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Key Points:

1. Lake-land thermal contrasts drive a diurnal reversal in air quality by facilitating
daytime accumulation while promoting nighttime urban dispersion.

2. Daytime PM: s increase is dominated by secondary PM; 5 formation, while nighttime
purification results from enhanced vertical mixing of primary PMas.

3. Suppressed boundary layers, weak mixing, and low deposition create lake “storage
zones,” while breeze-driven convergence intensifies shoreline pollution.
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Abstract

Lake-land thermal contrasts significantly modulate regional air quality, yet the
coupling mechanisms by which inland lakes regulate the diurnal evolution of PM> 5 and
its components remain poorly understood. This study conducts high-resolution (1 km)
WRF-Chem simulations over Lake Chaohu and the adjacent megacity of Hefei, China,
during spring to elucidate these interactions. Results reveal a distinct diurnal reversal
effect. During daytime, the lake presence facilitates a-PM, s increases exeeedingof

predominantly 0-10 ug/m® both over the lake and in surrounding urban areas by

suppressed planetary boundary layer height, weakened vertical mixing, and reduced dry
deposition velocities, which collectively transform the lake into a-“‘storage zone” that
prolongs PM> s lifetimes. This accumulation is dominated by secondary PMa s, as the
cooler and more humid lake air thermodynamically favors the ammonium nitrate
formation. Furthermore, convergence zones where lake breezes meet background winds
create localized stagnation traps that intensify shoreline pollution. At night, while the
lake surface maintains higher PM; s concentrations than surrounding land, its impact on
the city reverses, exerting a purification effect with urban PM.s decreasing by

predominantly 0-10 ever+0-ug/m? as land-breeze circulation enhances vertical mixing

and facilitates primary pollutant dispersion. Sensitivity experiments reveal that failing
to distinguish lake surfaces in emission inventories can significantly amplify daytime
pollution. These findings emphasize that lakes act as complex dual regulators of urban
air quality, with the-identified mechanisms likely applicable to other urban-lake systems
globally. This study highlights the necessity of high-resolution meteorological
modeling and precise surface characterization for improved air quality forecasting in

lake-adjacent megacities regions.
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1. Introduction

Rapid urbanization and economic development in China over recent decades
have led to severe urban air pollution (e.g., Lei et al., 2011; Li et al., 2011; Liu et al.,
2018). Fine particulate matter (PM), known as PM»s (particulate matter with
aerodynamic diameters less than 2.5 pm), is the primary air pollutant (e.g., Zhang et al.,
2012; Hu et al., 2014a; Chai et al., 2014; Wang et al., 2014; He et al., 2017; Lu et al.,
2017). Ambient PM> s poses significant health risks including lung cancer, ischemic
heart disease, and respiratory disorders (e.g., Hu et al., 2014b; Guo et al., 2017; Ho et
al., 2018; Yang et al., 2019; Chen and Hoek, 2020; Yue et al., 2021), while also affecting
visibility (Li et al., 2014), radiation budget (Steiner et al., 2013), atmospheric
circulation (Jiang et al., 2017), cloud properties (Unger et al., 2009), and regional
climates (Guo et al., 2016; Li et al., 2016; Li et al., 2017¢). The formation and evolution
of urban PM>s are comprehensively influenced by source emissions, long-range
transport, chemical transformations, and meteorological conditions (Guo et al., 2014;
Huang et al., 2014; Zhang et al., 2015b; Zhang et al., 2013; Hu et al., 2014c; Miao et
al., 2017; Miao et al., 2013; Zhang et al., 2015a). Among these factors, local-scale
underlying surface characteristics, such as land use type and surface cover, exert crucial
influence on PM> 5 distributions by altering surface energy balance, water cycles, and
momentum exchange, which subsequently affects turbulent mixing, pollutant transport,
deposition, and chemical processes.

Lakes exert a significant “lake effect” on surrounding areas through their
distinctive physical properties. Their high heat capacity, low albedo, and substantial
moisture supply create thermal contrasts with surrounding terrestrial surfaces,
modifying local and regional weather and climate patterns (Levy et al., 2010; Hayden
et al., 2011; Wentworth et al., 2015). Differential heating drives the formation of local
circulation systems. During daytime, solar heating warms land surfaces while
minimally affecting water, creating temperature gradients that generate pressure
gradients and initiate lake breezes (Atkinson, 1981; Stull, 1988). Air above the lake

moves inland in a shallow inflow layer while air aloft over land returns offshore. As

3
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cooler lake air advances over warmer land surfaces, it forms a thermal internal
boundary layer (TIBL) that increases in height with inland distance (Lyons and Olsson,
1973; Garratt, 1990). At the leading edge of the lake breeze, air is forced upward at the
convergence zone (lake-breeze front) where cooler lake air meets warmer inland air,
producing enhanced vertical motion, increased moisture and wind shear, decreased
temperature, and directional wind shifts (Lyons, 1972). At night, the temperature
gradient reverses, generating a land breeze.

Lakes can significantly impact the atmospheric environment. Research on lake-
induced local circulation has been extensively conducted worldwide, predominantly
focusing on lake effects on ozone formation and distribution. Nocturnal stable boundary
layers and land breezes cause substantial accumulation of ozone and its precursors over
lake surfaces, resulting in significant ozone concentration increases after sunrise (Capps
et al., 2010; Fast and Heilman, 2005). Dye et al. (1995) demonstrated that temperature
inversions over Lake Michigan confine urban pollution over the lake, where other
emissions may be located within or above this inversion layer but experience limited
vertical mixing. Additionally, lake breezes transport ozone downwind during daytime.
Ozone moves landward via airflow and disperses upward under the influence of
updrafts at the lake breeze front (Lyons et al., 1995; Wentworth et al., 2015). Due to
downdrafts from the backflow effect, high ozone concentrations can be detected in mid-
lake regions (Burley et al., 2015; Hayden et al., 2011). Some pollutants may re-enter
the onshore airflow and spiral along the lake shoreline (Makar et al., 2010; Harris and
Kotamarthi, 2005). Levy et al. (2010) observed high Os; concentrations over the
southern Great Lakes, where daytime updrafts transport O3 to higher altitudes over
urban areas, while downdrafts subsequently transport Oz back to the lake surface.
Furthermore, lake-breeze circulations can influence pollution transport by trapping
pollutants within the shallow TIBL (Sills et al., 2011), and the complex wind patterns
induced by lakes can cause rapid spatial variations in pollutant concentrations over
small distances (Hayden et al., 2011; Levy et al., 2008). Wang et al. (2023) found ozone
concentration in lakeshore areas within 5 km of Lake Taihu approximately 20 ppb

higher than other regions due to TIBL formation and lake-breeze regulation.
4
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In addition to generating local circulation through thermal differences between
lakes and land surfaces, lakes also influence O3 concentrations through modifications
to other critical meteorological conditions. Lakes can reduce air temperature and
planetary boundary layer height (PBLH) (Wang et al., 2017; Zhang et al., 2017) while
altering the spatial distribution of pollutant precursors (Hu and Xue, 2016; Li et al.,
2019), affecting both the diffusion of air pollutants and reaction conditions for
secondary pollutant formation, potentially causing ozone pollution in surrounding
urban areas. Furthermore, dry deposition rates of Oz over water surfaces are
substantially lower compared to terrestrial surfaces (Monks et al., 2015), allowing O3
to accumulate within the shallow boundary layer above the lake surface (Brook et al.,
2013). This reduced deposition efficiency contributes to the persistence and buildup of
ozone concentrations over lake areas, which can subsequently be transported to
adjacent regions through lake-breeze circulation patterns.

In contrast to the extensive literature on ozone, limited research has examined the
complex influence of lake effects on PMas. Existing studies have primarily identified
that the vertical and horizontal motions within lake breeze circulation systems cause
the re-circulation of primary and secondary pollutants (Brook et al., 2013; Harris and
Kotamarthi, 2005) and enhance aerosol formation rates compared to the background
conditions (Brook et al., 2013; Hayden et al., 2011). For instance, increased
concentrations of secondary pollutants, such as sulfate and nitrate, have been observed
following lake breeze circulation events (Fosco and Schmeling, 2006). Despite these
findings, significant knowledge gaps remain. Existing studies have primarily focused
on individual processes or specific pollution episodes, lacking systematic investigation
into how lakes affect the spatial distribution and diurnal variation of PM2s and its
different components. Furthermore, the complex interactions among lake-related
processes, including local circulation, boundary layer mixing, dry deposition, and
chemical transformation, and how these processes collectively shape PM: s distribution
remain poorly understood. Moreover, existing research has been largely concentrated
in the North American Great Lakes region, while lake-urban interactions in rapidly

urbanizing areas characterized by intensive anthropogenic emissions, particularly in
5
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East Asia, remain underexplored.

In summary, these research gaps highlight the need for systematic investigation
of lake effects on PMa s pollution. Existing studies lack systematic investigation into
how lakes affect the spatial distribution and diurnal variation of PM>s and its
components (primary and secondary aerosols) within lake-urban systems. Moreover,
how lake-related processes such as local circulation, boundary layer mixing, dry
deposition, and chemical transformation interact and collectively influence pollutant
concentrations remains poorly understood (Hayden et al., 2011; Zhang et al., 2017,
Wang et al., 2023). Lake Chaohu, one of China’s five major freshwater lakes, provides
an ideal case for addressing these gaps. The megacity of Hefei, adjacent to the lake’s
northern shore, forms a typical lake-urban system exemplifying the common global
pattern where large cities border natural water bodies (Chen et al., 2017; Peng et al.,
2019; Hu and Li, 2020). Rapid industrialization and urbanization in this region have
led to severe air pollution, yet the complex interactions between substantial urban

emissions and lake-induced meteorological effects remain underexplored. Therefore,

this study conducts high-resolution (1 km) WRF-Chem simulations_during a spring

pollution episode (March 2019) with comparative scenarios including (Lake) and

excluding (Nolake) the lake to systematically investigate how lake effects influence the
spatiotemporal distribution of PMa2s and its key components, and to elucidate the
coupling mechanisms between physical processes (turbulent mixing, dry deposition,

local circulation) and chemical processes._It should be emphasized that this sensitivity

experiment approach is emploved as a scientific tool to isolate and quantify the lake’s

influence on PM> 5 distributions, rather than to evaluate the feasibility of lake removal

as an air quality management strateey. The primary objective is to advance our

mechanistic understanding of how large water bodies affect atmospheric pollution in

megacity environments. The findings will provide scientific support for air quality

forecasting and pollution control strategies in lake-adjacent cities.
The paper is organized as follows: Section 2 introduces the WRF-Chem model
configuration, the design of different experiments, and emissions from different sources.

Section 3 presents the spatial distribution and diurnal variation of PM» s concentrations
6
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from different sensitivity experiments and reveals the key mechanisms of lake effect on

the PM; 5. Section 4 present the conclusion and discussion of the analysis.

2. Methodology

2.1 WRF-Chem

In this study, the version of WRF-Chem updated by the University of Science
and Technology of China (USTC version of WRF-Chem) is used. Compared with the
publicly released version, this USTC version of WRF-Chem includes some additional
functions such as the diagnosis of radiative forcing of aerosol species, land surface
coupled biogenic VOC (volatile organic compound) emission, aerosol-snow interaction,
improved PBL mixing of aerosols, and a detailed diagnosis of the contributions of each
crucial process to pollutant concentrations (Zhao et al., 2013a; Zhao et al., 2013b; Zhao
etal., 2014; Zhao et al., 2016; Hu et al., 2019; Du et al., 2020; Zhang et al., 2021; Yang
etal., 2025).

The configuration of WRF-Chem in this study is given in Table 1. In summary,
the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) and the
CBM-Z (carbon bond mechanism) photochemical mechanism (Zaveri and Peters, 1999)
are used. The MOSAIC aerosol scheme includes important physical and chemical
processes such as nucleation, condensation, coagulation, aqueous-phase chemistry, and
water uptake by aerosols. Sulfate (SO4*), nitrate, (NOs*), ammonium (NH4"), sea salt,
mineral dust, organic matter (OM), black carbon (BC), and other (unspecified)
inorganics (OIN) constitute the prognostic species in MOSAIC. OIN represents the
unidentified aerosol species other than OM, BC, sulfate, ammonium, and nitrate in
emissions if any, which are composed mostly of minerals in emissions in this study.
The aerosol direct effect is coupled to the Rapid Radiative Transfer Model (RRTMG)
(Mlawer et al., 1997; lacono et al., 2000) for both SW (shortwave) and LW (longwave)
radiation as implemented by Zhao et al. (2011). The optical properties and direct
radiative forcing of individual aerosol species in the atmosphere are diagnosed

following the methodology described in Zhao et al. (2013b). We also turned on the
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aerosol indirect effect, which represents the interactions between aerosols and clouds,
including the first and second indirect eftects, activation/resuspension, wet scavenging,
and aqueous chemistry (Gustafson et al., 2007; Chapman et al., 2009). The photolysis
rate is computed by the Fast-J radiation parameterization (Wild et al., 2000). Dry
deposition of aerosol mass and number is simulated following the approach of
Binkowski and Shankar (1995), which includes both particle diffusion and gravitational

effects. Other model configurationsAnether—type—of—option include the Yonsei
University (YSU) nonlocal PBL parameterization scheme (Hong et al., 2006), the Noah

land surface model (Chen and Dudhia, 2001) for the surface layer process, and the

Morrison two-moment scheme (Morrison et al., 2009) for cloud microphysics.

2.2 Numerical experiments

The study period spans from 5 to 20 March 2019. Following previous research
(Yang et al., 2025), the first 5 day are considered to be the model spin-up time, while
the remaining integration period (10-20 March 2019) is used for analysis.-Coensequently;

~ The

selected episode was strategically chosen based on several considerations. This period

corresponds to the pollution season when PM, s concentrations are typically much

higher than in summer, and lake-land thermal contrasts remain sufficiently strong to

drive significant lake-breeze circulations. Importantly, the episode was characterized

by predominantly clear-sky conditions, with total column cloud water and cloud ice

content remaining at low levels (less than 0.1 kg/m? in most areas) and negligible

precipitation (hourly accumulation greater than 0.5 mm). These conditions are

favorable for isolating the intrinsic lake effects while minimizing confounding

influences from cloud microphysics and wet scavenging on PMy s distributions

(detailed spatial distributions are not shown here). Additionally, March represents a

transitional season between winter and summer circulation patterns, which facilitates

the investigation of interactions among lake-induced meteorological perturbations,

boundary layer evolution, and PM» s pollution. Given the extremely high computational

cost of 1-km resolution WRF-Chem simulations, the 10-day period can capture diurnal
8
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variations of lake effects while remaining computationally feasible. It should be noted

that ERAS reanalysis dataset (https://rda.ucar.edu/datasets/ds630.0/, last access: 15

April 2019) indicates significant differences in large-scale circulation across different

months during the pollution season (October, January, March) (see Figure S1 in

Supporting Information), and the selected period represents springtime transitional

conditions with moderate background winds. Therefore, our results should be

interpreted as lake effects under specific springtime meteorological conditions, and the

lake impact mechanisms may differ in other seasons, rather than being statistically

representative of all pollution seasons. The sensitivity experiments employ identical

initial and boundary conditions, ensuring that simulation differences primarily reflect

perturbations induced by lake presence-.

As shown in Figure 1a, a three-domain nested simulation is implemented with
spatial resolutions of 25, 5, and 1 km resolution, respectively. The outermost domain
encompasses East, North, and South China with 140 x 105 grid cells (107°-128°E, 17°-
45°N) at 25 km horizontal resolution. The intermediate domain covers the—entire

Yangtze River Delta (YRD) region in East China, consisting of 250 x 250 grid cells

(111.8°-121.8°E, 27°-37°N) at 5 km resolution. The innermost domain centers on Hefei
City and encompasses Chaohu Lake, covering 150 x 150 grid cells (116.6°-117.8°E,
31.2°-32.4°N) at 1 km horizontal resolution. Domain 3 was selected as the main scope
of study for this research, as shown in Figure 1b. Hefei, the capital city of Anhui
province and a typical megacity in the YRD, is located in the mid-latitude zone with a

humid subtropical monsoon climate. The solid black triangle indicates the location of

Hefei, as shown in Figure 1b. Chaohu Lake (31.40°-31.72°N, 117.27°-117.85°E),

China’s fifth-largest freshwater lake, is situated in central Anhui Province,
approximately 15 km southeast of Hefei. The lake encompasses approximately 780 km?
with an average depth of 3 m and a 176 km shoreline. Thus, in this study, the lake is
characterized as a large, shallow, freshwater body situated within an inland monsoon
region, a configuration representative of numerous lakes in East Asia. We define lake
impact as the aggregate atmospheric perturbation driven by the thermal and physical

contrasts between the water surface and the surrounding terrestrial landscape. This
9
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includes the modification of the surface energy balance, alterations in aerodynamic
roughness, and the regulation of atmospheric moisture, which collectively govern the
development of the internal boundary layer and the thermodynamic stability of the
overlying air. Specifically, this is expressed as the difference between the Lake (control)
and Nolake (sensitivity) experiments, or between the Lake emis (control) and
Nolake emis (sensitivity) experiments, as discussed below. This approach allows us to
isolate the net effect of the intrinsic physical and chemical properties of the lake on the
overlying atmosphere, providing a clear mathematical framework to evaluate how the
presence of the water body modulates the regional environment.

We derive terrain information from a high-resolution (~ 1 km) US Geological
Survey (USGS) topographic data and interpolate it onto the WRF grid. Furthermore, to
better resolve the PBL structure and mixing processes, we implemented a finer vertical
resolution within the PBL. A total of 50 terrain-following vertical eta-layers extending
from the surface to approximately 15 km were used, with 30 layers distributed below 2
km above the ground to describe the atmospheric boundary structure in detail. The
vertical layer was strategically designed with 7 layers below 200 meters (each
approximately 20 meters in height), 3 layers between 200 and 300 meters (each about
30 meters in height), and 8 layers between 300 and 1000 meters (each approximately
80 meters in height). This configuration comprehensively captures mixed layer
development and key turbulent processes (e.g., entrainment and surface flux exchange)
through layer densification, which is sufficient to capture PBL turbulent mixing.

Additionally, to ensure consistent boundary forcing across the three nested
domains, initial and boundary conditions are configured hierarchically. For the 25 km
resolution domain, meteorological initial and lateral boundary conditions are obtained
from the National Center for Environmental Prediction (NCEP) Final Reanalysis (FNL)
data at 1° x 1° resolution and 6 h temporal intervals. Initial and boundary conditions for
the trace gases and aerosol species are provided by the quasi-global WRF-Chem
simulation with 360 x 145 grid cells (67.5°S-77.5°N, 180°W-180°E) at 1° x 1°

resolution. More details about the quasi-global WRF-Chem simulation can be found in

Zhao et al. (2013b). The 5 km resolution simulation obtains its initial and boundary
10
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conditions from the 25 km simulation output, while the 1 km resolution simulation is
similarly driven by the 5 km simulation results. Furthermore, the 25 km resolution
simulation turns on the option of cumulus parameterization, which uses the Kain-
Fritsch cumulus and shallow convection scheme (Kain, 2004) to simulate sub-grid scale
clouds and precipitation. However, this option is turned off in the other two higher-
resolution simulations because the fine-resolution is sufficient to resolve the cloud-
forming processes.

The land cover dataset is derived from a 1 km horizontal resolution dataset for
China (Zhang et al., 2021). The land use categories follow the United States Geological
Survey’s (USGS) 24-category classification, and the dataset is based on China’s land
cover conditions as of 2015. This provides a more accurate representation of current
land cover, particularly for eastern China, which has experienced intensive urban
expansion since the 2000s. Figure 2a shows the land cover data at 1 km resolution, with
detailed descriptions of the legend and land cover classes provided in Table S1 in the
Supplement. This set of simulations is referred to as the “Lake experiment”. To evaluate
the impact of lake effects on meteorological conditions and PM» s concentrations in
surrounding urban regions, we conducted a sensitivity experiment in which Chaohu
Lake was replaced with cropland, the dominant land use type surrounding the lake, as
illustrated in Figure 2b. This experiment is referred to as the “Nolake experiment”.
Specifically, only the lake area was replaced with cropland while preserving land-use
types in other regions, with all other conditions remaining unchanged, including initial
and boundary conditions, emissions, and parameterization schemes. With the exception
of part of Section 3.3, all other analyses in this study are based on the results of these

two comparative experiments.

2.3 Emissions

Conventionally, lake surfaces are regarded as emission-free areas, with
theoretical emission rates assumed to be zero. However, due to the coarse spatial
resolution of current emission inventories, most datasets cannot effectively distinguish

between land and lake surfaces. When emission inventories are spatially allocated or
11
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downscaled to finer grid resolutions for air quality modeling, the lack of explicit lake-
land differentiation in these inventories results in emission fluxes being distributed
uniformly across grid cells, thereby erroneously assigning anthropogenic emissions to
lake areas that should theoretically be emission-free. Consequently, anthropogenic
emissions are often assigned to lake regions in many previous studies, which may
introduce biases and limit our understanding of atmospheric processes over lake
environments. To address the differences between scenarios with and without actual
emissions over the lake surface, this study designed four sets of comparative
experiments. The first two experiments are the previously mentioned “Lake experiment”
and “Nolake experiment”, in which lake surface emissions were masked (i.e., set to
zero), allowing investigation of how an emission-free lake surface affects the
distribution of particulate matter in the lake region and adjacent urban areas. The results
presented in Sections 3.1 and 3.2 are based on these two experiments. Additionally, to
assess scenarios where emissions are retained over the lake surface, a prevalent
configuration in current air quality modeling studies due to emission inventory
limitations, two additional experiments, “Lake emis experiment” and “Nolake emis
experiment”, were conducted. These experiments preserve the original lake emissions
while all other model settings remain consistent with the “Lake experiment” and
“Nolake experiment”. The purpose of these additional experiments is to evaluate how
the erroneous assignment of emissions to lake surfaces, a systematic bias resulting from
insufficient spatial resolution in emission inventories, may alter the lake effects
revealed in the idealized zero-emission scenarios and subsequently impact PMba s
distribution patterns in surrounding urban areas. Related analyses are presented in
Section 3.3. This four comprehensive experimental design enables systematic
evaluation of how both the presence of lake surfaces and the configuration of lake
emissions influence regional air pollution and lake-urban interactions.
For all simulations, anthropogenic emissions for the outer quasi-global

simulation are derived from the Hemispheric Transport of Air Pollution version-2
(HTAPv2) at 0.1° x 0.1° horizontal resolution with monthly temporal resolution for

2010 (Janssens-Maenhout et al., 2015). The Multi-resolution Emission Inventory for
12
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China (MEIC) at 0.25° x 0.25° horizontal resolution for 2019 (Li et al., 2017a; Li et al.,
2017b; Zheng et al., 2018; Geng et al., 2024a) is used to replace emissions over China
within the simulation domain. Specially, anthropogenic emissions for Domain 1 (D1)
are obtained from the original HTAPv2 and MEIC inventory interpolated to 25 km
resolution. Emissions for Domain 2 (D2) and Domain 3 (D3) are subsequently derived
by interpolating the 25 km resolution emissions to 5 km and 1 km resolution domains,
respectively. This study primarily focuses on PM>s. The spatial distribution of PM> s
emissions averaged over the entire day for both the Lake and Nolake experiments is
shown in Figure 2c, and Figure S+-S2 illustrates the corresponding spatial distribution
of PM s emissions in both the experiments at 08:00, 11:00, 14:00, 17:00, 20:00, 23:00,
02:00, and 05:00 local time (LT) throughout the study area. Additionally, the spatial
distribution of PM> s emissions in both the Lake emis and Nolake emis experiments
averaged over the entire day is shown in Figure S2S3. Biomass burning emissions are
obtained from the Fire Inventory from NCAR (FINN) at a 1 km horizontal resolution
and 1 h temporal resolution (Wiedinmyer et al., 2011). The diurnal variation in biomass-
burning emissions follows the suggestions by WRAP (2005), with injection heights
based on Dentener et al. (2006) from the Aerosol Comparison between Observations
and Models (AeroCom) project. Biogenic emissions were calculated using the Model
of Emissions of Gases and Aerosols from Nature (MEGAN) v3.0 model (Gustafson et

al., 2007; Zhang et al., 2021).

2.4 Observational data

2.4.1 Meteorological data

The meteorological data were obtained from automatic weather stations (AWSs),

which were established based on the operational standards issued by the China

Meteorological Administration (CMA, 2018). The hourly data underwent quality

control (QC) by local meteorological bureaus of Anhui, following World

Meteorological Organization guidelines (Estevez et al., 2011). The QC included checks

of consistency, such as internal, temporal-spatial, and climatic range validations. These

QC data were used to determine daily mean, minimum, and maximum meteorological
13
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variables. The AWSs recorded various parameters, including air temperature (T, °C),

wind speed (U, m/s), air pressure (P, Pa), and wind direction. In this study, we focus on

the 3-hourly 2 m temperature and 10 m wind speed obtained from four AWS stations

located in the study region. The four AWS sites are marked by purple solid dots in

Figure 1b.

2.4.2 Environmental data

Ground observations of hourly PM» s near-surface concentrations during March

2019 were obtained from the website of the Ministry of Environmental Protection of

China (MEP of China). As our study concentrates on the Hefei region, we selected 10

monitoring stations within this area for detailed analysis. These stations are marked by

red solid dots in Figure 1b.

While hourly observations for both meteorology and pollutants are available, model

outputs are provided at 3-hour intervals to balance computational efficiency and storage

requirements. Hourly output data would provide higher time resolution but significantly

increase storage demands. Given that we ran simulations at lkm resolution, hourly

outputs would have generated prohibitively large data volumes. On the other hand, this

3-hour output interval remains sufficient for our primary research objective of

investigating the diurnal reversal effect of lake impacts on PM> s concentrations and

elucidating the coupling mechanisms between physical processes (turbulent mixing,

dry deposition, local circulation) and chemical processes. This approach effectively

captures the distinct daytime pollution enhancement and nighttime purification patterns

without losing essential detail for understanding lake-urban air quality interactions. To

ensure consistent temporal resolution between model and observations, hourly

observations were sampled to match our 3-hour model output intervals.

3. Results
3.1 PM:2s near-surface concentrations over lake and urban areas during daytime
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and nighttime

Before presenting the simulation results of PM» s near-surface concentrations over

lake and urban areas during daytime and nighttime, a systematic evaluation of the Lake

experiment is first conducted to verify the capability of the simulation framework in

reproducing real atmospheric conditions with the lake present. The evaluation covers

the meteorological fields and PMs s surface concentrations during the study period from

March 10 to 20, 2019, which are compared against in-situ observational data averaged

over 10 MEP sites in Hefel.

The model’s performance in reproducing meteorological conditions is assessed by

comparing the simulated 10-meter wind speed and 2-meter temperature with

observational data from four AWSs in the Hefei region, as shown in Figure S4. Overall,

the model performs well in simulating both variables and successfully reproduces the

temporal evolution throughout the study period. The simulated 2-meter temperature

agrees well with observations, indicating that the model accurately characterizes the

surface energy budget and thermodynamic conditions that form the physical basis for

analyzing the lake-land thermal contrast in this study, as shown in Figure S4a. The

model overestimates peak wind speed during the strong wind event around March 20,

likely attributable to complex mesoscale interactions. Nevertheless, this bias does not

compromise the overall assessment of circulation characteristics throughout the study

period, as demonstrated in Figure S4b. The model’s ability to reproduce PM» 5 surface

concentrations is then assessed against observational data from 10 MEP sites in the

Hefei region. Figure S5 shows the comparison between the simulated and observed

diurnal variations of PM» s averaged over the study period. The model captures the key

features of the observed diurnal cycle well, including the nocturnal accumulation of

PM; 5 under stable boundary layer conditions and the daytime concentration decrease

driven by boundary layer development and enhanced turbulent mixing. The simulated

diurnal variation are generally consistent with observations, while the overestimation

of nighttime concentrations is primarily attributed to insufficient representation of

turbulent mixing intensity under stable nocturnal boundary laver conditions in the

model (Yang et al., 2025).
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It is worth noting that the Nolake experiment, in which Chaohu Lake is replaced

by cropland, is a controlled sensitivity experiment designed to isolate lake-induced

effects and does not represent an observable atmospheric state, so independent

observational validation is neither feasible nor necessary. Given the overall satisfactory

performance of the Lake experiment demonstrated above, the simulation framework is

considered reliable, and the lake-induced signals identified through the differential

analysis between the two experiments are sufficiently credible to support the discussion

in the following sections.

3.1.1 Diurnal reversal of lake effects on near-surface PM; s concentrations

The spatial distribution of PMz 5 near-surface concentrations_(the lowest model

level) in the Lake experiment and the differences between the Lake and Nolake

experiments at 08:00, 14:00, 20:00, and 02:00 LT, averaged over 10-20 March 2019, is

illustrated in Figure 3. Unless otherwise specified, all analyses presented in this study

represent temporal averages over the 10-day period from 10 to 20 March 2019. At 08:00

LT (Figure 3a), significant PM2 s pollution centers appeared in urban areas where
concentrations typically exceeded 70 pg/m?, while lake area concentrations in the Lake
experiment reached 50-60 pg/m?3. Figure 3b presents that PM» s concentrations over the
lake region in the Lake experiment significantly exceeded those in the Nolake
experiment, with the differences predominantly ranging from 0 to 10 pug/m® and

exceeding 10 pg/m’® in some regions-by-mere—than15-pe/m®. Additionally, the lake

presence induced varying degrees of PM» s concentration enhancement in urban areas

to the north and northwest. These results indicate that the lake enhances pollutant
accumulation over its surface and facilitates transport to surrounding regions through
atmospheric dispersion, thereby exacerbating urban PM: s pollution during morning. At
14:00 LT, PM2 5 concentrations throughout the region decreased substantially (Figure
3c¢), with urban concentrations declining to approximately 30—40 pg/m? due to daytime
boundary layer development and enhanced dispersion. Over the lake area, PMa s
concentrations in the Lake experiment approached 40 pg/m?, comparable to urban

concentrations and substantially higher than corresponding values in the Nolake
16
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experiment. The difference shown in Figure 3d reveals that the lake’s pollution-
enhancing effect peaked during afternoon. Specifically, PM2s concentrations in the
Lake experiment over the lake surface significantly exceeded those in the Nolake
experiment by more than 10 pg/m?. Compared to 8:00 LT, pollutant dispersion from the
lake surface to surrounding areas extended over greater distances in the Lake
experiment, with more pronounced relative differences in concentrations. Significant

concentration enhancement zones of 0-10 upg/m?® form around the lake

perimeter.Sig
forming-around-thelakeperimeter: These results indicate that the lake’s pollution-

enhancing effect intensifies during the afternoon and further exacerbates air pollution
in surrounding urban areas.

To further support the reliability of the simulated PM> s accumulation over the

lake surface, we examine the spatial distribution of satellite-derived hourly high-

resolution near-surface PM»s data over eastern China from the ChinaHighPM> s

H3K ) ground-level PMa s datasct for Eastern China (ChinaHighPMas) (Wei et al., 2021),

which provides hourly near-surface PM» s concentrations during 08:00—17:00 LT. The

corresponding results are shown in Figure S6. It should be emphasized that this

comparison is not intended as a quantitative validation of our simulation results. The

ChinaHighPM, s data used here are from 2018 rather than the simulated period of

March 2019, precluding an exact temporal match with our model output. In addition,

satellite-derived PM»> s estimates are subject to inherent retrieval uncertainties,

particularly over water surfaces, which renders meaningful guantitative comparison

with model output unfeasible. Figure S6 is therefore presented purely for qualitative

purposes, to demonstrate that elevated PM>s concentrations over the lake surface

relative to surrounding areas represent a physically plausible phenomenon supported

by independent observational evidence, rather than an artifact of the model

configuration. Figure S6 shows that daytime lake-surface PM» s is comparable to or

exceeds that over adjacent urban areas, with this feature being most pronounced during
17
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11:00-16:00 LT (Figures S6d—i), which is qualitatively consistent with the

accumulation mechanism identified in our simulations. We acknowledge that direct

quantitative validation of lake-surface PM> s using in-situ observations would be highly

desirable. Unfortunately, in-situ air quality observations over lake surfaces and

shoreline areas remain extremely scarce in China, with very limited publicly available

data. Targeted observational deployments are discussed further in Sect. 4which

During nighttime, the lake impact on surrounding air quality underwent a

fundamental reversal. At 20:00 LT, regional PM; 5 concentrations increased rapidly due
to reduced nighttime PBLH and deteriorated dispersion conditions, as shown in Figure
3e. In urban areas, PMz 5 concentrations in the Lake experiment exceeded 80 pg/m?,
while concentrations over the lake surface ranged from approximately 40-50 pg/m?.
Figure 3f clearly demonstrates that PM2 s concentrations over the lake surface in the
Lake experiment remained higher than those in the Nolake experiment, with the
differences predominantly ranging from 0 to 10 ug/m> and exceeding 10 pg/m? in some

regions-by-mere-than1+0-pe/m*—consistent-with-daytimepatterns. However, the lake

presence significantly reduced PM» s concentrations in urban areas to its north and

northwest, with reductions generally exceeding 10 ng/m?. This phenomenon indicates
that the lake exerted a distinct and continuous purification effect on surrounding urban
areas during nighttime. By 2:00 LT, high-concentration pollution masses continued to
persist and accumulate in urban areas, with concentrations in the central urban area
exceeding 90 pug/m? (Figure 3g). The lake area maintained higher concentrations in the
Lake experiment compared to the Nolake experiment (Figure 3h). The nighttime
purification effect persisted at 02:00 LT, with PM>s concentrations in the Lake
experiment remaining lower in urban areas by 0—5-10 pg/m?. Although the spatial

extent and pattern of the purification effect evolved slightly compared to 20:00 LT, the
18
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improvement effect of the lake on urban air quality remained stable and persistent
throughout the night. The spatial distributions of PM» s near-surface concentrations in
the Lake and Nolake experiments at 11:00, 17:00, 23:00, and 05:00 LT_(Figure S7)
displayed patterns consistent with those at 08:00, 14:00, 20:00, and 02:00 LT-(Fie-S39,
further validating the stability and reproducibility of the diurnal variation in the lake’s
impact on local PM; s concentrations. The lake exhibits significant diurnal variation in
its influence on local PMazs concentrations, consistently maintaining higher
concentrations over the lake surface than in the Nolake experiment. The lake’s impact

on surrounding urban areas shows distinct diurnal differences, enhancing urban PM> 5

concentrations by 0—10 ug/m> (exceeding 10 pwg/m> in some regions) during daytime

with peak effects at 14:00 LT, while reducing concentrations by 0—10 ug/m? (exceeding

regulating local air quality.

Furthermore, to more clearly quantify the PM>s concentration differences
between the Lake and Nolake experiments and their temporal and spatial variations,
Figure 4 presents the diurnal variation of PMa2 s concentrations along the key path
indicated in Figure 3. Figure 4a compares the average PM: s concentration differences
along this transect during daytime (the average of 08:00, 11:00, 14:00, and 17:00) and
nighttime (the average of 20:00, 23:00, 02:00, and 05:00). During daytime, the presence
of the lake consistently elevates PM 5 concentrations along the transect, with the most
significant impact at point B adjacent to the lakeshore (0 km distance), where the peak
difference exceeds 8 pg/m?. This effect gradually weakens with increasing distance and
stabilizes at 0-2 pg/m? beyond approximately 15 kilometers. At night, a significant
purification effect is observed. At point B, the concentration difference is slightly
positive but rapidly becomes negative approximately 3-1 kilometers from the lakeshore,
reaching maximum purification effectiveness in the urban center 16-17 kilometers from
point B, with concentration reductions approaching 8 pg/m?®. This indicates that the

most significant nighttime purification occurs not immediately adjacent to the lakeshore
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but rather appears in areas at a certain distance from the lakeshore.

Figures 4b shows the evolution of PM> 5 concentrations along the path with time
and distance for the Lake experiments, exhibiting strong diurnal variation. During
nighttime to early morning (approximately 19:00-08:00 LT), PM>s concentrations
exceed 70 pg/m? due to persistent pollutant accumulation under stable boundary layer
conditions. During daytime (approximately 09:00—18:00 LT), concentrations decrease
significantly to 30-50 pg/m? as the boundary layer develops and dispersion conditions
improve. Figure 4c displays the diurnal variation of PM»s concentration differences
between the Lake and Nolake experiments with distance, revealing the day-night
reversal in the impact of the lake. During daytime, PM> s concentrations are higher in
the Lake experiment, with the greatest enhancement occurring in the near-lake area 0-
6 kilometers from point B, where the maximum increase exceeds 8 pg/m?, decreasing
with increasing distance. Notably, the influence range is most extensive at 14:00 LT,
with concentration increases of 2-4 pg/m? still present within 15 kilometers from the
lakeshore, consistent with the daytime performance shown in Figure 4a. At night, PM2 5
concentrations decrease, with more significant reductions at certain distances from the
shore. For example, at 20:00 LT in the area approximately 12-18 kilometers from point
B, maximum reductions exceed 8 pg/m?. To further investigate the diurnal reversal
pattern at different times, Figure S5-S8 shows the distribution of average PMas
concentration differences along the path at eight key moments. The results are highly
consistent with Figure 4, revealing in greater detail the intensity variations, influence
ranges, and temporal evolution of the pollution enhancement and purification effects.
Overall, the lake exerts a strong diurnal regulatory effect on local PM2 s concentrations,
exacerbating pollution in near-shore areas during daytime while providing a

purification effect for surrounding urban areas during nighttime.

3.1.2 Aecrosol-species dependentCempeonent-dependent response of PMas to lake

effects

Furthermore, PM25 is composed of different components, yet the diurnal

variation characteristics of these different components and their response mechanisms
20
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to lake influence remain unclear. To investigate the different impact of the lake on
various PM2 s components, this study conducted an in-depth analysis of primary and

secondary PM; 5, as shown in Figures 5SA and 65B. During daytime, the difference in

secondary PMb»s concentrations between the Lake and Nolake experiments is

substantially larger than that of primary PM; sseeondaryPM: s—plays—a—particularly

prominentrole-and-dominates-the-concentration-differenees—. At 14:00 LT (Figures 5Ac,
5Ad, 5Béc and 5Béd), the increase of secondary PM» s concentration —over the lake is

generally 5-10 pg/m?, which is not only significantly greater than the 0-5 pg/m? increase
in primary PMz s, but also extends over a broader range and degree-extent of influence

in surrounding areas. This spatial pattern reflects a sequential transport process.

Particulate matter is first transported from pollution source regions (such as urban areas)

to the lake surface, which has no local emissions. Subsequently, due to the suppressed

boundary laver height, weak boundary layer mixing, and low dry deposition rates over

the lake. particles accumulate substantially on the lake surface (detailed mechanism

explained in Section 3.2.2). Notably, secondary PM> s concentrations over the lake are

15-18 pe/m3, while secondary PM>s concentrations in urban areas in the Lake

experiment are approximately 12-15 pg/m?, forming an anomalous pollution pattern

where lake surface concentrations exceed urban concentrations, which differs

dramatically from conventional understanding. Moreover, because the accumulation of

secondary PM» s over the lake during daytime is much greater than that of primary

PM; 5 (detailed mechanism explained in Section 3.2.4), a ereater amount of secondary

particles is subsequently transported back to urban and other surrounding areas through

lake-breeze circulation and dispersion (detailed mechanism explained in Section 3.2.3),

becoming a key factor in exacerbating urban daytime PMy s pollutionTherefore—the
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During nighttime, however, the dominant mechanism undergoes a fundamental

reversal, with physical transport of primary PM> 5 becoming the key factor determining
changes in total PM2 5 concentrations in urban areas. Primary PM2 s concentrations in
urban areas are substantially reduced due to the lake presence, while secondary PMb 5
reductions are relatively limited. Therefore, primary PMzs dominate the spatial
distribution of PM>5 concentrations in urban areas during nighttime. At 20:00 LT
(Figures SAf and 6£5Bf), widespread reductions in primary PM> s concentrations occur
across urban areas, with decreases exceeding 10 pg/m? that correspond closely to the
negative difference zones of total PMzs. In contrast, secondary PMz s reductions are
much weaker, with scattered affected areas and intensities generally ranging between
0-3-2.5 pg/m?, indicating that the nighttime purification effect is primarily achieved
through effective removal of directly emitted pollutants (primary PM; s5). Additionally,
Figures S6-S9A and S7-S9B show the primary and secondary PM s distribution at
several other time points, with the overall pattern consistent with these results. In
summary, the impact of lake on PMz s exhibits significant acrosol-species dependent

responseeompenent-dependeney and diurnal transition characteristics. The nighttime

purification effect is dominated by physical removal of primary PMzs, while the

daytime pollution enhancement effect, particularly the formation of extreme
concentrations above the lake, is closely related to the unique chemical-physical

interactions involving secondary PMa s.

3.2 Factors controlling the variationsThe—influence—mechanism of PMas

concentrations over the lake and urban areas
To elucidate the fundamental physical and chemical mechanisms underlying the
diurnal reversal effect of lakes on PMzs concentrations, we conducted an in-depth

analysis of the evolution of PM> s and its associated physical, dynamic, and chemical
22
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drivers in this section.

3.2.1 Spatiotemporal evolution of PM> s vertical distribution

Figure 7-6 presents the vertical cross-section of PM2 5 concentrations and wind
vectorsspeed along the key path AC (as shown in Fig. 2). At 08:00, the PM> s high-
concentration zone in both experiments was primarily concentrated below 0.3 km in
urban areas, exceeding 55 pg/m?, while concentrations over the lake region were
relatively low. The lake effect had already begun to manifest. Figure 7e-6¢ shows near-
surface PM2s concentrations over the lake were significantly higher in the Lake
experiment, with peak differences exceeding 5 pg/m?, spreading toward surrounding
urban areas and maintaining substantial differences at considerable distances from the
lakeshore. Notably, near the top of the boundary layer, PM s concentrations in the Lake
experiment were actually lower than those in the Nolake experiment. At 14:00,
although PM, s concentrations generally decreased to 20-35 pug/m? due to boundary
layer development, the pollution-enhancing effect of the lake peaked. The high-
concentration layer extending upward to approximately 1.5 km altitude with more
uniform vertical mixing. Figure 7—6f shows maximum positive concentration
differences of approximately 10 pg/m? over the lake region, extending upward to nearly
1 km in height. This effect significantly spread both horizontally and vertically toward
adjacent urban areas, forming an extensive strong positive difference zone in the
lakeside region that stretched from the near-surface up to 1.3 km altitude. Compared to
08:00, the afternoon PM2 5 concentration increase was larger with broader impact range,
further exacerbating air pollution in surrounding urban areas, consistent with the
horizontal distribution patterns described earlier.

At20:00 and 02:00 LT (Figures 7g6g-1), decreased PBLH causes pollutants to re-
accumulate near the urban surface, forming a shallow pollution layer exceeding 55
ng/m’. Over the lake area, PM,s concentrations near the lake surface in the Lake
experiment remained higher than in the Nolake experiment, while concentrations above
the lake surface were lower. In urban areas, the nighttime differences exhibit

distribution characteristics completely opposite to daytime. The vertical cross-sections
23
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(Figures 761, 1) reveal a “negative below, positive above” difference pattern. Near-
surface PM>s concentrations are lower in the Lake experiment with maximum
decreases of approximately 15 pg/m?, while at higher boundary layert levels, the
situation is completely reversed, PM>s concentrations are higher in the Lake
experiment by approximately 0-10 pg/m?. Other periods also exhibit the same vertical

distribution, as shown in Figures S8S10.

3.2.2 Lake-induced meteorological regulation and the accumulation of PM2 5 over the
lake

The unique physical properties of lakes constitute the intrinsic mechanism
underlying these concentration variations. First, the lake significantly suppresses
boundary layer development above its surface. As shown in Figure 76, the PBLH over
the lake surface in the Lake experiment is markedly lower than in the Nolake
experiment, particularly at 14:00 (Figure 7d6d), where it was suppressed to an
extremely shallow level of less than 0.1 km while the boundary layer in the Nolake
experiment had developed to nearly 1.5 km. This reduced PBLH inhibits the upward
dispersion of PM: s from the lake region, causing particles to accumulate over the lake
surface and thereby increasing PM» s concentrations. At 20:00 and 02:00 LT (Figures
7e6g-1), the nighttime boundary layer height in the Lake experiment remained
substantially lower than in the Nolake experiment, strongly inhibiting upward PM> s
diffusion above the lake surface.

Second, the lake substantially weakens vertical mixing capacity above it. During
daytime, land areas exhibit strong mixing with generally high mixing coefficients,
particularly in urban areas where values exceed 15 m?%/s, as shown in Figure 8a7a.
However, mixing capacity above the lake is significantly suppressed, with extremely
low mixing coefficients of approximately 0-0.4 m?/s. Figure €b-7b demonstrates that
the lake presence greatly reduced daytime boundary layer mixing intensity compared
to the Nolake experiment. During nighttime, the PBL mixing coefficient above the lake
in the Lake experiment remained over 40% lower than in the Nolake experiment (Figure

8d7d). This weakened mixing stems from two primary mechanisms. First, the large
24
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specific heat capacity of lake water causes slow daytime warming, resulting in surface
temperatures lower than those of surrounding land. This thermal contrast creates stable
atmospheric stratification that suppresses vertical thermal turbulence, leading to rapid
PMb s accumulation over the lake surface. Second, the significantly lower aerodynamic
roughness of the lake surface compared to land plays a crucial role. The smooth water
surface generates considerably less mechanical turbulence (wind shear) than the
rougher farmland surface in the Nolake experiment. Consequently, the lack of
mechanical mixing further inhibits vertical diffusion, maintaining the storage effect of
the lake.

Furthermore, dry deposition velocity differs significantly between the lake and
land surface. Figure 9-8 shows the spatial distribution of dry deposition velocity in the
study area. Daytime land areas, especially urban surfaces, exhibit relatively high dry
deposition velocity reaching up to 0.045 m/s. However, dry deposition velocity over
the lake in the Lake experiment was extremely low, approaching zero, while in the
Nolake experiment, the farmland surface replacement increased dry deposition velocity
dramatically to 0.025-0.03 m/s (Figure 9a8a). Figure 9b-8b clearly shows that the lake
significantly reduced the dry deposition velocity in this region. During nighttime, the
lake also significantly reduced dry deposition velocity above its surface, with decreases
far exceeding 10% (Figure 948d). This indicates that the lake water body acts as an
extremely inefficient deposition surface, making it difficult for pollutants to settle on
its surface, directly leading to prolonged PM2 s lifetimes and more pronounced pollution
accumulation in the near-surface boundary layer.

Figure 10-9 further illustrates the spatial distribution of PMz s lifetimes in the
study area. During daytime, land areas show relatively short PM»s lifetimes,
particularly in urban areas where they are only 50-100 hours attributed to higher dry
deposition rates that promote pollutant removal. In the Lake experiment (Figure +8a9a),
PM; 5 lifetimes over the lake surface exhibited extremely high values exceeding 1500
hours, forming a stark contrast with surrounding land areas. Figure +9b5-9b shows that
the lake presence even increased PM: s lifetimes above its surface by over 800 hours.

During nighttime, the lake similarly extended pollutant lifetimes (Figure +849d), with
25
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maximum increases of approximately 500 hours. This demonstrates that the combined
effects of the compressed boundary layer, weak turbulent mixing, and significantly
reduced dry deposition velocity over the lake work synergistically to inhibit PMa s
removal in the lake region, making the lake a “storage zone” for particles, thereby

causing strong near-surface pollutant accumulation.

3.2.3 Lake-induced transport regulation and the redistribution of PM2 5 in urban areas
While physical mechanisms lead to pollutant accumulation, dynamic processes

drive the transport and redistribution of these particles. Pollutants are first transported

from source regions (such as urban areas) to the lake surface, which has no local

emissions. Subsequently, the suppressed boundary layer height, weakened turbulent

mixing, and reduced dry deposition velocity over the lake cause PM>.s to accumulate

substantially near the surface, resulting in near-surface-Over-thelake-area;near-surface

PMb 5 concentrations in the Lake experiment being-are substantially higher than in the

Nolake experiment over the lake arca-due-to-suppressed-boundarylayer-development;

weakened—turbulent—mixing,—and-reduced—dry—deposition—veloeity. However, this

accumulation is largely confined to the near-surface layer. At upper levels, the pattern
reverses. The Nolake experiment shows higher PM>s concentrations as stronger
thermal turbulence from the farmland surface mixes more pollutants to higher altitudes,
whereas the Lake experiment maintains a more stable atmosphere that suppresses
vertical mixing. This mechanism operates consistently during both daytime and
nighttime, as validated by the vertical profiles of PM» 5 concentrations in Figure S9S11.
Figures S9b—S11b and S9d—S11d demonstrate that over the lake area, PMys
concentrations in the Lake experiment remain higher near the surface but lower aloft
than in the Nolake experiment throughout the diurnal cycle. This vertically-stratified
pollution structure over the lake represents only the direct local effect. The lake’s
influence extends to surrounding urban areas through complex dynamical transport
processes that redistribute these accumulated pollutants both horizontally and vertically

back to urban and other surrounding areas-beth-herizentally-and-vertieally. These lake-

induced perturbations to urban areas exhibit distinct mechanisms during daytime
26
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(horizontal convergence and frontal stagnation) and nighttime (enhanced vertical
redistribution). These dual mechanisms govern the spatiotemporal patterns of lake-
urban PM; 5 interactions and explain the observed diurnal reversal effect in urban air
quality.

During daytime, this influence manifests primarily through horizontal transport
processes coupled with lake breeze-background wind interactions. High-pollution air
masses formed over the lake affect surrounding urban areas through horizontal transport
by concentration gradients between the lake and city. As PM» s concentrations over the
lake increase significantly, pollutants diffuse outward, creating a positive difference
layer extending from the lake to the city from the surface to nearly 1 km altitude, with
maximum concentration differences of approximately 10 pg/m?. The dramatic PMa s
increases in specific lakefront regions, particularly the southwestern shore, result from
intense dynamical interactions between lake breeze circulation and the background
wind field. At 14:00 LT, peak solar radiation creates maximum lake-land temperature
differences, driving lake breeze formation that radiates outward and superimposes on
the prevailing southwest wind (Figure H10d). In the southwestern lake region, the
northeastward lake breeze meets the background southwest wind head-on, forming a
persistent convergence line termed the “lake breeze front” that acts as a dynamical
barrier. This front creates a horizontal stagnation zone with sharply reduced wind
speeds (Figure H£10f), trapping high-concentration pollutants diffusing from the lake
and those carried by the background wind, causing concentrations to spike. Figure S0
S12 shows wind speed at other times, displaying varying degrees of daytime dynamical
convergence. Cross-sectional analysis along pathway AC (Figure 7d6d) further
confirms this mechanism, showing airflow from the urban area being strongly lifted by
lake-area airflow near the lakeshore, blocking background airflow advance and forcing
strong upward motion, a typical characteristic of convergence zones absent in the
Nolake experiment. At the northern shore, the southward lake breeze converges with
the westward background wind, creating less intense but still significant convergence.
At the northeastern shore, the lake breeze aligns with the background southwest wind,

preventing frontal convergence, so pollutant accumulation results solely from diffusion
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with much smaller intensity. While lake-induced meteorological perturbations to urban
areas remain relatively limited during daytime due to vigorous urban boundary layer
development, intense turbulent mixing, and strong dry deposition velocity (Figures 8b
7b _and 9b8b), the lake breeze-driven convergence mechanism creates localized
“pollutant stagnation traps” at strategic locations where opposing wind systems meet,
fundamentally altering pollution patterns along specific lakefront areas.

In stark contrast to the daytime horizontal convergence and gradient-driven
diffusion, nighttime dynamics are dominated by enhanced vertical redistribution that
reverses the lake’s effect on near-surface urban air quality. As shown in Figures 761
and A6l, the urban area exhibits a distinct “negative-below, positive-above” difference
pattern stemming from lake-induced perturbation effect. Figure +2-11 reveals the
underlying mechanism by showing the net contribution of vertical mixing to PMa s
concentrations along path AC. In urban areas under both scenarios (Figures +2alla, b),
vertical mixing presents a “negative below, positive above” contribution pattern. Near
the surface, pollutants are transported upward by turbulent mixing, leading to strong
negative contributions below -16 pg/m?. Meanwhile, within the boundary layer above
(approximately below 0.3 km), strong positive contributions far exceeding +16 ng/m?
occur due to pollutants reception from below. The difference between experiments
(Figure +2e11c) reveals that near the urban surface, negative difference values indicate
greater concentration reduction in the Lake experiment, while positive values aloft
indicate greater concentration increases, demonstrating that PBL vertical mixing
intensity in urban areas is much greater in the Lake experiment. The underlying
mechanism involves land breeze circulation driven by lake-land thermal contrasts,
which induces additional dynamic turbulence and upward motion above the city,
disrupting typical nighttime stable conditions. This lake-enhanced vertical mixing more
efficiently transports accumulated near-surface pollutants upward, achieving effective

purification of near-surface urban air. Figure S9e-S11c validates these results, showing

lower PMb> 5 concentrations near the urban surface but higher concentrations at 100-300
m altitude in the Lake experiment during nighttime, indicating a dynamic process

transporting near-surface pollutants upward driven by lake-induced perturbations to
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urban meteorological fields and PBL vertical mixing processes. Notably, this nighttime

concentration reduction in urban areas is primarily attributable to the vertical mixing of

primary PMy s rather than secondary aerosols. As illustrated in Figure S13. nighttime

urban areas continue to experience active secondary aerosol formation through

chemical reactions, which increases secondary PM» s concentrations and counteracts

the reduction effect from vertical mixing. Consequently, the net decrease in near-

surface urban PM» s concentrations during nighttime predominantly results from the

efficient upward transport of primary particles via lake-enhanced vertical mixing, while

the reduction of secondary PMys is substantially offset by concurrent chemical

production.

3.2.4 Lake-induced chemical regulation and the formation of secondary PM> 5

Beyond the physical and dynamical mechanisms discussed above, lakes
profoundly influence PM: s distributions by regulating atmospheric chemical processes,
particularly for secondary aerosols. As revealed in Section 3.1.2, secondary PMa s
concentration differences between the Lake and Nolake experiments over the lake
region at 14:00 significantly exceed those of primary PM.s, with lake surface
concentrations reaching or exceeding urban levels. This stems from fundamental
differences in formation mechanisms and thermodynamic sensitivity. While primary
PM> s (BC, OC, OIN) originates mainly from direct emissions with minimal chemical
transformations, secondary PM> s formation is highly sensitive to temperature and
humidity, which lakes powerfully regulate through their large heat capacity. The
ammonium nitrate formation process (NHz + HNOs; = NH4NO3) exhibits
thermodynamic reversibility, which decreased temperature or increased humidity
promotes particulate NH4NO3 formation, while high-temperature and low-humidity
cause decomposition into NH3 and HNOs gases. In contrast, sulfate formation through
SO> oxidation is almost irreversible and demonstrates greater atmospheric stability.

At 08:00, chemical contributions remain consistent between experiments,
showing weak net production (6-10 pg/m?) in near-surface urban areas due to precursor

enrichment from traffic, industrial, and domestic activities, while lake contributions
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approach zero (Figure SHaS14a, c). At 14:00, however, dramatically different patterns
emerge (Figures SHb-S14b and SHdS14d). In the Nolake experiment, elevated
temperatures and lower humidity below 0.5 km promote NH4NO; decomposition,
producing strong negative PMz s contributions (exceeding -16 pg/m?®), while turbulent
transport carries decomposed precursors to 0.5-1.5 km altitudes where lower
temperatures and higher humidity favor re-condensation, creating strong positive
contributions (exceeding 16 ng/m?®). Conversely, the Lake experiment shows near-zero
chemical contributions throughout the lake area from surface to upper atmosphere.
Higher humidity and slower temperature increases due to large heat capacity enhance
NH4NO:s stability and suppress decomposition, reducing near-surface decomposition,
cutting off precursor transport to higher altitudes, and minimizing chemical influence
due to weak vertical transport and mixing. These combined effects result maximum
nitrate and ammonium concentration differences between experiments at 14:00, with
nitrates and ammonium passively accumulating over the lake exceeding urban
concentrations (Figures S12-S15 and $13S16). In comparison, sulfate differences
remain much smaller (Figure $34S17) due to sulfate’s irreversible formation and
atmospheric stability. In summary, lakes impact secondary PM2 s during daytime more
than primary PM,s by regulating local temperature and humidity, profoundly
intervening in reversible chemical equilibria and transforming themselves from passive

surface types into efficient pollutant “storage zones.”

3.3 PMzs near-surface concentrations over lake and urban areas during daytime
and nighttime under artificial lake emission scenarios

The preceding analysis systematically revealed the complex lake effect on PM> 5
concentrations through meteorological field alterations under the idealized zero-
emission lake scenario. However, practical air quality modeling faces pervasive
uncertainty from limited emission inventory spatial resolution. Most current inventories
cannot effectively distinguish land from lake areas, erroneously assigning emissions to
lakes that should have none. This systematic bias may significantly alter lake effects.

To assess the real impact of such emission configuration on regional air pollution and
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lake-urban interactions, we designed two additional control experiments (Lake emis
and Nolake emis) retaining original emission settings over lake surfaces, with all other
parameters consistent with previous two experiments (Lake and Nolake). Comparing
these experiments thoroughly investigates how lake surface emissions, prevalent in
current simulations, impact PMz s distribution in surrounding urban areas.

Figure +3-12 shows the spatial distribution of near-surface PM 5 concentrations

in the Lake emis experiment and differences between Lake emis and Nolake emis at
08:00, 14:00, 20:00, and 02:00 under the scenario retaining the original emission
inventory over lake surfaces. At 08:00 (Figures +3al2a-b), high pollution centers
remain in urban areas with concentrations exceeding 80 pug/m? regardless of lake
presence, with peak concentration differences in the lake area exceeding 20 pg/m?3. At
14:00 (Figures +3el2c-d), the lake area becomes an extremely prominent pollution
hotspot with concentrations reaching 50-80 pg/m?, far exceeding urban concentrations
of 35-40 pg/m?. Compared to the scenario without lake emissions (Figure 3d), positive
differences intensify dramatically in the lake region with peak values approaching 60
pg/m?, while surrounding areas also exhibit strong positive differences, indicating that
direct daytime lake emissions synergize with physical accumulation mechanisms to
jointly exacerbate pollution over the lake and surrounding urban areas. Figures
$1+5aS18a-d confirm this pattern persists at 11:00 and 17:00. At 20:00 (Figures +3el2e-
f), regional pollution rises again with high concentrations centered in urban areas, while
the lake region maintains strong positive differences due to continuous emissions
combined with weak nighttime boundary layer mixing and low dry deposition.
However, urban areas still exhibit significant negative differences with maximum
reductions are approximately 30 pg/m?, demonstrating that the lake’s physical
purification mechanism for urban areas persists even with lake surface emissions. At
02:00 (Figures 43gl2g-h), urban pollution remains elevated while concentration
differences stay negative at approximately -20 pg/m?, further confirming the lake's
lake’s significant nighttime purification effect. Notably, both positive and negative
differences coexist in the lake region, potentially reflecting complex physicochemical

mechanisms introduced by lake emissions. Figures S15eS18e-h at 23:00 and 05:00
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confirm these phenomena.

Furthermore, Figure 44—13 shows the vertical cross-sections of PMays
concentrations along the AC pathway under the retained lake emission scenario,
revealing how lake emissions alter PMys vertical structure. During daytime, lake
surface emissions synergize with the lake’s intrinsic physical properties, emerging at
08:00 and peaking at 14:00. At 08:00 (Figures +4al3a-c), although high-concentration
zones in both experiments remain near the urban surface, differences already reveal
significant positive layers over the lake area. By 14:00 (Figures 1+4d13d-f), this
difference amplifies dramatically. While the Nolake emis experiment confines high
pollution to the deep urban boundary layer, Lake emis experiment transforms the lake
into a new pollution core with intensity far exceeding the city, with PMa.s hotspots
exceeding 55 pg/m?® hovering over the lake. Differences (Figure +4413f) show large
positive areas exceeding 40 png/m* covering the entire lake area and surroundings.
Figures S+6aS19a-f confirm similar distributions at 11:00 and 17:00, demonstrating
that direct lake emissions synergize with unique daytime physical accumulation
mechanisms such as compressed boundary layers and weak dry deposition, making the
lake an anomalous pollution source exceeding major urban sources. Nighttime cross-
sections (Figures +4g13g-1) confirm that even with lake emissions, the lake-driven
physical purification mechanism significantly effects urban areas through persistent
negative differences near the surface (Figures 444131, 1), while positive and negative
differences coexist over the lake, potentially reflecting complex physicochemical
mechanisms triggered by lake emissions. Figures S+6£S19g-1 show similar patterns at
23:00 and 05:00. In summary, these comparative experiments confirm that treatment of
lake emissions profoundly affects assessment of lake environmental effects. Retaining
lake emissions synergizes with physical accumulation mechanisms to significantly
amplify apparent daytime pollution enhancement, while nighttime urban physical
purification remains significant. Accurately characterizing underlying surface
emissions is crucial for correctly quantifying the dual role lakes play through daytime

pollution enhancement and nighttime purification.
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4. Conclusion and Discussion

Lakes significantly alter local meteorological conditions through thermal
contrasts with surrounding surfaces, influencing air pollutant transport and
accumulation in adjacent urban areas. While extensive research has examined lake
effects on ozone, systematic investigation into lake impacts on PM2s and its
components remains lacking, particularly regarding coupling between lake-induced
physical processes (circulation, mixing, deposition) and chemical transformation. This
study systematically reveals lake effects on PMa 5 and its components within a lake-
urban system, elucidating regional PM s evolution patterns through physical-chemical
coupling mechanisms under lake influence.

We investigated the lake effect on PM; s concentrations during a spring pollution

episode (March 2019) through high-resolution WRF-Chem simulations with Lake and

Nolake scenarios centered on the Lake Chaohu and Hefei region. During daytime, the
lake significantly enhances PM2s accumulation, with concentrations over the lake
surface exceeding those in the Nolake experiment by 0—10 pg/m? (exceeding 10 pg/m’

in some regions)mere-than1+0—15te/m and reaching levels comparable to or higher

than urban areas, particularly at 14:00 LT when the pollution-enhancing effect peaks.

This daytime enhancement extends to surrounding urban areas, gradually weakening
with distance. Satellite observations validate this anomalous daytime accumulation
over the lake surface. During nighttime, however, the lake’s impact fundamentally
reverses, reducing urban PM» s concentrations by approximately 0-10 ug/m? (exceeding

10 pug/m® in some regions), with maximum purification effects occurring 12-18

kilometers from the lakeshore rather than in immediately adjacent areas. Notably, this
diurnal reversal exhibits strong component-dependency. Component analysis
demonstrates that secondary PM> s dominates daytime pollution enhancement, with
increases of 5-10 ug/m? significantly exceeding primary PM; 5 increases of 0-5 pg/m?>.
The accumulation of secondary particles over the lake, subsequently transported to

urban areas by lake breeze and dispersion, is a key mechanism worsening urban

daytime pollution. Conversely, nighttime purification is primarily driven by physical
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removal of primary PM s, with reductions exceeding 10 pg/m? in urban areas, while

secondary PMys reductions remain limited to 0-3—2.5 ug/m?. These—fndines

reversal of lake effects on PM» s identified here both corroborates and extends prior

findings. Earlier studies on the North American Great Lakes demonstrated that lake-

breeze circulations promote recirculation of primary and secondary pollutants and

enhance aerosol formation rates (Brook et al., 2013; Hayden et al., 2011), consistent

with the daytime urban PM»s enhancement gquantified in the present study. The

anomalous daytime PM> 5 accumulation over the lake surface is qualitatively analogous

to the confinement of urban pollution documented by Dye et al. (1995)_over Lake

Michigan and the elevated near-surface O3 concentrations reported by Wang et al. (2023)

for Lake Taihu. These findings demonstrate that lakes play a complex dual role in

regulating regional air quality through distinct physical-chemical mechanisms during

day and night.

To elucidate the diurnal reversal mechanism, we analyzed the physical,
dynamical, and chemical drivers of PMazs evolution. Lakes suppress boundary layer
development, reduce turbulent mixing, and decrease dry deposition velocity, with
effects persisting throughout the diurnal cycle but varying in intensity. These combined
effects extend_lake surface PMy s lifetimes by over 800 hours during daytime and
approximately 500 hours during nighttime, effectively transforming lakes into particle
“storage zones.” Lake-land thermal contrasts drive distinct transport regimes during
different periods. During daytime, lake breeze-background wind interactions create
convergence zones along lakeshores that trap pollutants, increasing concentrations by
up to 10 pg/m? from the surface to nearly 1 km altitude. At night, land breeze circulation
enhances urban vertical mixing, purifying near-surface PM» s by up to 16 pg/m? while
elevating concentrations aloft. This dual mechanism explains the diurnal reversal effect
on urban air quality. In addition, lakes regulate local temperature and humidity,
suppressing thermal decomposition of ammonium nitrate and other secondary aerosols,

with secondary PM» s differences substantially exceeding those of primary particles.
34



014

015

016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

029

030

031

032

033

1034

1035

036

037

038

039

040

041

042

043

These chemical-physical coupling mechanisms, not previously articulated in lake-

urban pollution studies,—meehanisms operate synergistically to shape the complex

spatiotemporal patterns of take-urban-PM> 5 interactions between lakes and urban areas.

To assess the impact of emission inventory uncertainty on lake-urban PM; s
interactions, we conducted additional experiments (Lake emis and Nolake emis)
retaining the artificial emission settings over lake surfaces, as most inventories
erroneously assign anthropogenic emissions to lakes. Results show that emission
treatment profoundly affects lake effect assessments. During daytime, lake emissions
synergize with physical accumulation mechanisms to transform the lake area into a
prominent pollution hotspot with concentrations reaching 50-80 pg/m?, exceeding
urban levels of 35-40 pg/m? at 14:00. Peak concentration differences approach 60 pg/m?,
significantly amplifying the apparent pollution enhancement compared to the zero-
emission scenario. During nighttime, the lake-driven purification mechanism persists,
with near-surface urban concentration reductions reaching approximately 30 pg/m? at
20:00 and 20 pg/m* at 02:00. These findings confirm that accurate emission
characterization is crucial for quantifying lakes’ complex role in regional air quality,

and further suggest that previous high-resolution air quality modeling studies over lake-

containing domains may have erroneously attributed emission-driven pollution

hotspots to lake meteorological effects, thereby systematically overestimating the

contribution of the lake itself to the spatial distribution of PM»s. —However, most

current emission inventories lack sufficient spatial resolution to distinguish water
surfaces from land, often erroneously assigning anthropogenic emissions to lake areas

and biasing lake effect assessments. Although Zhang et al. (2017)_conducted a similar

lake-replacement sensitivity experiment for ozone over Lake Taihu, their study did not

address the treatment of emissions over water surfaces, an oversight that appears to be

prevalent across similar studies. Therefore, the explicit zeroing of anthropogenic

emissions over water surfaces during the preprocessing stage of regional air quality

simulations should be established as a standardized procedure, a requirement that

becomes increasingly urgent as China’s emission inventories are continuously refined

under the impetus of clean air action policies (Geng et al., 2024a; Geng et al., 2024b).
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Developing emission inventories that accurately characterize surface-specific emission
patterns is crucial for reliable assessment of lake-urban air quality interactions and
effective pollution control strategies.

While this study provides valuable insights into lake effects on PMays
distributions, several considerations emerge regarding broader applicability and future
research directions. It is important to emphasize that while this study centers on the
Lake Chaohu and Hefei system, the identified mechanisms governing the diurnal
evolution of PMys are rooted in fundamental physical principles rather than site-
specific coincidences. The intrinsic properties of a lake surface, notably its high thermal
capacity and low aerodynamic roughness, are universal physical attributes that
consistently distinguish water bodies from terrestrial surfaces regardless of geographic
location. These characteristics drive the suppression of PBL development and
mechanical turbulence while leading to characteristically low dry deposition velocities.
Such processes collectively facilitate the formation of atmospheric storage zones that
prolong pollutant lifetimes and create potential pollution reservoirs over the water. At
night, the presence of the lake enhances turbulent mixing in the urban area, thereby
promoting the purification of near-surface pollutants in the adjacent city. Combined
with thermodynamic regulation of secondary aerosol formation, these surface contrasts
establish lakes as dual regulators that both enhance and purify pollution. This may
represents a widespread atmospheric phenomenon characteristic of urban-lake
interfaces globally rather than an isolated case. However, we acknowledge that the
specific manifestation and magnitude of these lake effects are modulated by local
environmental factors, such as topography, emission intensity, and background wind
fields. These conditions determine the precise horizontal and vertical redistribution of
pollutants and the exact location of convergence zones. Therefore, while our findings
provide a generalized framework for understanding lake-atmosphere-pollution
coupling, the exact impact in other regions remains dependent on the local
environmental configuration. By elucidating these universal physical drivers, this study
provides a transferable scientific basis for air quality assessment and forecasting in

lake-adjacent regions worldwide.
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The lake effects revealed in this study should be interpreted in the context of the

meteorological background and the limitations of the simulation period. This study

aims to quantitatively isolate the net lake impacts on PM» 5 and identify the underlying

physical-chemical mechanisms through high-resolution sensitivity experiments, rather

than conducting long-term climatological statistical analysis, given the extremely high

computational cost of 1-km resolution WRF-Chem simulations. The selected period in

March 2019 corresponds to the pollution season when PMj s concentrations are

typically much higher than in summer, and lake-land thermal contrasts remain

sufficiently strong to drive significant lake-breeze circulations. However, this study is

not statistically representative of all pollution seasons. The 850 hPa wind fields from

ERAS reanalysis for January, March, and October (Figure S1) indicate significant

differences in large-scale circulation patterns over eastern China across winter, spring,

and autumn. January is more strongly controlled by winter monsoon circulation, March

exhibits a transitional circulation pattern, while October shows distinct autumn

circulation characteristics different from the former two. This implies that the intensity,

spatial extent, and even the dominant pathways of lake impacts on PM».5s may vary with

seasonal circulation backerounds. Additionally, the study period was characterized by

predominantly clear skies and moderate background winds, with weak cloud content

and precipitation, which was a deliberate aspect of the study selection strategy to

facilitate the isolation of intrinsic lake effects. Although frontal passages can influence

PM,; 5 through wind field reorganization, boundary laver structural adjustments, thermal

changes, and wet scavenging processes, this study was not dominated by persistent,

large-scale, strong frontal precipitation events, and thus frontal scavenging was not a

primary controlling factor in this analysis. Since the Lake and Nolake experiments

employ identical initial and boundary conditions, the synoptic-scale circulation

constitutes a common background forcing in both simulations, and thus the simulation

differences primarily reflect perturbations induced by lake presence. In summary, this

study are more applicable to stable weather conditions similar to this springtime

transitional period. Future research should systematically evaluate lake impacts on

pollutants across multiple seasons and different weather patterns (including frontal
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events) to establish a more comprehensive understanding of lake-air quality interactions

and quantify their seasonal and circulation dependencies.

Furthermore, our investigation concentrated on PM> s and its components, yet
atmospheric pollution involves complex multi-species interactions. The transport
patterns of gaseous pollutants such as SO, and NO; within lake-land thermal circulation
systems, and their conversion to secondary particulate matter under lake modulation,
deserve comprehensive investigation. Extending analysis to other lake-urban systems
and conducting simultaneous multi-pollutant observations would enhance
understanding of lakes’ integrated impacts on regional atmospheric chemistry,

providing scientific foundations for air quality management and multi-pollutant

synergistic control strategies in lake-adjacent regions globally. In-addition;—thisstudy

intensities;,—and—polutanttransport-dispersion—patterns—Technical limitations also

present opportunities for improvement. Although this study employed high-resolution

1 km simulations, the fine-scale structures of lake-land boundary layers and mesoscale
phenomena such as lake-breeze fronts require even higher spatial resolution for
accurate representation. Current planetary boundary layer parameterization schemes
may contain uncertainties when handling complex surface conditions, particularly in
water-land transition zones. Future research should integrate more sophisticated
numerical methods, develop specialized parameterization schemes for lake-land
interface processes, and optimize dry deposition parameterizations across different
surface types based on expanded observational datasets to enhance model capabilities
in simulating lake micrometeorology and boundary layer dynamics.

Additionally, the key limitation of current lake-urban air quality research is the

scarcity of direct observations over lake surfaces and lakeside regions. Although this

study has validated the simulations against urban observation networks, the most

significant lake effects we identified occur precisely over lake surfaces and nearshore
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areas where observational infrastructure is absent. While satellite-retrieved PMb> s

products provide qualitative support for lake surface accumulation phenomena, their

spatiotemporal resolution and retrieval uncertainties over water surfaces are insufficient

to meet the needs for detailed mechanistic validation, underscoring the necessity of

systematic field observations. This observational challenge is particularly acute in

China. Many major cities have developed along inland lakes, vet systematic lake-

atmosphere monitoring remains extremely limited compared to North America and

Europe. Future research should prioritize the establishment of comprehensive

observation networks specifically designed for lake-urban pollution gradients. Such

networks should include monitoring stations deployed at multiple locations along

lakeshores and cross-sectional observations along lake-urban corridors (such as the A-

B-C transect examined in this study) to measure PM» s concentrations, chemical

composition, and meteorological parameters. Lake-based platform observations (buoys

or low-altitude drones) can capture spatial heterogeneity and transient features such as

lake-breeze fronts, while vertical profiling measurements (tethered balloons, drones, or

oround-based remote sensing) can observe boundary laver structure and lake-land

breeze circulation. Additionally, measurements of dry deposition velocities and surface

fluxes over both lake and land surfaces, combined with dense low-cost sensor networks

monitoring fine-scale spatial patterns, will provide multidimensional data support for

understanding lake effects. These observations will not only directly validate the lake-

induced PM» s gradients and vertical mixing signals identified in this study but also

reveal small-scale turbulent mixing and chemical transformation mechanisms. Filling

the observational gap in lake environments represents a critical frontier for advancing

air quality research in rapidly urbanizing inland lake regions globally.
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Code and data availability. The updated USTC version of WRF-Chem can be
downloaded from https://doi.org/10.5281/zenodo.15702248 c or can be obtained from
the corresponding author upon request. The Multi-resolution Emission Inventory for
China (MEIC) at 0.25° x 0.25° resolution for 2019 is available at
http://meicmodel.org.cn (last access: 11 August 2025) (Li et al., 2017a; Li et al., 2017b;
Zheng et al., 2018; Geng et al., 2024a). The NCEP final reanalysis (FNL) data with a
1° x 1° resolution and 6 h temporal resolution are available at

https://doi.org/10.5065/D6M043C6 (last access: 11 August 2025) (NCEP, 2000).
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Table 1 WRF-Chem model configuration

Horizontal resolution

25,5, and 1 km

Domain size (grid cells)

140 x 105, 250 x 250, and 150 x 150

Simulation period

5 to 21 March 2019
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Gas-phase chemistry scheme

CBMZ mechanism

Radiation scheme

Fast-J

PBL scheme

Yonsei University (YSU) scheme

Microphysics scheme

Morrison two-moment scheme

Land surface scheme

Noah land surface scheme

Cumulus scheme

Kain-Fritsch (25 km grid only)

Surface layer scheme

Revised MM 5 Monin-Obukhov scheme

Longwave radiation scheme

RRTMG scheme

Shortwave radiation scheme

RRTMG scheme
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Figure 1. (a) The three domains used in the WRF-Chem simulations and the terrain

height (m) of each domain. Domain one (D1) has a horizontal grid spacing of 25 km,

domain 2 (D2) 5 km, and domain 3 (D3) 1 km; (b) The spatial distribution of the terrain

height (m) in D3. The solid black triangle indicates the location of Hefei

the solid dots

triangles indicate MEP monitoring sites, and the purple solid dots indicate AWSs

locations:.
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Figure 2. The spatial distribution of land use types in the (a) Lake experiment and (b)
Nolake experiment across the study area, with detailed descriptions of the legend and
land cover classes provided in Table S1 in the Supplement. (c) The spatial distribution
of PM> s emissions in both the Lake and Nolake experiments averaged over the entire
day throughout the study area. The black line segments (AB and BC) in panels (a) and
(b) represent transects selected for subsequent detailed analyses, traversing both urban

and lake regions to capture the spatial characteristics of lake-urban interactions.
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Figure 3. The spatial distribution of PM; s near-surface concentrations in the (a. c¢.
e. g) Lake experiment and (b. d. f. h) the differences between Lake and Nolake
experiments (Lake minus Nolake) at 08:00, 14:00, 20:00, and 02:00 local time ( LT)

across the study area, averaged over 10-20 March 2019. Note that the line segments

shown in panels (b, d, f, h) correspond to the AB transect marked in Figure 2.
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Figure 4. Diurnal variation of PM, 5 near-surface concentration along the path. (a)
Average PM> s concentration differences (Lake minus Nolake) during daytime (the
average of 08:00, 11:00, 14:00, and 17:00 LT, red line) and nighttime (the average of
20:00, 23:00, 02:00, and 05:00 LT, blue line), averaged over 10-20 March 2019, as a

function of distance from point B toward A, as marked in Figure S2 and S3. (b) Diurnal

variation of PM2 s concentration with distance in the Lake experiments. (c) Diurnal
variation of PM» s concentration differences between Lake and Nolake experiments
(Lake minus Nolake) with distance. The x-axis represents the distance from point B
along the transect, the y-axis in (a) represents the concentration difference, and the y-

axis in (b) and (c) represents the local time.
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Figure 76. The vertical cross-section of PM; s concentration and wind vectorsspeed
along the key path AC (indicated in Figure 2) for the (a. d. g. j) Lake experiment,
(b. e+ h. k) Nolake experiment, and (c. f. 1. 1) their differences (Lake minus Nolake)
at 08:00, 14:00, 20:00, and 02:00 LT, averaged over 10-20 March 2019. The shaded

contours represent PMazs concentrations or theirier differences between the two
experiments at each altitude. The black vector arrows indicate the superimposed
vertical wind field (including horizontal and vertical wind components), with the
vertical —wind-speed-vector being multiplied by 50 for visibility. The red solid line
represents the planetary boundary layer height (PBLH) in the Lake experiment, and the
red dashed line represents the planetary boundary layer height in the Nolake experiment.

The blue dashed line represents the lake-land boundary.
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Figure 87. The spatial distribution of planetary boundary layer (PBL) mixing
coefficients averaged during (a, b) daytime (08:00, 11:00, 14:00, and 17:00 LT,
averaged over 10-20 March 2019) and (c, d) nighttime (20:00, 23:00, 02:00, and 05:00

LT, averaged over 10-20 March 2019) for the (a, ¢) Lake experiment and (b, d) relative

differences ((Lake - Nolake)/Lake) across the study area.
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Figure 98. The spatial distribution of dry deposition velocity averaged during (a, b)
daytime (08:00, 11:00, 14:00, and 17:00 LT, averaged over 10-20 March 2019) and (c,

d) nighttime (20:00, 23:00, 02:00, and 05:00 LT, averaged over 10-20 March 2019) for

the (a, ¢) Lake experiment and (b, d) relative differences ((Lake - Nolake)/Lake) across

the study area.
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Figure 409. The spatial distribution of the lifetime averaged during (a, b) daytime
(08:00, 11:00, 14:00, and 17:00 LT, averaged over 10-20 March 2019) and (c, d)

nighttime (20:00, 23:00, 02:00, and 05:00 LT, averaged over 10-20 March 2019) for

the (a, c) Lake experiment and (b, d) relative differences ((Lake - Nolake)/Lake) across
the study area. The PMa;s lifetime is calculated by dividing the PMazs column

concentration by the dry deposition flux.
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Figure 4211. The vertical cross-section of PBL mixing process contributions to PM> s

concentrations along the key path AC (indicated in Figure 2) for the (a) Lake
experiment, (b) Nolake experiment, and (c) their differences (Lake minus Nolake)

averaged-atduring nighttime, averaged over 10-20 March 2019. The shaded contours

represent the contribution of PBL mixing processes to surface PM» s concentrations or

their differences between the two experiments at each altitude. The red solid line
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1818  represents the PBLH in the Lake experiment, and the red dashed line represents the
1819 PBLH in the Nolake experiment. The blue dashed line represents the lake-land

1820  boundary.
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]\823 Figure 123. The spatial distribution of PM s near-surface concentrations in the (a. c.
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e. g)Lake emisexperimentand (b. d. f. h)the differences between Lake emis and
Nolake emis experiments (Lake emis minus Nolake emis) at 08:00, 14:00, 20:00, and

02:00 LT across the study area, averaged over 10-20 March 2019.
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1830  Figure 4413. The vertical cross-section of PM» 5 concentration and wind speed-vectors

1831  along the key path AC (indicated in Figure 2) for the (a. d. g+ j) Lake emis experiment,
1832 (b, e. h. k) Nolake emis experiment, and (c. f. i. 1) their differences (Lake emis

833  minus Nolake emis) at 08:00, 14:00, 20:00, and 02:00 LT, averaged over 10-20 March

834  2019. The shaded contours represent PMz 5 concentrations or their differences between
1835  the two experiments at each altitude. The black vector arrows indicate the superimposed
1836  vertical wind field (including horizontal and vertical wind components), with the
]\837 vertical wind speed-vector being multiplied by 50 for visibility. The red solid line
1838  represents the planetary boundary layer height (PBLH) in the Lake experiment, and the
1839  red dashed line represents the planetary boundary layer height in the Nolake experiment.
1840  The blue dashed line represents the lake-land boundary.
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935 Table S1. Description of land cover data classifications

Number | Description
1 Urban
2 Dryland cropland/pasture
3 Irrigated cropland/pasture
4 Mixed Dryland/Irrigated Cropland
5 Cropland/Grassland Mosaic
6 Cropland/Woodland Mosaic
7 Grassland
8 Shrubland
9 Mixed Shrubland/Grassland
10 Savanna
11 Deciduous Broadleaf Forest
12 Deciduous Needleleaf Forest
13 Evergreen Broadleaf Forest
14 Evergreen Needleleaf Forest
15 Mixed Forest
16 Water
17 Herbaceous Wetland
18 Wooded Wetland
19 Barren or Sparsely Vegetated
20 Herbaceous Tundra
21 Wooded Tundra
22 Mixed Tundra
23 Bare Ground Tundra
24 Snow or Ice
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Figure S1. Spatial distribution of wind speeds at 850 hPa from ERAS5 reanalysis

datasets over East China averaged for January, March, and October of 2019.
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953  Figure S2. Spatial distribution of PM>s emissions in both the Lake and Nolake

954  experiments at 08:00, 11:00, 14:00. 17:00. 20:00, 23:00, 02:00, and 05:00 local time

955  (LT), averaged over 10-20 March 2019, throughout the study area.
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Figure S3. The spatial distribution of PM;s near-surface emissions in both the

Lake emis and Nolake emis experiments throughout the study area, averaged over 10-

20 March 2019.

81



968
969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

10m-Wind

~
oo
~—

| | \ \
~——— Simulation ® Observation |

—

| \[H ‘IHl\H‘ \I‘\ \l\

|‘\ \l\

ONPROHOOOMN

e L S Shafhs e
3/10 3/12 3/14 3/16

(b) T2m

'i
3/18

3/20

40 — . - ‘ ‘ ‘ |
30 | : : : ‘ |
20
10

N R o A
3/10 3/12 3/14 3/16

i
3/18

i
3/20

Figure S4. Time series of observed (black dots) and simulated (red line) wind speed at

10 m (top panel, m s™') and temperature at 2 m (middle panel, °C) from the Lake

experiment, averaged over 4 AWS sites in Hefei.
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988  Figure S5. Diurnal variation of PM» 5 near-surface concentrations within 24 h averaged

989 over 10 MEP sites in Hefei during the study period for the Lake experiment (solid red

990 line) and observations (black dot). Both the simulated results and observations are

991  sampled at the model output frequency, i.e., 3-hourly.
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Figure S6. The spatial distribution of PM> s near-surface concentrations from the

ChinaHighPM, s dataset (satellite-derived hourly 5 km resolution ground-level PM> s

for Eastern China, 2018) at (a-) 08:00, 09:00, 10:00, 11:00, 12:00, 13:00, 14:00, 15:00,

16:00, and 17:00 LT across the study area, averaged over the period of March 2018.

This dataset belongs to the “Long-term, Seamless, High-resolution, High-quality

Dataset of Air Pollutants in China” series (i.e., the “China High Air Pollutants” (CHAP)

dataset). The ChinaHighPM> s dataset integrates multi-source big data (e.g., eround

observation data, satellite remote sensing products, atmospheric reanalysis, and

numerical model simulations) using artificial intelligence, fully considering the

spatiotemporal heterogeneity characteristics of air pollution.
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Figure S7. The spatial distribution of PM> s near-surface concentrations in the (a. c-

e. o) Lake experiment and (b. d. f. h) the differences between Lake and Nolake

experiments (Lake minus Nolake) at 11:00, 17:00, 23:00, and 05:00 LT across the study

area, averaged over 10-20 March 2019. Note that the line segments shown in panels (b,

d. f, h) correspond to the AB transect marked in Figure 2.
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Figure S8. Average PM>» 5 near-surface concentration differences (Lake minus Nolake)

at 08:00, 11:00, 14:00,17:00, 20:00, 23:00, 02:00, and 05:00 LT, averaged over 10-20

March 2019, as a function of distance from point B toward A. The x-axis represents the

distance from point B along the path and the v-axisre presents the concentration

difference.

86



042

043

044

045

046

047

048

(b) Lake m
r

Primary PM,  [ug/m’ | Difference [ug/m® |
L T
0 12 20 40 60 2 -1 0 1 2

Figure S9A. The spatial distribution of primary PM> s near-surface concentrations (sum

of black carbon (BC), organic carbon (OC), and other inorganics (OIN)) in the (a. ¢+

e. o) Lake experiment and (b. d. f. h) the differences between Lake and Nolake

experiments (Lake minus Nolake) at 11:00, 17:00, 23:00, and 05:00 LT across the study

area, averaged over 10-20 March 2019.
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Figure S9B. The spatial distribution of secondary PM» s near-surface concentrations

(sum of sulfate (SO4%), nitrate (NO3°), and ammonium (NH4")) in the (a. c. e. ©)

Lake experiment and (b. d. f. h) the differences between Lake and Nolake

experiments (Lake minus Nolake) at 11:00, 17:00, 23:00, and 05:00 LT across the study

area, averaged over 10-20 March 2019.
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Figure S10. The vertical cross-section of PM.5 concentration and wind vectors along

the key path AC (indicated in Figure 2) for the (a. d. g. j) Lake experiment, (b. e-

h. k) Nolake experiment, and (c. f. i. 1) their differences (Lake minus Nolake) at

11:00, 17:00, 23:00, and 05:00 LT, averaged over 10-20 March 2019. The shaded

contours represent PM»s concentrations or their differences between the two

experiments at each altitude. The black vector arrows indicate the superimposed

vertical wind field (including horizontal and vertical wind components), with the

vertical wind vector being multiplied by 50 for visibility. The red solid line represents

the planetary boundary layer height (PBLH) in the Lake experiment, and the red dashed

line represents the PBLH in the Nolake experiment. The blue dashed line represents the

lake-land boundary.
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Figure S11. The vertical profiles of PM,s concentrations simulated in the Lake

experiment (solid blue line), Nolake experiment (solid red line), and their differences

(Lake minus Nolake, solid orange line) over (a, ¢) urban and (b, d) lake regions during

daytime and nighttime, averaged over 10-20 March 2019. Note that “Urban Region”

represents the average value for areas with urban underlying surface within the study

domain, while “Lake Region” represents the average value for areas with lake

underlying surface within the study domain, to make the results more representative.
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Figure S12. The spatial distribution of 10-m wind speed in the (a~ d. g. i) Lake

experiment, (b, e. h. k) Nolake experiment, and (c. f. i. 1) their differences (Lake

minus Nolake) at 11:00, 17:00, 23:00, and 05:00 LT across the study area, averaged

over 10-20 March 2019.
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Figure S13. The vertical cross-section of chemical process contributions to PMj s

concentrations along the key path AC (indicated in Figure 2) for the (a) Lake

experiment, (b) Nolake experiment, and (c) their differences (Lake minus Nolake)

during nighttime, averaged over 10-20 March 2019. The shaded contours represent the

contribution of chemical processes to surface PM» s concentrations or their differences

between the two experiments at each altitude. The red solid line represents the PBLH

in the Lake experiment, and the red dashed line represents the PBLH in the Nolake

experiment. The blue dashed line represents the lake-land boundary.
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Figure S14. The vertical cross-section of chemical process contributions to PMj s

concentrations along the key path AC (indicated in Figure 2) for the (a. b) Lake

experiment, (c. d) Nolake experiment, and (e. f) their differences (Lake minus

Nolake) at 08:00 and 14:00 LT, averaged over 10-20 March 2019. The shaded contours

represent the contribution of chemical processes to surface PM» s concentrations or their

differences between the two experiments at each altitude. The red solid line represents

the planetary boundary layer height (PBLH) in the Lake experiment, and the red dashed

line represents the PBLH in the Nolake experiment. The blue dashed line represents the

lake-land boundary.
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Figure S15. The spatial distribution of NO3™ near-surface concentrations in the (a. c-

e. o) Lake experiment and (b. d. f. h) the differences between Lake and Nolake

experiments (Lake minus Nolake) at 08:00, 14:00, 20:00, and 02:00 LT across the study

area, averaged over 10-20 March 2019.
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Figure S16. The spatial distribution of NH4' near-surface concentrations in the (a. c-

e. o) Lake experiment and (b. d. f. h) the differences between Lake and Nolake

experiments (Lake minus Nolake) at 08:00, 14:00, 20:00, and 02:00 LT across the study

area, averaged over 10-20 March 2019.
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Figure S17. The spatial distribution of SO4> near-surface concentrations in the (a. c.

f. h) the differences between Lake and Nolake

d.

e. o) Lake experiment and (b.

experiments (Lake minus Nolake) at 08:00, 14:00, 20:00, and 02:00 LT across the study

area, averaged over 10-20 March 2019.
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126  Figure S18. The spatial distribution of PM> 5 near-surface concentrations in the (a. _c¢-

127 e, o) Lake emis experiment and (b. d. f. h) the differences between Lake emis

128 and Nolake emis experiments (Lake emis minus Nolake emis) at 11:00., 17:00, 23:00,

129  and 05:00 LT across the study area, averaged over 10-20 March 2019.
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132 Figure S19. The vertical cross-section of PM» 5 concentration and wind vectors along

133  the key path AC (indicated in Figure 2) for the (a. d. g. j) Lake emis experiment,

134 (b, e. h. k) Nolake emis experiment, and (c. f. i. 1) their differences (Lake emis

135  minus Nolake emis) at 11:00, 17:00, 23:00, and 05:00 LT, averaged over 10-20 March

136  2019. The shaded contours represent PM» 5 concentrations or their differences between

137  the two experiments at each altitude. The black vector arrows indicate the superimposed

138  vertical wind field (including horizontal and vertical wind components), with the

139  vertical wind vector being multiplied by 50 for visibility. The red solid line represents

140  the planetary boundary layer height (PBLH) in the Lake experiment, and the red dashed

141  line represents the PBLH in the Nolake experiment. The blue dashed line represents the

142  lake-land boundary.

143

98



2144

99



