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Abstract Taking the examples of Hurricane Florence (2018) over the Carolinas and Hurricane Harvey
(2017) over the Texas Gulf Coast, the study attempts to understand the performance of slab, single-layer Urban
Canopy Model (UCM), and Building Environment Parameterization (BEP) in simulating hurricane rainfall
using the Weather Research and Forecasting (WRF) model. The WRF model simulations showed that for

an intense, large-scale event such as a hurricane, the model quantitative precipitation forecast over the urban
domain was sensitive to the model urban physics. The spatial and temporal verification using the modified
Kling-Gupta efficiency and Method for Object based Diagnostic and Evaluation in Time Domain suggests that
UCM performance is superior to the BEP scheme. Additionally, using the BEP urban physics scheme over
UCM for landfalling hurricane rainfall simulations has helped simulate heavy rainfall hotspots.

Plain Language Summary In the wake of the continuing threat of urban flooding following
landfalling hurricanes, understanding the possible interplay between the urban landscape and hurricane rainfall
is an emerging research area. Prior studies have shown that the micro-climate of the urban regions can modify
rain over the city centers and periphery. However, most urban rainfall modification studies have considered
thunderstorms and local convective storms in developing this understanding. However, an intriguing question
is whether the urban land surface has any feedback on rainfall due to large systems such as hurricanes. This
question was addressed here using a state-of-the-art weather model considering three different representations
of urban surfaces. The analysis showed that the simulated hurricane rainfall corresponding to Florence (2018)
and Harvey (2017) is sensitive to the choice of the urban model physics used. The results suggest that the
model better simulates the environmental conditions and spatial distribution of rainfall using single-layer urban
physics.

1. Introduction

Tropical cyclone (TC) based rains impact floods and potentially affect a large population and economy (HFIP
annual report, 2017). Intensive literature has focused on rainfall variation in urban environments (Liu &
Niyogi, 2019). Urbanization affects rainfall patterns and magnitude through (a) changing mesoscale convection
and atmospheric convergence zone (Niyogi et al., 2011; Shepherd, 2005), (b) altering local microclimate through
surface roughness (Zhong et al., 2015), (c) urban heat island (Oke et al., 2017), and (d) anthropogenic aerosols
(Schmid & Niyogi, 2017). Most of these findings have resulted from studies that evaluated rainfall changes from
mesoscale frontal passages or thunderstorm events (Dou et al., 2015; Lorenz et al., 2019; Niyogi et al., 2020).
However, the impacts of urban landscapes from large-scale events such as tropical cyclones are of great concern
and a topic of emerging importance (Zhang et al., 2018). Tropical systems have a cyclonic intense low-pressure
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center over a large swath with distinct pressure differences and convergence/divergence fields. It is unknown
whether the urban representation can affect the rainfall characteristics within these parameters. Consequently,
studying the impact of urban parameterization on hurricane rainfall has been limited.

Assessing the ensuing flood potential of a hurricane in urban areas requires sophisticated parameterizations and
multi-scale modeling approaches through enhanced simulation of spatial rainfall patterns, intensity, and duration
(Gamarro et al., 2019; Zhang & Smith, 2003). In the numerical weather prediction models, such as the WRF
model (Skamarock & Klemp, 2008), the urban land surface can be represented with different degrees of sophisti-
cation. For example, a single-layer urban canopy model (UCM) parameterization scheme uses a two-dimensional
street canyon to compute the momentum, turbulence and heat fluxes. The different urban surfaces considered in
UCM are roofs, walls, and roads (Chen et al., 2011). Another detailed representation of the urban canyon, espe-
cially regarding the turbulence and urban canyon mixing processes, was proposed by Martilli et al. (2002) as the
multi-layer Building Environment Parameterization (BEP) scheme.

The BEP scheme considers a three-dimensional urban structure, vertically distributed momentum, the effect of
vertical (walls) and horizontal (streets and roofs) surfaces on momentum, heat sources and sinks, turbulent kinetic
energy, and potential temperature. Studies are conducted on the sensitivity of different urban parameterization
schemes for heavy rainfall events. For example, BEP performs better than the UCM in case of rainfall events over
Mumbai (Patel et al., 2019; Paul et al., 2018) and boundary layer processes (Teixeira et al., 2019). However, there
are limited or no studies that assess the impacts of urban representation on rainfall from landfalling hurricanes.
Therefore, in this study, we will attempt to evaluate the performance of the urban parameterization schemes in
WREF for the rainfall estimates from two landfalling hurricanes in two cities.

2. Experimental Setup
2.1. Study Domains for Hurricane Florence and Harvey

Hurricane Florence was one of the cyclones that made landfall near Wrightsville Beach, North Carolina (NC),
at 11:15 UTC on 14 September 2018, and produced catastrophic floods. It made landfall with an intensity of
958 mb and wind speed of up to 47 ms~! thus causing a high storm surge (275-400 cm) and heavy rainfall
(500-762 mm). Considering the landfalling extent within Florence's path, data availability, affected areas, popu-
lations, and ease of representation of the interactions, we selected Fayetteville as the study domain focus (35°
3N, 78° 52'W). Moreover, Fayetteville is the sixth-largest city (388.7 km?) in NC and received over 400 mm of
rainfall during the event (https://www.nhc.noaa.gov/data/tcr/AL062018_Florence.pdf).

Hurricane Harvey landed as a category-4 storm along the Texas coast, 50 km east of Corpus Christi, at 03:00 UTC
on 26 August 2017. It maintains a minimum pressure of 937 mb, a sustained wind of up to 59.2 ms~!, maximum
inundation level of 183-305 cm above ground level with unprecedented rainfall of ~1,525 mm (https://www.
nhc.noaa.gov/data/tcr/AL092017_Harvey.pdf). The study domain focuses on Houston (29° 44'N, 95° 21'W),
the largest city (1,722 km?) in Texas. Houston received two-thirds of its annual rainfall from the hurricane (over
800 mm). Selecting these two hurricanes enabled us to evaluate and validate the footprint of the findings over
two relatively different urban areas.

2.2. WRF Configuration and Observations

The Advanced Research WRF model version 4.3 (WRF-ARW V4.3) is used in the study. The Fayetteville and
Houston simulations are conducted using two different domain configurations. Hurricane Florence (Harvey) is
simulated using three horizontally nested domains at 1:3 ratio, where the outermost domain consists of 120 X 90
(140 x 100) grids at a spatial resolution of 12 km. The second domain contains 199 X 160 (199 x 160), and
the third has 355 x 250 (232 x 232) grids. The spatial extent of the domains is shown in Figure 1. A total of
60 vertical levels are used in the simulations, with the lowest model level located at 26 m from the surface,
indicating 13 levels below 1 km to capture the urban boundary layer. The common physics options used in the
simulations are the Thompson microphysics scheme (Thompson et al., 2008); RRTMG as shortwave and long-
wave schemes (lacono et al., 2008); Mellor—Yamada—Janjic Scheme as Planetary Boundary Layer (Janjic, 1994;
Mesinger, 1993); Unified Noah land surface model (Tewari et al., 2004); Tiedtke Scheme (Tiedtke, 1989; Zhang
et al., 2011) as cumulus parameterization scheme only for the outermost domain. Preliminary simulations were
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Figure 1. Weather Research and Forecasting domain configuration for Hurricane Florence (left) and Harvey (right)
simulations. The telescopic yellow, green, and red boxes represent the outermost, inner, and inner-most domains respectively.
The background shows the topography, and the blue outline within the innermost domain represents Fayetteville and Houston
urban areas.

tested for the model configuration to accurately simulate the hurricane track and storm characteristics. The
simulations were performed considering: (a) a control experiment with an urban slab model (NUCM), (b) a
single-layer UCM, and (c) multi-layer BEP urban physics (BEP). All other physics schemes remain the same for
the simulations.

The initial and boundary conditions are generated from the National Centers for Environmental Prediction
(NCEP) Reanalysis data, available at 0.25° x 0.25° horizontal resolution and six hourly intervals. The simula-
tions for Hurricane Florence start on 2018-09-12 at 12:00 UTC and ends on 2018-09-18 at 00:00 UTC, and for
Hurricane Harvey simulations start on 2017-08-24 at 12:00:00 UTC and end on 2017-08-29 at 00:00:00 UTC.
The first 12 hr are discarded as spin-up time. We have also performed simulations with 0, 6, 12, 18, and 24 hr of
spin-up time to account for the uncertainty (Figures S5 and S6 in Supporting Information S1). The International
Geosphere-Biosphere Programme—Moderate Resolution Imaging Spectroradiometer (MODIS) land-use is used
in both simulations (Figure S1 in Supporting Information S1).

The National Weather Service Advanced Hydrologic Prediction Service stage IV rainfall data is used to evaluate
the simulations with a spatial resolution of 4 km and a temporal resolution of 1 hr. The observational hurri-
cane track data were obtained from the National Oceanic and Atmospheric Administration reports (Blake &
Zelinsky, 2018; Stewart & Berg, 2019).

Generally, a single number is used to evaluate the rainfall time series over the urban areas to express the simi-
larity between the simulated and observed rainfall values. Here, we use the modified Kling-Gupta Efficiency
matric (KGE’) to evaluate the model performance, described by correlation, variability, and mean bias (Gupta
et al., 2009; Kling et al., 2012). A KGE equal to one indicates a perfect match between the simulations and
observations.

KGE’:1—\/(r—1)2+(ﬂ—1)2+(y—1)2 (1

_ M
p=1 @

o5/ Us
= 3
4 ool e 3

where r is the Pearson correlation coefficient for simulations (s) and observations (0), j is the bias ratio, vy is the
variability ratio, u is the mean observation, and o is the standard deviation.

For spatial verification of the rainfall, the Method for Object-based Detection and Evaluation (MODE) for Time
Domain (MTD) (Bullock et al., 2016) is used, which is an extension of objected based approach along the time
domain (i.e., a 3D verification technique). The following attributes are used in the analysis of the simulations.
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Figure 2. The top row (a and b) represents the model (NUCM, Urban Canopy Model, and BEP) simulated tracks against
observations (OBS) for Florence and Harvey. The bottom row (c and d) shows the average rainfall (mm) over Fayetteville and
Houston urban areas.
1. Spatial Centroid Distance is the average distance between the centroids of the two objects, that is, observations
and simulations.
2. Time Centroid Delta is the average difference between the time coordinated of the centroids.
3. Axis Difference is the average of the smaller angles made by the axis of the objects.
4. Speed Delta is the difference between the lengths of the velocity vectors of the two objects.
5. Direction Difference is the angle that the two velocity vectors make with each other.
6. Volume Ratio is the forecast volume ratio to the observed object.
3. Results and Discussions
The hurricane tracks of Florence and Harvey simulated by the two experiments agree with the observations,
despite some differences during the dissipation phase (particularly for Hurricane Harvey) (Figures 2a and 2b).
The differences between model simulations and observations are limited to a few kilometers from the initializa-
tion to landfall. The model simulated accumulated rainfall over the landfall cities is shown in Figures 2c and 2d.
The rainfall analysis indicates that the UCM performs relatively well over Fayetteville than the others. On the
other hand, BEP and NUCM simulations also show comparable results up to 16 September 2018, at 00 UTC.
After that, it shows slight deviations in the rainfall amounts, eventually leading to underestimation (Figure 2¢). In
the case of Harvey, all the simulations can produce similar amounts of rainfall, that is, 686 mm (NUCM), 636 mm
(UCM), and 655 mm (BEP). However, all the model simulations are unable to produce total accumulated rainfall
amounts of 726 mm over the Houston region (Figure 2d).
The performance of the simulations is shown in Table 1. The KGE' results show that UCM outperforms other
simulations in the model simulations. The bias ratio of BEP for the Florence simulation is the least, while the
PATEL ET AL. 4 of 9
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Table 1 variability ratio of NUCM for Harvey simulations is the least. Both cases
KGE' and Its Components Scores indicated that the WRF model could reasonably capture the rainfall amount
Simulations KGE' P P , when the explicit urban parameterization scheme that accounted for urban
morphological features was implemented. Moreover, using relatively
NUCM (F) 0.41 0.48 1.08 1.26 complex schemes such as BEP may not improve the accumulated rainfall
UCM (F) 0.57* 0.58* 1.06 1.01*  over the UCM, indicating model improvement in relation to the synoptic
BEP (F) 0.37 0.42 1.04% 1.24 dynamics and rainfall distribution (Figure 2c). Data assimilation could be
NUCM (H) 0.66 0.82 0.74 113+  one of the ways to improve precipitation features (Osuri et al., 2015; Routray
UCM (H) 0.695% 0.84% 0.79% L14 et al., 2010; Zhang et al., 2021).
BEP (H) 0.69 0.82 0.78 1.13 We further extend the analysis spatially and temporally using MODE

Note. The Florence and Harvey simulations are denoted by F and H,
respectively. Bold and asterisk (*) symbols represent the best score from the

(Table 2). The MODE analysis is consistent with the KGE’ results that the
UCM performs well in most parameters. A significant difference is evident

simulations. in the Florence simulated rainfall, particularly at the 99th percentile, whereas
all other rainfall percentiles show similar values. Moreover, up to the 50th
percentile, the rainfall values are close to the observations, and after that,
model simulations produce more rainfall. From the above results, in both spatial and temporal changes, UCM
performs better than the BEP and NUCM, and using urban models is expected to improve the TC characteristics.
The difference between the total accumulated rainfall between different simulations is shown in Figure 3. It can
be observed that urban parameterization significantly affects the rainfall amounts and associated spatial patterns.
Considering the BEP (at Florence), rainfall bands with higher amounts are in the south of Fayetteville (outside of
the urban region) (Figures 3b and 3c). While in the case of Harvey, similar rainfall bands covered west of Houston
(Figures 3e and 3f). On the other hand, UCM (Florence) simulations show higher rainfall over Fayetteville and a
reduction over Houston (Figures 3a and 3d). One of the reasons for such discrepancies in the rainfall amounts is
due to the shape, size, and location (coastal or inland) of the cities (Schmid & Niyogi, 2013; Yang et al., 2019;
W. Zhang et al., 2022; Y. Zhang et al., 2022). For instance, Houston is located in the coastal area with an area
of 1,722 km?, while Fayetteville is an inland city (135 km from the coast) with a footprint of 388 km?. The total
accumulated rainfall from the observation and simulations is shown in Figure S1 in Supporting Information S1.
The UCM and BEP schemes could capture the rainfall patterns more accurately than the NUCM due to their
urban morphology considerations. The BEP contains high-rise buildings, so the momentum loss increases due
Table 2
MODE Time Domain Analysis
Spatial centroid Time centroid Direction
Simulation distance delta Axis difference  Speed delta difference Volume ratio
NUCM (F) 22.69 1.11 55.141 0.83 0.41 0.76
UCM (F) 20.41* —0.1 46.578 0.57 3.95 0.82
BEP (F) 22.63 0.5 52.97 0.79 0.89 0.77
NUCM (H) 4.87 -3.15 3.926* 0.58* 224 0.85*
UCM (H) 4.22% -3.03 5.793 0.62 20.61* 0.85%*
BEP (H) 5.72 —2.97* 6.079 0.64 20.9 0.84
10th Percentile 25th Percentile ~ 50th Percentile 75th Percentile ~ 90th Percentile =~ 99th Percentile
OBS (F) 1.89 431 8.48 16.48 30.48 72.43
NUCM (F) 0.99 34 9.52 20.78 38.22 86.23
UCM (F) 0.93 3.47 9.2 20.8 38.28 84.8
BEP (F) 0.98 3.44 9.49 21.45 40.68 103.41
OBS (H) 1.68 4.24 8.82 16.88 28.41 70.76
NUCM (H) 0.61 3.06 8.98 20.89 40.67 105.43
UCM (H) 0.67 3.35 9.34 21.47 40.22 100.2
BEP (H) 0.68 3.23 9.39 21.85 41.21 103.95
Note. Bold and asterisk (*) represent the best score from the simulations.
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Figure 3. Spatial differences in the total accumulated rainfall (mm) between (a) UCM-NUCM (positive means Urban Canopy Model is higher), (b) BEP-NUCM
(positive means BEP is higher), and (c) BEP-UCM (positive means BEP is higher) simulations for Florence. (d—f) are the same as (a—c) but for Harvey.

to a horizontal surface and momentum exchange due to the vertical surface, thus leading to a reduced 10 m wind
speed within the urban areas (Figures 4b and 4e). The observed reduction in wind speed from the BEP scheme
is consistent with the study by Hendricks et al. (2021), indicating the dominant behavior of the urban surface.
The UCM shows higher wind speed over the urban regions because the horizontal wind speed in the UCM is
calculated using the exponential function of roughness length, building height, zero plane displacement height
and Obukhov length. Since cyclones consist of exceptionally high wind speeds, translating into relatively higher
10 m wind speeds over urban areas.

The deep convection also affects the hurricane rainfall bands as a function of heat fluxes and storm-relative heli-
city (SRH) (Onderlinde & Nolan, 2016). The sensible heat flux is responsible for the land-atmosphere coupling
strength (Chen & Zhang, 2009). In contrast, SRH represents the interaction between updrafts and vertically
sheared environment (generally used for predicting potential tornadic developments), thus, controlling the degree
of organization and severity of the convection. The surface energy balance and SRH equations are provided in
the supplementary material.

In both hurricane cases, the BEP has relatively higher SRH (Figures 5c and 5f), and sensible heat flux (Figures
S3a and S4a in Supporting Information S1) than the UCM over Houston and Fayetteville. The change in the
sensible heat flux leads to the changes in the height of the urban boundary layer which impacts the convergence
zones. The higher sensible heat flux (urban surface warming) affects the location and intensity of up and down
drafts, thus, redistributes and enhances the rainfall (Figures S7 and S8 in Supporting Information S1) (Zhang
etal., 2018). Here, it is essential to highlight that the UCM and BEP calculate the sensible heat fluxes differently.
The UCM scheme uses Monin—Obukhov similarity theory and the Jurges formula to calculate sensible heat flux
(Kusaka et al., 2001). While BEP considers the three-dimensional structure of the urban region along with the
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Figure 4. Same as Figure 3 but for the mean 10 m wind speed (m s™").

shadow, reflection and trapping of the radiation leading to relatively higher sensible heat flux than UCM during
the daytime (Huang et al., 2019; Wang et al., 2021).

The UCM produces higher 10 m local winds than the BEP which is associated with the drag effects produced by
the urban scheme (Hendricks et al., 2021; W. Zhang et al., 2022; Y. Zhang et al., 2022). As a result, the combined
effect of urban surface drag and sensible heat flux lead to the changes in the location and intensity of the rainfall
bands. The urban modification to the TC rainfall bands is evident, and better performance of the UCM model
may be attributed to the higher 10 m wind speed and a lower sensible heat flux than the BEP model that appear
to impact the convergence zones leading to the redistribution of the rainfall bands.

4. Conclusions

The study sought to understand the effect of considering slab, single and multi-layer urban canopy models in
simulating the post-landfall (Hurricane Florence over Fayetteville, NC and Hurricane Harvey over Houston,
TX) hurricane rainfall. The inclusion of the urban parameterization in the high-resolution WRF model showed
promising results, indicating representation of urban-scale processes is crucial in simulating the improved rainfall
amounts for a landfalling hurricane. Our findings suggest that UCM provides better rainfall estimates than the
BEP model. One of the reasons for this improvement is attributed to the 10 m wind speed and sensible heat flux
variations in the UCM model thus affecting the rainfall spatial changes. The analysis also suggests that the city's
size and (probably) shape may also be responsible in determining the location of the rainfall bands. For example,
Houston (a relatively higher urban footprint than Fayetteville) receives higher accumulated rainfall using the BEP
than the UCM. In the case of Fayetteville (smaller footprint), the UCM simulation showed higher accumulated
rainfall than the BEP scheme. Many cases with multiple cities of different shapes and footprint sizes are needed
to make this statement robust for landfalling hurricanes, which could be future scope of the study.

PATEL ET AL.

70f9

85UB01 7 SUOWIWIOD BA1ER.D 3ot [dde au) Aq peusenob aJe sejoie O ‘85N JO SaInJ 10} Afeiqi8UlUO A1 UO (SUOHIPUOD-PUR-SLLBI W00 A 1M AReiq Ul JU0//Sciy) SUORIPUOD pue S | 8u) 88S *[£202/TT/60] Uo Akeiqiaulluo A|im ‘ARiq)T feuoifey IWeliN eeoN Aq 820v0T 19E202/620T 0T/10p/w00’ A im Areaqiputjuo'sgndnfe/sdny woy pepeojumod ‘Tz ‘€202 ‘2008r76T



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL104078

UCM - NUCM BEP - NUCM BEP - UCM
30 S — 30 30 ——
25 ol IO, W7 ICIr o
20 0 'f_——,ﬁ'_ , & e & 2 A 2 »:Ah‘_‘ 20
10 (S D ) &EP» 10 | L
° S - ) L 4 > .
s 3N i 2L - 8 N [ 8 = &8
o 4 1 ® — L
w N
50 [~ @ < ‘e = 50'
40 .' > @— dis i 40
I - '.'I_ i
30 30'
200 100 79°W 50 40
31°N 31°N
sof, . .¥ 30
> 30°N 30°N |
[
g
T 30 30’
29°N 29°N
30 30
30' 96°W 30' 95°W 30' 94°W 30° 96°W 30' 95°W 30' 94°W 30 96°W 30' 95°W 30' 94°W
-10 0 10 30 40 50
SRH (m?s72)

Figure 5. Same as Figure 3 but for mean storm-relative helicity (m? s~2).

Acknowledgments

The authors acknowledge the finan-

cial support provided by US NSF
1902642, and the NASA CyGNSS
80NSSC21K1008, NASA Interdisci-
plinary Sciences 8ONSSC20K 1262 and
80NSSC20K1268, DoE ASCR DE-SC
00221, DoE Urban Integrated Field
Labs, the University of Texas William
Stamps Farish Chair Professorship, the
SERB - Purdue OVDF program (SB/
S9/Z-03/2017), and THUMP project
(MoES/16/09/2018-RDEA-STHIIM-P7)
of Earth System Science Organization,
Ministry of Earth Sciences, Government
of India.

Data Availability Statement

The data associated with this paper is publicly accessible through the online, open-access repository of Zenodo
(https://doi.org/10.5281/zenodo.8333196) to support data citation, quality, and reuse by the scientific community.

References

Blake, E. S., & Zelinsky, D. A. (2018). National Hurricane Center tropical cyclone report: Hurricane Harvey (p. 76). NH Center).

Bullock, R., Fowler, T., & Brown, B. (2016). Method for object-based diagnostic evaluation (p. 66). NCAR Technical Note NCAR/TN-532+STR.

Chen, F., Kusaka, H., Bornstein, R., Ching, J., Grimmond, C. S. B., Grossman-Clarke, S., et al. (2011). The integrated WRF/urban modelling
system: Development, evaluation, and applications to urban environmental problems. International Journal of Climatology, 31(2), 273-288.
https://doi.org/10.1002/joc.2158

Chen, F., & Zhang, Y. (2009). On the coupling strength between the land surface and the atmosphere: From viewpoint of surface exchange coef-
ficients. Geophysical Research Letters, 36(10), L10404. https://doi.org/10.1029/2009g1037980

Dou, J., Wang, Y., Bornstein, R., & Miao, S. (2015). Observed spatial characteristics of Beijing urban climate impacts on summer thunderstorms.
Journal of Applied Meteorology and Climatology, 54(1), 94—105. https://doi.org/10.1175/jamc-d-13-0355.1

Gamarro, H., Gonzalez, J. E., & Ortiz, L. E. (2019). On the assessment of a numerical weather prediction model for solar photovoltaic power
forecasts in cities. Journal of Energy Resources Technology, 141(6), 061203. https://doi.org/10.1115/1.4042972

Gupta, H. V., Kling, H., Yilmaz, K. K., & Martinez, G. F. (2009). Decomposition of the mean squared error and NSE performance criteria:
Implications for improving hydrological modelling. Journal of Hydrology, 377(1-2), 80-91. https://doi.org/10.1016/j.jhydrol.2009.08.003

Hendricks, E. A., Knievel, J. C., & Nolan, D. S. (2021). Evaluation of boundary layer and urban canopy parameterizations for simulating wind in
Miami during Hurricane Irma (2017). Monthly Weather Review, 149(7), 2321-2349. https://doi.org/10.1175/mwr-d-20-0278.1

HFIP (2017). Annual report. Retrieved from http://www.hfip.org/documents/

Huang, M., Gao, Z., Miao, S., & Chen, F. (2019). Sensitivity of urban boundary layer simulation to urban canopy models and PBL schemes in
Beijing. Meteorology and Atmospheric Physics, 131(5), 1235-1248. https://doi.org/10.1007/s00703-018-0634-1

Tacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M. W., Clough, S. A., & Collins, W. D. (2008). Radiative forcing by long-lived
greenhouse gases: Calculations with the AER radiative transfer models. Journal of Geophysical Research, 113(D13), D13103. https://doi.
org/10.1029/2008jd009944

Janji¢, Z. 1. (1994). The step-mountain eta coordinate model: Further developments of the convection, viscous sublayer, and turbulence closure
schemes. Monthly Weather Review, 122(5), 927-945. https://doi.org/10.1175/1520-0493(1994)122<0927:tsmecm>2.0.c0;2

PATEL ET AL.

8 0of9

85U0| SUOWILLIOD BAIIERID) 3[deol|dde 3y} Aq peusenoh a1e S3joNJe VO ‘88N J0 S3|NJ 10} AReId178UIIUO AB| 1A U (SUORIPUOD-PUR-SWLR}/W0™A8 1M AXeJq 1 BUIIUO//SHHY) SUOIIPUOD pUe SWS L 84} 88S [£202/TT/60] U0 AriqiTauliuo A|im ‘Ariqi uoiBey ILUelIN 0N AQ 820v0T 19E202/620T 0T/I0p/LI00" A3 Areiq i jul|uo'sandnbe/sdiy Wwoiy pepeo|umod ‘Tz ‘€20 ‘L0087v6T


https://doi.org/10.5281/zenodo.8333196
https://doi.org/10.1002/joc.2158
https://doi.org/10.1029/2009gl037980
https://doi.org/10.1175/jamc-d-13-0355.1
https://doi.org/10.1115/1.4042972
https://doi.org/10.1016/j.jhydrol.2009.08.003
https://doi.org/10.1175/mwr-d-20-0278.1
http://www.hfip.org/documents/
https://doi.org/10.1007/s00703-018-0634-1
https://doi.org/10.1029/2008jd009944
https://doi.org/10.1029/2008jd009944
https://doi.org/10.1175/1520-0493(1994)122%3C0927:tsmecm%3E2.0.co;2

A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL104078

Kling, H., Fuchs, M., & Paulin, M. (2012). Runoff conditions in the upper Danube basin under an ensemble of climate change scenarios. Journal
of Hydrology, 424, 264-2717. https://doi.org/10.1016/j.jhydrol.2012.01.011

Kusaka, H., Kondo, H., Kikegawa, Y., & Kimura, F. (2001). A simple single-layer urban canopy model for atmospheric models: Comparison with
multi-layer and slab models. Boundary-Layer Meteorology, 101(3), 329-358. https://doi.org/10.1023/a:1019207923078

Liu, J., & Niyogi, D. (2019). Meta-analysis of urbanization impact on rainfall modification. Scientific Reports, 9(1), 7301. https://doi.org/10.1038/
s41598-019-42494-2

Lorenz, J. M., Kronenberg, R., Bernhofer, C., & Niyogi, D. (2019). Urban rainfall modification: Observational climatology over Berlin, Germany.
Journal of Geophysical Research: Atmospheres, 124(2), 731-746. https://doi.org/10.1029/2018jd028858

Martilli, A., Clappier, A., & Rotach, M. W. (2002). An urban surface exchange parameterisation for mesoscale models. Boundary-Layer Meteor-
ology, 104(2), 261-304. https://doi.org/10.1023/a:1016099921195

Mesinger, F. (1993). Forecasting upper tropospheric turbulence within the framework of the Mellor-Yamada 2.5 closure. Research activities in
atmospheric and oceanic modelling.

Niyogi, D., Osuri, K. K., Busireddy, N. K. R., & Nadimpalli, R. (2020). Timing of rainfall occurrence altered by urban sprawl. Urban Climate,
33, 100643. https://doi.org/10.1016/j.uclim.2020.100643

Niyogi, D., Pyle, P., Lei, M., Arya, S. P., Kishtawal, C. M., Shepherd, M., et al. (2011). Urban modification of thunderstorms: An observational
storm climatology and model case study for the Indianapolis urban region. Journal of Applied Meteorology and Climatology, 50(5), 1129—
1144. https://doi.org/10.1175/2010jamc1836.1

Oke, T. R., Mills, G., & Voogt, J. (2017). Urban climates. Cambridge University Press.

Onderlinde, M. J., & Nolan, D. S. (2016). Tropical cyclone-relative environmental helicity and the pathways to intensification in shear. Journal
of the Atmospheric Sciences, 73(2), 869-890. https://doi.org/10.1175/jas-d-15-0261.1

Osuri, K. K., Mohanty, U. C., Routray, A., & Niyogi, D. (2015). Improved prediction of Bay of Bengal tropical cyclones through assimilation of
Doppler weather radar observations. Monthly Weather Review, 143(11), 4533-4560. https://doi.org/10.1175/mwr-d-13-00381.1

Patel, P., Ghosh, S., Kaginalkar, A., Islam, S., & Karmakar, S. (2019). Performance evaluation of WRF for extreme flood forecasts in a coastal
urban environment. Atmospheric Research, 223, 39-48. https://doi.org/10.1016/j.atmosres.2019.03.005

Paul, S., Ghosh, S., Mathew, M., Devanand, A., Karmakar, S., & Niyogi, D. (2018). Increased spatial variability and intensification of extreme
monsoon rainfall due to urbanization. Scientific Reports, 8(1), 3918. https://doi.org/10.1038/s41598-018-22322-9

Routray, A., Mohanty, U. C., Rizvi, S. R. H., Niyogi, D., Osuri, K. K., & Pradhan, D. (2010). Impact of Doppler weather radar data on numer-
ical forecast of Indian monsoon depressions. Quarterly Journal of the Royal Meteorological Society, 136(652), 1836—1850. https://doi.
org/10.1002/qj.678

Schmid, P. E., & Niyogi, D. (2013). Impact of city size on precipitation-modifying potential. Geophysical Research Letters, 40(19), 5263-5267.
https://doi.org/10.1002/grl.50656

Schmid, P. E., & Niyogi, D. (2017). Modeling urban precipitation modification by spatially heterogeneous aerosols. Journal of Applied Meteor-
ology and Climatology, 56(8), 2141-2153. https://doi.org/10.1175/jamc-d-16-0320.1

Shepherd, J. M. (2005). A review of current investigations of urban-induced rainfall and recommendations for the future. Earth Interactions,
9(12), 1-27. https://doi.org/10.1175/ei156.1

Skamarock, W. C., & Klemp, J. B. (2008). A time-split nonhydrostatic atmospheric model for weather research and forecasting applications.
Journal of Computational Physics, 227(7), 3465-3485. https://doi.org/10.1016/j.jcp.2007.01.037

Stewart, S. R., & Berg, R. (2019). National hurricane center tropical cyclone report: Hurricane Florence (al062018) (Vol. 30, p. 98). National
Hurricane Center.

Teixeira, J. C., Fallmann, J., Carvalho, A. C., & Rocha, A. (2019). Surface to boundary layer coupling in the urban area of Lisbon comparing
different urban canopy models in WRF. Urban Climate, 28, 100454. https://doi.org/10.1016/j.uclim.2019.100454

Tewari, M., Chen, F., Wang, W., Dudhia, J., LeMone, M., Mitchell, K., et al. (2004). Implementation and verification of the unified NOAH land
surface model in the WRF model. In Paper presented at the 20th conference on weather analysis and forecasting/16th conference on numerical
weather prediction.

Thompson, G., Field, P. R., Rasmussen, R. M., & Hall, W. D. (2008). Explicit forecasts of winter precipitation using an improved bulk micro-
physics scheme. Part II: Implementation of a New snow parameterization. Monthly Weather Review, 136(12), 5095-5115. https://doi.
org/10.1175/2008mwr2387.1

Tiedtke, M. (1989). A comprehensive mass flux scheme for cumulus parameterization in large-scale models. Monthly Weather Review, 117(8),
1779-1800. https://doi.org/10.1175/1520-0493(1989)117<1779:acmfst>2.0.co;2

Wang, J., & Hu, X. M. (2021). Evaluating the performance of WRF urban schemes and PBL schemes over Dallas—Fort Worth during a dry
summer and a wet summer. Journal of Applied Meteorology and Climatology, 60(6), 779-798.

Yang, L., Smith, J., & Niyogi, D. (2019). Urban impacts on extreme monsoon rainfall and flooding in complex terrain. Geophysical Research
Letters, 46(11), 5918-5927. https://doi.org/10.1029/2019g1083363

Zhang, C., Wang, Y., & Hamilton, K. (2011). Improved representation of boundary layer clouds over the southeast Pacific in ARW-WREF using a
modified Tiedtke cumulus parameterization scheme. Monthly Weather Review, 139(11), 3489-3513. https://doi.org/10.1175/mwr-d-10-05091.1

Zhang, W., Villarini, G., Vecchi, G. A., & Smith, J. A. (2018). Urbanization exacerbated the rainfall and flooding caused by hurricane Harvey in
Houston. Nature, 563(7731), 384-388. https://doi.org/10.1038/s41586-018-0676-z

Zhang, W., Yang, J., Yang, L., & Niyogi, D. (2022). Impacts of city shape on rainfall in inland and coastal environments. Earth's Future, 10(5),
€2022EF002654. https://doi.org/10.1029/2022ef002654

Zhang, Y., Cao, S., Zhao, L., & Cao, J. (2022). A case application of WRF-UCM models to the simulation of urban wind speed profiles in a
typhoon. Journal of Wind Engineering and Industrial Aerodynamics, 220, 104874. https://doi.org/10.1016/j.jweia.2021.104874

Zhang, Y., Sieron, S. B., Lu, Y., Chen, X., Nystrom, R. G., Minamide, M., et al. (2021). Ensemble-based assimilation of satellite all-sky microwave
radiances improves intensity and rainfall predictions for Hurricane Harvey (2017). Geophysical Research Letters, 48(24), €2021GL096410.
https://doi.org/10.1029/2021g1096410

Zhang, Y., & Smith, J. A. (2003). Space—time variability of rainfall and extreme flood response in the Menomonee River basin, Wisconsin. Jour-
nal of Hydrometeorology, 4(3), 506-517. https://doi.org/10.1175/1525-7541(2003)004<0506:svorae>2.0.co;2

Zhong, S., Qian, Y., Zhao, C., Leung, R., & Yang, X. Q. (2015). A case study of urbanization impact on summer precipitation in the Greater
Beijing Metropolitan Area: Urban heat island versus aerosol effects. Journal of Geophysical Research: Atmospheres, 120(20), 10903—-10914.
https://doi.org/10.1002/2015jd023753

PATEL ET AL.

9 0of 9

85UB01 7 SUOWIWIOD BA1ER.D 3ot [dde au) Aq peusenob aJe sejoie O ‘85N JO SaInJ 10} Afeiqi8UlUO A1 UO (SUOHIPUOD-PUR-SLLBI W00 A 1M AReiq Ul JU0//Sciy) SUORIPUOD pue S | 8u) 88S *[£202/TT/60] Uo Akeiqiaulluo A|im ‘ARiq)T feuoifey IWeliN eeoN Aq 820v0T 19E202/620T 0T/10p/w00’ A im Areaqiputjuo'sgndnfe/sdny woy pepeojumod ‘Tz ‘€202 ‘2008r76T


https://doi.org/10.1016/j.jhydrol.2012.01.011
https://doi.org/10.1023/a:1019207923078
https://doi.org/10.1038/s41598-019-42494-2
https://doi.org/10.1038/s41598-019-42494-2
https://doi.org/10.1029/2018jd028858
https://doi.org/10.1023/a:1016099921195
https://doi.org/10.1016/j.uclim.2020.100643
https://doi.org/10.1175/2010jamc1836.1
https://doi.org/10.1175/jas-d-15-0261.1
https://doi.org/10.1175/mwr-d-13-00381.1
https://doi.org/10.1016/j.atmosres.2019.03.005
https://doi.org/10.1038/s41598-018-22322-9
https://doi.org/10.1002/qj.678
https://doi.org/10.1002/qj.678
https://doi.org/10.1002/grl.50656
https://doi.org/10.1175/jamc-d-16-0320.1
https://doi.org/10.1175/ei156.1
https://doi.org/10.1016/j.jcp.2007.01.037
https://doi.org/10.1016/j.uclim.2019.100454
https://doi.org/10.1175/2008mwr2387.1
https://doi.org/10.1175/2008mwr2387.1
https://doi.org/10.1175/1520-0493(1989)117%3C1779:acmfsf%3E2.0.co;2
https://doi.org/10.1029/2019gl083363
https://doi.org/10.1175/mwr-d-10-05091.1
https://doi.org/10.1038/s41586-018-0676-z
https://doi.org/10.1029/2022ef002654
https://doi.org/10.1016/j.jweia.2021.104874
https://doi.org/10.1029/2021gl096410
https://doi.org/10.1175/1525-7541(2003)004%3C0506:svorae%3E2.0.co;2
https://doi.org/10.1002/2015jd023753

	Impact of Urban Representation on Simulation of Hurricane Rainfall
	Abstract
	Plain Language Summary
	1. Introduction
	2. Experimental Setup
	2.1. Study Domains for Hurricane Florence and Harvey
	2.2. WRF Configuration and Observations

	3. Results and Discussions
	4. Conclusions
	Data Availability Statement
	References


