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Abstract

Aerosol influences on local thunderstorms are complex and often contradictory. Within
aerosol-laden city environments, these interactions are further complicated by additional
thermodynamic and kinematic effects related to the urban landscape. Observational studies
are limited in their ability to distinguish the different influences of urban land cover and
aerosols on thunderstorms, but numerical modeling can alleviate the problem by systemati-
cally accounting for each variable separately. This study used the NASA Unified-Weather
Research and Forecasting (NU-WRF) model to simulate frontal, scattered thunderstorms
during a summer day in coastal Louisiana. The study period was simulated by iteratively
including and excluding atmospheric chemistry and the physical attributes of the urban
land cover, producing a total of four simulations. Three sub-zones, distinguished by their
thunderstorm activity, level of urbanization, and aerosol concentrations, were selected for
more detailed analysis to examine the sensitivity of precipitation and thunderstorm cover-
age to the experimental conditions (i.e., atmospheric chemistry and urban landscape). The
aerosol and urban landscape simulations demonstrated a minimal impact on storm initiation
timing, suggesting that these processes were secondary to the synoptic atmospheric condi-
tions driving the initial development of convection. However, the quantity of precipitation
and reflectivity coverage was more sensitive to the experimental modeling scenarios, with
the individual simulations (i.e., aerosol or urban effects only) frequently overproducing
precipitation compared to observations. Whether the aerosol or urban effects were the
more influential factor was regionally dependent and varied between sub-zones. When
both aerosol and urban effects were activated, the precipitation and reflectivity coverage
aligned more closely with NASA’s Integrated Multi-SatellitE Retrievals for GPM (IMERG)

estimated rainfall across much of the study area. Over the heavily urbanized coastal region,
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the combined model run with both aerosol and urban effects overproduced the rainfall and
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non-linear precipitation reduction in most regions. These results suggest that urban and
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1. Introduction

Aerosols have a complex influence on climate systems due to their diverse nature.
Some aerosols are a heterogeneous mix of materials like sulfates, nitrates, hydrogen ions,
ammonium, and carbon. Metals such as lead, cadmium, vanadium, nickel, and zinc can also
comprise aerosols along with particle-bound water and biogenic organic materials [1,2].
Additionally, aerosols can consist of dust and ash, sea salt, silicon, iron, tin, pollen, and mold
spores [1-3].

Aerosols often originate from the combustion of fossil fuels, such as coal, oil, and gaso-
line, as well as the resuspension of combustion particles [4]. Therefore, vehicle opera-
tion, construction, farming, biomass burning, and mining are prevalent anthropogenic
sources [3,5-11]. Since local meteorological processes transport particulates downwind,
industrial and agricultural activities can also contribute to urban aerosol levels [12-14].

Although the meteorological behavior of aerosols has been well studied (i.e., atmo-
spheric transport, wet scavenging, etc.), the impacts of aerosols on localized climates are
more complex [15,16]. Aerosols exhibit conflicting “direct” and “indirect” effects on local
cloud development [17]. For instance, increased solar radiative scattering, which enhances
static stability and discourages cloud development, is a direct impact of aerosols on local
atmospheric processes. However, aerosols can also increase cloud formation by acting as
cloud condensation nuclei (CCN) [18,19]. This latter indirect, microphysical effect has been
linked to both the inhibition of warm-rain processes [ 20-23] and the invigoration of cold-rain
processes in convective precipitation [24-26]. Given the complex and contradictory interac-
tions between aerosols, radiation, and cloud-scale processes, it is difficult to generalize the
effects of aerosols on precipitation, particularly in areas of high aerosol concentrations.

Because vehicles and power generation are major sources of aerosols, cities are often
regions with high aerosol concentrations [27]. However, the urban landscape alters local
meteorology in additional ways, with the most notable being the urban heat island (UHI)
effect. Since buildings store heat and release it slowly with little surrounding vegetation,
there is a reduction in the latent heat flux and an increase in the sensible heat flux [28,29].
Additionally, buildings enhance surface roughness, creating turbulence and strengthening
vertical fluxes. The urban heat coupled with the mechanical lift is linked to increased
precipitation over and downstream of cities, which is known as the Urban Rainfall Effect
(URE) [30-33].

Observational studies have attempted to understand how the combination of the UHI
effect and elevated urban aerosol levels impacts local precipitation [24,34-36]. For example,
precipitation suppression by aerosols can be counteracted by precipitation enhancement
due to urban land cover [37,38]. Similarly, aerosol enhancement of cold-rain processes
can be further bolstered by the urban land surface, increasing rainstorms downwind of
cities [24,39,40]. However, observational studies are limited in their ability to isolate the
causal mechanisms related to aerosols and urban land cover processes that ultimately
produce these precipitation alterations [41-43]. Numerical modeling can alleviate this
conflation problem by iteratively simulating precipitation with just one or both influences
present. This enables the individual influences of aerosols and the urban landscape, as well
as their potential non-linear interaction, to be identified.

Therefore, the purpose of this study was to examine the sensitivity of local thunder-
storm precipitation to aerosols and urban land cover. The analysis utilized the NASA
Unified-Weather Research and Forecasting (NU-WRF) Version 11.3 software to complete
four aerosol-land cover scenarios of a warm season convective precipitation event in the
Lower Mississippi River industrial corridor. Precipitation and storm morphology were
analyzed as a function of urban land cover and atmospheric aerosols across the entire
domain as well as several sub-zones.
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2. Materials and Methods
2.1. Study Area and Case Study Details

Louisiana and much of the Southeastern United States are characterized by persis-
tent heat and humidity because warm, maritime air masses from the Gulf to the south
frequently dominate the region. During the winter, synoptic-scale troughs are driven
equatorward, creating large-scale rain systems. In the summer, the pseudo-barotropic
environment generates precipitation through late afternoon convective thunderstorms [44].
In addition, the Southeastern U.S. hydroclimate is influenced by many teleconnections
on a seasonal and inter-annual basis, such as the North Atlantic Oscillation [45], El Nifio
Southern Oscillation [46], the Madden-Julian Oscillation [47], and the Bermuda—Azores
High [48,49].

While large-scale atmospheric patterns are important hydroclimatic drivers, local-scale
hydroclimate influences are often linked to agricultural and industrial activities, which
are prevalent throughout the region [18,22,50]. In addition to industrial centers, southeast
Louisiana also contains two major cities, Baton Rouge and New Orleans. Baton Rouge has
an estimated population of 219,052 and an area of 224 km? [51,52], while New Orleans has
a population of 383,997 with an area of 439 km? [51,53]. Both of these cities, the two largest
in Louisiana, have been documented to exhibit UHI and URE effects [54-58].

This study focused on 7 July 2007 because it coincided with a preconvective aerosol
transect collected by the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite (Figure 1), enabling a clear view of the aerosol environment before
any wet scavenging. The CALIPSO transect identified quantities of “polluted dust” and
“polluted continental” aerosols (Figure 1A) below 5 km, indicating it was an appropriate
day to examine potential aerosol effects on convective morphology. Afternoon convection
on 7 July was associated with a weak boundary indicated on the Weather Prediction Center’s
(WPC) surface analysis (Figure 2A), which triggered the eastward-propagating storms
across the study area (Figure 2B).

(A) CALIPSO Transect Aerosol
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Clean Continental
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Figure 1. (A) NASA Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) level 1 lidar im-
agery transect captured by CALIPSO at 19:12:02 UTC on 7 July 2007, which depicts aerosol subtypes,
and (B) CALIPSO path (green and black) with the simulation domains overlaid in red. The green line
indicates the CALIOP transect path shown in (A), while the black line indicates the non-measured/off-
shore path.
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Figure 2. (A) WPC surface analysis for 1800 UTC 7 July 2007 depicting a southwest-to-northeast
oriented cold front (blue line) stretching from southern Louisiana to eastern Mississippi. “H” repre-

dBZ

o wuw

sents regions of high surface pressure, while “L” is the relative surface low pressure. Solid maroon
lines and numbers are isobars and hectopascal surface pressures, respectively. The solid red line is a
warm front. (B) Composite reflectivity (dBZ) from the KLIX WSR-88D in Slidell, LA for 2056 UTC on
7 July 2007.

2.2. Numerical Modeling Technique

The NU-WRF v11.3 modeling system incorporates WRF-Chem version 4.4 and the
Goddard Space Flight Center Land Information System (GSFC LIS), allowing atmospheric
aerosol and particulate modeling at satellite-resolved scales [59-61]. Prior research has
demonstrated NU-WRF’s efficacy for regional precipitation and aerosol modeling [62-64].
Simulations were performed for 36 h beginning at 0000 UTC 7 July 2007 and ending at
1200 UTC 8 July 2007 with output written to disk every 15 min and the first 6 h discarded
as spin-up time. The NU-WRF domain consisted of a 12 km grid-spacing in the outer
domain and a 3 km grid within the inner domain, which was the primary focus of the study.
Figure 3 shows the NU-WRF domains as well as the three focus areas within the inner
domain that are described further in Section 2.3. Boundary conditions were specified using
the 32 km North American Mesoscale model. Parameterization choices are summarized in
Table 1. Importantly, no cumulus scheme was activated for the inner 3 km resolution domain.
The remaining physical parameterizations were selected based on existing literature and
aerosol datasets compatible with NU-WRF [65-67]. The MOZART Chemistry and GOCART
aerosols modules were utilized due to their versatility and previous successful deployments
within the NU-WREF system [68,69], despite their inability to resolve the effects of sea
salt aerosols.
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To examine the sensitivity of convective precipitation to aerosols and the urban en-
vironment, the following four scenarios were explored where aerosols (i.e., atmospheric
chemistry) and/or urban land cover were iteratively included/excluded from the simu-
lations: (1) “control” scenario without aerosols or urban land cover, (2) “urban-only”
scenario, (3) “aerosol-only” scenario, and (4) “aerosol-urban” scenario where both were
incorporated. For both of the aerosol-on simulations, the “Chemical Mechanism/Aerosol
Module”, “Anthropogenic Emissions”, and “Biogenic Emissions” listed in Table 1 were
incorporated into the model’s initialization. These atmospheric chemistry parameters dic-
tate emission inventories and how the model transports aerosols. The parameters and
inventories were not incorporated into the two aerosol-off simulations. For both of the
urban-off simulations, the physical properties of the “Urban/Built-Up” land cover category
(i.e., albedo, roughness, etc.) in NU-WRF’s VEGPARM.TBL and LANDUSE.TBL files were
edited to match those of the “Croplands” category (Figure 4). Croplands were chosen
as the alternative land cover due to their domain-wide prevalence and close proximity to
urban cells.

Simulation Domains and Study Areas
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Y New Orleans
@ Lake Pontchartrain
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Figure 3. Simulation domains (red boxes) and study areas, where (A) is the Lake Pontchartrain
sub-zone, (B) is the New Orleans sub-zone, and (C) is the aerosol-concentrated sub-zone.

Table 1. NU-WREF simulation physical parameterization selections.

Setting Scheme

Boundary Conditions North American Mesoscale
Cumulus Grell-Freitas, None
Microphysics Purdue-Lin

Planetary Boundary Layer Yonsei University
Radjiation RRTMG

Land-Surface Unified Noah Land-Surface

MOZART Chemistry and GOCART Aerosols
(MOZCART) Using KPP Library
Anthropogenic Emissions GOCART RACM_KPP

Biogenic Emissions MEGAN

Chemical Mechanism/Aerosol Module

To simulate aerosols in the Lower Mississippi River industrial corridor, the atmospheric
chemistry module accounted for natural particulate sources, biogenic emissions, and an-
thropogenic emissions. EDGAR-HTAP Version 2.2 served as the anthropogenic emission
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data due to its availability on the NASA Discover Cluster and its successful application in
similar studies [70-72]. Because the study event occurred in 2007 before the dataset was
available, the simulations used emissions data from 2010. However, previous studies have
successfully utilized the 2010 EDGAR-HTAP v2.2 dataset within WRF-Chem outside of the
original emission inventory year [73-75]. Additionally, the scenarios incorporated direct
and indirect shortwave radiation feedback from the chemistry sources, better simulating
the radiative impacts of aerosols [76].

A. Urban Land Use Index B. Cropland Land Use Index
g g >

a‘.

Baton Rouge

n
o * New Orleans
@ Lake Pontchartrain

Figure 4. (A) NU-WREF cells categorized as “Urban/Built-Up” that were converted to “Croplands” for
the urban-off simulations. (B) NU-WREF cells categorized as “Croplands” before (A) was converted.

2.3. Hydrometeorological Evaluation and Analysis

To assess the hydrometeorological differences across the modeling scenarios, three
sub-zones (Figure 3) were analyzed in detail for distinct reasons. The “Lake Pontchartrain”
sub-zone was isolated due to its comparatively widespread convective activity on 7 July
2007 (Figure 2). The “New Orleans” sub-zone was selected due to its dense urban land
cover. Finally, the “aerosol-concentrated” sub-zone was identified by consulting the aerosol
distribution fields from the NU-WREF initialization files (Figure 5), which revealed that the
greatest concentrations of aerosols were located in central Louisiana upon initialization (i.e.,
before being transported east). Additionally, with the exception of Baton Rouge, the sub-
zone consisted of sparse urban land cover. Although the anthropogenic emissions data
were from 2010, the location and concentration of aerosols remained consistent with the
CALIPSO transect (Figure 1). Additionally, analysis comparing 2007 and 2010 point source
emissions also suggested that the temporal mismatch was not overly problematic (Table S1).
Despite the partial overlap in sub-zone areas, the distinctive convective, urban, and aerosol
contexts provided important unique regional differences.

NU-WRF accumulated precipitation, simulated reflectivity, and 2 m air temperature
min/max were used to evaluate the accuracy of the simulations. Accumulated precipitation
and simulated radar reflectivity were compared against NASA’s Integrated Multi-SatellitE
Retrievals for GPM (IMERG) [77] and the National Weather Service’s KLIX WSR-88D
composite reflectivity (Figure 2B), respectively. IMERG is a remotely sensed dataset that
combines precipitation observations from satellites to create rainfall estimates at a 0.1° grid
cell resolution [78]. Although this study focused primarily on precipitation, rainfall is
often scattered, which can produce inflated error measures even when relatively small
discrepancies in thunderstorm timing and/or location occur. Therefore, near-surface air
temperature data from Daymet was also included to evaluate the NU-WRF simulations,
as temperature contributes to the underlying conditions influencing precipitation. Daymet
provides 1 km interpolated estimates of weather conditions derived from daily observations
by weather stations [79]. Daymet’s T, and T,,, values are calculated for 24 h from
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midnight to midnight at a grid cell’s local time (i.e., 0500 UTC 7 July 2007 to 0500 UTC
8 July 2007). However, due to the discarded spin-up time, the simulation T,,,, and T,,,;,
values were calculated for 23 h, from 0600 UTC 7 July 2007 to 0500 UTC 8 July 2007.
Accumulated precipitation mean absolute error (MAE) values for each sub-zone were
calculated by first finding the absolute difference at every grid point between the simulation
and the IMERG dataset. Then, each grid cell’s absolute difference was added together and
divided by the total number of grid cells. Root mean square error (RMSE) was found by
squaring the difference between every simulation grid value and the IMERG dataset grid
cell, summing the grid cell squared differences, dividing the sum by the total number of grid
cells, and finally taking the square root of the mean value. Maximum and minimum 2 m air
temperature MAE and RMSE values were calculated similarly, except that modeled 2 m
temperature and Daymet air temperature were used. For both MAE and RMSE calculations,
the coarser datasets were regridded to match the finer spatial resolutions. The regridding
process was conducted in Python 3.11.5 by creating a new array with the resolution of the
finer-scale dataset but with each grid cell containing the closest coarser grid cell value.

A. PM2.5 B. PM10

W Baton Rouge
* New Orleans
@® Lake Pontchartrain

0 80 90 100 110 120 130 140 150 160 170

pum-3

C. Hydrophilic Black Carbon

0.07 0.08 0.09

pg kg-dryair™’

Figure 5. Aerosol concentrations at 0600 UTC 7 July 2007 for (A) PM, 5, (B) PM,,, and (C) Hydrophilic
Black Carbon.

After characterizing the performance of the hindcasts, the simulated precipitation
and reflectivity were compared across the four scenarios to evaluate the influence of urban
land cover and aerosols on the hydrometeorological characteristics of the event. For each
of the three sub-zones (Figure 3), the number of grid cells meeting or exceeding various
reflectivity and accumulated precipitation thresholds was recorded at each timestep. This
method examined relevant variables without unnecessarily penalizing small spatial dif-

https://doi.org/10.3390/atmos17111062


https://doi.org/10.3390/atmos17111062

Atmosphere 2026, 17, 1062

8 of 25

ferences between simulations, and it provided insights regarding the timing and coverage
area of reflectivity and precipitation. For operational purposes, 10 dBZ is commonly the
baseline for precipitating storms [80-83]. Therefore, 10 dBZ (5 mm) was used to define the
“minimum” threshold. The “medium” threshold was 25 dBZ (10 mm), which represents
moderate reflectivity (precipitation). The “high” threshold of 40 dBZ (15 mm) meets
or exceeds the conventional definition of radar-indicated convective precipitation [82,84].
Finally, the “peak” threshold of 55 dBZ (20 mm) captured the highest values resolved in
the simulations.

3. Results

3.1. Comparison to Observations

The MAE values in Table 2 were somewhat consistent across the various simulations
for accumulated precipitation. The control simulations exhibited the smallest accumulated
precipitation error for each sub-zone, except for the aerosol-concentrated sub-zone where
the aerosol-only simulation displayed the smallest error. However, the differences in the
error across each simulation for the aerosol-concentrated sub-zone were much smaller.
The regions displayed mixed signals in terms of which simulation exhibited the greatest
error magnitude. For the Pontchartrain and aerosol-concentrated sub-zones, the urban-only
simulations displayed the highest MAEs for accumulated precipitation, while the combined
model performed most poorly for New Orleans. Although the RMSE values were naturally
higher than the MAE values in each sub-zone, their ordering was relatively similar across
simulations. Overall, the lack of consistent error reductions by the aerosol-urban model
relative to the control suggests that aerosol and urban processes were secondary, or even
tertiary, drivers of precipitation variability for the study event, which influenced fine-scale
spatial patterns that were challenging to capture in the simulations. Despite this discrepancy,
previous NU-WRF and WRF-Chem studies have reached meaningful conclusions while
facing similar challenges [63,69,85-90].

The T,,,, and T,,;, errors were more consistent between the simulations (Table 2).
The Pontchartrain sub-zone exhibited the widest T,,,, error range of 0.09 °C (0.10 °C),
whereas the aerosol-concentrated region displayed nearly identical T,,,, errors. The larger
T,.in errors (Table 2) might be attributable to the slight discrepancy in the diurnal tempera-
ture calculation (i.e., one-hour delay in NU-WRF versus Daymet). However, the consistent
magnitude and narrow error ranges again suggest that the event was largely dominated by
non-aerosol, non-urban processes, with the experimental conditions only slightly modulat-
ing the primary meteorological drivers.

Visual comparisons of the simulated composite reflectivity (Figure 6A-D) against the
KLIX WSR-88D radar (Figures 2B and 6E) at 2100 UTC illustrated that the simulations
were aggressive in terms of storm strength, creating high-dBZ cells behind the primary
line of convection that extended towards the southwestern coast of Louisiana. However,
the simulations captured the overall spatial orientation of the event, which spanned from
the southwest domain corner to the northeast. The propagation timing was also similar
between the observed radar (Figure 6E) and the simulated reflectivity (Figure 6A-D),
which suggests that the near-storm environment was accurately reproduced even if errors in
precipitation location and magnitude produced higher MAE and RMSE values. Additionally,
the significance of the differences between the experimental simulations and the control was
calculated for accumulated precipitation, which showed that a majority of the area within
each sub-zone was considered significantly different (Figure S1). Collectively, these findings
highlight that the simulations can be meaningfully compared to assess the sensitivity of
precipitation to aerosols and urban land cover.
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Table 2. Mean absolute error (MAE) and root mean square error (RMSE) across the three sub-zones
for accumulated precipitation (mm), T, (°C),and T,,;, (°C).

Accumulated Precipitation MAE (RMSE) (mm)

Simulation Pontchartrain New Orleans  Aerosol-Concentrated
Sub-zone Sub-zone Sub-zone
Control 4.898 (7.399) 4.032 (6.770) 4.886 (7.874)
Urban 6.737 (10.677)  4.965 (8.760) 4.973 (7.625)
Aerosol 5.526 (10.187)  4.205 (7.523) 4.704 (7.620)

Aerosol-Urban 5.686 (7.674)  5.372 (10.170)

2 m Maximum Temperature MAE (RMSE) (°C)

4.795 (7.636)

Simulation Pontchartrain New Orleans  Aerosol-Concentrated
Sub-zone Sub-zone Sub-zone
Control 0.515 (0.667) 0.535 (0.706) 0.535 (0.661)
Urban 0.572 (0.737) 0.553 (0.728) 0.534 (0.660)
Aerosol 0.529 (0.689) 0.532 (0.698) 0.533 (0.657)

Aerosol-Urban 0.605 (0.766)  0.575 (0.747)

2 m Minimum Temperature MAE (RMSE) (°C)

0.533 (0.660)

Simulation Pontchartrain New Orleans  Aerosol-Concentrated
Sub-zone Sub-zone Sub-zone
Control 0.827 (1.074)  0.780 (1.028) 0.917 (1.176)
Urban 0.841 (1.081) 0.797 (1.041) 0.933 (1.196)
Aerosol 0.786 (1.038) 0.758 (1.007) 0.912 (1.175)

Aerosol-Urban

0.804 (1.040)

0.770 (1.007)

0.917 (1.181)

3.2. Pontchartrain Sub-Zone

Of the three sub-zones, the Pontchartrain region contained the greatest thunderstorm
activity during the case study period. Figure 7 illustrates the accumulated precipitation
throughout the Pontchartrain region. Upon visual analysis, the simulations appeared to
provide a qualitatively reasonable spatial approximation of thunderstorm rainfall compared
to the IMERG accumulated precipitation (Figure 7E), although all simulations exceeded
the maximum IMERG precipitation by 14-58 mm. In the control scenario (i.e., aerosol- and
urban-effects off), the greatest precipitation was positioned over the northeastern quarter of
the study area with a secondary maximum over Lake Pontchartrain (Figure 7A). Including
the urban landscape resulted in a spatial pattern that was more similar to the IMERG
dataset, but it produced a 72 mm precipitation maximum (Figure 7B). The aerosol-only
simulation doubled the northeastern precipitation maximum from 30 mm to >60 mm and
did not capture the local maxima over Lake Pontchartrain (Figure 7C). Combined, the urban
landscape and aerosol simulation yielded a spatial pattern that was visually similar to the
IMERG data, although the magnitude of maximum precipitation remained larger than the
IMERG observations by 28 mm (Figure 7D).

Figure 8 highlights the number of grid cells during each simulation that exhibited
values greater than or equal to the provided thresholds for composite reflectivity (solid lines)
and precipitation (dashed lines) across the Pontchartrain sub-zone. For the minimum and
medium thresholds, the IMERG data detected an earlier precipitation initiation compared
to each simulation (Figure 8A,B). At the high and peak thresholds, this initiation became
more delayed, such that the IMERG dataset identified a later initiation than the simulations
(Figure 8C,D).

Comparing the simulations with one another revealed that the aerosol- and urban-only
simulations promoted more widespread precipitation coverage than the others. Except for
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the peak threshold, total reflectivity coverage area (solid line end-values in Figure 8) ex-
hibited only small variations among the simulations. The simulations also displayed qual-
itatively similar patterns of reflectivity coverage growth. At the minimum and medium
thresholds (Figure 8A,B), the control precipitation initiation timing was similar to the other
simulations. Regarding the reflectivity coverage area, Figure 8 illustrates that the control
scenario produced relatively moderate totals, particularly for the high threshold.

A. Control
~

W Baton Rouge
& New Orleans

305°N

29.5°N

[

D. Aerosol- Urba n

305°N

29.5°N

915w 1w 90.5°W 90w 915w

(E) Composne Reflectivity

20:56:10 UTC 07 July 2007

&
dBZ

Figure 6. Simulated composite reflectivity (dBZ) at 2100 UTC on 7 July 2007 for the (A) control
simulation, (B) urban-only simulation, (C) aerosol-only simulation, and (D) aerosol-urban simulation.
(E) Composite reflectivity (dBZ) from the KLIX WSR-88D in Slidell, LA at 2056 UTC on 7 July 2007.

Compared to the control, including only the urban landscape resulted in greater
precipitation and reflectivity coverage at each threshold (Figure 8; green lines). The urban-
only scenario also initiated precipitation notably earlier than other simulations for the
minimum and medium thresholds (Figure 8A,B; dotted green lines). Relative to the control,
the aerosol-only simulation delayed precipitation initiation while increasing precipitation
coverage at higher thresholds (Figure 8A-D; dotted red lines). Conversely, the aerosol-only
precipitation initiation and subsequent coverage growth began similarly to the control
simulation at the minimum and medium thresholds before rapidly scaling beyond the
control (Figure 8A,B; dotted red lines). The aerosol-only model exhibited the lowest total
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reflectivity area coverage for each threshold except the peak threshold, and the initiation was
delayed by a half-hour compared to the control at the high and peak thresholds (Figure 8C,D;
solid red line). The aerosol-urban simulation eventually aligned with the control total,
while the aerosol-only simulation produced less total reflectivity coverage (Figure 8C; solid
red line). In Figure 8D, all the experimental simulations featured a delay in simulated
reflectivity initiation, but the aerosol-urban simulation exhibited a relatively larger delay.
Additionally, the coverage in the aerosol-only simulation initially increased at a slower rate
than the urban-only simulation, implying that aerosols during this event may have delayed
large-diameter cloud droplet growth

A. Control

C. Aerosol
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Figure 7. Simulated accumulated precipitation (mm) for the (A) control simulation, (B) urban-only
simulation, (C) aerosol-only simulation, and (D) aerosol-urban simulation. (E) IMERG accumulated
30-min precipitation (mm) from 0600 UTC 7 July to 1200 UTC 8 July.

For the peak threshold, relative to the control, the urban-only and aerosol-only simu-
lations demonstrated increases in final total precipitation coverage (simulated reflectivity
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coverage) of 400% (169%) and 500% (138%), respectively (Figure 8). If the coupling of
aerosols and the urban landscape was linearly additive, then the anticipated aerosol-urban
response would be a 900% (307%) increase in precipitation (simulated reflectivity) coverage.
However, the aerosol-urban simulation exhibited a decrease of 100% (54%).
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Figure 8. Cumulative composite reflectivity and precipitation grid-cell counts across the simulation
time period for the Pontchartrain sub-zone. The solid (dashed) lines indicate grid-cell counts satisfying
the specified thresholds for reflectivity (precipitation): (A) 10 dBZ (5 mm), (B) 25 dBZ (10 mm),
(C) 40 dBZ (15 mm), and (D) 55 dBZ (20 mm).

Within the Pontchartrain region, the combination of aerosols and the urban landscape
reduced the overall total precipitation coverage compared to the other scenarios (Figure 8;
dotted blue lines). The combined effects produced a delay in rainfall at the minimum and
medium thresholds (Figure 8A,B) and no precipitation at the peak threshold (Figure 8D).
Although the combined model still overestimated the precipitation area compared to the
IMERG;, the values qualitatively aligned more closely at higher thresholds (Figure 8A-D;
dotted blue and black lines). For the simulated reflectivity total, the aerosol-urban simula-
tion visually aligned closely with the control at each threshold except the peak threshold
(Figure 8A-C), where Figure 8D illustrates that the combined aerosol-urban effects inhibited
peak-threshold reflectivity.

3.3. New Orleans Sub-Zone

To further analyze the sensitivity of potentially urban-driven rainfall to the modeling
scenarios, the New Orleans sub-zone was centered on the large urban complex south of
Lake Pontchartrain (Figure 3) and extended eastward to identify any easterly-propagating
downstream effects. Figure 9 illustrated that each simulation reasonably resolved the
local precipitation maximum estimated in the IMERG dataset downstream of New Orleans
(southeastern portion of the sub-zone; Figure 9). While all the simulations overestimated the
precipitation within the downstream feature, the accumulated precipitation of the control
was the most accurate (48 mm) relative to the IMERG 24 mm maximum (Figure 9AE).
The inclusion of the urban-landscape produced a greater quantity of rainfall, with a 67 mm
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maximum, while the aerosol-only model resulted in a 58 mm maximum. When both

aerosol and urban effects were included, the precipitation maximum increased to 89 mm
(Figure 9D).

B. Urban

W Baton Rouge
% New Orleans
30.8°N | @ Lake Pontchartrain

a1°w 90.5°W 20°wW B89.5°W 89°w 88.5°W 91°wW 90.5°W 20°W 89.5°W 89°wW 88.5°W

Figure 9. Same as Figure 7, except for the New Orleans sub-zone.

The dotted black line in Figure 10 illustrated that the IMERG precipitation started much
earlier than the simulations for the low threshold. Across the four simulations, the pre-
cipitation began within the same hour (Figure 10A-D), but the coverage area displayed
large variations. Similar to the Pontchartrain sub-zone simulated reflectivity thresholds
(Figure 8), except for the peak threshold, each simulation’s reflectivity initiation and area
coverage growth pattern remained roughly similar for New Orleans (Figure 10).

Figure 10 highlighted that compared to the control (yellow lines), incorporating the
urban landscape (green lines) yielded consistently greater precipitation coverage. For each
threshold except the minimum, the control either initialized precipitation coverage slightly
ahead of the urban-only simulation (Figure 10C,D; dotted yellow lines) or initially in-
creased coverage more rapidly (Figure 10B) before being outpaced by the urban-only
simulation. A similar pattern was visually apparent for the aerosol-only simulation as well
(Figure 10B-D; dotted red lines). While the urban landscape produced a rapid increase
and a relatively large reflectivity coverage at the peak threshold, it did not cover as wide
of a total area as the combined aerosol-urban model (Figure 10D; solid green and blue
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lines). However, across all thresholds, both urban-on simulations exhibited the highest
total precipitation coverages, which implies that simulated reflectivity in this sub-zone was
relatively sensitive to the urban landscape, especially at the peak threshold.
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Figure 10. Same as Figure 8, except for the New Orleans sub-zone.

The aerosol-only simulation produced a total precipitation and simulated reflectiv-
ity coverage area and growth pattern visually similar to the control for most thresholds
(Figure 10A-D; red lines). However, much like the peak threshold behavior within the
Pontchartrain region (Figure 8D; red and yellow lines), the aerosol-only total reflectivity
area exceeded the control (Figure 10D).

In New Orleans, the aerosol-urban scenario produced the highest total precipitation
and reflectivity coverage across each threshold (Figure 10; blue lines). Additionally, the com-
bined effects resulted in a delay in precipitation initiation followed by an apparent rapid
production between 0100 UTC and 0600 UTC 8 July 2007 (Figure 10A-D). To a smaller
degree, a qualitatively similar reflectivity coverage and timing pattern was evident for
the lower thresholds for the urban-only simulation (Figure 10A,B; green lines). Figure 11
illustrates the intense precipitation development downstream of New Orleans at 0100 UTC
8 July 2007 corresponding to the rapid precipitation and reflectivity coverage increases in
Figure 10. While each simulation resolved the same spatial pattern of precipitation, the ur-
ban landscape was associated with greater precipitation quantities. In the eastern New
Orleans region, the aerosol-urban and urban-only scenarios produced rainfall maximums
of 27.3 mm and 19.7 mm, while the other two scenarios displayed a maximum of 10.5 mm
(Figure 11).

Unlike the Pontchartrain region, the New Orleans sub-zone aerosol-urban simula-
tion did not decrease precipitation and radar reflectivity coverage at the peak threshold
(Figure 10D). Relative to the control simulation, the urban-only and aerosol-only simula-
tions respectively resulted in 157% (157%) and 57% (85%) increases in final total precipita-
tion (simulated reflectivity) coverage. If the aerosol and urban effects were linearly additive,
then the aerosol-urban simulation would display an increase of 214% (242%). However,
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the aerosol-urban simulation actually produced a 457% (167%) increase, surpassing a
purely linear coupling for total precipitation coverage.

*l

Baton Rouge
New Orleans
Lake Pontchartrain

A. Control B. Urban-Only

90.5°W

90°W 89.5°W 89°W 88.5°W 91°W 90.5°W 90°W 89.5°'W 89°w 88.5°W

Figure 11. Accumulated precipitation (mm) between 8 July 0100 UTC and 8 July 0115 UTC for the
(A) control simulation, (B) urban-only simulation, (C) aerosol-only simulation, and (D) aerosol-
urban simulation.

3.4. Aerosol-Concentrated Sub-Zone

Visual examination of the spatial patterns of accumulated precipitation (Figure 12)
suggests that the simulations all performed moderately well, with the aerosol-urban model
displaying a better qualitative spatial agreement with the IMERG dataset. Within the simu-
lations, the greatest precipitation concentration was resolved in the northwest and central
area of the region, but further east than the 34 mm IMERG maximum. The simulated maxi-
mum precipitation values ranged from 27.5 mm in the aerosol-urban scenario (Figure 12D)
to 36.8 mm in the control model (Figure 12A).

Comparing the precipitation coverage to the IMERG dataset in Figure 13A,B (black lines)
revealed qualitatively reasonable alignment in terms of overall coverage at the minimum
and medium thresholds, but the simulations initiated precipitation earlier than the IMERG
estimates. Additionally, each simulation continued to over-represent the areal extent of
rainfall at the higher thresholds (Figure 13C,D).

Across the simulations, there were minimal differences in initiation when considering
both precipitation and composite reflectivity (Figure 13). Total precipitation coverage
exhibited a trend similar to the Pontchartrain region (Figure 8; dotted lines), with the
aerosol- and urban-only simulations consistently producing a wider area of precipitation
than the control as thresholds increased. In contrast, the combined simulation reduced
rainfall in an apparently nonlinear fashion (Figure 13; dotted blue lines).
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Figure 12. Same as Figure 7, except for the aerosol-concentrated sub-zone.

Including only the urban landscape highlighted the degree to which land cover influ-
enced peak threshold precipitation and reflectivity coverage even in an area with relatively
few urban grid cells. All reflectivity thresholds except the peak threshold illustrated that
the urban-only and control simulations increased and reached their maximum totals at
similar rates; both were slower than the aerosol-on simulations (Figure 13A-C; solid yellow
and green lines). The notable grouping implies that the urban landscape had little impact
on simulated reflectivity until the peak threshold. While there was minimal precipitation
difference between the urban-only and the other experimental simulations at the minimum
threshold (Figure 13A; dotted green lines), as the thresholds increased, so did the precip-
itation disparity between simulations (Figure 13B-D). Similarly, due to those few urban
grid cells, the timing of reflectivity development and the areal growth in the urban-only
scenario closely aligned with the control for all but the peak threshold. For the aerosol-only
simulation, the total precipitation coverage surpassed the control at each threshold and
displayed similar quantities and timing to the urban-only simulation at the minimum and
moderate thresholds (Figure 13A,B; dotted red lines). For the peak threshold, the aerosol-
only simulation reflectivity coverage decreased compared to the control (Figure 13D; solid
red lines).
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Including both aerosols and the urban landscape resulted in greater precipitation
coverage at the minimum threshold but a reduction at higher thresholds, including no
precipitation satisfying the peak threshold (Figure 13A-D; dotted blue lines). This was
consistent with the IMERG observations, although the aerosol-urban model continued
to produce precipitation at the high threshold (Figure 13C). Reflectivity coverage also
exhibited a decline at the peak threshold similar to the aerosol-only simulation (Figure 13D;
solid blue line).

Compared to the control, the urban-only simulation demonstrated a peak threshold in-
crease in final total precipitation (simulated reflectivity) coverage of 250% (77%) (Figure 13).
Similar to the other two sub-zones, the aerosol-only simulation produced a final total pre-
cipitation coverage that was 75% greater than the control. Whereas the other sub-zones
exhibited an increase in simulated reflectivity coverage, within the aerosol-concentrated
region, the aerosol-only simulation actually displayed a 38% decrease compared to the
control. In a linearly additive scenario, the aerosol-urban simulation would be expected
to produce increases of 325% (37%) relative to the control. This contrasts with the 38%
decrease in simulated reflectivity and the total lack of peak-threshold rainfall coverage in
the aerosol-urban model, which highlights the potential for complex nonlinear interactions.
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Figure 13. Same as Figure 8, except for the aerosol-concentrated sub-zone.

4. Discussion

Comparing the four simulations highlighted the nonlinear interactions of the atmo-
spheric chemistry and urban land cover, but it also demonstrated the consistent influence of
the broader atmospheric conditions. The timing of precipitation and thunderstorm devel-
opment displayed relatively minimal differences between the simulations. However, total
precipitation and reflectivity coverage exhibited more significant differences, suggesting,
in this case, that the larger-scale atmospheric conditions influenced event timing but, once
initiated, the more subtle influences of aerosol and urban effects modulated precipitation
and reflectivity generation [18,91,92]. Importantly, all the scenarios were consistent re-
garding the T, . and T, temperature error analysis (Table 2), indicating that NU-WRF
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strongly grasped the synoptic weather regime within which the precipitation developed,
while the precipitation error analysis displayed much more variation (Table 2). This sug-
gests that while the large-scale weather regime is insensitive to aerosol and urban effects,
the evolution of convective precipitation is more readily modulated by these secondary and
tertiary influences.

Although the broad-scale evolution of the event was qualitatively similar across each
simulation, there were distinct variations related to atmospheric chemistry and the urban
landscape. For nearly every region and threshold, the aerosol- and urban-only scenarios
consistently exhibited precipitation coverage surpassing the control (Figures 8, 10 and 13;
dotted red and green lines). For the peak thresholds, the aerosol-only simulations surpass-
ing the control for total simulated reflectivity (Figures 8D and 10D; solid red lines) and
total precipitation coverage (Figures 8D, 10D and 13D; dotted red lines) conceptually aligns
with several previous studies, which have found that aerosols can invigorate cold-rain
processes by initially suppressing droplet growth and enhancing latent-heat release and
riming through greater droplet quantities [93-95].

A similar study conducted by Blagina & Dementyeva [96] utilized WRF to examine
the influence of smoke aerosols from wildfires on convective cloud processes and elec-
trification. They found that the inclusion of aerosols shifted peak convective timing to
later in the day and reduced thunderstorm volume compared to the no-aerosol control.
Comparatively, this case study of coastal Louisiana found that aerosols alone resulted in a
delay in convective initiation at the highest threshold (55 dBZ; Figures 8D, 10D and 13D),
but this was not necessarily indicative of a delay in the peak convective timing. In the
aerosol-concentrated sub-zone, the aerosol-only simulation exhibited a decrease in sim-
ulated reflectivity coverage relative to the control simulation for the highest threshold
(Figure 13D), which conceptually aligns with the reduced thunderstorm volume identified
in Blagina & Dementyeva [96]. However, for the other two sub-zones, the aerosol-only
simulation produced an enhanced areal extent at the peak radar reflectivity threshold
compared to the control (Figures 8D and 10D). For the aerosol-concentrated region, at each
threshold above the minimum (Figure 13B-D), the urban-only precipitation surpassed both
aerosol-on scenarios. Compared with other regions, the high aerosol concentrations at ini-
tialization served as additional CCN. The aerosols can enhance low-diameter cloud-droplet
formation; however, the multitude of smaller droplets inhibits further growth. As radar
reflectivity is proportional to diameter [97], resolving greater low-reflectivity coverage and
less high-reflectivity coverage in the aerosol-on scenarios conceptually aligns with existing
aerosol-based rainfall suppression studies [66,98-101].

Meanwhile, the New Orleans sub-zone, characterized by expansive urban land cover,
exhibited greater areal precipitation and reflectivity coverage as a result of urban-related
effects. For example, Figure 10C,D illustrated that the urban-only precipitation cover-
age exceeded the aerosol-only scenario. This was not true for the Pontchartrain region
(Figure 8C,D), which was characterized by less pervasive urban land cover. In the Pontchar-
train region, the aerosol-only scenario, at higher thresholds of precipitation, displayed
greater coverage than the urban-only scenario (Figure 8C,D).

Additionally, in the New Orleans sub-zone, the aerosol-urban scenario surpassed every
simulation in terms of both reflectivity and precipitation coverage, which contrasted with
the results from the other two sub-zones (Figures 8, 10 and 13). The Pontchartrain and
aerosol-concentrated regions displayed reduced high and peak threshold precipitation in
the aerosol-urban scenario (Figures 8C,D and 13C,D). The discrepancy in the aerosol-urban
simulation between New Orleans and the other two regions might be attributable to a
nonlinear interaction between aerosols and the urban landscape. In the New Orleans area,
which was characterized by heavily urbanized landscapes, the aerosols greatly enhanced not
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only the lower-threshold precipitation and reflectivity coverage but also the peak threshold
(Figure 10). This interaction may have also been facilitated by additional moisture east of
New Orleans from the Gulf. Figures 9 and 11 illustrated the greater precipitation maxima
of both urban-on simulations east of New Orleans and downstream of the weak boundary
stretched across the study area. The increased moisture from the Gulf could be responsible
for the local maxima present in all scenarios and the satellite estimate (Figure 9), while the
enhanced surface convective heating and mechanical lift related to the UHI and URE could
explain why both urban-on simulations outpaced the other scenarios (Figures 10 and 11).

Qualitatively, each of the four simulations reasonably reproduced the observed spatial
pattern of the convective precipitation, although they tended to overproduce rainfall com-
pared to satellite-based estimates. This moisture bias may have resulted from simulation
parameterizations. Other studies have shown that the combination of the Purdue Lin mi-
crophysics scheme and the Yonsei University planetary boundary layer scheme can lead
to localized precipitation overestimates [102,103]. Conversely, it is also possible that the
remotely sensed IMERG data might have underestimated the precipitation totals to some
extent [104-106].

Although there was a discrepancy between the modeled and observed precipitation,
the aerosol-urban simulation exhibited less precipitation coverage than the other simulations
for two of the three regions (Figures 8 and 13). Combining the two experimental variables
(i-e., the aerosol-urban scenario) largely suppressed higher-threshold precipitation and
reflectivity coverage (Figures 8C,D and 13C,D). The control, aerosol-only, and urban-only
simulations consistently overestimated precipitation, while qualitative, visual analysis
indicated that the aerosol-urban simulation most closely resembled the IMERG precipitation
coverage across the regions. For example, in the Pontchartrain sub-zone, the aerosol-urban
areal coverage for the high-precipitation threshold (Figure 8C; blue line) aligned closely
with the IMERG values (black line), and neither produced sufficient precipitation to meet
the peak threshold (Figure 8D). Similarly, for the aerosol-concentrated sub-zone, the aerosol-
urban precipitation coverage visually aligned more closely with the IMERG estimates for
all but the high threshold (Figure 13).

Despite the capability of numerical weather models to disentangle the influences of
the urban landscape and aerosols on rainfall, this case study was constrained by several
limitations. First, the conclusions may not be broadly applicable due to the constraints
related to the case selection. As discussed within Section 2, this event was chosen due to
the combination of a CALIPSO overpass with a frontal system triggering thunderstorms.
This created a unique opportunity to examine various influences on rainfall, but it was
hindered by the limited data available in the year that the event occurred. As a result,
a major limitation of the study was the choice of EDGAR-HTAP v2.2 2010 anthropogenic
emissions. While point source locations may remain largely static, resulting in reasonable
spatial comparisons (Table S1), emission quantities are different between the years. This
discrepancy likely altered aerosol levels within the simulations, in turn, influencing CCN
competition and radiation feedbacks. Similarly, the absence of sea salt aerosols (SSA) within
the models excluded an important source of coastal CCN. Studies examining the influence
of SSAs and anthropogenic aerosols on precipitation have found that within a polluted
coastal environment, raindrop growth for smaller anthropogenic particles is suppressed
through CCN competition, and the larger SSAs display enhanced droplet growth and
greater overall precipitation [107-109]. However, Han et al. [109] concluded that the
precipitation response depends on the meteorological environment, aerosol background,
and synoptic forcing strength. Within the context of this study, including SSAs may have
reduced the lower threshold precipitation and reflectivity coverages while enhancing the
higher thresholds.
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5. Conclusions

This case study performed four simulations of a summertime frontal precipitation
event in South Louisiana to examine the sensitivity of the local convective thunderstorms
to the urban landscape and aerosols. The analysis included an examination of three sub-
zones distinguished by varying magnitudes of urban land cover and aerosol concentrations.
Aerosol and urban land cover simulations individually overproduced precipitation relative
to the control simulation in which no such effects were included. Combined, however,
aerosol- and urban-related effects formed a nonlinear interaction that often reduced precipi-
tation coverage compared to the single-effect scenarios, except within the heavily urbanized,
coastal New Orleans region. While each simulation was sensitive to the urban landscape
and atmospheric chemistry at local scales, the broader influence of the synoptic atmospheric
conditions during the event appeared to be the dominant factor. Thus, for this case study,
aerosol- and urban-related effects, while capable of modulating the evolution of the event,
did not significantly alter the occurrence of the event itself.

Although each simulation overestimated rainfall, the aerosol-urban simulation most
closely reproduced the satellite-based precipitation coverage threshold totals, whereas the
aerosol- and urban-only simulations performed more poorly, even in areas with less urban-
ization. The findings of this case study demonstrated that, in this instance, the nonlinear
interactions between aerosols and the urban environment cannot be neglected. Therefore,
URE-related research should examine the aerosol environment of cities before attribut-
ing precipitation modifications to only urban land cover-related effects. Further research
should pursue finer-scale experiments or field-based frameworks that explicitly account for
aerosol-related impacts on the URE.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos17111062/s1. Figure S1: Mean accumulated precipitation
difference per time step between experimental scenarios and the control simulation for the Pontchar-
train sub-zone (A-C), New Orleans sub-zone (D-F), and aerosol-concentrated sub-zone (G-I). (A),
(D), and (G) represent the difference between the urban-only scenario and the control. (B), (E),
and (H) represent the aerosol-only scenario compared to the control. (C), (F), and (I) compare
the aerosol-urban to the control. The hash marks indicate statistically significant areas. Statistical
significance was determined with 95% confidence through a paired permutation test with 5000 per-
mutations. The Benjamini-Hochberg method controlled for an assumed 5% false discovery rate. Table
51: Common point-source pollutants across Louisiana in 2007 and 2010. Data was collected from
the Louisiana Department of Environmental Quality (LDEQ). In 2007, LDEQ identified 750 unique
point-source facility IDs. In 2010, LDEQ identified 715 unique point-source facility IDs. 643 facilities
occurred in both years. Across the listed species, more than 95% of point-source emissions originated
from the 643 common facilities. This suggests that although the yearly total emission values differ,
the 2010 EDGAR-HTAP v2.2 dataset spatially accounts for nearly all point sources present in 2007.
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