly distributed to the fine grid as fine
emissions and the emissions from power and industry adopt the vertical profile (Terrenoire et al., 2015) (Table S8) for
vertical allocation.

Table 2: Scenario configuration

Scenario Names Spatial Surrogates Vertical Profile
BASE NO NO
EXPR YES NO

EXPR-V YES YES

3.1.3 Ambient Monitoring Data

In this study, hourly ground-level meteorological observations, such as 2-m temperature (T2), 10-m wind speed (WS10), and
2-m relative humid (RH2), are acquired from 27 national basic meteorological stations provided by China Meteorological
Data Service Centre (CMDC). Additionally, hourly ambient levels of air pollutants, including PM» s and Os, are obtained
from 56 monitoring stations managed by the China National Environmental Monitoring Centre (CNEMC) and the locations
of these stations are depicted in Figure 6. The collected data undergo stringent quality control procedures and are

subsequently utilized to evaluate the performance of the WRFv4.4.2-CMAQv5.4 model.

3.2 Statistical Analysis

In the study conducted by Emery et al. (2017), several statistical metrics were employed to evaluate the performance of
CMAQ. These metrics include the correlation coefficient (R), normalized mean bias (NMB), and normalized mean error
(NME). The recommended metrics for PM> s and O3, as suggested by Emery et al. (2017), are listed in Table 3. It is worth
highlighting that both the goal category and criteria category are referenced again in the subsequent evaluation of the impact

of various emission inventories on CMAQ.
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In addition to the indicators mentioned above, we employ a range of metrics, such as mean bias (MB), mean error (ME), root
mean square error (RMSE), mean fractional error (MFE), and mean fractional bias (MFB) for WRF evaluation, which are

derived using Eq.S1 to Eq.S5.

Table 3: Recommended benchmarks for CMAQ performance statics and the formulas for metrics.

Species NMB NME R
p Goal Criteria Goal Criteria Goal Criteria
Hourly O3 <+5% <=+15% <15% <25% >0.75 >0.50
Daily PM2.5 <+10% <+30% <35% <50% > (.70 > 0.40
M — M) (0, — 0)
R _ _
\[Z?:l(Mi - Mi)z\j =1(0; — 0;)?
n
=1 (M; — 0;)
NMB l’?—o
n M - o)
i=11M; — Uy
NME ’,'1—0_
=1 -

Where M; and O; are the simulated and observed data, respectively. M; and O are the average of the simulated and observed
data, respectively. n is the number of samples.

4 Results and Discussion
4.1 Evaluation for WRF

Table 4 presents a comprehensive assessment of meteorological verification metrics for RH2, T2, and WS10 across all
simulation periods. Regarding RH2, underestimations occurred in all simulation periods, with MB of -13.09%, -14.41%, -
21.40%, and -12.11%, respectively. Nevertheless, WRF model simulations successfully captured RH2 trends in all periods,
exhibiting R of 0.80, 0.76, 0.71, and 0.73, respectively. For T2, all simulations accurately captured both trends and values,
with R values of 0.93, 0.89, 0.82, and 0.93 for January, April, July, and October, respectively, and MB values of 1.33°C,
1.61°C, 1.59°C, and 0.67°C for the same months. Although the verification metrics for WS10 were not as robust as those for
RH2 and T2, R values of 0.52, 0.55, 0.53, and 0.61 were achieved in January, April, July, and October, respectively, while
MB values were maintained within 0.5 m/s. In summary, the meteorological variables from these simulations effectively
reproduced actual meteorological conditions and can be employed as meteorological fields for CMAQ. Table S9-S20

presents the comprehensive statistical indicators corresponding to each meteorological station.

10
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Table 4: Comprehensive Meteorological Verification Metrics

Ave

Month Variable Sim . Obs R MB ME MFB MFE NMB NME
RH2 65.90  79.03 0.80 -13.09 13.72 -11.69% 12.37%  -16.58% 17.36%

January T2 17.84  16.51 0.93 1.33 1.61 5.46% 6.76% 8.10% 9.83%
WS10 2.55 2.35 0.52 0.19 0.99 12.70% 33.71% 9.19% 43.74%

RH2 67.43  81.83 0.76 -14.41 15.17 -12.86% 13.58%  -17.66% 18.58%

April T2 2405 2244 0.89 1.61 1.97 4.86% 5.90% 7.20% 8.80%
WS10 3.03 2.58 0.55 0.45 1.25 17.46% 36.05% 19.51% 49.89%
RH2 63.08  84.48 0.71 -21.40 21.79 -19.13% 19.45%  -25.35%  25.82%

July T2 2993 2834 0.82 1.59 2.05 3.64% 4.75% 5.61% 7.23%
WS10 2.98 2.58 0.53 0.40 1.32 17.02% 37.26% 17.85% 52.70%
RH2 60.32 7243 0.73 -12.11 13.44 -11.61% 13.05%  -16.81% 18.61%

October T2 25.12 2445 0.93 0.67 1.41 1.71% 3.95% 2.71% 5.76%
WS10 3.43 3.11 0.61 0.33 1.35 14.89% 34.33% 11.13% 44.74%

4.2 Comparison of the pre-assessment and post-assessment emissions

Figure 7 illustrates the emissions after undergoing spatial allocation. Specifically, (a)-(d) and (i)-(1) represent the emissions
in the transportation and agriculture sectors, respectively, for the BASE scenario. On the other hand, (e)-(h) and (m)-(p)
depict the emissions in the transportation and agriculture sectors, respectively, for the EXPR scenario. Notably, the

transportation sector is associated with the pollutant NO, while NH3 is linked to the agriculture sector.

It is worth noting that the emission inventories in the BASE scenarios exhibit distinct grid boundaries for both the
transportation and agricultural sectors. However, their coarse resolution fails to accurately capture the detailed spatial
patterns of emissions from these sources. In the case of transportation sources, the emission inventories in the BASE
scenario provide only a general overview of high emission values at the junction of Guangzhou and Foshan, as well as in the
Shenzhen area. Conversely, the post-assessment emission inventories of transportation sources offer a more detailed

portrayal of the spatial distribution along roads, thus providing a finer view of the emission patterns.

Similarly, for agricultural source inventories assigned using grid data, the post-assessment emission inventories offer a more
detailed representation of the relationship between agricultural source emissions and agricultural land compared to the pre-

assessment inventories.

Figure 8 illustrates the vertical spatial pattern of the industrial emission inventory, while Figure S1 showcases the vertical
spatial pattern of the power emission inventory, both demonstrating the performance of the "vertical allocation" module. It is
crucial to consider that industrial emissions are predominantly released at higher altitudes, a factor that is often overlooked in
certain studies (Y. Wang et al., 2022; Wu et al., 2023). Neglecting this aspect can significantly impact the performance of
AQM simulations.
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In Figure 8, the description reveals that industrial emissions are primarily concentrated at heights of 995 hPa and 990 hPa.

Conversely, emissions at 1000 hPa are relatively lower in comparison.

4.3 Various emissions performance in CMAQ

Figure 9 presents the overall validation metrics for all stations. In this analysis, the mean values of the simulated and
observed results for all stations at corresponding time points are utilized as the new observed and simulated values. The data
reveals that the simulations of O3 and PMs based on the assigned emission inventories do not exhibit significant
performance improvements in the overall metrics. However, both pollutants display better simulation indicators in addition

to other factors.

However, significant improvements in the performance of the simulation for O3 in CMAQ can be observed through the
statistics for each site indicator, as depicted in Figure 10. In the month of January, the proportion of the goal category
increases from 3.6% in the BASE scenario to 7.1% in the EXPR scenario. Similarly, the proportion of the criteria category
rises from 69.6% in the BASE scenario to 76.8% in the EXPR scenario. Furthermore, the EXPR-V scenario demonstrates
further enhancements compared to the EXPR scenario, with the proportion of the goal category increasing to 12.5% and the

proportion of the other category decreasing to 14.3%.

Among the four months evaluated, the most substantial increase in the proportion of the goal category is observed in April.
In this month, the proportion of the goal category climbs from 3.6% in the BASE scenario to 18.0% in the EXPR-V scenario.
In July, the proportion of the goal category remains steady at 51.8%, while the proportion of the criteria category increases
from 35.7% in the BASE scenario to 46.4% in the EXPR-V scenario. Additionally, in October, the proportion of the goal
category rises from 16.1% in the BASE scenario to 23.2% in the EXPR-V scenario.

Figure 11 displays the classification percentages by stations for PMs s, highlighting the significant improvements in the
simulation of PM»s due to both pre-assignment and post-assignment emission inventories. In the month of January, the
proportion of the criteria category increases from 14.3% in the BASE scenario to 41.1% in the EXPR-V scenario,
representing the highest increase among the four months evaluated. Furthermore, the proportion of the goal category also
rises from 0% in both the BASE and EXPR scenarios to 3.6% in the EXPR-V scenario. In April, the proportion of the goal
and criteria categories increases from 1.8% and 10.7% in the BASE scenario to 10.7% and 14.3% in the EXPR-V scenario,
respectively. Although the proportion of the goal category decreases from 1.8% in the BASE scenario to 0% in the EXPR
scenario, the proportion of the criteria category increases from 10.7% to 23.2%. Additionally, the proportion of the other

category decreases from 87.5% in the BASE scenario to 76.8% in the EXPR scenario.
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The most significant increase in the proportion of the goal category occurs in July, rising from 3.6% in the BASE scenario to
16.1% in the EXPR-V scenario, while the proportion of the criteria category remains stable. In October, the proportion of the
goal category increases from 7.1% in the BASE scenario to 17.9% in the EXPR-V scenario, while the proportion of the other
category decreases from 62.5% in the BASE scenario to 35.7% in the EXPR-V scenario.

Indeed, all scenarios successfully capture the spatial patterns in both PM, 5 and O3 concentrations, as depicted in Figure 12,
which displays the monthly averages of CMAQ simulation results alongside the observation data. It is noteworthy that not
only does the simulation of PM, s concentrations effectively capture the spatial pattern across various scenarios, but the

simulation of O3 concentration also demonstrates a notable level of spatial consistency with the observed data.

Although post-assignment emission inventories may not exhibit significant superiority in the overall assessment with the
observation stations, both the EXPR and EXPR-V scenarios are capable of delineating hotspot areas in greater detail
compared to the BASE scenario. This enhanced ability to identify and represent hotspot areas is a notable advantage of the

EXPR and EXPR-V scenarios.

5 Conclusion

We have developed a user-friendly modular tool called MEIAT-CMAQ for preparing emission files specifically designed for
the CMAQ. MEIAT-CMAQ encompasses spatial, species, and temporal allocations for the original emission inventory.
While we primarily use gridded emission inventories as input to generate model-ready emission files in this paper, the
modular structure of MEIAT-CMAQ allows for flexibility in handling various formats, including tabulated emission

inventories, which are commonly used for local emissions in a statistical format.

Furthermore, we have included pre-packaged spatial surrogates in the program to facilitate the spatial allocation process.
Additionally, we have prepared temporal allocation profiles for the five main sectors (residential, transportation, power,
industry, and agriculture), species allocation profiles for the CB06 mechanism and the SAPRC0O7 mechanism, as well as
vertical allocation files for the industry and power sectors. These pre-packaged files are readily available for users to directly
utilize. However, if these files do not fully meet the specific requirements of users, they can easily customize them by

utilizing the pre-packaged files as templates and making necessary modifications as per their needs.

Additionally, we conducted a comparison between the pre-assessment emissions and the post-assessment emissions to
evaluate their impact on the performance of the CMAQ model. The post-assessment emissions, which are derived with the
aid of spatial surrogates, enable the CMAQ model to identify hotspot areas in a more detailed manner during the simulation

of pollutants. This refined spatial allocation leads to notable improvements in the proportion of the goal category for both O3
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and PM2.5 simulations in CMAQ, particularly in the EXPR and EXPR-V scenarios, across different months of the year.
These findings suggest that employing a high-resolution emission inventory can enhance the accuracy and scientific validity

of the model, especially when conducting higher-resolution regional air quality simulations.

390 MEIAT-CMAQ offers an efficient approach for assigning inventories, simplifying the process of transforming coarse-
resolution emission inventories into high-resolution emission files that can be directly inputted into the model. Furthermore,
MEIAT-CMAQ supports user flexibility by allowing the selection of any desired period for generating the model-ready

emission file, providing valuable technical support for automating operations within the business department.

395
400
405
410

415
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Appendix A: MEIAT-CMAQ step-by-step guide
Taking the nested domains in Figure 5 with a spatial resolution of 3 km as an example, and the MEIC in 2017 as the original
emission inventories.
420 Step 1: namelist.input configuration
(a) namelist.input attribution introduction

Table 5: the namelist.input attribution.

Attribution Description Process
Global
griddesc file The path of GRIDDESC file. A
griddesc_name The grid name of domain. A
big grid file The path of coarse grid shapefile. S
geotiff dir The path of original emission directory (GeoTIFF format). S
inventory_label The prefix in the original emission inventory file name. S
inventory_year The year identifier in the original emission inventory file name. S
sectors The sectors identifier in the original emission inventory file name. A
allocator The file name of spatial surrogates in the “allocator” directory. S

The type of spatial surrogates (raster or line). If this option is line, the

allocator_type allocator will read the “line” part. S
inventory mechanism The chemical mechanism of original emission inventories. Sp. & T
target mechanism The chemical mechanism of model-ready emission file. Sp. & T
start_date The start date of model-ready emission file. Sp. & T
end date The end date of model-ready emission file. Sp. & T
cores Number of parallel cores. A
Line
line files The file name of line shapefile in the “allocator” directory. S
line_factors The weight of each road mentioned in line files. S
Control
create_grid The control of ‘Create fine grid’ module. S
grid_info The control of ‘Fine grid information” module. S
create_factor The control of ‘Calculate allocation factor’ module. S
coarse_emission The control of ‘Calculate coarse grid emission’ module. S
create source The control of ‘Calculate fine grid emission’ module. S

A = All processes; S = Spatial allocation process; Sp. = Species allocation process; T = Temporal allocation process.

425
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(b) namelist.input configuration in this example

Table 6: Contents of case namelist.input

&global
griddesc_file = "input/GRIDDESC.PRD274x181"
griddesc_name = "PRD274x181"
big_grid file = "shapefile/MEIC-0P25.shp"
geotiff dir = "input/MEIC"
inventory label = "MEIC"
inventory year ="2017"
sectors = 'transportation’, 'residential’, 'power’, 'agriculture’, 'industry’
allocator = 'line', 'landscan-global-2017 nodata.tif', 'power.tif', 'agriculture.tif', 'industry.tif',
allocator_type = "line", "raster", "raster", "raster", "raster"
inventory mechanism = "MEIC-CB05"
target mechanism = "CB06"
start date ="2017-01-01"
end date ="2017-01-02"
cores =4
/

&line
line_files = "motorway.shp", "primary.shp", "residential.shp", "secondary.shp"
line factors = 0.435798, 0.326848, 0.081712, 0.155642,

/

&control
create_grid=1,
grid info=1,
create_factor =1,
coarse_emission = 1,
create_source = 1,

Step 2: spatial allocation

Enter the command "python coarse emission 2 fine emission.py" into the terminal.

Step 3: create model-ready emission file (species and temporal allocation)
(a) Species allocation profile introduction

Table 7 displays a portion of the transportation source species allocation profile with the “pollutant” column representing the
species name identifier in the original emission inventory file name, while the “emission_species” column denotes species
names recognized by CMAQ that will serve as variable names in the model-ready emission file. For the same species, the
sum of “split factor” should be theoretically equal to 1, which represents the weight of splitting the same species into

species that can be identified by CMAQ. Typically, original emission inventories are provided in units of "Mg" or "Mmol",
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which, even if not directly available, can be easily converted to "Mg" or "Mmol". Hence, the "inv_unit" column offers the
user a choice between the two options. However, for use in CMAQ, emission files must be in "mol/s" (gaseous species) or

440 "g/s" (solid species) units. Therefore, only these units are supported in the "emi_unit" column. The "divisor" column denotes
the molecular mass, which serves as the unit conversion factor.

Table 7: Portions of the transportation species profile

pollutant emission_species split_factor divisor inv_unit emi_unit
SO2 SO2 1 64 Mg mol/s
SO2 SULF 0 98 Mg mol/s
NH3 NH3 1 17 Mg mol/s
CO CO 1 28 Mg mol/s
PMC PMC 1 1 Mg g/s

NOx NO 0.9 30 Mg mol/s
NOx NO2 0.092 46 Mg mol/s
NOx HONO 0.008 47 Mg mol/s
oC POC 1 1 Mg g/s

(b) temporal allocation profile introduction

It is important to highlight that when allocating monthly-scale emission inventories to individual weeks, the model assumes
445  four weeks per month, with equal total emissions distributed across each week. Subsequently, the module apportions

emissions for each day based on the weekly temporal profile. In this profile, values ranging from 0 to 6 in the "weekly"

column (Table 8) correspond to Sunday through Saturday, respectively. Similarly, in the hourly temporal file, values from 0

to 23 in the "hourly" column (Table 9) signify 0 to 23 UTC, respectively. Except for the first column, the column names of

the other columns are the emission sectors, which will keep consistent with the sector identification in the original emission
450 inventory file name.

Table 8: The content of weekly temporal profile.

weekly power industry residential transportation agriculture
0 0.13 0.078 0.143 0.108 0.143
1 0.147 0.162 0.143 0.155 0.143
2 0.147 0.162 0.143 0.155 0.143
3 0.147 0.162 0.143 0.155 0.143
4 0.147 0.162 0.143 0.155 0.143
5 0.147 0.162 0.143 0.155 0.143
6 0.135 0.112 0.143 0.117 0.143
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Table 9: The content of hourly temporal profile.

hourly power industry residential transportation agriculture
0 0.032 0.026 0.038 0.017 0.026
1 0.03 0.007 0.038 0.013 0.019
2 0.029 0.007 0.03 0.014 0.019
3 0.028 0.007 0.045 0.015 0.018
4 0.029 0.007 0.045 0.016 0.019
5 0.032 0.007 0.038 0.016 0.021
6 0.035 0.007 0.03 0.029 0.029
7 0.04 0.029 0.03 0.056 0.033
8 0.0433 0.045 0.038 0.0599 0.0473
9 0.0457 0.068 0.038 0.059 0.0576
10 0.0479 0.068 0.03 0.0594 0.07
11 0.0495 0.068 0.045 0.0501 0.0885
12 0.0495 0.068 0.045 0.0501 0.0885
13 0.0497 0.068 0.038 0.0588 0.0823
14 0.0501 0.068 0.03 0.06 0.0803
15 0.05 0.068 0.03 0.062 0.07
16 0.0497 0.068 0.038 0.0594 0.0597
17 0.0489 0.066 0.075 0.0574 0.0453
18 0.0477 0.063 0.075 0.0557 0.0309
19 0.0473 0.037 0.075 0.049 0.0268
20 0.0466 0.037 0.075 0.0454 0.0226
21 0.044 0.037 0.054 0.0417 0.0206
22 0.0397 0.037 0.018 0.0308 0.0206
23 0.0352 0.037 0.018 0.0216 0.0206

455 (c) complete species and temporal allocation

Enter the command " python Create-CMAQ-Emission-File.py" into the terminal.

Step 4: vertical allocation
(a) Vertical allocation profile introduction

Table 10 presents the vertical allocation profile, listing "vglytop" as sigma coordinates. These values can be obtained by
460 querying the METCRO3D file, a MCIP output where any layers not involved are considered as unemitted for this layer. The

"fraction" column denotes the relevant distribution factor.
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Table 10: vertical allocation profile

Velvltop fraction
1.000 0.06
0.995 0.16
0.990 0.75
0.985 0.03

(b) Complete vertical allocation

Code and data availability

The source code of MEIAT-CMAQvV1.0 and input data used to produce the results used in this paper are archived on Zenodo
at https://zenodo.org/record/8001532 (H. Wang, 2023).
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Figure 1: Operational workflow for MEIAT-CMAQ.
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Figure 4: Conceptual illustration of the "Fine Grid Information" module. In panel (a), red grids represent coarse grids, while
black grids denote fine grids. C1-C4 serve as labels for each coarse grid, and F1-F4 designate labels for each sub-grid originating
from the fine grid.
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Figure 5: (a) Road spatial surrogate in raster format, (b) road spatial surrogate in line shapefile format, (¢) NOx fine grid
emissions for January using MEIAT-CMAQ with spatial surrogate from panel (a), and (d) same as (c) but from panel (b).
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Figure 6: Depiction of the simulation domains and observation station locations. (a) Illustrates the spatial extent of the simulation
600 domains, and (b) highlights the positions of the observation stations within the simulation domains.
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Figure 7: The emissions after spatial allocation. (a)-(d) and (i)-(I) are the emissions of BASE scenario in transportation and
agriculture sectors, respectively. (e)-(h) and (m)-(p) are the emissions of EXPR scenario in transportation and agriculture,
respectively. The pollutants of the transportation and agriculture sectors are NOz and NHs.

28



https://doi.org/10.5194/egusphere-2023-1309
Preprint. Discussion started: 8 August 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

»
Pressure (hPa) PM, . Emission (Mg}
985
5
990 = %
3
995 —
-2
1000 > .
Latitude
Q
Longitude

Figure 8: vertical spatial pattern of the industrial emission inventory.
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Figure 9: Taylor images comparing overall hourly O3 concentrations (a) and overall daily PM2s
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described in Table 3), along with the 'Other' category representing that do not meet the Goal and Criteria indicators.
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Figure 11: Classification Percentage by Stations for PM..s. Classification categories, including Goal and Criteria classifications (as
described in Table 3), along with the 'Other' category representing that do not meet the Goal and Criteria indicators.
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Figure 12: Spatial pattern of the simulation for monthly average PMzs and O3 concentrations via various emission inventories.
The point is the monthly average values of each station, and the contour is the monthly average value of CMAQ simulation results.
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