
1.  Introduction
Urban modification of rainfall has received considerable attention following the pioneering METROpolitan 
Meteorological Experiment (METROMEX) in the United States since 1970s (e.g., Changnon et al., 1971; 
Changnon, 1975). Observational and modeling studies have demonstrated clear signatures of urban impacts 
on rainfall over a large collection of worldwide cities and mainly point to urban heat island (UHI; e.g., Born-
stein & Lin, 2000; Dixon & Mote, 2003; Yang, Smith, et al., 2014; Yang et al., 2014; Yu & Liu, 2015), urban 
canopy (e.g., Bornstein & LeRoy, 1990; Dou et al., 2015; Miao et al., 2011; Niyogi et al., 2011), and airborne 
aerosols (e.g., Jin et al., 2005; Liang et al., 2018; Rosenfeld, 2000; Zhong et al., 2017) as the main contributing 
factors. These factors have been comprehensively reviewed in, among others, Shepherd (2005, 2013).

However, previous studies have identified diverse behaviors of urban-induced rainfall anomalies (i.e., the 
magnitudes and locations of rainfall changes, see summaries in Liu & Niyogi, 2019). This highlights the 
complexities of land-atmosphere interactions in urban environments that is closely tied to interacting and 
intricate factors (Zhang,  2020), for instance, interactions between urban forcing and terrain-induced at-
mospheric circulations (e.g., lake breeze, mountain-valley circulation) in complex physiographic settings 
(Freitag et al., 2018; Lin et al., 2011; Yang, Smith, et al., 2014), and/or contrasting synoptic conditions of ana-
lyzed storms (Debbage & Shepherd, 2018; Reames & Stensrud, 2018; Yang et al., 2019). Based on five-year 
observational analyses over Beijing, Dou et al. (2015) found bifurcated winds induced by an urban-barrier 
induced divergence when the UHI is weak, which leads to storms bypass the urban center and a subse-
quent rainfall enhancement in the downwind region. This is contrasted with the strong-UHI situations 
that storms tend to be enhanced over the urban center due to the UHI-induced convergence. The results 
by Dou et al. (2015), together with some other studies (e.g., Jiang et al., 2020; Wu et al., 2019), highlight the 
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importance of segmenting storms by synoptic conditions and/or pre-storm environments (e.g., UHI inten-
sity) in urban rainfall studies.

In addition, the geometrical features of urban canopy (e.g., urban area fraction, street widths and orienta-
tion, building heights and their spatial distributions, etc.) vary across cities, and their impacts on spatial and 
temporal rainfall variabilities are still not well understood. For instance, climatological analyses based on 
radar reflectivity fields show limited evidence of storm splitting over the upwind region of the New York 
City (Yeung et al., 2015), while the complex seems to be true for Berlin, Germany where storms are either 
deflected or split by the city (Lorenz et al., 2019). These results echo the findings of three case studies over 
Atlanta, Georgia by Bornstein and Lin (2000). While the role of cities in bifurcating regional flow is revealed 
by previous case studies (e.g., Miao et al., 2011; Zhang et al., 2019), additional studies are further needed to 
understand the impacts of urban canopy on spatial and temporal rainfall variabilities.

Modeling analysis based on the Weather Research and Forecasting (WRF)/Urban modeling system provides 
a useful utility for examining urban modification of rainfall (Chen et al., 2011; J. K. S. Ching, 2013; Liang 
et al., 2018). The existing urban physics options in the WRF/Urban modeling system, including the Bulk 
scheme, the single-layer urban canopy model (UCM), the building effect parameterization (BEP), building 
energy model (BEM), parametrize urban surface processes with different complexities (see details in, e.g., 
Chen et al., 2011). The capabilities of different urban parametrizations have been extensively investigated in 
previous studies (e.g., Barlage et al., 2016; Giovannini et al., 2014; Liao et al., 2014; Salamanca et al., 2018; 
Sharma et al., 2017; Yang et al., 2015) , most of which specifically focus on space-time dynamics of surface 
heat fluxes, near-surface temperature and wind fields over cities during clear days. The multi-layer ur-
ban physics (e.g., BEP) is mostly recommended in reducing simulation biases of near-surface wind fields 
and temperature, compared to either the single-layer UCM or the Bulk scheme approach. In addition, the 
WRF/Urban modeling system with the multi-layer urban parametrizations (BEP or BEM) demonstrates 
improved performance through incorporating a gridded dataset of urban canopy parameters (UCPs; Carter 
et al., 2012; He et al., 2019, 2020; Shen et al., 2019; Zhang et al., 2019). The gridded UCPs provide additional 
information about building heights and their spatial distributions, street widths and orientations, etc., and 
more realistically represent urban surface heterogeneities in the modeling system. For instance, Salamanca 
et al. (2011) show that the multi-layer urban parametrization (BEP) coupled with gridded UCPs is supe-
rior to simulate air temperature than other urban physics schemes in the WRF/Urban modeling system. 
However, few studies have investigated the capabilities of different urban parametrizations (especially the 
multi-layer urban parametrization) and the gridded dataset of UCPs in rainfall simulation using the WRF/
Urban modeling system (Li et al., 2013; Miao et al., 2011; Paul et al., 2018; Ryu et al., 2015; Yang, Smith, 
et al., 2014; Yu & Liu, 2015). Better understandings of the contrasting simulated rainfall fields with differ-
ent urban parametrizations and geometrical representations of urban canopy can further shed light on the 
signatures of urban impacts on rainfall. This is of paramount importance due to the strong sensitivities 
of spatial and temporal rainfall variabilities to different urban representations (e.g., Li et  al.,  2013; Ryu 
et al., 2015; Yang, Smith, et al., 2014).

In this study, we focus on two convective rainfall events, that is, the 10 June 2017 storm and 30 June 2018 
storm, over Nanjing, the capital city of Jiangsu province in eastern China. Both storms produced extreme 
short-term rainfall, but with contrasting spatial-temporal rainfall variabilities and pre-storm environments 
(see details in Section 3). Comparisons between the two storms will further underscore the dependence 
on synoptic conditions (e.g., Jiang et  al.,  2020; McLeod et  al.,  2017; Wu et  al.,  2019; Yang et  al.,  2019; 
Zhang, 2020) in shaping the urban signatures of extreme rainfall. We also expect to provide improved un-
derstandings of the impacts of urban canopy on rainfall variabilities. This is mainly because less consensus 
has been reached on the specific role of urban canopy in dictating rainfall anomalies over cities compared 
to the overall understandings of urban thermal influences.

The city of Nanjing is an ideal setting for urban rainfall modification studies. It is located in the Yangtze River 
Delta region, one of the largest urban agglomerations in the world. There are no complex terrain or land-wa-
ter boundaries (e.g., lake or sea) close to the city. Extreme rainfall over Nanjing is associated with multiple 
synoptic agents, for example, frontal systems during the East Asian Summer Monsoon period, extra-tropi-
cal cyclones, landfalling tropical cyclones, and local convective systems (e.g., Ding & Zhang, 2009). In this 
study, we first investigate the urban signatures of rainfall anomalies over Nanjing based on climatological 
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analysis of hourly rainfall observations. We further focus on the impacts 
of urban canopy on spatial and temporal rainfall variabilities based on 
the WRF/Urban modeling system with different urban parametrizations 
(i.e., the bulk scheme, UCM, and BEP) and improved geometrical rep-
resentations of urban canopy by incorporating a newly developed dataset 
of UCPs. The gridded UCPs have been developed for selected cities in the 
United States through the National Urban Database and Access Portal 
Tool (NUDPAT, e.g., Ching et al., 2009), but are available only for Beijing 
and Guangzhou in China (He et al., 2019; Shen et al., 2019).

Our empirical and modeling analyses are centered on the following re-
search questions: (1) What are the urban signatures in the spatial vari-
ability of extreme rainfall over Nanjing? (2) What are the utilities of the 
WRF/Urban modeling system with different urban parametrizations 
and different geometrical representations of urban canopy in capturing 
dynamic and thermal fields over cities? (3) What are the impacts of ur-
ban canopy on spatial and temporal rainfall variabilities for storms with 
contrasting pre-storm environments? (4) How do storm structures and 
evolution properties behave in response to different urban forcing (i.e., 
perturbations of building complexes and their spatial configurations)?

2.  Data and Methodology
2.1.  Observations

There are 71 rain gauges with hourly rainfall observations during the 
warm-season months (i.e., May to September) of 2013–2018 over and 
around Nanjing (see the lower panel of Figure  1 for locations of the 
gauges). The dataset is jointly collected from the China Meteorological 
Administration (29 gauges) and the Hydrological Bureau of Jiangsu prov-
ince (42 gauges) and is quality controlled for accuracy and consistency 
throughout the observational period. The 29 CMA gauges do not have 
records during the entire warm season of 2018 (see Figure 1 for locations) 
and will be discarded for climatological analyses (see Section 3). There 
are three meteorological stations that provide 3-h surface air temperature 
at 2 m (see the lower panel of Figure 1 for locations) during the period 
of two storm events. There are three additional meteorological stations 
with daily mean temperature during the period of two storm events. Sur-
face meteorological observations are also obtained from the China Me-
teorological Administration. We also obtain vertical wind profiles from 
a sounding station located in the city of Nanjing. The sounding observa-
tions are provided by the Integrated Global Radiosonde Archive (IGRA) 

and are available twice a day (i.e., 00 UTC and 12 UTC) during the two storms (see the lower panel of Fig-
ure 1 for its location). These in situ observations mainly serve the purpose of model evaluation, except that 
analyses of rain gauge observations highlight the spatial variability of warm-season extreme rainfall over 
Nanjing from a climatological perspective.

2.2.  Gridded Data

We develop a high-resolution gridded dataset of UCPs to better characterize the geometrical features of 
urban canopy over Nanjing. The gridded UCPs are based on a vector-format archive of urban buildings for 
a collection of major cities in China. The data archive is maintained by the Resources and Environmental 
Science Data Center of the Chinese Academy of Sciences (see http://www.resdc.cn for details) and provides 
geometric information of buildings over the downtown area, including building profile, height, and their 
locations. The dataset of updated UCPs includes the following variables: the mean, standard deviation, and 
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Figure 1.  Map of the study region. Three nested domains are outlined 
in the upper panel. The black box in domain 3 (lower panel) shows the 
urban domain. Land use/land cover types within domain 3 are shaded. 
Green dots represent the 42 rain gauges that have complete hourly rainfall 
records during the period 2013–2017, while black dots show the 29 rain 
gauges with records of 2018 missing. Black squares and cross represent the 
2-m temperature and sounding stations, respectively. The labels (e.g., T1, 
T2, T3) indicate the locations of three stations with observed daily mean 
temperature at 2 m.

http://www.resdc.cn
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histogram of building height, building plan area fraction, building surface area to plan area ratio, frontal 
area indexes for northerly, north-easterly, easterly, and south-easterly winds. The other information, such 
as roof/street width, building width, sky-view factor, etc., can be calculated accordingly. The list of gridded 
UCPs is shown in Table 2. The readers are referred to Burian and Ching (2009) for detailed procedures about 
the development of gridded UCPs.

The urban land-use/land-cover over Nanjing is updated based on a 30-m impervious cover map developed 
by Liu et al. (2018) (see http://www.geosimulation.cn/GlobalUrbanLand.html for details). The urban land 
use was classified into three sub-categories according to the percentage of total impervious coverage (IR) 
within a 1-km2 grid, that is, low-intensity residential (IR < 0.5), high-residential (0.5 < IR < 0.8), and com-
mercial/industrial (IR > 0.8, similarly, see, e.g., Yang, Tian, et al., 2014). The percentage of total impervious 
coverage within a 1-km2 grid is also termed as urban fraction. Urban fraction controls the partition of sur-
face fluxes between the vegetated and non-vegetated portion within an urban grid and is a critical variable 
in dictating the radiative fluxes and surface meteorological fields in the WRF/Urban modeling system (e.g., 
Chen et al., 2011; Li et al., 2013). The gridded UCPs are incorporated into the WRF/Urban modeling system 
to better characterize the geometrical features of urban canopy over Nanjing.

2.3.  WRF Modeling

We use the WRF model to examine two storm events, that is, the 10 June 2017 storm and 30 June 2018 storm. 
The WRF model is a fully comprehensible, non-hydrostatic, mesoscale model (Skamarock et al., 2019). The 
version of Advanced Research WRF V4.0 was used. We set up three two-way nested domains (Figure 1), 
with the outer domain (domain 1) covering central and south-eastern China and the innermost domain 
centering over Nanjing. There are 200 × 200, 217 × 268, and 229 × 226 horizontal grids, with grid spacings 
of 9, 3, and 1 km for the three domains, respectively. We configured 38 vertical levels in the model, with 15 
of them below 2 km above the ground, to better capture dynamical processes within atmospheric bound-
ary layer. The upper boundary of the model is set at 100 hPa. The physics options used in the simulations 
include: the WRF single-moment six-class (WSM6) microphysics scheme, the Mellor-Yamada-Janjic (MYJ) 
boundary layer scheme, the Rapid Radiative Transfer Model (RRTM) for long-wave radiation, Dudhia’s 
scheme for short-wave radiation, and the Noah land surface model. The Kain-Fritsch cumulus scheme is 
only adopted for the outer domain. Details of main physics options of the WRF simulations are summarized 
in Table 1.
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Domain 1 Domain 2 Domain 3

No. of horizontal grid cells (x, y) 200 × 200 271 × 268 229 × 226

Grid size (km) 9 3 1

Time steps (s) 54 18 6

Cumulus scheme K-F scheme None None

Microphysics scheme WSM6

Vertical layers 38 levels, with 15 levels below 2 km

Long wave radiation RRTM Scheme

Short wave radiation Dudhia Scheme

Surface layer Monin-Obukhov Scheme

Land surface Noah Land Surface Model

Boundary layer Mellor-Yamada-Janjic (MYJ) scheme

MODIS 30s, with updated urban land use categories based on 30-m 
impervious coverage over China (see Liu et al., 2018)

Land use Initial and Boundary Conditions NCEP FNL analysis fields (6 h, 1°)

Table 1 
Overview of WRF Physics Options

http://www.geosimulation.cn/GlobalUrbanLand.html
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We implement five different numerical simulations for each of the two storm events. The aforementioned 
model configurations are used for each set of the five simulations scenarios. Details of different simulation 
scenarios are summarized in Table 3. The simulations differ from each other by contrasting urban physics 
schemes and/or UCPs only. The UCM_TAB and UCM_UCP simulations describe the interactions of urban 
surface and lower atmosphere through coupling a single-layer UCM to the Noah land surface model, while 
the multi-layer building effect parametrization (BEP) is adopted in the BEP_TAB and BEP_UCP simula-
tions. Unlike the single-layer UCM that categorizes urban surfaces into roofs, roads, and walls, the BEP 
model additionally resolves the effects of urban buildings on heat and momentum transport throughout 
the urban canopies (defined by the depth from the ground surface to the height of the tallest buildings 
within the domain). The effects can propagate into the regions above the urban boundary layer through the 
transport processes as prescribed by the prognostic equations within the WRF/Urban modeling system. The 
BULK simulation uses a simple urban treatment (i.e., the bulk roughness approach) in the default Noah 
land surface model and does not consider the spatial heterogeneity of urban surface properties.

The gridded dataset of UCPs developed in Section 2.2 is incorporated in 
the UCM_UCP and BEP_UCP simulations. This is contrasted with the 
UCM_TAB and BEP_TAB simulations that adopt default UCPs from a 
look-up table (Table 2, see more details in Chen et al., 2011). We provide 
a quantitative comparison between the key geometrical features of urban 
canopy over Nanjing characterized by the default look-up table and by 
UCPs (Table 4). Figure 2 additionally show selected variables of UCPs 
over Nanjing. The urban fraction field spans from 0 to 1 over the entire 
city, with the mean value of 0.62. This is contrasted with a larger mean 
urban fraction value (i.e., 0.77) based on the default look-up table. The 
mean building height in UCPs is 14.4  m, with the maximum value of 
68.1  m, while the mean and maximum values are 7.4 and 10.0  m, re-
spectively based on the default look-up table. The mean values of roof/
street widths are comparable between UCPs and the default look-up 
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Name of Default UCM/BEP parameters

Gridded UCPs Name (unit) Low-intensity residential High-intensity residential Commercial/industrial

HGT_URB2D BUILD_HEIGHT (m) 5.0 7.5 10.0

LP_URB2D BUILD_AREA_FRACTION (−) No No No

LB_URB2D BUILD_SURF_RATIO (−) No No No

FRC_URB2D FRC_URB (−) 0.50 0.90 0.95

BW_URB2D ROOF_WIDTH (m) 8.3 9.4 10.0

SW_URB2D ROAD_WIDTH (m) 8.3 9.4 10.0

ZDC_URB2D ZDC (m) 1/5 of ZR 1/5 of ZR 1/5 of ZR

Z0C_URB2D Z0C (m) 1/10 of ZR 1/10 of ZR 1/10 of ZR

Z0HC_URB2D Z0HC (m) 1/10 of Z0C 1/10 of Z0C 1/10 of Z0C

Z0R_URB2D Z0R (m) 0.01 0.01 0.01

HI_URB2D Height_bin 5 m (15%) 10 m (20%) 15 m (10%)

Height/(Percentage) 10 m (70%) 15 m (60%) 20 m (25%)

15 m (15%) 20 m (20%) 25 m (40%)

30 m (25%)

Notes. The definitions of listed parameters are as follows. HGT_URB2D: area weighted mean building height, LP_URB2D: building plan area fraction, LB_
URB2D: building surface to plan area fraction, FRC_URB2D: fraction of non-vegetation surface, BW_URB2D: roof width, SW_URB2D: road width, ZDC_
URB2D: zero plane displacement height, Z0C_URB2D: roughness length for momentum above canyon, Z0HC_URB2D: roughness length for heat above 
canyon, Z0R_URB2D: roughness length for momentum above roof, HI_URB2D: building height bins defined for a particular urban category.

Table 2 
List of Gridded UCPs and Default UCM/BEP Parameters Adopted in WRF Simulations

Scenarios Urban physics
Urban canopy 

parameters

BULK Bulk scheme approach None

UCM_TAB Single-layer urban canopy model Look-up table

UCM_UCP Single-layer urban canopy model Gridded UCPs

BEP_TAB Multi-layer building effect parametrization Look-up table

BEP_UCP Multi-layer building effect parametrization Gridded UCPs

Note. See the text for details about each scenario

Table 3 
Overview of Different Simulation Scenarios
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table, although the roof/street widths in UCPs show relatively larger spatial variabilities. Comparisons of 
building height and urban fraction indicate that higher but less dense urban buildings are characterized 
by UCPs than the default look-up table. An interesting finding is that there are several “hot-spots” of high 
buildings distributed over the outer boundary of downtown Nanjing (Figure 2b). This spatial pattern of 
building heights is tied to the local land policy that historical buildings need to be well preserved within the 
city, while numerous high-rise residential buildings are constructed outside downtown to accommodate 
increasing city dwellers. This is clearly different from the spatial pattern of building heights as characterized 
by the default look-up table that the highest buildings are distributed over downtown (i.e., consistent with 
the distribution of commercial/industrial urban category, see Figure 1).
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Building height (m) Urban fraction (−) Roof/street (m)

Table UCPs Table UCPs Table UCPs

Mean 7.4 14.4 0.77 0.62 9.4 10.2

Standard deviation 2.0 9.2 0.21 0.24 0.71 5.9

Minimum 5.0 3.0 0.5 0.06 8.3 1.5

Maximum 10.0 68.1 0.95 1.0 10.0 100.7

Table 4 
Statistics of Urban Buildings Over Nanjing as Prescribed by the Default Look-up Table and UCPs

Figure 2.  Spatial map of selected variables in the gridded urban dataset for Nanjing: (a) urban fraction (−), (b) mean 
building height (in meters), (c) building surface to plan area ratio (−), and (d) frontal area index (−) in south direction. 
The black line shows the urban boundary of Nanjing.
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In addition to the aforementioned contrasts in how urban surfaces are parametrized, the representations 
of anthropogenic heat are different among three urban parameterizations (i.e., the bulk scheme, UCM, and 
BEP). There is no consideration of anthropogenic heat in the bulk scheme. A default diurnal profile of an-
thropogenic sensible heat is adopted for the single-layer UCM (e.g., Chen et al., 2011), while the multi-layer 
BEP can be incorporated with BEM to explicitly represent anthropogenic sensible and latent heat fluxes 
released from urban buildings (e.g., Gutiérrez et al., 2015; Salamanca et al., 2011). Anthropogenic heat can 
influence spatial and temporal distributions of urban rainfall through modifying thermodynamic fields 
over cities (Nie et al., 2017). In this study, we turned off anthropogenic heat for each simulation scenario. 
This enables that comparisons among different simulations can be attributed to only urban parametrization 
itself and how the geometrical features of urban canopy are characterized. The deviations of simulations 
from observations can be partially resulted from the absence of anthropogenic heat, but are quite limited 
(see model evaluation in Section 4.1).

The simulations for the 10 June 2017 storm are initiated at 00 universal time coordinated (UTC) on 09 June 
2017, and run for 48 h. The simulations for the 30 June 2018 storm are initiated at 00 UTC on 30 June 2018 
and run for 48 h. The first 6-h period for each set of the simulations is treated as model spin-up period and 
not included in the following analyses. We principally focus on the innermost domain (i.e., domain 3) due 
to its highest grid resolution and its ability to capture the small-scale convective activities. The temporal 
interval of the output is 1 h for the innermost domain. The initial and boundary conditions for the WRF 
simulations are provided by the meteorological fields obtained from the National Centers for Environmen-
tal Prediction (NCEP), Final (FNL), and Global Forecast System (GFS) analyses. The GFS FNL reanalysis 
fields, with the spatial resolution of 1° and temporal resolution of 6 h, are also used to characterize the 
synoptic conditions for the two storms.

2.4.  Storm Tracking

We perform Lagrangian analyses for the simulated 30 June 2018 storm event using the Thunderstorm Iden-
tification, Tracking, Analysis, and Nowcasting (TITAN) storm tracking algorithms (Dixon & Wiener, 1993). 
We create reflectivity fields for each of the five WRF simulations based on the simulated hydrometeor fields 
and convert them to 3-D Cartesian fields. The vertical and horizontal resolution of the reflectivity fields 
is 1 km. The storm tracking analyses are based on model simulations with a temporal interval of 10 min, 
and span the dominant rainfall period 1000 UTC–1600 UTC on 30 June 2018. We use a 45 dBZ reflectivity 
threshold and a 5 km3 volume threshold to identify storm elements for the 30 June 2018 storm. A storm cell 
is identified as a contiguous region of reflectivity values exceeding 45 dBZ provided that the total volume 
of the contiguous region is greater than 5 km3 (similarly see, e.g., Ryu et al., 2015; Yang & Smith, 2018; 
Yang, Smith, et al., 2014, 2016). Results based on a different set of thresholds (i.e., 40 dBZ and 30 km3) 
do not show considerable differences (results not shown). The 2018 storm is chosen for tracking analyses 
particularly due to that extreme rainfall over the city is closely associated with a single complex storm track 
and its temporal evolution property. The role of urban canopy can be easily interpreted based on differences 
among the simulated storm tracks. This contrasts with the 2017 storm that multiple complex storm tracks 
are responsible for extreme rainfall and make the storm tracking results unable to be directly related to 
urban effects (results not shown).

3.  Extreme Urban Rainfall
3.1.  Rainfall Climatology

Figure 3 shows the spatial distributions of extreme rainfall statistics based on 71 gauges of hourly rainfall 
observations during the warm seasons of 2013–2017 over Nanjing. We use the 99th percentile hourly rain 
rate for each rain gauge (in Figure 3a) as the threshold for extreme short-term rainfall. There are three 
gauges with the thresholds exceeding 28 mm/h and are located over the city, with several others nearby 
exceeding 25 mm/h on average. The hourly rain rates decrease to 17 mm/h over the surrounding rural are-
as. There is a pocket of rain gauges with the rain rates averaging around two thirds of the maximum to the 
south of downtown Nanjing (Figure 3a). Consistent with the spatial pattern of extreme hourly rain rates, 
the gauges with the largest 99th percentile hourly rain rates also show the most frequent hours with rain 
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rates exceeding 20 mm/h (i.e., around 28 h, see Figure 3b). The total number of extreme rainfall hours (i.e., 
exceeding 20 mm/h) sharply decreases to 7.5 h on average (i.e., 3–4 times smaller than the peak) within 
approximately 50 km away from downtown Nanjing. We show a strong urban signature in dictating spatial 
rainfall variability over Nanjing as reflected by the concentrations of extreme hourly rain rates and their 
frequencies over the city. An important caveat is that the revealed urban signature is based on climatological 
analyses which mix all storm events regardless of their pre-storm environments. The following analyses for 
two representative storm events will be carried out to further investigate the urban signature in character-
izing rainfall anomalies over Nanjing.

3.2.  Synoptic Overviews

The two events examined in this study are the 10 June 2017 storm and the 30 June 2018 storm. Both storms 
are short-term convective rainfall events during the East Asian Summer Monsoon period (i.e., June to Au-
gust; Ding & Chan, 2005; Ding & Zhang, 2009). However, the two storms show contrasting synoptic condi-
tions, spatial and temporal rainfall variabilities, and the resultant socio-economic impacts. For reasonable 
comparisons, we count on 42 rain gauges that have records during both storm events, most of which are 
located within the urban domain (see Figure 1 for locations). There are 30 (5) gauges with peak hourly 
rain rates exceeding 20 mm/h (40 mm/h) for the 10 June 2017 storm, with the maximum value of peak 
hourly rain rates around 56 mm/h, while there are only 7 (1) gauges with peak hourly rain rates exceeding 
20 mm/h (40 mm/h) for the 30 June 2018 storm, with the maximum value of peak hourly rain rates around 
45 mm/h. The maximum 24-h rainfall accumulation is 244 mm for the 10 June 2017 storm, with a return 
interval of more than 100 years. Additional 4 gauges with daily rainfall accumulation exceed 200 mm, and 
set new records since the establishment of the gauges in Nanjing. The 10 June 2017 storm passed through 
Nanjing during a 12-h period, that is, from 1600 UTC on 9 June 2017 to 0400 UTC on 10 June 2017. This late-
night-early-morning storm resulted in severe inundation for 16 locations and paralyzed the transportation 
system over downtown Nanjing. In contrast, the 30 June 2018 storm is a fast-moving event, with limited 
spatial and temporal coverages. The peak rainfall mainly concentrated in 1–2 h for most rain gauges. The 
daily rainfall totals for the 30 June 2018 storm are less than 50 mm for all the 42 rain gauges, with a maxi-
mum value around 47 mm. Unlike the 30 June 2017 storm, there are limited consequences in terms of flood 
inundation or socio-economic losses for the 30 June 2018 storm.
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Figure 3.  Spatial distributions of (a) the 99th percentile hourly rain rate and (b) number of hours with rain rates 
exceeding 20 mm/h. Results are based on five-year hourly rainfall observations during the warm seasons of 2013–2107. 
Gray shading highlights impervious coverage. The black line shows the urban boundary of Nanjing. The contours 
represent terrain (in m).
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Contrasting spatial and temporal rainfall variabilities are closely associated with different synoptic condi-
tions for the two storms. The 10 June 2017 storm is associated with the passage of an extratropical cyclone 
over the middle reaches of the Yangtze River and Huai River basins (also frequently known as Jianghuai 
Cyclone, see, e.g., Chang et al., 1998; Ding & Zhang, 2009). The Jianghuai Cyclone is a typical synoptic sys-
tem responsible for extreme rainfall and widespread flooding in the lower portion of the Yangtze River basin 
(Chang et al., 1998). The closed contour of 3080 gpm at 700 hPa formed at 1800 UTC, and gradually swept 
across the lower reach of the Yangtze River basin (Figure 4a). The maximum wind speed exceeded 20 m/s 
and transported tremendous amount of moisture from the tropics to the storm region. The wind direction 
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Figure 4.  Pre-storm environment for the (a) 10 June 2017 (at 1800 UTC) and (b) 30 June 2018 storm (at 0600 UTC). 
Black contours represent geopotential height (in gpm) at 700 hPa, while shading represents precipitable water 
integrated within the entire air column (in mm). Vectors show wind fields at 700 hPa. Black square shows the location 
of Nanjing. The thin black lines outline coastal boundaries. The results are based on GFS FNL fields.
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at the steering-level is from south-west toward north-east. Extreme rainfall was mainly concentrated in 
the warm-sector of the cyclone. The precipitable water throughout the entire air column is around 70 mm 
before the storm.

In contrast, the synoptic condition for the 30 June 2018 storm is relatively benign (Figure 4b). The storm 
propagated from north of the city toward the city center. The air-column integrated precipitable water is ap-
proximately 55 mm. The convective available potential energy at 0600 UTC (1400 LST, i.e., LST = UTC+8h) 
is over 1300 J/kg for the 30 June 2018 storm, indicating a strong potential for convection before the storm. 
Based on visual checking on the radar loops of composite reflectivity fields, the 30 June 2018 storm is char-
acterized by scattered convective storm cells that are not well organized in space, while the 10 June 2017 
storm shows storm structure of a mesoscale convective system. This type of storm development for the 30 
June 2018 storm can be related to surface heating in early afternoon and the pre-existing moist convective 
energy accumulated in the atmosphere. In addition to the aforementioned contrasts in synoptic conditions, 
the thermal contrasts between urban and rural areas, that is, the UHI intensity, are different between the 
two storms. The UHI intensity is defined as the 2-m air temperature difference between the urban station 
(i.e., the station located in the black box in Figure 1) and the average of the two rural stations for during the 
6-h period before the initiation of the storms (i.e., 1800 UTC 09 June 2017 and 12 UTC 30 June 2018, respec-
tively). The UHI intensity is around 1.1 °C for the 2017 storm, and is 0.6 °C for the 2018 storm.

4.  WRF Results
4.1.  Thermal and Dynamic Fields

Figure 5 shows the spatial patterns of daily mean temperature for the 10 June 2017 and 2030 June 2018 
storm. All the five simulations capture key features of surface temperature pattern for both storms. For 
instance, there is a strong spatial gradient of surface temperature from north to south for the 2017 storm 
(Figure 5). The simulated patterns of surface temperature are comparable among the simulations, although 
the BULK simulation seems to produce the largest temperature biases over the urban region. We further 
evaluate our simulations at the locations of the three in-situ meteorological stations and the corresponding 
model grids for both storm events, with the statistics summarized in Table 5. The statistics are combined 
for both storm events, since the two events do not show noticeable differences in terms of the statistics. 
There are 84 sample hours for each statistic. As can be seen from Table 5, all the five simulations reasonably 
capture the spatial and temporal variabilities of surface air temperature, with the mean bias around 1 °C 
and the correlation coefficient around 0.95 for the urban station. Compared to the BULK simulation, the 
simulations using either the single-layer UCM or BEP reduce the mean biases of 2-m temperature, with 
the two BEP simulations (i.e., BEP_TAB and BEP_UCP) demonstrating better performance than the two 
UCM simulations (i.e., UCM_TAB and UCM_UCP). In addition, incorporating the upgraded UCPs in the 
BEP_UCP simulation further shows improvement in capturing the temporal variability of 2-m temperature 
over the three stations (see correlation coefficient statistics in Table 5). For instance, the mean bias for the 
urban station (i.e., the one located within the urban domain) is 1.11 °C in BEP_TAB and is reduced by about 
0.1 °C in BEP_UCP. Both the statistics of RMSE and correlation coefficient are improved in the BEP_UCP 
simulations for the urban station. The utility of gridded UCPs has also been examined in Carter et al. (2012) 
and Gutierrez et al. (2011). Shen et al. (2019) and He et al. (2019) also highlight the utility of the WRF mod-
el with multi-layer urban physics and upgraded UCPs in improving thermodynamics over urban surfaces 
during clear days. Our simulation results further show that the benefits of incorporating gridded UCPs are 
still noticeable during rainfall periods.

There are noticeable contrasts in 2-m temperature averaged over all urban grids (i.e., with the land use type 
categorized as low-intensity residential, high-residential, or commercial/industrial) among the simulations 
for both storm events. The maximum and mean 2-m temperature for the two BEP simulations for both 
storm events is about 2 °C lower than the BULK simulation, and 1 °C lower than the two UCM simulations 
(Figures 6a and 6b), respectively (see also Figure 5 for spatial patterns). Contrasts in surface temperature are 
partially tied to surface energy partitioning over urban surfaces (e.g., Yang, Smith, et al., 2014; Yang, Wang, 
et al., 2016). The mean values of latent heat flux, that is, about 100 W m−2, for the UCM_UCP and BEP_UCP 
simulations are comparable, but are much larger than the other three simulations (i.e., with the median val-
ues of about 10 W m−2, Figures 6c and 6d). The contrary is true for sensible heat fluxes (Figures 6e and 6f). 
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The overestimation (underestimation) for sensible (latent) heat flux in the BULK simulation is due to con-
figurations in the Noah land surface model with the non-vegetation cover taking up the entire urban grid 
(i.e., urban fraction equal to 1). The mean urban fraction characterized by UCPs is much smaller than that 
by the default look-up table (Table 4), indicating less impervious coverage for a urban grid in the UCM_UCP 
and BEP_UCP simulations that promotes more latent heat flux contributed from evapotranspiration over 
the vegetated portion (e.g., Salamanca et al., 2018; Templeton et al., 2018; Vahmani & Hogue, 2014). This 
echoes the lower 2-m temperature in the two BEP simulations compared to the BULK simulation and 
leads to slightly larger urban-rural thermal contrasts in the BULK simulation than the two UCM and BEP 
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Figure 5.  Spatial patterns of simulated daily mean 2-m temperature for 09 June 2017 (left panel) and 30 June 2018 
(right panel). Dots in the map represent temperature observations from six meteorological stations. Black line shows 
the urban boundary of Nanjing.
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simulations. Differences between urban parametrizations, that is, single-layer or multi-layer, seem to have 
played a smaller role in determining surface energy fluxes over the entire city (Figure 5).

Figure  7 compares vertical wind profiles between the sounding observation and WRF simulations. The 
two BEP simulations capture key features of vertical wind profiles for both storm events, while the BULK 
simulation and the two UCM simulations overestimate wind speeds for almost all vertical levels compared 
to the sounding observations especially for the 10 June 2017 storm (Figure 7a). The sounding profile shown 
in Figure 7 provides additional insights into the pre-storm environment for the 10 June 2017 storm. There 
is a local maximum of wind speeds (i.e., exceeding 12 m/s) around the level of 950 hPa, indicating the ex-
istence of a low-level jet. A consistent feature is that all the five simulations show peak wind speeds around 
50 hPa above the ground. The low-level jet, through transporting a moist, unstable plume from the tropics, 
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Mean bias (°C) RMSE (°C) Correlation coeff.

Station 1 Station 2 Station 3 Station 1 Station 2 Station 3 Station 1 Station 2 Station 3

BULK 1.19 1.74 1.06 1.47 2.05 1.42 0.95 0.89 0.94

UCM_TAB 1.13 1.69 0.93 1.46 1.96 1.30 0.94 0.87 0.96

UCM_UCP 1.11 1.57 1.36 1.30 1.96 1.73 0.95 0.86 0.93

BEP_TAB 1.11 1.45 1.09 1.40 1.75 1.31 0.94 0.88 0.93

BEP_UCP 1.02 1.44 1.03 1.29 1.74 1.24 0.95 0.87 0.95

Notes. “Station 1” represents the station located within the black box shown in the lower panel of Figure 1. See the texts 
for details about each scenario.

Table 5 
Statistics of 2-m Temperature Between Meteorological Stations and the Corresponding Model Grids for Both Storm 
Events

Figure 6.  Boxplots of hourly 2-m temperature (in °C, upper panels), latent heat flux (in W m−2, middle panels), and 
sensible heat flux (in W m−2, lower panels) averaged over the urban domain, for the 10 June 2017 (left panels) and 30 
June 2018 storm (right panels). The box spans the 25th and 75th percentiles, and the whiskers represent the 5th and 
95th percentiles. The black lines and red squares in the box represent the median and mean values, respectively.
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is responsible for extreme rainfall in the subsequent hours for the 10 June 2017 storm (see also synoptic 
overviews in Section 3.2 and Figure 4a). The performance of WRF simulations for the vertical wind profile 
of the 30 June 2018 storm cannot be adequately evaluated due to sparse data points, although the bias of 
wind speeds seems to be the smallest at the near-surface level in the BEP_UCP simulation and around 
850 hPa in the BEP_TAB simulation (Figure 7b).

We further highlight the contrasts in wind fields across different simulations by focusing on the differences 
between simulations with the single-layer (i.e., UCM_TAB and UCM_UCP) and multi-layer (i.e., BEP_TAB 
and BEP_UCP) urban parametrization through referencing against the BULK simulation (see Figures 8 
and 9). The four WRF simulations reduce 10-m wind speed, with the two BEP simulations demonstrating 
a much larger spatial extent and magnitudes of reduction in near-surface wind over the city than the two 
UCM simulations. The reduction is quite noticeable over the city boundaries. For instance, the 10-m wind 
speed for the BEP simulations is 7 m/s smaller than the BULK simulation over the northern boundary (i.e., 
upwind) of the city for the 30 June 2018 storm (Figure 9). The UCM_UCP and BEP_UCP simulations fur-
ther show reduction in 10-m wind speeds than their counterpart simulations, that is, UCM_TAB and BEP_
UCP (figures not shown). The results are expected as surface roughness is increased over the city tied to 
the relatively larger building heights in UCP simulations (i.e., UCM_UCP and BEP_UCP) than those with 
the default look-up table (i.e., UCM_TAB and BEP_UCP). However, unlike surface heat fluxes, contrasts 
in surface wind fields induced by different geometrical representations of urban canopy are less notable 
than those induced by different urban parametrizations. Similarities and contrasts in thermodynamic and 
dynamics fields among the simulations have implications for spatial and temporal rainfall variabilities for 
the two storms and will be analyzed below.

4.2.  Space and Temporal Rainfall Variabilities

The rainfall accumulation for the 10 June 2017 storm demonstrates a band-shaped distribution that extends 
from northwest to southeast direction, with rainfall totals exceeding 120 mm along the band (Figure 10). 
The five WRF simulations can well capture the band-shaped distribution of accumulated rainfall for the 
10 June 2017 storm, but are different in placing the storm bands relative to the city. Only the two BEP sim-
ulations place the storm bands across the city, with the BEP_TAB simulation more specifically producing 
a comparable coverage of extreme rainfall (e.g., more than 175 mm) to rain gauge observations over the 
southern portion of the city (Figure 10d). The peak rainfall totals, more than 220 mm, from the BEP_UCP 
simulation are also comparable to rain gauge observations, but show a larger spatial coverage outside the 
city. Gauge-based statistics of the model evaluation show that the two BEP simulations stand out in captur-
ing spatial rainfall variability for the 10 June 2017 storm, with the BEP_TAB simulation presenting the best 
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Figure 7.  Vertical wind profiles at (a) 0000 UTC on 09 June 2017, and (b) 1200 UTC on 30 June 2018. Black dots 
represent sounding observations.
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model performance (Table 6 and Figure 10f). This can be possibly attributed to the superior performance 
of the two BEP simulations in capturing wind dynamics for the 2017 storm (see Figure 7 and Section 4.1), 
a key ingredient for moisture transport and extreme rainfall for this specific event. The slightly worse of 
the BEP_UCP simulation than the BEP_TAB simulation is mainly due to the overestimated rainfall outside 
the city (Figure 10e). This indicates that the multi-layer parameterization incorporated with gridded UCPs 
produces more noticeable perturbations on rainfall than without gridded UCPs (also see storm tracking 
analyses in Section 4.4).

It seems to be challenging for the WRF/Urban modeling system to accurately predict the spatial distribution 
of accumulated rainfall for the 30 June 2018 storm. This is associated with the nature of spatially isolated 
convective storm cells for this storm. Figure 11 shows strong variations among the five WRF simulations in 
terms of the location of rainfall extremes and their intensities. Visual checking on the radar loops of com-
posite reflectivity fields further confirms the passage of isolated convective cells across the northern portion 
of the city. All five simulations show a consistent timing of storm development with the radar loops over 
the innermost domain, but demonstrate contrasting spatial patterns especially when storm cells approach 
the city. A notable finding is that rainfall is mainly accumulated along with the urban-rural interface (i.e., in 
the upwind direction) for the two BEP simulations for the 30 June 2018 storm (Figures 11c and 11d), while 
observational evidence based on radar loops, intense rainfall is also observed within the city. The observed 
rainfall peak over the city is tied to the enhanced turbulent mixing within the atmospheric boundary layer 
induced by surface heating in the late afternoon. The two UCM simulations and the BULK simulation 
place heavy rainfall over downtown, although rainfall intensities are overestimated compared to gauge ob-
servations (Figures 11a–11c). The overestimation of rainfall over the city is tied to the larger urban-rural 
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Figure 8.  Map for the 10-m wind fields (in m/s) at 0000 UTC for the 10 June 2017 storm. Shading represents 
differences of 10-m wind magnitude between each simulation scenario and the BULK simulation. Black line shows the 
urban boundary of Nanjing.
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thermal contrast shown in the BULK and two UCM simulations (see Figure 5 and Section 4.1). The thermal 
gradient promotes rainfall propagation into the city under a calm synoptic environment. The missing pock-
ets of rainfall within the city consequently deteriorate the statistics of model evaluation for the two BEP 
simulations, especially the BEP_TAB simulation. The UCM_TAB simulation stands out with the best model 
performance for the 30 June 2018 storm (Figure 11f). Evaluation of the model performance is consistent 
among different evaluation statistics (see Table 6 for more details).

Despite the contrasts in spatial distributions of accumulated rainfall, time series of hourly rain rates aver-
aged over model grids (for those that contain at least one rain gauge) are generally in good agreement among 
simulations, especially for the 10 June 2017 storm (Figure 12a). The simulated time series of hourly rainfall 
is consistent with the gauge observations. Correlation coefficients exceed 0.85 for all five simulations, with 
the largest value of 0.89 for the BEP_TAB simulation for the 10 June 2017 storm. The peak timing of the 
hourly rain rate is slightly different across the simulations for the 30 June 2018 storm, with the two BEP 
simulations presenting earlier peaks and larger peak magnitudes than the two UCM simulations. However, 
the UCM_TAB simulation shows the smallest biases of all five simulations, compared to the observed time 
series (Figure 12b). Model comparisons on the time series of hourly rain rates show consistent results with 
the evaluation on the spatial distribution of rainfall accumulation.

Based on the model evaluation statistics for the two storm events, we are unable to determine the added 
benefits of WRF simulations with multi-layer urban parametrization and/or updated UCPs in capturing 
spatial and temporal rainfall variability. In addition, the utility of incorporating the gridded UCPs seems to 
vary with storm events and urban parametrizations. For instance, the BEP_UCP simulation significantly 
reduces rainfall biases for the 30 June 2018 storm compared to the BEP_TAB simulation, but the improve-
ment is not quite clear for the 30 June 2017 storm. The differences between the UCM_TAB and UCM_UCP 
simulations are relatively small, compared to those between the two BEP simulations (Figures 10f and 11f). 
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Figure 9.  Same as Figure 8, but for the 30 June 2018 storm at 1200 UTC.



Journal of Geophysical Research: Atmospheres

The results are different from the contrasts in surface temperature and wind fields across simulations (see 
Section 4.1 for details), indicating the varied importance of thermal and dynamical fields across rainfall 
events. We will further explore the mechanisms responsible for rainfall variabilities in the following subsec-
tion, with a focus on the impacts of the urban canopy.
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Figure 10.  Maps of accumulated rainfall (in mm) in five different simulations (a–e) for the 10 June 2017 storm. Dots in the map represent gauge-based rainfall 
observations. The bar plot in (f) shows the RMSE of rainfall accumulations between all rain gauges and the corresponding model grids. The dashed line shows 
the position of cross-section for the vertical profile of moisture flux (see Figure 13).

10 June 2017 30 June 2018

RMSE Bias CC CSI TSS RMSE Bias CC CSI TSS

BULK 72.27 60.82 0.27 0.76 0.18 16.72 13.21 0.33 0.39 −0.09

UCM_TAB 58.84 47.31 0.47 0.83 0.36 13.55 10.17 0.50 0.48 0.21

UCM_UCP 52.94 41.98 0.56 0.83 0.32 17.73 13.68 0.17 0.43 −0.18

BEP_TAB 37.75 28.87 0.81 0.84 0.48 26.73 18.70 −0.28 0.36 −0.18

BEP_UCP 50.55 42.21 0.67 0.80 0.38 17.93 13.39 0.08 0.42 −0.24

Notes. Bias and “CC” represents mean bias (in mm) and correlation coefficient between rain-gauge observations and 
simulations at the corresponding model grids, respectively. Critical Success Index (CSI) and True Skill Statistic (TSS) are 
computed based on the contingency table indicating hit rate (a), false alarm rate (b), miss rate (c), and correct negative 

rate (d). CSI is defined as 
 
a

a b c
, while TSS as  

 
1a d

a b d c
. Different rainfall thresholds are adopted for the 

two events, that is, 50 mm for the 2017 storm and 5 mm for the 2018 storm. See the texts for details about each scenario.

Table 6 
Gauge-Based Statistics of Model Evaluation in Storm-Total Rainfall Accumulation for Both Events
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4.3.  Impacts of Urban Canopy on Rainfall Accumulation

We show vertical profiles of moisture flux and wind fields in Figure 13 
to further highlight the differences in rainfall variabilities. The 10 June 
2017 storm is characterized by a strong shear environment (also indicated 
by the sounding profile of wind speeds shown in Figure 7a), with south-
westerly moist flow dominating the lower to middle levels of the atmos-
phere. A noticeable contrast across the simulations is the enhanced verti-
cal velocity near the southern boundary (i.e., in the upwind direction) of 
the city in the two BEP simulations (Figures 13c and 13d), indicative of 
strong convergence induced by the urban canopy over the urban-rural in-
terface. We can also identify enhanced convection over the city center in 
the two BEP simulations, compared to the two UCM simulations. The en-
hanced convection is mainly due to increased surface roughness over the 
city that decelerates wind speeds (Figure 8), which leads the convergence 
zone to expand from the urban-rural interface toward the city center. The 
thermal influence is limited, as contrasts in surface temperature are quite 
small across different simulations (Figure 6). The 30 June 2018 storm is 
characterized by weak synoptic forcing, with moisture advected into the 
city through near-surface vertical layers. The advection of moisture flux 
in the two UCM simulations is twice as strong as the two BEP simulations 
(the northern boundary of the city, see Figures 13e–13h). This is mainly 
because storm cells are bifurcated around the city in the two BEP simula-
tions, as will be analyzed below.
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Figure 11.  Same as Figure 10, but for the 30 June 2018 storm.

Figure 12.  Time series of hourly rain rate (in mm/h) averaged over rain 
gauges and the corresponding model grids in different simulations for the 
(a) 10 June 2017 and (b) 30 June 2018 storm, respectively. Black dots show 
gauge-based observations.
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Differences in rainfall accumulation between the two UCM and BEP simulations and the BULK simula-
tion are shown in Figures 14 and 15. For both the 10 June 2017 and the 30 June 2018 storm, contrasts in 
accumulated rainfall between the four simulations and the BULK simulation are generally comparable, 
although they show considerable variance in magnitudes. The overestimation (underestimation) of rainfall 
accumulation over (outside) the city for the 2017 storm is tied to the fact that increased surface roughness 
(represented by either the UCM or BEP parametrization) enhances vertical wind shear and convergence, 
which subsequently increase the spatial contrast of rainfall. For the 2018 storm, the accumulated rain-
fall within the city is smaller in the four simulations (especially for the two BEP simulations) than in the 
BULK simulation (Figure 15). The “underestimated” rainfall accumulation might be partially associated 
with lower surface temperatures over the city in the four simulations compared to the BULK simulation 
(see Figures 5 and 6 for details), which reduces the intensity of moisture advection into the city. In addition, 
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Figure 13.  Vertical profiles of averaged moisture flux (shade, calculated as  2 2
vaporQ V W ), in m s−1 g kg−1) 

and compound wind vectors (in v and w direction, in m/s) over the storm period along the cross-section shown in 
Figures 10 and 11a–11d, UTC on 09 June 2017 to 0400 UTC on 10 June 2017, (e–h), 1200 UTC–1600 UTC on 30 June 
2018 for the sounding station and the corresponding model grid. The black contours show vertical velocity. The black 
horizontal line on the x-axis shows the urban extent.
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surface roughness over the city is much smaller in the BULK simulation than in either the UCM or BEP 
simulations that lead to larger surface wind speeds (see Figure 9). We consequently see that the storms tend 
to accumulate around the urban-rural interface in the UCM and BEP simulations rather than penetrating 
the city (see also Figure 11).

We further separate the interactive effects of urban parameterization and improved geometrical representa-
tion of urban canopy (as represented by the upgraded UCPs) based on the Factor Separation analysis ap-
proach (Stein & Alpert, 1993). Four scenarios are needed to separate two dependent factors. The UCM_TAB 
simulation is regarded as the baseline scenario (f0), while the UCM_UCP simulation (f1) and BEP_TAB 
simulation (f2) represent the scenario with only one factor changed for each time. The BEP_UCP simulation 
(f12) represents the scenario by changing both factors compared to the baseline scenario. The interactive 
effects are defined using the following formula, that is, (BEP_UCP-UCM_UCP)-(BEP_TAB-UCM_TAB). 
Figure 16 shows the spatial distributions of rainfall anomalies induced by the interactive effects for both 
storm events. A consistent finding is that there are strong positive rainfall anomalies over the upwind ur-
ban-rural interfaces, that is, over the southern boundary of the city for the 10 June 2017 storm and the 
northern boundary of the city for the 30 June 2018 storm. The magnitudes of positive rainfall anomalies are 
even comparable to the storm-total rainfall (see Figures 10 and 11 for comparisons). For instance, the largest 
rainfall anomalies for the 30 June 2018 storm induced by the interactive effects of building complexes are 
around 100 mm, comparable to the simulated storm-total rainfall (Figure 11). The largest rainfall anomalies 
for the 10 June 2017 storm can exceed 60% of the simulated storm-total rainfall (Figure 10).

Rainfall anomalies over the upwind urban-rural interfaces are closely tied to the perturbations of the urban 
canopy on atmospheric boundary layer processes and moisture transport. There is a moisture convergence 
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Figure 14.  Differences of accumulated rainfall (in mm) between the (a) UCM_TAB, (b) UCM_UCP, (c) BEP_TAB, and 
(d) BEP_UCP simulation and the BULK simulation for the 10 June 2017 storm. The black line shows the boundary of 
Nanjing.
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zone to the southern boundary of the city, in accompany with strong ascending air motion below 850 hPa 
at 00 UTC on 10 June 2017 (i.e., before the rainfall peak, Figure 17a). The convergence region highlights 
the blocking effect of the urban canopy in dictating low-level moisture transport in complex urban environ-
ments. There is also a moisture convergence zone outside the city boundary (in the upwind direction) along 
the cross-section A’B’ for the 30 June 2018 storm (Figure 17b). The moisture convergence subsequently 
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Figure 15.  Same as Figure 14, but for the 30 June 2018 storm.

Figure 16.  Anomalies in accumulated rainfall (in mm) induced by interactions between multi-layer urban parameterization and gridded UCPs for the (a) 10 
June 2017 and (b) 30 June 2018 event, respectively. The black line shows the boundary of Nanjing.
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leads to bifurcated moisture flux along with the urban-rural interface rather than penetrating the city as 
the 10 June 2017 storm. As can be seen from the cross-section CD, there is a “triangular-shaped” region of 
negative anomalies in moisture flux over the northern boundary of the city for the 30 June 2018 storm at 
1200 UTC (before the rainfall peak, Figure 17c). The positive anomalies of moisture transport lie above the 
“triangular-shaped” region and extend to both sides (the western and eastern side) of the city. The “triangu-
lar-shaped” region indicates the role of the urban canopy in modifying low-level ambient flows through the 
drag effects and vertical turbulent mixing. The bifurcated moisture fluxes are consequently responsible for 
the enhanced rainfall outside the city for the 30 June 2018 storm (see Figure 11c for details). We schemati-
cally summarize the contrasting mechanisms responsible for the spatial rainfall accumulation between the 
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Figure 17.  Cross-sections for the (a) 10 June 2017 storm (at 0000 UTC, along line AB, see location in Figure 16a). 
Vertical velocity is shown in black contours (dashed: −3 m/s, solid: 3 m/s), (b) 30 June 2018 storm (at 1200 UTC, along 
line A’B’, see location in Figure 16b). Vertical velocity is shown in black contours (dashed: −1 m/s, solid: 1.0 m/s), and 
(c) 30 June 2018 storm (at 1200 UTC, along line CD, see location in Figure 16b). Vertical velocity is shown in black 
contours (dashed: −1 m/s, −0.3 m/s, solid: 1.0 m/s). The black horizontal line on the x-axis shows the urban extent. 
Color shading represents the moisture flux (in m s−1 kg kg−1).
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two storms in Figure 18. Although urban thermal influences might also have played a role in the rainfall 
patterns, we highlight that the impacts of the urban canopy (mainly through increasing surface roughness 
over the city) dominate rainfall contrasts across the simulations. The contrasts in rainfall accumulation are 
quite similar to those shown in low-level wind fields (Figures 8 and 9).

4.4.  Storm Tracking Analysis for the 30 June 2018 Storm

We further carry out storm tracking analysis for the 30 June 2018 storm and provide a Lagrangian perspec-
tive of convective activities subject to local urban forcing. Storm tracking analysis is motivated by the com-
parisons of spatial rainfall patterns in the previous subsection that indicate the extremely heterogeneous 
nature of storm locations. Figure 19 shows the dominant complex tracks that are responsible for storm-total 
rainfall for the 30 June 2018 storm. A notable finding is that the storm tracks are deflected to the northern 
portion of the city according to the results of the two BEP simulations, while for the two UCM simulations 
and the BULK simulation, the storm cells are able to penetrate into the downtown region and produce ex-
treme rainfall over the city. This is closely associated with the bifurcated moisture flux over the urban-rural 
interface as shown in Figure 17b. We also note that different urban representations (i.e., with or without 
gridded UCPs) lead to contrasts in storm evolution (Figures 19d and 19e), emphasizing the importance of 
urban canopy in dictating spatial rainfall variabilities in urban environments.

There is a relatively larger percentage of complex storm tracks (i.e., referring to storms that have splits and 
merges during the entire life cycle of the storm track) for the BEP_TAB (22%) and BEP_UCP simulation 
(19%), compared to 14%, 15%, and 17% for the BULK, UCM_TAB, and UCM_UCP simulation, respectively. 
In addition, the two BEP simulations seem to produce more storm cells with higher echo top heights and 
maximum reflectivity values, but smaller storm sizes and slower storm motion over the entire inner do-
main (Figure 20). Contrasts in storm structure and evolution properties among the five simulations become 
even sharper by zooming into the urban domain (see the black box in Figure 1). A notable finding is that 
the contrasts between two BEP simulations are larger than those between the two UCM simulations. The 
changing storm structure and evolution properties can directly lead to increased rainfall variabilities over 
cities (similarly see, e.g., Paul et al., 2018). A related question to explore in the future is to determine the 
extent of “influence domain” beyond which structure and evolution properties of storm cells are not clear-
ly dictated by the local-scale urban forcings, for instance, the impacts of city size on storm structure and 
evolution (Kingfield et al., 2018; Lorenz et al., 2019; Schmid & Niyogi, 2013). Attention should also be paid 
to the vertical dimension of the “influence domain”. This can be achieved through further examining the 
interactions between storm elements and atmospheric boundary layer processes in future studies.
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Figure 18.  Schematic illustration of the role of the urban canopy in dictating spatial rainfall distribution for the two storms under contrasting synoptic 
conditions.
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5.  Summary and Conclusions
In this study, we examined the impacts of the urban canopy on the spatial and temporal rainfall variabilities 
for two convective rainfall events with contrasting synoptic conditions over Nanjing, China. A high-reso-
lution, gridded dataset of UCPs was developed and incorporated into the WRF/Urban modeling system to 
represent the complex geometrical features of the urban canopy over Nanjing. Sensitivity simulations were 
designed and implemented to explicitly investigate the capacities of the WRF/Urban modeling system with 
different urban parametrizations and representations of the urban canopy in capturing spatial-temporal 
variabilities of convective rainfall. The main findings are summarized below.

�(1)	� Gauge-based analyses of hourly rainfall observations during the warm seasons (May to September) of 
2013–2017 show striking concentrations of extreme rainfall over downtown Nanjing, in terms of both 
intensity and frequency of extreme hourly rain rates. The hourly rain rates of the 99th percentile exceed 
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Figure 19.  Dominant complex storm tracks (scatter and the dashed arrows) in the urban domain (see location in 
Figure 1) in different simulations during the period 1000 UTC–1500 UTC on 30 June 2018. Dots represent the centroid 
locations of individual storm cells in the storm track, with colors representing maximum reflectivity. The direction of 
the storm track is highlighted in blue arrows. Gray shading highlights impervious coverage over the entire region.
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28 mm/h for three gauges located in downtown and urban-rural interface, respectively. There are 28 h 
in total with rain rates exceeding 20 mm/h, which is about 3–4 times larger than its surrounding area. 
The number of hours sharply decreases to 7.5 h within approximately 50 km away from downtown, 
indicating a signature of urban impacts on convective rainfall over Nanjing.

�(2)	� The WRF/Urban modeling system with the multi-layer urban parametrization (i.e., the BEP_TAB and 
BEP_UCP simulations) reduces simulation biases in 2-m air temperature for both storm events. The 
improvement in model performance is especially noticeable in the urban domain that is incorporated 
with gridded UCPs representing the geometrical features of the urban canopy. Despite the varied results 
in the station-level evaluation statistics, all five simulations produce comparable spatial patterns of sur-
face temperature, for example, the urban-rural contrasts, for the two storm events. Contrast in simulat-
ed 2-m air temperature, surface heat fluxes, and near-surface wind fields among different simulations 
highlight the importance of accurate urban canopy representations in capturing thermodynamics and 
dynamics during convective rainfall events.

�(3)	� Spatial distributions of accumulated rainfall for both storms show strong sensitivities to different ur-
ban representations in the WRF/Urban modeling system. The simulations with the multi-layer urban 
parametrization (i.e., the BEP_TAB and BEP_UCP simulations) better capture the spatial distribution 
of accumulated rainfall for the 10 June 2017 storm characterized by strong synoptic forcing. The sin-
gle-layer urban physics (i.e., the UCM_TAB and UCM_UCP simulations) shows better performance for 
the 30 June 2018 storm. The deteriorated model performance of the two BEP simulations for 30 June 
2018 is possibly tied to strong sensitivities of storm structure and evolution to local urban forcing under 
weak synoptic conditions. Contrasts in the simulated rainfall variabilities highlight that the utility of 
incorporating the gridded UCPs tends to vary with storm events and urban canopy parametrizations.

�(4)	� Rainfall anomalies over the urban-rural interface are induced by the interactions of building complexes 
(as represented by the multi-layer urban parametrization) and improved representation of urban can-
opy based on the gridded UCPs for both storm events. The magnitudes of positive rainfall anomalies 
range from 60% to 100% of the storm-total rainfall. The rainfall anomalies are closely tied to the strong 
convergence of moisture flux over both the city boundary and city center for the 10 June 2017 storm and 
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Figure 20.  The averaged values of storm structure and evolution properties: (a) echo top height (in km), (b) maximum 
reflectivity (in dBZ), (c) storm size (in km2), and (d) storm speed (in km/h) over domain 3 (in blue) and urban domain 
(in red, see Figure 1 for location). The statistics are based on all storm cells during the period 1000 UTC–1500 UTC on 
30 June 2018.
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bifurcating moisture flux around the city for the 30 June 2018 storm. Different behaviors of moisture 
transport between the two storms are tied to contrasting synoptic conditions. These results point to the 
critical role of the urban canopy and the perturbed atmospheric boundary layer processes in determin-
ing urban impacts on convective rainfall.

�(5)	� Structure and evolution properties of convective storm cells are dictated by different urban representa-
tions in the WRF/Urban modeling system for the 30 June 2018 event. The dictation is especially no-
ticeable in the vicinity of the city (i.e., urban domain), but shows relatively weaker contrasts when the 
domain of analysis expands far beyond the city (i.e., the entire innermost domain). Contrasting storm 
tracks clearly demonstrate the role of the urban canopy in deflecting convective storm cells under the 
weak synoptic condition when the storm approaches the city.

An important implication of our study is that urban signatures in convective rainfall vary depending on 
storm events. This echoes with Yang et  al.  (2019), among others, that shows contrasting spatial rainfall 
anomalies for two back-to-back storm episodes over the Phoenix metropolitan region in Arizona. While 
previous studies (e.g., Yang et al., 2019) focus on the collective impacts of urban coverages (i.e., based on 
contrasting simulations by removing cities from the model), the present study investigates the impacts of 
the urban canopy on spatial and temporal rainfall variabilities for storm events with contrasting synoptic 
conditions. The rainfall anomalies are slightly different for the two storms (Figures 14 and 15). Our results 
emphasize the importance of flow-regime analysis (i.e., synoptic conditions) in urban rainfall modification 
studies, although additional rainfall cases are required to further generalize the findings obtained in this 
study.

Investigation of urban rainfall modification is of paramount importance not only to scientific communi-
ties that seek improved understanding of the physical mechanisms of extreme rainfall in complex urban 
environments. Knowledge learned from this type of research serves as an indispensable pathway toward 
improved practices for urban flood forecasting and preparation as well as adaptation strategies for hazards 
related to extreme rainfall in cities (Yang, Tian, & Niyogi, 2015). While numerical simulations with updat-
ed urban parametrizations and/or improved representations of the urban canopy have shown noticeable 
benefits in characterizing surface thermodynamics, few studies have explored their utilities in examining 
convective rainfall in complex urban environments. The uncertainties in rainfall simulations can be attrib-
uted to multiple sources (e.g., Gilmore et al., 2004; Koch et al., 2005; Li et al., 2013; Yu et al., 2018). Our 
study presents the first evaluation of how spatial and temporal rainfall variabilities behave in response to 
different geometrical representations of the urban canopy. The utility of gridded UCPs plays a critical role in 
the multi-layer urban parametrization. Since the vector-format archive for urban buildings only covers the 
downtown region, the uncertainty may be related to the data itself. The World Urban Database and Access 
Portal Tool (WUDAPT), an ongoing effort that aims to remediate this conundrum by characterizing urban 
surfaces based on the Local Climate Zones, is unfortunately only available for a limited number of cities 
(Ching et al., 2018).

In addition, uncertainties in urban surface parameterizations as well as the reliability of the planetary 
boundary layer schemes certainly warrant further investigations for urban convective rainfalls (e.g., Patel 
et al., 2020). Apart from resolving the urban surface heterogeneity in the WRF modeling framework cou-
pled with large-eddy simulations using the immerse boundary method (e.g., Auguste et al., 2019; Ma & 
Liu, 2017; Wiersema et al., 2020), another possible approach is to better resolve the urban boundary layer 
processes (via large-eddy simulations, e.g., Huang et al., 2019) for convective rainfall, and then explore the 
reliability of existing urban parametrizations in capturing the interactions between urban canopy and con-
vective processes in atmospheric boundary layers.

Future studies should further investigate the influence of urban surface heterogeneities on land surface-at-
mosphere interactions in complex urban environments. For instance, Yang, Niyogi, et al. (2016) found con-
trasting impacts of urban forms (i.e., single-centric vs. multi-centric) on the thermal environment over 
Beijing, with a multi-centric city demonstrating a larger regional warming potential than a single-centric 
city. The contrasting influences can pass onto spatial and temporal rainfall variabilities. Analyses of such 
can further improve our understandings on the hydrometeorological impacts of urbanization and provide a 
foundation to increase the resilience of future cities to weather/climate-related hazards.
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Data Availability Statement
The datasets for this research are available in https://doi.org/10.6084/m9.figshare.12187095, including rain-
gauge observations, temperature observations, and sounding profiles.
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