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Abstract. In Europe, heatwave conditions associated with southern synoptic flows can sometimes be combined with dust

plame—events—episodes of dust plumes coming from the Saharian desert. Fhe—aerosol-plame—meodifies—the—Change in the
atmospheric composition of aerosols alters the radiation observed near the groundand-conseqtently—, resulting in impacts

on other variables such as air temperature. This study focuses on a-heatwave-and-its-corresponding plume-of-Saharian-dusts
that-havereached-the heatwave experienced by the Paris region from 15 to 19 June 26222022, combined with the passage of

a Saharan dust plume. To investigate the aerosols impact on the-local weather conditions and thermal comfort, three rumerieat
stmtattons-based-on-the-Meso-NH medel-atmospheric numerical simulations are used: one without dust aerosol (CO), one
with EAMS-dust-data-dust aerosols defined from CAMS reanalysis (C1), and one with twice the concentration of CAMS
dust data-aerosols (C2). Simulation C1 is validated against observations from the PANAME-Urban experimental campaign.
The impact-of-aerosols-on-time evolution of Aerosol Optical Depth and incoming solar radiation at the surface are-is well
reproduced, and-the-with improvement in the resulting air temperature and boundary layer heights-are-tmproved-when-taking
into-consideration the aerosols- The presence of a-dust plume during the heat wave contributes to redu %}ML
aerosols into consideration, The radiative effect of dust aerosols results in a decrease in incoming solar radiation and air tem-

perature to-of up to 75 W #mm_2 and 1 K°C, respectively. At 16 :00-UFCinsunny-places-of urban-and-suburban-areasUTC,
it results in a thermal comfort improvement of up to 1°C in sunny urban and suburban areas. However, in the-shade-of-shaded

suburban areas, the increase se-radie ¢ ¢ ¢ as as as in diffuse solar radiation

and humidity and the decrease in wind speed induced by the dust aerosols counterbalance the air temperature decrease, thus
leading-to-no-improvement-of-the-thermal-eomfortresulting in no thermal comfort improvement.

1 Introduction

Atmospherie-aerosols;-The frequency, intensity and duration of heat wave events are increasing over time and is expected
to continue to increase due to climate change (?). Urban citizens, representing most of the world population, are facin
even warmer events due to the urban local climate (Oke et al., 2017). The so-called Urban Heat Island (UHI), defined as the

difference in air temperature between the city and its surroundings, can reach values up to 10 °C for large cities like Paris (?)

and is expected to rise with rising air temperature (?). UHI is generally more pronounced at night but other variables are locall
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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 (?). However, densely built areas
are subject to lower wind speed due to the additional surface roughness created by the buildings (?).

The urban climate is impacted by atmospheric aerosols. For example, ? 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 sch and references therein, dust particles are formed
through natural processes and can be transported from one continent to an-etheranother, influencing atmospheric 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 shortwave(SW)-andlongwave(EW)-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*W m 2 over desert, partly compensated
by the increase of EW-radiations-(about Ho-W=m?—wamlong-wave radiations (about 10 W m~2, wan). 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 nm, the decrease in net SW-solar radiation was

54 W=mZW m_? while the increase in net EW-long-wave radiation was 11 W=m2W m_2. Similarly, at the end of May, ?
reported that including dust-radiation interactions in a simulation of a Saharan dust event in southwest Germany reduced the
net SW-solar radiation by up to 80 W=m*W m_? (for an AOD of 0.36).

These radiative perturbations directly affect the near-surface air temperature. ? simulation reduced significantly (up to 1
K°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 (WRF, Skamarock
et al., 2005) indicated that aerosols reduced net SW-solar radiation by 30-50 W=m2W m 2, corresponding to a 15% reduction
in solar flux (per). This decrease in surface energy led to air temperature reductions of up to 0.3 K°C, consistent with other
observational-estimates-observations (zha, a). 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 tecated-distributed over the boundary layer, the reduction in the
near-surface air temperature reached 4 &-°C (Tulet et al., 2008).

wan-emphasizes—that-the-vertical-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 (?). 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 (wan). Thus, through their effect on radiation and surface-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, per reported reductions in PBL height of

200 m (10%) and wind speed decreases of 1.2 m /ss~2 (6%) in response to aerosol-radiation interactions. Observations by par
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further support this, showing wind speed reductions up to 20% when surface solar flux was suppressed by 200 W=m>W m >
due to Asian dust layers.

Anthropogenic aerosols are among the largest sources of uncertainty in radiative forcing (sto). Mitigation policies have
already demonstrated a reduction of the aerosols concentration (Hodnebrog et al., 2024). Thus, the trend being at adding
more stringent mitigation policies to improve air quality, aerosol emissions are likely to be reduced worldwide during the 21st
century. zha (b) have-investigated the effect of the projected aerosol decrease on the worldwide increase of intensity, frequency,
and duration of heat-wavesheatwaves. Their results show that future greenhouse-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 their-the mean intensity, length and frequency
of heat waves by 0.6 K°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 them-the simulations are performed at coarse resolution (12 km to 36 km - ber and per, respectively) and —to-the

best-of-the-authors-knowledge;none-very few are dedicated to evaluate-the-impaet-on-explore the effect on urban climate

glvoggvspgglvﬁvcvavll\xgg\human thermal comfort. M

aerosols-in-the-atmosphere-—? 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. ?? have explored the aerosol
effect on the UHL 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, ? 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.) 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 period-that-strokes-that strucked the Paris region from 15 to 19 June 2022. The

syneptie-everview-of-this-eventassociated synoptic conditions, based on the ERAS reanalysis (Hersbach et al.), 1s-are presented
in Fig. 1. The air temperature at 850 hPa in the Paris region gradually warms-tp-warmed to 20°C from 15 to 18 June under the

influence of a 500 hPa cut-off located west of Portugal that-generates-adveetion-of-and advecting hot air from Nerth-Northern



Africa and the Iberian Peninsula toward France. In addition, a high geopotential at 500 hPa grews-everFranceleading—te
air-subsideneefurther-inereasing-developed over France, causing air subsidence, which further increased the near-surface air
95 temperature. The 850 hPa temperature-warms-air temperature rose until 18 June, which was classified as a notable heat peak
day by Météo-France and the national Public Health Agency (underrev:in pressLemonsu et al.underrev-in press). This episode
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 impertantrainfall-and-heavy rainfall and air temperature drop over the Paris region.
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Figure 1. Synoptic overview at 12 :66-UTC (14 LT) from 15 to 19 June 2022 based on ERAS reanalysis (Hersbach et al.). The eetours-colors
and the contours represent the air temperature at 850 hPa and the 500 hPa geopotential height, respectively.

100 “During this heatwave,

the strong southerly flow caused a significant 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 CAMS-reanalysis(Rémy-et-al;-2022)ismapped-from-15+to
19-June-2022-in-Copernicus Atmosphere Monitoring Service Integrated Forecasting System (CAMS-IFS, Rémy et al., 2022)
(Fig. 2-The-dust-plume-reaches-), shows that the dust plume reached the Paris region in the afternoon of 16 June and begins
105 to-leave—it-on-left from 19 June, as the low-pressure system moves-moved northeastward. Note that ebservations—derived

from-ground-cetlometers-in-the Parisregion-the vertical profiles of aerosol backscatter coefficients from ground-based remote
sensing measurements obtained during the PAris region urbaN Atmospheric observations and models for Multidisciplina
rEsearch(PANAME-Urban-under rev.in pressLemonsu et al.under rev.in press) experimental campaign show that before 17 Junethe

. the dust aerosols were in the troposphere (not shown), so interactions with aerosols in the boundary layer was not possible

110 Dbefore this date.
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Figure 2. Dust aerosol optical depth (550 nm) every day at noon from 15 to 19 June 2022 based on EAMS-reanatysis CAMS-IFS (Rémy et al.,

2022). Seuree-Pust-The figure is adapted from data and /er-images were-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 €CAMS—data;—used-dust AOD from CAMS-IFS, whose reanalysis (Inness et al.) serves as input for this study, are
ton-is compared with the total AOD measured by ground-based

sun photometer located in Palaiseau at the SIRTA (Site Instrumental de Recherche par Télédetection Atmosphérique ?) observator
(20 km southwest of Paris) inFig iohlic RIT

115
and median (called MULTI-MODEL, bas), based on 16-model ensemble) provided by the Barcelona dust regional center

plat-form (Fig. 3). For the period considered, CAMS-IFS (Rémy-et-al;2622)is quite close to the MUEF-MODEEmedian
120 about 0.1 compared to models, which is particularly visible on the first two days. This offset is due to the model AOD definition;
limited to dust particles. Nevertheless, and despite a large spread of the ensemble, while-the-observations-are-affected-by-all

types-ofacrosols-From-the-end-of +6-June-and-unti-H9-June;the temporal variabitity-evolution of the AOD from 16 to 18 June
is well represented by at-the-models:-there-is-an-inerease-of-the-the models, with an increase in AOD during the night from 16

AAARANRAAARILARAANAANAANAAAR AR A

to 17 nightJune, a slight decrease during-on 17 June&ﬁd—the—mghest—valﬂey and peak values reached during the next night and
ne—However, there is a large variability in terms

of AOD intensity, the simulated dust AOD on 18 June ranging between 0.1 in-SH=AM-and up to 0.5 ZAMG-WRE-CHEM.

125

The variability of the AOD values between the data source can be partty-partly attributed to their quite large spatial resolution
difference, from 0.2° for ZAMG-WRFE-CHEM-and-SH-AMmin and max models, to 0.75° for CAMSCAMS-IFS.
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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 is-only represents the effect of the dust aerosols. The eheice-of-the-min, max and MULTI-MODEL models
was-performed-n-order—to-illustrate the variability of-and the median dust AOD values +ZAMG-WRE-CHEM;-CAMS-ESSHEAM-and

MUEFI-MODEL-of the 16 models proposed on the Barcelona Dust Regional Center plat-form. The figure is adapted from data and /er
images were-adapted-from-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 figures in the
manuscript, the shaded gray time period correspond to nighttime.

2.2 Model and-Numerieal-experimentsdescription

130 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 Ex-

ternalised

—land surface modeling system (SURFEX, Masson et al., 201
. For the wind advection, a third-order weight essentially non-oscillatory scheme (WENO3) is used and combined with a five-

135 stage third-order Runge-Kutta time-splitting scheme (?). The medel-time-step-isset-at-5-seconds—The-atmospheric turbulence
scheme, based on a prognostic equation for the turbulent kinetic energy (?), only accounts for vertical turbulent fluxes and is

closed with the mixing length of Honnert et al. (2021). Deep convection is explicitly resolved while shallow convection is pa-
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rameterized with an Eddy-Diffusivity-Kain-Fritsch schen®. (The historical radiative solver of Meso-NH is used: the Rapid

the Fouquart (1980) method. Finally, microphysics is solved using the ICE3 one-moment scheme (Pinty and Jabouille, 1998;
Riette; Wurtz et al., 2023).

act 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 an

s activatedn ISBA

dealwith a low and high vegetation canopy that is separated from the

is. @ bioclimatic index that describesthe physiologicalcomfort of humansunder speci c_ meteorologicalconditions. It is
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groundsurfaces{”)InTEB,Ta,RH "'Tmrt .’:::and'LJWind arecalculate(htlm,lm,l1mand10mab0vegr0und|eve

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 0th, 3rd, and 6th moment of the distriBtib@mgu et al.). Assumptions are

made on the shape of the distributions of aerosols, which in uence the radiative properties. Note that for simpli cation, only
dust transporis-anddry dustdepositionare included in the simulationBue: dueto the short period of simulation and the fact



that the aerosols are outside of the boundary layer, the modi cation gfuserosols content byet deposition, aggregation
or chemical reaction is not simulatdebral-nen-desertitypesef-acrosolsineachsimulationthe Tegen-etal (19974 ix-cla

205 Eaehsimulation(Co;- ClandC2)consistofasingled-daysMese-NHran—Fhe

210 FEX. Dataassimilationis not performecdirectl

Fig. 4 and described hereatter.
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Figure 4. Representation of the model con guration and observation netw&
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Comparing atmospheric model simulations with observations of &3t air temperature in cities is not straightforward,
due to the lack of representativeness of AWS stations (Oke et al., 2004). Indeed, to follmrdhenendationsft-the Werld

calculatecbnly with TEB). In themodel,becausef the 1.2 km resolution.suburbshaveoftena mix in surfacecoverbetween

3 Results

The simulations without dust (C0) and with CAMS dust aerosols (C1 and Cearparedwith-the-observationsn- Ist

ulation
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3.1 Aerosol optical depth

According to Fig. 5, the AOD simulated by C1 and observed in the Paris region aglee-or-beth-observationsand
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June, the observed and simulated data show a signal shape and maximum intensity altered by the clouds, both in Chartre

and at the top by the hourly minimum and maximum, respectlvely.

For the rst two days wherethere is a limited amount of aerosols in the atmosph&hesh%&laﬁeﬂeveresﬂmateme

290 are not&mulra{edbymemedepresennn_the_s,l,mulatlons(not,,shown) The underestimation ﬁfeneﬂ—deserﬁeﬁ(GD{AOD

295 effect(while eliminatingthe model'sinherentbiases)Fig. 7ashowsthed|urnalcycleof solarradiationon 15 Jun&sub%raeted

consistent with the AOD overestimation shown in Sect. 3.1. On 18 Jae€ 1 simulatienperforms well in the mornlngl%h

14



305

by the different dynamicsof AOD (Fig. 5): in-the-afterneonithe the observed AOD drops very quickliyom noonwhile it

1).
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Figure 7. (a) glebaiGlobal, (b) direct and (c) diffusdewnwardS\W-solar radiation difference for 17 and 18 June compared with 15 June.
The mean value of the nine (two) global (direct and diffuUSeéjsolar radiation stations is represented bylthecurveand is surrounded by

a patch delineated at the bottom and at the top by the 0.1 and 0.9 quaes{esctively.
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2022-66-1aily averaggbias) 2022-06-16 Daily anomaly avel

2022-06-1715 Jung(REF) 2022-66-1817 June .18 June
ObservatiorDbs 350(0) 352(2) .12 338(-12)325(-25
Co 369 P+19 37L( 2 367(-2)368(-1)

Global solar radiation (W m?) 6:19) 2>

C1 369 @+19) 370{1) .24 345(-24)337{-32
Cc2 369 @+19) 369(6)- 46 323{-46)309{-60]
ObservatiorDbs 346 346+17 363383+37
o Co 341(-5) 341126 367378+37
Long-wave radiation (W m?) o c
C1 341(-5) 341+24 365375+34
C2 341(-5) 341+23 364373+32

325 3.3 Airtemperature

3.3.1 Neargrotune-Near-ground air temperature
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Figure 8. (a) Observed and simulatexbseluteair temperature and (c) difference between simulation and observation for rural stations.
(b) Observed and simulatedbseoluteair temperature and (d) difference between simulation and observation for the urban station. For rural
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temperaturén-theafterneenwe suppeseahat(Fig. 7). However,the near-surfaceir temperatures closerto the observation
with C2 (Fig. 8). Thisis probablydueto thefactthatMeso-NHoverestimatethe entrainmengt thetop of theboundarylayer,

is knownto bethe mainyvariableresponsibldor the spatialandtemporalvariability of humanthermalcomfort(?). Thus,only

UTC-—Thechoiceof-thistimeperiodismotivatedby-thefaetthatUTC (17t0 19LT). Thischoiceis justi ed by two reasonsit

odo aYaVa a¥a a dentmbernfineonlan-FrancatsHalhvimovefrom-themrrworknlaeceto-theltrfhomed
OGO Gty Co

a slight decrease in UTCI values for the entire study area, although some contrasts are found: the decrease is more pronounce
in the sun and in the city centesifetit. 1°C) than in the shade and in the suburbs (about 0°C).
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