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ARTICLE INFO ABSTRACT
Keywords: To improve simulation of atmospheric-hydrological processes with shallow groundwater in urban
Urban hydrometeorology areas, a new fully-coupled model was developed. The Weather Research and Forecasting (WRF)

Urban groundwater

Coupled atmosphere-land surface-subsurface
modeling

Large-eddy simulation

atmospheric model in the large-eddy-simulation (LES) mode, the Princeton Urban Canopy Model
(PUCM), and the subsurface hydrological model ParFlow (PF) were linked (WRF-PUCM-PF). To
evaluate the impact of coupling, model intercomparison was performed by application to a small
watershed in suburban Baltimore, Maryland, USA, for scenarios of both homogeneous and het-
erogeneous geologic properties, using WRF-PUCM with and without the ParFlow component.
Homogeneous scenarios isolated the impact of including terrestrial hydrological processes
through ParFlow. In response to rain events, the homogeneous WRF-PUCM model output gained
and retained a 40% greater amount of soil moisture (area-averaged) compared to the homoge-
neous WRF-PUCM-PF case. In heterogeneous scenarios, the WRF-PUCM model generated a 10-
fold greater area-averaged soil moisture increase over the simulation period compared to the
WRF-PUCM-PF case. The WRF-PUCM-PF model output, influenced by lateral hydrology and
impervious surfaces, generated lower latent heat flux, resulting in half of the domain having
higher land surface temperatures (2-10 °C), compared to the WRF-PUCM model. Overall, the
WRF-PUCM-PF model provides a new tool to simulate urban physics and resolve finer urban
microclimatic heterogeneity.

1. Introduction

Studies have shown how urban growth and anthropogenic activities contribute to phenomena such as climate change and urban
heat island (UHI) effects (Block et al., 2004; Seto and Shepherd, 2009; Liu et al., 2012; Ren, 2015; Lopez and Maxwell, 2016). In turn,
these atmospheric-hydrological phenomena, and their interconnectivity, can impact the health of populations and ecosystems.
Untangling the complexity of coupled urban atmospheric-hydrological processes is essential for improving sustainable and resilient
development.

One of the main challenges in modeling physical processes in urban regions is developing accurate parameterization schemes for

* Corresponding author at: 1000 Hilltop Circle, Technology Research Center, RM:102, University of Maryland Baltimore County, Baltimore, MD
21250, United States of America.
E-mail address: mahdadl@umbc.edu (M. Talebpour).

https://doi.org/10.1016/j.uclim.2021.100985

Received 18 June 2021; Received in revised form 5 September 2021; Accepted 10 September 2021
Available online 24 September 2021

2212-0955/© 2021 Elsevier B.V. All rights reserved.



M. Talebpour et al. Urban Climate 40 (2021) 100985

use in physically-based geophysical models. Urban regions have distinct characteristics that affect hydrological-atmospheric processes
at the land surface, in the upper subsurface, and in the lower atmosphere (Fig. 1). As these effects can strongly alter energy and water
cycle in cities, it is essential to represent these elements or their effects through appropriate parameterization schemes in atmospheric-
hydrological models. In the past, efforts have been made to improve representation of urban distinct features in atmospheric-
hydrological models (Wang et al., 2013; Li and Bou-Zeid, 2014; Vahmani and Hogue, 2014; Bhaskar et al., 2015; Ryu et al., 2016a;
Varlas et al., 2018; Mauree et al., 2018; Meili et al., 2020; Spyrou et al., 2020), compared to their counterparts used to model more
undisturbed systems.

Wang et al. (2013) developed the Princeton Urban Canopy Model (PUCM) to improve physical representation of heterogeneous
energy and water balances at the urban land surface. PUCM enhances representation of water and energy balances by adding schemes
to simulate urban heterogeneous subfacets consisting of different materials (Li et al., 2014; Ramamurthy et al., 2014). Li and Bou-Zeid
(2014) incorporated PUCM into the Weather Research and Forecasting model (WRF; Skamarock et al., 2008) and compared output to
that of WRF with its original/default Urban Canopy Model (UCM). Validated against in-situ and remotely-sensed observations, WRF-
PUCM showed the smallest bias (<1.5 °C) in urban surface temperature fields. Overall, land surface temperature (LST) and associated
UHI intensity predictions were improved using PUCM. Implementation of subfacet heterogeneity of thermal parameterization enabled
investigation of UHI mitigation strategies, such as white roofs. Several investigations have since used WRF-PUCM to evaluate urban
atmospheric-hydrological processes. In a study of the influence of land-surface heterogeneities on heavy convective rainfall, Ryu et al.
(2016b) found better performance using WRF-PUCM in reproducing the surface energy balance and the rainfall than the traditional
slab model for the urban area. However, in all of these studies, the representation of the subsurface was simplified to vertical isolated
soil columns with 4 layers, the representation adopted in the Noah land surface model (LSM).

Terrestrial hydrological processes, however, are more complex and can be strongly coupled to atmospheric dynamics. In areas with
persistently or intermittently shallow groundwater, the atmospheric-hydrological coupling becomes a leading driver of hydromete-
orology and influences the energy and water cycle at the land surface, in the upper subsurface, and in the lower atmosphere. Several
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Fig. 1. Schematic diagram of distinct atmospheric-hydrological features and processes in urban areas. The pink, green, and black dashed lines
encapsulate schematically the parts of subsurface, land surface, and atmosphere that are being modeled by ParFlow, WRF, and PUCM. Not all the
fluxes in the figure are represented in the models. ParFlow and WRF exchange fluxes and are connected at the top soil layers in the subsurface
(Maxwell et al., 2011). PUCM is used to calculate surface energy fluxes over the urban part of the land surface. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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studies have incorporated physically realistic fully-coupled atmosphere-land surface-subsurface models to evaluate interconnectivity
of terrestrial and atmospheric processes and their influences on the hydrometeorological processes (Maxwell et al., 2011; Shrestha
etal., 2014; Senatore et al., 2015; Wagner et al., 2016; Fersch et al., 2020). Noah is the most widely used LSM model in WRF (Chen and
Dudhia, 2001); it utilizes a diffusive form of the one-dimensional Richards equation with an assumption of a rigid and homogeneous
vertical flow domain, in which cells are isolated horizontally from each other (Appendix A). Therefore, lateral hydrological fluxes are
not captured in models utilizing Noah, including WRF-PUCM. This framework might be suitable when applied with coarse model
resolutions (e.g. the typical WRF grid resolution used for weather forecasting is ~9 km x 9 km) where the lateral redistribution of
water on the surface and in the subsurface between adjacent cells is much smaller than the vertical fluxes. However, this assumption
breaks down as model resolution improves, leading Maxwell et al. (2011) to develop a fully-coupled atmospheric-hydrological model
ParFlow-WRF (PF.WRF), using Noah as the connector to incorporate terrestrial hydrology (as represented by ParFlow) into WRF. They
demonstrated how lateral overland and subsurface water flow components in PF.WRF distributed soil moisture in a more physically
realistic manner compared to WRF-Noah.

The need to account for terrestrial hydrology is further accentuated in urban areas that bring about more complexity to coupled
atmosphere-groundwater interactions influenced by different urban development patterns. Barnes et al. (2018), utilizing a land
surface-subsurface model (ParFlow-CLM), demonstrated how groundwater could contribute to evapotranspiration annually during
water-limited days in watersheds with shallow depth-to-groundwater. The authors also showed how water infiltrating into pervious
areas and subsequently flowing under impervious areas was inhibited from evaporating as it became trapped under low-permeability
surfaces. This behavior resulted in a highly variable contribution of subsurface storage to evapotranspiration and soil moisture across
urban surfaces. These water fluxes will significantly modulate energy fluxes.

It is now well established that soil moisture distribution plays an essential role in modulating land surface energy and water fluxes.
Discrepancies in the prediction of soil moisture evolution could therefore have significant implications for urban atmospheric pre-
dictions. Ramamurthy and Bou-Zeid (2017), using WRF-PUCM, showed that northeastern U.S. cities with higher population and
population density (New York, New York, USA; Philadelphia, Pennsylvania, USA; Washington, District of Columbia, USA; and Bal-
timore, Maryland, USA), exhibit sharp gradients in surface soil moisture along the urban-suburban-rural transect, explaining their UHI
patterns. In turn, the lack of soil moisture at local urban scales can lead to disproportionately higher sensible heat compared to rural
areas and exacerbates UHI effects. Manoli et al. (2019) and Manoli et al. (2020) introduced a coarse-grained global scale model that
demonstrated the strong links between precipitation, as a proxy for background hydroclimate and UHI intensity. They found that
summertime differences between urban to rural surface temperatures (AT) increase nonlinearly with annual precipitation and are
modulated by its seasonal cycle and that this was tied to urban-rural differences in evapotranspiration.

As described by Ramamurthy and Bou-Zeid (2014), modification of hygrothermal properties in urban areas makes hydrological
modeling particularly challenging because spatial heterogeneity exists at fine scales, thus altering energy and water balances at fine
scales, as well as flow and transport in the atmospheric boundary layer (ABL) (Bou-Zeid et al., 2020). Moreover, land surface
topography is also highly altered at fine grid resolutions in urban areas. If the impacts of land surface heterogeneity are important to
modeling goals, then fine-scale discretization of landscape features may also be warranted for modeling terrestrial hydrology. At scales
finer than 1 km, mesoscale Reynolds-Averaged Navier-Stocks (RANS) methods encoded as PBL parameterization schemes in atmo-
spheric models cannot be used, because approximations of RANS models made in resolving turbulent flows at mesoscales do not hold
(Wyngaard, 2004; Nahian et al., 2020). The Large-Eddy Simulation (LES) approach is then more suitable, and it is capable of resolving
large turbulent eddies transporting heat, mass, and momentum in the atmospheric boundary layer, while atmospheric dynamic
structures smaller than the grid size are parameterized. Running LES studies is becoming more common, due to advances in
computational resources, to study urban areas at fine atmospheric grid scales (i.e., < 100 m) (Park et al., 2015; Garcia-Sanchez et al.,
2018; Wiersema et al., 2020). Parameterizations for LES have been implemented in WRF. Although WRF-LES was first developed for
ideal cases, Talbot et al. (2012) introduced a framework to apply WRF-LES to real domains. They used nesting capability in WRF to
dynamically downscale boundary conditions over highly complex terrain, from mesoscale to microscale.

The focus of this study is to identify how modification of terrestrial hydrology affects urban simulation of hydrometeorological
processes at fine scales. Fine-scale urban atmospheric-hydrological modeling has been conducted in the past, but only in an uncoupled
mode and often at disparate resolutions. Fully-coupled atmospheric-hydrological modeling of urban areas at fine scales has not yet
been conducted; this is a significant identified research gap. To address this research need, the objectives of this study are: (1) to couple
WRF-PUCM and ParFlow (WRF-PUCM-PF); (2) to utilize WRF-PUCM-PF in LES mode and with a nesting framework to conduct
simulations at high grid resolutions (90-m example here); and (3) to compare and contrast the spatial fields simulated by WRF-PUCM-
PF with WRF-PUCM in test-case scenario simulations of the urban water and energy cycles. The goal here is to conduct a model
intercomparison study, rather than model validation.

Section 2 describes each model component used in this study and delves into the details of coupling technique used to link WRF-
PUCM and ParFlow, to build WRF-PUCM-PF. In part 2 of Section 2, the case scenario simulations designed to compare WRF-PUCM-PF
performance against WRF-PUCM are described. The results and discussion pertaining to the case scenarios are explained in Section 3.
Finally, Section 4 summarizes the findings of this study and provides the concluding remarks for this study.

2. Methods
2.1. Model descriptions

The methodology used in this work brings together three components for advancing hydrological-atmospheric modeling of urban
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areas: (1) WRF-LES and nesting methods for field scenarios; (2) the PUCM implementation in WRF for modeling heterogeneous urban
surfaces; and (3) ParFlow, a surface-subsurface terrestrial hydrology model. The result is a fully-coupled urban subsurface-land sur-
face-atmosphere modeling approach.

2.1.1. WRF-LES

The Weather Research and Forecasting (WRF) model is an open-source model designed for both research and operational use
(Skamarock et al., 2008). WRF solves mass, momentum, and energy balance equations, using traditional and terrain-following mass
coordinates. WRF utilizes a variety of numerical and physical parameterization schemes to account for atmospheric and land surface
physical processes including radiation, precipitation, and land-surface energy and water fluxes. As with other atmospheric models, PBL
schemes were employed in WRF for mesoscale simulations, which is relevant for grid resolutions >1 km. At grid resolutions <1 km,
including the urban-relevant grid resolution of 90 m chosen for this study, the LES approach can be used to resolve the dynamics of the
atmosphere. The framework introduced by Talbot et al. (2012) was used to apply WRF-LES to the domain of study. The nesting
capability in WRF dynamically downscales boundary conditions over highly complex terrain, from mesoscale to microscale. This
approach provides LES simulations in the desired domain with appropriate boundary conditions.

2.1.2. WRF-PUCM

WRF-PUCM simulates urban canopy features such as radiative trapping due to building forms (Wang et al., 2011; Li and Bou-Zeid,
2013, 2014). PUCM assigns a heterogeneous subfacet in its single-layer resistance network of energy and water transport, whereas
common UCM models do not account for such heterogeneity. When PUCM is used in WRF, an urban grid cell (which is defined based on
land cover maps), is divided into two parts: an impervious part and a vegetated part. Noah and PUCM compute surface energy balances
for vegetated and impervious fractions of model cells, respectively. The final fluxes and state variables of a grid cell are computed as
weighted averages of these values based on the fractions of land use computed from land cover maps. All terrestrial hydrology pro-
cesses are modeled through Noah. Noah implements a one-dimensional representation of subsurface hydrology (Appendix A).

2.1.3. ParFlow

ParFlow is an open-source, variably saturated subsurface flow model with an integrated overland flow component (Ashby and
Falgout, 1996; Jones and Woodward, 2001; Maxwell, 2013; Kollet and Maxwell, 2006). ParFlow solves the Richards equation for
three-dimensional, variably-saturated subsurface flow and the two-dimensional kinematic wave equation for surface flow, enabling
simulation of integrated, spatially-distributed surface and subsurface flow (Appendix A).

Available to ParFlow users are computational tools for incorporation of 3D subsurface hydrogeological properties. ParFlow in-
cludes an option to assign subsurface layers with variable thicknesses, enabling a computationally efficient approach for integrating
subsurface properties at large depths.

ParFlow has an option for coupling to the Common Land Model (CLM) LSM (Dai et al., 2003) to simulate land surface energy and
water fluxes, using atmospheric forcing data (Maxwell and Miller, 2005; Kollet and Maxwell, 2008). In this study, CLM was used only
for standalone ParFlow spin-up simulations (not coupled to WRF-PUCM) of the domain of interest; for the fully-coupled simulations,
the LSM was switched to Noah inside WRF with direct coupling to ParFlow.

2.1.4. Coupled WRF-PUCM-PF in the LES mode

The approach developed by Maxwell et al. (2011) was utilized to couple ParFlow to WRF-PUCM. In WRF-PUCM-PF, the Noah LSM
module residing within WRF is the component connecting the terrestrial hydrology (ParFlow) to the atmosphere (WRF). All terrestrial
hydrology in Noah is replaced by ParFlow as a subroutine (Appendix A). The combination of improved parameterization of urban
fluxes and balances in PUCM and ParFlow’s capability to represent distinct urban hydrological features enhances the physical rep-
resentation of urban areas in a fully-coupled manner. Moreover, LES schemes in WRF enable capturing dynamic interactions at high
resolutions (e.g., 90 m in the test case used here) between the turbulence eddies and the highly heterogeneous urban land surface.

2.2. Test cases: numerical methods and computational setups

To test the performance of the fully-coupled model, WRF-PUCM-PF, and to compare its performance to WRF-PUCM, two series of
simulations were run on a test domain: a homogenous subsurface setup; and a heterogeneous subsurface setup. This simulation design
aimed to isolate any effects of subsurface heterogeneity on model output. These case scenarios were designed to demonstrate how
different aspects of urban hydrologic representation could impact soil moisture distribution in a simulation.

2.2.1. Model input

This study used 1/9th arc-second USGS digital elevation models (DEMs) data (https://www.usgs.gov/core-science-systems,/ngp/
3dep), processed for both ParFlow and WRF. For land cover input, the USGS 30-m National Land Cover Data (NLCD) dataset was re-
sampled for input in ParFlow-CLM stand-alone simulations and WRF-Noah in all other stand-alone and coupled simulations. North
American Land Data Assimilation System (NLDAS2, https://ldas.gsfc.nasa.gov/nldas/NLDAS2forcing.php) hourly atmospheric forc-
ing data, at 1/8th of a degree, were used for ParFlow-CLM stand-alone simulations to spin-up the subsurface component. For WRF
simulations, NCEP North American Regional Reanalysis (NARR, https://www.ncdc.noaa.gov/data-access/model-data/model-
datasets/north-american-regional-reanalysis-narr) 3-hourly atmospheric forcing data, at 32 km resolution, were used to drive the
initial and boundary conditions at the largest simulation domains.
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2.2.2. Computational setup

Computational experiments were carried out using data for a small watershed in suburban Baltimore, Maryland (Dead Run) as a
test domain for the finest-grid resolution of interest. Fig. 2 shows the innermost domain extent (~117 km?), fraction of impervious
surface area, and topography. The domain was chosen to be small enough to run numerous case scenarios in a computationally feasible
timeframe while large enough to be characterized by spatially variable atmospheric and hydrological processes.

The number of horizontal cells chosen was 120 by 120 (14400) with a 90-m grid resolution, providing a domain extent in both
north-south and east-west directions of 10.8 km. The number of vertical atmospheric layers specified was 108 to capture fine-scale
processes near the land surface, following recommendations by Talbot et al. (2012) for WRF-LES studies. Twelve subsurface layers
were used in ParFlow, for a total thickness up to 31 m following the subsurface setup by Barnes et al. (2018). The 12 layers were
designed to capture subsurface heterogeneity in terms of soil, saprolite, highly weathered bedrock (transition zone), and fractured
bedrock. For WRF-PUCM-PF, the top four layers’ depth in ParFlow were identical to the top four layers in Noah to allow for flux
exchanges between ParFlow and Noah. The dimensions of these layers are summarized in Table 1. The hydrogeological properties
were different in homogeneous and heterogeneous case scenarios. The 12 subsurface layers in ParFlow served two purposes: (1) to
mimic free drainage at the bottom of the fourth layer in the WRF-PUCM model; (2) to allow for implementation of 3D subsurface
hydrogeological properties following the work done by Barnes et al. (2018), for the heterogeneous-case scenarios.

All the simulations pertain to a period of 112 h starting from July 18, 2008, at 20:00 Eastern Daylight Time (EDT, July 19, 2008, at
00:00 GMT) to July 23, 2008, at 12:00 EDT. This period was selected to compare the two model responses to a dry-down period at the
beginning of the simulations followed by several rain events. The first four hours of the coupled simulation, starting from July 18,
2008, at 20:00 EDT to July 19, 2008, at 00:00 EDT, were used for spinning up the atmospheric dynamics and turbulence and were not
used in the analyses.

2.2.3. ParFlow setup and spinup

ParFlow was run using options for terrain-following grid (TFG) and variable DZ (subsurface vertical grid resolution). The DEM
processing method developed by Barnes et al. (2016) was used to generate required slope files. The time step used in ParFlow spin-up
simulations was 1 h based on NLDAS hourly input forcing data. Boundary conditions at the four lateral boundaries and the bottom of
the ParFlow subsurface domain were set to zero flux.

ParFlow spin-up was conducted to initialize identical soil moisture distributions in WRF-PUCM and WRF-PUCM-PF simulations.
Recommendations described in Seck et al. (2015) were used. Atmospheric forcing data were processed for a year prior to the start of
the analysis period, from July 1st, 2007 to June 30th, 2008. Spin-up was repeated for six and nine years for the homogeneous and
heterogeneous geology setups, respectively until an equilibrium state was reached. In this study, subsurface storage change was used as
the evaluation parameter for reaching equilibrium. For each time step, the computed total subsurface storage of the current year minus
the previous year, divided by the current year was used. When this normalized change reached a value of less than 0.005, it was
assumed that an equilibrium state was approximately achieved. ParFlow was run for an additional 18 days from July 1st, 2008 to July
18, 2008, to get to the start of the analysis period.

2.2.4. WRF-LES setup

WREF’s nesting feature was employed to simulate multiple domains. A series of nested simulations were run, ranging from mesoscale
to microscale, all centered on the smallest domain of study (Fig. 3), to downscale inflow boundary conditions to the desired domain
(Fig. 2). Considering 90 m as the target innermost domain resolution, the five domains chosen had 12150-, 4050-, and 1350-m res-
olutions run in mesoscale RANS mode, followed by 270- and 90-m resolution domains run in LES mode (Fig. 3). The nested simulations
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Table 1
Subsurface dimensional and hydrogeologic properties of layers (based on Barnes et al. (2018)). Bolded values indicate layers overlapping with Noah.
Layer Number Layer Thickness (m) Depth Below Land Surface (m) Heterogeneous Setup*
Porosity (—) Hydraulic Conductivity (m/h)
Soil 1-3 0.1, 0.3, 0.6 0-1 0.45 0.0227
Impervious 1-3 0.1, 0.3, 0.6 0-1 0.05 0.00212
Saprolite 4-9 1,1,2,2,4,4 1-15 0.45 0.00556
Transition Zone 10 4 15-19 0.45 0.227
Bedrock 11-12 4,8 19-31 0.001 0.00001

*For homogeneous scenarios, a porosity value of 0.434 and a hydraulic conductivity value of 0.0188 m/h. were used for the entire domain.

enable downscaling from low-resolution NARR atmospheric input data. Since high-resolution horizontal simulation of the atmospheric
component was of interest (90-m grid resolution) at least five domains were needed to downscale boundary and initial conditions (BC
and IC). Parent grid ratios were 3, 3, 5, and 3, respectively. All domains had 14,400 grid points in the horizontal plane. The 270-m LES
domain helps spin up turbulence in the inflow from the 1350-m domain where turbulence is absent (parameterized), to the 90-m
domain of interest (Mirocha et al., 2013).

To spin up and downscale input data for the WRF domains, the top three domains were run in one-way nesting mode starting 4 days
prior to the start of the period of interest (July 15th, 2008). Ndown, a WRF tool providing offline interpolation schemes for down-
scaling from a parent domain to a child domain nested inside it, was then used to downscale the IC and BC from domain 3 to domain 4.
Next, domain 4 was run in LES mode from July 18 to July 23. An extra day prior to the period of interest, in the simulation of domain 4
provides enough time for development of turbulent structures before the analysis period. The time step used in the domain 4 simu-
lation was 0.5 s. Lastly, to run domain 5, again ndown was used to provide IC and BC from domain 4. The time step used for domain 5
simulations was 1/6 s. As mentioned above, the first 4 h of the domain 5 simulations were also considered as an additional spin-up
period to allow the finest turbulence structure and the land surface to equilibrate.

The following physical schemes were used in all simulations with WRF: (1) Single-Moment 6-class scheme for microphysics option;
(2) Rapid Radiative Transfer Model for longwave radiation; and (3) Dudhia scheme for shortwave radiation. For the three mesoscale
simulations with grid resolutions larger than 1 km, the Yonsei University (Hong et al., 2006) planetary boundary layer (PBL) scheme
was used, along with the 2D Smagorinsky scheme for horizontal diffusion. In LES simulations these schemes were turned off since
turbulence was explicitly resolved on the model grids, and the 3D turbulent kinetic energy (TKE) model was used to parametrize
subgrid-scale stresses and fluxes (as in Talbot et al., 2012).

2.2.5. Homogenous setup

The first series of simulations incorporated homogeneous subsurface hydrogeological properties. ParFlow has a 3D, variably
saturated subsurface component with an integrated 2D overland flow component. Noah does not have any representation of lateral
subsurface or overland surface flows. The homogeneous setup allowed isolating the effect of difference in the terrestrial hydrology
parameterization in the two models (WRF-PUCM-PF vs WRF-PUCM).

For this set of simulations, ParFlow-CLM stand-alone spin-up simulations were conducted using hydraulic conductivity and
porosity values of 0.0188 m hr ! and 0.434, respectively. These values correspond to the dominant soil category (sandy loam) for the
domain assigned by WRF Preprocessing System (WPS). All 12 subsurface layers in WRF-PUCM-PF and all four layers WRF-PUCM
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(Table 1) used these values in the homogeneous setup. Three-dimensional arrays of the final soil moisture content spun up in ParFlow
were manually injected into an identical initial condition file for both WRF-PUCM and WRF-PUCM-PF simulations.

2.2.6. Heterogeneous setup

The full potential of the new model was demonstrated by incorporation of 3D subsurface hydrogeological properties in WRF-
PUCM-PF. Such implementation enables representation of spatially variable values of hydraulic conductivity and porosity, particu-
larly for impervious surfaces, which are important drivers of hydrology in urban areas.

We compared WRF-PUCM employing Noah’s subsurface 2D heterogeneous soil properties as available in WPS, with WRF-PUCM-PF
employing ParFlow’s 3D heterogeneous soil properties based on literature values specific to the region. Table 1 lists the subsurface 3D
hydraulic conductivity and porosity values used in the WRF-PUCM-PF setup. The top four layers’ depths, shown in bold in the table,
correspond to Noah'’s top four subsurface layer depths. The top 3 layers have two different sets of values associated with impervious
and pervious land cover. These values are based on physically realistic values derived from literature by Barnes et al. (2018). For the
WREF-PUCM simulation, 2D heterogeneous soil properties were generated by WPS, derived from low-resolution U.S. Department of
Agriculture’s State Soil Geographic Database. These categories do not include any representation for impervious surfaces. Therefore,
the values captured from the soil categories maps by WPS represent the whole column. Although 2D hydrogeological properties of
WRF-PUCM could be altered to get closer to the more physically realistic 3D values in ParFlow, this was intentionally avoided to allow
comparison between the WRF-PUCM-PF with WRF-PUCM as it was originally used over urban areas. This comparison therefore in-
cludes both the improved subsurface physical representation as well as the improved characterization of subsurface hydrogeological
properties.

Similar to the homogeneous setup, the stand-alone heterogeneous ParFlow-CLM simulations were run with the same atmospheric
forcing conditions. Then the 3D spun-up volumetric soil moisture field was injected into both WRF-PUCM and WRF-PUCM-PF as initial
conditions. Considering the homogeneous and heterogeneous setups for WRF-PUCM and WRF-PUCM-PF models, there were four test
case scenarios evaluated (Table 2).

2.2.7. Computational resources

Stand-alone ParFlow spinup simulations were carried out on a local Dell Precision Tower 7910, using 16 processors. All WRF-PUCM
and WRF-PUCM-PF spinups and final simulations were conducted on the high-performance computing Cheyenne system provided by
NCAR’s Computational and Information Systems Laboratory (2019). Simulations run on Cheyenne used 64 processors and required
~290,000 core-hours.

3. Results and discussion

To evaluate the performance of each model for both homogeneous and heterogeneous setups, we first examined the depth of
precipitation generated by each model as a function of time to ensure that any differences observed in the soil moisture spatiotemporal
evolution were not caused by a difference in rain depths. For all four cases, there were negligible differences in the amount of area-
averaged rain at each time step (Fig. 4). The spatial distribution of accumulated generated rainfall for the entire simulation over the
domain is shown for homogeneous cases in Fig. 5. This is expected since only the smallest domain was altered to include PF, and the
differences in surface fluxes over such a limited area should not influence large storm systems generating rainfall.

3.1. Homogeneous (HMG) setup

Fig. 6a—d shows the area-averaged soil moisture values in the top four layers, for the HMG-WRF-PUCM and HMG-WRF-PUCM-PF
models. Area-averaged soil moisture stayed almost constant throughout the entire simulation in layers 3 and 4 (spanning 0.4-2 m
depth below land surface), in the HMG-WRF-PUCM-PF simulation (Fig. 6 ¢, d). For the HMG-WRF-PUCM simulation, the soil moisture
in layer 3 decreased by 0.03 (~11%) up to hour 96 and gained almost 0.02 (~8%) toward the end of the simulation in response to
heavy rain events during the last 24 h of simulation. In addition, soil layer 4 in HMG-WRF-PUCM lost almost 0.02 (~7%) toward the
end of the simulation.

For the top two layers (top 40 cm, Fig. 6 a, b) the evolution of soil moisture in response to rain was different. Up to the middle of
simulation, when the first rain event occurs, layers 1 and 2 in HMG-WRF-PUCM lose 0.01 and 0.02 in soil moisture content; in HMG-
WRF-PUCM-PF values are almost constant for these two layers. Fig. 7 shows this difference more starkly in space. Initially, both models
have similar spatial soil moisture distributions. However, at hour 40, before the first rain, the HMG-WRF-PUCM case has lower soil
moisture content near the stream network. The stream network has changed from red (associated with values above 0.4) to yellow

Table 2
Designation of scenario runs.
No. Case Name Subsurface hydrogeology setup Model
1 HMG-WRF-PUCM Homogeneous WRF-PUCM
2 HMG-WRF-PUCM-PF Homogeneous WRF-PUCM-PF
3 HTRG-WRF-PUCM Heterogeneous 2D in Noah WRF-PUCM
4 HTRG-WRF-PUCM-PF Heterogeneous 3D in ParFlow WRF-PUCM-PF
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Fig. 4. Area-averaged hourly accumulated precipitation for four test case scenarios where HMG stands for homogeneous hydrogeology and HTRG
stands for heterogeneous hydrogeology.
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Fig. 5. Accumulated rain throughout the entire simulation time. Left: WRF-PUCM; right: WRF-PUCM-PF (both homogeneous cases). The rain
distribution for the heterogeneous cases was not discernably different and therefore is not shown.

(associated with values between 0.28 and 0.32). The cells in the stream network in HMG-WRF-PUCM-PF remained nearly saturated in
most places along the network (as expected). These changes are more apparent in animations of temporal evolution of contour plots of
soil moisture distribution for different soil layers provided in Supplementary Movie 1.

To analyze the reason behind the loss of soil moisture in HMG-WRF-PUCM simulations in the first 40 h, we compared the
spatiotemporal evolution of soil moisture among the four layers. Hourly snapshots of soil moisture distribution contour plots (Sup-
plementary movie 1) revealed that after the start of the simulation, the riparian zones, which were fully saturated at a soil moisture
value of 0.434, were draining quickly from the top to the bottom layers in HMG-WRF-PUCM simulation, but not in the simulations with
PF. This is likely because ParFlow’s integrated overland and subsurface flow components route water in the streams; the ponded
pressure keeps soil layers below the streams fully saturated and reduces downward drainage. However, in HMG-WRF-PUCM, Noah
uses the Simple Water Balance (SWB) model (Schaake et al., 1996) to calculate surface runoff, which is not routed horizontally.

The trends changed after the start of a rain event at hour 40 when HMG-WRF-PUCM infiltrates water faster than HMG-WRF-PUCM-
PF. While area-averaged soil moisture content increased by almost 0.1 and 0.07 in layers 1 and 2 in HMG-WRF-PUCM, the corre-
sponding values in WRF-PUCM-PF are 0.06 and 0.04. We examined the difference in spatial distribution of soil moisture content in
both models. In the middle of the simulation (Fig. 7b), the soil moisture level is higher in HMG-WRF-PUCM-PF compared to HMG-
WRF-PUCM. This is more obvious when looking at the difference contour map in Supplementary Fig. 1, where the difference be-
tween soil moisture at each cell between HMG-WRF-PUCM and HMG-WRF-PUCM-PF is illustrated. The difference appears to be
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Fig. 6. Area-averaged soil moisture for the homogenous case scenarios with WRF-PUCM and WRF-PUCM-PF models. Soil moisture content temporal
profiles in the top four layers of the soil are shown in a,b,c, and d.

reflective of the stream network pattern generated by ParFlow in spin-up simulations, as propagated through the HMG-WRF-PUCM-PF
simulations.

While soil moisture increased in the first layer in HMG-WRF-PUCM-PF simulation, corresponding to the location of rain, the slopes
and lateral overland and subsurface component of flow had a significant impact on the distribution. More specifically, saturated zones
still closely mimicked the pattern of stream network or topographic pattern. Riparian zones, saturated throughout the entire simu-
lation, widened, corresponding to increases in streamflow depths in response to rain events. On the west side of the domain where no
rainfall occurred, cells associated with the stream network were fully saturated in HMG-WRF-PUCM-PF, whereas in HMG-WRF-PUCM
soil moisture decreased to values between 0.26 and 0.32. This shows that in the HMG-WRF-PUCM scenario, soils in the stream network
continued to lose a great amount of soil moisture, but at lower rates compared to the beginning of the simulation. High-resolution
simulations enabled representation of hydrological processes closer to typically observed systems. For example, simulated stream
networks generated by these simulations generally aligned with the geometry observed stream network. As emphasized in the
introduction, this is important since variations in hydrometeorological processes of interest in urban areas occur at fine scales.

Next, to evaluate the effects of soil moisture difference on energy-water cycle parameters at the land surface and on microclimatic
parameters, we examined patterns of latent heat flux (LHF) and land surface temperature (LST), depicted in Figs. 8 and 9, that show
area-averaged LHF and LST throughout the entire simulation. It can be seen that LHF in both models is affected by soil moisture at the
top layer (Fig. 8). The values of area-averaged LHF for both models are almost identical up to hour 12 of the simulation. Then between
hours 16 to 20 (12 PM to 4 PM ET), when the incoming solar radiation is at its highest value, the output from HMG-WRF-PUCM shows
almost a 10 W m 2 lower LHF compared to HMG-WRF-PUCM-PF. Lower LHF in HMG-WRF-PUCM can be explained as a result of lower
soil moisture availability in parts of the top layer associated with the stream network (Supplementary Fig. 1). In contrast, during rain
events and at the end of the simulation where HMG-WRF-PUCM reached higher soil moisture content compared to HMG-WRF-PUCM-
PF, HMG-WRF-PUCM has higher LHF. The peak of the area-averaged LHF difference occurs between hours 86 and 94, corresponding to
10 AM and 6 PM, reaching ~40 W m™2.

As expected, the LST time series mirrors its LHF counterpart, with lower surface temperatures corresponding to higher LHF and
vice-versa (Fig. 9). From the middle of the simulation toward the end of the simulation at periods with a large difference in LHF (hour
84-96), the output from HMG-WRF-PUCM is almost 1 °C cooler on average over the domain than HMG-WRF-PUCM-PF. To further
investigate the difference between the LST generated by the two models, we evaluated contour maps of LST spatial distribution at hour
50, 10 PM ET on July 20 (Fig. 10). At this time the two models reached one of their greatest differences in LHF (Fig. 8). Fig. 10 shows
the contour plots of both soil moisture and LST at this time. The northeast part of the domain in WRF-PUCM has higher soil moisture
content compared to WRF-PUCM-PF, resulting in cooler LSTs in that part. This difference is further clarified in Supplementary Fig. 2,
which is a contour plot of differences. As can be seen over the northeast part of the domain, the difference between LST between the
two domains ranges from ~ 1.5 to 3.0 °C. This difference over this area extent could have a considerable impact on water and energy
balances at the land surface, as well as on human thermal comfort.



M. Talebpour et al. Urban Climate 40 (2021) 100985

a)

b)

)

-76.691°  39.269°

0.29 0.34 0.39 0.44  Soil Moisture [-]

Fig. 7. Contour plots of soil moisture distribution in the first soil layer in HMG-WRF-PUCM (left) and HMG-WRF-PUCM-PF (right). a) start of the
simulation; b) at hour 40 of the simulation before the first rain event; c) at the end of the simulation at hour 112.

3.2. Heterogeneous setup
The heterogeneous scenarios started with an initial soil moisture distribution that was spun up in stand-alone mode with ParFlow-

CLM, in a separate setup. As a result, heterogeneous initial area-averaged soil moisture was around 0.07 compared to the homogeneous
initial value around 0.22. Although the atmospheric forcing used in the spin-up was the same used for the stand-alone homogeneous
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Fig. 8. Area-averaged latent heat flux for the homogeneous setup cases.
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Fig. 9. Area-averaged land surface (skin) temperature for the homogeneous setup cases.

case, implementation of impervious surfaces representation resulted in lower domain-averaged subsurface storage at the end.

Similarity of area-averaged rainfall (Fig. 4) amount allows cross-comparison between homogeneous and heterogeneous case
scenarios to isolate any effects of geologic heterogeneity. Fig. 11 shows the area-averaged soil moisture time series for the hetero-
geneous case scenarios. Layers 3 and 4 have almost constant area-averaged soil moisture content throughout the entire simulation, for
both models. In HTRG-WRF-PUCM the two layers lose a small amount of water due to the low rate of free drainage in Noah. In HTRG-
WRF-PUCM-PF, layers 3 and 4 appear to gain small amounts of water in the last 16 h of simulation in response to the heavy rain event
occurring at the end of the simulation.

Higher area-averaged soil moisture at layer 4 (~0.3), almost three times the value of other layers at the beginning of the simulation,
is due to the higher hydraulic conductivity and porosity values associated with the saprolite layer, compared to layers 1-3 being
associated with lower values (Table 1). Under stand-alone spin-up simulations with ParFlow, soils in layers below impervious surfaces
reached higher soil moisture content compared to the top layers (layers 1-3) due to lateral subsurface inflow. As shown by Barnes et al.
(2018), this is because, during stand-alone simulations, water can seep through the subsurface domain laterally and flow beneath
impervious surfaces. Moreover, this water is later prevented by the top impervious layers from exiting the domain vertically, resulting
in a more saturated condition compared to the layers above. The increase in area-averaged soil moisture content, in layers 1 and 2 for
HTRG-WRF-PUCM-PF is small (~0.02 and ~ 0.01). These values are six and four times smaller than the values in homogeneous layers,
corresponding to low hydraulic conductivities of impervious surfaces and low porosity values for the top three soil layers (Table 1).

For HTRG-WRF-PUCM, the final increases in area-averaged soil moisture in layers 1 and 2 are 0.18 and 0.10. These final values are
twice the values observed in the homogeneous setup. The higher increase in HTRG-WRF-PUCM soil moisture is due to lower initial soil
moisture content. The drier soil in the heterogeneous case gains and retains more water from rainfall compared to the homogeneous
case. More importantly, the increase in area-averaged values of soil moisture in the top two layers HTRG-WRF-PUCM are 9 to 10 times
the values observed in HTRG-WRF-PUCM-PF simulations. This difference is caused by a combination of higher surface runoff in the
HTRG-WRF-PUCM-PF simulations, associated with impervious surfaces; and higher infiltration rates in HTRG-WRF-PUCM associated
with Noah’s implementation of hydrology (no overland flow; Appendix A) and 2D geologic properties. Noah’s 2D geologic properties
are based on 16-category soil categories developed at a 1-km grid resolution, and no category exists for impervious surface
parameterization.

Fig. 12 shows contour plots of soil moisture distribution at the start and end of the simulation for both heterogeneous models. The
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Fig. 10. Soil moisture at the land surface and land-surface temperature contour plots at hour 50 (July 20 @ 10 PM) for homogeneous simulations.

similarity of soil moisture contours in HTRG-WRF-PUCM at the end of the simulation (Fig. 12-b) to contours of the spatial distribution
of accumulated rainfall for the entire simulation (Fig. 5) is apparent. It demonstrates: (1) the lack of lateral component of flow in
HTRG-WRF-PUCM simulation; and (2) the fact that HTRG-WRF-PUCM allows water to infiltrate at high rates over areas that are
covered by impervious surface, but may not be represented as such. Although representation of impervious surfaces is implemented in
PUCM for calculation of the surface energy budget through high-resolution land cover maps, subsurface hydrogeologic representation
of impervious surfaces in Noah is not included. Therefore, soil moisture in cells receiving rainfall increased from values below 0.05
(blue in Fig. 12-a, left side) to values between 0.25 and 0.45 (blue in Fig. 12-b, left side).

In the HTRG-WRF-PUCM-PF output, a much smaller area under the rain location had an increase in soil moisture. More impor-
tantly, most of the cells that had increased soil moisture had a lower rise compared to HTRG-WRF-PUCM. While most of the cells in
HTRG-WRF-PUCM under the rainfall area gained soil moisture increases of around 0.2 to 0.35, the increase in HTRG-WRF-PUCM-PF
was around 0.05 (Fig. 12). Nevertheless, cells in the riparian zones had higher increases and were saturated. Also, there was a large
approximately circular area on the central east side of the domain, which turned yellow, corresponding to around 0.2 increase in soil
moisture content values. Further investigation indicated that the area corresponds to Leakin Park which is situated at a valley in
Baltimore City. This park location is shown in Fig. 2.

Figs. 13 and 14 show area-averaged LHF and LST output for both models with the heterogeneous setup. Before the start of rain
events, since soil moisture content for both models is similar in the first soil layer (Fig. 11a), the LHF and LST were similar. However,
with the start of rain and higher infiltration rates in HTRG-WRF-PUCM compared to HTRG-WRF-PUCM-PF, the LHF in HTRG-WRF-
PUCM increased by 25-40% (140 W m~2) toward the end of the simulation between hours 84 and 96. In turn, the increase in area-
averaged LHF in HTRG-WRF-PUCM resulted in 2 °C area-averaged cooler surface temperatures compared to HTRG-WRF-PUCM-PF,
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Fig. 11. Area-averaged soil moisture for the homogenous case scenarios with HTRG-WRF-PUCM and HTRG-WRF-PUCM-PF models. Soil moisture
content temporal profiles in the top four layers of the soil for heterogeneous cases are shown in a, and b respectively.

between hours 86 to 90.

To further investigate the difference between the surface temperature distribution we evaluated contour plots of differences be-
tween LST at each cell for the two models. Fig. 15 demonstrates this difference at hour 92, corresponding to the greatest difference in
area-averaged LST and LHF between the two models (Figs. 13 and 14). As can be seen in most of the areas corresponding to the
precipitation (Fig. 5), HTRG-WRF-PUCM-PF had a higher temperature compared to HTRG-WRF-PUCM. The values for each cell
represent the values of HTRG-WRF-PUCM-PF minus the values of WRF-PUCM. Other than some small patches that correspond to the
large park on the east side of the domain at the lowest elevation, most areas rained on had temperature differences between 6 and
10 °C. The park area at which HTRG-WRF-PUCM-PF had lower temperatures (or where the values of difference were negative), is
associated with higher soil moisture content due to the overland flow component of ParFlow. Overall, the difference in soil moisture
distribution was mainly caused by different terrestrial hydrology representations by ParFlow and had significant impacts on LHF and
LST over urban areas. This is most obvious after rain events.

4. Conclusions

This study developed and tested a new fully-coupled atmosphere-land surface-subsurface model (WRF-PUCM-PF) for the study of
urban hydrometeorological processes at high resolutions. We applied WRF-PUCM-PF and WRF-PUCM models (using WRF in the LES
mode) to a small urban watershed (Dead Run), located in suburban Baltimore, Maryland, USA for the purpose of generating example
output using realistic input data. To isolate the effect of terrestrial hydrologic parameterization in the two models from the effect of
differences in subsurface hydrogeologic properties on soil moisture distribution between the two models, we first applied the two
models to domains with homogeneous subsurface properties. Next, we applied both models to domains with heterogeneous subsurface
properties, to highlight differences in predictions of the two models with a more realistic representation of geologic properties. These
tests aimed to verify that WRF-PUCM-PF produces realistic soil moisture and temperature distributions and to test if it would
significantly alter urban hydrometeorological simulation compared to WRF-PUCM. The following are summary remarks based on the
four simulations run with both models:

e In both homogeneous and heterogeneous simulations, the spatial distribution of soil moisture for the WRF-PUCM model at the last
time step was similar to the spatial distribution of accumulated rain for the entire simulation. Areas under higher accumulated rain
corresponded to areas of higher soil moisture content, while stream networks were completely unnoticeable. This highlighted a
limitation of Noah, which is constrained to model only vertical flows.

e Although the homogeneous WRF-PUCM-PF spatial distribution of soil moisture had the signature of the spatial distribution of
accumulated rain at the end of the simulation, the effect of the overland flow component could be easily seen. The higher soil
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Fig. 12. Contour map plots of soil moisture distribution in the first soil layer in HTRG-WRF-PUCM and HTRG-WRF-PUCM-PF. a) start of the
simulation; b) at the end of the simulation at hour 112.
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Fig. 13. Area-averaged LHF for the heterogeneous setup cases.
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Fig. 14. Area-averaged LST for the heterogeneous setup cases.
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Fig. 15. Contour maps of the spatial distribution of LST difference (WRF-PUCM-PF minus WRF-PUCM) for the heterogeneous setups between the
two models on July 22 at 4 PM (hour 92).

moisture content was associated with stream networks, riparian zones, and valleys. On the other hand, the heterogeneous WRF-
PUCM-PF run, incorporating heterogeneous geologic properties, had a lower soil moisture gain compared to the homogeneous
WRF-PUCM-PF run. Impervious surface implementation in the subsurface properties of the domain resulted in most of the rain
generating runoff. Only stream networks at lower elevations that had permeable soils gained higher soil moisture.

e The difference in soil moisture distribution between WRF-PUCM and WRF-PUCM-PF, in both homogeneous and heterogeneous
scenarios, led to differences in latent heat flux and land surface temperature spatiotemporal distributions. The differences in the
heterogeneous simulations were greater since the two simulations also differed in the hydrological properties of the subsurface
domain. During the dry-down period up to the middle of the simulation at hour 40, the heterogeneous simulations of both HTRG-
WREF-PUCM and HTRG-WRF-PUCM-PF had a similar spatiotemporal distribution of LHF and LST. After hour 40 when rain events
started, due to higher soil moisture availability in HTRG-WRF-PUCM compared to HTRG-WRF-PUCM-PF, the spatiotemporal LHF
and LST diverged, specifically during daytime when incoming solar radiation reaches its highest intensity around noon. More
specifically, the largest difference could be seen between hours 92 and 96 (12 PM and 4 PM locally), where the LST discrepancy
over urban land cover for HTRG-WRF-PUCM-PF is 6 to 10 °C higher compared to HTRG-WRF-PUCM simulation. Such differences
would significantly alter thermal comfort and the health and energy impacts of the urban heat island, as well as the hydromete-
orology of any subsequent rainfall.

Building upon WRF-PUCM and ParFlow-WRF, with improved representation of urban heterogeneous energy and water fluxes, the
new model enhanced representation of urban hydrometeorological processes. More importantly, WRF-LES enabled capturing the
hydrometeorological processes influenced by fine-scale hygrothermal variation resulting from the highly heterogeneous urban land
cover. Overall, the soil moisture distribution influenced by lateral overland flow over impervious surfaces turning to runoff is qual-
itatively closer to reality. The goal was to first evaluate how distinct the WRF-PUCM-PF simulated hydrometeorological fields could be
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relative to the original WRF-PUCM model. Since isolation of each part of the hydrologic representation was the goal, several case
scenarios were designed with a relatively small domain to allow us to run a suite of scenarios in a computationally efficient way.
Moreover, as the goal was to compare the two models using identical input data, no comparison of model output to field data was done.
However, validation is essential to demonstrate that the addition of the subsurface model not only makes the output fields more
realistic, but that it has an appreciable impact on the model prognostic skill. Given the significant difference WRF-PUCM-PF had in this
small domain, future model evaluation work can focus on exploring how soil moisture conditions and microclimatic parameters
compare to real data under different conditions.

The high-resolution that our fully-coupled model captures could also be helpful to examine microclimatic variations in cities over
different urban land covers at much finer grid resolutions, as well as how the mean flow field and turbulence respond to the land
forcing. This is a benefit of using the large-eddy simulation technique that was not fully exploited in this study. Moreover, better
representation of hydrometeorological variations from urban to rural areas, and inclusion of groundwater processes could be used to
improve the evaluation of UHI and its various mitigation strategies, as well as its interactions with groundwater in places with shallow
groundwater.

Supplementary data to this article can be found online at https://doi.org/10.1016/j.uclim.2021.100985.
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Appendix A. Implementation of terrestrial hydrology

Formulations for terrestrial hydrology incorporated into the coupled codes have been published elsewhere but are summarized
here for the convenience of the reader.

A.1. ParFlow configuration of terrestrial hydrology

In WRF-PUCM-PF, ParFlow models integrated surface-subsurface terrestrial hydrology. ParFlow is a three dimensional, variably-
saturated groundwater model (Ashby and Falgout, 1996; Jones and Woodward, 2001; Maxwell, 2013), with an integrated overland
flow component, represented through a boundary condition derived from the application of continuity condition for pressure and flux
(Kollet and Maxwell, 2006). ParFlow solves the Richards (Richards, 1931) equation to model the variably-saturated subsurface
hydrology:

oh Sy (h)
SsSwa T4

= Veqg+q,(x,2) (A1)

where Sg is specific storage [L™'1; Sy is relative saturation [—1; h is pressure head [L]; t is time [T]; ¢ is porosity [—1; q is Darcy flux
[LT17; g,is the general source/sink term that represents fluxes including rainfall, transpiration, wells, and irrigation [LT 1. The Darcy
flux is expressed as:

q = OSw(h)v = —Ks(x)k.(h)V(h +z) (A.2)

where v is subsurface velocity [LT 11; K is saturated hydraulic conductivity tensor [LT"1]; and k, is relative permeability [—].
ParFlow’s integrated overland flow component is represented through a boundary condition derived from the application of
continuity condition for pressure and flux (Kollet and Maxwell, 2006), and expressed as the two-dimensional kinematic wave equation:

_ 0|0
ot

k(= Ks(X)k,(h)V(h +2)) — Ve [, 0v*" + g, (x) (A.3)

where k is a unit vector in the vertical direction [—], and h is surface ponding depth [L]. ||h,0| picks the maximum of h or zero,
resulting in equivalency between surface ponding and pressure head in Eq. A.1 when h > 0. g.(x) is also equivalent to the source/sink

term in Eq. A.1 but at the surface. This boundary condition is based on the assumption that surface pressure and ponding depth are the
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same at the ground surface.

A.2. Noah configuration of terrestrial hydrology

In WRF-PUCM, Noah is used for modeling the terrestrial hydrology processes. Noah was developed as an LSM and coupled to WRF
as an atmospheric model for mesoscale applications (Chen and Dudhia, 2001). In those applications, grid resolutions were coarse, on
the order of several kilometers. Therefore, lateral surface and subsurface flow effects were negligible. For those applications, Chen and
Dudhia (2001) implemented the simplistic one-dimensional Richards equation:

00(h) 0 ( 00\ 0K
5 _0_z< ) —Z+Fc~) (A.4)

0z 0,

where @ is soil moisture content [—]; D is the soil water diffusivity [L>T '], and K is the vertical hydraulic conductivity [LT']. F is the
general source/sink term for soil water that represents fluxes including rainfall, transpiration, wells, and irrigation [T~']. This version
of the Richards equation is derived under the assumption that subsurface flow is one-dimensional vertical flow, rigid, and
homogeneous.

Noah calculates runoff, R, as an excess of precipitation not infiltrated (R = Pg — I ;). In this implementation, overland flow is not
represented. Rather, at every timestep, surface runoff is computed and discarded from the domain. Therefore, lateral overland flow is
not modeled.
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