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Abstract

Idealized large-eddy simulations were performed to investigate the impact of different
mountain geometries on daytime pollution transport by thermally driven winds. The
main objective was to determine interactions between plain-to-mountain and slope
wind systems, and their influence on the pollution distribution over complex terrain.
For this purpose, tracer analyses were conducted over a quasi-two-dimensional moun-
tain range with embedded valleys and a flat foreland in cross-mountain direction. The
valley depth was varied systematically. It was found that different flow regimes de-
velop dependent on the valley floor height. In the case of elevated valley floors, the
plain-to-mountain wind descends into the potentially warmer valley and replaces the
opposing upslope wind. This superimposed plain-to-mountain wind increases the pol-
lution transport towards the main ridge by additional 20 % compared to the regime with
a deep valley. Due to mountain and advective venting, the vertical exchange is 3.6
times higher over complex terrain than over a flat plain. However, the calculated verti-
cal exchange is strongly sensitive to the definition of the atmospheric boundary layer
height. In summary, the impact of the terrain geometry on the mechanisms of pollution
transport confirms the necessity to account for topographic effects in future boundary
layer parameterization schemes.

1 Introduction

Transport and mixing processes of air pollutants primarily occur within the atmospheric
boundary layer (ABL) and are mostly well understood for flat and homogeneous ter-
rain (Steyn et al., 2013). The typical daytime ABL consists of a superadiabatic surface
layer, a mixed layer (ML), and a stably stratified layer called the entrainment layer (EL);
the latter separates the ABL from the free atmosphere (Stull, 1988). Turbulent mixing in
the ML induced by rising thermals leads to nearly height-constant profiles of conserved
quantities, such as potential temperature and specific humidity up to the EL (Schmidli,
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2013; Wagner et al., 2014a). Inside the EL, overshooting thermals cause mixing of po-
tentially cooler air from the ABL with air from the stably stratified free atmosphere aloft.
This relatively weak exchange with the free atmosphere limits the vertical dispersion of
pollutants mostly to the ML. Over complex terrain, interactions between the terrain and
the overlying atmosphere lead to a horizontally inhomogeneous ABL structure (Zardi
and Whiteman, 2013). Additionally, thermally driven flows increase the vertical trans-
port of pollutants, moisture, and other components. Often this transport goes beyond
the ABL top into the free atmosphere (e.g., Gohm et al., 2009; Rotach et al., 2014;
Wagner et al., 2014b; Weigel et al., 2007).

Thermally driven winds develop due to differential heating of adjacent air masses and
are characterized by a reversal of wind direction twice per day (Zardi and Whiteman,
2013). Under weak synoptic forcing, they dominate the flow pattern over complex ter-
rain and can be divided into three different types within respective boundary sublayers,
such as slope winds within the slope layer, valley winds within the valley atmosphere,
and plain-to-mountain winds within the mountain atmosphere (Ekhart, 1948; White-
man, 2000).

Observational and modeling studies have shown that thermally driven winds and es-
pecially upslope winds can enhance the daytime vertical moisture and mass exchange
between the atmospheric boundary layer and the free atmosphere over a valley by
a factor of three to four compared to pure turbulent exchange processes over a plain
(Henne et al., 2004; Weigel et al., 2007). By means of idealized simulations, Wagner
et al. (2014b) show that this increase in vertical transport to the free atmosphere can
even be up to eight times larger depending on the ABL height definition used as the
reference surface for the vertical transport. In addition to slope and valley winds, ver-
tical transport can be further enhanced by plain-to-mountain winds, which have been
explored in the Vertical Transport and Orography (VERTIKATOR) campaign (Weiss-
mann et al., 2005) and in several modeling studies (e.g., De Wekker et al., 1998).
Plain-to-mountain winds develop due to a horizontal temperature gradient between the
mountain ridge and the adjacent plain. This mesoscale flow transports low-level air
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from the foreland to the mountain ridge. The slope winds transport the air further up-
slope and form vertical updrafts above the mountain peaks. An upper-branch return
flow closes the circulation by blowing air from regions above the peaks backwards in
the direction of the foreland (De Wekker et al., 1998). This transport process is referred
to as mountain venting and can be an important additional exchange mechanism be-
tween the boundary layer and the free atmosphere over complex topography (Henne
et al., 2004). In more detail, Kossmann et al. (1999) differentiate between mountain
venting and advective venting. Both are thermally or dynamically induced mesoscale
flows exporting ABL air to the free atmosphere, where mountain venting is character-
ized by a vertical transport and advective venting by a horizontal transport through the
boundary layer top. Advective venting usually occurs if an inclined ABL height exists
and the mean wind direction is not parallel to the boundary layer top (Kossmann et al.,
1999).

As about 50 % of the earth’s land surface consists of mountainous terrain (Rotach
et al., 2014), differences in transport and mixing processes over complex terrain and
the flat plain are of great importance for regional weather and climate studies; par-
ticularly because many conventional concepts (e.g., detection of the ABL height) are
developed for flat terrain and do not hold for complex topography. The observational
and modeling study of De Wekker et al. (2004) shows that during the day, aerosol layer
heights detected with an airborne lidar differ from ABL heights determined by temper-
ature based methods over complex terrain, whereas this is not the case over homo-
geneous, flat terrain. Temperature based ABL heights generally show a more terrain-
following behavior and lower altitudes than aerosol layer heights of, e.g., pollutants
(De Wekker et al., 2004). Furthermore, today’s operational global numerical weather
prediction and climate models work with horizontal grid resolutions larger than 10 km,
which is too coarse to properly resolve topographically induced transport processes.
Present-day boundary layer parameterization schemes are not capable of accounting
for these missing subgrid-scale effects (Rotach et al., 2014). It is therefore necessary
to quantify these effects, e.g., with high-resolution numerical simulations and, based
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on these results, develop new boundary layer schemes for complex terrain. The need
for such a development has already been stressed by Noppel and Fiedler (2002).

This paper relates to recent idealized studies (Wagner et al., 2014b, 2015), which
investigate the impact of different valley topographies on the boundary layer structure,
and the vertical exchange between the boundary layer and the free atmosphere un-
der daytime conditions. The present work aims at investigating interactions between
plain-to-mountain and slope wind systems, and their influence on daytime pollution
transport and distribution over complex terrain. This is achieved by tracer analyses
over a quasi-two-dimensional mountain range with embedded valleys and a flat fore-
land on each side of the mountain in cross-mountain direction. The embedded valleys
used in the present simulations are bordered by two mountain ridges of different crest
heights. This is in line with a case study of transport processes in a valley with similar
asymmetric crest heights (Adler and Kalthoff, 2014) and extends recent idealized sim-
ulations of Wagner et al. (2014a, b, 2015) to account for a typical geometric feature of
real terrain. Simulations for valleys with different depths are performed and compared
to a single-ridge topography to quantify the impact of varying valley floor heights on
different transport processes of pollutants over complex terrain, e.g., mountain venting
and return flows in the free atmosphere.

The paper is organized as follows: In Sect. 2 the numerical model and the experi-
mental setup are described. Section 3 explains the procedures of flow decomposition
and averaging, and Sect. 4 summarizes the different ABL height definitions used in
this study. The simulation results are presented in Sect. 5, and a conclusion is given in
Sect. 6.

2 Model and setup

In this study, idealized large-eddy simulations (LES) of daytime thermally driven flows
are performed with the Advanced Research version of the Weather Research and
Forecasting model (WRF-ARW), version 3.4. The WRF model is a fully compressible,
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non-hydrostatic, terrain-following numerical modeling system, which can be run in LES
mode (Skamarock et al., 2008).

A third-order Runge—Kutta (RK3) time integration scheme, a fifth-order horizon-
tal and a third-order vertical advection scheme are applied in the numerical simula-
tions (Skamarock et al., 2008). Subgrid-scale turbulence is parameterized by a three-
dimensional, 1.5-order turbulent kinetic energy (TKE) closure (Deardorff, 1980). The
fully turbulent flow is decomposed into its resolved turbulent and mean advective parts
according to the method of Wagner et al. (2014a), which is described in Sect. 3. In
order to reduce the amount of computational storage resources, a statistics module for
online averaging and flux-computation has been implemented in the WRF model.

At the surface a Monin—Obukhov similarity scheme (Monin and Obukhov, 1954) is
used to compute turbulent momentum fluxes. This scheme couples the surface and
the first model level using the four stability regimes of Zhang and Anthes (1982). The
surface roughness length is set to 0.16 m. Surface moisture fluxes are disabled, and
a constant sensible heat flux of 150 Wm™2 is prescribed at the surface. The simulations
are run for 6 h. This setup would correspond to the first six hours of a 12 h sinusoidal
heating with an amplitude of approximately 235Wm™2. Such heating conditions are
typical for non-arid mid-latitude valleys (Bonan, 2008; Rotach et al., 2008; Schmidli,
2013). The simulations are initialized with an atmosphere at rest, with a potential tem-
perature of 280K at sea level height, and a constant vertical temperature gradient of
3Kkm™". To avoid moist processes, the relative humidity is set to a constant value of
40 % at the beginning. To trigger convection, randomly distributed temperature pertur-
bations with amplitudes < 0.5K are added to the lowermost five model levels. Coriolis
effects are neglected.

All simulations are performed with a horizontal mesh size of 100 m and 74 vertically
stretched levels with a vertical grid spacing increasing from 10 m at the lowest level to
100 m higher aloft. The model top is defined at 6.2 km with a Rayleigh damping layer
covering the uppermost 2 km. Periodic lateral boundary conditions are applied in both
horizontal directions. The integrating time step is set to 0.5s.
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The analytical expression for the quasi-two-dimensional model terrain h(x) is defined
as the product of a large-scale mountain h"(x) with a half width L, /2 and a small-scale
cosine-squared perturbation with 7 number of wave cycles per length scale L ,; that is,

A(X) = Ay COS? (Li n 7[) h(x), (1a)
X
where
2 ( x
cos” ( ~ < X
win = {0 (&) Ws% (1b)
0 x| > X

and where h,,, specifies the maximum height of the mountain range. This setup is
similar to mountain configurations with several ridges used in previous studies (Klemp
et al., 2003; Schér et al., 2002). In this study, the parameters are set to L, = 60 km,
Xo =30km, and n = 0 or 4. This generates a symmetric, 60 km broad mountain range
consisting of a single ridge for n =0, or three ridges with two embedded valleys for
n =4 (Fig. 1a). A flat foreland extends over 30 km on each side of the mountain in
cross-mountain direction (see Fig. 1b). These topographic dimensions are similar to
a north-south cross section through the European Alps with several embedded valleys.
For sensitivity runs, mountain shapes with elevated valley floors are used, where the
topography is an extension of Eq. (2) and is specified by a linear combination of an
upper and lower envelope; that is,

h(x) = (hmax = Amin) cos® (LL n 77) I (X) + hein 17 (X) (2)

X

where h*(x) is the large-scale mountain of Eq. (2), and where h,,,, and h,, are the
maximum heights of the upper and lower envelope, respectively. When h,,;, becomes
zero, Eq. (2) is identical to Eq. (2). In addition to these mountain shapes, a simulation
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over a flat plain is performed. An overview of the different model topographies with their
maximum slope inclinations is given in Table 1.

Due to the flat foreland on each side of the mountain range, a plain-to-mountain
wind system develops during daytime. The model topography consists of infinitely long
ridges and valleys of constant height in y direction, hence, no valley winds develop in
this setup. The computational domain has an extent of 10 km in the along-ridge direc-
tion and 120 km in the cross-mountain direction. The idealized terrain in this study is
a step towards a more realistic setup compared to recently used idealized topographies
consisting of a single valley between two ridges of identical height (e.g. Schmidli, 2012,
2013; Serafin and Zardi, 2010; Wagner et al., 2014a, b, 2015).

Tracer analyses are performed to quantify the impact of different terrain geometries
on daytime pollution transport and distribution over a mountain range compared to
flat terrain. In all simulations, a passive tracer is constantly emitted over the whole
y direction within different cross-mountain subdomains, depending on the focus of the
analysis. In the vertical, the tracer source covers the lowermost 8 model levels (up to an
altitude of approximately 110 m). The emission has an arbitrary magnitude. The tracer
particles are transported by three-dimensional winds and dispersed by atmospheric
turbulence and diffusion.

3 LES averaging method

In order to distinguish between different heating processes, the flow is decomposed into
its mean advective, resolved turbulent, and subgrid-scale parts following the approach
of Wagner et al. (2014a) and Schmidli (2013). The fully turbulent variable w(x,t) is
divided into a model gridbox average w(x, t) and a subgrid-scale part y'(x, t):

w(x,t) = wx,1)+y'(x,1). )

By means of Reynolds averaging, the model output w(x,t) can be formally separated
into a mean and a fluctuating part. Therefore, the resolved turbulent part y" (x,t) can
14322
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be computed from the gridbox average by

l//”(X,l")=W(X,f)—(W(X,f)), (4)
where the time and along-mountain averaging operator () is defined as:

t+T/2Ly

()=% / / w(x,t)dydt, (5)
yt—T/20

with an averaging interval in time of T = 40 min and in space parallel to mountain range
of L, = 10km. Time averaging is based on a sample interval of one minute.

The decomposed vertical fluxes are computed according to the method described
in Wagner et al. (2014a). The computation of mean vertical profiles over the valley
requires an interpolation from model levels to Cartesian coordinates along constant
height levels which have a vertical grid spacing of 20 m.

4 Boundary layer height detection

In this study, four different methods for the ABL height detection are applied. Gener-
ally, we distinguish between aerosol layer (AL) and convective boundary layer (CBL)
heights, marking the top of the tracer distribution and the top of the nearly height-
constant potential temperature profile, respectively. Conventionally, both definitions are
synonymously used for the top of the daytime ABL. Observational and numerical stud-
ies indicate, however, that the heights of the AL and CBL are different over mountainous
terrain (De Wekker et al., 2004).

In the present work, the AL height is determined by a gradient method computing
the vertical gradient extremum' of aerosol concentration moving upwards from the sur-
face (Emeis et al., 2007). We use three different methods to compute the CBL height.

1Technica||y, the term gradient extremum specifies the minimum value of the negative verti-
cal aerosol gradient.
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The first one (CBL1) is determined as the height at which the potential temperature
gradient exceeds a threshold of 0.001 Km™ (Catalano and Moeng, 2010). To compare
our results with De Wekker et al. (2004), we compute a second boundary layer height
(CBL2) by the same Richardson number (Ri) based method following Vogelezang and
Holtslag (1996). For this purpose, a modified bulk Richardson number is calculated on
every vertical model level starting from the surface. The CBL2 height is then derived as
the height where Ri reaches a critical value of 0.25 (Seibert et al., 2000; Vogelezang
and Holtslag, 1996). A more detailed description is given in De Wekker (2002). Seibert
et al. (2000) criticize that the Ri-method of Vogelezang and Holtslag (1996) adds a sur-
face excess temperature to an already existing superadiabatic layer above the ground;
therefore, they conclude that the calculated CBL2 height might be slightly overesti-
mated. For comparison, an additional ABL height (CBL3) is calculated based on a Ri-
method without an additional excess temperature (Seibert et al., 2000). The temporal
evolution of horizontally averaged vertical heat flux profiles and boundary layer heights
over flat terrain (PLAIN) are shown in Fig. 2. The CBL1 height marks the top of the ML
and is located slightly below the altitude of the vertical heat flux minimum, which is in
line with CBL heights obtained by Schmidli (2013) and Wagner et al. (2014b, 2015).
The CBL2 height follows the top of the EL and therefore lies above the CBL1 height
(see Fig. 2). During the whole simulation, the vertical position of the CBL3 is situated
in the middle of the EL and is about the same as the AL height in the PLAIN simulation
with a homogeneous tracer source near the surface between —30km < x < 0km (see
Sect. 2).

For quantifying the vertical transport from the boundary layer to the free atmosphere,
the time dependent CBL1 height is used as reference height. Vertical transport of ABL
air beyond this reference height can occur either by turbulent exchange in the EL or by
thermally induced circulations.
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5 Simulation results
5.1 Flow structure

In this section, the sensitivity of the flow structure on the terrain geometry is assessed.
In all simulations the instantaneous flow is fully turbulent after 2h of simulation (not
shown), and the flow pattern shows similar characteristics to the results in Wagner et al.
(2014a). Over the flat foreland a convective boundary layer and a plain-to-mountain
wind establishes. Inside the valleys, thermally driven upslope winds develop at the
beginning of the simulations.

In order to better compare the mean flow structure of the different sensitivity runs,
the flow fields are temporally and spatially averaged, and shown as cross sections
after 6 h of simulation in Fig. 3. In all simulations, an ABL develops over the foreland
with a well-mixed layer (CBL1) up to 1.5km. Despite the different valley depths, all
simulations with valleys (Fig. 3a—c) have similar CBL1 heights of 1.5 to 1.7 km over
the first ridge and approximately 2.5 km over the main ridge. However, in the reference
run (HMINO, Fig. 3a), due to updrafts over the smaller ridge, the CBL1 height is nearly
horizontal over the valley region. In the single-ridge simulation (S-RIDGE, Fig. 3d), the
CBL1 height is comparable to the one in the simulations with valleys, but the depth of
the ML is considerably smaller.

Depending on the valley floor height, two different flow regimes develop in the simula-
tions with embedded valleys. The first one occurs in the reference run with the deepest
valley and the second one in the two simulations with elevated valley floors. In the
reference run (HMINO, Fig. 3a), upslope winds develop over all mountain slopes with
similar cross-mountain wind speeds of up to 2.1 ms™ after 6h of simulation, whereas
the slope wind depths are different with about 250 m over the first and 100 m over the
second ridge. On the lee side of the first and above the main ridge updrafts form due to
converging upslope winds blowing from both sides of the mountain (Fig. 3e). The con-
vergence zones are characterized by mean vertical wind speeds of up to 1.3 ms~ ' and
horizontal return flows above the CBL1 height. Above the valley region, subsidence
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exists with vertical wind speeds of approximately —0.3 ms~'. Over the foreland of the
reference run, a plain-to-mountain circulation develops, which surmounts the first ridge
and converges over its lee slope with the upslope winds.

In the second flow regime (HMINO.5, HMIN1 Fig. 3b, c), the plain-to-mountain wind
penetrates down to the valley floor. Hence, it replaces the upslope flow on the leeward
side of the first peak and intensifies the upslope wind over the main ridge. The super-
imposed plain-to-mountain flow leads to slightly higher wind speeds and a significantly
deeper slope wind layer of up to 0.5km compared to the HMINO run. Furthermore,
the deeper slope wind layer prevents subsidence in the center of the valley. Due to
the absence of a convergence zone above the first ridge in the HMINO.5 and HMIN1
simulation, updrafts and return flows only develop over the main ridge. This leads to
a a single return flow above the CBL1 height towards the foreland with wind speeds up
to 2.2ms™, whereas in the reference run (HMINO), two nearly separated return flows
develop with wind speeds less than 1.9 ms".

In the S-RIDGE simulation, an upslope wind layer develops with wind speeds up
to 2.4ms™' and a layer depth of approximately 400 m. The return flow towards the
foreland is divided into two clearly separated wind layers: an upper one above crest
height, which is deeper and has stronger winds (up to 1.4ms'1), and a lower one,
which is located slightly above the CBL1 height with wind speeds below 0.6 ms™".

The two different flow regimes are also visible in vertical profiles of mean cross-
mountain winds at the middle of the slopes (Fig. 4). Shown are profiles for the reference
run (HMINO) and for HMINO.5 as a representative for the simulations with elevated val-
leys. After 2 h of simulation, upslope winds of up to 1.7 ms~' have established in both
simulations over all slopes. The depth of the slope wind layer is shallower over the main
ridge (Fig. 4c) than over the first ridge (Fig. 4a, b). Prandtl’s (1944) analytical slope-
wind model predicts shallower slope winds for steeper slopes and higher static stability
of the background atmosphere. This is in agreement with our simulations in which the
background stability and the slope angle are higher over the slope of the main ridge
than over the first ridge. In HMINO.5, after 4 h of simulation, the plain-to-mountain flow
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overruns the first peak, accelerates on its leeward side and finally reaches the ele-
vated valley floor. The downslope flow has a speed of about 3.8 ms~' and a depth of
approximately 500 m (Fig. 4b). This leeward flow acceleration is a well-known charac-
teristic of dynamically driven downslope windstorms such as the Alpine foehn (Richner
and Hachler, 2013). In the reference run, however, the upslope wind regime persists
throughout the simulation and hinders the plain-to-mountain wind to penetrate into the
valley.

To demonstrate the evolution of the downslope wind within the elevated valley, cross
sections of potential temperature are displayed for the HMINO and HMINO.5 simulation
in Fig. 5. After 2h in the HMINO.5 simulation (Fig. 5a), the air over the first mountain
ridge, advected by the plain-to-mountain flow from the foreland, is potentially cooler
than the valley air and therefore able to descend into the valley. This downslope flow
is able to penetrate underneath the potentially warmer upslope flow and eventually
erodes the local slope wind circulation after 4 h of simulation (Fig. 5b). A similar phe-
nomenon, called the Maloja wind, describes an up-valley wind that intrudes into the
Upper Engadine Valley as a down-valley flow due to relatively colder air of the intrud-
ing flow compared to the air mass on the lee side of the mountain pass (Zardi and
Whiteman, 2013). However, in the reference run (Fig. 5c), the plain-to-mountain flow at
peak height of the first mountain ridge is potentially warmer than the valley air, which
prevents the plain-to-mountain wind to descend to the valley floor.

5.2 Temperature structure

Mean vertical profiles of potential temperature over the valley region are shown for
all simulations with valleys in Fig. 6. After 2h of simulation (Fig. 6a), potential tem-
peratures near the valley floor are approximately 1 to 2K colder in the reference run
(HMINO) compared to the simulations with elevated valleys (HMINO.5, HMIN1). The
mean potential temperature profile of the reference run shows a three-layer thermal
structure over the valley region with a well mixed convective boundary layer, a valley in-
version layer and an upper weakly stable layer (Vergeiner and Dreiseitl, 1987; Schmidli,
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2013). After 6 h of simulation (Fig. 6b), all profiles show nearly identical mean potential
temperatures with a well-mixed boundary layer up to approximately 1.8 km.

To investigate the reason for these different potential temperature profiles, density-
weighted and volume-averaged heating rates are computed for the largest (HMINO)
and the smallest valley volume (HMIN1) according to the method of Schmidli (2013).
Both control volumes extend from the first to the main ridge and from the surface to
an altitude of 2.1 km. In Fig. 7, the evolution of all heat budget components is shown,
where the total tendency (TOT) is equal to the sum of the contributions due to the
surface sensible heat flux (SHF), the mean flow advection (ADV), and the turbulent
heat exchange between the valley volume and the free atmosphere (TRB). Due to
the flux computation method used in this study, which involves averaging in time, no
heating rates could be calculated before 1.5h of simulation. Nevertheless, potential
temperature profiles indicate that in the early phase (before 2 h) the heating is stronger
for smaller valley volumes than for larger ones (cf. HMIN1 and HMINO in Fig. 6a). This
result is in agreement with the concept of the valley-volume effect which states that for
a given amount of energy input, the heating rate is stronger the smaller the volume
(e.g., Wagner, 1932). This explains why the heating rate contribution from the surface
sensible heat flux (SHF) is permanently higher in the simulation with smaller valley
volume (HMIN1) compared to the reference run with larger valley volume (HMINO, cf.
Fig. 7), although the surface sensible heat flux itself is the same in both simulations.
Figure 7 shows that the surface sensible heat flux is the main heating source of the
valley atmosphere in both simulations, whereas mean-flow advection (ADV) cools the
valley volume, and the turbulent contributions (TRB) are negligible. In contrast to the
early phase, the total heating rate (TOT) of the HMIN1 simulation is smaller than of
the HMINO run after about 1.5h (Fig. 7). The reason is that the plain-to-mountain flow
enters the control volume of the HMIN1 run and leads to a much stronger cold-air
advection (ADV) than in HMINO. Consequently, advection overcompensates the volume
effect. This striking heating pattern leads to the almost same potential temperatures in
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the convective boundary layer until the end of all simulations (see Fig. 6b), despite the
different valley volumes.

5.3 Pollution distribution

By means of tracer analyses, the impact of varying terrain geometries on daytime pol-
lution distribution over a mountain range compared to the one over a flat plain is de-
scribed in this section. Here, we focus on the interaction between the plain-to-mountain
flow and the slope wind system which affects the vertical distribution of pollutants. The
focus of the next section, Sect. 5.4, is on the impact of the valley floor height on pro-
cesses of pollution transport over complex terrain.

In the first step, a passive tracer is constantly emitted at the surface over the half
space of the mountain range within the region of —30km < x < 0km (see Sect. 2). Fig-
ure 8 shows cross sections of normalized tracer mixing ratios and four different ABL
heights for all simulations after 6 h of integration. The mixing ratio has been normalized
by its maximum value occurring in the shown domain at the given time. Additionally,
vertically integrated tracer masses are shown for 2, 4, and 6 h of simulation. In the
PLAIN simulation (Fig. 8a), the turbulent transport results in a nearly homogeneous
distribution of tracer particles inside the ABL up the the EL. The CBL1 height marks
the top of the nearly height-constant potential temperatures at 1.7 km. The altitude of
the AL height is located at approximately 1.9km and lies between the heights of the
CBL2 and CBL3. The almost identical CBL and AL heights over the plain qualitatively
confirm results of De Wekker et al. (2004). The vertically integrated tracer mass is ho-
mogeneously distributed with approximately 3.3 % per km. This results in slightly less
than 100 % tracer mass when integrating between —30km < x < 0km, as a small part
of tracer mass is horizontally transported out of this subdomain due to turbulent diffu-
sion. In the reference run (Fig. 8b), tracer particles are advected towards both ridges
by upslope winds. After 6 h of simulation, concentration maxima exist in regions of up-
drafts over the leeward side of the smaller ridge (x ~ —12km) and in the upper part of
the slope of the main ridge (x ~ —1 km). Therefore, the largest tracer masses are found
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with up to 5.9 % per km over the valley region after 6 h of simulation. The ABL heights
over the foreland are in all simulations similar to the ones in the plain simulation. Over
the valley region, the AL height is considerably higher (up to 0.8 km) than the CBL
heights. In the HMINO.5 (Fig. 8c) and HMIN1 (Fig. 8d) run, the superimposed plain-
to-mountain flow leads to a less complex tracer distribution than in the HMINO case
with a rather continuous horizontal increase in tracer mass towards the main ridge.
As in the reference run, the AL heights are considerably higher than CBL heights,
and imply a tracer transport towards higher altitudes than the temperature based ABL
heights (CBLs). A striking feature in the S-RIDGE simulation is a second tracer max-
imum above crest height at approximately 2.5 km. However, the total horizontal mass
flux of tracer particles in the return flow above the ABL is only sightly higher in the
S-RIDGE run than in the other simulations (not shown) and, hence, cannot explain the
formation of the elevated layer of tracers in S-RIDGE. However, the center of the return
flow is located about 500 m higher in S-RIDGE which favors the formation of a pollution
layer at this height compared to the other runs (cf. Figs. 3 and 8).

These results corroborate the concept of an additional transport between the bound-
ary layer and the free atmosphere over complex terrain in comparison to a pure con-
vective exchange process (De Wekker et al., 2004). The CBL heights show a more
terrain-following behavior than the AL height for all simulations except for the HMINO
run. In that simulation, the different CBL heights are nearly horizontal over the valley
region as a result of a strong updraft on the leeward side of the smaller ridge. Nev-
ertheless, the CBL heights are still lower than the AL height. The comparison of the
present results with those of De Wekker et al. (2004), who used the same CBL height
definition as our CBL2, shows similar differences between the AL and CBL2 heights
(up to 0.4 km) for various terrain geometries.

The topographically induced tracer transport in relation to the PLAIN simulation is
quantified in Fig. 9. In the convective boundary layer over a flat plain, the only pro-
cess to transport pollutants into the free atmosphere is turbulent mixing in the EL.
Therefore, in the PLAIN simulation nearly all the tracer particles (up to 85 %) stay be-
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low the CBL1 height throughout the entire simulation. In contrast to the PLAIN run,
approximately 40 % of tracer mass is located above the CBL1 height after 2h in the
simulations with mountains. Until the end of the simulation, the vertical transport be-
yond the CBL1 height increases up to 55 % for the cases with elevated valleys (e.g.,
HMIN1) and the S-RIDGE simulation. In the reference run, the relative tracer mass
above the CBL1 height compared to the relative tracer mass within the boundary layer
slightly decreases to 35 % until the simulation end. This decrease in relative tracer
mass above the CBL1 height is due to the fact that the constant tracer source at the
surface is stronger than the vertical tracer transport through the boundary layer top. In
summary, topographically induced vertical tracer transport from the surface to the free
atmosphere can be up to 2.5 to 3.7 times larger than pure turbulent exchange over
a flat plain. Similar results were found for the vertical transport out of a valley in the
real-case study of Weigel et al. (2007) and in the idealized modeling study of Wagner
et al. (2014b). Repeating the same analysis of tracer exchange for the CBL3 as a refer-
ence height instead of CBL1 leads to the same qualitative results. However, in terms of
quantitative exchange the vertical transport is three times (5.5 to 10.3) higher for CBL3
than for CBL1. This result demonstrates the strong sensitivity of the magnitude of the
vertical exchange on the definition of the boundary layer height.

5.4 Pollution transport processes

This section focuses on the impact of embedded valleys and varying valley floor heights
on different transport mechanisms, such as mountain venting in updrafts and advective
venting by horizontal return flows. To isolate individual horizontal and vertical transport
processes, a passive tracer is emitted within three different subdomains.

In Fig. 10, the vertical transport between the boundary layer and the free atmosphere
is shown over the main ridge for the reference run (HMINO) and for HMINO.5, and is
compared to the vertical transport over the upper part of the single ridge (S-RIDGE).
A passive tracer is constantly emitted near the surface between —4km < x < -3km
which corresponds to the center of the main slope in the simulations with valleys. In
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all three simulations, tracers are transported within the slope wind layer towards the
mountain peak and within the updrafts to the higher troposphere. From there, they are
captured by the horizontal return flow and are transported towards the foreland. In
the simulations with valleys, the rather strong vertical updrafts transport most of the
tracers vertically through the boundary layer top (Fig. 10a, b). Therefore according to
the definition of Kossmann et al. (1999), mainly mountain venting does occur in these
simulations. Closer inspections (not shown) of the flow structure indicate, that in the
S-RIDGE simulation, both mountain and advective venting occur to the same extent
(cf. Figs. 3 and 10c).

As previously noticed, difference in the return flow structure (cf. Fig. 3) cause dif-
ferent patterns of horizontal tracer transport from the main ridge towards the foreland
(Fig. 10). In the HMINO simulation (Fig. 10a), the additional venting process over the
lee side of the smaller ridge prevents a horizontal transport of pollutants from the
main ridge towards the foreland beyond the valley region. Due to the absence of
updrafts over the smaller ridge in the HMINO.5 simulation (Fig. 10b), the tracers are
transported by the more homogeneous return flow almost twice the horizontal dis-
tance towards the foreland compared to the HMINO run. In the S-RIDGE simulation
(Fig. 10c), a distinct return flow develops, which is approximately 500 m higher than
in the other simulations. This leads to the previously mentioned elevated tracer layer
shown in Fig. 8. These different distribution patterns are also represented in the verti-
cally integrated tracer masses. At the end of the simulation, the integrated tracer mass
in the HMINO.5 and S-RIDGE is nearly evenly distributed between —20km < x < 0km
and —-30km < x < 0km, respectively, whereas in the HMINO run a non-uniform tracer
distribution remains with a mass maximum over the valley region.

Different transport patterns of tracers emitted at the foot of the mountain range
between —23km < x < -22km are shown for the HMINO and HMINO.5 simulation in
Fig. 11. Until the end of the HMINO simulation (Fig. 11a), tracer particles are trans-
ported horizontally by the plain-to-mountain flow up to the convergence zone on the
leeward side of the first mountain ridge (x ~ —12km). From there, particles are trans-
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ported to higher altitudes within the updraft. Apart from this pronounced and stationary
updraft, moving thermals distribute the tracers relatively homogeneously in the verti-
cal up to the CBL1 height. In contrast to the reference run in the HMINO.5 simula-
tion (Fig. 11b), the tracer particles are transported horizontally up to the main ridge
(x = 0km) until the end of the simulation. The different transport patterns are quanti-
fied in Fig. 12 for all mountain simulations. Shown are the relative tracer masses, which
are located on the left and right-hand side of the first mountain ridge (x = —13.9km)
as a function of time. For purposes of comparison, the relative mass transport to the
left and right of x = —13.9km is also shown for the S-RIDGE simulation. In the ref-
erence run, less than 30% of the emitted tracers are transported to the right side
of the first ridge until the end of the simulation. In the HMINO.5 and HMIN1 simula-
tions, approximately 50 % of the tracer mass is located right of the smaller ridge after
6 h. The reason for these different transport patterns is the upslope wind along the
second slope (-13.9km < x < =7.5km) in the HMINO simulation, which opposes the
plain-to-mountain wind and therefore acts as an effective “barrier” between the fore-
land and the main ridge (cf. Fig. 3). This blocking of the plain-to-mountain flow persists
during the entire simulation and allows only little tracer transport towards the main
ridge. In the simulations with elevated valleys, the plain-to-mountain flow eliminates
the opposing upslope winds and enhances the horizontal tracer transport to the main
ridge compared to the reference run. In the HMIN1 simulation the plain-to-mountain
flow penetrates towards the valley floor earlier than in the HMINO.5 run. Therefore,
the horizontal transport in the HMIN1 run is significantly faster than in the HMINO.5
run. In the S-RIDGE simulation, a similar horizontal tracer transport develops as in the
HMINO.5 and HMIN1 runs. However, due to the more homogeneous upslope flow in the
S-RIDGE simulation, the tracer transport is less variable and, hence, leads to a rather
continuous increase in tracer mass towards the main ridge.

The mixing ratio of a tracer emitted at the valley floor between —8km < x < -7km
is shown in Fig. 13 for the HMINO and HMINO.5 simulation. Due to the existence of
the typical slope wind system within the valley in the reference run (Fig. 13a), sub-
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sidence above the valley center mainly limits the tracer transport to the valley region
and most tracer particles remain below the CBL1 height during the whole simulation.
In the HMINO.5 run (Fig. 13b), tracers are transported by the superimposed plain-to-
mountain wind towards the main peak and within the updraft to the free troposphere
above the CBL1. From there, the tracer is transported by the return flow towards the
foreland. The vertical part of this transport by mountain and advective venting is quan-
tified for all simulations with valleys in Fig. 14. After 2 h, the turbulent transport by
convection is the dominant process for the tracer distribution and barely 20 to 25 % of
the tracer mass is mixed beyond the CBL1 height. After 3h in the HMIN1 and 5h in
the HMINO.5 simulation, the distribution pattern changes due to the additional tracer
transport by the plain-to-mountain wind within the valley. Therefore, until the end of the
simulations with elevated valleys (HMINO.5, HMIN1), up to 60 % of the tracer particles
are advected beyond the CBL1 height. However, in the reference run only 30 % of the
emitted tracer mass is located above the CBL1 height due to subsidence in the valley
center and a missing superimposed cross-mountain flow. Comparing tracer emissions
within different cross-mountain subdomains (e.g., Figs. 10 and 13), reveals that in all
simulations with valleys mountain and advective venting occurs; but whether pollutants
emitted at the valley floor are transported out of the valley depends on the interactions
between the plain-to-mountain and the slope wind systems.

6 Conclusions

In this study we performed idealized LES to investigate the interaction between plain-to-
mountain and slope wind systems, and their influence on daytime pollution distribution
over complex terrain. Simulations over a mountain range with embedded valleys were
compared to simulations with a single ridge and a flat plain by means of tracer analyses.

These analyses show differences in thermally driven driven flows and resultant pol-
lution transport dependent on the valley floor heights. To illustrate the observed two
main flow patterns, a conceptual diagram is shown in Fig. 15. In the situation of a deep

14334

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

Jaded uoissnosiq

ACPD
15, 14315-14356, 2015

Pollution transport

M. N. Lang et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

valley (reference run HMINO, Fig. 15a), the upslope wind system within the valley op-
poses the plain-to-mountain wind and therefore acts as an effective “barrier” between
the foreland and the main ridge. In the situation of a shallow, elevated valley (e.g.,
HMINO.5, Fig. 15b), the plain-to-mountain flow passes the crest of the first (smaller)
ridge, descends into the potentially warmer valley, and eventually replaces the oppos-
ing upslope wind. These two differing flow structures lead to different transport patterns.
In the reference run, less than 30 % of tracer particles emitted over the foreland are ad-
vected to the lee side of the first ridge until the end of the simulation. However, in the
simulations with elevated valleys, the relative tracer mass located on the leeward side
of the first ridge is similar to that of a simulation with a single ridge and amounts to
approximately 50 %.

The simulation results show that mountain and advective venting are important
mechanisms of pollution transport from the surface to the free atmosphere in addition
to the turbulent exchange by convection. Pollutants are transported within the slope
wind layers towards the mountain ridges, and within the vertical updrafts above the
CBL height. From there, the pollutants are captured by the horizontal return flow and
are advected towards the foreland. The determination whether mountain or advective
venting occurs strongly depends on the reference surface through which the transport
is assessed. It also depends on which part of the updraft is considered (the center or
the outflow region). The simulations show that independent of this details, the exchange
by venting, be it mountain or advective venting, is caused by the same stationary up-
draft as a result of horizontal flow convergence over the ridges. Therefore, we suggest
that at least for pure thermally driven winds without a large-scale flow no distinction
between mountain and advective venting is needed, as already done, e.g., in Henne
et al. (2004, 2005). In the simulations with elevated valleys, the plain-to-mountain flow
covers the whole mountain range and therefore prevents the development of venting
over the first ridge.

The detected ABL heights are in line with the results obtained by De Wekker et al.
(2004). Over the flat plain, the spread between the temperature based ABL heights
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(CBLs) and the AL height is rather small. However, over complex terrain, the CBL
heights are up to 0.4 km lower and rather terrain-following than the AL height. In the
present simulations, the mountain induced vertical transport beyond the CBL1 height
is up to 3.6 times larger than pure turbulent exchange over a flat plain. Even though the
quantification of the vertical exchange strongly depends on the definition of the ABL,
the significant transport beyond the CBL1 height in the present simulations demon-
strates the need to consider the AL height rather than temperature based ABL heights
as the relevant parameter for air pollution studies over mountainous terrain.

The results of this study extend those of Wagner et al. (2014b, 2015), and con-
firm that the terrain geometry has a large impact on the flow structure and the resultant
transport processes over a mountain range. The change of the flow regime due to minor
changes in the topography demonstrates the necessity to account for these topographi-
cally induced effects in future boundary layer parameterization schemes. Furthermore,
the findings confirm a mountain-induced vertical transport of pollutants beyond the
temperature based ABL height and therefore imply a reconsideration of the conven-
tional ABL height detection methods over mountainous terrain. However, to generalize
present findings, further investigations with inhomogeneous land-use properties, time
and space dependent surface forcings, and varying atmospheric background condi-
tions will be necessary.

Acknowledgements. This work was supported by the Austrian Science Fund (FWF) under grant
P23918-N21 and by the Austrian Ministry of Science BMWF as part of the Unilnfrastrukturpro-
gramm of the Research Platform Scientific Computing at the University of Innsbruck.

References
Adler, B. and Kalthoff, N.: Multi-scale transport processes observed in the boundary layer over

a mountainous Island, Bound.-Lay. Meteorol., 153, 1-23, doi:10.1007/s10546-014-9957-8,
2014. 14319

14336

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

Jaded uoissnosiq

ACPD
15, 14315-14356, 2015

Pollution transport

M. N. Lang et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1007/s10546-014-9957-8

10

15

20

25

30

Bonan, B. G.: Ecological Climatology: Concepts and Applications, 2nd edn., Cambridge Uni-
versity Press, Cambrigde, United Kingdom, 568 pp., 2008. 14320

Catalano, F. and Moeng, C.: Large-eddy simulation of the daytime boundary layer in an ideal-
ized valley using the weather research and forecasting numerical model, Bound.-Lay. Mete-
orol., 137, 49-75, doi:10.1007/s10546-010-9518-8, 2010. 14324

Deardorff, J. W.: Stratocumulus-capped mixed layers derived from a 3-dimensional model,
Bound.-Lay. Meteorol., 18, 495-527, doi:10.1007/BF00119502, 1980. 14320

De Wekker, S. F. J.: Structure and morphology of the convective boundary layer in mountainous
terrain, PhD thesis, University of British Columbia, Department of Earth and Ocean Sciences,
Vancouver, 2002. 14324

De Wekker, S. F J., Zhong, S., Fast, J. D., and Whiteman, C. D.: A numerical study of the
thermally driven plain-to-basin wind over idealized basin topographies, J. Appl. Meteorol., 37,
606—622, doi:10.1175/1520-0450(1998)037<0606:ANSOTT>2.0.CO;2, 1998. 14317, 14318

De Wekker, S. F. J., Steyn, D. G., and Nyeki, S.: A comparison of aerosol-layer and convective
boundary-layer structure over a mountain range during Staaarte ‘97, Bound.-Lay. Meteorol.,
113, 249-271, doi:10.1023/B:BOUN.0000039371.41823.37, 2004. 14318, 14323, 14324,
14329, 14330, 14335

Ekhart, E.: De la structure thermique de I'atmosphere dans la montagne (On the thermal
structure of the mountain atmosphere), La Meteorologie, 4, 3—26, 1948 (English translation:
Whiteman, C. D. and Dreiseitl, E.: 1984. Alpine Meteorology: Translations of Classic Contri-
butions by Wagner, A., Ekhart E., and Defant, F.,, PNL-5141/ASCOT-84-3, Pacific Northwest
Laboratory, Richland, Washington, 121 pp.). 14317

Emeis, S., Jahn, C., Minkel, C., Mlnsterer, C., and Schéfer, K.: Multiple atmospheric layering
and mixing-layer height in the Inn valley observed by remote sensing, Meteorol. Z., 16, 415—
424, doi:10.1127/0941-2948/2007/0203, 2007. 14323

Gohm, A., Harnisch, F, Vergeiner, J., Obleitner, F., Schnitzhofer, R., Hansel, A., Fix, A,
Neininger, B., Emeis, S., and Schéafer, K.: Air pollution transport in an alpine valley: re-
sults from airborne and ground-based observations, Bound.-Lay. Meteorol., 131, 441-463,
doi:10.1007/s10546-009-9371-9, 2009. 14317

Henne, S., Furger, M., Nyeki, S., Steinbacher, M., Neininger, B., de Wekker, S. F. J., Dom-
men, J., Spichtinger, N., Stohl, A., and Prévét, A. S. H.: Quantification of topographic
venting of boundary layer air to the free troposphere, Atmos. Chem. Phys., 4, 497-509,
doi:10.5194/acp-4-497-2004, 2004. 14317, 14318, 14335

14337

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

Jaded uoissnosiq

ACPD
15, 14315-14356, 2015

Pollution transport

M. N. Lang et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1007/s10546-010-9518-8
http://dx.doi.org/10.1007/BF00119502
http://dx.doi.org/10.1175/1520-0450(1998)037<0606:ANSOTT>2.0.CO;2
http://dx.doi.org/10.1023/B:BOUN.0000039371.41823.37
http://dx.doi.org/10.1127/0941-2948/2007/0203
http://dx.doi.org/10.1007/s10546-009-9371-9
http://dx.doi.org/10.5194/acp-4-497-2004

10

15

20

25

30

Henne, S., Furger, M., and Prévét, A. H.: Climatology of mountain venting—induced el-
evated moisture layers in the lee of the Alps, J. Appl. Meteorol., 44, 620-633,
doi:10.1175/JAM2217.1, 2005. 14335

Klemp, J. B., Skamarock, W. C., and Fuhrer, O.: Numerical consistency of metric terms
in terrain-following coordinates, Mon. Weather Rev., 131, 1229-1239, doi:10.1175/1520-
0493(2003)131<1229:NCOMTI>2.0.CO;2, 2003. 14321

Kossmann, M., Corsmeier, U., De Wekker, S. F. J., Fiedler, F, Végtlin, R., Kalthoff, N.,
Gusten, H., and Neininger, B.: Observations of handover processes between the atmo-
spheric boundary layer and the free troposphere over mountainous terrain, Contrib. Atmos.
Phys., 72, 329-350, 1999. 14318, 14332

Monin, A. S. and Obukhov, A. M.: Basic Laws of Turbulent Mixing in the Atmosphere Near the
Ground, Tr. Geofiz. Inst., Akad. Nauk SSSR, 24, 163—-187, 1954. 14320

Noppel, H. and Fiedler, F.: Mesoscale heat transport over complex terrain by slope winds
— a conceptual model and numerical simulations, Bound.-Lay. Meteorol., 104, 73-97,
doi:10.1023/A:1015556228119, 2002. 14319

Prandtl, L.: Fihrer durch die Strdomungslehre, Vieweg and Sohn, Braunschweig, Germany,
384 pp., 1944. 14326

Richner, H. and Hachler, P.: Understanding and forecasting Alpine Foehn, in: Mountain Weather
Research and Forecasting, edited by: Chow, F. K., Wekker, S. F. J. D., and Snyder, B. J.,
Springer, New York, USA, 219-260, 2013. 14327

Rotach, M. W., Andretta, M., Calanca, P., Weigel, A. P,, and Weiss, A.: Boundary layer charac-
teristics and turbulent exchange mechanisms in highly complex terrain, Acta Geophys., 56,
194-219, doi:10.2478/s11600-007-0043-1, 2008. 14320

Rotach, M. W., Wohlfahrt, G., Hansel, A., Reif, M., Wagner, J., and Gohm, A.: The world is
not flat — implications for the global carbon balance, B. Am. Meteorol. Soc., 95, 1021-1028,
doi:10.1175/BAMS-D-13-00109.1, 2014. 14317, 14318

Schér, C., Leuenberger, D., Fuhrer, O., Luthi, D., and Girard, C.: A new terrain-following vertical
coordinate formulation for atmospheric prediction models, Mon. Weather Rev., 130, 2459—
2480, doi:10.1175/1520-0493(2002)130<2459:ANTFVC>2.0.C0O;2, 2002. 14321

Schmidli, J.: The diabatic pressure difference: a new diagnostic for the analysis of valley winds,
Mon. Weather Rev., 140, 717-720, doi:10.1175/MWR-D-11-00128.1, 2012. 14322

14338

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

Jaded uoissnosiq

ACPD
15, 14315-14356, 2015

Pollution transport

M. N. Lang et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1175/JAM2217.1
http://dx.doi.org/10.1175/1520-0493(2003)131<1229:NCOMTI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2003)131<1229:NCOMTI>2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(2003)131<1229:NCOMTI>2.0.CO;2
http://dx.doi.org/10.1023/A:1015556228119
http://dx.doi.org/10.2478/s11600-007-0043-1
http://dx.doi.org/10.1175/BAMS-D-13-00109.1
http://dx.doi.org/10.1175/1520-0493(2002)130<2459:ANTFVC>2.0.CO;2
http://dx.doi.org/10.1175/MWR-D-11-00128.1

10

15

20

25

w
o

Schmidli, J.: Daytime heat transfer processes over mountainous terrain, J. Atmos. Sci., 70,
4041-4066, doi:10.1175/JAS-D-13-083.1, 2013. 14316, 14320, 14322, 14324, 14327,
14328

Seibert, P, Beyrich, F., Gryning, S., Joffre, S., Rasmussen, A., and Tercier, P.. Review and
intercomparison of operational methods for the determination of the mixing height, Atmos.
Environ., 34, 1001-1027, doi:10.1016/S1352-2310(99)00349-0, 2000. 14324

Serafin, S. and Zardi, D.: Daytime heat transfer processes related to slope flows and
turbulent convection in an idealized mountain valley, J. Atmos. Sci., 67, 3739-3756,
doi:10.1175/2010JAS3428.1, 2010. 14322

Skamarock, W. C., Klemp, J. B., and Dudhia, J.: A Description of the Advanced Research WRF
Version 3, NCAR technical note, Mesoscale and Microscale Meteorology Division, National
Center for Atmospheric Research, Boulder, Colorado, USA, 2008. 14320

Steyn, D. G., Wekker, S. F. J. D., Kossmann, M., and Martilli, A.: Boundary layers and air
quality in mountainous terrain, in: Mountain Weather Research and Forecasting, edited by:
Chow, F. K., Wekker, S. F. J. D., and Snyder, B. J., Springer, New York, USA, 261-289, 2013.
14316

Stull, R. B.: An Introduction to Boundary Layer Meteorology, Kluwer Academic Publishers, Dor-
drecht, 1988. 14316

Vergeiner, |. and Dreiseitl, E.: Valley winds and slope winds — observations and elementary
thoughts, Meteorol. Atmos. Phys., 36, 264-286, doi:10.1007/BF01045154, 1987. 14327

Vogelezang, D. H. P. and Holislag, A. A. M.: Evaluation and model impacts of
alternative boundary-layer height formulations, Bound.-Lay. Meteorol., 81, 245269,
doi:10.1007/BF02430331, 1996. 14324

Wagner, A.: Der Tagliche Luftdruck- und Temperaturgang in der freien Atmosphére und in
Gebirgstalern, Gerl. Beitr. Geophys., 37, 315-344, 1932. 14328

Wagner, J. S., Gohm, A., and Rotach, M. W.: The impact of horizontal model grid resolution on
the boundary layer structure over an idealized valley, Mon. Weather Rev., 142, 3446-3465,
doi:10.1175/MWR-D-14-00002.1, 2014a. 14317, 14319, 14320, 14322, 14323, 14325

Wagner, J. S., Gohm, A., and Rotach, M. W.: The impact of valley geometry on daytime ther-
mally driven flows and vertical transport processes, Quart. J. Roy. Meteor. Soc., in press,
doi:10.1002/qj.2481, 2014b. 14317, 14319, 14322, 14324, 14331, 14336

14339

Jaded uoissnosiq

Jaded uoissnosiq

Jaded uoissnosiq

©)
do

Jaded uoissnosiq

ACPD
15, 14315-14356, 2015

Pollution transport

M. N. Lang et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1175/JAS-D-13-083.1
http://dx.doi.org/10.1016/S1352-2310(99)00349-0
http://dx.doi.org/10.1175/2010JAS3428.1
http://dx.doi.org/10.1007/BF01045154
http://dx.doi.org/10.1007/BF02430331
http://dx.doi.org/10.1175/MWR-D-14-00002.1
http://dx.doi.org/10.1002/qj.2481

10

15

Wagner, J. S., Gohm, A., and Rotach, M. W.: Influence of along-valley terrain heterogeneity
on exchange processes over idealized valleys, Atmos. Chem. Phys. Discuss., 15, 415—451,
doi:10.5194/acpd-15-415-2015, 2015. 14319, 14322, 14324, 14336

Weigel, A. P., Chow, F. K., and Rotach, M. W.: The effect of mountainous topography on mois-
ture exchange between the “surface” and the free atmosphere, Bound.-Lay. Meteorol., 125,
227-244, doi:10.1007/s10546-006-9120-2, 2007. 14317, 14331

Weissmann, M., Braun, F. J., Gantner, L., Mayr, G. J., Rahm, S., and Reitebuch, O.: The alpine
mountain-plain circulation: airborne Doppler lidar measurements and numerical simulations,
Mon. Weather Rev., 133, 3095-3109, doi:10.1175/MWR3012.1, 2005. 14317

Whiteman, C. D.: Mountain Meteorology: Fundamentals and Applications, Oxford University
Press, New York, 355 pp., 2000. 14317

Zardi, D. and Whiteman, C. D.: Diurnal mountain wind systems, in: Mountain Weather Research
and Forecasting, edited by: Chow, F. K., Wekker, S. F. J. D., and Snyder, B. J.,Springer, New
York, USA, 35—-119, 2013. 14317, 14327

Zhang, D. and Anthes, R. A.: A high-resolution model of the planetary boundary layer — sen-
sitivity tests and comparisons with SESAME-79 data, J. Appl. Meteorol., 21, 1594-1609,
doi:10.1175/1520-0450(1982)021<1594:AHRMOT>2.0.CO;2, 1982. 14320

14340

Jaded uoissnosiq

O
(2}
o
c
7
@,
o
=
=
)
°
@
-

Jaded uoissnosiq

(®)
S

Jaded uoissnosiq

ACPD
15, 14315-14356, 2015

Pollution transport

M. N. Lang et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/acpd-15-415-2015
http://dx.doi.org/10.1007/s10546-006-9120-2
http://dx.doi.org/10.1175/MWR3012.1
http://dx.doi.org/10.1175/1520-0450(1982)021<1594:AHRMOT>2.0.CO;2

ACPD
15, 14315-14356, 2015

Jaded uoissnosiq

Pollution transport

M. N. Lang et al.
O
»
Table 1. Overview and acronyms of model topographies as described by Egs. (1) and (2). 2
HMINO corresponds to the reference run. All mountain topographies consist of a 60 km broad &
symmetric mountain range with a 30 km wide flat foreland on each side (see Fig. 1). h,, and S ,
himin @re the maximum heights of the upper and lower envelope, respectively. h, is the effective D
height of the valley floor and max(a) the maximum slope inclination. The cases S-RIDGE and 3 Conclusions [ References
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three ridges and different elevated valley floor heights, and with a single ridge are used in Ry =
sensitivity simulations and are shown in (a) as dashed, dotted and solid lines (compare Table 1). S
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Figure 2. Temporal evolution of mean boundary layer heights of the PLAIN simulation. Shown
are three different convective boundary layer (CBL) heights and the aerosol layer height (AL)
(see Sect. 4). Thin green contour lines display horizontally averaged normalized tracer mixing
ratios (0.1 increment) for a horizontally homogeneous tracer source at the surface. Color con-
tours represent total vertical heat flux profiles of the PLAIN simulation. Due to technical reasons
(time averaging), values are only shown for simulation times after 1.5 h.
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Figure 3. Cross sections of averaged (a—d) cross-mountain wind speed and (e—h) vertical wind
speed as color contours after 6 h of simulation for four different mountain shapes: (from top to
bottom) HMINO, HMINO.5, HMIN1, and S-RIDGE (cf. Table 1). Potential temperature as black
contour lines (0.25 K increment) and wind vectors for components parallel to the cross section.
Variables are averaged in space and time. The black solid line shows the reference ABL height
(CBL1).

14344

Jaded uoissnosiq

Jaded uoissnosiq

| Jadeq uoissnosiqg
(&
()

Jaded uoissnosiq

ACPD
15, 14315-14356, 2015

Pollution transport

M. N. Lang et al.

Title

Page
Abstract Introduction
Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
15, 14315-14356, 2015

Jaded uoissnosiq

Pollution transport

22 2 42 o M. N. Lang et al.
——HMINO, 2 h ——HMINO, 2 h ——HMINO, 2 h
= = =HMINO.5,2h = = =HMINO.5,2h = = =HMINO.5,2h D
35 ——HMINO, 4 h 35 ——HMINO, 4 h 35 ——HMINO, 4 h —_
= = =HMINO.5,4h = = =HMINO.5,4h = = =HMINO.5,4h %
3 N 3 3 = y
p » Title Page
25 25 25 > o
€ . € € R =} )
= = = . Abstract Introduction
§ 2 , § 2 § 2 §
I | = -
05 \§ 05 05
L L L :
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4 o
<U>(ms ™) <0>(ms ™) <U>(ms ™) %
. . . . . . o
Figure 4. Vertical profiles of mean cross-mountain wind speed at (a) the middle of the first =
slope (x = —18.2km), (b) the middle of the second slope (x = —10.7 km), and the middle of the _é?
third slope (x = —8.7 km) for the mountain shapes HMINO (solid lines) and HMINO.5 (dashed @ Full Screen / Esc
lines). Black and blue lines are valid for 2 and 4 h of simulation, respectively. Red lines in the
inset show the location of the profiles. Printer-friendly Version
9
2
2
3
=
QO
e
[¢)
=

14345


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

ACPD
15, 14315-14356, 2015

Jaded uoissnosiq

Pollution transport

M. N. Lang et al.
9
8
Time = 2.00 h Time = 4.00 h Time = 4.00 h (=
%_ Title Page
S
E E E 250 o T Abstract Introduction
s s s ; g
Ed E 2 v -
-
X-Direction (kml)a X-Direction (kml)e g
z HRE
Figure 5. Cross sections of averaged potential temperature as contour lines (increments of _ —
. . . (2}
0.25K) after (a) 2h and (b) 4 h of simulation for the HMINO.5 mountain shape and (c) after &
. . =)
4h .for the reference run (HMINO). Wlpd vectors for components parallel to the cross section. =
Variables are averaged in space and time. i)
@ Full Screen / Esc
Printer-friendly Version
9
8 Interactive Discussion
@
@,
o
S
©
e
[¢)
=

14346


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/14315/2015/acpd-15-14315-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

o
7
: ACPD
@,
E 15, 14315-14356, 2015
@ Time =2.00 h e Time =6.00 h §
— HMINO | | — HMINO e Pollution transport
|----HMINO5 | ] || = === HMINO.5 ? i —
350 ! 350w M. N. Lang et al.
3 ] SRR SO N N N S g
(=
P T i (. PP I S N <A ;
£ € o
Y N B A S S 3 -
> >
1.5 e R T — -
j ; : ; T
’I £ S
@]
A T 2z HRE I
O A 2 K N
L L L L L L 3
282 284 286 288 290 292 282 284 286 288
_ _ T
<@> (K) <@®> (K) %
e
Figure 6. Mean vertical profiles of potential temperature after (a) 2h and (b) 6 h of simulation
for the mountain shapes HMINO (solid line), HMINO.5 (dashed line), and HMIN1 (dotted line).
The vertical profiles are vertically interpolated from model levels to constant height levels and
horizontally averaged between the first and second ridge (-13.9km < x < Okm, see red area &
in insets). @
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Figure 7. Evolution of density-weighted and volume-averaged heat budget components for (a)
the HMINO and (b) the HMIN1 simulation. The total tendency (TOT) is equal to the sum of
surface sensible heat flux (SHF), mean flow advection (ADV), and turbulent exchange (TRB).
Both control volumes extend from the first to the main ridge and from the surface to an altitude
of 2.1 km. Due to technical reasons (time averaging), values are only shown after 1.5h of
simulation.
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Figure 8. Cross sections of tracer concentrations (color contours) after 6 h of simulation for
all simulations: (a) PLAIN, (b) HMINO, (¢) HMINO.5, (d) HMIN1, and (e) S-RIDGE. A passive
tracer has been constantly emitted over the whole along-mountain domain within the region of
—30km < x < 0km on the lowermost 8 model levels (up to an altitude of approximately 110 m).
Mixing ratios are averaged in space and time, and normalized by their corresponding maximum
value. Boundary layer heights CBL1, CBL2, CBL3, and AL are plotted as black solid, dashed,
dotted, and green solid lines, respectively (see also the legend shown in Fig. 8e). Additionally,
vertically integrated tracer masses are shown for 2, 4, and 6 h of simulation as dotted, dashed,
and solid lines in the bottom panels, respectively. These relative mass values are calculated
by splitting the x direction into bins of 1 km and determining the percentage of total amount of
tracers within these cross-mountain intervals (% km™ )-
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Figure 9. Relative tracer mass located above (dark gray) and below (light gray) the reference
ABL height (CBL1) as a function of time. A tracer has been constantly emitted near the surface
over the half space of the mountain range within the region of —30km < x < 0km (see Fig. 8).
Shown are all simulations (from left to right) between 2 and 6 h: PLAIN, HMINO, HMINO.5,
HMIN1, and S-RIDGE.
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Figure 10. As in Fig. 8 for the (a) HMINO, (b) HMINO.5, and (¢) S-RIDGE simulation, but a tracer £
has been constantly emitted within the region between —4km < x < -3 km. 73
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Figure 11. As in Fig. 8 for the (a) HMINO and (b) HMINO.5 simulation, but a tracer has been &
constantly emitted at the foot of the mountain range between —23km < x < —-22km. T =
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Figure 12. Relative tracer mass located left (light gray) and right (dark gray) of the smaller &
ridge (x = —13.9km) as a function of time. A tracer has been constantly emitted at the foot of S (cc) W)
the mountain range (-23km < x < -22km, see Fig. 11). Shown are the simulations HMINO, Y =
HMINO.5, HMIN1, and S-RIDGE between 2 and 6 h of simulation. S
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Figure 13. As in Fig. 8 for the (a) HMINO and (b) HMINO.5 simulation, but a tracer has been S
constantly emitted at the valley floor between —8km < x < -7 km. Ry =
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Figure 14. Relative tracer mass located above (dark gray) and below (light gray) the reference
ABL height (CBL1) as a function of time. A tracer has been constantly emitted at the valley
floor (-8km < x < -7km, see Fig. 13). Shown are all simulations with valleys (from left to right) &
between 2 and 6 h: HMINO, HMINO.5, and HMIN1. 2
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Figure 15. Conceptual diagram of the flow pattern for (a) a deep valley (HMINO) and (b) an
elevated valley (e.g., HMINO.5) after 6 h of simulation. The black and gray solid lines mark the
temperature based ABL height (CBL) and the aerosol layer height (AL), respectively. Thick,
solid arrows represent the cross-mountain flow and thin, solid arrows mark the turbulent ex-
change in the entrainment layer over the foreland and the valley region. Dashed, double-lined
arrows indicate the vertical transport from the boundary layer beyond the CBL height as a result
of horizontal flow convergence. V denotes mountain and advective venting and B indicates flow
blocking.
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