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Abstract.

Thermally-driven valley circulation plays a key role in transporting air pollutants and heat in mountainous regions, yet the

influence of absorbing aerosols on these local winds remains poorly understood. This study investigates how black carbon

(BC) affects the daytime valley and slope winds using high-resolution idealised WRF-Chem simulations. The study consists

of two simulations: one including realistic BC concentrations that interact with meteorological fields through absorption of5

incoming solar radiation, and a reference case without BC. When comparing the two simulations, absorption by BC leads

to warming in the upper boundary layer and cooling in lower levels during daytime, enhancing boundary-layer stability and

reducing surface heating. As a result, the up-slope winds that develop near the slope surface are weaker and flow in a shallower

layer in the BC simulation. Although BC also weakens the pressure-gradient force between the plain and the valley that drives

the up-valley winds, the up-valley winds in the afternoon become stronger than in the reference simulation. Momentum budget10

analysis for the valley volume shows that weaker up-slope winds reduce the export of momentum associated with up-valley

winds out of the valley atmosphere, allowing stronger up-valley winds to form despite the weaker forcing. Overall, the results

show that absorbing aerosols can modify the thermal structure in the valley and the exchange of heat and momentum between

the valley atmosphere and surroundings, revealing a pathway through which aerosols can influence the valley and slope wind

characteristics.15
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1 Introduction

Day-to-day air-quality in mountain regions is highly influenced by the thermally-driven valley circulation (Serafin et al., 2018).

These local winds exhibit a diurnal cycle and develop due to topography induced horizontally heterogeneous heating in the

lower troposphere. Under favorable conditions, such as fair-weather, weak large-scale forcing, and weakly stable or unstable

stratification, the daytime valley circulation is efficient in transporting pollutants into the free troposphere and reducing pol-20

lutant concentrations in the near-surface layers (Serafin et al., 2018). However, the air-pollution can alter the incoming solar

radiation and thus influence the heat distribution in the atmosphere (Su et al., 2020). In this article, we investigate how the

absorption of incoming solar radiation by aerosols affects the thermally-driven valley circulation in idealised numerical model

simulations.

Atmospheric aerosols alter the incoming solar radiation directly by absorption and scattering (Haywood and Shine, 1995),25

and indirectly by changing cloud properties (Rosenfeld et al., 2008). In this study we focus on the absorption. More specifically,

our simulations include only one aerosol compound, black carbon (BC), which absorbs shortwave radiation strongly (Seinfeld

and Pandis, 1998). BC is emitted directly into the atmosphere mainly from surface-based combustion processes (Briggs and

Long, 2016) and has an important role in the anthropogenic aerosol particulate matter (Kirago et al., 2022; Zhang et al., 2025).

Although BC is regionally transported, the highest concentrations are found near the emissions sources in the boundary layer30

(Bond et al., 2013). Despite its relatively short lifetime of a few days to weeks, BC can still reach remote locations such as

high-altitude observatories, for example, in the Himalayas above 4 km altitude (Bonasoni et al., 2010; Xiang et al., 2021).

The main removal pathways for BC are dry and wet deposition (Seinfeld and Pandis, 1998). Deposition of BC can change the

snow and ice albedo and accelerate the cryosphere melting (Zhang et al., 2020; Kang et al., 2020). Deposition is included in

this study but for simplicity, how the deposition of BC alters the surface properties, such as albedo, are not taken into account.35

Freshly emitted BC is very hydrophobic and ageing increases the hygroscopicity, typically within a timescale of one day (Bond

et al., 2013). To exclude the changes in the BC aerosol population due to ageing during the simulation, in this study we include

only aged BC and there is no further emissions or production by secondary processes of any aerosol compound during the

simulations.

Absorbing aerosols, such as BC, heat the part of atmosphere in which they are located when subject to shortwave radiation.40

In the boundary layer (BL), the vertical distribution of the absorbing aerosols is crucial in defining how they affect the boundary

layer structure and development (Ma et al., 2020; Slater et al., 2022). Within the convective BL aerosols are mixed typically

up to the temperature inversion at the top of the BL. Above the inversion layer, in which the stable temperature profile inhibits

vertical fluxes, the aerosol concentration decreases rapidly. Vertical heterogeneity in the aerosol distribution within the BL can

stem, for example, from regional transport, growth of a surface-based stable inversion which decouples the surface layer from45

the rest of the BL (Slater et al., 2022), or local transport by thermally-driven valley circulation (Gohm et al., 2009). If absorbing

aerosols are located near the BL top or right above it, the absorption of incoming solar radiation leads to warming and further

increases the stability of the top of the BL while reducing the shortwave radiation reaching the lower levels hence weakening

the surface heating (Chen et al., 2022; Ma et al., 2020). Both of these effects suppress buoyancy in the BL and lead to reduced
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BL heights (Ding et al., 2016). This leads to a positive feedback, often referred to as the aerosol-boundary layer feedback (e.g.,50

Petäjä et al., 2016; Su et al., 2020), in which the aerosol-radiation interaction reduces the BL height which further increases the

aerosol concentration due to mixing into a smaller volume. The buoyancy suppressing effect of BC near the BL top or above

it is referred as the dome effect (e.g., Ding et al., 2016; Wang et al., 2018; Ma et al., 2020). Through the dome effect, BC can

prolong and intensify urban haze pollution episodes (Slater et al., 2022; Wang et al., 2023). However, the vertical profile of the

absorbing aerosols is important (Ferrero et al., 2014; Ma et al., 2020; Slater et al., 2022). If more absorbing aerosol mass is55

located in the lower BL, the absorption heats the lower levels which promotes buoyancy and mixing in BL (Ma et al., 2020).

The heating of the lower BL by absorption is referred to as the stove effect and it increases the BL height (Ma et al., 2020) and

helps the dispersion of aerosols to reduce the near-surface concentrations (Slater et al., 2022).

The thermally-driven valley winds consist of along-valley winds and cross-valley winds. In the cross-valley direction, the

winds flow up the slopes during the day and down the slopes during the night (Vergeiner and Dreiseitl, 1987). When the slope60

surface is heated by the incoming solar radiation, the air immediately next to the slope warms more than the air slightly away

from the slope but at the same height. This leads to buoyancy acting along the slope and driving up-slope winds. The night-time

down-slope winds form similarly when the air next to the cooling surface becomes denser than the air slightly away from the

slope. The slope winds respond quickly to the changes in the surface thermal forcing and hence a shallow up-slope wind layer

forms early in the morning shortly after the sunrise. Later in the day, when the whole valley atmosphere is neutral or unstable65

stratified, the up-slope winds still flow in a layer a few hundred meters deep, rather than rising vertically like typical convective

plumes above flat ground (Vergeiner and Dreiseitl, 1987). The strength and depth of the up-slope winds depends on the surface

heating, slope steepness, and the stability of the background atmosphere (Vergeiner and Dreiseitl, 1987; Farina and Zardi,

2023). The daytime cross-valley circulation includes also a return flow towards the valley centre above the up-slope wind layer

and subsidence above the valley centre (Zardi and Whiteman, 2013). At the ridge-top height, the cross-valley circulation act70

on the exchange of heat, mass (e.g. air pollution), and momentum between the valley atmosphere and the troposphere above

(Schmidli and Rotunno, 2012; Leukauf et al., 2015). In daytime, these fluxes include vertical outflow by the up-slope winds

reaching the ridge-top and subsidence inflow into the valley volume from above the valley centre. In terms of heat exchange, the

export of heat can reach up to 50 % of the energy provided by the surface sensible heat flux (Leukauf et al., 2015), depending

on the thermal forcing. The mass transport can be notable as well – the mass export can reach up to five times the valley air75

mass during a day (Leukauf et al., 2016).

The diurnal cycle in the along-valley winds stems from the greater diurnal temperature oscillation in the valley atmosphere

in comparison to the air above the adjacent plain (Serafin et al., 2018). The greater temperature oscillation is explained by a

valley volume effect (Zardi and Whiteman, 2013), also referred to as the topographic amplification factor (TAF). The volume

of air in the valley is smaller than the volume of air above the adjacent plain, when taking the same horizontal dimensions and80

depth of the valley. Given the same heat input at the top of the volume, the smaller air volume exhibits a greater heating rate.

The warmer air in the valley during the day leads to a pressure-gradient force at low-levels directed from the plain towards

the valley. This pressure-gradient force drives the plain-to-valley winds and therefore up-valley winds. Above the up-valley

wind layer forms a return flow in the down-valley direction towards the plain. During the night the temperature difference
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between the plain and the valley volume is reversed and hence the low-level winds flow down the valley and from the valley85

into the plain. However, the difference in the air volume is a theoretical upper-limit for the excess heating of the valley volume,

as the daytime cross-valley circulation exports heat out of the valley volume (Schmidli and Rotunno, 2010). Development

of the up-valley winds is the result of heating the valley volume and hence their formation takes longer when compared to

the up-slope winds (Vergeiner and Dreiseitl, 1987). The fully developed up-valley winds are found typically in the afternoon.

The up-valley winds also flow in a deeper layer occupying even the whole valley volume cross-section and reach higher wind90

speeds than the up-slope wind. The factors which influence the occurrence, strength and depth of the thermally-driven valley

circulation have been investigated in numerous studies by means of measurement campaigns (e.g. Whiteman and Doran, 1993;

Weigel and Rotach, 2004; Rotach et al., 2016) and numerical modelling in both real (e.g. Weigel et al., 2006; Giovannini et al.,

2017; Mikkola et al., 2023) and idealised (e.g. Wagner et al., 2015b; Schmidli and Rotunno, 2010) simulations. These factors

include valley geometry, large-scale weather forcing such as cloud cover and atmospheric stability, surface properties such as95

soil moisture and snow cover, and thermal forcing at the valley surface.

The meteorological factors influencing pollution transport and pollution episodes in mountain regions are well reported in

the literature. Pollution episodes in mountain valleys have been studied by means of observations and numerical simulations,

emphasising, for example, the importance of the large-scale weather (e.g., Cordova et al., 2016), the formation of persistent

temperature inversions in the valleys (Lareau et al., 2013; Largeron and Staquet, 2016; Quimbayo-Duarte et al., 2021), and the100

effect of surface properties such as snow cover (Chen et al., 2012; Whiteman et al., 2014). Transport processes in mountain

regions have been studied by means of observations of air pollutants (e.g., Gohm et al., 2009; Chen et al., 2009; Duan et al.,

2021) and numerical simulations including passive tracers (e.g., Wagner et al., 2015a; Lang et al., 2015; Quimbayo-Duarte

et al., 2019; Rendón et al., 2020; Mikkola et al., 2025). A more complex approach, also using numerical simulations, is

coupled meteorology-chemical transport modelling that has been applied to study the transport of specific aerosol compounds105

reaching the mountains (Zhang et al., 2020; Vitali et al., 2024; Bettineschi et al., 2025), the effect of complex topography on

land-surface exchange processes (Reif et al., 2024), and the chemical transformation of aerosols along their transport (Li et al.,

2011; Bei et al., 2018; Zhang et al., 2020; Ciarelli et al., 2025).

Despite the numerous studies on the meteorology controlling the air pollution in mountain regions, and on the factors

that influence the valley circulation, the effect of aerosols on the thermally-driven valley winds is absent in the literature (to110

the authors’ best knowledge). In this article, we investigate the impact of BC on the daytime thermally-driven valley and

slope winds. This was done by performing two idealised simulations where one simulation has realistic BC concentrations

which affect the thermodynamic and kinematic structure of the valley atmosphere through absorption of solar radiation, and

one simulation with the aerosol-meteorology feedback switched off. We use the Weather Research and Forecasting model

coupled with chemistry (WRF-Chem, Grell et al., 2005) which has shown good performance in previous studies focusing on115

the aerosol-boundary layer interaction with absorbing aerosols over flat terrain (e.g., Ding et al., 2016; Chen et al., 2022).

The WRF-model (without the chemistry module, Skamarock et al., 2019) has been used successfully in idealised simulations

focusing on the thermally-driven valley winds (e.g., Schmidli et al., 2011; Quimbayo-Duarte et al., 2019). Resolving the valley

circulation accurately requires a high-resolution in the numerical model (Goger and Dipankar, 2024). Therefore our simulations
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incorporate a horizontal grid spacing of 200 m, which has been found suitable in previous studies with similar idealised setup120

(Wagner et al., 2015b). The article is structured as follows, the model setup and data analysis methods are described in Section

2, the two simulations are compared in Section 3 and the summary is given in the Section 4.

2 Methods

2.1 Model setup

We perform simulations using the Weather Research and Forecasting model coupled with chemistry (WRF-Chem) version125

4.4.1 (Grell et al., 2005; Skamarock et al., 2019). WRF-Chem is coupled with a budget calculation tool WRFlux (Göbel et al.,

2022) which provides flux computations and online time averaging. The use of WRFlux is further discussed in Section 2.2.

The model domain dimensions are 200 km in the y direction, 40 km in the x direction and the model top is at the height of

12 km. The horizontal grid spacing is 200 m and the simulations are run with a 2 s time step. Sensitivity of the model results

and overall conclusions to the horizontal grid spacing was tested with an additional simulation run with a horizontal grid130

spacing of 100 m and a time step of 1 s (see Appendix A for more details). The 50% reduction in the horizontal grid spacing

results in a negligible change in the valley-volume-averaged fields or the general flow structure. The domain has 100 model

levels with the lowest model level at 15 m above the surface and the model level spacing is less than 100 m below the height of

3 km (Supplementary Figure S1a). The domain has a 5-km deep w-Rayleigh damping layer at the top. The lateral boundaries

are symmetric in y direction (along-valley) and periodic in x direction (cross-valley). The lateral boundary conditions in WRF-135

model are described in Chapter 6 in Skamarock et al. (2019). The idealised valley topography shown in Figure 1 is defined

by Equation B1 given in Appendix B. The valley is south-north oriented, 100 km long, 20 km wide (ridge-top to ridge-top

distance), 2 km deep (ridge-top height) and the cross-valley shape is defined by a cosine function. In the along-valley direction,

the other half of the model domain (y < 0 km) is flat (i.e. is a plain), also 100 km long, except the gradual rise of the ridges

near the valley entrance (0 km> y ≥−12 km).140

The simulations are run in LES-mode (large-eddy simulation) with a three-dimensional 1.5-order TKE (turbulent kinetic

energy) closure, third order Runge-Kutta time-integration, fifth order horizontal advection, and third order vertical advection

of both momentum and scalars. No boundary layer scheme is used in the simulations. Surface layer physics are parameterised

using Janjic Eta similarity scheme (Janjic, 1994). Land surface physics are parameterised using the unified Noah land surface

model (Tewari et al., 2004) which has 4 soil layers. Microphysics are parameterised using the Purdue-Lin scheme (Chen and145

Sun, 2002), however no clouds are formed during the simulations. Shortwave and longwave radiation is parameterised using

the RRTMG scheme (Iacono et al., 2008). Terrain features affecting the radiation (slope angle and topography shadowing) are

considered (Zängl, 2002) and the radiation is updated every 60 s. The latitude of the domain is set at 28 degrees North, and the

simulation is initialized for the equinox, when daylight is 12 hours.

Two simulations are performed, one with aerosol-meteorology feedback and one without. These simulations are referred to150

as AER and CTRL, respectively. Both simulations are 24-hour long starting at 06:00 local time in the morning. Henceforth, all

times are local time. The simulations start from the same meteorological state, which is the result of a 24-hour spin-up run
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Figure 1. (a) Idealised valley topography. (b) Gray shading shows the valley topography along x=±10 km in the main figure and across

y ≥ 0 in the inlet figure. Black dashed lines enclose the valley volume referred in the analysis.

without the aerosol-meteorology feedback. Case CTRL continues from the spin-up without any changes. Case AER continues

from the spin-up, but now with the aerosol-meteorology feedback being switched on. The chemistry setup of case AER is

described in the following paragraphs. The spin-up simulation is initialised with a stable atmosphere using a temperature of155

295 K and a pressure of 1000 hPa at the altitude of 0 m, a constant Brunt-Väisälä Frequency of 0.11 s−1 (Supplementary

Figure S1b). The initial wind components and relative humidity are set to zero throughout the domain. The land use category

and vegetation type are defined as evergreen needle-leaf forest uniform across the whole domain. Soil moisture is initialised

as 0.1 m3 m−3 in all 4 soil layers. This causes a minimal moisture flux, leading to a surface latent heat flux at maximum

of 10 Wm−2 (Supplementary Figure S2c). The simulation is relatively dry on purpose to avoid cloud formation, and in160

fact the surface sensible heat flux is one or two order of magnitude stronger than the latent heat flux during the simulation

(Supplementary Figure S2b-c).

The chemistry is described by the GOCART (Goddard Chemistry Aerosol Radiation and Transport) simple aerosol scheme

(chem_opt=300 in WRF-Chem). As we focus on black carbon (BC), all the other species than hydrophilic BC are set to

zero in the model initialisation. During the 24-h spin-up run, BC is transported by developing winds and 3% of the initialised165

total BC mass is removed by dry deposition at the surface. During the subsequent 24 hours of simulation AER, an additional

1.5 % is removed by deposition at the surface. Neither BC nor any other compound are emitted or produced by secondary

processes during the simulation. The aerosol optical properties are computed using the exact shell approximation method,
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which assumes a shell surrounding the BC core and incorporates a full Mie calculation (Ackerman and Toon, 1981). The

particle size distribution of BC in this aerosol scheme is 25 % of modal mass in Aitken mode and 75 % in accumulation mode.170

The aerosol processes (dry deposition and radiation) are updated every 60 s. As already said in the Section 1, we only include

aged hydrophilic BC.

The 24-hour-long spin-up run is initialised with an idealised BC profile with high concentrations near the surface which

decrease rapidly with height (Figure 2f). By initializing most of the BC mass near the surface, we ensure its transport and

redistribution will primarily occur within the boundary layer during the simulation, reflecting its typical real-life location175

(Bond et al., 2013). Consequently, the actual AER simulation starts after a 24-hour spin-up with a BC field that has been

adjusted to a realistic boundary layer structure (Fig. 2b,g), rather than with the artificial idealised vertical shape of the initial

state (Fig. 2a,f). The BC concentrations in AER are up to 17 µgm−3 in the boundary layer after the spin-up (Fig. 2g) and the

BC column mass is around 2 mgm−2 above the plain and the valley centre (not shown). For reference, Putero et al. (2018)

reported a daily average of 10.2 µgm−3 of surface BC concentration during 2013–2015 in Kathmandu, Nepal, located in the180

Himalayan foothills. Wiedensohler et al. (2018) reported daytime surface BC concentrations between 8 to 20 µgm−3 during

September and November 2012 in La-Paz, Bolivia, located in the Andes. Ferrero et al. (2014) reported mean BC concentrations

of 8–10 µgm−3 throughout the mixed layer during February 2010 in Milan, Italy, located in the Po valley. In Beijing, China,

the surface BC concentrations reach 20 µgm−3 and beyond during haze pollution events (Ding et al., 2016; Wang et al.,

2018). Wang et al. (2013) estimated the BC column mass in Beijing using ground-based remote sensing and reported an annual185

variation between 2.7 and 7.3 mgm−2 in 2009–2010.

2.2 Data analysis

Budget computation and online time-averaging is handled by the WRFlux-tool (Göbel et al., 2022) v1.4.1 which is a fork of

the default WRF v4.4.1 repository (Göbel, 2022). All the model output shown in this article is based on the hourly averages

from WRFlux. The analysis focuses on the valley volume, which refers to the air volume defined by y ≥ 0km and z ≤ 2km,190

shown by the dashed lines in Fig. 1b. As the lateral boundaries of the model domain are periodic in the x-direction, an

identical parallel valley is located across the model x-boundaries (|x|> 10 km) in addition to the valley in the middle of the

domain (|x| ≤ 10km). The analysis covers the whole domain width in the x-direction, meaning also the two valley halves at

|x|> 10 km are included in the spatially averaged or integrated values.

Along-valley momentum and heat budgets are retrieved using the post-processing tool of WRFlux to compute the tendency195

of each budget term from the hourly averaged WRFlux output. The tendency budget terms include transport of heat and

momentum decomposed into resolved mean advection (referred to as ADV in this study), resolved turbulent (TRB) and sub-

grid-scale (SGS) diffusion components using Reynolds decomposition (Göbel et al., 2022). The momentum budget includes a

tendency from the pressure gradient forcing (PGF) which is retrieved from the Runge-Kutta and acoustic step modules in WRF-

Chem. The heat budget includes tendencies from the radiation scheme separately for shortwave (RSW) and longwave (RLW)200

components. The components ADV, TRB, and SGS are output in the x, y and z-directions. In this study, the y-component of
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the resolved transport and SGS diffusion is referred to as the along-valley component. The sum of the x and z-components is

referred to as the cross-valley component.

The along-valley momentum tendency is given as

∂v

∂t
=
∑
i

Fv,i = ADVv +TRBv + SGSv + PGFv (1)205

where v is the y-component of the wind vector. The heat tendency is given as

∂θ

∂t
=
∑
i

Fθ,i = ADVθ +TRBθ + SGSθ +RSWθ +RLWθ (2)

where θ is the potential temperature. Fθ,i and Fv,i are the individual terms on the right-hand-side of the heat and along-valley

momentum budgets, respectively. Finally, the post-processed tendency terms are mass-weighted over the valley volume to give

the along-valley momentum and heat budget by210

1

M

∫
V

ρ
∂S

∂t
dV =

∑
i

1

M

∫
V

ρFS,i dV , (3)

where S is either v or θ, M is the total mass of air in the valley volume V and ρ is the dry air density. The volume integral of

Equation 3 is approximated by a mass-weighted sum of the contribution of all grid boxes in the valley, taking into account the

grid box volume.

3 Results215

3.1 Vertical profiles of BC and potential temperature

Figure 2 shows vertical profiles of potential temperature, BC concentration, and potential temperature tendency from the

shortwave radiation scheme, subsequently referred to as the heating rate. The hourly averages are spatially averaged along the

centre line of the domain (x= 0 km) above the valley (y > 0 km, solid lines) and above the plain (y < 0 km, dashed lines).

The simulations start at 06:00 from the same initial state as shown in Figure 2b. The initial state has a stable layer below220

1 km and above that there is a less stable layer up to 2 km formed by the nocturnal cooling during the spin-up. Above these

stable layers, there is a neutral residual layer that extends up to 3.5 km which was formed during the daytime of the spin-up.

In CTRL by midday, a convective surface-based layer up to 0.5 km has developed but above that the stable layer below 2 km

still remains (Fig. 2c). In the afternoon at 14:00-15:00, a well developed convective boundary layer reaches up to about 3.5 km

above the plain (dashed lines in Fig. 2d) and 4 km above the valley (solid lines). Case AER develops in a very similar manner225

to case CTRL with 1–2 K colder potential temperatures below 0.5 km and slightly higher potential temperatures (less than

0.5 K margin) above 0.5 km at midday (Fig. 2c). This means the stability below 2 km is stronger in case AER. In the afternoon,

case AER has a well developed convective boundary layer up to a similar height as in CTRL with around 1 K higher potential

temperatures above 1 km. The convective boundary layer within and above the valley (solid lines) is around 2 K warmer than
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Figure 2. Top row: Vertical profile of potential temperature in both cases AER and CTRL Bottom row: Vertical profile of black carbon and

potential temperature tendency from the shortwave radiation scheme in case AER. (a,f) Horizontally uniform initial conditions of the spin-up

run. (b,g) Initial condition of the cases AER and CTRL after the 24-hour spin-up. Hourly averages between (c,h) 11:00-12:00 (d,i) 14:00-

15:00 and (e,j) 17:00-18:00. Solid lines show the vertical profile averaged over the valley centre line (y > 0 km, x= 0 km) and dashed lines

above the plain (y < 0 km, x= 0 km). Note the different temperature and black carbon concentration scales between the panels and that

both cases AER and CTRL have the same spin-up and initial state shown in (a-b).

above the plain (dashed lines) in both simulations. At 17:00-18:00 a surface-based inversion develops in the valley in both230

simulations, whereas over the plain the near-surface stability is near-neutral (Fig. 2e).

The initial BC profile in case AER has two distinct layers with concentrations around 17 µgm−3 below 2 km (Fig. 2g) in

the stable layer and concentrations around 8 µgm−3 between 2 and 3.5 km. BC concentration decreases rapidly with height

above the inversion top at 3.5 km. During the night of the spin-up, BC has accumulated more in the near-surface layer than at

higher altitudes (Fig. 2g). This is a result of the nocturnal winds in the valley flowing down the slopes and the surface-based235
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inversion that develop during the night (Fig. 2b), as a similar vertical distribution of BC is found above the plain as well (Fig.

2g). Through the course of the day, the vertical gradient of BC weakens (Fig. 2h-j) as the convective mixing and vertical

transport by the valley and slope wind circulation takes place (Section 3.2). The well-mixed layer above the valley is deeper

and, therefore, BC is mixed in a deeper layer than above the plain (Fig. 2i-j).

The absorption of shortwave radiation by BC in case AER causes a heating rate of up to 0.3 Khr−1 at midday (Fig. 2h). The240

heating rate is on a similar scale to what is reported in previous studies focusing on BC absorption with similar BC concentra-

tions (e.g., Wang et al., 2018; Slater et al., 2022). In case AER, the shortwave heating rate does not increase linearly with the

BC concentration (Fig. 2h-j). This is due to less of the incoming solar radiation reaching the lower levels (see Supplementary

Figure S2a) as absorption by BC occurs above. At midday with the clearly higher BC concentrations below 2 km, the short-

wave radiative heating is strongest there (Fig. 2h). In the afternoon when the vertical gradient of BC is weaker, the shortwave245

heating rate is near equal throughout the well-mixed layer even though the BC concentrations near the surface are still higher

than aloft (Fig. 2i-j). The direct radiative effect of BC causes warming rates up to 0.3 Khr−1 due to shortwave absorption.

However, BC causes a differential heating effect within the boundary layer leading to both cooling and warming at different

altitudes. This is seen when the potential temperatures of cases CTRL and AER are compared in Figures 2c-e. The cooling due

to BC below 0.5 km at midday is at most around 2 K above both the valley and the plain (Fig. 2c). In the afternoon in the250

valley, BC causes warming above 1 km and cooling below 1 km. The simultaneous cooling near the surface and warming of

the upper boundary layer means BC makes the boundary layer more stable. Above the plain, the cooling effect near the surface

is also seen at midday but in the afternoon the entire boundary layer above the plain is warmed with increasing strength towards

the inversion top (Fig. 2i-j). The warming above 1 km is around 1 K with increasing strength towards the inversion top in the

afternoon at 15:00 and 18:00 (Fig. 2d-e). Although the BC concentrations are higher at lower levels in the beginning of the255

day, the effect from BC on the potential temperature profile resembles the dome effect (Sect. 1), in which the stability in the

boundary layer is strengthened due to the BC interaction with radiation (e.g., Ding et al., 2016).

3.2 Spatial structure of the daytime valley circulation

Figure 3 shows vertical cross-sections of the v-component of the wind speed (shaded) and potential temperature (black lines)

along the valley centre line x= 0 km and across y = 25 km averaged at 14:00-15:00 for the two simulations. Panels b and d260

also show the cross-valley wind in x-z-plane as gray vectors. In addition, panels e and f show the BC concentration, and panels

g and h show the potential temperature tendency from the shortwave radiation scheme for the case AER.

Daytime plain-to-valley and namely up-valley winds (red colors in Fig. 3a-d) form in both simulations as a result of the

temperature difference between the valley atmosphere and the air above the plain below the ridge height of 2 km. The warmer

temperatures in the valley compared to over the plain, also seen in the vertical profiles in Figure 2d, is evident in Figures265

3a,c. Above the up-valley wind layer outside the valley forms the return flow in the down-valley direction (blue colors in Fig.

3a-d). The up-valley winds reach their maximum strength near the valley entrance and decay towards the end of the valley.

Qualitatively the spatial structure of the up-valley winds and potential temperature do not differ drastically between the cases

CTRL (Fig. 3a-b) and AER (Fig. 3c-d). However, the up-valley winds are stronger in the up-valley jet (0 km < y <25 km) in
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case AER at the shown time 14:00-15:00 and they extend slightly further into the valley. The two cases develop a surface-based270

convective boundary layer of similar depth but towards the inversion top the case AER is around 1 K warmer than case CTRL

(Fig. 3c,e), which was also seen in Figures 2d-e.

In the cross-valley direction, up-slope winds form near the heated slopes (Fig. 3b,d). The up-slope winds from both sides

converge at the ridge top (|x|= 10 km) resulting in an updraft above the ridge. The cross-valley circulation below the inversion

top at 4 km includes also the return circulation away from the slopes and subsidence above the valley centre. Due to the diurnal275

cycle of solar radiation, there is an asymmetry within the valley as the eastward facing slope receives solar radiation earlier in

the day than the westward facing slope. In the afternoon the westward facing slope (shown in Fig. 3b,d) has stronger winds

than the eastward facing slope. The up-slope winds flow in a deeper layer in case CTRL (Fig. 3b) than in AER (Fig. 3d). Based

on theoretical models (Vergeiner and Dreiseitl, 1987) and real-life observations of up-slope winds (Farina and Zardi, 2023),

reduced surface heating and increased stability would both make the up-slope winds weaker and shallower which is in line with280

Figure 3b,d. In case AER, the reduction in surface heating stems from the absorption of shortwave radiation by BC within and

above the valley. In addition, the heating due to shortwave absorption above the valley increases the stability. Two vertically

stacked cross-valley circulation cells separated by an inversion layer (at around z = 1.5 km) are seen in case AER (Fig. 3d) but

not in case CTRL (Fig. 3b). The formation of such a stacked circulation is favored by increased stability (Wagner et al., 2015b).

Spatial variation of BC in AER is highly influenced by the valley circulation (Fig. 3e-f). The plain-to-valley winds transport285

BC towards the valley (Fig. 3c,e). From the bottom of the valley centre BC is carried up the slopes and out of the valley

by the cross-valley circulation (Fig. 3d,f). The lateral and vertical transport of BC away from the valley centre is seen as a

drop in BC concentration along the valley axis (Fig. 3e) when entering from the plain into the valley. Over the plain below

2 km there is less variation in BC in the y-direction. Above the valley the BC layer is deeper than over the plain. Once BC is

transported above the valley, the return winds above the ridge height carry some of it towards the plain (Fig. 3c,e). In addition,290

the convective mixing above the plain causes vertical transport of BC. The subsidence over the centre of the valley by the

cross-valley circulation brings cleaner air (i.e. air with lower BC concentration) from above into the valley atmosphere, seen

around x= 0 km between a height of 1.5 to 2.0 km (Fig. 3f).

Spatial variation in the shortwave heating rate (Fig. 3g-h) is strongly correlated with the BC concentration (Fig. 3e-f). At

14:00-15:00, the strongest shortwave heating occurs where BC concentrations are largest, i.e., below 2 km above the plain,295

above the ridges, and in the down-valley wind return flow. Similarly, as seen in the averaged vertical profiles (Fig. 2h-j),

stronger heating is found at higher altitudes (Fig. 3g-h). The reason is, that due to absorption aloft, less solar radiation reaches

the lower levels which leads to weaker heating rate although the BC concentrations are nearly the same.
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Figure 3. Cross-sections (a,c,e,g) along the valley centre line and (b,d,f,h) across the valley at y = 25 km averaged between 14:00 and

15:00. Panels (a-b) are from the case CTRL and panels (c-h) are from the case AER. (a-d) Along-valley wind speed (shaded) and potential

temperature (black solid lines). Positive along-valley wind speed refers to up-valley hence right-ward wind in (a,c). (e-f) Black carbon

concentration. (g-h) Potential temperature tendency from shortwave radiation scheme. Red dashed line in (a,c,e,g) show the ridge height at

x=±10 km.

3.3 Temporal evolution of the valley circulation

Figure 4 shows the temporal evolution of the average v-component of the wind in the valley volume, the u-component of the300

wind averaged over the lowest 300 m above ground level (AGL) within the valley, and the potential temperature difference

between the valley volume and the plain below 2 km. The 2 km reference height above the plain in the potential temperature
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difference calculation is used to match the ridge height of the valley volume. Positive v-component of the wind refers to up-

valley wind. Positive (negative) u-component of the wind on the east (west) slope refers to up-slope wind. Hourly averages are

plotted at the end time of each hour and the volume averages are calculated by weighting the individual grid-point values by305

both density and grid-box volume.

The simulations start at 06:00 with down-valley and down-slope winds that were formed during the night of the spin-up run

(Supplementary Fig. S3). In both simulations, the cross-valley winds in the lowest 300 m above the slopes turn up-slope during

the first hour on the west slope (solid line in Fig. 4b) and by 10:00 on the east slope (dashed line). The up-slope winds peak

in strength around 13:00 on the west slope and around 16:00 on the east slope. The cross-valley winds turn down-slope on the310

west-slope around 17:00 and on the east-slope by 19:00. The time lag between the slopes is caused by the diurnal cycle of solar

radiation which causes the west slope (east facing) being sun-lit first in the morning and in turn the east slope (west facing)

is sun-lit later in the afternoon. The up-slope winds peak in strength between 1.8 and 2.7 ms−1 with some variation between

the simulations and the slopes. The up-slope winds are stronger in case CTRL on both slopes. Given the deeper flow layer, the

stronger up-slope winds in CTRL would lead to even larger difference in the up-slope mass flux (Supplementary Figure S4).315

The up-slope wind maxima are stronger on the east slope in both simulations.

In both simulations, the along-valley wind turns up-valley around 09:00 and reaches the peak strength of around 5 ms−1 in

the evening (Fig. 4a). The up-valley winds peak at 19:00 in case AER and at 20:00 in case CTRL. Until midday both cases have

similar up-valley wind speeds but between 12:00 and 18:00 case AER has stronger up-valley winds. After the up-valley wind

speeds peak at 4.7 ms−1 in AER at 19:00, the case CTRL has stronger up-valley winds with also a higher maximum strength320

at 5.2 ms−1. The average along-valley wind speed between 12:00 and 20:00 is 2.3 ms−1 in case CTRL and 2.6 ms−1 in case

AER. The along-valley winds turn down-valley at 23:00 in case AER and at 01:00 in case CTRL.

As noted in Sections 3.1 and 3.2, in both simulations the valley atmosphere is warmer than the air above the plain below the

ridge height during the day. This is seen from the very beginning of the simulations and the maximum potential temperature

difference of approximately 1.6 K is found for both simulations around noon (Fig. 4c). After that, in the case AER the valley-325

plain temperature difference slowly decays while in the case CTRL it stays near constant until 16:00. Slightly after the up-valley

winds peak in strength, the potential temperature difference turns negative, hence the air above the plain becomes warmer than

in the valley volume and a few hours later the along-valley winds turn down-valley (Fig. 4a) in both simulations.

An important remark to make is the contradiction between the up-valley wind speeds (Fig. 4a) and the valley-plain potential

temperature differences (Fig. 4c). In the afternoon, when the case AER has stronger up-valley winds, the valley-plain potential330

temperature difference is in fact weaker than in the case CTRL, which is opposite to what the classic valley wind theory states

(Section 1). According to this theory, the valley-plain potential temperature difference that causes the pressure gradient force

between the valley and the plain should be the main driver of the plain-to-valley and up-valley winds. In the following Section

3.4, we attempt to explain why the case AER has stronger up-valley winds even with a weaker valley-plain potential temperature

gradient.335
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Figure 4. Mass-weighted average of the (a) v-component of the wind in the valley volume (b) u-component of the wind in the nearest 300 m

layer from the surface in the valley. (c) Mass-weighted potential temperature difference between the valley volume (y > 0 km) and the lowest

2 km above the plain (y < 0 km).

14



Figure 5. Along-valley momentum budget for the valley volume in (a) CTRL and (b) AER and (c) difference between the two cases. See

Section 2.2 for details on the budget analysis. Left-hand-side of the Equation 3 for along-valley momentum is shown on black dotted line and

the sum of the terms on the right-hand-side as black dashed line, respectively. (d-f) Same as (a-c) but for the tendency due to mean advection,

resolved turbulence and sub-grid-scale diffusion decomposed into along and cross-valley components. The cross-valley component includes

the vertical one.
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3.4 Along-valley momentum budget

Figure 5 shows the temporal evolution of the along-valley momentum budget for the valley volume. For a detailed description

of the budget analysis refer to Section 2.2. In the left-hand-side panels (a-c), the four terms in the along-valley momentum

budget are plotted (see Eq. 1): the pressure-gradient force (PGF), mean advection (ADV), resolved turbulence (TRB), and

sub-grid-scale diffusion (SGS). On the right-hand-side panels (d-f) ADV, TRB and SGS are decomposed into the along-valley340

(y) and cross-valley (x+ z) components. Panels (c) and (f) show the difference between the cases AER and CTRL.

The along-valley momentum tendency (black dotted) and the sum of the budget terms (black dashed) show good agreement

in both simulations (Fig. 5a-b). This comparison ensures that the momentum budget closes and thus is computed correctly.

In case CTRL the net tendency reaches a maximum in the afternoon at 17:00, turns negative around the hour of the peak

up-valley winds (Sect. 3.3) at 20:00 and reaches a minimum during the evening transition at 21:00 (Fig. 5a). Schmidli and345

Rotunno (2012) performed an along-valley momentum analysis for idealised valley simulations. The temporal evolution of the

net momentum tendency and the budget terms in their simulation called "periodic" are similar to what is shown for case CTRL

in Figure 5a. The individual terms of both their and our simulation have similar magnitudes. Detailed comparison between case

CTRL and the simulation in Schmidli and Rotunno (2012) is not performed as there are major differences in the simulation

setup, such as the numerical model, horizontal grid spacing, domain latitude, and valley geometry.350

In case AER the net tendency reaches the maximum, turns negative and reaches the minimum one to two hours earlier

compared to CTRL (Fig. 5a-b). Overall, the diurnal evolution of the net tendency is similar between the simulations but there

are some notable differences in the magnitude, especially from 09:00 until 18:00. Between 10:00 and 15:00 case AER has a

stronger positive tendency of the along-valley momentum (Fig. 5a-b) which is in line with the stronger up-valley winds (Sect.

3.3). In contrast, the peak strength in the momentum tendency in case CTRL is higher (Fig. 5a-b), which is again in line with355

the stronger peak up-valley wind speeds (Sect. 3.3).

In both simulations the PGF has a similar diurnal cycle (Fig. 5a-b) as the valley-plain potential temperature difference

(Section 3.3), driving the daytime up-valley winds and night-time down-valley winds. The temporal evolution of the PGF

is similar between the cases CTRL and AER but with a larger daytime magnitude in CTRL (Fig. 5c) which is in line with

the stronger valley-plain temperature difference in CTRL discussed in Section 3.3. TRB and SGS reduce the along-valley360

momentum during the day and have negligible values during the night (Fig. 5a-b). The along-valley component of TRB and

SGS (dashed lines in Fig. 5d,e) are negligible low throughout the simulation. TRB and SGS include, for example, tendencies

such as the surface drag but also tendency due to turbulent exchange between the valley volume and the surroundings at

the valley entrance and at the ridge-top height. TRB shows very similar values for both simulations (Fig. 5c). Along-valley

momentum is reduced more by SGS in case AER which can be explained by the higher up-valley wind speeds hence stronger365

surface drag (z-component included in the cross-valley, Fig. 5d-f).

During the day, the largest difference in the along-valley momentum between the cases AER and CTRL results from the

mean advective tendency (ADV, Fig. 5c). In AER, ADV stays positive from 11:00 until the end of the simulation (Fig. 5b)

where as in CTRL ADV has negative values in the afternoon from 13:00-16:00. During daytime, positive ADV would refer
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to advection of air with high along-valley momentum at the valley entrance by the plain-to-valley winds (Sect. 3.2), which370

is seen as positive values of the ADV along-valley component (dashed line in Fig. 5d,e). Interestingly, in CTRL the daytime

cross-valley circulation reduces the along-valley momentum (negative values, dotted line in Fig. 5d) as the up-slope winds

carry air with high along-valley momentum (i.e. up-valley winds) vertically out of the valley volume at the ridge height. This is

also seen in the cross-section in Figure 3b as there are up-valley winds outside the valley volume above the ridge height which

may be interpreted as a direct consequence of a vertical transport of along-valley momentum. In addition, the return flow and375

subsidence above the valley centre bring air with low or down-valley momentum into the valley volume from above which

reduces the up-valley momentum. However, in the case AER the export of up-valley winds / import of down-valley winds by

the cross-valley circulation is weak or even absent between 10:00 and 15:00 (Fig. 5e). In case AER, up-valley winds are seen

above the ridge in Figure 3d at 15:00, but much weaker than in the case CTRL. The transport by TRB and SGS may also

contribute in the export of along-valley momentum, but the most striking difference between the simulations are found in the380

mean advective part (Fig. 5c,f).

3.5 Heat budget

Figure 6 shows the temporal evolution of the heat budget for the valley volume (see Eq. 2). The heat budget involves a resolved

mean advective term (ADV), a resolved turbulent term (TRB), a sub-grid-scale diffusion term (SGS) which involves the surface

sensible heat flux, and the heating tendencies due to shortwave (RSW) and longwave radiation (RLW).385

Similar to the momentum budget, the sum of the budget terms (black dashed) and the independently computed heat tendency

(black dotted) show a good agreement throughout the simulations (Fig. 6a,b), indicating that the budget is closed. In both

simulations, the warming is strongest at midday and the valley volume starts cooling two hours before sunset around 16:00.

The strongest cooling occurs around 18:00 during the evening transition and decays with time during the night. In case CTRL,

the net heat tendency in the valley volume and the individual heat-budget terms exhibit a diurnal-cycle shape and magnitude390

similar to those reported by Schmidli and Rotunno (2012), who performed a comparable heat-budget analysis for their idealised

valley simulation, “periodic".

The mean daytime valley circulation acts to cool the valley volume, seen as negative ADV in Figures 6a-b. This includes

import of cold air at the valley entrance by the plain-to-valley winds (ADV along in Fig. 6d,e), and export of warm air at the

ridge-top height by the up-slope winds (ADV cross in Fig. 6d,e). During the evening transition, the net tendency turns negative395

before sunset as the heating from the solar radiation weakens and the prevailing daytime valley circulation cools the valley

volume (Fig. 6a,b).

Sub-grid-scale diffusion (SGS) shows a clear diurnal cycle with a peak at noon and a constant negative tendency during the

night (Fig. 6a,b). In case AER there is heating due to shortwave radiation (RSW) during the day with a heating rate less than

0.2 Khr−1 in the valley volume. RSW has the strongest values at 10:00-11:00. This is probably due to BC ventilation out of the400

valley volume by the daytime cross-valley circulation (Section 3.2). Earlier in the day, more BC is located in the valley volume

compared to above the valley (Fig. 2h-j). As the BC is transported out of the valley, the heating due to BC absorption occurs
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Figure 6. Heat budget for the valley volume in (a) CTRL and (b) AER and (c) difference between the two cases. See Section 2.2 for details on

the budget analysis. Left-hand-side of the Equation 3 for heat is shown on black dotted line and the sum of the terms on the right-hand-side

on black dashed line, respectively. (d-f) Same as (a-c) but for the tendency due to mean advection, resolved turbulence and sub-grid-scale

diffusion decomposed into along and cross-valley components. The cross-valley component includes the vertical one.
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more and more outside the valley. This reduces the shortwave radiation aloft, hence, there is both less shortwave radiation and

less BC mass in the valley volume.

When comparing the two simulations in Figures 6c,f, the reduction in SGS due to the BC absorption is stronger than the405

positive heat tendency due to RSW in the valley volume. The surface heating (SGS) is reduced as the absorption by BC reduces

the incoming solar radiation reaching the ground. However, the absorption occurs also above the valley (Sections 3.1–3.2), not

only within the valley volume for which the heat budget is computed. This leads to a reduction in the shortwave radiation

reaching the top of the valley volume in case AER when compared to the case CTRL (Supplementary Figure S2a). The unequal

heat input from shortwave radiation leads to asymmetry between the reduction of heating by SGS and the increase of heating410

by RSW. However, the difference in TRB seems to even out the asymmetry between SGS and RSW as the net difference

between the simulations follows very closely the ADV term (Fig 5c). All of the TRB comes from the cross-valley component

(Fig. 6f) which would mean a weaker export of heat at the valley top in AER in the afternoon. The temporal evolution of ADV

in the along and cross-valley directions look qualitatively very similar between the simulations (Fig. 6d,e) with the one to two

hour time lag in the evening transition. The stronger negative values in the along-valley component of ADV in case AER in415

the afternoon might be caused by the stronger plain-to-valley winds, however, the weaker valley-plain potential temperature

difference would compensate this. Throughout the day, the export of heat by the cross-valley component of ADV is stronger in

case CTRL than in case AER. This is likely caused by the reduced surface heating and increased stability due to the shortwave

absorption by BC leading to weaker up-slope winds in case AER (Sections 3.2–3.3).

4 Conclusions420

The impact of black carbon (BC) on daytime valley and slope winds was studied by means of high-resolution WRF-Chem

simulations with idealised valley topography. The study consists of two 24-hour-long simulations that start from the same initial

conditions that have been achieved by a 24-hour spin up. One simulation, referred to as AER, has realistic BC concentrations

affecting the thermodynamic and kinematic structure of the atmosphere mainly through the absorption of incoming solar

radiation. The reference simulation, referred to as CTRL, is run without the effects of BC and, hence, the aerosol-meteorology425

feedback is switched off.

During daytime BC alters the potential temperature by warming the top of the boundary layer above 1 km and cooling the

levels below 1 km. The absorption aloft leads indeed to reduced surface heating in case AER as less solar radiation reaches

the ground. Warming above and cooling at lower levels means the stability in the boundary layer is stronger in case AER. The

reduced surface heating and higher boundary layer stability leads to weaker up-slope wind speeds in the case AER. Between430

13:00 and 19:00 the case AER has stronger up-valley winds than the case CTRL, although the potential temperature difference

between the valley atmosphere and the air above the plain is weaker. Based on the classic valley wind theory, the weaker

potential temperature difference and associated weaker pressure-gradient force should result in weaker up-valley winds, which

is not the case in our simulations.
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To disentangle this counterintuitive result, along-valley momentum and heat budgets were computed for the valley volume435

using the WRFlux-tool. The momentum budget analysis shows that although the daytime pressure-gradient forcing is stronger

in case CTRL, the net momentum tendency is higher in case AER mainly due to weaker export of along-valley momentum by

the cross-valley circulation. In case CTRL, the daytime up-slope winds transport air with high along-valley momentum (i.e.

up-valley winds) vertically out from the valley. In contrast, with the weaker up-slope winds in case AER due to reduced surface

heating and higher stability in the valley atmosphere, less along-valley momentum is exported out of the valley volume. This440

allows stronger up-valley winds to develop in the afternoon in case AER although the pressure-gradient forcing is stronger in

case CTRL. However, in the evening the maximum up-valley winds are stronger in case CTRL. The heat budget analysis shows

that the difference between the simulations in the net heat tendency follows closely the difference in the heat tendency due to

the mean advection. Throughout the day and the evening transition, the mean flow advection acts to cool the valley volume in

both cases. The warming in the valley volume due to absorption of shortwave radiation by BC in case AER is weaker than the445

reduction of heat flux from the surface. This is likely due to the valley volume in case AER receiving less solar radiation as BC

absorption occurs also above the valley volume.

The daytime up-valley winds in case CTRL exhibit magnitudes comparable to those found in previous studies using similar

idealised model experiments (e.g. Schmidli and Rotunno, 2010; Wagner et al., 2015a). The heat and momentum budgets also

exhibit similar diurnal behavior and are a similar order of magnitude as what Schmidli and Rotunno (2012) found in their450

budget analysis of similar idealised simulations. Results from our simulations show that realistic BC concentrations can alter

the development of the daytime valley and slope winds. The average along-valley wind speed between 12:00 and 20:00 is

2.6 ms−1 in AER and 2.3 ms−1 in CTRL. In the evening the maximum up-valley winds are stronger in case CTRL by a margin

of 0.5 ms−1. The impact of BC on the daytime up-valley wind speed is notable, but still relatively weak compared to the

impact of the valley geometry (e.g. width, along-valley heterogeneity, valley floor inclination, Schmidli and Rotunno, 2015;455

Wagner et al., 2015a, b; Mikkola et al., 2025), the topography surrounding the valley (Schmidli and Rotunno, 2012), or the

thermal forcing and stability of the atmosphere (Schmidli and Rotunno, 2015).

Although the BC concentrations in AER are realistic for polluted urban area, like Kathmandu in the Himalayan foothills

(Putero et al., 2018) or Milan in the Po valley (Ferrero et al., 2014), in the real atmosphere BC is only one component in

the anthropogenic aerosol particulate matter. Other aerosol compounds with absorbing and scattering properties do influence460

boundary-layer processes as well (Ma et al., 2020; Slater et al., 2022). Results from our simulations show the effect of only one

absorbing aerosol compound, revealing a mechanism which affects the thermally-driven winds in a mountain valley. Previous

studies focusing on the atmosphere above flat ground have shown that the impact of aerosols on boundary-layer processes is

sensitive to the properties and vertical distribution of the aerosol population (Sect. 1). Further work on the topic could include

increased number of model experiments, for example, with different initial aerosol distribution (higher or lower concentrations,465

shape of the vertical profile), different valley topographies (i.e. valley inclination), different thermal forcing (i.e. latitude and

orientation of the domain), and including other chemical compounds with scattering as well as absorption properties. Other

aspects that could be studied with a similar model setup to ours include the ventilation of BC into the free troposphere and

deposition of BC in the valley topography.
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Appendix A: Sensitivity of model output to horizontal resolution470

Sensitivity of the model results is tested with an additional simulation with a horizontal grid spacing of 100 m and a time step of

1 s. The model configuration of the additional simulation is identical to the case CTRL apart from the horizontal grid spacing,

time step, and a change in the domain width. Due to computational limits, the domain width in the cross-valley direction was

decreased to 20 km so that the model x boundaries are located at x=±10 km (at the ridge-top). As the lateral boundaries in

x direction are periodic, the model topography in practice remains the same in the sensitivity run, as the domain length in the475

along-valley direction did not change.

The decrease of the horizontal grid spacing and time step to half of the original has a negligible influence on the model results.

The general structure of the daytime up-valley winds are qualitatively very similar between the two simulations, shown in the

Supplementary Figure S5. The temporal evolution of the valley-volume-averaged winds and the temperature contrast between

the valley volume and the air above the plain show very minimal difference in the sensitivity simulation when compared to480

CTRL, shown in the Supplementary Figure S6. Similarly, very minor changes in the ADV, TRB and SGS tendencies are seen

in the along-valley momentum and heat budget analyses, shown in the Supplementary Figures S7 and S8. This sensitivity test

gives confidence for the use of the simulations CTRL and AER to study the impact of black carbon on the valley circulation and

associated exchange processes. Wagner et al. (2015b) found similar result for their model sensitivity test in idealised valley

simulations. Our results are consistent with those of (Wagner et al., 2015b), who also found negligible differences between485

their simulations with 200 m and 100 m grid spacing.

Appendix B: Idealised valley topography

The idealised valley topography is defined following Wagner et al. (2015a), Schmidli and Rotunno (2010), and Mikkola et al.

(2025). The topography is defined by Equation B1

h(x,y) =Rshr(y)

(
1

2
− 1

2
cos

(
π
|x|
Sx

))
, (B1)490

where Rs is the valley depth (Rs = 2 km in this study), Sx is the half-width of the valley (i.e. the length of the slope in the

x-direction, Sx = 10 km in this study), and hr(y) is the along-valley height profile of the ridge at x=±Sx. The profile along

the ridges is defined by

hr(y) =
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1
2 +

1
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)
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1 y > 0

, (B2)

where Sy is the length in the y-direction over which the ridges increase in height to their full depth at the valley entrance495

(Sy = 12 km in this study).

21



Code and data availability. The WRF-Chem model code and analysis scripts are available on Zenodo (Mikkola, 2025b). The hourly av-

eraged output of the variables needed to reproduce the figures in this article are available in IDA fairdata database (Mikkola, 2025a). The

complete instantaneous and hourly averaged WRF output is available upon request (contact author).

Author contributions. JM did the WRF-Chem simulations with the help of VAS and GC. JM did the data analysis and interpretation of the500

results together with VAS and AG. JM wrote most of the manuscript with input from VAS, AG, and GC. All authors contributed to planning

the research and discussed the final form of the manuscript.

Competing interests. The contact author has declared that none of the authors has any competing interests.

Acknowledgements. This research has been supported by the H2020 European Research Council (grant no. 850614), the Vilho, Yrjö and

Kalle Väisälä Foundation of the Finnish Academy of Science and Letters, and the Clean Air Fund.505

22



References

Ackerman, T. P. and Toon, O. B.: Absorption of visible radiation in atmosphere containing mixtures of absorbing and nonabsorbing particles,

Appl. Opt., 20, 3661–3668, https://doi.org/10.1364/AO.20.003661, 1981.

Bei, N., Zhao, L., Wu, J., Li, X., Feng, T., and Li, G.: Impacts of sea-land and mountain-valley circulations on the air pollution in Beijing-

Tianjin-Hebei (BTH): A case study, Environmental Pollution, 234, 429–438, https://doi.org/https://doi.org/10.1016/j.envpol.2017.11.066,510

2018.

Bettineschi, M., Vitali, B., Cholakian, A., Zardi, D., Bianchi, F., Sinclair, V., Mikkola, J., Cristofanelli, P., Marinoni, A., Mazzini, M.,

Heikkinen, L., Aurela, M., Paglione, M., Bessagnet, B., Tuccella, P., and Ciarelli, G.: Across land, sea, and mountains: sulphate aerosol

sources and transport dynamics over the northern Apennines, Environ. Sci.: Atmos., 5, 1023–1034, https://doi.org/10.1039/D5EA00035A,

2025.515

Bonasoni, P., Laj, P., Marinoni, A., Sprenger, M., Angelini, F., Arduini, J., Bonafè, U., Calzolari, F., Colombo, T., Decesari, S., Di Biagio,

C., di Sarra, A. G., Evangelisti, F., Duchi, R., Facchini, M., Fuzzi, S., Gobbi, G. P., Maione, M., Panday, A., Roccato, F., Sellegri, K.,

Venzac, H., Verza, G., Villani, P., Vuillermoz, E., and Cristofanelli, P.: Atmospheric Brown Clouds in the Himalayas: first two years

of continuous observations at the Nepal Climate Observatory-Pyramid (5079 m), Atmospheric Chemistry and Physics, 10, 7515–7531,

https://doi.org/10.5194/acp-10-7515-2010, 2010.520

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Kärcher, B., Koch, D.,

Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C., Schultz, M. G., Schulz, M., Venkataraman, C., Zhang, H., Zhang, S., Bellouin, N.,

Guttikunda, S. K., Hopke, P. K., Jacobson, M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz, J. P., Shindell, D., Storelvmo, T.,

Warren, S. G., and Zender, C. S.: Bounding the role of black carbon in the climate system: A scientific assessment, Journal of Geophysical

Research: Atmospheres, 118, 5380–5552, https://doi.org/https://doi.org/10.1002/jgrd.50171, 2013.525

Briggs, N. L. and Long, C. M.: Critical review of black carbon and elemental carbon source apportionment in Europe and the United States,

Atmospheric Environment, 144, 409–427, https://doi.org/https://doi.org/10.1016/j.atmosenv.2016.09.002, 2016.

Chen, D., Liao, H., Yang, Y., Chen, L., Zhao, D., and Ding, D.: Simulated impacts of vertical distributions of black carbon aerosol on

meteorology and PM2.5 concentrations in Beijing during severe haze events, Atmospheric Chemistry and Physics, 22, 1825–1844,

https://doi.org/10.5194/acp-22-1825-2022, 2022.530

Chen, L.-W. A., Watson, J. G., Chow, J. C., Green, M. C., Inouye, D., and Dick, K.: Wintertime particulate pollution episodes in an urban

valley of the Western US: a case study, Atmospheric Chemistry and Physics, 12, 10 051–10 064, https://doi.org/10.5194/acp-12-10051-

2012, 2012.

Chen, S.-H. and Sun, W.-Y.: A One-dimensional Time Dependent Cloud Model, Journal of the Meteorological Society of Japan. Ser. II, 80,

99–118, https://doi.org/10.2151/jmsj.80.99, 2002.535

Chen, Y., Zhao, C., Zhang, Q., Deng, Z., Huang, M., and Ma, X.: Aircraft study of Mountain Chimney Effect of Beijing, China, Journal of

Geophysical Research: Atmospheres, 114, https://doi.org/https://doi.org/10.1029/2008JD010610, 2009.

Ciarelli, G., Cholakian, A., Bettineschi, M., Vitali, B., Bessagnet, B., Sinclair, V. A., Mikkola, J., el Haddad, I., Zardi, D., Marinoni, A., Bigi,

A., Tuccella, P., Bäck, J., Gordon, H., Nieminen, T., Kulmala, M., Worsnop, D., and Bianchi, F.: The impact of the Himalayan aerosol

factory: results from high resolution numerical modelling of pure biogenic nucleation over the Himalayan valleys, Faraday Discuss., 258,540

76–93, https://doi.org/10.1039/D4FD00171K, 2025.

23

https://doi.org/10.1364/AO.20.003661
https://doi.org/https://doi.org/10.1016/j.envpol.2017.11.066
https://doi.org/10.1039/D5EA00035A
https://doi.org/10.5194/acp-10-7515-2010
https://doi.org/https://doi.org/10.1002/jgrd.50171
https://doi.org/https://doi.org/10.1016/j.atmosenv.2016.09.002
https://doi.org/10.5194/acp-22-1825-2022
https://doi.org/10.5194/acp-12-10051-2012
https://doi.org/10.5194/acp-12-10051-2012
https://doi.org/10.5194/acp-12-10051-2012
https://doi.org/10.2151/jmsj.80.99
https://doi.org/https://doi.org/10.1029/2008JD010610
https://doi.org/10.1039/D4FD00171K


Cordova, A. M., Are´valo, J., Mari´n, J. C., Baumgardner, D., Raga, G. B., Pozo, D., Ochoa, C. A., and Rondanelli, R.:

On the Transport of Urban Pollution in an Andean Mountain Valley, Aerosol and Air Quality Research, 16, 593–605,

https://doi.org/10.4209/aaqr.2015.05.0371, 2016.

Ding, A. J., Huang, X., Nie, W., Sun, J. N., Kerminen, V.-M., Petäjä, T., Su, H., Cheng, Y. F., Yang, X.-Q., Wang, M. H., Chi, X. G.,545

Wang, J. P., Virkkula, A., Guo, W. D., Yuan, J., Wang, S. Y., Zhang, R. J., Wu, Y. F., Song, Y., Zhu, T., Zilitinkevich, S., Kulmala,

M., and Fu, C. B.: Enhanced haze pollution by black carbon in megacities in China, Geophysical Research Letters, 43, 2873–2879,

https://doi.org/https://doi.org/10.1002/2016GL067745, 2016.

Duan, J., Chen, Y., Wang, W., Li, J., Zhang, X., Lu, G., Che, Y., Zhong, S., Ma, S., Li, P., An, J., and Fu, P.: Cable-car measurements of

vertical aerosol profiles impacted by mountain-valley breezes in Lushan Mountain, East China, Science of The Total Environment, 768,550

144 198, https://doi.org/https://doi.org/10.1016/j.scitotenv.2020.144198, 2021.

Farina, S. and Zardi, D.: Understanding Thermally Driven Slope Winds: Recent Advances and Open Questions, Boundary-Layer Meteorol-

ogy, 189, 5–52, https://doi.org/10.1007/s10546-023-00821-1, 2023.

Ferrero, L., Castelli, M., Ferrini, B. S., Moscatelli, M., Perrone, M. G., Sangiorgi, G., D’Angelo, L., Rovelli, G., Moroni, B., Scardazza,

F., Močnik, G., Bolzacchini, E., Petitta, M., and Cappelletti, D.: Impact of black carbon aerosol over Italian basin valleys: high-555

resolution measurements along vertical profiles, radiative forcing and heating rate, Atmospheric Chemistry and Physics, 14, 9641–9664,

https://doi.org/10.5194/acp-14-9641-2014, 2014.

Giovannini, L., Laiti, L., Serafin, S., and Zardi, D.: The thermally driven diurnal wind system of the Adige Valley in the Italian Alps,

Quarterly Journal of the Royal Meteorological Society, 143, 2389–2402, https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.3092,

10.1002/qj.3092, 2017.560

Goger, B. and Dipankar, A.: The impact of mesh size, turbulence parameterization, and land-surface-exchange scheme on simulations

of the mountain boundary layer in the hectometric range, Quarterly Journal of the Royal Meteorological Society, 150, 3853–3873,

https://doi.org/https://doi.org/10.1002/qj.4799, 2024.

Gohm, A., Harnisch, F., Vergeiner, J., Obleitner, F., Schnitzhofer, R., Hansel, A., Fix, A., Neininger, B., Emeis, S., and Schaefer, K.: Air

Pollution Transport in an Alpine Valley: Results From Airborne and Ground-Based Observations, Boundary-Layer Meteorology, 131,565

https://doi.org/10.1007/s10546-009-9371-9, 2009.

Grell, G. A., Peckham, S. E., Schmitz, R., McKeen, S. A., Frost, G., Skamarock, W. C., and Eder, B.: Fully coupled “online” chemistry

within the WRF model, Atmospheric Environment, 39, 6957–6975, https://doi.org/https://doi.org/10.1016/j.atmosenv.2005.04.027, 2005.

Göbel, M.: WRFlux v.1.4.1 Github repository, https://github.com/matzegoebel/WRFlux/releases/tag/v1.4.1, 2022.

Göbel, M., Serafin, S., and Rotach, M. W.: Numerically consistent budgets of potential temperature, momentum, and moisture in Cartesian570

coordinates: application to the WRF model, Geoscientific Model Development, 15, 669–681, https://doi.org/10.5194/gmd-15-669-2022,

2022.

Haywood, J. M. and Shine, K. P.: The effect of anthropogenic sulfate and soot aerosol on the clear sky planetary radiation budget, Geophysical

Research Letters, 22, 603–606, https://doi.org/https://doi.org/10.1029/95GL00075, 1995.

Iacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M. W., Clough, S. A., and Collins, W. D.: Radiative forcing by long-575

lived greenhouse gases: Calculations with the AER radiative transfer models, Journal of Geophysical Research: Atmospheres, 113,

https://doi.org/https://doi.org/10.1029/2008JD009944, 2008.

Janjic, Z. I.: The Step-Mountain Eta Coordinate Model: Further Developments of the Convection, Viscous Sublayer, and Turbulence Closure

Schemes, Monthly Weather Review, 122, 927 – 945, https://doi.org/10.1175/1520-0493(1994)122<0927:TSMECM>2.0.CO;2, 1994.

24

https://doi.org/10.4209/aaqr.2015.05.0371
https://doi.org/https://doi.org/10.1002/2016GL067745
https://doi.org/https://doi.org/10.1016/j.scitotenv.2020.144198
https://doi.org/10.1007/s10546-023-00821-1
https://doi.org/10.5194/acp-14-9641-2014
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.3092
https://doi.org/https://doi.org/10.1002/qj.4799
https://doi.org/10.1007/s10546-009-9371-9
https://doi.org/https://doi.org/10.1016/j.atmosenv.2005.04.027
https://github.com/matzegoebel/WRFlux/releases/tag/v1.4.1
https://doi.org/10.5194/gmd-15-669-2022
https://doi.org/https://doi.org/10.1029/95GL00075
https://doi.org/https://doi.org/10.1029/2008JD009944
https://doi.org/10.1175/1520-0493(1994)122%3C0927:TSMECM%3E2.0.CO;2


Kang, S., Zhang, Y., Qian, Y., and Wang, H.: A review of black carbon in snow and ice and its impact on the cryosphere, Earth-Science580

Reviews, 210, 103 346, https://doi.org/https://doi.org/10.1016/j.earscirev.2020.103346, 2020.

Kirago, L., Gatari, M. J., Gustafsson, Ö., and Andersson, A.: Black carbon emissions from traffic contribute substantially to air pollution in

Nairobi, Kenya, Communications Earth & Environment, 3, 74, https://doi.org/10.1038/s43247-022-00400-1, 2022.

Lang, M. N., Gohm, A., and Wagner, J. S.: The impact of embedded valleys on daytime pollution transport over a mountain range, Atmo-

spheric Chemistry and Physics, 15, 11 981–11 998, https://doi.org/10.5194/acp-15-11981-2015, 2015.585

Lareau, N. P., Crosman, E., Whiteman, C. D., Horel, J. D., Hoch, S. W., Brown, W. O., and Horst, T. W.: The persistent cold-air pool study,

Bulletin of the American Meteorological Society, 94, 51 – 63, https://doi.org/10.1175/BAMS-D-11-00255.1, 2013.

Largeron, Y. and Staquet, C.: Persistent inversion dynamics and wintertime PM10 air pollution in Alpine valleys, Atmospheric Environment,

135, 92–108, https://doi.org/https://doi.org/10.1016/j.atmosenv.2016.03.045, 2016.

Leukauf, D., Gohm, A., Rotach, M. W., and Wagner, J. S.: The Impact of the Temperature Inversion Breakup on the Exchange of Heat and590

Mass in an Idealized Valley: Sensitivity to the Radiative Forcing, Journal of Applied Meteorology and Climatology, 54, 2199 – 2216,

https://doi.org/10.1175/JAMC-D-15-0091.1, 2015.

Leukauf, D., Gohm, A., and Rotach, M. W.: Quantifying horizontal and vertical tracer mass fluxes in an idealized valley during daytime,

Atmospheric Chemistry and Physics, 16, 13 049–13 066, https://doi.org/10.5194/acp-16-13049-2016, 2016.

Li, G., Bei, N., Tie, X., and Molina, L. T.: Aerosol effects on the photochemistry in Mexico City during MCMA-2006/MILAGRO campaign,595

Atmospheric Chemistry and Physics, 11, 5169–5182, https://doi.org/10.5194/acp-11-5169-2011, 2011.

Ma, Y., Ye, J., Xin, J., Zhang, W., Vilà-Guerau de Arellano, J., Wang, S., Zhao, D., Dai, L., Ma, Y., Wu, X., Xia, X., Tang, G., Wang, Y., Shen,

P., Lei, Y., and Martin, S. T.: The Stove, Dome, and Umbrella Effects of Atmospheric Aerosol on the Development of the Planetary Bound-

ary Layer in Hazy Regions, Geophysical Research Letters, 47, e2020GL087 373, https://doi.org/https://doi.org/10.1029/2020GL087373,

e2020GL087373 2020GL087373, 2020.600

Mikkola, J.: Data for "Impact of black carbon on daytime valley and slope winds in idealised simulations", https://doi.org/10.23729/

fd-6a9a208f-e7b5-3e99-ba8d-cd7964e4099b, university of Helsinki, 2025a.

Mikkola, J.: Model and analysis code for "Impact of black carbon on daytime valley and slope winds in idealised simulations",

https://doi.org/10.5281/zenodo.17852772, 2025b.

Mikkola, J., Sinclair, V. A., Bister, M., and Bianchi, F.: Daytime along-valley winds in the Himalayas as simulated by the Weather Research605

and Forecasting (WRF) model, Atmospheric Chemistry and Physics, 23, 821–842, https://doi.org/10.5194/acp-23-821-2023, 2023.

Mikkola, J., Gohm, A., Sinclair, V. A., and Bianchi, F.: Valley floor inclination affecting valley winds and transport of passive tracers in

idealised simulations, Atmospheric Chemistry and Physics, 25, 511–533, https://doi.org/10.5194/acp-25-511-2025, 2025.

Petäjä, T., Järvi, L., Kerminen, V.-M., Ding, A. J., Sun, J. N., Nie, W., Kujansuu, J., Virkkula, A., Yang, X., Fu, C. B., Zilitinke-

vich, S., and Kulmala, M.: Enhanced air pollution via aerosol-boundary layer feedback in China, Scientific Reports, 6, 18 998,610

https://doi.org/10.1038/srep18998, 2016.

Putero, D., Marinoni, A., Calzolari, F., Rupakheti, M., and Cristofanelli, P.: Black Carbon and Ozone Variability at the Kathmandu Valley and

at the Southern Himalayas: A Comparison between a “Hot Spot” and a Downwind High-Altitude Site, Aerosol and Air Quality Research,

18, 623–635, https://doi.org/10.4209/aaqr.2017.04.0138, 2018.

Quimbayo-Duarte, J., Staquet, C., Chemel, C., and Arduini, G.: Impact of Along-Valley Orographic Variations on the Dispersion of Passive615

Tracers in a Stable Atmosphere, Atmosphere, 10, https://doi.org/10.3390/atmos10040225, 2019.

25

https://doi.org/https://doi.org/10.1016/j.earscirev.2020.103346
https://doi.org/10.1038/s43247-022-00400-1
https://doi.org/10.5194/acp-15-11981-2015
https://doi.org/10.1175/BAMS-D-11-00255.1
https://doi.org/https://doi.org/10.1016/j.atmosenv.2016.03.045
https://doi.org/10.1175/JAMC-D-15-0091.1
https://doi.org/10.5194/acp-16-13049-2016
https://doi.org/10.5194/acp-11-5169-2011
https://doi.org/https://doi.org/10.1029/2020GL087373
https://doi.org/10.23729/fd-6a9a208f-e7b5-3e99-ba8d-cd7964e4099b
https://doi.org/10.23729/fd-6a9a208f-e7b5-3e99-ba8d-cd7964e4099b
https://doi.org/10.23729/fd-6a9a208f-e7b5-3e99-ba8d-cd7964e4099b
https://doi.org/10.5281/zenodo.17852772
https://doi.org/10.5194/acp-23-821-2023
https://doi.org/10.5194/acp-25-511-2025
https://doi.org/10.1038/srep18998
https://doi.org/10.4209/aaqr.2017.04.0138
https://doi.org/10.3390/atmos10040225


Quimbayo-Duarte, J., Chemel, C., Staquet, C., Troude, F., and Arduini, G.: Drivers of severe air pollution events in a

deep valley during wintertime: A case study from the Arve river valley, France, Atmospheric Environment, 247, 118 030,

https://doi.org/https://doi.org/10.1016/j.atmosenv.2020.118030, 2021.

Reif, M., Rotach, M. W., Gohm, A., and Wohlfahrt, G.: Carbon dioxide exchange in an idealized valley, Environmental Modelling & Soft-620

ware, 171, 105 887, https://doi.org/https://doi.org/10.1016/j.envsoft.2023.105887, 2024.

Rendón, A. M., Salazar, J. F., and Wirth, V.: Daytime air pollution transport mechanisms in stable atmospheres of narrow versus wide urban

valleys, Environmental Fluid Mechanics, 20, 1101–1118, https://doi.org/10.1007/s10652-020-09743-9, 2020.

Rosenfeld, D., Lohmann, U., Raga, G. B., O’Dowd, C. D., Kulmala, M., Fuzzi, S., Reissell, A., and Andreae, M. O.: Flood or Drought: How

Do Aerosols Affect Precipitation?, Science, 321, 1309–1313, https://doi.org/10.1126/science.1160606, 2008.625

Rotach, M., Stiperski, I., Fuhrer, O., Goger, B., Gohm, A., Obleitner, F., Rau, G., Sfyri, E., and Vergeiner, J.: Investigating Ex-

change Processes over Complex Topography: The Innsbruck Box (i-Box), Bulletin of the American Meteorological Society, 98,

https://doi.org/10.1175/BAMS-D-15-00246.1, 2016.

Schmidli, J. and Rotunno, R.: Mechanisms of Along-Valley Winds and Heat Exchange over Mountainous Terrain, Journal of the Atmospheric

Sciences, 67, 3033 – 3047, https://doi.org/10.1175/2010JAS3473.1, 2010.630

Schmidli, J. and Rotunno, R.: Influence of the Valley Surroundings on Valley Wind Dynamics, Journal of the Atmospheric Sciences, 69, 561

– 577, https://doi.org/10.1175/JAS-D-11-0129.1, 2012.

Schmidli, J. and Rotunno, R.: The Quasi-Steady State of the Valley Wind System, Frontiers in Earth Science, 3,

https://doi.org/10.3389/feart.2015.00079, 2015.

Schmidli, J., Billings, B., Chow, F. K., de Wekker, S. F. J., Doyle, J., Grubišić, V., Holt, T., Jiang, Q., Lundquist, K. A., Sheridan, P., Vosper,635

S., Whiteman, C. D., Wyszogrodzki, A. A., and Zängl, G.: Intercomparison of Mesoscale Model Simulations of the Daytime Valley Wind

System, Monthly Weather Review, 139, 1389 – 1409, https://doi.org/10.1175/2010MWR3523.1, 2011.

Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and physics: from air pollution to climate change, Wiley, 1998.

Serafin, S., Adler, B., Cuxart, J., De Wekker, S., Gohm, A., Grisogono, B., Kalthoff, N., Kirshbaum, D., Rotach, M., Schmidli, J., Stiperski,

I., Vecenaj, Z., and Zardi, D.: Exchange Processes in the Atmospheric Boundary Layer Over Mountainous Terrain, Atmosphere, 9, 102,640

https://doi.org/10.3390/atmos9030102, 2018.

Skamarock, C., Klemp, B., Dudhia, J., Gill, O., Liu, Z., Berner, J., Wang, W., Powers, G., Duda, G., Barker, D. M., and Huang, X.: A

Description of the Advanced Research WRF Model Version 4, 2019.

Slater, J., Coe, H., McFiggans, G., Tonttila, J., and Romakkaniemi, S.: The effect of BC on aerosol–boundary layer feedback: potential

implications for urban pollution episodes, Atmospheric Chemistry and Physics, 22, 2937–2953, https://doi.org/10.5194/acp-22-2937-645

2022, 2022.

Su, T., Li, Z., Li, C., Li, J., Han, W., Shen, C., Tan, W., Wei, J., and Guo, J.: The significant impact of aerosol vertical structure on lower

atmosphere stability and its critical role in aerosol–planetary boundary layer (PBL) interactions, Atmospheric Chemistry and Physics, 20,

3713–3724, https://doi.org/10.5194/acp-20-3713-2020, 2020.

Tewari, M., F. Chen, W. W., Dudhia, J., LeMone, M. A., Mitchell, K., Ek, M., Gayno, G., Wegiel, J., and Cuenca, R. H.: Implementation650

and verification of the unified NOAH land surface model in the WRF model., 20th conference on weather analysis and forecasting/16th

conference on numerical weather prediction, p. pp. 11–15., 2004.

Vergeiner, I. and Dreiseitl, E.: Valley winds and slope winds — Observations and elementary thoughts, Meteorology and Atmospheric

Physics, 36, 264–286, https://doi.org/10.1007/BF01045154, 1987.

26

https://doi.org/https://doi.org/10.1016/j.atmosenv.2020.118030
https://doi.org/https://doi.org/10.1016/j.envsoft.2023.105887
https://doi.org/10.1007/s10652-020-09743-9
https://doi.org/10.1126/science.1160606
https://doi.org/10.1175/BAMS-D-15-00246.1
https://doi.org/10.1175/2010JAS3473.1
https://doi.org/10.1175/JAS-D-11-0129.1
https://doi.org/10.3389/feart.2015.00079
https://doi.org/10.1175/2010MWR3523.1
https://doi.org/10.3390/atmos9030102
https://doi.org/10.5194/acp-22-2937-2022
https://doi.org/10.5194/acp-22-2937-2022
https://doi.org/10.5194/acp-22-2937-2022
https://doi.org/10.5194/acp-20-3713-2020
https://doi.org/10.1007/BF01045154


Vitali, B., Bettineschi, M., Cholakian, A., Zardi, D., Bianchi, F., Sinclair, V. A., Mikkola, J., Cristofanelli, P., Marinoni, A., Mazzini,655

M., Heikkinen, L., Aurela, M., Paglione, M., Bessagnet, B., Tuccella, P., and Ciarelli, G.: Analysis of chemical and transport pro-

cesses of biogenic aerosols over the northern Apennines: insights from the WRF-CHIMERE model, Environ. Sci.: Atmos., 4, 967–987,

https://doi.org/10.1039/D4EA00040D, 2024.

Wagner, J., Gohm, A., and Rotach, M.: Influence of along-valley terrain heterogeneity on exchange processes over idealized valleys, Atmo-

spheric Chemistry and Physics, 15, https://doi.org/10.5194/acp-15-6589-2015, 2015a.660

Wagner, J. S., Gohm, A., and Rotach, M. W.: The impact of valley geometry on daytime thermally driven flows and vertical transport

processes, Quarterly Journal of the Royal Meteorological Society, 141, 1780–1794, https://doi.org/10.1002/qj.2481, 2015b.

Wang, J., Su, H., Wei, C., Zheng, G., Wang, J., Su, T., Li, C., Liu, C., Pleim, J. E., Li, Z., Ding, A., Andreae, M. O., Pöschl, U., and

Cheng, Y.: Black-carbon-induced regime transition of boundary layer development strongly amplifies severe haze, One Earth, 6, 751–759,

https://doi.org/https://doi.org/10.1016/j.oneear.2023.05.010, 2023.665

Wang, L., Li, Z., Tian, Q., Ma, Y., Zhang, F., Zhang, Y., Li, D., Li, K., and Li, L.: Estimate of aerosol absorbing components of black carbon,

brown carbon, and dust from ground-based remote sensing data of sun-sky radiometers, Journal of Geophysical Research: Atmospheres,

118, 6534–6543, https://doi.org/https://doi.org/10.1002/jgrd.50356, 2013.

Wang, Z., Huang, X., and Ding, A.: Dome effect of black carbon and its key influencing factors: a one-dimensional modelling study,

Atmospheric Chemistry and Physics, 18, 2821–2834, https://doi.org/10.5194/acp-18-2821-2018, 2018.670

Weigel, A., Chow, F., Rotach, M., Street, R., and Xue, M.: High-Resolution Large-Eddy Simulations of Flow in a Steep Alpine Valley. Part

II: Flow Structure and Heat Budgets, J. Appl. Meteorol. Climatol., 45, https://doi.org/10.1175/JAM2323.1, 2006.

Weigel, A. P. and Rotach, M. W.: Flow structure and turbulence characteristics of the daytime atmosphere in a steep and narrow Alpine

valley, Quarterly Journal of the Royal Meteorological Society, 130, 2605–2627, https://doi.org/https://doi.org/10.1256/qj.03.214, 2004.

Whiteman, C. D. and Doran, J. C.: The Relationship between Overlying Synoptic-Scale Flows and Winds within a Valley, Journal of Applied675

Meteorology and Climatology, 32, 1669 – 1682, https://doi.org/10.1175/1520-0450(1993)032<1669:TRBOSS>2.0.CO;2, 1993.

Whiteman, C. D., Hoch, S. W., Horel, J. D., and Charland, A.: Relationship between particulate air pollution and meteorological variables in

Utah’s Salt Lake Valley, Atmospheric Environment, 94, 742–753, https://doi.org/https://doi.org/10.1016/j.atmosenv.2014.06.012, 2014.

Wiedensohler, A., Andrade, M., Weinhold, K., Müller, T., Birmili, W., Velarde, F., Moreno, I., Forno, R., Sanchez, M., Laj, P., Ginot,

P., Whiteman, D., Krejci, R., Sellegri, K., and Reichler, T.: Black carbon emission and transport mechanisms to the free troposphere680

at the La Paz/El Alto (Bolivia) metropolitan area based on the Day of Census (2012), Atmospheric Environment, 194, 158–169,

https://doi.org/https://doi.org/10.1016/j.atmosenv.2018.09.032, 2018.

Xiang, Y., Zhang, T., Liu, J., Wan, X., Loewen, M., Chen, X., Kang, S., Fu, Y., Lv, L., Liu, W., and Cong, Z.: Vertical profile of aerosols in

the Himalayas revealed by lidar: New insights into their seasonal/diurnal patterns, sources, and transport, Environmental Pollution, 285,

117 686, https://doi.org/https://doi.org/10.1016/j.envpol.2021.117686, 2021.685

Zardi, D. and Whiteman, C. D.: Diurnal Mountain Wind Systems, Springer Netherlands, ISBN 978-94-007-4098-3,

https://doi.org/10.1007/978-94-007-4098-3_2, 2013.

Zhang, M., Zhao, C., Cong, Z., Du, Q., Xu, M., Chen, Y., Chen, M., Li, R., Fu, Y., Zhong, L., Kang, S., Zhao, D., and Yang, Y.: Impact

of topography on black carbon transport to the southern Tibetan Plateau during the pre-monsoon season and its climatic implication,

Atmospheric Chemistry and Physics, 20, 5923–5943, https://doi.org/10.5194/acp-20-5923-2020, 2020.690

27

https://doi.org/10.1039/D4EA00040D
https://doi.org/10.5194/acp-15-6589-2015
https://doi.org/10.1002/qj.2481
https://doi.org/https://doi.org/10.1016/j.oneear.2023.05.010
https://doi.org/https://doi.org/10.1002/jgrd.50356
https://doi.org/10.5194/acp-18-2821-2018
https://doi.org/10.1175/JAM2323.1
https://doi.org/https://doi.org/10.1256/qj.03.214
https://doi.org/10.1175/1520-0450(1993)032%3C1669:TRBOSS%3E2.0.CO;2
https://doi.org/https://doi.org/10.1016/j.atmosenv.2014.06.012
https://doi.org/https://doi.org/10.1016/j.atmosenv.2018.09.032
https://doi.org/https://doi.org/10.1016/j.envpol.2021.117686
https://doi.org/10.1007/978-94-007-4098-3_2
https://doi.org/10.5194/acp-20-5923-2020


Zhang, Y., Wang, J., Wu, N., Ouyang, X., Li, G., Cheng, Y., Zhang, Q., Ding, A., and Su, H.: The Contribution of Black

Carbon-Containing Particles to PM2.5: Variability, Drivers, and Impacts, Environmental Science & Technology, 59, 5155–5163,

https://doi.org/10.1021/acs.est.5c00675, published online 2025-03-18, 2025.

Zängl, G.: An Improved Method for Computing Horizontal Diffusion in a Sigma-Coordinate Model and Its Application

to Simulations over Mountainous Topography, Monthly Weather Review, 130, 1423 – 1432, https://doi.org/10.1175/1520-695

0493(2002)130<1423:AIMFCH>2.0.CO;2, 2002.

28

https://doi.org/10.1021/acs.est.5c00675
https://doi.org/10.1175/1520-0493(2002)130%3C1423:AIMFCH%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2002)130%3C1423:AIMFCH%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2002)130%3C1423:AIMFCH%3E2.0.CO;2

