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Abstract. In Europe, heatwave conditions associated with southern synoptic flows can sometimes be combined with episodes of
dust plumes coming from the Saharian desert. Change in the atmospheric composition of aerosols alters the radiation observed
near the ground, resulting in impacts on other variables such as air temperature. This study focuses on the heatwave experienced
by the Paris region from 15 to 19 June 2022, combined with the passage of a Saharan dust plume. To investigate the aerosols
impact on local weather conditions and thermal comfort, three Meso-NH atmospheric numerical simulations are used: one
without dust aerosol (C0), one with dust aerosols defined from CAMS reanalysis (C1), and one with twice the concentration of
CAMS dust aerosols (C2). Simulation C1 is validated against observations from the PANAME-Urban experimental campaign.
The time evolution of Aerosol Optical Depth and incoming solar radiation at the surface is well reproduced, with improvement
in the resulting air temperature and boundary layer height when taking aerosols into consideration. The radiative effect of
dust aerosols results in a decrease in incoming solar radiation and air temperature of up to 75 W m~2 and 1 °C, respectively.
At 16 UTC, it results in a thermal comfort improvement of up to 1°C in sunny urban and suburban areas. However, in shaded
suburban areas, the increase in diffuse solar radiation and humidity and the decrease in wind speed induced by the dust aerosols

counterbalance the air temperature decrease, resulting in no thermal comfort improvement.

1 Introduction

The frequency, intensity and duration of heat wave events are increasing over time and is expected to continue to increase due
to climate change (Masson-Delmotte et al., 2021). Urban citizens, representing most of the world population, are facing even
warmer events due to the urban local climate (Oke et al., 2017). The so-called Urban Heat Island (UHI), defined as the differ-
ence in air temperature between the city and its surroundings, can reach values up to 10 °C for large cities like Paris (Haeffelin
et al., 2024) and is expected to rise with rising air temperature (Fujibe, 2011). UHI is generally more pronounced at night but
other variables are locally altered by urban settings. The mean radiant temperature, aggregating the radiant exchange with a
human and its environment, is generally lower when the built areas is getting denser due to shadow generated by buildings
(Lau et al., 2022). However, densely built areas are subject to lower wind speed due to the additional surface roughness created

by the buildings (Macdonald, 2000).
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The urban climate is impacted by atmospheric aerosols. For example, Han et al. (2020) have shown that the summer UHI in
China is reduced due to higher aerosol concentrations in urban compared to rural areas. Indeed, atmospheric aerosols, including
mineral dust, play a critical role in modulating weather and climate. As reviewed by Schepanski (2018) and references therein,
dust particles are formed through natural processes and can be transported from one continent to another, influencing atmo-
spheric chemistry, radiation, and cloud microphysics. Their impacts are particularly relevant during large-scale dust outbreaks,
which strongly modify surface and boundary layer conditions.

One of the mechanisms by which aerosols affect the atmosphere is through their interaction with radiation. Depending on
their optical and microphysical properties, aerosols can scatter and absorb solar and long-wave radiation, thereby altering the
surface and atmospheric energy budget. The use of an aerosol climatology for global models based on the tropospheric aerosol
scheme shows an effect of up to 30 W m~—2 over desert, partly compensated by the increase of long-wave radiations (about
10 W m~2, Wang et al., 2022). Observational studies of a Saharan dust outbreak over Barcelona (Spain) confirm this level of
magnitude: in June, Cérdoba-Jabonero et al. (2021) documented that when the aerosol optical depth (AOD) reached 0.45 at 532

2 while the increase in net long-wave radiation was 11 W m~2. Similarly,

nm, the decrease in net solar radiation was 54 W m~
at the end of May, Bangert et al. (2012) reported that including dust-radiation interactions in a simulation of a Saharan dust
event in southwest Germany reduced the net solar radiation by up to 80 W m~2 (for an AOD of 0.36).

These radiative perturbations directly affect the near-surface air temperature. Bangert et al. (2012) simulation reduced sig-
nificantly (up to 1 °C) the positive bias in the forecast of near-surface air temperature. During the 2003 European heatwave,
characterized by AOD values between 0.4 and 0.6, numerical experiments with the Weather Research and Forecasting Model
(WREF, Skamarock et al., 2005) indicated that aerosols reduced net solar radiation by 30-50 W m—2, corresponding to a 15%
reduction in solar flux (Péré et al., 2011). This decrease in surface energy led to air temperature reductions of up to 0.3 °C,
consistent with other observations (Zhang et al., 2010). Closer to the dust emission source, the impacts of dust aerosols can be
more important: for a dust storm in West Africa, where the dust was distributed over the boundary layer, the reduction in the
near-surface air temperature reached 4 °C (Tulet et al., 2008).

The type and the location of the aerosols are crucial. While the effect of some aerosols (such as sulfate or nitrate) is mainly
limited to solar radiation diffusion, some others (black carbon for example) can also absorb the solar radiation and convert it
into heat (Liu et al., 2019). In this case, the distribution of absorbing aerosols is crucial: heating near the surface can enhance
entrainment in the planetary boundary layer (PBL), whereas heating aloft tends to stabilize the atmosphere by strengthening
the inversion layer (Wang et al., 2022). Thus, through their effect on radiation and near-surface air temperature, aerosols also
exert strong control on turbulence, PBL dynamics, and wind fields. Reduced surface heating weakens turbulent mixing, leading
to a shallower boundary layer and lower wind speeds. For example, Péré et al. (2011) reported reductions in PBL height of
200 m (10%) and wind speed decreases of 1.2 m s~2 (6%) in response to aerosol-radiation interactions. Observations by Park
et al. (2010) further support this, showing wind speed reductions up to 20% when surface solar flux was suppressed by 200 W
m~2 due to Asian dust layers.

Anthropogenic aerosols are among the largest sources of uncertainty in radiative forcing (Stocker et al., 2013). Mitigation

policies have already demonstrated a reduction of the aerosols concentration (Hodnebrog et al., 2024). Thus, the trend being
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at adding more stringent mitigation policies to improve air quality, aerosol emissions are likely to be reduced worldwide
during the 21st century. Zhao et al. (2019) investigated the effect of the projected aerosol decrease on the worldwide increase
of intensity, frequency, and duration of heatwaves. Their results show that future greenhouse gases increase will result in
future (2081-2100) heatwaves that are, when globally averaged over land, significantly more intense (+2.4 °C on average air
temperature), longer (17 days) and more frequent (12 more heat wave days per year), compared to present-day. These changes
will also be further aggravated by aerosol reductions, leading to an increase of the mean intensity, length and frequency of heat
waves by 0.6 °C, 7 days, and 2 more days per year, respectively.

Although there is a quite dense scientific literature showing the impact of aerosols on near-surface atmospheric variables,
most of the simulations are performed at coarse resolution (12 km to 36 km - Bernstein et al. (2013) and Péré et al. (2011),
respectively) and very few are dedicated to explore the effect on urban climate, more specifically on human thermal comfort.
Slater et al. (2020) have simulated the effect of urban haze on solar radiation and boundary layer meteorology but they have
not analyzed their results in the scope of modification of the urban thermal comfort. Han et al. (2020); Cao et al. (2016)
have explored the aerosol effect on the UHI intensity. However, the focus was mainly performed on night-time and some
thermal comfort key variables such as mean radiant temperature were not considered. On the contrary, Wai et al. (2017) have
investigated the role of aerosols on the mean radiant temperature for a person located in the middle of a building block street
but they do not consider the effect of the aerosols on air temperature, wind speed or relative humidity. Moreover, they have only
performed their calculation for a person, exposed to the sun, at noon, while during heat events, pedestrians are more willing
to stay in shadow areas. Indeed, the shadow provided by buildings can be seen as cool places during clear days (Masson
et al., 2020) but these areas might be affected by the interactions between aerosols and radiation in the atmosphere. To study
how the aerosol concentration can impact thermal comfort in urban areas, we simulate a heatwave event in the Paris region
associated with an inter-continental Saharan dust outbreak using an atmospheric model coupled with an urban surface model

at a resolution of 1.2 km.

2 Material and method
2.1 Meteorological overview

The present study focuses on the heatwave that strucked the Paris region from 15 to 19 June 2022. The associated synoptic
conditions, based on the ERAS reanalysis (Hersbach et al., 2023), are presented in Fig. 1. The air temperature at 850 hPa in the
Paris region gradually warmed to 20°C from 15 to 18 June under the influence of a 500 hPa cut-off located west of Portugal
and advecting hot air from Northern Africa and the Iberian Peninsula toward France. In addition, a high geopotential at 500
hPa developed over France, causing air subsidence, which further increased the near-surface air temperature. The 850 hPa air
temperature rose until 18 June, which was classified as a notable heat peak day by Météo-France and the national Public Health
Agency (Lemonsu et al., in press). This heatwave ended on the night from 18 to 19 June, as the low-pressure system moved
northeastward, bringing cooler oceanic air over France and leading to heavy rainfall and air temperature drop over the Paris

region.
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Figure 1. Synoptic overview at 12 UTC (14 LT) from 15 to 19 June 2022 based on ERAS5 reanalysis (Hersbach et al., 2023). The colors and

the contours represent the air temperature at 850 hPa and the 500 hPa geopotential height, respectively.

During this heatwave, the strong southerly ow caused a signi cant transport of Saharan dust that affected a large part
of France, including the Paris region. The time series of dust AOD maps at 550 nm, based on the Copernicus Atmosphere
Monitoring Service Integrated Forecasting System (CAMS-IFS, Rémy et al., 2022) (Fig. 2), shows that the dust plume reached
the Paris region in the afternoon of 16 June and left from 19 June, as the low-pressure system moved northeastward. Note tha
the vertical pro les of aerosol backscatter coef cients from ground-based remote sensing measurements obtained during the
PAris region urbaN Atmospheric observations and models for Multidisciplinary rEsearch(PANAME-Urban Lemonsu et al., in
press) experimental campaign show that before 17 June, the dust aerosols were in the troposphere (not shown), so interactior
with aerosols in the boundary layer was not possible before this date.

Figure 2. Dust aerosol optical depth (550 nm) every day at noon from 15 to 19 June 2022 based on CAMS-IFS (Rémy et al., 2022). The
gure is adapted from data and images provided by provided by the World Meteorological Organization (WMO) Barcelona Dust Regional
Center and the partners of the Sand and Dust Storm Warning Advisory and Assessment System (SDS-WAS) for Northern Africa, the Middle

East and Europe.

The dust AOD from CAMS-IFS, whose reanalysis (Inness et al., 2019) serves as input for this study, is compared with
the total AOD measured by ground-based sun photometer located in Palaiseau at the SIRTA (Site Instrumental de Recherch
par Télédetection Atmosphérique Haeffelin et al., 2005) observato?® km southwest of Paris) and with the dust AOD
multimodel forecasts (minimum, maximum and median (called MULTI-MODEL, Basart et al., 2019), based on 16-model
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ensemble) provided by the Barcelona dust regional center plat-form (Fig. 3). For the period considered, CAMS-IFS is quite
close to the median value simulated by the models. The observations of total AOD show a shift toward higher AOD values by
about 0.1 compared to models, which is particularly visible on the rst two days. This offset is due to the model AOD limited

to dust particles. Nevertheless, and despite a large spread of the ensemble, the temporal evolution of the AOD from 16 to 18
June is well represented by the models, with an increase in AOD during the night from 16 to 17 June, a slight decrease on 17
June, and peak values reached during the next night and day. However, there is a large variability in terms of AOD intensity,
the simulated dust AOD on 18 June ranging between 0.1 and up to 0.5. The variability of the AOD values between the data
source can be partly attributed to their quite large spatial resolution difference, from 0.2° for min and max models, to 0.75° for
CAMS-IFS.

Figure 3. Aerosol optical depth at 550 nm from 15 to 19 June 2022. The observation is the total aerosol optical depth at the Palaiseau station
while the model data only represents the effect of the dust aerosols. The min, max and MULTI-MODEL models illustrate the variability

and the median dust AOD values of the 16 models proposed on the Barcelona Dust Regional Center plat-form. The gure is adapted from
data and images provided by the WMO Barcelona Dust Regional Center and the partners of the Sand and Dust Storm Warning Advisory
and Assessment System (SDS-WAS) for Northern Africa, the Middle East and Europe. Here and for the other gures in the manuscript, the

shaded gray time period correspond to nighttime.
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2.2 Model description
2.2.1 Atmospheric model

In this study, the non-hydrostatic research atmospheric model Meso-NH (Lac et al., 2018) is coupled with the SURFace
Externalised land surface modeling system (SURFEX, Masson et al., 2013). For the wind advection, a third-order weight
essentially non-oscillatory scheme (WENO3) is used and combined with a ve-stage third-order Runge-Kutta time-splitting
scheme (Lunet et al., 2017). The atmospheric turbulence scheme, based on a prognostic equation for the turbulent kinetic
energy (Cuxart et al., 2000), only accounts for vertical turbulent uxes and is closed with the mixing length of Honnert et al.
(2021). Deep convection is explicitly resolved while shallow convection is parameterized with an Eddy-Diffusivity-Kain-
Fritsch scheme (Pergaud et al., 2009). The historical radiative solver of Meso-NH is used: the Rapid Radiation Transfer Model
(Mlawer et al., 1997) for long-wave radiation is coupled with a short-wave scheme based on the Fouquart (1980) method.
Finally, microphysics is solved using the ICE3 one-moment scheme (Pinty and Jabouille, 1998; Riette, 2020; Wurtz et al.,
2023).

2.2.2 Dust scheme

The transport of desert aerosols and the evolution of their size distribution are described by three log-normal modes according
to the Organic Inorganic Lognormal Aerosol Model (ORILAM, Tulet et al., 2006). These modes are initialized using CAMS
reanalysis (Inness et al., 2019) of size distribution with median diameters om78.64 m , and 5 m , and respective
standard deviations of 1.75, 1.76, and 1.70 (Crumeyrolle et al., 2011). Radiative properties (extinction, single scattering albedo
and asymmetry factor) are computed on-line using the method described by Grini et al. (2006) and are coupled to the six

wavelength bands of the Morcrette and Fouquart (1986) radiation scheme.
2.2.3 Surface model

Surface physics is handled by SURFEX V9.0.0, according to four main cover types with dedicated surface schemes (sea anc
ocean, inland water, natural soil and vegetation, and urban). The component fraction of the cover types per grid cell is derived
from the ECOCLIMAP-Second Generation land cover database (ECOCLIMAP-SG, Wiki — CNRM, 2018). Each cover type
uses a dedicated scheme to calculate the uxes over the surface. For urban areas, the multilayer version of the Town Energy
Balance (TEB) urban canopy model (Masson, 2000; Schoetter et al., 2020) is used, allowing the buildings to interact directly
with the rst atmospheric layers using a drag approach and releasing uxes at the corresponding atmospheric model levels.
In-canyon urban vegetation and street trees are also taken into account (Redon et al., 2017, 2020). For rural and natura
tiles, the Interaction Soil-Biosphere—Atmosphere (ISBA) land surface model (Noilhan and Planton, 1989) is used, with an
explicit multi-layer soil approach to model water and heat vertical transfers (Decharme et al., 2011). The Multi-Energy Budget
parameterization is activated in ISBA (ISBA-MEB, Boone et al., 2017) to deal with a low and high vegetation canopy that is
separated from the ground.
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2.2.4 Thermal comfort

The TEB model, described in Sect. 2.2.3), computes inline the Universal Thermal Climate Index (UTCI, Fiala et al., 2012). The
UTCI is a bioclimatic index that describes the physiological comfort of humans under speci ¢ meteorological conditions. It is
expressed as a temperature @). Following Bréde et al. (2012), its operational procedure calculation is based on an equation
involving four meteorological variables: air temperatufg,( C), mean radiant temperaturé.{; , C), relative humidity

(RH , %) and wind speeddying , m s 1). Equation (1) shows that UTCI can be calculated as the air temperature plus an offset
that depends on all the aforementioned variables (Brode et al., 2012):

UTCl = Ta+0O set( Ta;Uwind ; Tmrt ;RH) @

TEB computes the UTCI for a person located in the middle of the urban canyon and exposed to the incoming short-wave (direct
and diffuse components) and long-wave radiation, to the short- and long-wave re ected radiation inside the canyon, and to the
infrared radiation emitted by the surrounding walls and ground surfaces (de Munck et al., 2018). lR,TRB,, Tyt , and

Uwing are calculated at 1 m, 1 m, 1.1 m and 10 m above ground level (AGL), respectively. To provide a sub-grid information
on UTCI variability related to sun-shade contrasts, TEB computes two UTCI diagnostics, one for a person standing in the sun

(by considering all radiation contributions) and one for a person in the shade (by excluding direct radiation contribution).
2.3 Numerical experiment

The model is run with a 1.2-km horizontal resolution over a 480 km by 480 km domain, covering the northern part of France
and centered on Paris (Fig. 4). The vertical grid is divided into 68 levels with a rst half-level at 2 m AGL for physical variables
such as air temperature. The grid size increases along the vertical, with a constant stretching of 1.17 up to 1000 m and 1.04
above. The domain extends vertically up to approximately 17500 m. The maximum vertical grid size allowed is 500 m. A
simulation consists of a single 4-days Meso-NH run with a 5 seconds time step.

The objective of the study is to investigate the effect of desert dust aerosols on urban thermal comfort. Thus, only dusts are
explicitly coupled with Meso-NH, the level for the other aerosol types (black carbon, organic and sulfate-type, and sea-salt
aerosols) being taken from the Tegen et al. (1997) climatology. To account for the “actual” changes in dust aerosol concentra-
tions in the atmosphere during the simulation (in response to the passage of the Saharan plume), the dust aerosol data from tt
CAMS reanalysis (Inness et al., 2019) are provided to MesoNH with a 3-hour timestep. To test the sensitivity of the simulation
to the dust aerosols, three simulations are performed: i) CO sets the dust concentration to 0, ii) C1 uses the concentrations fron
CAMS data as input, and iii) C2 doubles the concentrations from CAMS data.

The CAMS reanalysis provides a concentration in dust aerosolg in 2 for each cell of 0.75° by 0.75° ( 73 km by 111 km
at this latitude) with 35 vertical layers within the model domain extension. The inclusion of CAMS aerosols into the Meso-NH
model is prone to uncertainties. The total mass content given by CAMS is distributed according to log-normal modes that can
be described by the Oth, 3rd, and 6th moment of the distribution (Grini et al., 2006; Hoarau et al., 2018). Assumptions are
made on the shape of the distributions of aerosols, which in uence the radiative properties. Note that for simpli cation, only
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dust transport and dry dust deposition are included in the simulations: due to the short period of simulation and the fact that
the aerosols are outside of the boundary layer, the modi cation of the dust aerosols content by wet deposition, aggregation or
chemical reaction is not simulated.

For all simulations, the initial conditions for the atmospheric and surface elds, as well as the atmospheric boundary con-
ditions, come from the analysis output of the french numerical weather prediction model AROME-France (Application of
Research to Operations at Mesoscale, Seity et al., 2011), which uses a three-dimensional variational (3DVar, Brousseau et al.
2016) data assimilation scheme and is also coupled with SURFEX. Data assimilation is not performed directly in Meso-NH.

2.4 Observation network

The simulations described above can be compared with numerous meteorological observations, distributed over the lle-de-
France administrative region (which includes Paris). The measurement types and their locations are shown in Fig. 4 and
described hereafter.
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Figure 4. Representation of the model con guration and observation network. Built-up areas and water bodies are derived from the map

produced by Demuzere et al. (2022).

The AOD for wavelengths between 340 and 1640 nm is observed by two AErosol RObotic NETwork (AERONET) stations
(Holben et al., 1998). One is located in Jussieu (center of Paris) and the second in Palaiseau (blue triangles in Fig. 4).

The Météo-France permanent surface network (Radome, Tardieu and Leroy, 2003) has nine automatic weather stations
(AWS) located nearby Paris that record global solar radiation (purple dots in Fig. 4). Two of them also record direct and diffuse
components of solar radiation (Trappes and Palaiseau), and one record the long-wave radiation (Palaiseau).

Comparing atmospheric model simulations with observations of 2 m AGL air temperature in cities is not straightforward,
due to the lack of representativeness of AWS stations (Oke et al., 2004). Indeed, to follow the WMO recommendations, AWS
operated by national meteorological services should be installed in large and homogeneous areas of at terrain and low-rise
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vegetation. Locations that match these constraints are complex to nd in or near urban areas, as these areas are characterize
by quite high land cover heterogeneity. Thus, in suburban areas, AWS are generally located in small patches of low-rise
vegetation in airports, and, in cities, they are often located in urban parks. In the present study, the grid mesh of the model is
1.2 km. Therefore, a single cell often includes both urban and rural land cover types, this is particularly true in Paris or in its
suburbs. As a consequence, although the observation station is located in a low-rise vegetation area of 200-500 m wide, the
model will calculate uxes released by the low-rise vegetation area but also by a large amount of urbanized surfaces, making the
comparison between simulations and observations non-relevant. To prevent this inconsistency, only in-situ stations where the
corresponding model grid cell surface cover matches their immediate surroundings are used for the air temperature evaluation
This results in 18 rural stations and a unique urban station (Lariboisiére, see Fig. 4). The rural stations are located away from
Paris, whereas the urban site is located in a non-vegetated part of Paris city center (i.e. the surface uxes in the corresponding
model cell are calculated only with TEB). In the model, because of the 1.2 km resolution, suburbs have often a mix in surface
cover between rural and urban features. Therefore, in-situ suburban stations of the Radome network are excluded from the
comparison.

The air temperature of the upper atmosphere is observed using radiosondes measurements released from Bercy (Garrous
and Lemonsu (2023), inner part of Paris, near the Seine River - Fig. 4). The atmospheric boundary layer height is also esti-
mated from two ceilometers, located in Jussieu (near the city center) and Palaiseau, using the algorithm described by Kotthaus
et al. (2020). Note that more details on each instrument can be found in the description of the PANAME-Urban experimental

campaign (Lemonsu et al., in press).

3 Results

The simulations without dust (C0) and with CAMS dust aerosols (C1 and C2) are rst compared to observations in the Paris
region to assess the quality of the simulations, as well as the impact of aerosols on radiation and air temperature. Then, the
effect of aerosols on thermal comfort is investigated in Sect. 3.4. In the following, if not speci ed, the simulation results refer
to C1.

3.1 Aerosol optical depth

According to Fig. 5, the AOD simulated by C1 and observed in the Paris region agree relatively well (Pearson correlation

coef cients is on average 0.58, 0.86 and 0.86 for C0O, C1 and C2 respectively, with p-values much lower than 0.01). A com-

parison of the AOD times series observed at Palaiseau station and simulated at the corresponding grid cell shows that the dus
aerosols cause a sharp increase in AOD on the afternoon of 16 June, that peaks on 18 June. On 15 June, prior to the arrive
of the Saharan plume, background AOD values were much lower. Figures 5a-c show that the higher the wavelength, the lower
the AOD but also that for all wavelengths, the increase in AOD between 15 and 18 June is nearly the same (about 0.3). Lastly,
the small differences in AOD noted between Jussieu (urban) and Palaiseau (suburban) stations, located about 20 km apart (Fic

10
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4), with variations of less than 0.07 for observations and 0.05 for simulations (not shown here), indicate that the effect of dust
aerosols prevails over that of local urban aerosol sources.

However, differences are also observed. First, there is a small negative bias (&buof the simulated AOD on 15 June,
when the dust plume have not yet reached our study area. This bias may be due to the use of a climatological value for aerosol.
other than dust. Indeed, in the Tegen et al. (1997) climatology, aerosol values are expected to be representative of a monthly
mean and may underestimate their concentration. Except on 17 June, the level of magnitude of this daily mean bias remains
constant over time for the C1 simulation. The level of aerosols being maximum on 18 June, this day is considered as the more
interesting to observe the effect of aerosols on the meteorological variables near the surface. The sharp variations in observe
AOD related to the passage of the dust plume are smoothed in the simulation, which is probably explained by the low horizontal
resolution of the initial eld provided by the CAMS data ( 73 km by 111 km at the Paris latitude).

11



Figure 5. Time-series of aerosol optical depth observed (and simulated) at the Palaiseau station (a) at 340 nm (250-440 nm), (b) at 500
nm (440-690 nm), at 1020 nm (690-1190 nm) and (d) at 1640 nm (1190, 2380 nm). Note that this is not possible to observe AOD during
night-time (20 UTC to 04 UTC).

3.2 Radiation

The heatwave event investigated begins on 15 June, one day and a half before the dust plume, with a partially cloudy sky,
followed by three days with increasing dust aerosols above the Paris region. This evolution of atmospheric conditions affect
the global solar radiation. On 15 June, the observed and simulated data show a signal shape and maximum intensity altered b

12
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region from the south-west, affecting the western part of the region (Fig. 6a) more than the eastern one (Fig. 6b).

Figure 6. The global solar radiation (a) in Chartres, the most western radiation station, and (b) in Roissy, the most eastern radiation station.
Note that the observation curve is delineated at the bottom and at the top by the hourly minimum and maximum, respectively.

For the rst two days, there is a limited amount of aerosols in the atmosphere and no signi cant differences between CO, C1
and C2. However, all simulations overestimate the observed incoming solar radiation with a larger bias on 15 June. This could
be caused by contrails in the morning and sparse cumulus humilis in the afternoon that are not present in the simulations (not
shown). The underestimation of AOD for aerosol other than dust (see Sect. 3.1) could also contribute to this bias. Therefore, in
order to quantify the mitigation of incoming solar radiation by dust and evaluate the ability of the model to simulate this effect
(while eliminating the model's inherent biases), Fig. 7a shows the diurnal cycle of solar radiation on 15 June, subtracted from
those on 17 and 18 June in both observations and simulations, for the nine measurement locations (purple dots in Fig. 4). On 17
June, C1 overestimates the effect of aerosols, which is consistent with the AOD overestimation shown in Sect. 3.1. On 18 June,
C1 performs well in the morning, mitigating the global solar radiation up to 75 W m the simulation compared to 65 W
m 2 in the observations. During the afternoon, the mitigation effect is again highly overestimated by about 39 thatis
explained by the different dynamics of AOD (Fig. 5): the observed AOD drops very quickly from noon while it decreases very
slowly in the simulations, leading to an increasing offset. Note that the spike in the simulations occurring in the afternoon is
due to the presence of clouds in the eastern part of the region during the reference day (15 June - Fig. 6b). Despite the identi ed
shortcomings, the daily mean mitigation of global radiation on 18 June is of the same order of magnitude betwegh\@1 (

m 2) and observations (25 W m 2, as shown in Table 1).
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Figure 7. (a) Global, (b) direct and (c) diffuse solar radiation difference for 17 and 18 June compared with 15 June. The mean value of the
nine (two) global (direct and diffuse) solar radiation stations is represented by the curve and is surrounded by a patch delineated at the bottornr

and at the top by the 0.1 and 0.9 quantiles, respectively.

The attenuation of global incoming solar radiation is accompanied by a change in the direct and diffuse components due to
the optical properties of dust particles. This effect is illustrated in Fig. 7b,c using radiation data from Jussieu and Palaiseau.

14
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On 18 June, the partitioning of global radiation in C1 underestimates the diffuse component in the late morning period when
temporary clouds are observed on 15 June (reference day). Otherwise, the diffusive effect of dust is quite well simulated by
C1. The observed effect is more important than the one simulated by C1 and less important than the one simulated by C2.

The daily averages of global solar radiation and long-wave radiation are compiled in Table 1. For the reference day (15 June),
they have the same order of magnitude (350 and 346 & for observations) but the mean bias for C1 is higher for the solar
radiation (+19 W m? against 5 W m 2 for long-wave). However, the effect of dust aerosols on the daily mean long-wave
radiation is minor ( 3W m 2 between C1 and CO on the 18th), which makes these impacts of long-wave negligible compared
with solar radiation reduction (31 W m 2).

Table 1. The daily average global solar radiation (W f) and long-wave radiation (W nt) observed and simulated at the Palaiseau station
for the reference day and the daily anomaly average, corresponding to the difference between a given day and the reference day. The numbel

in brackets are the difference of radiation between a simulation and the observations for the reference day (15 June)

Daily average (bias) Daily anomaly averabe
15 June (REF) 17 June 18 June
Obs 350 12 25
. Cco 369 (+19) 2 1
Global solar radiation (W m?)
C1 369 (+19) 24 32
Cc2 369 (+19) 46 60
Obs 346 +17 +37
o Co 341 (-5) +26 +37
Long-wave radiation (W m?)
Cc1l 341 (-5) +24 +34
Cc2 341 (-5) +23 +32

3.3 Air temperature

3.3.1 Near-ground air temperature

Comparison of near-surface air temperature is performed for the 18 rural sites and for the single urban site. When there
are no dust aerosols in the atmosphere (15 June), the air temperature simulated by the model for urban and rural stations i
underestimated from 06 to 12 UTC (00 - 06 UTC being the spin-up time it is not considered) and overestimated the rest of the
day (about 1.75C for the rural median value - Fig. 8a). For the night between 15 and 16 June (20 UTC - 04 UTC) the bias is
close to zero. The daytime (from 04 UTC to 20 UTC) warm bias increases in rural areas on 17 and 18 June, as temperatures
rise, but differently depending on the simulations : it is maximum for CO (without dust aerosols) and minimum for C2 (by
doubling CAMS dust aerosols). Although trends are quite similar at the urban site for the three simulations (Fig. 8b,d), biases

are lower. A warm nighttime bias with similar distinction between the simulations appears on 17 and 18 June for urban and
rural stations.
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Figure 8. (a) Observed and simulated air temperature and (c) difference between simulation and observation for rural stations. (b) Observed
and simulated air temperature and (d) difference between simulation and observation for the urban station. For rural stations air temperature
differences, the median value of the 18 stations is represented by the curve and is surrounded by a patch delineated at the bottom and at tt

top by the 0.1 and 0.9 quantiles, respectively.

As with solar radiation, the air temperatures in the simulations with and without aerosols start to diverge on 17 June, and
this difference increases on 18 June. Overall, taking aerosols into account clearly improves the simulation of the near-surface
air temperature. In Sect. 3.3.2, the vertical structure of the atmospheric boundary layer is investigated to understand the reasol
for the air temperature bias near the surface, more speci cally the afternoon overestimation.

3.3.2 Upper atmosphere air temperature

The impact of dust aerosols on the vertical stability of the rst 6000 m of the atmosphere can be assessed by comparing the

simulations with each other and with radiosonde and ceilometer measurements. Figure 9 shows the vertical pro les of potential
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air temperaturerecorded by radiosondes released from Bercy on 18 June at 00, 12, 16, and 20 UTC (see location in Fig. 4).

At 00 UTC (Fig. 9a), the urban boundary layer (UBL) is well mixed. Its height is well captured by all the simulations, but its

air temperature is slightly too warm. This is also the case for the residual layer above it up to 1000 m, probably resulting from a
warm bias on the previous day (17 June, not shown). Above 1000 m, in the free atmosphere, the simulated pro les of potential
air temperature are very similar and in good agreement with observations.

At 12 UTC (Fig. 9b), the differences in incoming solar radiation at the surface lead to different boundary layer heights between
simulations. The best boundary layer simulation here is C2. The CO boundary layer grows twice faster, while C1 gives inter-
mediate results. This shows that the dust aerosols have a signi cant effect at this stage of the boundary layer development. At
16 UTC (Fig. 9c¢), all three simulations largely overestimate the vertical development of the boundary layer and underestimate
its inversion strength. The turbulence and thermal scheme used by the Meso-NH model probably simulate a too strong entrain-
ment rate at the top of the boundary layer, which could reduce the stability barrier in the free atmosphere. This could also be
related to a slight time lag in the simulation of the large-scale structure change of the air mass that occurs in the evening. This
strong entrainment causes additional warming of the boundary layer and surface during the afternoon (Fig. 8), due to excessive
vertical extension of the boundary layer, resulting in mixing with warmer air from the upper layers. However, the comparison
of the three simulations highlights the important role of the surface solar radiation reduction (due to the dust plume) in the
dampening of the boundary layer development. At midnight (Fig. 9d), the nocturnal boundary layer develops again, and air
temperature differences between simulations are driven by the afternoon ones.

1The potential air temperature is de ned as the temperature that the parcel would attain if adiabatically brought to a standard reference pressure (1,000
hPa); the calculation is made considering the air as an ideal gas
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Figure 9. Vertical pro le of the potential air temperature simulated by the Meso-NH model and observed by a radiosonde at the Jussieu
station location on 18 June at (a) 00, (b) 12, (c) 16 and (d) 20 UTC terms
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In addition, the temporal evolution of the vertical structure of the rst 4500 m of the the atmosphere during the three days
of the dust event is shown in Fig. 10. The model overestimates the boundary layer height retrieved from the ceilometer at the
Jussieu station, but this is improved in C1 compared to CO. The evolution of the difference in potential air temperature between
C1 and CQ0, vertically and as a function of time con rms previous ndings: taking dust aerosols into account in C1 results in a
cooling of typically 0.5°C throughout the boundary layer compared to CO on 17 and 18 June.

Figure 10. Comparaison of time-series of boundary layer height simulated (CO and C1) and observed at the Jussieu station, and vertical

variation of the potential air temperature difference between C1 and CO at the the same location

3.4 Thermal comfort

In previous sections, the effect of dust aerosols on individual meteorological variables has been investigated. In the present
section, we analyze the spatial and temporal variations of the UTCI bioclimatic index (see Sect. 2.2.4), which aggregates the
effect of several meteorological variables on human thermal comfort. Previous results suggest that the C1 simulation is the
one that catches the best the effect of aerosols on global, direct, and diffuse solar radiation (Fig. 7). However, the near-surface
air temperature is closer to the observation with C2 (Fig. 8). This is probably due to the fact that Meso-NH overestimates the
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entrainment at the top of the boundary layer, causing extra heating near the surface (Fig. 9). Increasing the aerosol quantity ir
the atmosphere, as done in C2, reduces the radiations reaching the surface, and therefore partially compensates for this bias, b
this remains unrealistic. Moreover, the mean radiant temperature is known to be the main variable responsible for the spatial
and temporal variability of human thermal comfort (Lindberg et al., 2025). Thus, only CO (without dust) and C1 (considered
as the most realistic one regarding radiation) are used for this section.

Figures 11a,b show the UTCI calculated with TEB on 18 June for C1, for a person standing within the urban canyon in the
sun and in the shade, respectively (see Sect. 2.2.4). The distinction between sun and shade is made because the mean radi
temperature, a very important driver for daytime outdoor thermal stress (Thorsson et al., 2014), is substantially reduced by
shadow patterns created by obstructing objects such as buildings (Lindberg and Grimmond, 2011; Lindberg et al., 2025). The
results are averaged for the time period from 15 to 17 UTC (17 to 19 LT). This choice is justi ed by two reasons: it is the
hottest time of day, and it is also the preferred time for commuting from work to home. The effect of dust aerosols on thermal
comfort is investigated by calculating the UTCI difference between C1 and CO both in the sun and in the shade (Fig. 11c and
Fig. 11d, respectively). The increase in dust aerosol concentration in the atmosphere results in a slight decrease in UTCI values
for the entire study area, although some contrasts are found: the decrease is more pronounced in the sun and in the city cente
(' 1°C) than in the shade and in the suburbs (about 0°C).
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