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Abstract. The temporal evolution and spatial structure of the aerosol layer (AL) height as

observed with an airborne downlooking lidar over the Swiss Alps were investigated with a
three-dimensional mesoscale numerical model and a particle dispersion model. Convective
boundary-layer (CBL) heights were derived from the mesoscale model output, and the

behaviour of surface-released particles was investigated with the particle dispersion model.
While a previous investigation, using data from the same field study, equated the observed AL
height with the CBL height, the results of the current investigation indicate that there is a

considerable difference between AL and CBL heights caused by mixing and transport pro-
cesses between the CBL and the free atmosphere. CBL heights show a more terrain-following
behaviour and are lower than AL heights. We argue that processes causing the difference

between AL and CBL heights are common over mountainous terrain and that the AL height is
a length scale that needs to be considered in air pollution studies in mountainous terrain.

Keywords: Aerosol layer, Boundary-layer height, Convective boundary layer, Lidar, Moun-
tainous terrain, Numerical modelling.

1. Introduction

While considerable past research has focused on convective boundary-layer
(CBL) structure in valleys (Whiteman, 1990), CBL structure over mountain
ridges and slopes has received relatively little attention. Holzworth (1964)
and Raymond and Wilkening (1980) noted the frequent presence of a deep
afternoon CBL over mountainous terrain in western North America, with
CBL depths of up to 2–3 km over the mountain ridges. Potential temperature
analyses in studies by Cramer and Lynott (1961) and Cramer (1972) show
similar CBL depths in mountainous terrain. Braham and Draginis (1960)
made aircraft observations over a mountain range and investigated the
nature of thermals. Their cross-sections of potential temperature in the
afternoon CBL reveal the presence of thermals over the highest peaks and
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ridges. Observations in hilly and mountainous terrain show that, while the
CBL structure in the early morning is highly inhomogeneous, the afternoon
CBL structure tends to be horizontally homogeneous (Lenschow et al., 1979;
Fiedler, 1983). Dayan et al. (1988) found that orography was the major
factor determining CBL height variability, rather than differences in synoptic
conditions or land use. Radiosonde and aircraft data from a field study in the
Black Forest region in Germany show a variety of behaviours, from a CBL
that follows the underlying terrain to a CBL that seems unaffected by terrain
irregularities (De Wekker et al., 1997; Kossmann et al., 1998).

Conventionally, CBL heights have been determined from vertical tem-
perature profiles. However, the spatial density of vertical profile measure-
ments is often not sufficient to study spatial CBL height behaviour in
mountainous areas. Aircraft measurements offer one solution to this problem
but suffer from the complication that boundary-layer structure can change
significantly during the time that it takes to sample different parts of an
experimental area. In recent years, the development of remote sensors such as
sodar and lidar has provided the opportunity to study CBL heights at high
temporal and spatial resolution. Particularly, downlooking airborne lidar
aboard an aircraft has proven useful for the investigation of the spatial
variability of CBL height (e.g., Kiemle et al., 1995). More accurately, the
height of the aerosol layer (AL) is determined from lidar data, not the CBL
height. Several studies over flat terrain have shown good correspondence
between CBL and AL heights derived from temperature profiles and lidar,
respectively (van Pul et al., 1994; Marsik et al., 1995). Others have found that
CBL heights from lidar measurements are slightly higher (Coulter, 1979).
Overall however, it has been assumed that AL and CBL heights are equal.
This assumption has been supported by the fact that lidar backscatter images
frequently show small-scale AL top structure that resembles the CBL top
structure arising from the penetration of thermal eddies into an elevated
inversion layer as found in laboratory studies (Deardorff et al., 1980) and
large-eddy simulations (Sullivan et al., 1998).

Lidar data could be very useful for determining the spatial variability of
the CBL height in mountainous terrain under conditions when sufficient
aerosols are present. It is still unclear, however, whether AL and CBL heights
are synonymous in mountainous terrain. Nyeki et al. (2000) used an aircraft
with a downlooking lidar and aerosol instrumentation on one day in the
Swiss Alps to conclude that the CBL height did not follow the underlying
topography (assuming that the CBL height equated to the AL height). No
observations of atmospheric temperature structure, however, were available
to confirm this conclusion. In the current paper, we use a three-dimensional
non-hydrostatic mesoscale numerical model and Lagrangian particle dis-
persion model to simulate the one day in Nyeki et al.’s (2000) dataset and to
investigate if the assumption of equal AL and CBL heights can be justified
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over mountainous terrain. At the same time, we will attempt to explain the
AL height behaviour over mountainous terrain from the combined use of a
numerical model and observations.

2. Data

Under the European Union’s ‘scientific training and access to aircraft for
atmospheric research throughout Europe’ (STAAARTE) project, an air-
borne field study was conducted in an area of approximately · 0.5� lati-
tude · 0.5� longitude around the Jungfraujoch high-alpine research station
(JFJ, 46.55� N, 7.98� E; 3454 m a.s.l.) in Switzerland, on 30 July 1997. On
this day, a high-pressure ridge from southern France to Scandinavia deter-
mined the weather situation with cloudless skies over large parts of Europe.
Synoptic winds in the investigation area were weak to moderate (5–10 m s)1

at 500 hPa) and from a north-westerly direction.
The JFJ (Figure 1) is located in the northern part of the Swiss Alps in the

Bernese Oberland and is situated in a saddle between the Mönch (4099 m)
and Jungfrau (4158 m) peaks. The Aletsch glacier, an important terrain
feature south of the JFJ, is indicated in Figure 1.

A downlooking aerosol lidar (Nd-YAG laser, output wavelength (k) of
532 nm) was flown on the German Aerospace Research Establishment
(DLR) Falcon-20 jet aircraft (Kiemle et al., 1995) to obtain an aerosol
structure dataset with high temporal and spatial resolution below 5 km a.s.l.
The horizontal and vertical resolutions of the lidar measurements were
approximately 100 m and 15 m, respectively.

Lidar measurements were made with identical morning and afternoon
flight patterns over the JFJ. Flight patterns consisted of transects oriented
parallel and perpendicular to the north-east to south-west oriented regional
mountain divide. A total of 35 flight legs were flown; 17 in the morning
between 0628 and 0925 UTC, and 18 in the afternoon between 1247 and 1533
UTC, each leg lasting between 2 and 8 min. The daylight period at the JFJ on
30 July 1997 was from 0407 to 1902 UTC so that the first flights took place
more than 2 h after local sunrise. The north-west to south-east transect
makes a sharp topographical transition from the pre-alpine foothills in the
Emmental region (up to 2000 m) through the JFJ and the surrounding massif
(3000–4000 m), and down over the Aletsch glacier towards the Rhone Valley.
To the north of the JFJ, the topography falls 3 km over a distance of only
15 km into a valley that issues onto the Swiss plateau. Lidar backscatter ratio
cross-sections of all 35 flight tracks are shown in De Wekker (2002). The
dashed line in Figure 1 depicts the approximate location of the flight tracks
that are discussed in this paper.

AEROSOL-LAYER AND CONVECTIVE BOUNDARY-LAYER STRUCTURE 251



3. Observations of the Aerosol-Layer Height

The observed spatial and temporal evolution of AL height on 30 July 1997 is
shown in Figure 2 by a series of lidar cross-sections taken along a flight track
(Figure 1) perpendicular to the mountain divide. Shown in the lidar cross-
sections are the topography (in white) and the backscatter ratio
B ¼ [Ba + Bm]/[Bm], where Ba is aerosol scattering and Bm is molecular
scattering. B is affected by aerosol number, size distribution, composition,
lidar wavelength k, and relative humidity, and is predominantly influenced by
accumulation mode aerosols having diameters between 0.1 and 1.0 lm
(Schwiesow, 1984). On some occasions, B shows significant variability within
the AL, and may be due to increased aerosol concentrations from natural or
anthropogenic activity as well as to aerosol growth at relative humidities
above 85% (Hänel, 1976).
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Figure 1. Topographic map of the experimental area. Contour lines are drawn every 1000 m,
the darkest shade representing terrain over 3000 m a.s.l. The Jungfraujoch station is depicted
by the white asterisk. The approximate location of flight tracks perpendicular to the mountain

divide is depicted by the dashed line. The inner square represents the innermost grid for the
mesoscale model run described in Section 4.
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The evolving AL was observed to grow in height over time while generally
maintaining a nearly uniform height despite significantly varying topogra-
phy. Winds were north-westerly at the AL height during the entire period of
observations, and the AL height was up to about 500 m lower to the north-
west compared to the south-east of the mountain divide.

In the morning hours, the JFJ was above the top of the aerosol layer,
aerosol measurements taken at JFJ (sub-section 5.2) confirming this (also see
Nyeki et al., 2000). Between 0702 and 0913 UTC, the aerosol layer grew only
slightly, most of its growth of about 1 km occurring between 0913 and 1317
UTC when the maximum AL height reached slightly above 4000 m a.s.l.
(Figure 2c). Between 1317 and 1520 UTC, the additional AL growth was
small.

The AL top here is relatively smooth compared to the AL top over flat
terrain (e.g., Kiemle et al., 1995). Frequently, lidar cross-sections over flat
terrain show irregularities that indicate the presence of vigorous thermal
eddies stirring air within the CBL. This is not evident in the lidar cross-
sections from STAAARTE ’97.

The AL height generally does not follow the individual ridges and valleys
in the underlying terrain on a scale of a few kilometres but there is a tendency
to follow the topography on a scale of a few tens of kilometres. The examples
shown here are representative of all other lidar cross-sections (De Wekker,
2002).

For our analyses, the AL height from the cross-sections was determined
from vertical profiles of aerosol backscatter using the semi-objective method
illustrated in Figure 3. This method is applied in the usual case where
backscatter ratios decrease with height. The approach is to determine layers
in the lower and upper atmosphere where backscatter ratios are fairly con-
stant with height (vertical solid lines in Figure 3); the mean of the backscatter
ratios in the lower and upper layer (vertical dashed line in Figure 3) was then
taken as the threshold value. The AL height is defined as the height where
this threshold value is first exceeded, commencing from the top of the
backscatter profile. Erroneous backscatter ratios near the surface are not
considered in determining the backscatter ratio for the lowest layer. With this
method, the AL height is relatively insensitive to the subjective values of A
and B (Figure 3) that define the upper limit of the lower layer and the lower
limit of the upper layer, respectively. After application of the method, the AL
heights are inspected to detect any failures of the algorithm. Values using the
semi-objective method are shown by the black line in Figure 2d.

A second, subjective method was also used for comparison with the semi-
objective method, in which a visually determined AL top was selected. These
heights were somewhat larger than for the semi-objective method. Differences
between the two methods, however, were small with maximum differences of
about 200 m.
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The temporal evolution of the leg-averaged AL height is depicted in
Figure 4 for 13 out of the 17 morning flight tracks, and 15 out of the 18
afternoon flight tracks; the other flight tracks were not well-suited for
determination of the AL height. AL heights during the morning flight are
between 2 and 3 km a.s.l., and in the afternoon they are between 3 and
somewhat over 4 km a.s.l. The few data points with relatively low values
early in the morning and early in the afternoon correspond to flights over the
terrain north-west of the mountain divide where terrain height is relatively

Figure 3. Illustration of the AL height determination with the semi-objective method. See text

for details.

Figure 2. Cross-sections of lidar backscatter ratio on the flight track shown in Figure 1 for
flights starting at 0702 (a), 0913 (b), 1317 (c), and 1520 UTC (d). The colour scale is pro-
portional to lidar backscatter ratio, with white indicating the underlying topography. The
Rhone Valley, Aletsch Glacier, and Jungfraujoch station (JFJ) are indicated in (a). Slight

differences in the underlying topography in (a)–(d) were caused by minor variations in the
flight path. As an example of the results from the semi-objective method of determining AL
height, see the black line in (d). The white vertical lines on some of the cross-sections indicate

the presence of clouds.

AEROSOL-LAYER AND CONVECTIVE BOUNDARY-LAYER STRUCTURE 255



low. Unfortunately, no measurement was made between 0900 and 1300
UTC, the time of most rapid AL growth.

4. Model Set-Up and Evaluation

The mesoscale numerical model used to investigate the processes underlying
the observed AL heights is the regional atmospheric modeling system
(RAMS), version 4.3. RAMS solves a set of dynamic equations in their non-
hydrostatic, compressible form, a thermodynamic equation, and a set of
cloud microphysical equations. It predicts the three velocity components,
potential temperature, mixing ratio, and subgrid-scale turbulence kinetic
energy (TKE) in a terrain-following coordinate system. The ability of RAMS
to model complex terrain phenomena has been demonstrated in previous
studies (e.g., Fast and Zhong, 1998). Details of the model can be found in
Cotton et al. (2003).

Convective parameterization was not required in the simulations because
the horizontal resolution was fine enough for the model to develop its own
convective circulations. Because cloud cover was minimal, as indicated by
shortwave radiation measurements and satellite images (De Wekker, 2002),
water vapour was treated as a passive scalar.

Terrain heights and land use types were obtained from the United States
Geological Survey (USGS) 30 arc-second dataset. Glacier boundaries cor-
respond well with the USGS data, with land use below 2500 m consisting
largely of urban, agricultural and forested areas. Sandy loam was used as the

0600         0800        1000          1200         1400         1600         1800

Figure 4. Observed leg-averaged AL heights (filled circles) and CBL heights (pluses and

squares) from model output. Squares are CBL heights from model output averaged over a 15-
km wide band perpendicular to the mountain divide. Plusses are CBL heights from model
output averaged over a 15-km wide band parallel to the mountain divide. CBL heights from
model output are discussed in sub-Section 6.2.
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soil type over the entire domain, with the volumetric soil moisture content set
to 0.28.

The three-dimensional simulations were made over a 1350 · 1350 km2

domain centered over the JFJ, with the domain consisting of four nested
grids; information on grid characteristics is given in Table I. The outermost
grid covers central Europe including the Alps, while the innermost grid is
shown in more detail in Figure 1 (inner rectangle) and Figure 7. The four
grids have horizontal grid spacings of 27, 9, 3, and 1 km. The choice of the
horizontal grid spacing of 1 km was based upon consideration of the dom-
inant horizontal scales of topography in the innermost grid. A wavelet
analysis indicated that these scales were on the order of 5 km or larger (De
Wekker, 2002). Given that features of 2Dx to 4Dx are resolved in the model
(Pielke, 2002), where Dx is the horizontal grid spacing, a Dx of 1 km is an
appropriate choice.

All four grids have 53 vertical levels, with a grid spacing increasing from
50 near the surface to 160 m at 2000 m a.g.l. to 1000 m near the model top at
about 16 km; levels up to 10 km are indicated in Figure 5. Due to a staggered
coordinate system, the lowest grid point is located about 25 m above ground
level.

The simulations cover 36 h, from 1200 UTC on 29 July to 0000 UTC on 30
July 1997. The five outermost lateral boundary points on the periphery of the
largest domain were nudged toward NCEP objective analysis fields and
radiosonde data to allow changes in large-scale conditions to influence the
model simulations.

Model simulations were compared with temperature, humidity, and wind
observations from aircraft and selected radiosonde stations around the
investigation area. The Payerne, Switzerland (46.82� N, 6.95� E, 490 m) and
Milan, Italy (45.43� N, 9.28� E, 107 m) radiosonde stations were chosen since

TABLE I

Characteristics of the four gids used in STAAARTE ’97 modeling case study.

GRID NX NY Grid spacing
(km)

W–E
Size (km)

N–S
Size (km)

DT (s)

1 50 50 27 1350 1350 60

2 50 50 9 450 450 30

3 62 62 3 186 186 15

4 41 59 1 41 59 7.5

NX and NY are the number of grid points in the west-east, and north-south direction,
respectively. Dt is the model time step in seconds.
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they are located close to the STAAARTE investigation area. With north-
westerly synoptic winds, Payerne is upwind, and Milan downwind, of the
Alps. Unfortunately, no soundings were taken in the investigation area ex-
cept for aircraft descent/ascent profiles over the JFJ at around 0900 and 1500
UTC. Comparisons between observations and simulations are shown in
Figure 5 for Payerne and in Figure 6 for Milan, and the aircraft soundings
above the JFJ. The model is not able to capture the details of vertical
structure seen in the observations but there is close correspondence with the

Figure 5. Observed (squares) and modelled (solid lines) vertical profiles of potential temper-

ature (a), relative humidity (b), wind speed (c), and wind direction (d) for Payerne at 1200
UTC 30 July 1997. The vertical grid spacing in the model is indicated in (a) by the small
horizontal lines.
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overall vertical structure. This encourages a further investigation of CBL
morphology with the mesoscale numerical model.

5. Lagrangian Particle Dispersion Model Simulation and Comparison with

Observations

The Hybrid particle and concentration transport (HYPACT) Lagrangian
particle dispersion model (LPDM) is used here to gain a better understanding
of the observed aerosol structure over mountainous terrain. Recent appli-
cations of HYPACT, as described by Walko et al. (2001) can be found in
Lyons et al. (1994) and Lagouvardos et al. (1996).

The main objective of the LPDM simulation was to examine if the AL
height observed from the lidar can be simulated by releasing particles at the
surface. For this purpose, HYPACT was run using the RAMS model output
validated in the previous section. Particles were continuously emitted at 2 m
above the ground at a rate of 2000 particles per hour starting at 0400 UTC in
two valley regions north-west and south-east of the mountain range (solid
rectangles in Figure 7), simulating the main sources of aerosols in the area.
Since the surface elevation is well below 2000 m in these regions, particles that
are found above this height in the simulations are carried there by CBL
growth or other processes. Particles undergo the same turbulent mixing as the
surrounding fluid, and gravitational forces on mean particle motion are ne-
glected. Results of the LPDM simulation and comparison with observations
will be presented next.

Figure 6. Observed (squares) and modelled (solid lines) vertical profiles of potential temper-
ature for Milan at 1200 UTC (a), above the Jungfraujoch at 0900 UTC (b) and above the

Jungfraujoch at 1500 UTC (c) on 30 July 1997.
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5.1. SPATIAL DISTRIBUTION OF PARTICLES

If the simulated spatial distribution of particles is comparable to the aerosol
backscatter cross-sections in Figure 2, the underlying reasons for this spatial
distribution can be investigated further. The distribution of the particles at
0900, 1200, and 1500 UTC in a 6-km-wide band centered on the cross-section
perpendicular to the mountain divide (dashed lines in Figure 7), is shown in
Figure 8. The width of the band was chosen so that enough particles could be
captured while keeping the variability of the terrain across the band to a
minimum. The cross-section in Figure 8 corresponds approximately to the
cross-sections shown in Figure 2, allowing direct comparisons of the LPDM
simulations with AL height determinations from the semi-objective method,
which are also shown in Figure 8.

By 0900 UTC, i.e., 5 h after sunrise, a significant number of particles had
already attained a height exceeding 3000 m south-east of the mountain divide
and about 500 m lower north-west of the mountain divide. By 1200 UTC, the
particle-filled layer south-east of the mountain divide exceeds 4000 m and the
height difference across the mountain divide has increased to about 1000 m.
Between 1200 and 1500 UTC, the differences are minor. Sensitivity tests
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Figure 7. Topographic map of the innermost RAMS grid. Contour lines are drawn every
1000 m, the darkest shade representing terrain over 3000 m a.s.l. The solid rectangles indicate
the release areas of the particles; the solid line indicates the location of the cross-section in

Figure 8. For the meaning of the dashed lines and the dotted rectangle, see the text.
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Figure 8. Cross-section of the particle distribution at 0900 UTC (a), 1200 UTC (b), and 1500

UTC (c) in a 6-km-wide band perpendicular to the mountain divide. The dotted lines in (a),
(b), and (c) are observations of AL heights at 0913, 1317, and 1520 UTC from Figure 2. The
dashed lines are CBL heights as determined from the model by the Ri-method at 0900, 1200,
and 1500 UTC.
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showed that the particle layer height was insensitive to the location of the
source regions. Also, a simulation in which particles were released at
homogeneously distributed surface locations everywhere in the domain re-
sulted in a similar behaviour. The agreement between the simulated particle
layer height and the observed AL height is very good south-east of the
mountain divide, but the particle layer height is several hundred metres below
the observed AL height north-west of the mountain divide.

Major surface flow patterns in the afternoon were constructed from the
movement of the particles in the area by De Wekker (2002), where it was
shown that the surface flow field is mainly dominated by the channeling of
upvalley flows. Particles cross the mountain divide via upslope and upvalley
flows through the passes on either side of the mountain divide. Superimposed
on the thermally-driven flows is a synoptic north-westerly flow so that there is
a general tendency for the particles to move towards the south-east. All these
flows are responsible for the transport of particles to the top of the particle
layer as was shown by the inspection of particle trajectories (De Wekker,
2002) and by observations of aerosols at JFJ for which the origin can be
tracked (Lugauer, 1998).

Thus, the surface flow pattern establishes a mean upward motion in the
valleys and slopes on both sides of the mountain divide that carries particles
aloft. Particles in the simulation reach a height of 3 km as early as 0900 UTC,
showing that the venting process is quite efficient in the morning hours.
Observations at this time also show significant backscatter ratios at that
height (see also Figure 2b). Thus, aerosols may have been transported there
by thermally driven flows in the first few hours after sunrise and are not
necessarily the remnant of a residual layer, as was suggested by Nyeki et al.
(2000).

5.2. DIURNAL VARIATION OF PARTICLES

For synoptic winds from the west and north-west under anticyclonic
weather conditions that are similar to the situation during this case study,
the diurnal variation of average aerosol surface area per volume at the JFJ
was investigated by Lugauer (1998) and is shown in Figure 9. The aerosol
surface area starts to increase around 1000 UTC, reaches a peak in the late
afternoon, and then gradually decreases. Recall from Figure 2 that the AL
height had not reached JFJ by 0900; the measured aerosol surface areas
support this conclusion. The line connected by diamonds shows the simu-
lated diurnal variation of the number of particles arriving in the box of
around 20 km2 centred on JFJ (dotted rectangle in Figure 7). The size of the
box was chosen to capture a significant number of particles in an area close
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enough to the JFJ to be representative of aerosols sampled there. The
timing of the increase corresponds well with the observations but the peak
occurs somewhat earlier. Given the relatively small number of particles and
the fact that local conditions at JFJ might have a considerable impact on
the measurement of aerosol surface area (Lugauer, 1998), the agreement is
reasonably good.

The good correspondence between the LPDM results and aerosol obser-
vations is encouraging and provides confidence in the simulation of the CBL
structure by the mesoscale model. The CBL structure will now be investi-
gated further by examining CBL heights from model simulations.

6. CBL Heights from Model Simulations

6.1. CBL HEIGHT DETERMINATION METHOD

CBL heights were determined using the Ri-method of Vogelezang and Hol-
tslag (1996). Ri is calculated as

Ri ¼ ðg=hvsÞðhvh � h0vsÞðh� zsÞ
ðuh � usÞ2 þ ðvh � vsÞ2 þ 100u2�

; ð1Þ

0000                0600               1200               1800                2400

Figure 9. Diurnal variation of aerosol surface area per unit volume Sa (right axis) at the

Jungfraujoch for 500 hPa synoptic flows from the west (circles) and north-west (squares),
averaged over the 7-year period 1991–1997 (Lugauer, 1998). The diamonds depict the diurnal
range of particle numbers (left axis) arriving inside a box around JFJ from the LPDM sim-

ulation.

AEROSOL-LAYER AND CONVECTIVE BOUNDARY-LAYER STRUCTURE 263



where g is the acceleration due to gravity, hvh, uh, and vh are the virtual
potential temperature and the wind speed components at the boundary-layer
height h (a.s.l.), hvs, us, and vs are the virtual potential temperature and the
wind speed components at the first model level (approximately 25 m), zs
equals the height of the first model level (above a.s.l.), u� is the friction
velocity at the surface, and h0vs ¼ hvs þ Dh where Dh is a temperature excess
(Troen and Mahrt, 1986), and which can be regarded as a measure of the
strength of convective thermals (Vogelezang and Holtslag, 1996). Typical
modelled temperature excesses were between 0.1 and 0.7 K. Ri is calculated
at each model level starting from the surface, and the CBL height is derived
by linear interpolation between the level where Ri becomes larger than 0.25,
and the level below. The Ri-method has been applied extensively to model
simulations and observations and has been shown to perform well under a
range of conditions (Vogelezang and Holtslag, 1996; Seibert et al., 2000).

De Wekker (2002) also used a method in which a cut-off value of the
turbulence kinetic energy (TKE) is taken to determine the CBL height. These
CBL heights corresponded well with CBL heights determined using the Ri-
method although applying the TKE method occasionally resulted in dubious
values (De Wekker, 2002). In the following sections, we will only use CBL
heights determined using the Ri-method.

6.2. COMPARISON OF THE CBL HEIGHT AND THE PARTICLE/AEROSOL

LAYER HEIGHT

Beginning as early as 0900 UTC, a significant number of particles reach as
high as 1–2 km above the CBL in the valley regions. At this time CBL heights
could not be determined at some locations where surface sensible heat fluxes
were negative due to shading. As the CBL grows, the difference between CBL
and particle-layer heights becomes smaller. Especially between 1200 and 1500
UTC, the CBL grows faster than the particle layer, while the maximum in
both CBL and particle heights is achieved between 1400 and 1500 UTC.
After this time, CBL and particle layer heights gradually decrease as con-
vective processes become weaker and subsidence begins to dominate.
Inspection of the wind field in the cross-section (not shown) indicates that
near the Aletsch glacier there is a region where upvalley/upslope flows con-
verge with the north-westerly synoptic flows. The associated rising motions
establish a CBL height that is relatively deep in that area.

A comparison of observed AL heights and modelled CBL heights during
the entire day is presented in Figure 4. Each black circle in Figure 4 repre-
sents the average of all observed heights along a single flight track, as dis-
cussed in Section 3. CBL heights were, as before, determined from RAMS
output with the Ri-method for each hour from 0800 to 1700 UTC. The
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squares and plusses symbols in Figure 4 represent averages that are repre-
sentative of a flight track perpendicular and parallel to the mountain divide,
respectively, so that a direct comparison with observed AL heights can be
made. CBL heights were averaged over all the grid points within a 15-km
wide band centered around a line (representing the flight track) perpendicular
and parallel to the mountain divide. CBL heights perpendicular to the
mountain divide are up to about 200 m greater than CBL heights parallel to
the mountain divide, particularly in the afternoon. This is caused by a greater
average elevation of the topography along a section perpendicular to the
mountain divide. These differences in CBL height, however, are small in
comparison to the differences between CBL and AL heights. Overall, AL
heights are significantly larger than CBL heights, with differences from a few
hundred metres to one kilometre.

7. Discussion

To explain the observed aerosol structure in the afternoon, we present a
conceptual diagram (Figure 10) that shows the relationship between AL and
CBL heights and suggests several mechanisms that account for the differ-
ences. The various mechanisms are explained below. The wavy solid line
depicts the lidar derived AL height, which is comparable to the height of the
particle layer found from the LPDM simulation. The dashed line depicts the
CBL height that was found from model output with the Ri-method. AL
heights, which are somewhat higher in the higher-elevation southern part of
the mountain range and thus follow the large-scale topography to some

Figure 10. Conceptual diagram of the situation on the afternoon of 30 July 1997. The curve
labelled h is the CBL height and the curve labelled ha is the AL height. The depicted mech-

anisms are (1) mountain venting, (2) cloud venting, (3) advective venting, and (4) advection of
aerosols from airmasses elsewhere.
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extent, reach a maximum altitude of about 4 km in the afternoon. CBL
heights are considerably lower than AL heights, show more spatial vari-
ability, and tend to follow the terrain more than AL heights, although the
extent to which the CBL height follows the terrain decreases during the day
(De Wekker, 2002). Average CBL heights, like the AL heights, are lower in
the lower-elevation northern part of the mountain range.

An additional simulation was performed in which the topography was
removed and particles were released at exactly the same location as for the
simulation with topography. The results showed that so few particles are seen
above the CBL height that one could use the maximum height of the particles
to determine the CBL height. This finding implies that AL and CBL heights
can be equated over flat terrain, as is frequently done. Obviously, moun-
tainous terrain exerts a profound influence on aerosol distribution in the
atmosphere; mixing and transport processes in the investigation area are
enhanced compared to those over flat and horizontally homogeneous terrain
and the equality of AL and CBL heights ceases.

One of the mechanisms for the vertical transport of aerosols above
mountain ranges relates to transport by slope flows (Fast and Zhong, 1998;
Fiedler et al., 2000) The slope flow mechanism is enhanced when slope flows
converge above mountain crests, a process that has been called the ‘chimney
effect’ (Lu and Turco, 1994), or when there is an additional sea-breeze flow in
coastal terrain (McKendry et al., 1997). The vertical transport mechanisms
directly associated with the presence of mountains are collectively referred to
as mountain venting (mechanism 1 in Figure 10).

A second mechanism that is not necessarily related to topography but can
also be important in transporting aerosol aloft occurs when thermals reach
the lifting condensation level, so-called cloud venting (Ching et al., 1988,
mechanism 2 in Figure 10). Cloud venting may be one of the possible
mechanisms that transports aerosols above the CBL height. The mechanism
is facilitated by the more vigorous thermals that are known to be present over
mountainous terrain (e.g., WMO, 1993). In the model simulations described
herein, cloud venting was not simulated. De Wekker (2002) performed a
supplementary simulation in which the cloud parameterization was included,
but relative humidities stayed well below 100% and clouds did not develop.
Satellite images and solar radiation measurements also show that cloud cover
was not significant. Thus, we conclude that cloud venting did not play a
major role in this case study.

Another mechanism that can become important over mountainous terrain
relates to advective venting (mechanism 3 in Figure 10), which occurs if a
wind vector crosses an inhomogeneous CBL top (Kossmann et al., 1999).
Mountain venting and advective venting have been investigated mainly in
relation to elevated pollutant layers (McKendry and Lundgren, 2000).
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Interestingly, elevated layers did not appear in either the observations or
model simulations.

The LPDM simulation suggests that a combination of mountain and
advective venting processes (in addition to CBL growth) can explain to a
large extent the observed aerosol structure. Particles that were released
around sunrise were found at maximum heights comparable to the AL
height. Aerosol advection from elsewhere (mechanism 4 in Figure 10) and
cloud venting were not simulated, and are not necessarily needed to explain
general AL height behaviour. One possible explanation for the lower particle
height in the northern part of the investigation area in the simulations
compared to the AL from the lidar data may be the non-existence of particle
sources upwind of the model domain.

The LPDM simulation also suggests that the AL grows more rapidly and
attains its maximum height earlier than the CBL does. The AL height is
rather constant during the afternoon while the CBL height continues to
increase somewhat, although at a smaller rate than in the morning. There-
fore, the differences between AL and CBL heights become smaller during the
afternoon. In late afternoon, the difference is smallest in the southern half of
the investigation area but still amounts to a few hundred metres, as indicated
in Figure 10.

Inspection of simulated temperature profiles in the area shows that three
stability regimes can be identified: an unstable layer near the surface (the
CBL), a layer between the CBL and AL heights that is slightly stable, and a
more stable layer above the AL height that is identical to the free atmo-
sphere. The turbulent character of the CBL in comparison with the non-
turbulent character of the layer between the CBL and AL heights is obvious
from simulated TKE profiles. Particles can arrive in such a non-turbulent
environment by advective processes. From the TKE profiles, we can con-
clude, once again, that the CBL height is lower than the AL height. Even in
sensitivity tests where sensible heat input from the surface was increased by
decreasing the soil moisture content in the entire domain, the CBL height did
not reach the AL height. De Wekker (2002) suggested the term ‘mountain
CBL’ to denote the entire layer that is affected by heating from the valley
surface, sidewalls, and mountain ridges on a timescale of one to several
hours.

Because pollutants are transported and/or mixed in mountainous areas to
the AL height, and this height is above the CBL height, the AL height is a
more relevant parameter for air pollution studies and may be more closely
identified with the commonly used term ‘mixing height’ (Seibert et al., 2000).
If no information about the aerosol structure is available from aerosol lidar
or other measurements, an LPDM simulation is a useful way to investigate
the behaviour of the AL height, as demonstrated in this study.
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8. Conclusions

Observations from downlooking lidar on 1 day in the northern Alps in
Europe show that aerosol-layer (AL) heights are rather uniform over the
mountain range and increase from 2 to 3 km in the morning to over 4 km in
the afternoon. AL top behaviour was modelled successfully using a coupled
RAMS/HYPACT simulation in which particles were released from locations
in two major valleys in the area. The simulation also compares well with
aerosol surface area measurements at the Jungfraujoch research station.

CBL heights determined from model output show moderate terrain fol-
lowing behaviour, which contrasts with a rather uniform AL height. CBL
heights become less terrain following in the afternoon in agreement with
previous observations.

An important conclusion from this combined observational and numerical
case study is that the CBL height is much lower than the AL height. CBL
growth alone cannot explain the modelled particle distribution. Mechanisms
were suggested to explain aerosol transport to regions above the CBL height
in mountainous terrain. Mountain venting processes are thought to be
responsible for the AL/CBL height discrepancies, related to upvalley and
usplope flows that dominate the wind field in the area. It is the organized
vertical motion associated with these thermally driven flows that induces the
mountain venting processes and the subsequent transport of particles above
the CBL height. These processes are common over mountainous terrain and
it is therefore suggested that the discrepancy between AL and CBL heights
occurs more generally. The model results show that mountain venting pro-
cesses are already efficient in the morning hours, implying that aerosols in
higher layers during the morning hours are not necessarily remnants of
residual layers, as is commonly believed.

In this case study performed in mountainous terrain, we have argued that
the AL height, and not the CBL height, can be equated to the more com-
monly used term �mixing height’. Whether this is generally the case in
mountainous terrain requires further research. The current study showed that
a mesoscale numerical model combined with an LPDM can provide useful
estimates of AL heights if lidar data are not available.
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