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Abstract A range of multi-year observational data sets are used to characterize the hydroclimate of the
Dallas Fort-Worth area (DFW) and to investigate the impact of urban land cover on daily accumulated
precipitation, RADAR composite reflectivity (cREF), and cloud top height (CTH) during the warm season.
Analyses of observational data indicate rainfall rates (RR) in a 45° annulus sector 50—100 km downwind of the
city are enhanced relative to an upwind area of comparable size. Enhancement of mean precipitation intensity
in this annulus sector is not observed on days with spatially averaged RR > 6 mm/day. Under some flow
directions, the probability of cREF >30 dBZ, occurrence of hail, and the probability of CTH >10,000 geopotential
meters are also enhanced up to 200 km downwind of DFW. Two deep convection events that passed over DFW
are simulated with the Weather Research and Forecasting model using a range of microphysical schemes and
evaluated using RADAR observations. Model configurations that exhibit the highest fidelity in these control
simulations are used in a series of perturbation experiments where the areal extent of the city is varied
between zero (replacement with grassland) and eight times its current size. These perturbation experiments
indicate a non-linear response of Mesoscale Convective System properties to the urban areal extent and a
very strong sensitivity to the microphysical scheme used. The impact on precipitation from the urban area,
even when it is expanded to eight-times the current extent, is much less marked for deep convection with
stronger synoptic forcing.

Plain Language Summary Urban areas are rapidly expanding and have the potential to strongly

influence the local and regional climate. Long-term warm season observations near Dallas-Fort Worth show

1. Introduction

Urban areas profoundly influence the atmosphere and may alter precipitation regimes (Bornstein & Lin, 2000;
Dixon & Mote, 2003; Oke et al., 2017; Qian et al., 2022; Rosenzweig et al., 2018; Shepherd et al., 2002; USGCRP,
2017) via.

1. Modification of thermal and moisture regimes via changes in the surface energy balance (e.g., development
of the urban heat island, UHI) and the induced changes in circulation patterns over and downwind the urban
area.

2. Modification of dynamical processes due to the enhanced urban roughness length and resulting changes in
circulation patterns over the urban area relative to the regional flow.

3. Modification of cloud microphysics due to urban emissions of aerosols and precursor gases.

These mechanisms do not act in isolation. For example, the presence of a strong UHI can initiate convective
activity and enhance precipitation over the city (USGCRP, 2017). Conversely, strong winds and weak UHI may
cause thunderstorms to bifurcate and move around cities because of building barrier-effects (Dou et al., 2015).
This may lead to maximum precipitation occurring around the city in lateral boundary convergence zones and
in the downwind reconvergence area, while the minimum precipitation occurs over and downwind cities
(Rosenfeld et al., 2008). Once convection is initiated, urban enhancement of atmospheric aerosols can also
influence the dynamics, microphysics, and precipitation produced by convective storms (Rosenfeld et al., 2008).

© 2024. American Geophysical Union. All RightsNevertheless, simulations of a severe convective storm that impacted Kansas City found the combination of
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higher rainfall intensity and hail
frequency 50-100 km
downwind of the city, but those

days with the heaviest precipitation are not enhanced by the city. Numerical simulations show that
atmospheric responses to urbanization are very sensitive to the precise model configuration used which
means there are still large uncertainties in projecting how urbanization may influence atmospheric hazards.
physical forcing increased the probability of occurrence of hail stones >1 inch by ~20% which is greater than the
influence from any individual process (Yun Lin et al., 2021).

One of the first studies to report an urban influence on precipitation focused on La Porte (~80 km downwind
from Chicago) where a warm season spatial anomaly of +33% in precipitation amounts was reported during
1929- 1963 (Changnon Jr, 1968). Attribution of this anomaly prompted considerable controversy and was
hampered by measurement limitations/uncertainties (Changnon Jr, 1968, 1980; Clark, 1979; Holzman & Thom,
1970). Results from the METROpolitan Meteorological EXperiment (METROMEX) suggested “statistically
significant increases in summer rainfall, heavy (>2.5 cm) rainstorms, thunderstorms and hail in and just east
(downwind) of St. Louis” compared to upwind regions (Changnon Jr, 2016; Changnon Jr et al., 1976). Additional
observational studies have also generally found higher precipitation over and downwind of major US urban
areas than upwind particularly during the warm season (Dixon & Mote, 2003; Hand & Shepherd, 2009; Huff &
Changnon, 1973; MclLeod & Shepherd, 2022; McLeod et al., 2017; Shepherd & Burian, 2003; Shepherd et al.,
2002). Analyses focused on Houston in the US Southern Great Plains (SGP) found the urban area and downwind
regions exhibit enhancement of warm season afternoon precipitation by 59% and 30%, relative to upwind
regions (Burian & Shepherd, 2005). Analyses of data from RADAR and rain gauges found enhanced warm season
precipitation 15— 70 km downwind of New York City and Milwaukee, although elevation effects greatly
confounded quantitative assessment around New York City and the spatial gradients of precipitation were only
partly resolved in numerical simulations (Keuser, 2014; Yeung et al., 2015; Yeung et al.,, 2011). Enhanced
summer-season cloud-toground lightning flash density downwind of Houston (Gauthier et al., 2006) and other
cities (Burke & Shepherd, 2023) has been attributed to enhanced convection over urban areas. Further evidence
of an urbanization signal in enhancement of heavy rainfall 50 km downwind of cities was found based on an
analysis of 50-year data from 4,593 surface stations (Niyogi et al., 2017). A meta-analysis of global studies
suggested mean rainfall rates are increased by an average of 16% over the urban center and 18% at an average
distance of 20-50 km downwind of urban areas relative to upwind regions (Liu & Niyogi, 2019). An increased
probability of occurrence of daily precipitation of 100-200 mm over time was also reported in rain-gauge
observations downwind of Beijing during the monsoon season (Hu, 2015; Y Zhang et al., 2014).

Numerical simulations reveal complex responses of the hydroclimate to urbanization and urban surface with
different combinations of UHI, surface roughness length, aerosol concentration, urban size, location, and
precipitating systems (Han et al., 2014; Kusaka et al., 2014; Lauer et al., 2023; Li et al., 2021; Shepherd et al.,
2010; Wang et al., 2018; J Zhang et al., 2020; Zhong et al., 2015). An ensemble of simulations over Tokyo found
anincrease in precipitation over the metropolitan area due to enhanced UHI which destabilized the atmosphere
and induced moisture convergence in a moisture-rich environment near the coast (Kusaka et al., 2014).
Conversely, simulations over Beijing found the reduction in evapotranspiration of the city due to the increased
impermeable surface led to a net decrease in summer precipitation (Wang et al., 2018). Another numerical
study in the Beijing-Tianjin-Hebei region found a non-linear response in heavy precipitation due to urbanization;
The UHI was found to increase hourly precipitation over the urban and downwind regions in the early stage of
urbanization but further urban expansion reduced precipitation due to reduced evaporation (J Zhang et al.,
2020). A year-long simulation over the Guangdong-Hong Kong-Macau area found an increased extreme
convective precipitation with urbanization due to increased surface roughness length, enhanced low-level
convergence, and enhanced sensible heat flux from the UHI, but the urban surface has little effect on extreme
precipitation associated with frontal and Typhon systems that are associated with stronger large-scale forcing
(Li et al., 2021). The dependence of an urban rainfall effect on the synoptic environment is also indicated by
other studies (Debbage & Shepherd, 2019; Lauer et al., 2023; McLeod & Shepherd, 2022), with weaker
precipitation impacts under largescale synoptic systems (Lauer et al., 2023). Consistent with observational
studies, most numerical studies show any hydroclimatic response to urban land use is most pronounced within
about 100 km of the city center, but the location and effect vary between studies. Shem and Shepherd (2009)
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found increased precipitation 20-50 km downwind of the city, while Wang et al. (2018) found decreased
precipitation ~100 km upwind of major city with extensive urbanization.

Multiple previous studies have demonstrated a strong dependence of simulated deep convection on the
microphysical scheme applied. For example, Fan et al. (2017) performed WRF simulations of a mesoscale squall
line with eight different microphysical schemes and found substantial differences in simulated precipitation and
that use of a spectral-bin microphysical scheme did not enhance model fidelity. Although a dependence of
urbanatmosphere feedbacks on model parameterizations (including microphysical scheme) has been previously

£ ASOS stations
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Figure 1. Southern Great Plains study domain. (a) Terrain elevation (a.s.l.) around Dallas Forth Worth (DFW) and mean terrain elevation in 45° direction sectors in three
range bands (i.e., distances from the center of DFW): 50-100 km, 100-200 km, and 200-300 km. (b) The three WRF domains (areal extent of domain three is as shown
in frame (a)), with the locations of NWS dual-polarization Doppler RADAR and 200 km radii from which data are reported (gray) and topography. State borders are
shown in dark green. (c) Domain 3 Land Use/Land Cover classes and the location of NWS ASOS surface observing stations.

reported (Yu et al., 2018), relatively few previous studies have included different microphysical schemes in urban
land cover perturbation experiments.

Here we further examine the issue of urban impacts on precipitation and deep convection using a combination
of (a) analyses of long-term observational data sets and (b) targeted WRF simulations. In the simulations, we
focus on the impact of land cover and thus mechanisms 1 and 2 listed above without aerosol effects due to the
large uncertainties associated with aerosol forcing. Our study domain is focused on Dallas-Fort Worth (DFW,
Figure 1) because it is an isolated large metropolis located in the US Southern Great Plains, a region with
frequent deep convection associated with mesoscale convective systems (MCS) during the March to September
warm season (Feng et al., 2019; Feng et al., 2021; Fritsch et al., 1986; Pryor et al., 2023). Beyond precipitation
amounts here we also diagnose urban impacts on hail production and maximum hail diameter because it is a
societally relevant component of extreme hydrometeorology (Prein & Holland, 2018; Punge & Kunz, 2016) and
severe hail occurs on approximately 5% of days in the SGP (Prein & Holland, 2018; Trapp et al., 2019). Our
specific objectives are as follows.

1. Quantify the influence of DFW on the observed precipitation climate and whether the presence of an urban
signature exhibits a dependence on precipitation intensity and spatial scale.

2. Quantify the fidelity of high-resolution simulations with WRF for deep convection events; Examine (a) the
dependence of any urban influence on model configuration and urban area expanse and (b) the degree to
which any impact is consistent across events with different large-scale forcing. Note that the surface energy
balance and roughness length generally have a larger impact on convective intensity and hail production than
aerosols herein, we primarily focus on non-aerosol effects. Nevertheless, in light of evidence that the impact
of urban aerosols on downwind storms decreases with increasing background aerosol concentrations (Van
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Den Heever & Cotton, 2007), additional experiment is performed to examine the sensitivity of the simulations
to different cloud droplet number concentrations (Nc) used in the Morrison microphysical scheme.

2. Materials and Methods

2.1. Observational Data Sets

In situ heated, tipping bucket rain gauge data for 2005-2021 from 10 National Weather Service (NWS)
Automated Surface Observing Stations (ASOS) (Nadolski, 1998) closest to DFW are used to describe the
precipitation climatology. Seven are within 50 km and nine are within 100 km of the DFW centroid. The spatially
heterogeneous distribution of the ASOS network precludes its use in analyses of potential urban enhancement
of precipitation. The primary data set used for that purpose is the Stage IV NCEP/EMC product (Du, 2011). It is
derived by integration of data from NWS RADAR and rain gauges and is available hourly with 4 km spatial
resolution across the contiguous USA (Ying Lin & Mitchell, 2005; Nelson et al., 2016). Stage IV has been used as
a target data set for the evaluation of numerical model output and other precipitation data products (Beck et
al., 2019; Pryor et al., 2023; Smalley et al., 2014). Herein, spatial fields of daily accumulated precipitation (from
002Z) at 4-km resolution over the period 2002—-2021 are conditionally sampled by wind direction as characterized
using the ERAS reanalysis product (Hersbach et al., 2020) (see below).

Analyses presented here also include cloud top height (CTH) estimates from Advanced Baseline Imager channels
on the National Oceanic and Atmospheric Administration GOES-16 satellite from 2018 to 2021 (Heidinger et al.,
2020; Schmit et al., 2005). CTH from GOES-16 is reported at a 2-km spatial resolution every five minutes
(Khlopenkov et al., 2021). Daily maximum CTH in each grid cell is conditionally sampled by ERA5 wind direction
to evaluate whether there is evidence that the DFW conurbation induces higher topped clouds and by
association enhancement/suppression of deep convection.

Data collected by NWS WSR-88D dual-polarization Doppler RADAR (Crum et al., 1998; Seo et al., 2015) during
two deep convection events are used herein to direct and evaluate the WRF simulations. The long-term analyses
focus on data from KFWS (Dallas-Fort Worth; 32.5728°N 97.3031°W). These RADAR perform 360° azimuth scans
at between nine and 14 elevation angles (0.5°-19.5°) every 5-10 min depending on precipitation conditions
(NOAA, 2016a, 2017). Data are archived with an azimuthal resolution of 1° and range resolution of 0.25 km.
Four RADAR-derived properties are used herein; composite reflectivity (cREF, dBZ), precipitation rate (mm/h)
(NOAA, 2016a), Hybrid Hydrometeor Classification (HHC) (Chandrasekar et al., 2013; NOAA, 2016b) and
storm/hail reports. In the climatological analyses we use the frequency of occurrence of daily maximum cREF
>30 dBZ, as a metric of the presence of convection (Pryor et al., 2023; Stolz et al., 2015; Xu et al., 2017). WSR88D
RADAR algorithms track convective cells within each RADAR's scanned area and also estimate CTH, hail
probability and maximum hail size (Crum et al., 1998; NOAA, 2016b; Seo et al., 2015; Wallace et al., 2019; Witt
et al., 1998). The frequency of hail and graupel reports in the HHC data is strongly influenced by distance from
the RADAR, because the elevations scanned by the RADAR increase with range, and some parts of the cloud
may be unsampled at short or long range. Thus, the probability of hail and graupel is reported for 150 and 200
km distances from KFWS. RADAR data are regridded onto the WRF grid by inverse-distance averaging when used
in WRF evaluation.

2.2. Analyses of Observational Data

A daily mean wind direction at 850 hPa is used to describe advection following past research (Niyogi et al., 2017)
and is derived by averaging the hourly v and v wind components from the ERAS reanalysis over the grid cells
around DFW. In the climatological analyses all atmospheric properties are conditionally sampled by daily mean
wind direction in eight, 45° directional sectors (Figure 1a). As an example, a quantitative assessment of possible
urban intensification of precipitation is produced by quantifying and comparing Stage IV daily rainfall totals in
45° annulus sectors at a range of 50-100 km upwind (UW) and downwind (DW) of DFW (Figure 1a). For each
day, spatially averaged daily total precipitation is computed in these upwind and downwind annulus sectors

ZHOU ET AL.

4 of 22

d ‘01 ‘P20T *9668691T

//:sdny woiy papeoy:

1pu0) pue SWIdL, 3y} 39S *[$20T/L0/6T] U0 Areiqr autuQ Apip “Areiqr ANsIoAtun [[2wio) £q 7L66E0ANETOT/6T01 01/10p/ w0 KM A

isdny)

"KM/

ASUDI'T SUOWIWO) 2ANEAI) d[qedtjdde ayy £q pau1oAoT a1e sa[onIe () oS JO SA[NI 10J AIRIQIT dUI[UQ AS[IAN UO (



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023)JD039972

along with the 50th, 60th, 70th, 80th, and 90th, percentile values in all grid cells within each annulus sector. For
days with non-zero precipitation in both the upwind and downwind sectors, the ratio of the percentiles in the
DW to UW sectors is used to assess the differential effect of the presence of DFW on lighter and heavier
precipitation. A non-parametric Mann-Whitney (Wilcoxon Rank Sum) test is used to assess the statistical
significance of differences in the median values of precipitation samples upwind and downwind of DFW (Wilks,
2011).

Past research has demonstrated a differential urban impact on precipitation dependent on the synoptic forcing.
Thus, the mean-minimum distance (MMD) is used as a metric of the spatial scale of precipitation for days with
mean Stage IV daily precipitation upwind of DFW >6 mm. The MMD is the mean shortest axis of contiguous
areas of Stage IV grid cells with total daily precipitation >2 mm. Larger MMD is interpreted as precipitation
events with larger-scale forcing and thus are less likely to be influenced by the urban area.

2.3. WRF Simulations

Two MCS events that passed over DFW are simulated with WRF v4.3 (Skamarock et al., 2019). Both are intense
convective systems that occurred during the warm season of 2017 and were selected to represent two different
types of deep convection: (a) March 29 typifies springtime MCS events associated with large-scale circulation
and baroclinic forcing (Feng et al., 2019). It has a relatively high MMD and was associated with a low-pressure
system and strong convergence near the surface with strong upper-level divergence and a deep trough to the
west, resulting in high rainfall totals from both widespread deep convection and stratiform precipitation; (b) July
4 is more typical of events with weaker baroclinic forcing (Feng et al., 2019) and has a smaller MMD. The
environmental context was dominated by a high-pressure system with weak low-level convergence acting on
the warm, humid air associated with weak pressure gradient. Both event days exhibit relatively widespread high
composite reflectivity and heavy precipitation. The mean daily total precipitation within 200 km of DFW are 15.6
and 16.1 mm respectively, which are both greater than 89% of warm-season days, according to Stage IV data.
Daily precipitation totals exceeded 6 mm in 98.4% and 82.7% of Stage IV cells within 200 km of DFW on March
29 and July 4, respectively. Hail and graupel occurred near DFW during both events. Up to 21% of grid cells
within 150 km of DFW exhibited hail (1%) or graupel (20%) during 29 March 2017, and 11% exhibited hail or
graupel during 4 July 2017 (Figure S1 in Supporting Information S1). The maximum estimated hail size (MESH)
within 100 km of DFW for each event was 38.2 mm. Deep convection close to DFW was most evident at 07:20
UTC on March 29 and 06:40 UTC on July 4 (Sl Figure S1 in Supporting Information S1).

WREF is first used to perform an ensemble of control (CTL) simulations of each event using five microphysical
schemes: Milbrandt-Yau (MILB (Milbrandt & Yau, 2005)), Morrison (MORR (H. Morrison et al., 2009)), Thompson
aerosol aware (THOMA (Thompson & Eidhammer, 2014)), WRF double moment seven categories (WDM7 (Bae
et al., 2018)), and NSSL (Mansell et al., 2010). All have relatively sophisticated representations of frozen
hydrometers and are double-moment in cloud water except for MORR. To make the microphysical schemes
more comparable in the control simulations, a typical continental aerosol number concentration of 300 cm~3is
used for all schemes that consider cloud droplet activation, while the default fixed Nc of 250 cm~3for continental
contexts is used for MORR assuming most of the aerosol would be activated. To examine the sensitivity of the
urban precipitation response to Nc, an additional experiment is also performed where Nc is set to 350 cm~3.
Note that the MORR scheme does not distinguish hail from graupel. To capture the hail properties, we use the
hail density for the graupel + hail category of MORR scheme by enabling the namelist option “morr_rimed_ice”.
Other model settings include the Mellor-Yamada-Nakanishi-Niino level 2.5 (MYNN) planetary boundary layer
(PBL) scheme (Nakanishi & Niino, 2006) with the eddy diffusivity/mass flux (EDMF) option turned on to better
simulate shallow convections. The scale-aware Grell-Freitas scheme (Grell & Freitas, 2014) is used to
parameterize deep convection in the parent domain (d01). The Noah land surface model (F Chen & Dudhia,
2001; F Chen et al., 1996; Tewari et al., 2004) is used along with the longwave (LW) and shortwave (SW) Rapid
Radiative Transfer Models for General Circulation Model application (RRTMG (lacono et al., 2008)). Each
simulation lasts 36 hr starting at 1200 UTC on the previous day with the first 6 hr treated as spin-up. In initial
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testing two sets of lateral and initial boundary conditions were selected; ERA5 and the High Resolution Rapid
Refresh (HRRR) analysis. Given the relatively coarse resolution of ERAS5 (~30 km), three nested domains (Figure
1b) with 66 vertical levels are used at grid spacings of 9, 3, and 1 km, respectively. The initial testing
demonstrated a clear superiority of the HRRR and thus only results from those simulations are presented here.

2.4. Analyses of WRF Output and Perturbation Experiments

The CTL simulations are evaluated for a range of properties during time intervals centered on the passage of the
convection over DFW (tp) using the metrics summarized on Taylor diagrams (Taylor, 2001); root mean square
error, correlation coefficients, and relative field variability (ratio of standard deviations). We also compute the
relative Euclidean distance (D) (Wu et al., 2012) which considers all three aforementioned aspects at once (S| Eq
1 in Supporting Information S1).

We perform four perturbation experiments in which the size of DFW is altered while maintaining the water grids
and urban morphology. In the first experiment, DFW is replaced by the most commonly occurring non-urban
land use in the domain - grassland (DFW x 0). The urban land cover is then expanded to twice (DFW x 2), four-
times (DFW x 4), and eight-times (DFW x 8) the current area. This range includes a population-based projection
for a tripling of DFW by the end of 21st century under a high urban expansion scenario (Gao & Bukovsky, 2023).
Nevertheless, the projected urban expansion and corresponding urban effect are relatively small compared to
the deep convective systems simulated. Therefore, we use a range of urban enhancements up to DFW x 8 to
better extract urban effect from other factors. These perturbations are applied by changing the land use
category and land use fraction in the WRF Preprocessing System (WPS) generated “met_em” files before
producing the initial and boundary conditions.

To characterize the urban influence only on precipitating regions of the deep convective systems, we apply an
MCS tracking algorithm based on the brightness temperature (Elsaesser et al., 2022; Fiolleau & Roca, 2013) and
further include only grid cells with cREF >20 dBZ, which is a threshold at which precipitation typically begins
(Matyas, 2007). The feature tracking algorithm and MCS-scale-averaged properties provide an easy way to
identify the upwind and downwind areas regardless of the precise moving direction of the MCSs as long as the
time of convection passage over DFW, t,, is identified.

3.Hydroclimate of the DFW Area and Analyses of the Urban Signature From
Observations

Annual mean rainfall from the 10 ASOS stations (2005-2021) ranges from 700 to 1,100 mm. Across those
stations, rainfall rates (RR) > 0 mm/hr are reported in 2.43%-3.09% of all 5-min periods, and RR > 4 mm/hr
occurs in 0.98%—1.30% of 5-min periods. Probabilities of RR > 25 mm/hr and >50 mm/hr are 0.15%-0.21% and
0.050%—0.085%, respectively. Stage IV daily precipitation totals (2002—-2021) > 0 mm in at least one Stage IV grid
cell within 50 km of the DFW centroid on 49% of warm-season days. Daily precipitation totals in at least one of
these Stage IV grid cells exceed 25 and 50 mm in 8.6% and 1.9% of all warm-season days, respectively.

Spatial fields of warm-season mean daily total precipitation and the number of days with daily precipitation >5
mm from Stage IV, when conditionally sampled by wind direction, indicate higher values downwind of DFW for
westerly and southwesterly flow (Figure 2). For southwesterly flow, 12% of Stage IV grid cells within WRF domain
d03 have daily precipitation >5 mm on >20% of days. All these grid cells are downwind of DFW. For westerly
flow, 30% of Stage IV grid cells in domain d03 have >5 mm of daily precipitation on >20% of days. Again, all are
downwind of DFW. There is also evidence that daily precipitation totals are higher downwind of DFW under
southerly flow, though daily totals above 5 mm are considerably less frequent under other flow conditions
(Figure 2g). The areas with enhanced precipitation tend to be focused about 50-200 km downwind (and
beyond), which overlaps the range of distances at which downwind effects have been detected in previous work;
16-80 km in Huff and Changnon Jr (1973) and 50-150 km in Shepherd and Burian (2003).
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Daily grid-cell rainfall totals were conditionally sampled within three classes of mean rainfall in the upwind sector
(Rmean): O < Rmean< 1 mm, 1 < Rmean< 6 mm, and Rmean > 6 mm. The spatial median values in the downwind sector
are higher than those in the upwind sector according to the Wilcoxon rank-sum test when Ryean is low (i.e., for
0 <Rmean< 1 mm and 1 < Rmean< 6 mm). For days with upwind Rmean > 6 mm (i.e., the top 25% of wet days), this
test indicates significantly lower spatial median rainfall totals downwind of DFW. The upwind sample of grid-cell
mean daily total precipitation also contains a higher frequency of values below 4 mm than those sampled
downwind. Further, on a typical day, the 50th, 60th, 70th, 80th, and 90th percentile daily precipitation totals in
the downwind sector, sampled in space, are higher than those in the upwind sector and the enhancement is
similar across different percentile values (Sl Figure S2 in Supporting Information S1). On average the grid cells
that represent the Nt percentile of precipitation totals in the downwind sector receive about 1.4 times as much
precipitation as those in the upwind sector. Thus, the downwind sector is more likely to include locations with
more intense precipitation.

Upwind-downwind differences in daily precipitation totals are also a strong function of MMD. Larger-scale
events (MMD > 100 km) are more often associated with lower precipitation downwind of DFW, while smaller
(MMD < 100 km), locally forced events are more likely to show statistically significant enhancement of
precipitation in the downwind sector (Table 1). The two events chosen for WRF simulation herein are both in
the highest Riean category (Rmean> 6 mm), but exhibit different MMD. The March event has an MMD of 200 km
(the 97th percentile of MMD for all warm season days with Rmean > 6 mm), represents events that, on average,
exhibit upwind enhancement of precipitation. The July event is characterized by an MMD of 85 km and
represents events that have a higher probability of exhibiting downwind enhancement of precipitation (Table
1).

Maximum daily cREF >30 dBZ is more frequently observed downwind of DFW than upwind of the city (Figure 3).
Maximum daily cREF >30 dBZ occurs on more than 35% of days with westerly, southwesterly and southerly flow
in many areas >100 km downwind of DFW, but has a probability of <0.3 in comparable upwind regions. Within
100 km of DFW, high cREF is also more common downwind than upwind for these wind directions. The mean
frequency of daily maximum cREF >30 dBZ sampled across all RADAR grid cells is 29%— 45% higher in downwind
45° annulus sectors 50-100 km from DFW than upwind of the city for westerly, southwesterly and southerly
flow (Figure 3). No difference is found for other wind directions. The probability of
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Figure 2. Mean daily precipitation during the warm season (MAMMIJAS) of 2002-2021 in dO3 (areal extent as shown in Figures 1b and 1c) from Stage 1V, conditionally
sampled by 850 hPa wind direction from ERA5. Numbers denote the frequency of observations in each directional sector. White rings show 50 and 100-km radii around
the centroid of DFW. Wind-direction-specific sub-sampling areas for quantitative comparison of precipitation upwind (blue outline) and downwind (black outline) of
DFW are shown in each panel. Red contours denote areas where >20% of days have daily precipitation >5 mm.

Table 1
Total Number of Days With Statistically Different Mean Rainfall Totals in Annulus Sectors Upwind (UW) and Downwind (DW) of DFW (45° Sectors, 50-100 km From
DFW) Based on a Wilcoxon Rank Sum Test

0 < Rmean<1 mm 1< Rmean<6 mm Rmean>6 mm Rmean>6 mm and MMD < 100 km Rmean>6 mm and MMD > 100 km
Total sample size 864 424 429 331 98
UW significantly higher 274 177 227 188 39
DW significantly higher 407 198 158 110 48

Note. Results are reported for three precipitation classes defined based on the mean of RR in all Stage IV grid cells in the upwind sector (Rmean). The class 0 < Rmean <1
mm includes 50% of all days with precipitation in both the UW and DW sectors, the other two Rmean classes contain 25% of the data each. The rightmost two columns
contain the results when the Rmean> 6 mm class is conditionally sampled be mean minimum distance (MMD) as a metric for the spatial scale of precipitation events.
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Figure 3. Frequency of occurrence of daily maximum cREF >30 dBZ in MAMIJIJAS of 2014-2021, conditionally sampled by 850 hPa wind direction. Colored rings show
the probability of occurrence in three classes of daily hail or graupel signature at 150 and 200 km from the KFWS RADAR station. White rings show 50 and 100km radii
around the centroid of DFW. Wind-direction-specific sub-sampling areas for quantitative comparison of cREF upwind (blue outline) and downwind (black outline) of

DFW are shown in each panel.

hail or graupel being reported by the RADAR HCC for westerly, southwesterly and southerly flow is >20% at both
150 and 200 km downwind of the KFWS RADAR station while upwind hail and graupel probabilities are between
10% and 20%. Hail and graupel are much less common for locations not downwind of DFW, with the exception
of southeasterly flow, when higher cREF and hail/graupel HHC reports are more frequent upwind (south and
east) of the urban area (Figure 3).

The effect of the city on cloud top heights is much less evident. Daily maximum CTH >10,000 geopotential meters
(gpm) are more frequent downwind of DFW than upwind of the city under northerly (47% higher probability in
the DW sector) and westerly flow (41% higher probability in the DW sector), while all other wind directions are
associated with a lower frequency of occurrence of CTH >10,000 gpm in the downwind sector (lower by 3%—
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20% than in the upwind sector). RADAR-tracked storm cells also show an increased frequency of high CTH
downwind of DFW under westerly flow (SI Figure S3 in Supporting Information S1).

It is important to acknowledge the presence of regional scale gradients in the SGP hydroclimate. For example,
total accumulated warm season precipitation from Stage IV grid cells in the eastern third of domain d03 are
~40% higher than those in the western third. This may be the root-cause of urban rainfall enhancement effects
beyond a 200-km range downwind under some flow conditions (Figure 2). These regional gradients likely arise
due to the increased proximity to the Gulf of Mexico under northwesterly flow and the increased terrain
elevation to the north of DFW (Figure 1a). It is difficult to de-convolve these effects from observations alone and
is the reason that the workflow used herein also includes numerical simulations. Nevertheless, the synthesis of
these analyses is that the upper tail of the probability distribution of rainfall rates in the downwind sector is
generally extended relative to the upwind sector. However, for events with very heavy precipitation upwind of
the city the spatially averaged mean daily rainfall downwind is generally lower than the upwind value. This may
imply that the urban surface differentially affects different types of precipitation events (Schmid & Niyogi, 2017)
and may suppress precipitation in some parts of an MCS while enhancing other parts of the system (X Chen et
al., 2023). Analyses of two events with heavy precipitation, that is, that fall within the precipitation class where
observations indicate relative suppression of precipitation in the downwind sector, are reported below using
simulations with WRF.

4. WRF Simulations of Deep Convection Events

4.1. Control Simulations

All CTL simulations capture the broad geospatial structure of precipitation and cREF during the two MCS events.
Nevertheless, there are marked differences in 24-hr precipitation totals (t, + 12 hr) and cREF across the five
different configurations (Figure 4) and variation in terms of fidelity relative to RADAR observations (Figures 4a—
4d). Differences between the WRF ensemble members are more marked for the more locally forced and less
spatially extensive event. Indeed, for the July event only the MILB and MORR schemes capture the spatial extent
of high cREF and the propagation of the MCS over DFW (Figure 4h,l). In the July event, MORR and MILB schemes
also produce the highest spatial coverage of cREF >30 dBZ. The extent of cREF >30 dBZ is 1.2 (MORR) and 0.7
(MILB) times that of RADAR observations. The spatial overlap with the observed high cREF is 54% and 24% from
MORR and MILB, respectively. The WRF simulations also overestimate the precipitation totals in the July case.
For example, the simulated areal extent with 24-hr precipitation >40 mm is a factor of 10

more spatially extensive than the estimated from RADAR (Figure 4). For the March event, all simulations exhibit
an areal overlap of >37% with observed cREF >30 dBZ and all have a >67% areal overlap with observations for
regions with 24-hr precipitation above 40 mm. The microphysical schemes with the best areal agreement with
RADAR in terms of heavy precipitation and cREF >30 dBZ during the March case are MILB (87% areal overlap for
CREF, 78% for precipitation) and MORR (78% for cREF, 85% for precipitation).

For the March case, the time evolution of simulated spatially averaged RR exhibits relatively good agreement
with the RADAR, although all ensemble members overestimate the peak RR by up to 30% close to passage of
the MCS over DFW (at tp in hour 19 to 20 of the simulation, Figure 5a). This leads to a positive bias in total
accumulated precipitation within domain d03 (Figure 5b). RADAR within d03 indicates a spatially averaged total
accumulated precipitation of 16 mm while the five WRF ensemble members yield values of 18-24 mm (Figure
5b). However, the spatial extent of RR > 4 mm/hr tends to be underestimated in the WRF simulations close to
t, particularly for the THOMA and WDM7 schemes (Figure 5g). Larger variations exist in cREF across different
ensemble members due to the dependence of reflectivity on the sixth power of droplet diameter. Nevertheless,
four out of the five ensemble members have a positive bias in the spatial extent of high cREF, the exception is
WDM?7 (Figure 5i). Simulations of the July case also exhibit a positive bias in terms of total accumulated
precipitation (Figure 5d) and the spatial occurrence of hail and graupel except for MORR (Figure 5l). The WRF
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simulations also generate two distinct periods with heavy precipitation rather than the single moreprolonged
period as is evident in RADAR observations (Figure 5b).

There is generally a positive association between the domain d03 spatial coverage of high rainfall rates (RR > 4
mm/hr), high cREF (cREF >30 dBZ) and high CTH (CTH >10 km) through time in all simulations (Figure 6).
However, the degree of association is highly variable across the microphysical schemes and time histories of
these properties are markedly divergent (Figure 6). Simulations with both the MILB and MORR schemes exhibit
clear bifurcation in the relationship between the spatial coverage of RR and cREF before and after the system's
passage over DFW in the March case (Figures 6a—6e). That is before the MCS crosses DFW there is a clear
positive slope in the relationship between these properties while afterward the slope of this
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Figure 4. 24-hour precipitation totals (20:00 UTC the day before to 20:00 UTC on the event day) and cREF at t, from (a—d)
RADAR and simulated using WRF with (e—h) MILB (i—I) MORR (m—p) THOMA (c—t) WDM7 (u—x) NSSL microphysical schemes.
Frames of cREF also show the MCS mask (shading). The triangle denotes the DFW centroid.
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Figure 5. Domain d03 wide (a—b) mean rain rate (RR, mm/h) (c—d) 24-hr accumulated precipitation (mm) (e—f) mean cREF
(dBZ), number of grids with (g—h) RR >4 mm/hr (i—j) cREF >30 dBZ (k-1) hail and graupel (m—n) maximum hail size for the 29
March (left) and 4 July (right) events simulated using the different microphysical schemes. Note that the max hail size is not
available from the WDM7 scheme in WRF v4.3. In both cases, the deep convection passed over DFW during the nineteenth
- twentieth hour of the simulation.
association is much shallower indicating that while the areal extent of cREF >30 dBZ remained high, the spatial
coverage of RR >4 mm/hr markedly decreased. Similar bifurcation is also evident in the association between
spatial coverage of high cREF and high CTH, with large spatial coverage of high CTH remaining after the passage
over DFW while the spatial extent of high cREF declines more rapidly (e.g., Figure 6f). The relationship between
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of multiple convective systems in the simulations, but the relationships are consistent with the March case in
that after passage over DFW while the spatial coverage of high RR and cREF tend to decline rapidly, the areal
extent with high CTH remains relatively large.

In general, the spatiotemporal samples of storm-related properties during the 24-hr period (centered at the
twentieth hour of simulation) show better model performance in the March case than in the July case. Among
the microphysical schemes, MILB and MORR have the best overall performance based on the evaluation metrics
(Supplementary Section 1 and Table S1 in Supporting Information S1), especially over a period close to the
passage of system over the city. Therefore, we use model configurations with MILB and MORR in the assessment
of urban influence and in the perturbation experiments.

4.2. Perturbation Experiments

For the March case, all DFW x 0 simulations exhibit a decrease in RR, updraft velocity, and mean cREF within the
MCS region as the system moves over the location of DFW. The means of those properties in the MCS region
one hour after the system passed over the location of DFW are lower than in the one-hour prior (Table 2). Thus,
in the absence of the city, the system was weakening as it transited over the DFW location. Mean RR in the MCS
was approximately 50% lower in the downwind region in this perturbation experiment (Table 2). For some of
the land use perturbation experiments with the city present and expanded, this tendency is partly reversed.
However, the influence of DFW on precipitating areas of deep convection (i.e., MCS with cREF >20 dBZ) is non-
linearly related to the size of the DFW urban area and is a strong function of the microphysical scheme. For the
March case, increased urban expanse generally results in small reductions of the mean downwind RR in
simulations using MILB. Conversely, simulations with MORR generally indicate an increase in downwind RR as
urban extent increases, though the increase in RR downwind because of the urban area is of smaller magnitude
than the decline in the DFW x 0 case over time. Thus, even an 8-fold expansion of the city is insufficient to
overcome the inherent weakening in DFW x 0. The urban expansion experiments with MILB and MORR both
show a decrease in the spatial extent of cREF >20 dBZ in the downwind sector under the MCS, and also a
reduction in updraft velocities.

The DFW x 0 simulation of the July event implies the MCS was slightly (MILB) or strongly (MORR) strengthening
as it moved over DFW leading to higher RR downwind of the DFW location. All urban perturbation experiments
performed with MORR indicate a reduction in MCS-related RR downwind of the city relative to the DFW x 0
simulation (Table 2). However, as with the March case, the responses are non-linearly related to the size of DFW
and differ between the two microphysical schemes. It is noteworthy that overall responses of MCS

Urban Influence on MCS Properties Downwind (DW) and Upwind (UW) of DFW

1h DW —-1h UW 0329

DFW x 0

DFW x 1 (CTL)-DFW x 0 DFW x 2-DFW x 0 DFW x 4-DFW x 0 DFW x 8-DFW x 0

ZHOU ET AL.

14 of 22

12)/WO0'KI[IM

P!

ASUBIIT sUOWWO.) dANEaI) d[qedtjdde ayy Aq PauIaA0S aIe S[OIIE V() (38N JO S 10§ AIRIQIT SUI[UQ) AS[IA UO (¢



A7

"UU Journal of Geophysical Research: Atmospheres 10.1029/2023JD039972
RR, mm/h MILB -3.02 (- 48.5%) -0.02 (- 0.4%) 0.15 (2.4%) -0.16 (- 2.6%) -0.20 (- 3.2%)
MORR -3.37 (- 58.7%) 0.06 (1.0%) 0.37 (6.4%) 0.32 (5.5%) 0.28 (4.9%)
cREF, dBZ MILB -3.07 (- 8.0%) -0.51(-1.3%) -0.82 (- 2.1%) -0.71 (- 1.9%) -0.98 (- 2.5%)
MORR -3.43 (- 8.7%) -0.11 (- 0.3%) -0.03 (- 0.1%) -0.17 (- 0.4%) -0.07 (- 0.2%)
Updraft, m/s MILB -0.75 (- 25.2%) -0.92 (- 30.8%) -0.79 (- 26.5%) -0.85 (- 28.3%) -0.74 (- 24.8%)
MORR -1.52 (- 46.7%) -0.12 (- 3.6%) -0.01 (- 0.3%) -0.05 (- 1.4%) -0.05 (- 1.4%)
1h DW —-1h UW 0704 DFW x 0 DFW x 1 (CTL)-DFW x 0 DFW x 2-DFW x 0 DFW x 4-DFW x 0 DFW x 8-DFW x 0
RR, mm/h MILB 0.81 (14.8%) 1.55 (28.1%) - 1.05 (- 18.9%) -0.09 (- 1.6%) 0.12 (2.2%)
MORR 4.79 (79.2%) -2.01 (- 33.3%) -0.24 (- 4.0%) - 1.66 (- 27.4%) -2.34 (- 38.7%)
cREF, dBZ MILB -1.30 (- 3.5%) 2.91(7.8%) 0.57 (1.5%) 0.65 (1.8%) 1.39 (3.7%)
MORR 4.90 (12.7%) -3.86 (- 10.0%) 0.05 (0.1%) 1.30 (3.4%) 0.68 (1.8%)
Updraft, m/s MILB -0.79 (- 19.2%) 1.27 (31.0%) 0.04 (1.0%) 0.86 (21.0%) 0.42 (10.2%) MORR  1.40
(37.1%) -0.97 (- 25.6%) 0.19 (5.0%) 0.65 (17.3%) 0.51 (13.6%)

Note. Properties are averaged over the MCS grids with cREF >20 dBZ in a 200 x 200 km box centered on DFW during the hour prior to MCS passage (upwind, UW)
and 1 hr subsequent thereto (downwind, DW). Values in the DFW x 0 column indicate the difference in mean RR, cREF, and updraft velocity in the MCS region sampled
DW and UW of the DFW location and thus represent the MCS natural evolution. Negative values indicate lower values DW. Other columns show the difference in
value DW and UW from the DFW x Y (Y = 1,2,4,8) minus the reference (DFW x 0). Thus, positive values indicate that the difference in mean value DW minus UW is
LARGER in the land use perturbation experiment. The corresponding percentage changes relative to the spatiotemporally averaged MCS-scale properties during the
period of tp£1h in CTL run are shown in the paratheses.

properties in July case are larger and opposite to the March case indicating the complex nature of urban effect
on existing MCSs and the importance of the large-scale forcing.

The probability distributions of properties sampled in time (1.5 hr from t,) and space (over 300 x 300 km
subdomain centered on DFW) and thus over both the MCS and surrounding areas indicate much clearer impacts
from urban extent in the July case (Figure 7) than the March case (S| Figure S4 in Supporting Information S1).
Generally increased urban extent with the MORR scheme reduces RR (Figure 7b) across all values above
approximately 6 mm/hr consistent with the observational analyses (Table 1). For this microphysical scheme,
urban expansion also reduces the probability of large-magnitude updrafts (Figure 7d), downdrafts (Figure 7f)
and hail (Figure 7n). The converse is generally found for MILB, where the 8 x DFW perturbation experiment
leads to enhancement of RR, updraft velocities, liquid water path, and hail and graupel production (Figures 7a—
7c and 7i, 7m).

Although the signs of responses to urbanization are divergent across simulations with the two microphysical
schemes, they are internally consistent with physical expectations in terms of feedbacks from cloud
microphysics to storm dynamics through diabatic heating and cooling (Hugh Morrison & Milbrandt, 2014;
Morrison et al., 2014). With increased size of DFW, MILB simulations generate larger condensation and hence
liquid water path (LWP) (Figure 7i) plus latent heat release in the updraft region. The smaller raindrop radii lead
to enhanced evaporative cooling and hence downdraft intensity. Note that MILB scheme generates slightly
larger Nc and smaller cloud droplets with larger urban extent. The smaller cloud droplets result in less efficient
auto-conversion and growth of raindrops; therefore, more condensed water stays within the cloud. In
comparison, MORR produces lower LWP and thus relatively small latent heat release in simulations with a larger
urban area, leading to weaker updrafts (Figure 7). MORR generates larger raindrops which leads to smaller
evaporative cooling and weaker downdrafts in simulations when DFW is expanded. The negative dynamic
feedback to expanded urban areas implied in the simulations with MORR may be related to the use of a single-
moment description of cloud droplets. Although Nc is fixed in MORR scheme, the mean cloud droplet radius is
slightly larger with larger urban extent, which results in more efficient auto-conversion and growth of raindrops,
and thus opposite responses of MCSs to urban extent than in simulations with MILB. As described above, urban
impacts on rainfall rates have been shown to exhibit a sensitivity to the regional aerosol burden. Although this
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is not the primary focus of this study, the different realizations of Nc in MILB and MORR schemes inherently

include the aerosol effect.
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Figure 7. Probability distributions of (a—b) rain rate (c—d) maximum updraft in the column (e—f) maximum downdraft in the
column (g—h) water vapor path (WVP) (i—j) liquid water path (LWP) (k-I) volume mean radius of rain drops (m-n) hail and
graupel derived by sampling WRF output every 10-min during the period within t, + 1.5 hr and all grid cells within a 300 km
by 300 km sub-domain centered on DFW. Simulations of the 4 July case using MILB (left) and MORR (right) for the five
different extents of DFW.
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Simulations of the 4 July case with a higher prescribed Nc of 350 cm~3 exhibit the same change of sign as those
from simulations performed with Nc set to 250 cm~ 3 (Figure S5 in Supporting Information S1). Thus, the
differences in simulated response to urban expansion for MORR and MILB do not appear to be solely the result
of the inconsistent Nc in the two schemes.

5. Concluding Remarks

Urban impacts on the local and regional hydroclimate derive from changes in the surface energy balance,
roughness length and aerosol effects. Although most prior research has indicated downwind enhancement of
precipitation, the actual impact varies across individual events, cities, and environmental contexts. Here we
present a blended analysis of long-term observations and WRF perturbation experiments centered on the
DallasFort Worth (DFW) area.

Long-term records from Stage IV, RADAR and GOES-16 satellite observations, indicate clear evidence that for
flow from the south, southwest and west there is downwind enhancement of daily total precipitation, hail
occurrence, compositive reflectivity >30 dBZ and the probability of cloud top heights above 10,000 gpm.
However, the downwind distance at which these properties are enhanced varies according to the property
under consideration and no statistically significant downwind enhancement is found for other wind directions,
possibly due to the presence of other causes of spatial variability in regional hydroclimate (e.g., orography and
proximity to the Gulf coast). Nevertheless, daily precipitation, in a randomly drawn downwind grid cell from an
annulus sector with an azimuth width of 45-degree at 50—100 km, is a factor of 1.4 higher than comparable
upwind values on the median precipitation day. Higher percentile values (i.e., the precipitation in the wettest
grid cells) exhibit slightly greater downwind enhancement. However, mean precipitation totals are significantly
lower downwind on the upper quartile of rainfall days (i.e., when the spatial mean daily precipitation >6 mm).
Additionally, the influence of the city on downwind precipitation exhibits a clear dependence on the spatial
scale of forcing. To examine this effect in more detail, 2 days with deep convection and high daily rainfall totals
(>6 mm) are subject to simulations with WRF using a range of microphysics parameterizations.

WRF simulations with all five microphysical schemes (MILB, MORR, THOMA, WDM7, NSSL) capture most aspects
of the event with stronger large-scale forcing but several exhibit poorer performances for a more locally forced
event. Simulations with Milbrandt-Yau and Morrison generally exhibit the best agreement with observed cREF,
precipitation amounts, hail and graupel. Thus, perturbation experiments are conducted using these two
microphysical schemes wherein the areal extent of urban land cover is varied. In these experiments the DFW
urban area is replaced by grassland and then DFW is expanded to twice, four-times and eight-times the current
extent. The atmospheric impacts of these urban modifications exhibit a strong dependence on the microphysical
scheme, and consistent with expectations are more pronounced for the event with weaker synoptic forcing.
While the responses of the MCSs are internally consistent across the microphysical schemes, the responses in
terms of downwind precipitation enhancement/reduction are of different signs. In simulations with Milbrandt-
Yau expansion of DFW yields a higher probability of very heavy precipitation, more graupel and hail, and stronger
updrafts, while the converse is true for simulations with Morrison using initial cloud droplet number
concentrations of both 250 and 350 cm™ 3. These differences suggest that at least some fraction of the
inconsistency across past land-use perturbation experiments may be due to the precise model configuration
applied. Expansion of the number of case studies considered and application of this research framework to
other urban areas is required to assess the degree to which these differences across microphysical schemes are
robust. But these results imply extra caution is needed in conducting and interpreting numerical studies on the
urban rainfall enhancement effect. There is a clear need for best-practice guidance regarding the selection of
the microphysical scheme, and further improvement of the model physics may be needed to make the results
more robust and suitable for applications to hazard reduction in the face of land cover and atmospheric changes
(Wing et al., 2022).
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Data Availability Statement

ERAS reanalysis (European Centre for Medium-Range Weather Forecasts, 2019) and Stage IV precipitation data
(Du, 2011) were obtained from the Research Data Archive at the National Center for Atmospheric Research
(NCAR). NWS ASOS 5-min data (NOAA National Weather Service et al., 2005) and NEXRAD RADAR data (NOAA
National Weather Service et al., 2016) were obtained from the National Centers for Environmental Information
(NCEI) at the National Oceanic and Atmospheric Administration (NOAA). GOES-16 satellite products were
obtained from the Comprehensive Large Array-data Stewardship System (CLASS) at NOAA (NOAA et al., 2017).
WRF model version 4.3 used in this study (Skamarock et al., 2019) is available from NCAR's WRF-Model GitHub
repository at https://github.com/wrf-model/WRF/releases/tag/v4.3. The HRRR analysis used for WRF model
boundary and initial conditions was downloaded from the NOAA National Centers
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