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A B S T R A C T

Given the rapid spatiotemporal variability of aerosols and their complex impacts on the Earth system, investi-
gating the role of aerosols in modelling extreme weather events, particularly various extreme rainfalls, remains
limited. This study explored extreme rainfall simulation sensitivity to aerosol properties, transport and season-
ality over the UK and Ireland during four seasons in 2020 by the Weather Research and Forecasting model
coupled with Chemistry (WRF-Chem) model. Two sets of high-resolution simulations, one including aerosol
direct and indirect effects and the other one without any aerosol effects, were conducted to investigate the
improvements due to aerosol inputs. Meteorological results were verified using ground and satellite observations
to examine the reliability of simulations. The 12 extreme rainfall events during the study months were classified
by their backward trajectories from the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model, and their simulation accuracies were quantified through six spatiotemporal metrics and one overall score.
By comprehensive analyses of the simulation performances under different conditions, it is found that the model
performs better in simulating rainfall events driven by sea salt aerosols (SSA) compared to those promoted by
anthropogenic aerosols. Air masses transported from the Arctic and North Atlantic Ocean also help achieve
higher rainfall simulation accuracy than European air masses. Rainfall simulations for winter and autumn events
outperform those for spring and summer events. When considering aerosol effects in simulations, almost half of
the events showed improved performance, while an equal number experienced a decrease and a small proportion
remained unchanged. The most remarkable improvements are observed in rainfall simulations with higher
concentrations of SSA and the participation of anthropogenic aerosols, while simulations promoted only by
anthropogenic aerosols all experience performance reductions. The aerosol effects also led to significant in-
creases in monthly rainfalls, accompanied by great reductions of Cl in larger particle size aerosols and NO3 in
smaller particle size aerosols.

1. Introduction

Atmospheric aerosols, the liquid or solid particulate matter in the
atmosphere, play an important role in the weather and climate at
regional and global scales. The influence of atmospheric aerosols on
precipitation patterns, especially on extreme rainfall events, is a critical
area of study within atmospheric science. Aerosols affect not only the
microphysical properties of clouds but also have broader implications
for storms’ scale and intensity. The direct effect of aerosols through
scattering and absorbing solar radiations leads to decreases in wind
speed, surface temperature and the height of the planetary boundary
layer (PBL) while increasing relative humidity (RH) and atmospheric
stability (Jacobson et al., 2007). The indirect effect of aerosols through
serving as cloud condensation nuclei (CCN) results in a reduction in

cloud droplet size and a rise in cloud droplet number concentration
(CDNC), precipitation, cloud coverage and lifetime of low-level clouds
(Albrecht, 1989). The aerosol-cloud-precipitation-meteorology interac-
tion and feedback have been observed in many field experiments by
various satellites and surface networks (Ramanathan and Carmichael,
2008; Rosenfeld et al., 2007, 2008; Zanis, 2009; Levin and Brenguier,
2009).

The assessment of aerosol impacts is challenging because these
particles not only have large spatiotemporal variability and short life-
times, but also have sizes that span several orders of magnitude and
complex physical and chemical properties. The fine-mode particles with
a diameter less or equal to 2.5 µm (PM2.5) are composed of various
chemical compounds such as nitrate (NO3), ammonium (NH4), sulfate
(SO4) and organic and black carbon (OC and BC). Sea salt aerosols
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(primarily composed of Na+ and Cl− ) and some species from soil dust
are usually in coarse mode. Apart from primary aerosols (e.g., BC, OC,
sea salt and dust) that are emitted directly into the atmosphere, a large
part of the aerosol mass is secondary aerosols (e.g. NO3, NH4, SO4 and
secondary organic aerosol (SOA)) that are formed by chemical reactions
from its gaseous precursors such as NOx, NH3 and SO2. As noted by
Lohmann and Feichter (2005) and Chen et al. (2008), the magnitude of
the aerosol semi-direct and indirect effects is influenced by the particle
size, number concentration and composition of the atmospheric aerosols
that serve as CCN or ice nuclei (IN). Particles containing hygroscopic
components like water-soluble ions (e.g., Na+, Cl− , NO−

3 , SO
2−
4 ) readily

act as CCN (Chen and Lamb, 1994). On the contrary, hydrophobic
components such as elemental carbon must be wrapped by hygroscopic
substances before they become CCN (Dusek et al., 2006). Furthermore,
the transformation of primary aerosols into secondary aerosols also
changes aerosol properties, which greatly impacts cloud-aerosol in-
teractions and subsequent rainfall patterns. For example, SSA can react
with various atmospheric compounds and form new aerosol types like
sodium nitrate (NaNO3), sodium sulfate (Na2SO4) and internal mixtures.
This transformation process is known as the “ageing of sea spray aero-
sol”. Hung et al. (2016) noted an increasing trend of NaNO3 absorbance
at particle diameter≥ 1 µm due to the reaction of nitric acid with SSA. In
addition, Zieger et al. (2017) demonstrate that the hygroscopic growth
of inorganic sea salt is lower than pure sea salt particles. They also
observed an increase in hygroscopic growth with decreasing particle size
(for particle diameters < 0.15 µm) and this increase is independent of
the particle generation method. According to previous studies, the hy-
groscopicity and optical properties of aged SSA depend on the changes
in chemical composition, mixing state and particle size of SSA before
and after ageing (Carrico et al., 2003; Randles et al., 2004; Bougiatioti
et al., 2011; Schill et al., 2015; Rosati et al., 2021). Therefore, the aged
aerosols often have distinctly different properties and will lead to un-
predictable impacts on cloud droplets, cloud albedo and amount of
rainfall.

In addition to understanding aerosol properties, aerosol transport is
critical to determining the impact of atmospheric emissions and
improving meteorological models. Pollutants, bacteria and nutrients can
be transported through the atmosphere over large distances across the
globe (e.g., Lindqvist et al., 1991; Artaxo et al., 1994; Maki et al., 2019).
Braun et al. (2020) evaluated the influences of local and long-range
transport of aerosol to the Philippines during monsoon seasons under
various synoptic- and local-scale conditions. They found that the events
affected by biomass burning transport had the highest level of water-
soluble organic acids, while the events affected by long-range trans-
port from continental East Asia showed high contributions of oxalate to
the organic aerosol. Besides, the high-aerosol-loading events had smaller
precipitation accumulation than low-aerosol events. Some other Asian
studies also indicated that air pollution from China can impact regional
weather systems and coupled with convective systems downstream
through long-range transport, which intensifies mid-latitude storm
tracks and further influence global circulation (Zhang et al., 2007; Li
et al., 2008; Wang et al., 2014). Chen et al. (2016) demonstrated the
atmospheric transport of SSA from the North Sea to central Europe in
detail. They found the influences of SSA indirect effect on nitrate par-
ticles can extend to a broader region reaching as far as 400 km from the
coast through the “aloft bridge” transport mechanism. Furthermore,
previous UK studies suggested that some high pollution episodes are
associated with easterly winds and a significant proportion of pollution
originated from industrialised parts of continental Europe (King and
Dorling, 1997; Stedman, 1998; Buchanan et al., 2002). Because of the
large import of inorganic aerosol (OIN) components from mainland
Europe, a substantial part of the UK, particularly the south and south-
east, is close to or exceeds annual mean limit values (Vieno et al., 2014).
Thus, when assessing the impact of aerosols on regional rainfall simu-
lations, it is important to consider not only local aerosols but also

externally transported aerosols, especially for some areas with low local
anthropogenic emissions.

The influence of aerosol direct and indirect effects has significant
seasonal differentiation, which has been highlighted in many meteoro-
logical studies. Schultze and Rockel (2018) found a distinct reduction of
solar irradiance in long-term aerosol-including simulations over Europe
and this reduction is strongest in summer. At the same time, cloud water
and ice content decreased over central Europe in summer, reinforcing
aerosol absorption and enhancing vertical warming. Another European
aerosol study shows that the “Black Triangle” area had obvious changes
in both total and light precipitation frequency for directions at which
sulphate trends were largest. This trend was also most significant in the
summer season (Stjern et al., 2011). In some cases, the seasonality of
aerosol impacts is also linked to regional differentiation. According to
Cheng et al. (2017), the relationship between aerosol optical depth and
cloud effective radius is dominated by the negative correlation over
North China in winter and spring and entire China in summer, while the
relationship between precipitation and cloud effective radius is domi-
nated by the positive correlation over North China in summer and entire
China in autumn. Jiang et al. (2015) investigated the seasonality in
anthropogenic aerosol distributions and their effects on clouds and
precipitation in East Asia. They summarized that the climate response to
anthropogenic aerosols is shown as a northward shift of reduced pre-
cipitation, resulting in spring drought in South China and summer
drought in North China. In their study, the direct and indirect anthro-
pogenic aerosol effects jointly contributed to spring drought and sum-
mer drought was mainly affected by the direct effect. Song et al. (2021)
reported a seasonal precipitation delay of 4 to 5 days during 1979–2019
over the northern tropical land and Sahel. Most of the delay was caused
by decreased anthropogenic aerosols and increased greenhouse gases
that produced more mister atmosphere and enhanced its lag in response
to seasonal solar forcing. In particular, these seasonal delays were pro-
jected to amplify further in the future decades.

While extensive research has been conducted on the broad-scale
impacts of aerosols on global climate and long-term weather patterns,
in-depth investigations into the variability of short-lived extreme rain-
fall events under different conditions remain deficient. Particularly,
studies that evaluate the combined impacts of aerosols and seasonal
factors on the accuracy of extreme event simulations are limited.
Furthermore, a key focus of this study is to compare the performances of
the numerical weather prediction (NWP) model with and without
aerosol inputs. It tried to figure out whether simulations incorporating
aerosol chemistry consistently outperform those based simply on
meteorological inputs and under what circumstances this is the case.
Given the significant increase in computational demands when
including chemical inputs, it is important to understand whether these
costs are worthwhile and where shortcomings remain. These knowledge
gaps will be filled by conducting a comprehensive analysis of how
aerosol properties (mainly particle size and chemical component),
transport pathways, and seasonal variations influence the accuracy of
WRF-Chem extreme rainfall simulations. In this study, 4-month simu-
lations with aerosol direct and indirect effects and 4-month simulations
without aerosol effects over the UK and Ireland were evaluated. The
simulation performances of representative rainfall events during the
study time were quantitatively evaluated using six metrics and one
overall uniform score. The results allow us to assess the model’s capa-
bility in simulating extreme rainfall frequency, distribution, and in-
tensity under varied chemical and meteorological conditions, thereby
enhancing our understanding of aerosol-cloud-precipitation interactions
over the UK and Ireland. This study is organized as follows: a description
of the used model and observed data are provided in Section 2. The
experimental design, study event classification and performance verifi-
cation method are illustrated in Section 3. Section 4 presents the results
and discussion of the impact of aerosol properties, transport and sea-
sonality. Finally, the summary and conclusions of this study are pre-
sented in Section 5.

Y. Liu et al.
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2. Model and data

2.1. Model description

The rainfall simulations of this study were conducted by the WRF-
Chem model version 4.2. Table 1 shows the model configurations
briefly. All simulations were configured with one domain (D01) with 10
km horizontal resolutions and 125 × 125 grid points (Fig. 1). The ver-
tical resolution of the model was defined as 50 levels and the top-level
pressure is 5000 Pa. These configurations were determined consid-
ering the spatiotemporal accuracy and computational efficiency. The
European Centre for Medium-RangeWeather Forecasts (ECMWF) Global
Climate Reanalysis v5 (ERA5; Hersbach et al., 2020) with 0.25◦ spatial
resolution and 1 h temporal resolution was used as initial and lateral
boundary conditions (IC/BC) for meteorological parameters. The aero-
sol radiative effect was simulated by the Morrison 2-moment Morrison

(MWR) microphysics scheme (Morrison, Thompson and Tatarskii, 2009)
and the Rapid Radiative Transfer Model (RRTMG) scheme (Iacono et al.,
2008) for both shortwave and longwave radiation. The Mellor-Yamada
Nakanishi and Niino Level 2.5 (MYNN2.5) scheme (Nakanishi and
Niino, 2006) was applied for calculating planetary boundary layer
height. And Grell 3D (Grell and Dévényi, 2002) was used as the cumulus
scheme. The static geographical fields including land use, terrain height,
surface albedo, and soil properties were obtained from the Moderate
Resolution Imaging Spectroradiometer (MODIS) 21-category data.

Gas phase and aerosol chemistry were based upon the Model for
OZone And Related chemical Tracers (MOZART; Emmons et al., 2010)
chemistry scheme and the Model for Simulating Aerosol Interactions and
Chemistry (MOSAIC; Zaveri et al., 2008) 4 bin aerosol scheme, which also
includes aqueous reactions. Emissions Database for Global Atmospheric
Research version 5.0 (EDGARv5.0) is used for anthropogenic emissions
such as BC, CO, NOx, OC, SO2, PM, NH3 and trace species (Crippa et al.,
2020). EDGARv5.0 offers monthly global gridded anthropogenic emission
at 0.1◦x0.1◦ resolution for the year 2015 that consists of country-reported
emissions and region-specific emissions, which is one of the most recent
products that’s available. Biogenic emissions from terrestrial ecosystems
into the atmosphere are calculated online at 1-km resolution by theModel
of Emissions of Gases and Aerosols from Nature (MEGAN; Guenther et al.,
2006). Fire INventory from NCAR version 1.5 (FINN1.5) provides daily
varying emissions of trace species from biomass burning to the model
online plume-rise module (Wiedinmyer et al. 2011). FINN data is derived
from daily satellite monitoring of land cover and fires combined with
emission factors and estimated fuel loadings. The New TUV photolysis
scheme is used for photolytic reactions within MOZART. The Community
Atmosphere Model with Chemistry (CAM-chem) provides chemical spe-
cies to WRF-Chem in every 6-h interval (Buchholz et al., 2019) as
chemistry initial and lateral boundary conditions (IC/BC).

2.2. Observational data

For seasonality analysis and simulation accuracy verification, tem-
perature, pressure, relative humidity, water vapor mixing ratio, wind

Table 1
WRF-Chem configuration options for the model simulations.

Mode configurations Description

Model version WRF-Chem 4.2
Domain size 125 × 125 grid points
Horizontal resolution 10 km × 10 km
Vertical resolution 50 levels up to 50 hPa
Microphysics scheme MWR
Planetary boundary layer scheme MYNN2.5
Cumulus scheme Grell 3D
Longwave radiation scheme RRTMG
Shortwave radiation scheme RRTMG
Land surface scheme Noah Land Surface Model
Surface layer scheme Nakanishi and Niino PBL’s surface layer
Gas-chemistry module MOZART
Aerosol module MOSAIC 4 bin
Anthropogenic emissions EDGARv5.0
Biogenic emissions MEGAN
Fire emissions FINNv1.5
Photolysis scheme New TUV
IC/BC (chemistry) CAM-chem
IC/BC (meteorology) ERA5

Fig. 1. Computational domain for rainfall simulations in the UK and Ireland. (a) Locations of surface meteorological observations. The red five-pointed stars
represent two Met Office stations that provide radiosonde data. The blue circles with a cross in the centre represent 15C-band rainfall radars. (b) Map of the regions
making up the study area. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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speed and rainfall data from ground and satellite observations were
used.

2.2.1. AIRS data
The Atmospheric Infrared Sounder (AIRS) is a high-resolution

infrared spectrometer onboard NASA’s Earth Observing System Aqua
satellite. This product was divided into ascending (1:30 PM local time)
and descending (1:30 AM local time) observations. As we are interested
in the monthly values, the ascending and descending data were aver-
aged. Specifically, this study used AIRS version 7.0 level 3 monthly skin
temperature (SurfSkinTemp_A and SurfSkinTemp_D) and surface pres-
sure (SurfPres_A and SurfPres_D) data available at 1◦ × 1◦ grid cells
(AIRS project, 2019). AIRS provides retrievals at 100 vertical levels with
a nominal accuracy of 1 K/km for temperature, which has been vali-
dated by some studies using aircraft and in situ observations (e.g.,
Divakarla et al., 2006).

2.2.2. Radiosonde data
This study compared the vertical profiles of pressure, temperature,

humidity mixing ratio, relative humidity, and wind speed over two Met
Office stations in the UK (Albemarle and Herstmonceux) from radio-
sonde observations with model simulated vertical profiles (Met Office,
2007a, Met Office, 2007b). The high-resolution radiosonde data were
provided by the Met Office, with a measurement interval of 2 s and the
ascents extend to heights of about 20–30 km. All available data were
averaged to estimate the monthly profile and compared with simula-
tions. The locations of the two Met Office stations in the UK that provide
radiosonde data are shown by the red five-pointed stars in Fig. 1.

2.2.3. NIMROD radar dataset
The radar rainfall estimates adopted in this study came from the UK

NIMROD composite dataset, which was collected and processed by the
Met Office through a network of 15C-band rainfall radars. The locations
of these 15C-band rainfall radars are represented in Fig. 1 by blue circles

with a cross in the centre. The rainfall rate analysis used processed radar
and satellite data along with ground reports and NWP fields. Data are
available from 2004 until the present with spatial and temporal reso-
lutions of 1 km and 15min (Met Office, 2003). This dataset has also been
adjusted by rain gauge measurements and extensive processing to cor-
rect the various radar errors like clutter, noise, attenuation, occultation,
bright band, geographic enhancement and anomalous propagation, etc
(Harrison et al., 2000). Thus, NIMROD high-resolution radar rainfall
estimates incorporate the latest processing algorithms of Met Office and
stand as one of the best rainfall estimates in the UK suitable for rainfall
simulation validations.

3. Method

3.1. Experimental design

In this study, four seasons (with one month each) in 2020: February
(winter), May (spring), August (summer) and October (autumn) were
selected as the study periods. The representative months for each season
are determined based on when most extreme rainfall events occur.
During these 4 months, a total of 12 significant rainfall events occurred
under various meteorological and aerosol conditions. To evaluate the
impact of aerosol properties, transport and seasonality on rainfall sim-
ulations in the UK and Ireland, this study was carried out in three main
steps. Firstly, two sets of simulations were conducted by the WRF-Chem
model in this study, i.e., baseline simulations (WB) that with chemistry
and provide aerosols as output but both direct and indirect aerosol ef-
fects turned off, and simulations that fully consider aerosol direct and
indirect effects (WDAIE) with scavenging and cloud chemistry turned
on. AIRS satellite, radiosonde and NIMROD radar data were used to
compare with WDAIE and WB results to understand meteorological
differences (i.e. surface temperature, surface pressure, water vapor
mixing ratio, RH, wind speed and rainfall) during different seasons in
the UK and Ireland and verify the reliability of the simulations. The
particle mass distribution (PMSD) of each compound in different seasons
from WDAIE and WB simulations was also compared. Next, the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model from
NOAA (Stein et al., 2015) was used to run the back trajectory of each
event and derive its aerosol transport source. In addition, by examining
the variations in aerosol mass (including Na, Cl, SO4, NO3, NH4, BC, OC,
and OIN) over time at different vertical levels and their correlation with
the changes in rainfall, it is possible to identify the key aerosol compo-
nents that contribute to the rainfall. Finally, WB and WDAIE simulation
performances were quantified using a verification method consisting of
six metrics and an overall performance score. Based on the analysis in
previous steps, the ranking and improvement of simulation perfor-
mances were discussed in relation to the impacts of aerosol properties,
transport and seasonality. The Probability Density Function (PDF) and
Taylor diagram of rainfall for each event were also presented to help

Table 2
Criteria used to classify HYSPLIT backward trajectory transport patterns for
rainfall events.

Category Description of trajectory categories

AT Trajectory originating in the Northern Atlantic Ocean during the
backward 5-day period.

AR Trajectories originating in areas within or near the Arctic, primarily
Iceland, Greenland and the Canadian Arctic Archipelago, during the
backward 5-day period.

WE Trajectory originating in or crossing Western Europe (i.e. area west of
the Netherlands) during the backward 5-day period.

CE Trajectory originating in or crossing Central Europe (i.e. area east of the
Netherlands) during the backward 5-day period.

NE Trajectory originating in or crossing Northern Europe (i.e. area north of
the Demark) during the backward 5-day period.

Table 3
The detailed information and trajectory categories of 12 study events.

Month (Season) Name Date and duration Trajectory categories Event brief description

February (Winter) Event 1 8–9 Feb (36 h) AR(CE,WE) Storm Ciara
Event 2 15–16 Feb (36 h) AT Storm Dennis
Event 3 28–29 Feb (36 h) AR Storm Jorge

May (Spring) Event 4 21–23 May (48 h) AT(WE) Highland rainfall

August (Summer) Event 5 3–6 Aug (60 h) AR Extreme Scotland rainfall
Event 6 12–16 Aug (96 h) CE Norfolk rainfall
Event 7 19–22 Aug (72 h) AT Storm Ellen
Event 8 24–26 Aug (36 h) AR Storm Francis

October (Autumn) Event 9 2–5 Oct (60 h) AR(WE) Storm Alex
Event 10 7–8 Oct (24 h) AR Wales rainfall
Event 11 18–22 Oct (84 h) AR Extreme Highland rainfall
Event 12 31 Oct (24 h) AR Storm Aiden

Y. Liu et al.
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understand the reasons for performance variability. A detailed descrip-
tion of back trajectory production and performance verification method
are shown in the following sections.

3.2. Trajectory classification

Air mass back trajectories can provide information about the source
of air pollutants, which is useful for investigating the relationships be-
tween aerosol and extreme weather. NOAA’s HYSPLIT model has been
widely used in global studies to investigate aerosol transport in different
regions and has received positive feedback for its effectiveness (e.g.,
Escudero et al., 2006; Kumar et al., 2014; Stein et al., 2015; Braun et al.,
2020). Considering atmospheric aerosols’ average life span of about 5
days, the HYSPLIT model was forced to run for 120 hr using the Global
Data Assimilation System (GDAS, 1◦ spatial resolution) gridded meteo-
rological reanalysis dataset for backward trajectories generation of
extreme rainfall events. To demonstrate the long-range transport of

aerosols during rainfall formation, each event contains 24 backward
trajectories initialized at 100 m above sea level from the beginning of
rainfall and centred on its maximum accumulated rainfall point. These
model parameters were determined based on previous studies on long-
distance aerosol transport (Rai et al., 2022; He et al., 2020; Wang
et al., 2016). The backward trajectories corresponding to 12 rainfall
events can be found in Fig. S1 and Fig. S2 in the Supplement. According
to the trajectory results, trajectories were assigned to five categories
using the criteria in Table 2: Atlantic Ocean (AT); Arctic (AR); Western
Europe (WE); Central Europe (NE) and Northern Europe (NE). The
detailed information and trajectory categories of the 12 rainfall events
included in the 4-month simulations of WDAIE and WB are shown in
Table 3. The trajectory classification mainly shows the source of the
aerosols. However, some trajectories pass through multiple regions,
which are marked in parentheses to help the subsequent discussion.

Fig. 2. Monthly average (a-h) surface temperature and (i-p) surface pressure for February, May, August and October 2020 from WDAIE simulations and AIRS
observations.

Y. Liu et al.
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3.3. Performance verification

To evaluate the spatiotemporal performance of simulations under
different conditions, this study uses six metrics and one overall perfor-

mance score to quantify WDAIE and WB simulations with respect to the
NIMROD radar dataset. Six metrics include the Probability of Detection
(POD), the False Alarm Ratio (FAR), the Frequency Bias Index (FBI), the
Critical Success Index (CSI), the Root Mean Square Error (RMSE) and the

Fig. 3. Vertical profile of (a, b, c, d) temperature (℃), (e, f, g, h) water vapor mixing ratio (g/kg), (i, j, k, l) relative humidity (%), and (m, n, o, p) wind speed (m/s)
over Albemarle and Herstmonceux in winter and summer from WDAIE simulations and radiosonde observations.

Y. Liu et al.
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Correlation coefficient (R). The first four metrics represent the proba-
bility of detecting rainfall and generating false rainfall, the tendency to
overestimate or underestimate rainfall, and the critical performance,
respectively. The calculation of these error metrics is according to the
rainfall contingency table, as shown in Table S1 in the Supplement. RR,
NR, RN and NN represent the grid numbers of hits, misses, false alarms
and correct negatives, respectively. Besides, RMSE shows the difference
between model predictions and observations and R measures the
strength and direction of the linear relationship between predicted and
observed rainfall. These six metrics provide a comprehensive framework
for evaluating the performance of rainfall simulations, covering aspects
from probability detection to error analysis and trend correlation. The
metric values can be calculated through Equations (1)-(6) in the Sup-
plements. In the equations, i and N refer to each time step and the total
time step of the whole event, while j andM refer to each rainfall grid and
the total number of grids. Sij and Oij are the simulated and observed
rainfall accumulations at each time step i and rain grid j, and Si and Oi
are the means of the values of the simulated and observed at each time
step i. Considering a suitable threshold may help investigate the

accuracy of simulations, the grids with rainfall below 0.1 mm are
removed when calculating metric values. The six metrics are calculated
by interpolating the NIMROD radar dataset to the WDAIE and WB
simulations’ grid at a 12-hour time step in D01.

Because each metric represents a different type of performance
characteristic, it is difficult to determine how overall simulation per-
formance changes with the impacts of aerosol properties, transport and
seasonality. To uniformly quantify the results of six metrics, The Rela-
tive Closeness Value of Technique for Order of Preference by Similarity
to Ideal Solution (TOPSIS RCV) proposed by Hwang and Yoon (1981) is
applied to evaluate the overall performance of each simulation in this
study. This method has also been further developed and used by Liu
et al. (2021) and Liu et al. (2023). To obtain a uniform score where
0 indicates the poorest performance and 1 the best, all six metrics are
rescaled to a range between 0 and 1 and given equal weight in the
computation of the TOPSIS RCV. Thus, the possible range of this overall
score would be 0–1 and the perfect value is 1. By this way, TOPSIS RCV
could easily show the overall performance differences and improve-
ments of simulations under different meteorological conditions. The

Fig. 4. Monthly accumulated rainfall map from (a, e, i, m) radar observations, (b, f, j, n) WB simulations and (e, g, k, o) WDAIE simulations for February, May,
August and October 2020, respectively. (d, h, l, p) spatial map of difference in rainfall pattern simulated by WRF-Chem model with and without aerosol effects
(WDAIE-WB).

Y. Liu et al.
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Fig. 5. Particle mass size distribution (PMSD) for each chemical compound over the study domain from WDAIE and WB simulations. (a-d) PMSD results in February,
May, August and October 2020, respectively. The maximum difference of component PMSD between the WB and the WDAIE for each bin is marked.

Fig. 6. Mass variations of different aerosols (Na, Cl, SO4, NO3, NH4, BC, OC and OIN) over time at different vertical levels in February. Black lines represent the
change in average rainfall (mm) over the domain. Coloured lines from blue to red represent changes in aerosol mass over time from the near-surface to the upper
atmosphere levels. The positions of the vertical red dashed lines with number and text labels indicate the onsets of rainfall events. The numbers are the sequence of
events and the texts indicate the origins of the air masses for events. For example, Event 1 with the label “AR (CE, WE)” indicates that the air mass of this event
originated in AR and passed through CE and WE (Table 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Y. Liu et al.
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detailed score calculation method and conversion between the original
and rescaled metrics can be found in Equation (7) and Table S2 in the
Supplement.

4. Results and discussions

4.1. Meteorological seasonality evaluation

Meteorological conditions play an important role in the spatial and
temporal distribution of aerosols by facilitating their transport, scav-
enging or deposition, and mixing in the atmosphere (Kaufman et al.,
2002). Therefore, accurate meteorological variables are crucial to
simulating aerosol-cloud-precipitation-meteorology interactions and
estimating the impact of aerosols. Fig. 2 (a-d) and (i-l) display the spatial
distribution of WDAIE simulated monthly averaged temperature and
pressure at the surface for different seasons. These meteorological pa-
rameters are compared and evaluated by AIRS satellite data in Fig. 2 (e-
h) and (m-p). In addition, model simulated and radiosonde observed
vertical profiles of temperature, water vapor mixing ratio (MR), RH and
wind speed were compared at two Met Office stations of the UK named
Albemarle and Herstmonceux (Fig. 3). Due to data availability, only
winter and summer radiosonde results are presented. The results show
that simulations successfully capture the broad meteorological charac-
teristics of the study area.

Using the winter surface temperature as a baseline, the temperature
in the same region rises approximately 7 degrees in spring, 10 degrees in
summer, and 5 degrees in autumn. The surface temperature is usually
low over Scotland due to high elevation and also because this is one of
the major rainfall areas of the UK. In contrast, the high temperature is
observed over South East and East of England as these areas usually

receive less rainfall. Compared to AIRS observations, the temperature
gradient of WDAIE simulations appears more refined and the regions
experiencing temperature extremes (above 20 ◦C or below 0 ◦C) become
smaller. Regarding surface pressure, the study area experiences stable
high pressure during spring and summer, contrasted with relatively
unstable low pressure in winter and autumn. Surface pressure results
from AIRS observations seem much blurred in contrast to WDAIE sim-
ulations while pressure results over the sea are almost the same. As for
vertical parameters, it is observed that monthly averaged temperature,
RH, water vapor MR and wind speed profiles are simulated reasonably
well by the WRF-Chem over two locations (Fig. 3). At all the heights, the
model simulated data and radiosonde data are in the same range within
variation. In general, all meteorological parameters from surface to
vertical layers are simulated well in the WDAIE simulations. Some dif-
ferences between the simulations and observations can be attributed to
the difference in spatial resolution (WDAIE is at 10 km resolution, while
AIRS is at 1 degree resolution), temporal difference (WDAIE is available
3 hourly, AIRS and radiosonde data are available daily), and also
because of uncertainty arising from model simulations and observation
process.

Monthly accumulated rainfall distributions from WDAIE and WB
simulations for different seasons were also evaluated against NIMROD
composite dataset. Overall, the simulations are consistent with radar
observations in terms of rainfall distribution but with lower rainfall
intensity. The rainfall in winter and autumn of 2020 is significantly
greater than in spring and summer, and the highest monthly rainfall in
some areas is more than 500 mm. Besides, most of the heavy rains are
concentrated in Scotland, Wales, North West and South West of England
(Fig. 1 (b)). Firstly, the regions experiencing frequent extreme rainfall
are all at high elevations, as illustrated in Fig. 1 (a). When air masses

Fig. 7. Similar to Fig. 6, but for the mass variations of different aerosols over time at different vertical levels in May.
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encounter a topographical barrier, significant precipitation may be
accumulated within a narrow region (Sumner, 1988), this phenomenon
is known as the “orographic enhancement effect”. Next, the UK’s unique
geographical location makes its weather susceptible to the influence of
moist air masses from the North Atlantic Ocean. Some studies pointed
out that the heaviest orographic precipitation in the UK has long been
associated with strong southwest and west winds in the warm, moist
sectors of frontal depressions (Browning et al., 1974; Douglas and
Glasspoole, 1947). Therefore, the direction and source of aerosol
transport are also important factors to be explored in this study. Fig. 4
(d, h, l, p) shows the difference in monthly rainfall when the aerosol
contribution is included (WDAIE) and removed (WB) in model simula-
tions. It is found that aerosol direct and indirect effects increased rainfall
in spring, summer and autumn. But in winter, the aerosol effect plays an
adjustment role in rainfall patterns, causing the location of some rainfall
to shift westward (moving from the blue area to the red area in Fig. 4
(d)). Subsequent sections will further discuss the various impacts of
aerosols from the perspective of extreme rainfall events.

4.2. Aerosol properties and transport evaluation

To explore the properties of size-resolved aerosol particles, the fully
coupled sectional aerosol module MOSAIC was used in WRF-Chem
simulations. In MOSAIC, particles are assumed to be internally mixed
in each bin (Zaveri et al., 2008). Dry particles are categorized into four
discrete size bins, ranging approximately from 39 nm to 10 µm, as shown
in Fig. 5. In order to know the influence of aerosol effects on each
component PMSD, the PMSD of WB and WDAIE simulations during
different seasons were calculated over the study domain. It is obvious
that there is a higher aerosol mass loading over the study area in

February (winter) and October (autumn) simulations and most of the
total amount is contributed by Na and Cl. Simulations in August (sum-
mer) have unusually high SO4, OC and OIN loading compared to other
months, which may have been transported from outside the study
domain. When aerosol effects are considered, the total aerosol mass in
every size bin significantly decreases due to aerosol participation in
rainfall and rainfall washout. Furthermore, Cl reduces mostly in the
larger size bins (bins 03–04) for each season, while NO3 reduces mostly
in the smaller size bin (bin 01) but with much smaller magnitude.

In addition to exploring aerosol seasonal changes in different particle
sizes, aerosol spatiotemporal changes during different rainfall events are
also investigated in this study (Figs. 6-9). Figs. 6-9 show the mass var-
iations of Na, Cl, SO4, NO3, NH4, BC, OC and OIN over time at different
vertical levels in February, May, August and October, respectively. The
black lines in these figures show the change in average rainfall over the
domain to better visualize the relationship between aerosols and rain-
fall. The coloured lines represent aerosol mass changes over time from
the near-surface to the upper atmosphere (approximately 0–20 km
above the surface). Since the growth of cloud droplets and the formation
of rainfall can involve the entire vertical range of clouds and the height
of clouds can range from a few hundred meters to several kilometres
above the ground, aerosols with a vertical height below 10 km are
defined as the primarily participating aerosols in the generation of
rainfall. Among them, dark blue, light blue and some green lines
represent the aerosol changes below 10 km. Besides, the vertical red
dashed lines are used to show the start point of every rainfall event,
which are also labelled with the event sequence numbers and transport
trajectory categories. The detailed description of rainfall events and
transport trajectory categories can be found in Section 3.2, Table 2 and
Table 3. In order to summarize the aerosols associated with each rainfall

Fig. 8. Similar to Fig. 6, but for the mass variations of different aerosols over time at different vertical levels in Auguest.
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event generation, aerosol components with significant mass fluctuations
(greater than or equal to 50 % of the average) before and during events
are defined as “Dominant aerosol components”. At the same time, the
sources of the air mass also need to be considered to determine the
reasonability of the dominant aerosol components.

Taking Event 1 in February as an example, the red dashed lines with
label 1 were added to the Na, Cl, NO3, OC, and OIN subfigures to
illustrate that these types of aerosols dominate and promote rainfall
(Fig. 6). The label “AR (CE, WE)” indicates that the air mass of this event
originated in AR and passed through CE andWE. Event 3 also originated
in AR but only involved Na, Cl, and OIN. This may be because its tra-
jectory only spanned from the Canadian Arctic Islands to the UK and did
not pass through some of Europe’s high-emission countries. In contrast
to the two AR events, the air mass in Event 2 originated from the North
Atlantic Ocean and resulted in large amounts of Na and Cl transport that

produced rainfall. The spring of 2020 in the UK was particularly dry,
with only one significant local rainfall occurring in the Highlands on 21
May (Event 4 of Fig. 7). Under the influence of dry weather conditions
and high-pressure systems (Fig. 2), the mechanisms for aerosol removal
by rainfall and aerosol vertical dispersion were weakened, leading to a
noticeable increase in the concentrations of SO4 and NO3 in the lower to
mid-atmosphere compared to February. However, the atmospheric cir-
culation patterns in spring resulted in a reduction of moist airflow from
the Northern Atlantic Ocean, simultaneously decreasing the transport of
sea salt aerosols Na and Cl. According to the trajectory categories, the air
mass of Event 4 originated in AT passing through WE and mainly
involved Na, Cl, SO4, NO3, and OC. Unlike events that originated in AT
and AR, a particular rainfall event (Event 6) prompted by the air mass
originating from Central Europe (CE) occurred in August. This air mass
contained high concentrations of pollutants far exceeding those in the

Fig. 9. Similar to Fig. 6, but for the mass variations of different aerosols over time at different vertical levels in October.

Table 4
Simulation performance results and related impact information for rainfall events ranked based on WDAIE overall scores.

Name WDAIE scores WB scores Month Trajectory categories Dominant aerosol components

Event 3 0.891 0.886 Feb AR Na, Cl, OIN
Event 10 0.875 0.886 Oct AR Na, Cl
Event 2 0.863 0.855 Feb AT Na, Cl
Event 1 0.838 0.819 Feb AR(CE,WE) Na, Cl, NO3, OC, OIN
Event 9 0.823 0.825 Oct AR(WE) SO4, NO3, OC, OIN
Event 8 0.819 0.828 Aug AR Na, Cl
Event 12 0.805 0.788 Oct AR Na, Cl, SO4, OC
Event 11 0.781 0.787 Oct AR, NE SO4, NO3, OC, OIN
Event 7 0.775 0.775 Aug AT Na, Cl
Event 5 0.744 0.744 Aug AR Na, Cl
Event 4 0.683 0.676 May AT(WE) Na, Cl, SO4, NO3, OC
Event 6 0.446 0.480 Aug CE SO4, NO3, NH4, BC, OC, OIN
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UK, including SO4, NO3, NH4, BC, OC and OIN, which caused a surge in
these aerosols between August 7–19 in the study domain (Fig. 8) and
then facilitated persistent thunderstorms in the southern UK and Ireland
with widespread rainfall. Furthermore, the dominant aerosol compo-
nents of Event 6 were identified as not containing Na and Cl due to the
low concentration and no obvious change in SSA during the event. As for
events 5, 7 and 8, they are similar to previous AR or AT events, domi-
nated by Na and Cl aerosols but occurred under different seasonal
conditions. The four rainfall events in October all originated from AR
but presented different characteristics. Most of Event 9 air mass came
from Greenland and crossed WE, carrying some SO4 and NO3 aerosols
along the way to the UK. According to the aerosol spatiotemporal
variation, OIN aerosol may play the most important role in this rainfall,
followed by NO3, OC and SO4. Compared to other events, the rainfall
coverage and intensity of Event 10 were smaller with Na and Cl being
the primary aerosol components contributing to its development. The
trajectory category of Event 11 is difficult to determine because the
event’s back trajectory circled over the ocean between Iceland and
Northern Europe for 5 days (Fig. S2 in the Supplement). Thus, it is
labelled as “AR, NE” to indicate its origin. Analysis based on Fig. 9, this
rainfall occurred when the SSA concentration was relatively low and the
primarily involved aerosols may be NO3, SO3, OC and OIN. In contrast,
Na and Cl aerosol concentrations during Event 12 were much higher and

fluctuated greatly. OC and SO4 aerosol also seem to contribute to the
rainfall of Event 12. The backward trajectories of these 12 events can be
seen in Fig. S1 and Fig. S2 of the Supplement. The dominant aerosol
components identified here as drivers for each event will be discussed in
connection with the simulation performance of rainfall events in the
following section.

4.3. Impacts on rainfall simulation performance

To better analyse the impact of aerosol properties, transport and
seasonality on rainfall event performance, the overall scores of the WB
and WDAIE simulations were used to identify their differences and im-
provements. The overall score is a comprehensive score calculated based
on the results of POD, FBI, CSI, FAR, RMSE and R metrics, which can
show the overall spatiotemporal performance and facilitate comparison
between simulations. The values of the overall score and six metrics for
12 events are shown in Table S3 of the Supplement. Table 4 shows the
simulation performance results and related impact information for
rainfall events ranked according to WDAIE overall scores. Table 5 dis-
plays the improvements ((WDAIE-WB)/WB) of overall performance for
rainfall events when the aerosol direct and indirect effects are included
in rainfall simulations. The Taylor diagram for events in different sea-
sons is presented in Fig. 10. The Probability Density Functions (PDF) of
rainfall derived from WDAIE, WB and radar observations are illustrated
in Fig. 11 to help understand the distribution and likelihood of different
rainfall intensities during the events. The accumulated rainfall maps for
the best-performing event in WDAIE simulations, the worst-performing
event in WDAIE simulations and the most-improved event are presented
in Fig. 12.

As shown in Table 4, it is obvious that the rainfall simulation per-
formances of events in February and October are better than those in
August andMay. In the UK, rainfall patterns can vary significantly across
different seasons, but generally winter and autumn are the seasons with
more storms and rainfall. This is due to the UK’s geographical position
making it susceptible to Atlantic depressions during these seasons. There
is a total of 7 storms among the 12 study events and most of their
simulation performances are better than other thunderstorms or local-
ized rainfall. In particular, the WDAIE simulations of five winter and
autumn storms (Event 1, 2, 3, 9, 12) performed very well, ranking 4th,
3rd, 1st, 5th, and 7th respectively. In contrast, spring and summer are
less influenced by Atlantic depressions and tend to be drier, although
summer can sometimes experience heavy rainfall during thunderstorms.
The model simulations of events in August and May did not achieve
satisfactory results and 4 of the 5 events ranked last. Among them, the
overall scores of two storm events (Events 7 and 8) are higher than the
other three rainfall events. Besides, Fig. 10 is a Taylor diagram of rainfall
events in different seasons. Based on standardized deviations and cor-
relation, the simulations in winter (blue dots) also outperform the sim-
ulations in the other three seasons. From the perspective of aerosol
properties in Table 4, the model’s ability to simulate rainfall mainly
promoted by sea salt aerosols (Na and Cl) is greater than rainfall

Table 5
Simulation performance results and related impact information for rainfall events ranked based on overall score improvements.

Name Score improvement Peak accumulated grid rainfall (mm) Month Trajectory categories Dominant aerosol components

Event 1 2.3 % 136.741 Feb AR(CE,WE) Na, Cl, NO3, OC, OIN
Event 12 2.2 % 156.038 Oct AR Na, Cl, SO4, OC
Event 4 1.0 % 199.638 May AT(WE) Na, Cl, SO4, NO3, OC
Event 2 0.9 % 129.736 Feb AT Na, Cl
Event 3 0.6 % 91.505 Feb AR Na, Cl, OIN
Event 5 0.0 % 183.206 Aug AR Na, Cl
Event 7 0.0 % 206.12 Aug AT Na, Cl
Event 9 -0.2 % 157.783 Oct AR(WE) SO4, NO3, OC, OIN
Event 11 -0.8 % 364.982 Oct AR, NE SO4, NO3, OC, OIN
Event 8 -1.1 % 118.71 Aug AR Na, Cl
Event 10 -1.3 % 57.6001 Oct AR Na, Cl
Event 6 -7.1 % 167.001 Aug CE SO4, NO3, NH4, BC, OC, OIN

Fig. 10. Taylor diagram of rainfall for Events 1–12. Blue, green, red and orange
dots represent winter, spring, summer and autumn rainfall events respectively.
The solid dots are WDAIE simulations, while circles with a cross in the centre
are WB simulations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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involving various aerosols, especially some anthropogenic aerosols
(such as SO4, NO3, NH4 and BC). As mentioned in Section 4.2, the at-
mosphere in winter and autumn has significantly higher Na and Cl
aerosol mass concentrations than in spring and summer (Fig. 5), which
may also be one of the reasons for the better simulation performances of
the former. This can be demonstrated by different rainfall events in the
same season. For example, winter Event 3 (ranked 1st; involved Na, Cl,
and OIN) versus Event 1 (ranked 4th; involved Na, Cl, NO3, OC, OIN),
autumn Event 10 (ranked 2nd; involved Na and Cl) versus Event 11
(ranked 8th; involved SO4, NO3, OC, OIN), and summer Event 8 (ranked
6th; involved Na and Cl) versus Event 6 (ranked 12th; involved SO4,
NO3, NH4, BC, OC, OIN). This pattern is also consistent for most rainfall
events. Especially, the summer’s Event 8 got a relatively nice simulation
even better than the two autumn events. In addition, it is found that the
dominant aerosol components of rainfall events are strongly related to
their transport sources. All components of air masses that come directly
from AR or AT to the study area, or the components of air masses that
influence rainfall, are mainly SSA. However, if the air mass originates
from or passes through Europe (including CE, WE and NE), the air mass
composition will be more complex and aerosol-induced rainfall will be
subject to multiple influences. Due to this aerosol source characteristic,
rainfall events influenced by long-range aerosol transport from the
Arctic and Northern Atlantic Ocean have better model simulation per-
formance than rainfall events influenced by aerosol transport from
Europe under similar seasonal meteorological conditions. A notable
example is comparing Event 6 affected by CE aerosols and Event 8
affected by AR aerosols. They are both autumn events but the former’s
performance score was approximately 55 % of the latter’s. Generally,

the overall performance of rainfall simulation is determined by multiple
factors including aerosol properties (SSA better than anthropogenic
aerosol), transport (AT/AR better than CE/WE/NE), and seasonality
(winter/autumn better than spring/summer; storm better than thun-
derstorm/localized rainfall).

On the other hand, the greatest improvement was found for simu-
lations that were dominated by SSA aerosols and also involved some
other anthropogenic aerosols (Table 5). For example, the overall per-
formance of events 1, 12, and 4 improved by 2.3 %, 2.2 %, and 1.0 %
respectively. During these events, SSA aerosol concentration levels are
higher than other events in the same season and there are obvious
changes in NO3 or SO4. However, simulations involving only SSA
aerosols showed mixed results when considering aerosol contributions,
with some improving, some deteriorating and others remaining un-
changed. In addition, the rainfall simulations mainly promoted by
anthropogenic aerosols all experiencing performance declines in the
WDAIE simulations (i.e. Events 9, 11 and 6), which indicates the model’s
limitations in effectively handling the effects of substantial anthropo-
genic aerosol. Especially for Event 6 which was entirely influenced by
CE anthropogenic aerosols, it had an already low overall score of 0.48 in
the WB simulation and saw a further 7.1 % decrease in the WDAIE
simulation. In total, among the 12 rainfall events across in this study,
turning on aerosol effects led to an improvement in simulation perfor-
mance for 42 % of the events, a decrease for another 42 %, and no
significant impact on the remaining 16 %. And the extent of perfor-
mance improvement does not appear to have a clear correlation with
rainfall intensity, season, and aerosol trajectory categories.

Finally, Event 3 as a winter storm originated from AR and was

Fig. 11. Probability Density Function (PDF) of rainfall for Events 1–12. The black, blue and red lines are the results of radar, WB and WDAIE simulations
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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promoted by Na, Cl and OIN aerosols achieved the best overall perfor-
mance score of 0.891, while Event 6 as a summer thunderstorm origi-
nated from CE and was driven by SO4, NO3, NH4, BC, OC, OIN aerosols
scored the lowest at 0.446. Event 6 also experienced the largest decline
(-7.1 %) after taking aerosol effects into account. The case with the
largest improvement is Event 1, whose overall performance of the
WDAIE simulation is improved by 2.3 % compared to the WB simula-
tion. It is a winter storm that came from AR and passed through CE and
WE, which is dominated by SSA aerosol and accompanied by some NO3,
OC, and OIN contributions. The accumulated rainfall maps of WDAIE
simulation, WB simulation and radar observations for these three
important events are highlighted in Fig. 12. It can be found that the
simulated rainfall intensity and distribution of Event 3 are highly
consistent with observations (Fig. 12 (a)-(c)). The shape of the PDF for
Event 3 in Fig. 11 also shows a good agreement in the distribution of
rainfall intensities between simulations and observations. In contrast,
simulations of Event 6 had much larger accumulated rainfall in some
areas than observations and this became more severe in the WDAIE
simulation (Fig. 12 (d)-(f)). Its PDF reveals that the model greatly
underestimated the frequency of light rainfall and overestimated the
frequency of heavy rainfall. As for Event 1, the improvement from

WDAIE to WB simulations is considerable in terms of spatial rainfall
distributions, especially for extreme rainfall in Scotland and the North
West regions (Fig. 12 (g)-(i)). The distribution of different rainfall in-
tensities also changes significantly, making the shape of the PDF for
WDAIE (red line) more similar to the observations (blue line) than WB
(blue line). The accumulated rainfall maps of WDAIE simulations, WB
simulations and radar observations for all 12 events can be found in
Fig. S3-S6 in the Supplement.

5. Summary and conclusions

In this study, the impacts of aerosol properties (particle mass size
distribution, different aerosol component variation), transport (aerosol
source and trajectory) and seasonality (temperature, pressure, relative
humidity, water vapor mixing ratio and wind speed) on the perfor-
mances of rainfall simulations over UK and Irland for four different
season months of 2020 have been evaluated through regional climate
model WRF-Chem. Two sets of simulations, WB and WDAIE, were
conducted to investigate the model’s ability to handle aerosol effects and
aerosol-cloud-precipitation-meteorology interaction under various cir-
cumstances. The model-simulated meteorological parameters were

Fig. 12. Accumulated rainfall maps for the best-performing event (Event 3), the worst-performing event (Event 6) and the most-improved event (Event 1). (a, d, g)
the observations of radar, (b, e, h) the results of WB simulations and (c, f, i) the results of WDAIE simulations.
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verified using ground observations (Radiosonde and NIMROD radar
dataset) and satellite measurements (AIRS) over the study area. The
simulation performance of 12 extreme rainfall events during four study
months was quantified through six spatiotemporal indicators POD, FBI,
CSI, FAR, RMSE and R, and unified into an overall score for further
analysis. Based on the 5-day backward trajectories of the HYSPLIT
model, events were classified into different trajectory categories. The
variations of different aerosol components (including Na, Cl, SO4, NO3,
NH4, BC, OC, and OIN) over time were analysed to determine the
dominant aerosols for different rainfall events. Finally, the impacts of
aerosol and meteorological factors on the overall performances of
rainfall simulations and the performance improvements between
WDAIE and WB simulations were comprehensively evaluated. The main
findings and highlights of this work are as follows:

1. The model demonstrates markedly superior performance in simu-
lating rainfall dominated by Na and Cl compared to its ability to
simulate rainfall involving anthropogenic aerosols like SO4, NO3,
NH4, and BC. When activating the aerosol effect, the most significant
performance improvements relative to baseline simulations are
observed in rainfall simulations with higher concentrations of SSA
and the participation of anthropogenic aerosols.

2. Under similar seasonal conditions, the model performs better in
simulating rainfall caused by air masses transported from the Arctic
or Northern Atlantic Ocean (AR/AT) than by air masses transported
from or passing through Europe (WE/CE/NE). This discrepancy
arises because the easterly winds from industrialized areas of con-
tinental Europe frequently carry high anthropogenic pollution, while
westerly winds wind from the Arctic or North Atlantic Ocean usually
bring a large amount of sea salt aerosols.

3. Rainfall simulations for winter and autumn events outperform those
for spring and summer events. This can be attributed to the strong
synoptic backgrounds in autumn and winter such as the frequent
occurrence of Atlantic depressions, heavy westerly winds, high
concentrations of SSA aerosols and widespread storms.

4. Among the 12 study events, turning on aerosol effects led to
enhanced simulation performance for 42 % of the events, a decline in
performance for another 42 %, and no noticeable impact on the final
16 %. The extreme rainfall events promoted only by anthropogenic
aerosols all experience performance reductions, which indicates the
model’s limited capability to handle the effects of substantial
anthropogenic aerosol. Furthermore, there seems to be no obvious
relationship between the degree of performance improvement and
factors such as rainfall intensity, season and aerosol trajectories.

5. Most of the heavy rainfalls are concentrated in Scotland, Wales,
North West and South West of England due to the orographic
enhancement effect. When taking aerosol direct and indirect effects
into account, monthly rainfall in the UK and Ireland increased
significantly and resulted in a reduction in the mass of aerosols across
all particle sizes. Cl reduces most in the larger size bins (625 nm to
10 µm) while NO3 reduces most in the small size bin (39 nm to 625
nm).

This study brings out the fact that the performances of rainfall sim-
ulations over the UK and Irland are greatly impacted by aerosol prop-
erties, transport and seasonality. Moreover, these impacts exhibit a high
degree of regularity due to the geographical features of the study area.
Understanding the patterns of these impacts can help identify problems
in the modelling process, improve the performance of rainfall simula-
tions over the study area and further explore aerosol-cloud-
precipitation-meteorology interactions. The limitation of this study is
that it only deeply investigated 12 representative extreme events that
focused on the UK and Ireland. The results of this study will be helpful to
other similar coastal countries and low-emission regions, while the
complex aerosol impacts in various types of regions around the world
still need to be further compared and summarized. In future, it is hoped

that our understanding of these tiny rainfall makers become deeper,
enhancing our ability to accurately predict extreme weather events and
effectively develop strategies for natural disasters.
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