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A B S T R A C T

High-resolution urban rainfall simulation is useful for understanding the interaction between 
urbanisation and local weather as well as the impact of climate change over cities and the impact 
of adaptation measures such as urban greening. Previous studies on mesoscale Numerical 
Weather Prediction (NWP) modelling have largely focused on spatial resolution and other aspects 
(e.g., spin-up time and model parameterisations), with limited investigations on how to determine 
a suitable domain size. Domain size is likely an important factor when the spatial resolution of 
modelling is within convection-permitting regime (less than 5 km). In this study, 64 summer 
domain tests are simulated with the Weather Research and Forecasting (WRF) model, over 
Newcastle upon Tyne, with ERA5 as input data and a radar product from the UK Met Office for 
validation. Using an integrated evaluation indicator, alongside spatial distribution maps, it has 
been found that too large or too small domain sizes both have negative impacts on the simulation 
results and an optimal domain size for the events here is identified. We find that domain size has a 
stronger influence on the event simulation than changing grid resolution within the range 1–4.5 
km and thus should be a primary consideration. We also find that, for more accurate simulation, 
smaller domain sizes are better suited to heavy rainfall events than to lighter ones. In a similar 
way, smaller domain sizes perform better for rainfall events that cover larger spatial areas. 
Although the optimal domain size identified here is specific to the region/season, the sensitivities 
and relative influences are expected to be more generally applicable and show the importance of 
testing domain sizes before embarking on production simulations.

1. Introduction

With the trend of global urban growth, research on cities related to the urban hydrometeorological environment becomes 
increasingly important (Shepherd, 2005). Urbanisation can directly influence the natural environment by impacting the local climate, 
including the well-known Urban Heat Island (UHI) effect, as well as its influence on precipitation. Observational and modelling studies 
suggest that urban areas may amplify and modify precipitation patterns, convective storms, and flood events (Mitra and Shepherd, 
2015), and this remains an active area of research. Cities are particularly vulnerable to flash flooding due to impermeable surfaces, and 
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with climate change, the frequency and intensity of extreme rainfall are expected to increase, potentially exacerbated by urbanisation 
(Shepherd et al., 2002; Pachauri et al., 2014; Stocker, 2014). Understanding the detailed spatio-temporal precipitation patterns over 
urban areas is crucial for designing future climate-resilient cities (Seto et al., 2012; Manola et al., 2020; Jong et al., 2023), in which 
Numerical Weather Prediction (NWP) modelling plays an important role.

Many studies on NWP modelling have examined the impacts of model resolutions on rainfall simulation performance. According to 
Sun and Ao (2013), Kim et al. (2019) as well as Xie and Wang (2021), model resolution was recognised as a key factor influencing 
rainfall simulation accuracy. Xu et al. (2017) and Bonekamp et al. (2018) showed that coarse resolutions struggled to capture the 
processes and features at an urban scale, particularly for the rainfall events occurring in complex terrains (Ménégoz et al., 2013; Liu 
et al., 2018; Schneider et al., 2018; Duan et al., 2019). Some studies also suggested that higher resolution enhances simulation per
formance for urban rainfall (Kharin et al., 2013; Xie et al., 2015; Pfahl et al., 2017), but precipitation properties (e.g., rainfall amount 
and rainfall spatial coverage) must also be considered (Mahoney et al., 2013; Feng et al., 2018; Vanden Broucke et al., 2019; Jin et al., 
2023). Ochoa-Rodriguez et al. (2015) concluded that a resolution around 1 km is generally sufficient for urban research, while Fosser 
et al. (2020) argued that convection-permitting resolutions (less than 5 km) are necessary to accurately capture convective rainfall.

In comparison with model resolutions within the convection-permitting regime, domain size is another crucial factor in high- 
resolution modelling that has received relatively less attention. Whereas, the high computational costs of high-resolution simula
tions often constrain domain sizes, which may introduce additional uncertainties and errors in weather forecasting. Leduc and Laprise 
(2009) employed a “perfect model” approach on domain size research in the context of regional climate modelling and argued that too 
large and too small domain sizes should be avoided. Goswami et al. (2012) simulated three rainfall events to explore model perfor
mance and found that the influence of domain size on the results was as important as that of grid resolution and initial conditions 
(Wang et al., 2016), impacting metrics such as Total Cumulative Rainfall (TCR) and Hourly Maximum Rainfall (HMR). As far as Giorgi 
and Mearns (1999) were concerned, the selection of domain size is crucial for mesoscale simulation, however, there are no universal 
criteria for its choice because of variations in regional characteristics and experiment design. Consequently, trial-and-error remains a 
commonly used method in domain size selection, but some studies have increasingly adopted more systematic approaches, such as 
sensitivity experiments, performance-based evaluations or physical reasoning, to identify suitable domain configurations (Bhaskaran 
et al., 2012; Qian and Zubair, 2010; Dash et al., 2015). Such investigations highlight the need for more generalisable and robust 
guidelines for domain size determination across models and regions.

The Weather Research and Forecasting (WRF) model, known for its effectiveness in simulating regional domains with high reso
lutions, is particularly suited for urban rainfall simulation. For the method on selecting domain size, the normal way is under nested 
scenario (with multiple domains): determining the finest grid resolution to be explored, utilising an appropriate parent_grid_ratio 
(recommended ratios are 3 or 5), employing a certain number of grid point (for parent domain and nested domain, respectively). Then, 
each domain size could be confirmed. Our research’s novelty is on the method by setting the coarsest domain size (single domain) 
under different configurations on grid resolution and grid point, along with eliminating the interference of grid resolution on the WRF 
simulation.

In this study, we investigate the Suitable Domain Size (SDS, the domain size with the best simulated result) for the WRF high- 
resolution rainfall simulation in a UK city—Newcastle upon Tyne (hereafter “Newcastle”). Using an objective method, we aim to 
determine acceptable SDS ranges (the range of several domain sizes with better simulated results for each rainfall event), identify a 
common optimal SDS (the domain size that performs reliably across multiple urban rainfall events), and explore the relationship 
between domain size and rainfall characteristics by considering the former as a variable influenced by factors such as rainfall amount 
and rainfall spatial coverage (Sofokleous et al., 2021). We simulate eight rainfall events in Newcastle over the past 13 years under eight 
different domain sizes using the WRF model. Our research questions are: 

1) What are the acceptable SDS ranges for varied rainfall events?
2) Can we identify a common optimal SDS?
3) How do acceptable SDS ranges vary with rainfall amount and rainfall spatial coverage?

After the introduction in Section 1, Section 2 presents the data (target city and selected database) and methods (model configu
ration, event setting, and WRF evaluation) related to this research. Section 3 provides the experimental results, followed by an 
expanded discussion in Section 4. Finally, Section 5 addresses the research questions and discusses the implications for future research.

2. Data and methods

2.1. Preparatory work

2.1.1. Study area
Newcastle is the largest city in North East England, located on the northern bank of the River Tyne, approximately 13.7 km from the 

North Sea (Wikimedia Foundation, 2022). It lies within the Tyne Valley, flanked by the Pennines to the west and coastal plains to the 
east. This transitional topography, combined with its maritime climate and dense urbanisation, makes it particularly sensitive to 
convective rainfall events (bluegreencities, 2013). Fig. 1 depicts the location (54.9783◦ N, 1.6178◦ W) and outline (in yellow) of 
Newcastle in Google Earth Pro. Due to the 92 % impermeable surface in the city centre, Newcastle is prone to urban flooding, 
particularly during intense rainfall when local drainage systems are overwhelmed. Newcastle is equipped with numerous sensors that 
gather data across the city, which facilitates meteorological data acquisition (urbanobservatory, 2016). The dense population and 
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diverse topography of Newcastle benefit analyses of how urbanisation affects rainfall patterns. The city’s history of urban flooding 
during heavy rainfall events highlights its vulnerability, making it a key location for studying and mitigating flood risks (Hall and 
Solomatine, 2008). Additionally, because of the increasing exposure to climate change impacts (such as more frequent and intense 
rainfall) here, helpful climate resilience strategies could be developed for further research. Hence, Newcastle becomes an ideal site for 
verifying the rainfall simulation performance of the WRF model.

2.1.2. Data sources
As the input data for the WRF model, a fifth-generation global reanalysis dataset developed by the European Centre for Medium- 

Range Weather Forecasts (ECMWF), hereafter ERA5, is available from 1940 to the present. With the state-of-the-art data assimilation 
system, the resolutions of ERA5 are around 31 km spatial resolution and hourly temporal resolution (Hersbach et al., 2020), and the 
data can be downloaded from https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview and https:// 
cds.climate.copernicus.eu/datasets/reanalysis-era5-pressure-levels?tab=overview (Patel et al., 2022), providing a range of vari
ables, including precipitation, 2 m temperature and top-of-atmosphere radiation. More details on ECMWF reanalyses can be found in 
Dee et al. (2011) as well as Herbach and Dee (2016). Tarek et al. (2020) demonstrated that ERA5 data are suitable for hydromete
orological applications such as rainfall simulation (Pal et al., 2021). Although there are several other data products that can be used for 
extracting boundary information and initial conditions, this study specifically selects ERA5 dataset due to its higher spatiotemporal 
resolution, compared to the previous ERA versions (Hwang et al., 2019). Nacar et al. (2022) mentioned that simulation effectiveness 
becomes better when using ERA5 data instead of the National Centers for Environmental Prediction (NCEP) dataset and the National 
Center for Atmospheric Research (NCAR) dataset.

To verify the WRF model performance, 1 km resolution rainfall data from the UK weather radars operated by Met Office are 
utilised. These data, based on the Nimrod system, have been available since 2004. Because of the very short-range forecasting system 
from Met Office, the detailed rain-rate observations are acquired every five minutes. Subsequently, utilising processed radar and 
satellite data, with surface reports and NWP fields, allows for fine-resolution precipitation analysis. The radar rainfall product is 
generated from multiple radar scans at different elevations, with rain gauges (ground truth) used for quality checking (UK Met Office, 
2003a; UK Met Office, 2003b). However, for radar dataset (Harrison et al., 2000), it is recognised that errors can arise because of radar 
calibration, ground clutter, beam attenuation and assumptions in the reflectivity-precipitation rate relationship. Especially, heavy 
rainfall tends to be underestimated. Several validation studies have shown that, despite these limitations and deficiencies, the data 
offer a reasonable accuracy for capturing distribution and evolution over short timescales (Kendon et al., 2021). Hence, radar data are 
able to provide relatively reliable information on the spatial patterns and temporal characteristics of rainfall.

Fig. 1. Newcastle Boundary Map in Google Earth Pro (Google Earth Pro, 2022).
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2.2. Experimental design

2.2.1. WRF general settings
As one of the most widely used NWP models worldwide (National Center for Atmospheric Research, 2004; Cheng et al., 2013; 

Powers et al., 2017; Cui et al., 2019; Hewage et al., 2021), the WRF model possesses a variety of functions for a broad range of ap
plications. The WRF model is an atmospheric model and includes dynamical solvers and physics packages, for atmospheric processes 
containing microphysics, radiation, planetary boundary layer, etc. (Skamarock et al., 2008). The WRF Preprocessing System (WPS) 
pulls in geographical information and sets up model domains, followed by taking in, reformatting and interpolating atmospheric data 
to user’s domains.

The general settings of the WRF model (version 4.3) used here for simulating eight Newcastle rainfall events occurring over the past 
13 years, from 2011 to 2021, are shown in Table 1. We utilise resolutions within the convection-permitting regime (grid resolution 
between 1 km and 4.5 km with an increment of 0.5 km). Hourly model outputs are compared with the observation data. The model is 
driven by ERA5 at its lateral boundaries (Wang and Gill, 2012). Domain size is varied in sensitivity experiments, but an initial 
configuration of 100 grid points along West-East and South-North dimensions is selected for each event, as recommended in the best 
practice of the WRF official guidance (National Center for Atmospheric Research, 2016a). For the pressure top and the number of 
vertical levels used in the model, their values are suggested from WRF user manual (National Center for Atmospheric Research, 
2016b). The simulation period for the eight rainfall events is four days, including the first day as the spin-up period. Liu et al. (2023)
confirmed that 24 h can be the minimum time span to obtain a relatively accurate and computationally efficient simulation result by 
the WRF model, because it allows the model to adequately adjust from the initial conditions to a dynamically balanced state. By 
ensuring that atmospheric processes have stabilised, the model could produce more reliable rainfall predictions (Deng and Stauffer, 
2006; Skamarock et al., 2008). The physics options used here are shown in Table 2 (National Center for Atmospheric Research, 2021).

2.2.2. Specific settings for rainfall events
To determine the optimal SDS within the convection-permitting regime, eight cases, each with varying domain sizes, were run by 

the WRF model for eight Newcastle rainfall events, respectively (i.e., in total, there are 8 × 8 = 64 simulations). ERA5 data were 

Table 1 
WRF basic settings for rainfall events.

Variables Settings

Map Projection Lambert

Central Point of Domain Latitude: 54.98 
Longitude: − 1.62

Latitudinal Grid Length & Longitudinal Grid Length
Regional Convection-Permitting Resolutions 
(1 km–4.5 km, Resolution Interval: 0.5 km)

Model Output Time Step Hourly
Nesting State Single Model Domain
West-East Dimension & South-North Dimension 100 × 100
Pressure Top 5000 Pa
Vertical Levels 58

Simulation Period (HH:MM, DD/MM/YYYY)

00:00, 19/08/2021 to 23:00, 22/08/2021 
00:00, 25/08/2020 to 23:00, 28/08/2020 
00:00, 09/06/2020 to 23:00, 12/06/2020 
00:00, 11/06/2019 to 23:00, 14/06/2019 
00:00, 05/06/2017 to 23:00, 08/06/2017 
00:00, 10/06/2016 to 23:00, 13/06/2016 
00:00, 04/06/2014 to 23:00, 07/06/2014 
00:00, 15/07/2011 to 23:00, 18/07/2011

Table 2 
WRF physics options.

Section Physics Option Code 
Number

Reference

Micro Physics (mp_physics) Thompson Scheme 8 (Thompson et al., 2008)
Planetary Boundary Layer (PBL) Physics 

(bl_pbl_physics) Mellor–Yamada–Janjic (MYJ) Scheme 2 (Mesinger, 1993; Janjić, 1994)

Cumulus Parameterisation (cu_physics) Betts–Miller–Janjic Scheme 2 (Janjić, 1994)
Shortwave (ra_sw_physics) and Longwave 

(ra_lw_physics)
Dudhia Shortwave Scheme 1 (Dudhia, 1989)
RRTM Longwave Scheme 1 (Mlawer et al., 1997)

Land Surface (sf_surface_physics) Unified Noah Land Surface Model 2 (Tewari et al., 2004)

Surface Layer (sf_sfclay_physics) Eta Similarity Scheme 2 (Monin and Obukhov, 1954; Janjić, 1994; Janjic, 
1996; Janić, 2001)

Urban Surface (sf_urban_physics)
Building Environment Parameterization 
(BEP) Scheme 2

(Martilli et al., 2002; Salamanca and Martilli, 
2010)
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downscaled directly from 31 km to the grid resolutions listed in Table 3 without an intermediate nest. The significant resolution jump 
from ERA5 (31 km) to WRF (1.0–4.5 km) can be justified by the high quality of ERA5 data, computational efficiency considerations, 
and the successful experience of similar approaches in previous studies. Despite challenges associated with this large resolution jump, 
they can be managed through proper model configuration and rational sensitivity testing, for ensuring accurate and reliable high- 
resolution simulations (Warner et al., 1997; Giorgi and Mearns, 1999; Hersbach et al., 2020). In our research, we have a sufficient 
boundary buffer to prevent any boundary effects within the study area. Following the WRF user guide (National Center for Atmo
spheric Research, 2016a), 100 grid points are recommended. Accordingly, the eight domain sizes for the trial were generated using the 
same number of grid points. The recommended time step of six times grid resolution (in km) was applied (National Center for At
mospheric Research, 2016b). To adhere to the divisible feature of 3600 s, the time step values for case 1 and case 3 were adjusted from 
27 s to 25 s and from 21 s to 20 s (in bold of Table 3), respectively. The specific settings of the eight domain tests for each rainfall event 
are as follows:

In the set of simulations listed in Table 3, different domain sizes are achieved by varying the grid resolution, in the context of similar 
computer resource (with this only changing slightly due to different time steps with changing grid resolution, based on the same 
number of grid points). Thus, differences between these simulations, for a given rainfall case, will reflect the impact of both changing 
the domain size and changing the grid resolution. Hence a number of additional sensitivity tests were carried out (see Section 3.5): 
varying grid resolution, but keeping domain size constant to isolate the influence of changing the grid resolution alone.

2.2.3. Model evaluations
This study chooses Kling-Gupta Efficiency (KGE), a widely used statistical indicator in hydrometeorology, for the WRF model 

evaluations. It considers the correlation and error in variation as well as the means of the simulation and the observation data 
respectively (Gupta et al., 2008) and integrates these into a single summary value (Kling et al., 2012; Reda et al., 2022). KGE can be 
expressed by Eq. (1): 

Table 3 
Single model domain settings for each rainfall event.

Newcastle Rainfall Grid Resolution (km) Time Step (s) Grid Point Domain Size (km2)

case 1 4.5 25 100 450 × 450
case 2 4 24 100 400 × 400
case 3 3.5 20 100 350 × 350
case 4 3 18 100 300 × 300
case 5 2.5 15 100 250 × 250
case 6 2 12 100 200 × 200
case 7 1.5 9 100 150 × 150
case 8 1 6 100 100 × 100

Table 4 
Full information of eight rainfall events (reverse-chronological order, within newcastle boundary).

Event Number The Simulated 
Time for Data 
Statistics

TCR (mm) HMR (mm/h) Rainfall Category and Rainfall Centre

reverse-chronological order the last three days observation: 
radar data

observation: 
radar data

References: BBC News Weather Reports (2020); BBC 
Weather Reports (2020); Met Office Synoptic Charts (2020); 
Met Office Weather (2020); Weather Online Historical Data 
(2023); Weather Com (2024); Weather Underground (2024)

1
19/08/2021–22/ 
08/2021 ~25 ~3.5

Predominantly frontal rainfall; Concentrated in central and 
western Newcastle, with localised flooding in low-lying areas

2
25/08/2020–28/ 
08/2020 ~40 ~8

Stratiform and convective rainfall; Eastern and central 
Newcastle experienced the heaviest rainfall

3 09/06/2020–12/ 
06/2020

~30 ~2.5 Primarily stratiform with some convective showers; 
Scattered across the region, with no significant concentration

4 11/06/2019–14/ 
06/2019

~50 ~9.5 Predominantly frontal rainfall; Concentrated in the urban 
areas of Newcastle

5
05/06/2017–08/ 
06/2017 ~70 ~6

A mix of stratiform and convective rainfall; Southern 
Newcastle experienced the most intense rainfall

6
10/06/2016–13/ 
06/2016 ~10 ~1 Stratiform rainfall; Evenly distributed across the region

7 04/06/2014–07/ 
06/2014

~20 ~4.5 Convective thunderstorms; Northern Newcastle and 
surrounding areas

8 15/07/2011–18/ 
07/2011

~90 ~7 Convective rainfall with severe thunderstorms; Western and 
central Newcastle was most affected
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KGE = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(r − 1)2
+ (α − 1)2

+ (β − 1)2
√

(1) 

where r is the correlation coefficient between the simulated data series and the observed data series, α and β are the ratios of standard 
deviation and mean value between the two series, respectively (Gupta et al., 2009; Rummler et al., 2019; Wang et al., 2022). Therefore, 
the evaluation results of the WRF model by KGE for rainfall simulation are more comprehensive compared to some common and simple 
statistical indicators, and the optimal performance is achieved when KGE = 1. The formula of the derived indicator for evaluating 
sensitivity analysis cases will be specified in Section 3.5.

Fig. 2. Radar spatial distributions (showing the part of assigned radar area) of the accumulated precipitation (mm) over the last three days for the 
eight rainfall events.
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Fig. 3. KGE line charts for the eight rainfall events. KGE is calculated using the hourly timeseries of rainfall, within the Newcastle Boundary for the 
last three days of each event. The KGE = 0 lines are shown in each subpanel. Clusters of similar datapoints with relatively high KGE values are 
framed in blue dashed boxes, based on a nearest-neighbour approach described in Section 3.3.
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3. Results

3.1. Overview of selected rainfall characteristics and observed radar maps

Generally, rainfall in winter is dominated by longer duration large-scale events, whilst in summer, there are more short duration 
intense events. Here, we only consider summer rainfall events which are expected to particularly benefit from the convection- 
permitting resolutions. In Table 4, the specific simulation time, detailed rainfall values and key rainfall characteristics for the eight 
rainfall events are listed, which is in a reverse-chronological order according to the occurrence time of rainfall. According to obser
vations (time and date, 2021), the rainfall duration for all the selected events spans three days.

The radar maps of each rainfall event (resolution = 1 km) are shown in Fig. 2. Their rainfall intensities are listed in Table 4.
Looking in detail at Fig. 2, event 2, event 5 and event 8 have isolated pixels with exceptionally high rainfall occurring within the 

wider region surrounding Newcastle. To exclude spurious values, the radar hourly precipitation of each event was checked, ditto for 
WRF hourly precipitation. This did not show any evidence of spurious rainfall values impacting the results. We note for the following 
analysis of KGE, only the grid cells within the Newcastle boundary (marked by the black line in Fig. 2) are included.

3.2. KGE-based evaluation of WRF simulations across rainfall events and domain sizes

KGE values for the 64 domain tests (8 rainfall events × 8 domain sizes, see Table 3 for detailed settings) are shown in Fig. 3.
In general, the eight rainfall events display a downward trend on KGE values with decreasing domain sizes and increasing grid 

resolutions. When domain size is smaller than 150 × 150 km2, nearly all the simulated cases for all the rainfall events perform rather 
poorly, despite having finer grid resolution. All the cases of event 2 and event 6 hold KGE values over 0, indicating that the overall 
simulation on domain size of these two rainfall events is not so bad. However, the remaining rainfall events include some KGE values 
less than 0 (event 1 cases: domain size ≤150 × 150 km2; event 3 cases: domain size ≤250 × 250 km2; event 4 case: domain size = 100 
× 100 km2; event 5 cases: domain size = 400 × 400 km2 and domain size ≤200 × 200 km2; event 7 cases: domain size ≤300 × 300 
km2; event 8 cases: domain size ≤200 × 200 km2). What is more, there is not a clear relationship between performance and domain size 
for event 5. Event 4 has the most stable KGE values across the larger domain sizes (excluding 150 × 150 km2 and 100 × 100 km2). In 
addition, the majority of KGE values for the eight domain sizes of event 2 and event 4 reflect their better performance in rainfall 
simulation.

To explain the special pixels (very high observed values compared to the WRF simulated results) in Fig. 2, possible reasons include 
weaker constraints from the large-scale conditions imposed at the lateral boundary (for event 2) and rainfall misalignment in the WRF 
model (i.e., does not occur over Newcastle city) (for event 8). As shown in the subplot of Fig. 3, event 5 generally gets the lowest KGE 
scores among the eight rainfall events. One contributing factor to this poor performance is that the spatial distribution of rainfall in 
WRF differs substantially from that in radar (e.g., more localised showers as opposed to more uniform rain).

3.3. The acceptable SDS ranges for varied rainfall events

The acceptable SDS ranges for the eight rainfall events are determined by the cluster analysis on the KGE values. Cluster analysis 
has various algorithms to classify a set of objects in such a way that objects in the same cluster are more similar to each other than to 
those in other clusters (Everitt et al., 2011). The concept of a “cluster” cannot be precisely defined, which partly explains the existence 
of numerous clustering algorithms, such as connectivity models, centroid models, graph-based models, and many more (Estivill-Castro, 
2002). The cluster analysis algorithm adopted in this study is based on k-nearest neighbours algorithm where KGE deviations from the 

Fig. 3. (continued).
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maximum are used to partition the datapoints into two clusters: the nearest-maximum cluster and the distant-maximum cluster. The 
acceptable SDS ranges are selected from the nearest-maximum cluster (as indicated by the blue dashed boxes in Fig. 3) in which their 
KGE values are relatively high in contrast to those in the distant-maximum cluster. The border between these two clusters is visually 
judged instead of a fixed value due to diverse KGE distributions in different events. Further studies are needed to find a more objective 
and precise cluster border, although this would be a challenging task.

Based on the previous KGE line charts (see Fig. 3) at different domain sizes, Fig. 4 demonstrates the acceptable SDS ranges for each 
rainfall event in a reverse-chronological order, with orange points for upper limits and blue points for lower limits. The tested domain 
size range of the eight rainfall events is from 150 × 150 km2 (minimum value) to 450 × 450 km2 (maximum value), with a commonly 
accepted SDS enclosed by a green rectangle.

Although 150 × 150 km2 domain size (the lower limit of event 2) falls within the acceptable SDS ranges, it occupies the smallest 
share (only one rainfall event) compared to the larger domain sizes (450 × 450 km2 for six events; 400 × 400 km2 for seven events; 350 
× 350 km2 for eight events; 300 × 300 km2 for six events; 250 × 250 km2 for five events; 200 × 200 km2 for two events). Furthermore, 
100 × 100 km2 should not be set as the domain size when simulating the eight summer rainfall events in Newcastle, as the acceptable 
SDS ranges for these events do not cover it at all.

According to Seth and Giorgi (1998), the location of lateral boundary should be sufficiently distant from the Region-Of-Interest 
(ROI) to avoid boundary artifacts. Accordingly, Jones et al. (1995) argued that a relatively large domain size for simulation is 
required, to ensure sufficient spin-up of small-scale features entering the model domain. Nevertheless, even with a smaller domain size, 
the initial and boundary conditions may be inconsistent due to possible error propagation from the lateral buffer zone to the ROI, 
resulting in influences on simulated results (Qian and Zubair, 2010). As a consequence, a sufficiently large domain size for the WRF 
model is needed (Maurya et al., 2018), which may explain the lower limit of acceptable domain size indicated from Fig. 4. We note 
however that too large a domain size may also be detrimental, with the high-resolution model no longer sufficiently constrained by the 
large-scale conditions prescribed at the lateral boundary.

3.4. A common optimal SDS

From Fig. 4 above, 350 × 350 km2 (framed by a green rectangle in Fig. 4) is the common optimal SDS across the eight rainfall 
events. For the purpose of checking the reliability of the selected SDS, visualising each case of rainfall events is necessary. As previously 
mentioned, due to relatively large scale, event 4, with 50 mm TCR and 9.5 mm/h HMR, is the rainfall event with the best performance 
across domain size simulated by the WRF model. Relatively speaking, this event maintains good simulation stability throughout the 
eight domain sizes/grid resolutions across the eight rainfall events. Hence, taking it as an example for further study, the spatial dis
tributions between observed data and simulated data for the eight domain sizes of this 2019 rainfall event are presented in Fig. 5.

Although 2019 rainfall is the best simulated event, some disagreement between observations and simulations is unavoidable just 
due to internal variability (since information on the observed state of the atmosphere is only fed into the model at the lateral 
boundary). By comparing the spatial distribution maps of radar data and the WRF data one by one, the domain sizes at 150 × 150 km2 

and 100 × 100 km2 display the most significant differences, while the domain sizes at 300 × 300 km2,400 × 400 km2 and 350 × 350 
km2 exhibit relative maximum similarity between observation and simulation. Moreover, as there are more simulation outliers 

Fig. 4. The acceptable SDS ranges of Eight Rainfall Events (reverse-chronological order from near to far).
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Fig. 5. Spatial distribution comparison between The WRF simulations with different model domain sizes (accompanying grid resolutions) and 
observations (constructed by regridded radar data) for the accumulated precipitation (mm) over the last three days of 2019 rainfall (event 4). shown 
in rainfall for the full extent of The WRF model domain.
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Fig. 5. (continued).
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appearing in the spatial distribution maps of domain sizes at 250 × 250 km2 and 200 × 200 km2, these two cases are inferior to the best 
three simulations (domain sizes at 300 × 300 km2,400 × 400 km2 and 350 × 350 km2) for this rainfall event. When domain size is 450 
× 450 km2, the simulation result significantly overestimates the observed values, which may be explained by the coarser resolution of 
4.5 km: as convectional rainfall occurs over short periods and in localised regions, with coarse model resolution, it is difficult to capture 
its rainfall characteristics (McSweeney and Hausfather, 2018).

To establish a clearer order regarding the spatial distribution performance for 2019 rainfall event simulation, the sequential listing 
from better to worse on the basis of contrasting each pair of the domain sizes in Fig. 5 is: ①300 × 300 km2, ②400 × 400 km2, ③350 ×
350 km2, ④250 × 250 km2, ⑤200 × 200 km2, ⑥450 × 450 km2, ⑦150 × 150 km2, ⑧100 × 100 km2. On the one hand, the per
formance ordering of domain size based on spatial distribution and KGE (300 × 300 km2: 0.83; 400 × 400 km2: 0.80; 350 × 350 km2: 
0.79; 250 × 250 km2: 0.77; 200 × 200 km2: 0.76; 450 × 450 km2: 0.74; 150 × 150 km2: 0.22; 100 × 100 km2: − 0.20) remains 
consistent. On the other hand, 350 × 350 km2 is in the third place where it is able to be the SDS for this rainfall event. 450 × 450 km2, 
150 × 150 km2 and 100 × 100 km2 are placed at the last three positions, reaffirming that both too large and too small domain sizes are 
unsuitable for the rainfall simulation in Newcastle.

3.5. Sensitivity analysis: The possible interference of grid resolution on the WRF simulation

There are two ways to adjust domain size: keeping grid resolution constant while varying the number of grid points or varying grid 
resolution but keeping the number of grid points constant. The latter (the results in Section 3.3 and Section 3.4) corresponds to 
constant computational cost, while the former results in a considerably increased cost for large domain sizes, especially at high grid 
resolution. On the other hand, high grid resolution for a given domain size contributes to improving the understanding of rainfall 
patterns in urban studies. The above results vary domain size by changing grid resolution, and hence it is difficult to disentangle extent 
to which improved performance is due to domain or resolution. We now explore the extent to which grid resolution differences (rather 
than domain size per se) may be an important contributing factor to the simulation accuracy by carrying out sensitivity tests (varying 
grid resolutions and the number of grid points & keeping the domain size fixed) (see Table 5). This approach becomes increasingly 
computationally expensive for finer grid resolutions.

To conduct the sensitivity analysis experiment, Table 5 shows specific values on time steps and three key elements: domain size, 
grid resolutions and grid points. As mentioned before, the first day of the eight rainfall events is designed as spin-up time and time step 
is determined by sixfold grid resolution. Thereinto, the bolds in Table 5 are the same meaning with them in Table 3. The common 
optimal SDS identified above as 350 × 350 km2, which is appropriate for each rainfall event, is used. In addition to the original 
configuration for grid resolution (3.5 km) and grid points (100), by adjusting the grid resolution up and down (with the corresponding 
grid points), the other seven combinations are: 4.5 km and 77, 4 km and 87, 3 km and 116, 2.5 km and 140, 2 km and 175, 1.5 km and 
233, 1 km and 350, respectively.

To check the WRF simulation performance for each test of each rainfall event in this sensitivity analysis and compare the impacts of 
domain size and grid resolution on the simulated results at the same time, a relevant indicator deriving from KGE is introduced, 
referring to Eq. (2): 

ΔKGE = KGE − KGE3.5 (2) 

where ΔKGE represents the distance between the KGE and the KGE at 3.5 km grid resolution (KGE3.5) simulated by the WRF model. On 
the one hand, 350 × 350 km2 is the common optimal SDS for all the rainfall events with 3.5 km grid resolution and 100 grid point. On 
the other hand, such collocation is the original configuration for carrying out sensitivity analysis. Thus, this case plays a link role on 
general simulations and sensitive experiments, with all the KGE3.5 values set as the benchmark.

Fig. 6(a) displays all the difference values between KGE and KGE3.5 in the form of ΔKGE, including eight resolution tests of each 
rainfall event. The average ΔKGE values of the eight rainfall events at eight different grid resolution (from coarse to fine) and grid point 
combinations are presented in Fig. 6(a) as well: − 0.092, − 0.12, 0.00, − 0.043, − 0.0036, − 0.036, − 0.070, − 0.048. Accordingly, the 
ΔKGE values of each rainfall event, both for eight domain tests (different grid resolution but fixed grid point) and their each averages 
(− 0.13, − 0.024, 0.00, − 0.036, − 0.12, − 0.30, − 0.42, − 0.53), are shown in Fig. 6(b).

Integrating all the data points together (triangle for average, dot for individual) for consideration, the data distribution displayed in 
Fig. 6(a) gathers together more than those in Fig. 6(b). As for the span of minimum ΔKGE and maximum ΔKGE, sensitivity analysis 

Table 5 
Sensitivity analysis configurations (within Newcastle Boundary).

Domain Size (km2) Grid Resolution (km) Grid Point Time Step (s)

350 × 350

case1 4.5 77 25
case2 4 87 24
case3 3.5 100 20
case4 3 116 18
case5 2.5 140 15
case6 2 175 12
case7 1.5 233 9
case8 1 350 6
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cases (~0.48: from − 0.36 to 0.12) are far less than original configuration cases (~1.1: from − 1.0 to 0.11), signifying that the 
simulation results among the former are more similar. This indicates that the results presented previously, do not simply reflect 
changing grid resolution, with domain size a key determining factor at performance. Hence, setting domain size by varying grid 
resolution is justifiable because of the minor interference, providing remain in convection-permitting regime (< 5 km).

Under the fixed domain size (350 × 350 km2), as the grid resolution increases, providing within convection-permitting regime, the 
linear trendline of average ΔKGE generally demonstrates upward tendency but the overall slope is getting smaller and smaller, sug
gesting that the higher grid resolution can slightly improve the WRF simulation performance, but with such influence, getting less and 

Fig. 6. Relative influence of changing grid resolution (at fixed domain size) versus varying domain size (at fixed grid point number). Fitted Line Plot 
for ΔKGE: (a) eight resolution tests of the eight rainfall events for sensitivity analysis; (b) eight domain tests of each rainfall event.

Table 6 
The list for eight rainfall events (TCR order and HMR order).

Event Number The Acceptable SDS Ranges Event Number The Acceptable SDS Ranges

TCR order lower limit–upper limit HMR order lower limit–upper limit

8 250 × 250 km2–450 × 450 km2 4 200 × 200 km2–450 × 450 km2

5 250 × 250 km2–450 × 450 km2 2 150 × 150 km2–350 × 350 km2

4 200 × 200 km2–450 × 450 km2 8 250 × 250 km2–450 × 450 km2

2 150 × 150 km2–350 × 350 km2 5 250 × 250 km2–450 × 450 km2

3 300 × 300 km2–450 × 450 km2 7 350 × 350 km2–450 × 450 km2

1 350 × 350 km2–450 × 450 km2 1 350 × 350 km2–450 × 450 km2

7 350 × 350 km2–450 × 450 km2 3 300 × 300 km2–450 × 450 km2

6 250 × 250 km2–400 × 400 km2 6 250 × 250 km2–400 × 400 km2
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less with finer and finer grid resolution. In Fig. 6(b), with the diminishing domain size, the polynomial trendline of average ΔKGE 
overall presents downward tendency, along with the general slope becoming bigger and bigger, meaning that the smaller domain size 
may weaken the WRF simulation performance to a greater extent.

4. Discussion

Here we discuss the extent to which we can explain the optimal SDS variation across the eight precipitation events based on the 
varying precipitation characteristics of each event. In particular, we explore the relationship of the acceptable SDS range with rainfall 
amount (including TCR and HMR) and rainfall spatial coverage. Additionally, we provide a comparative analysis on SDS for urban 
rainfall simulations and discuss the limitations of our study.

4.1. The regular pattern between rainfall amount and SDS

The left side of Table 6 lists eight rainfall events in the order from large to small TCR based on radar data (for specific values, see 
Table 4), reflecting rainfall amount diversity (from ~10 mm to ~90 mm) from the perspective of accumulated value. Similarly, the 
order from large to small on the observed value of HMR (ditto, see Table 4) is presented in the right side of Table 6, displaying a wide 
span (from ~1 mm/h to ~9.5 mm/h) on the max rainfall rate. Moreover, the acceptable SDS ranges (determined by the KGE per
formance of eight rainfall events in Fig. 3), from the lower limit to the upper limit of domain size, are listed in Table 6, following the 
orders of TCR and HMR (visualization: see Fig. 7 and Fig. 8, respectively).

A similar relationship is observed between acceptable SDS range and rainfall intensity, whether measured using TCR or HMR (Fig. 7
and Fig. 8). Namely as rainfall amounts decrease, there is a tendency for a narrower acceptable SDS range (with higher lower limits), 
centred on larger domain sizes, while the smaller domain sizes are only suitable for heavier events.

4.2. The regular pattern between rainfall amount and rainfall spatial coverage in term of SDS

Next, we explore the relationship between rainfall amount and rainfall spatial coverage with SDS. Table 7 ranks the rainfall spatial 
coverages of the eight rainfall events on the basis of the spatial distribution maps in Fig. 2. The event sequence of precipitation spatial 
coverages (mainly considering the observations within Newcastle boundary) from large to small and the corresponding acceptable SDS 
ranges for each event are listed:

In accordance with the sequence in Table 7, Fig. 9 plots the eight rainfall events in the order of rainfall spatial coverage from large 
to small and displays their corresponding acceptable SDS ranges.

The ordering of rainfall events by spatial coverage is slightly different than the ordering by rainfall amount (both TCR and HMR). 
Among them, event 8, which is classified as one of the heavier rainfall events, has the smaller spatial coverage, whilst event 3, classified 
as one of the lighter rainfall events, is in the larger spatial coverage category, however there is reasonable correspondence between 
rainfall amount and event spatial size, with the heaviest events also tending to have larger spatial coverage. Consequently, there is a 
similar tendency for smaller sized events to favour larger domain sizes, with the smallest domain sizes only suitable for the spatially 

Fig. 7. The acceptable SDS ranges of eight rainfall events (TCR order from heavy to light).
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more extensive events, although the relationship is less clear than with rainfall amount. This behaviour may be explained by the fact 
that the smaller-scale events need more time to spin up on entering the domain than larger-scale events that are already well rep
resented in the driving model.

4.3. Comparative analysis: SDS for urban rainfall simulations

By comparing our results on the SDS for simulating urban rainfall using the WRF model with those from other cases, we compare 
this work with previous studies. We show that the domain sizes smaller than 150 × 150 km2 are insufficient to reliably simulate 
summer rainfall events over Newcastle. Yu et al. (2022) investigated the impacts of the WRF model domain size on Meiyu forecasts. 
Their research revealed that an appropriately enlarged domain size better captured weather systems and associated precipitation, 
leading to significant improvements in forecast accuracy. This conclusion is consistent with the finding of us. We identify a common 
optimal SDS of 350 × 350 km2 across eight rainfall events. Chu et al. (2018) highlighted that rainfall simulations were highly sensitive 
to domain sizes, with larger domain sizes improving the accuracy of rainfall intensity and spatial correlation. However, overly large 
ones might introduce computational inefficiencies without performance gains. Both studies agree that excessively large domain sizes 
(e.g., 450 × 450 km2) are not ideal. We discover that lighter and spatially more confined rainfall events benefit from larger domain 
sizes. In contrast, the heaviest and spatially more extensive rainfall events can still be reasonably represented even with the smallest 
domain sizes. Opio et al. (2020) conducted WRF simulations of extreme rainfall over Uganda and assessed sensitivity to parameter
isation, grid resolution and domain size. They emphasised the importance of larger domain sizes to capture lighter and more localised 
rainfall events, aligning with one of our results.

Fig. 8. The acceptable SDS ranges of eight rainfall events (HMR order from heavy to light).

Table 7 
The list for eight rainfall events (rainfall spatial coverage order, focusing on the area within Newcastle Boundary).

Event Number Rainfall Spatial Coverage The Acceptable SDS Ranges

Rainfall spatial coverage order Observation: radar data Lower limit–upper limit

4

Large  

↓  

Small

200 × 200 km2–450 × 450 km2

2 150 × 150 km2–350 × 350 km2

5 250 × 250 km2–450 × 450 km2

3 300 × 300 km2–450 × 450 km2

7 350 × 350 km2–450 × 450 km2

8 250 × 250 km2–450 × 450 km2

6 250 × 250 km2–400 × 400 km2

1 350 × 350 km2–450 × 450 km2
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4.4. Limitations

Limitations of this study relate to sample size, general applicability, model utilisation and scheme configuration. To assess the 
robustness of the findings, more events especially for winter rainfall are needed: the rainfall in UK is characterised by frequent and 
intense rainfall in summer but short duration, as opposed to winter rainfall which is predominately from large-scale events. Based on 
results here (events with larger spatial size are suitable for smaller domain size), smaller domain size (100 × 100 km2) may be suitable 
for winter rainfall events. Also, more cities should be simulated (Du et al., 2023). Similarly, here only the single domain case of the 
WRF model has been explored, so the analysis for nested model runs will be the next step. Last but not least, on account of the 
specificity in urban hydrometeorological studies, modifying the related settings of the WRF-urban modelling is a great help to produce 
a more robust rainfall simulation responding to the series of urban environmental issues resulting from urbanisation impact (National 
Center for Atmospheric Research, 2023) on which Zhang et al. (2018) conducted a case study by comparing the differences of two sets 
(the WRF model coupled with the Noah land surface model and the multi-layer Building Energy Model (BEM) as well as using 
croplands in spite of urban land-use types and retaining other settings). As a consequence, identifying how the optimal domain size and 
model configuration varies from city to city will be the subject of future work (Du et al., 2022).

5. Conclusions

This study examines how well WRF model simulates urban rainfall and aims to identify the optimal model configuration (domain 
size) and relevant change rule for given computational resource, including: (1) The acceptable SDS ranges for eight rainfall events; (2) 
A common optimal SDS; (3) The relationship between rainfall characteristics, including rainfall amount and rainfall spatial coverage, 
and the acceptable SDS ranges. Eight Newcastle rainfall events occurring during summer over the past 13 years were explored. Key 
conclusions are: 

1 When simulating with the WRF model for the eight summer rainfall events, the simulation performance is notably poor when 
domain size is less than 150 × 150 km2. Thus, using the grid resolution of 1 km and the recommended 100 grid points, domain size 
(100 × 100 km2) is found to be too small for satisfactory simulation of rainfall.

2 By integrating all domain tests (64 in total), 350 × 350 km2 emerges as the common optimal SDS that is covered within the 
acceptable SDS ranges for the eight rainfall events. The visual analysis of the events confirms that the domain size for the rainfall 
simulation here should not be too large (450 × 450 km2) either.

Additional sensitivity experiments show that while varying grid resolution (within the convection-permitting regime) at fixed 
domain size (350 × 350 km2) does affect model performance, the impact is generally less significant compared to the changes in 
domain size. This indicates that domain size plays a more critical role than grid resolution in influencing WRF modelling performance 
for these rainfall events. 

3 In terms of the rainfall characteristics, there is a tendency for lighter smaller sized events to favour larger domain sizes, with the 
smallest domain sizes only suitable for the heaviest spatially more extensive events. This is consistent with the need for greater spin 
up of small-scale features entering the domain.

Fig. 9. The acceptable SDS ranges of eight rainfall events (rainfall spatial coverage order from large to small).
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Although the results presented here are for Newcastle city, we anticipate that sensitivity to domain size (specifically time for 
rainfall events to spin up on entering the domain and the level of constraint imposed by the lateral boundary conditions) will apply in 
other cities and we invite the community to consider this when choosing optimal simulation set-ups for urban rainfall modelling. 
Looking ahead, the study plans to extend its methods to other cities and additional events, including winter scenarios where smaller 
domain sizes might suffice due to the generally larger-scale nature of winter rainfall. It also tends to assess whether optimal model 
setup (the WRF nesting simulation and the WRF-Urban Setting) follows similar principles.
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