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Abstract

The water-vapour content in the lower and middle troposphere
and atmospheric stratification are regarded as crucial for the de-
velopment of isolated deep convection. Spatial inhomogeneities of
the pre-convective atmospheric conditions over complex terrain
occur under fair weather conditions, due to the evolution of the
mountain Atmospheric Boundary Layer (mountain ABL). The
mountain ABL results from the simultaneous occurrence of con-
vection and mesoscale transport processes, which are associated
with thermally driven circulations. However, the understanding
of the superposition of these processes and of the impact of the
mountain ABL on the evolution of deep convection is still lim-
ited, because observational data covering the different scales are
rare. This especially applies to mountainous islands, which are
known to be a preferred region for the evolution of deep convection.
This thesis focused on the identification of processes relevant for
the mountain ABL evolution over a mountainous island and on
the evaluation of their impact on the spatial variability of water
vapour, convection-related parameters and the evolution of deep
convection by means of observations. Furthermore, the capabilities
of combined measurement systems to capture multi-scale processes
over complex terrain were assessed.

The investigation was based upon data analysis of observations
obtained on the mountainous island of Corsica in the western
Mediterranean Sea during the Hydrological cycle in the Mediter-
ranean eXperiment (HyMeX) field campaign performed in late
summer and autumn 2012. The Corsican Island features a high
north-northwest to south-southeast oriented mountain ridge and
the large Tavignano Valley in the northern part of the island. Thus,
the island provides ideal conditions to address the above foci. The
used data were mostly collected with the mobile observation plat-
form KITcube, which combines various in-situ and remote sensing
systems, like radiosonde systems, wind lidars, a microwave radiome-
ter and a cloud radar. Measurements at two main deployment



sites, one in the centre of the island in the Tavignano Valley and
one on the east coast, were complemented by additional data from
surface stations, a permanent Global Positioning System (GPS)
network, which provided Integrated Water Vapour (IWV), and air-
craft measurements. The designed measurement configuration and
coordinated scan strategies successfully allowed to resolve relevant
processes on different scales. Objective methods were developed
and implemented to determine the height of the mountain ABL
and convection layer, i.e. the part of the mountain ABL affected
by surface-based, buoyancy-driven turbulent mixing.

Based on case studies and long-term observations experimental
evidence of the characteristics of the mountain ABL and transport
processes controlling its evolution was given. In the Tavignano
Valley, undisturbed mountain ABL evolutions featured a convec-
tion layer being significantly lower than the mountain ABL, as
topographic and advective venting decisively contributed to the
evolution of a deep mountain ABL. Previously unreported pro-
cesses were observed in the Tavignano Valley. These included
strong subsidence in the order of -1 m s~!, which developed within
the mountain ABL in late morning and was induced by thermally
driven low-level divergence, as well as vertical cell coupling be-
tween surface-based convective cells and elevated updraughts. The
latter was associated with an increase of humidity in the layer with
elevated updraughts which indicated an effective vertical transport
of humidity. The evolution of the mountain ABL had a large
impact on the humidity distribution over the island. On days
dominated by the evolution of a mountain ABL, the IWV was
characterized by a distinct diurnal evolution and spatial distri-
bution. In areas over and downstream of the mountains which
were affected by topographic and advective venting and by the
evolution of a deep mountain ABL, the IWV strongly increased
during the afternoon, reached maximum values in late afternoon
and decreased afterwards. The mountain ABL also significantly im-
pacted the pre-convective environment making it more favourable
for the subsequent evolution of deep convection in the interior of
the island than on the coasts. On some days, the intrusions of
warm and dry air masses from the free atmosphere locally inter-
rupted or inhibited the evolution of the mountain ABL on the
downstream side of the main mountain ridge. These intrusions
produced mesoscale variabilities in water vapour and atmospheric



stratification, which were controlled from above, and caused locally
unfavourable conditions for deep convection.
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1. Motivation

Over complex terrain, deep convection and convective precipitation
frequently occur in preferred areas. The western Mediterranean
is known for both: during late summer and autumn, this area
is often affected by heavy precipitation (Ducrocq et al., 2008),
mainly convective in nature (Doswell IIT et al., 1998). Both the
orography and the sea surface influence the formation and evolution
of the convective systems in the region (Homar et al., 1999; Buzzi
and Foschini, 2000; Rotunno and Ferretti, 2001). For example,
the mountainous island of Corsica is regularly affected by heavy
precipitation events (Lambert et al., 2011).

The development of deep convection requires some kind of at-
mospheric instability, a sufficient amount of humidity in the lower
and middle troposphere and a trigger mechanism. In particular
over mountainous islands, the regular formation and superposition
of various thermally driven circulations cause convergence zones
associated with upward motions and provide a trigger mechanism
(Qian, 2008). In terms of the parcel theory, the trigger mechanism
has to be strong enough to overcome Convective Inhibition (CIN)
and to release its Convective Available Potential Energy (CAPE).
Dry air in the middle troposphere may mix with the air in the
rising parcel and may inhibit the evolution of deep convection, de-
spite high CAPE and low CIN values (e.g. Adler et al., 2011b). To
characterize the pre-convective atmospheric environment, various
parameters are often analysed: CAPE and CIN describing condi-
tional instability and the TT index accounting for static stability
as well as humidity in the lower troposphere.

Those convection-related parameters were also calculated for the
Corsican Island based on radiosoundings launched operationally by
METEO FRANCE at Ajaccio on the island’s west coast at around
noon. As a measure of mid-level humidity the mean relative hu-
midity (RH) between 850 and 700 hPa was additionally considered.
The relation between these parameters and the occurrence of deep
convection over the island for the months August to October was
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Figure 1.1.: Values of the TT index and RH at Ajaccio on days
with (red) and without (black) isolated deep convection during
the months August, September and October from 2001 and 2010.
The parameters are derived from profiles measured by radiosondes.
The dashed lines indicate the thresholds for the TT index and RH
and the respective categories I to IV are indicated in the corners.

investigated for a 10-year time period from 2001 to 2010. As
an indicator for deep convection, the cloud-to-ground lightning
activity was used. The data derived from the Siemens lightning
information service (BLIDS), which is based on the European
Cooperation for Lightning Detection (EUCLID). Only lightning
occurring after noon was considered, because locally triggered
deep convection requires the earlier evolution of thermally driven
circulations. Depending on whether lightning occurred and CAPE,
CIN, TT index and RH were higher or lower than their respective
thresholds, each day was classified. A CAPE of higher than 500 J
kg1, a CIN of lower than 50 J kg=!, a TT index of higher than
57 °C and a RH value of higher than 45 % were assumed to be
favourable for deep convection. The statistical analysis led to some
unexpected results: only about 16 % of all days with lightning
occurred when CAPE, CIN and RH were classified as favourable
for deep convection. All other days with lightning activity were
characterized by at least one non-favourable parameter out of the
three, e.g. about 20 % of all days with lightning were identified
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by low CAPE, high CIN and low RH values. The values of the
TT index and RH were spread over a wide range, regardless of
whether deep convection occurred on the respective day or not
(Fig. 1.1). About 41 % of all days with lightning activity were
associated with a high TT index and high RH (category I), i.e.
conditions assumed to be favourable for deep convection. However,
13 % of the days when lightning was detected were characterized
by a high TT index but low RH (category II), 25 % by a low TT
index but high RH (category III) and 21 % by a low TT index
and low RH (category IV). This means that no clear correlation
between the occurrence of deep convection over the island and the
atmospheric conditions on the west coast was found.

Parts of these unexpected results were possibly caused by frontal
systems or large-scale advection, which modified the atmospheric
environment after the radiosoundings were performed and made
the conditions more favourable for deep convection. In addition
to that, mesoscale spatial variabilities in the distributions of low-
level humidity and temperature have a strong impact on the
evolution of deep convection (e.g. Crook, 1996; Weckwerth, 2000),
so that the radiosoundings on the west coast might not have
been representative for the atmospheric conditions, in which the
deep convection eventually evolved. In order to understand the
mesoscale variability of atmospheric quantities, such as humidity
and temperature, the processes affecting their temporal evolution
and spatial distribution have to be considered.

Various processes ranging from the turbulent to the synoptic
scale occur in the atmosphere and lead to a complex evolution
and distribution of atmospheric quantities. Under fair weather
conditions during daytime, which means that neither frontal sys-
tems nor large-scale advection significantly influence the temporal
evolution of the local atmospheric conditions, the diurnal variation
of atmospheric quantities over horizontally homogeneous and flat
terrain is mainly determined by convection and restricted to the
Atmospheric Boundary Layer (ABL). In this case the ABL, i.e.
the layer directly affected by the presence of the Earth’s surface,
is also termed Convective Boundary Layer (CBL). Over complex
terrain, thermally driven circulations are produced in addition to
convection by differential heating of atmospheric layers. These
circulations induce further mesoscale transport processes, such as
topographic and advective venting. Due to the superposition of
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convection and mesoscale advection, the impact of the Earth’s
surface on the atmosphere over complex terrain extends over a
deep atmospheric layer, named mountain ABL. The evolution and
structure of the mountain ABL may significantly differ from the
CBL over homogeneous terrain under equal surface forcing. The
mountain ABL evolution may be additionally influenced by the
background flow via turbulent transport or due to dynamically
driven flows.

Although the existence of the various transport processes is
known, the spatio-temporal variabilities of humidity and tempera-
ture and the impact of the transport processes on these variabilities
are still not well understood. This is because complex terrain is
often difficult to access and only few observational data have been
collected so far, especially on the transition between turbulent and
mesoscale processes. This raises the question of whether there
are additional relevant processes occurring in the mountain ABL.
It also needs to be investigated to what extent a mountain ABL
affects the evolution of deep convection and if a detailed knowl-
edge of the atmospheric conditions in the mountain ABL helps
to understand the development of deep convection over complex
terrain.

Because of these problems and open questions, the foci of this
thesis are to identify multi-scale transport processes over a moun-
tainous island and to assess their impact on the spatial variability
of the convection-related parameters by means of comprehensive
observations. The scientific objectives which are addressed in detail
are:

1. To monitor the evolution of the mountain ABL under fair
weather conditions and to determine the processes which are
responsible for its evolution.

2. To analyse how the mountain ABL evolution is influenced
by the background flow.

3. To investigate how the evolution of the mountain ABL affects
the temporal and spatial variability of water vapour and at-
mospheric stratification over the Corsican Island and to study
whether information on a higher spatial resolution allows a
better understanding of the evolution of deep convection.
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To approach these objectives on the basis of observations, simul-
taneous measurements of relevant processes on different scales
are necessary. This must be realized by combining various instru-
ments in such a way that they ideally complement each other.
Hence, an additional focus of this thesis is to develop appropriate
measurement configurations and scan strategies and to assess the
capability of integrated measurement systems to capture processes
in their entirety and to provide information required for the process
understanding.

The various topics of this thesis were ideally addressed with
measurements on the Corsican Island during the Hydrological cycle
in the Mediterranean eXperiment (HyMeX; Ducrocq et al., 2014;
Drobinski et al., 2014) field campaign in late summer and autumn
2012. The observations were mainly conducted with the mobile
observation platform "KITcube’, which combines various in-situ
and remote sensing instruments and has recently been developed to
capture multi-scale atmospheric processes (Kalthoff et al., 2013a).
The complex orography of the mountainous island of Corsica, the
distribution of various measurement stations on the island and
advanced measurement systems allowed to study processes and
conditions in the mountain ABL by means of case studies as well
as for the total duration of the field campaign.

In the following section, the phenomenological and theoretical
background of the various aspects relevant for the subsequent data
analysis is presented. In Sect. 3, the HyMeX field campaign
and the used data are briefly overviewed. Objective methods to
determine the structure of the mountain ABL are described in Sect.
4. The results from the data analysis are split into two sections:
conditions and processes in the mountain ABL are analysed and
discussed in consideration of different mountain ABL evolutions
(Sect. 5). Section 6 addresses the impact of the mountain ABL on
the variabilities of water vapour and convection-related parameters
over the Corsican Island. Finally, the results are summarized and
overall conclusions are given (Sect. 7).






2. Phenomenological and
Theoretical Background

This thesis focuses on atmospheric processes over complex ter-
rain under fair weather conditions during daytime ranging from
the turbulent scale of a few metres to scales of several tenths of
kilometres, i.e. from the micro-vy to the meso-vy scale (Orlanski,
1975). Several transport processes are investigated, including con-
vection and advection. In meteorology, advection describes the
transport of atmospheric variables, like humidity and heat, with
the mean flow. Convection relates to the transport by the vertical
flow component that results from buoyancy. It is distinguished
between dry convection and moist convection. Dry convection
means that there are no phase changes involved. It is generally
highly turbulent and mainly occurs in the Convective Boundary
Layer (CBL) (e.g. Emanuel, 1994). Moist convection is associated
with the conversion of water vapour into liquid water, which is
accompanied by a large amount of heat release. In the following,
the term convection always refers to dry convection and stands
for surface-based, buoyancy-driven turbulent mixing. When it is
referred to deep moist convection it is explicitly stated.

In Sect. 2.1, a brief description of the structure, evolution and
detection methods of the CBL over horizontally homogeneous and
flat terrain is given, followed by an overview of various thermally
driven circulations that evolve over complex terrain. In Sect. 2.3,
the superpositions of convection and thermally driven circulations
over complex are described and the mountain ABL is defined.
Various ways how the background flow may impact the evolution
of the mountain ABL over complex terrain are presented in Sect.
2.4. Finally, the atmospheric water vapour and its detection
(Sect. 2.5) and parameters relevant for the evolution of deep moist
convection (Sect. 2.6) are overviewed.
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2.1. The Convective Boundary Layer over
Horizontally Homogeneous and Flat
Terrain

The Atmospheric Boundary Layer (ABL) may be defined as that
part of the atmosphere which is directly affected by the presence of
the Earth’s surface and responds to surface forcing within a time
scale of around an hour or even less (Stull, 1988). Consequently,
diurnal variations of e.g. temperature and humidity close to the
ground, which are not evident at higher levels, are one of the key
characteristics of the ABL. Under fair weather conditions during
daytime, the ABL is often termed CBL as its vertical structure is
mainly determined by convection. Over horizontally homogeneous
and flat terrain, the structure and processes in the CBL are mostly
well understood.

2.1.1. Structure

Atmospheric turbulence may be produced by buoyancy, when ther-
mals of warm air rise or sink because they are less or more dense
than the ambient air, or by mechanical processes in layers with
strong vertical wind shear. The vertical transport of atmospheric
quantities in the CBL is mainly due to buoyancy-generated turbu-
lent mixing. Within the ’classical’ CBL three layers from bottom
to top are distinguished (e.g. Stull, 1988): the surface layer, the
well-mixed layer and the entrainment zone (Fig. 2.1). The surface
layer is defined as the lowest layer of the CBL where the fluxes
vary by less than 10 % with height. Typically, the surface layer
composes 5 to 10 % of the CBL. Because the exchange of heat,
humidity and momentum with the surface overcomes the effect of
vertical mixing, it is characterized by an unstable stratification, hu-
midity decrease with height and strong vertical wind shear. Under
most conditions, the Monin-Obukhov similarity theory works well
for the surface layer. The unstable conditions in the surface layer
allow convection, which tends to produce roughly height-constant
profiles of conserved quantities, like potential temperature and
specific humidity, in the well-mixed or mixed layer. Also aerosols
are often well mixed throughout that layer, whose top is desig-
nated z;. Thermals from the surface layer are positively buoyant
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Figure 2.1.: Daytime profiles of mean potential temperature, ©,
specific humidity, ¢ and aerosol content, ac, in a typical CBL
over horizontally homogeneous and flat terrain. The characteristic
layers and the height of the well-mixed layer, z1, the CBL height,
z; and the height where the free atmosphere starts, z5 are indicated
(adapted from Stull, 1988).

when they rise through the well-mixed layer. Once the thermals
reach the warmer free atmosphere, they become negatively buoy-
ant, but overshoot their equilibrium level because of their vertical
momentum. As there is generally little turbulence outside the
well-mixed layer, the thermals do not mix with the ambient air
and sink back into the well-mixed layer. During the overshooting
potentially warm, dry and aerosol-free air from the free atmosphere
is transported into the well-mixed layer and becomes rapidly mixed
down. Typically, it takes about 10 to 20 minutes for air to circulate
between the surface and the top of the well-mixed layer. Because
of entrainment as well as evapotranspiration and aerosol emissions
at the surface, specific humidity and aerosol content often slightly
decrease with height in the well-mixed layer. The well-mixed layer
is topped by a stably stratified layer, the entrainment zone or in-
terfacial layer, which is characterized by mixing of free atmosphere
air downwards and by overshooting thermals. The depth of the
entrainment zone varies a lot and can take 10 to 60 % of the CBL.
Its top is named z5.

Multiple definitions of the CBL height, z;, exist in literature,
for which it is claimed that z; < z; < zo. For example, z; is
defined as the level of most negative sensible heat flux (e.g. Stull,
1988); as the bottom of the lowest inversion (e.g. Kalthoff et al.,
1998); the level at which the potential temperature of a rising air
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parcel equals the ambient potential temperature (e.g. Hennemuth
and Lammert, 2006); or the middle of the entrainment layer, i.e.
z; = (21 + 22) (e.g. Steyn et al., 1999). Different methods to
detect z; are presented in Sect. 2.1.3.

2.1.2. Diurnal Evolution

Under fair weather conditions the ABL over horizontally homoge-
neous and flat terrain shows a strong diurnal cycle. The typical
diurnal development is well described in textbooks like Stull (1988)
and Garratt (1994). The breakup of the nocturnal surface inver-
sion (A in Fig. 2.2) starts shortly after sunrise, when an upward
surface sensible heat flux warms the air near the surface. A CBL
with a surface layer and a well-mixed layer starts to develop, being

— — —

=1-2km |- Inversion

Mixed layer Residual layer

——— v —

= 100-300 m [~ —
v-—_"_]l ,,/
NBL m———————= e NBL
------- - Surface layer // e —————
I‘ 1 T Time
Rise A B Set

Figure 2.2.: Schematic diagram of the diurnal ABL evolution
over horizontally homogeneous and flat terrain under fair weather
conditions (Garratt, 1994). 'Rise’ indicates the sunrise, "Set’ the
sunset, A’ the beginning of the breakup of the nocturnal surface
inversion and 'B’ the time, when turbulence starts to decay. NBL
denotes the nocturnal boundary layer.
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shallow at the beginning. Entrainment of warmer air from above
leads to a growth of the well-mixed or mixed layer. At first, it
deepens slowly because it grows into the stably stratified noctur-
nal boundary layer. After the breakup of the nocturnal surface
inversion, the well-mixed layer reaches the bottom of the residual
layer. Subsequently, no inversion tops the well-mixed layer and
thermals penetrate quickly upward, which leads to a rapid growth
of the well-mixed layer. Once it extends to the capping inversion
at top of the residual layer, the well-mixed layer growth rapidly
slows down, leading to rather constant CBL heights for most of
the afternoon. Shortly before sunset (B in Fig. 2.2), turbulence
decays and the well-mixed layer is reclassified as residual layer,
because the mean atmospheric variables remain more or less the
same. With the cooling of the lower part of the residual layer
due to a downward surface sensible heat flux, a stably stratified
nocturnal boundary layer develops during the night.

2.1.3. Height Determination

Various definitions of z; and methods for its detection have been
developed in the past, which are in the strict sense only valid for
horizontally homogeneous and flat terrain. Detailed overviews
are given by e.g. Beyrich (1997) and Seibert et al. (2000). The
definition of z; often depends on the used data base and the heights
derived from measurements based on different systems may vary
a lot. Beyrich (1997) suggests two main reasons: different instru-
ments measure different atmospheric variables with a different
height resolution and measurement accuracy. Secondly, the struc-
ture of the CBL depends on multiple processes, e.g. turbulence,
radiation, advection, vertical motions, etc., and these processes
may impact the profiles of different mean and turbulent variables in
various ways. Available measurement platforms include radiosonde,
tethersonde and aircraft, which in-situ measure atmospheric pa-
rameters, or remote sensing systems, like lidar, sodar and wind
profiler. The criteria to determine z; may be summarized into two
groups (Beyrich, 1997): the first one is based on profiles of mean
variables, e.g. temperature, humidity or aerosol content. In doing
so, it is assumed that convection dominates and these variables
reflect the result of vertical mixing. The second one is based on
profiles of turbulent variables, e.g. fluxes or the variance of the
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vertical wind speed, under the assumption that turbulence leads to
mixing of atmospheric quantities. Standard methods to determine
z; based on radiosonde and lidar measurements are described in
the following. In Sect. 4.1 some of these methods or modifications
of them are applied to the used data set.

Mean Variables measured by Radiosonde

To determine z; from mean profiles of temperature, humidity and
wind derived from radiosoundings various methods have been de-
veloped (e.g. Seibert et al., 2000). For example, Rampanelli and
Zardi (2004) suggest the use of best-fit analysis of soundings with
a smooth ideal profile, which consists of a well-mixed layer with
height-constant potential temperature, a stably stratified entrain-
ment layer and a free atmosphere with a constant lapse rate. Other
objective methods include e.g. the parcel method, the Richardson
number method or the gradient method for potential temperature
or specific humidity (Beyrich and Leps, 2012). The parcel method
is based on the assumption, that an air parcel from near the surface
will rise as long as it is warmer than the surrounding air. The
layer where the air parcel’s potential temperature agrees with the
environmental potential temperature is then defined as z;. Beyrich
and Leps (2012) calculate the bulk Richardson number

97 (6(2) ~ 8)

92 (
Rin(2) = 5 27 1007

(2.1)

with the gravity acceleration, g, the height, z, the near-surface
mean potential temperature, ©g, the mean potential temperature
profile, ©(z) and the profiles of the mean horizontal wind compo-
nents, u(z) and v(z). These authors define z; as the height where
Riy, exceeds the critical value of 0.2. Thus, the parcel method
represents a special case of the Richardson number method with
a critical value of zero. A disadvantage of these methods is the
use of the near-surface temperature, which depends a lot on the
local conditions, is sensitive to surface inhomogeneities and is often
erroneous, due to insufficient ventilation of the sonde. Two other
methods to determine z; are based on the detection of the level
with the maximum temperature or humidity gradient. Beyrich
and Leps (2012) suggest an algorithm to detect these z;, which
includes the parcel method and the Richardson number method.
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At first, the authors detect z; with the parcel method and the
Richardson number method and then they calculate the arithmetic
mean between these two heights. This mean height plus 200 m
is then used as an upper limit, below which the heights of the
maximum gradients of potential temperature or specific humidity
are calculated to derive two additional z;. If neither the parcel
method nor the Richardson number method provide a z;, an upper
limit of 3000 m Above Ground Level (AGL) is taken. This shall
ensure that no elevated strong inversions are misleadingly taken
as z;.

Aerosol Content measured by Wind Lidar

As the Earth’s surface is assumed to be the main source for aerosols
and the temperature inversion at z; represents a capping layer,
the aerosol content below z; is typically higher than in the layers
above. Because of that, z; is often associated with strong gradients
of aerosol content and profiles of aerosol content measured by
lidars are used to determine z;. To detect the top of the aerosol
layer various methods exist, which are described e.g. by Emeis
et al. (2008) and Trdumner et al. (2011). The methods include the
threshold method, which is based on the definition of a threshold
of the backscatter intensity; the gradient method, which defines
the largest negative peak of the first derivative of the backscatter
intensity as z;; the idealized profile method, where z; is determined
from an idealized backscatter profile, which is fitted to the observed
profile; and the wavelet method, which is based on a wavelet
analysis of the backscatter intensity.

Variance of Vertical Wind Speed measured by Wind Lidar

Another approach to determine z; is based on profiles of turbulent
variables. When operated in vertical stare mode, remote sensing
instruments, like wind lidars, provide the variance of the vertical
wind speed

o2 =w', (2.2)

where w’ is the vertical wind speed fluctuation and the overbar
indicates a time average. This variable is a measure of turbulence
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intensity according to the Turbulent Kinetic Energy (TKE) per
unit mass M (e.g. Stull, 1988)

TKE

o = (02t al ol (2.3)
with 02, 02 being the variances of the horizontal wind compo-
nents.

Using o2 profiles measured by wind lidars, z; is determined
under the assumption that no significant turbulence occurs above
2;. In the ideal case, o2, follows an idealized profile in the CBL
(Lenschow et al., 1980)

0'2 z % z 2
2 =18(— 1-08— 24
w? <Zz> < Zz) ’ (@4)

with the convective velocity, w.. According to the idealized o2
profile, the maximum o2, occurs in a height d z; with typical values
for d between 0.35 and 0.4. Different approaches to determine
z; are outlined by e.g. Traumner et al. (2011). They are based
on (i) an empiric threshold 0—121),th’ (ii) the height of the maximum

o2 or (iii) fitting an idealized profile of 02, to the measured one.
In approach (i), z; is determined as the height where o2 falls
below an empiric threshold a?mh. This threshold depends on the
atmospheric conditions and ranges from afu’th =0.04 m? s7! for a
maritime boundary layer (Tucker et al., 2009) and o7, ;, = 0.16 m?
s~! for a CBL (Trdumner, 2012). In approach (ii), the height of
the maximum o2 is determined and z; is then extrapolated from
this height. When fitting the idealized profile of 02 (Eq. 2.4) to
the measured one, z; results as one of the fitting parameters in
approach (iii). Traumner et al. (2011) found that approaches (ii)
and (iii) strongly depend on the o2 profile in the lower part of the
CBL. This is especially problematic for low z;, because the lowest
measurement range gate of the wind lidar is often around 400 m
AGL. Therefore, approach (i) was used in thesis.

Advantages and Shortcomings of the Different Methods

All the above described methods using different devices and pa-
rameters have advantages and shortcomings, which are overviewed

by e.g. Beyrich (1994) and Seibert et al. (2000). Only the most



2.2. Thermally Driven Circulations 15

relevant for this thesis are listed below: a great advantage of using
radiosonde profiles is the independency of aerosol content and a
measurement range throughout the free atmosphere. However, they
only provide a ’snapshot’-like profile of the atmospheric structure
and the frequency of radiosoundings is limited, even during field
campaigns, when they are often launched every couple of hours.
Depending on the characteristics of the thermal the radiosonde
flies through, the measured z; may vary a lot temporally as well
as spatially. Because of this, Stull (1988) even recommends not to
use a single radiosounding to estimate z;.

Aerosol content profiles measured by lidar provide z; with a
very high temporal resolution and therefore allow a very detailed
detection of the CBL evolution. However, the lowest measurement
range gate of a lidar prevents the detection of low z; and residual
layers with high aerosol content may lead to erroneous z; (Traumner
et al., 2011).

Using profiles of mean variables and aerosol content works well
under certain meteorological circumstances. However, in cases
with weak gradients at the CBL top, with non-perfectly mixed
CBLs or when advection modifies the vertical distribution of po-
tential temperature, specific humidity and aerosol content, these
methods may be problematic and lead to significant differences in
z; (Seibert et al., 2000; Kalthoff et al., 2013b). Using vertical wind
speed measured by lidar avoids these problems, as a lidar directly
measures a turbulent variable and therefore detects turbulent ver-
tical mixing. However, o2 is calculated for time intervals, which
leads to a lower temporal resolution for z;. If these time intervals
are chosen too long, diurnal changes in turbulence during the day
may not be resolved (e.g. Traumner, 2012). On the other hand, if
they are chosen too short, large eddies may not be included in o2
Like for the aerosol content, the lowest range gate of a wind lidar
limits the detection of low z;.

2.2. Thermally Driven Circulations

Over complex terrain, thermally driven circulations on different
scales develop under fair weather conditions. They are charac-
terized by a reversal of wind direction twice per day (Whiteman,
2000). Differential heating of atmospheric layers during daytime
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and cooling during nighttime produces horizontal temperature
gradients. These result in horizontal pressure gradients, which
cause air close to the surface to flow from areas with lower tem-
peratures and higher pressure to areas with higher temperatures
and lower pressure. This flow represents the lower branch of a
closed circulation. Ideally, the upper branch of this circulation,
often called return flow, runs in the opposite direction from the
flow in the lower branch. Large variations in speed, depth, onset
time and duration of thermally driven circulations can occur from
place to place, since they strongly depend on factors like terrain
characteristics and the surface energy balance. Typical thermally
driven circulations are slope-wind systems, valley-wind systems
and sea-breeze circulations.

2.2.1. The Slope-Wind System

The lower branch of the slope-wind system is represented by an
upslope wind during daytime, which blows up the slope, and
by a downslope wind during nighttime, which blows down the
slope (e.g. Whiteman, 2000). During the night, air near a slope
is radiatively cooled and becomes negatively buoyant. During
daytime, a temperature difference develops between the radiatively
heated air in the boundary layer near a slope and the air at the
same level over the valley. The driving force for upslope winds is
the buoyancy force with an additional along-slope pressure gradient
arising when the temperature perturbation increases going up the
slope (Haiden, 2003). Upslope winds cannot approach a steady
state, but grow continuously in strength and time as long as
the surface sensible heat flux increases with time (e.g. Zardi and
Whiteman, 2013). Over a slope, a convective-advective boundary
layer develops, with bent-over plumes and convective cells moving
up the slope. Upslope winds occur on a small scale and react
instantly on short-term variations in the surface energy balance
(Whiteman, 2000). Small-scale variability in surface conditions can
produce local variations in direction and strength of the upslope
winds, and even reverse their sign. Upslope winds typically reach
maximum wind speeds of 1 to 5 m s~! in about 10 to 50 m above
ground, while the total depth of the upslope wind layer ranges from
20 to 200 m (Zardi and Whiteman, 2013). They often increase in
depth as well as in speed with distance up the slopes. The strongest
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upslope wind speeds are typically reached in mid-morning when
the horizontal temperature difference between the heated slopes
and the ambient atmosphere is strongest. The large depth of
the upslope-wind layer, its non-stationarity and its inhomogeneity
make continuous observations of the whole upslope wind layer
difficult and the process understanding still needs improvement.
Return flows of several hundred metres of depth and wind speeds
of 1 to 2 m s™! were observed with theodolite measurements
(Davidson, 1963; Wooldridge and MclIntyre, 1986). More recently,
return flows in upslope wind systems were described by e.g. Reuten
et al. (2005), De Wekker (2008) and Serafin and Zardi (2010a).
In a valley, upslope winds are associated with divergence close to
the valley bottom. This results in compensating subsidence in the
valley core, which has already been postulated by Defant (1949).
Observed warming in the valley core has been interpreted as an
indirect measure of the subsidence (Whiteman, 1982; Vergeiner
and Dreiseitl, 1987; Kondo et al., 1989). During a dry adiabatic
descent, air maintains its potential temperature and thus poten-
tially warmer air is transported towards the ground in a stably
stratified atmosphere. In numerical simulations, the subsidence
occurs as part of the closed slope wind circulation (Rampanelli
et al., 2004; Serafin and Zardi, 2010a). The effect of the slope-wind
system on the atmospheric stratification within a valley is twofold
(Whiteman, 1982; Whiteman and McKee, 1982): compensating
subsidence contributes to the breakup of the nocturnal surface
inversion, but also reduces the growth of the CBL in the valley
in the morning. The breakup of the nocturnal surface inversion
requires the warming of the air in the valley until a height-constant
layer forms in which the potential temperature has the same value
as the inversion top at sunrise. In a valley, the growth of the CBL
and the descent of the inversion top caused by the compensating
subsidence both contribute to the inversion breakup in the morning.
Using idealized large-eddy simulations, Serafin and Zardi (2010a)
examined the heat transfer from close to the ground surface to the
core of the valley atmosphere and identified two warming mecha-
nisms, subsidence and convection. The CBL growth in the valley
is reduced, as some of the available energy drives mass up the
slopes and is thus not available for the CBL growth (Whiteman,
1982). Kondo et al. (1989) observed that subsidence in a basin
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depresses the evolution of a CBL and contributes to the warming
of the basin atmosphere.

2.2.2. The Valley-Wind System

During daytime, a valley-wind system develops when the air in a
valley is warmer than the air further down the valley or outside
the valley over the adjacent plain (e.g. Zardi and Whiteman,
2013). The upvalley wind represents the lower branch of this
circulation. During nighttime, when the temperature gradient is
reversed, a downvalley flow evolves. An upvalley wind is driven
by a hydrostatically produced horizontal pressure gradient, since
the air in the valley warms more rapidly than the air over the
plain. The differential warming may be explained by several
mechanisms: in case of weak background winds, the surrounding
orography protects the valley atmosphere from mass and heat
exchange with the free atmosphere, which concentrates the heating
in the valley during daytime. Because slopes partially enclose the
valley air mass, radiative processes are more effective within the
valley than over the plain. Presumably more important for the
enhanced warming in the valley is another mechanism, named
"Topographic Amplification Factor’ (TAF), described in detail by
e.g. Whiteman (2000). This concept was first explored by Wagner
(1932) and was further investigated by Steinacker (1984). The
warming produced by incoming solar radiation depends on the air
volume to be warmed. A volume of air having the same depth
and area at its top is larger over a plain compared to a valley,
because of the confining slopes. Thus, the air in the valley warms
more during the day. However, when applying this concept in
practice various difficulties arise, including the definition of the
volume top, the volume of tributary valleys (Steinacker, 1984)
and heat exchange through the volume top due to upslope flows
or compensating subsidence (e.g. Rampanelli et al., 2004; Weigel
et al., 2007b; Serafin and Zardi, 2011). The onset of the upvalley
wind typically occurs several hours after the upslope winds are
initiated (e.g. Zardi and Whiteman, 2013), i.e. their response time
to changes in the surface energy balance is larger than for upslope
winds. Typical upvalley wind speeds range from 3 to 10 m s™'.
Since the upper branch of the closed valley-wind circulation is
mostly unconfined by orography, it is in general broader in its
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horizontal extent, weaker than the lower branch and often obscured
by large-scale winds. Thus, it is reported infrequently. However,
some observations of return flows exist and wind speeds of 1 to
2 m~! were reported (Buettner and Thyer, 1965; Reiter et al.,
1984; McGowan, 2004). The structure of the upvalley-wind system
is additionally complicated by tributary valleys, as the upvalley
flow divides at each juncture of a side valley with the main valley
(e.g. Zardi and Whiteman, 2013). The mass flux in the main
valley is reduced at these junctures due to upvalley flow in the
tributary valleys (Zéangl et al., 2004). Freytag (1987) reported how
subsidence over the main valley compensates for upvalley wind in
a tributary valley.

2.2.3. The Sea-Breeze Circulation

A sea-breeze circulation results from the horizontal pressure dif-
ference that develops between land and an adjacent sea during
the day. Because water has a higher specific heat capacity and
a higher heat conductivity than soil, a unit mass of water will
warm less than a unit mass of soil, when they receive the same
heat input (e.g. Whiteman, 2000). This leads to a rapid increase
of the air temperature over a land surface during the day and a
strong diurnal temperature variation, while the air temperature
over the sea changes only little. Strong temperature and pressure
gradients close to the surface develop across a coastline with lower
pressure over the warmer land surface during daytime, causing
the sea breeze to flow from the sea towards the land. During
nighttime, the temperature and pressure gradients are reversed
and a land breeze develops, which is usually weaker than the sea
breeze, because of a weaker horizontal temperature gradient. The
horizontal temperature gradient and therefore the strength and
duration of a sea breeze depend on the season and the time of
the day. In midlatitudes, sea breezes are typically strongest in
spring and summer. The summer sea breeze is usually established
by midmorning and the maximum wind speeds are reached in
mid-afternoon. Maximum wind speeds of 2 to 10 m s~! were
reported in sea breezes all over the world (Atkinson, 1981, p. 145).
The landward edge of the sea breeze, often called sea-breeze front,
is characterized by sharp changes in temperature, humidity and
wind, because of the cooler and moister air in the sea breeze that
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originated over the water. With the arrival of the sea-breeze front,
the wind turns to onshore direction and typically accelerates. The
propagation speed of the sea-breeze front, ugy, i.e. the rate at
which it advances inland, can be related to the wind speed in
the sea breeze, ug, (e.g. Simpson and Britter, 1980). Based on
approaches of Keulegan (1957) and Simpson (1969), Simpson and
Britter (1980) determined the propagation speed of the sea-breeze
front to

Usp ~ 0.87ugy + 0.59ug, (2.5)

taking into account the cross-shore wind component, ug, resulting
from the large-scale pressure gradient. The two constants in Eq.
2.5 were gained in laboratory studies. Finkele (1998) used aircraft
data to estimate the propagation speed from the onshore extent
of the sea breeze and found typical values of 1 to 2 m s™!, slowing
down in the afternoon. Other studies reported propagation speeds
ranging from 3 m s~! in England (Simpson et al., 1977) to 7 m s~*
in Australia (Clarke, 1955). Inland penetration depths of about
150 km were observed in Spain (Kottmeier et al., 2000). They
vary from 15 to 200 km as listed by Miller et al. (2003). Typical
sea-breeze depths range from 100 to 1000 m (Atkinson, 1981, p.
143). Above the sea breeze a compensatory return flow exists as
the upper branch of the closed sea breeze circulation. Although
this flow is not always observed, return wind speeds ranging mainly
from 2 to 4 m s~! were reported (Atkinson, 1981, p. 145).

2.2.4. Superposition of Thermally Driven
Circulations

Slope and Valley Winds

The slope and valley winds described in Sects. 2.2.1 and 2.2.2
do not occur separately, but superimpose and produce a coupled
slope- and valley-wind system, which was first explored by Defant
(1949). During a typical day in an idealized valley, four distinct
phases occur (e.g. Zardi and Whiteman, 2013):

Morning transition phase Shortly after sunrise, an upward sur-
face sensible heat flux transfers heat from the surface to the air
above, leading to the evolution of a warm boundary layer. This
marks the beginning of the morning transition phase. Upslope
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winds start to develop. The breakup of the nocturnal surface
inversion and the warming of the valley atmosphere is mainly a
result of two processes: the CBL growth in the valley and com-
pensating subsidence (Sect. 2.2.1). The warming is amplified due
to the valley orography (TAF concept, Sect. 2.2.2). Eventually,
upvalley winds evolve. The complete breakup of the nocturnal
surface inversion marks the end of the morning transition phase.

Daytime phase The daytime phase typically lasts from mid-
to late morning until the late afternoon or early evening, when
the outgoing longwave radiation exceeds the incoming shortwave
radiation. During this period, the convection from the heated
surfaces grows and a vertical coupling of the wind in the valley to
the background flow is possible. Depending on the wind direction
and speed of the background flow, this may lead to a turning of the
wind and/or to a wind speed increase in the valley in the afternoon
(Whiteman, 2000). The horizontal temperature gradients along the
valley axis and thus the upvalley wind are maintained, which may
be explained in terms of the TAF concept and radiative processes
(e.g. Zardi and Whiteman, 2013).

Evening transition phase Starting in areas of the valley, which
are shadowed by terrain, a downward surface sensible heat flux
cools the air above the surface. Downslope winds start and com-
pensating rising in the valley centre and cold air advection with the
still existing upvalley wind cool the valley atmosphere. Typically,
the upvalley wind prevails for several hours after a downward sur-
face sensible heat flux developed. Eventually the pressure gradient
between the valley and adjacent plain reverses and a downvalley
flow evolves. With the stabilization of the valley atmosphere dur-
ing the evening transition period, the downslope winds become
weaker and shallower.

Nighttime phase The nighttime phase is mainly characterized
by the predominance of a downvalley wind. The phase typically
starts sometime between several hours after sunset and midnight
and lasts until the morning transition phase.
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Interactions over Coastal Mountains

Over coastal mountains, additional interactions between the sea
breeze and the upvalley and upslope winds occur. Coastal valleys
funnel sea breezes and accelerate the flow up the valley (Miller et al.,
2003). This results in a deeper inland penetration of the sea-breeze
front than it would be the case over horizontally homogeneous
terrain. Numerical simulations indicated that the interaction
between an upvalley wind and a sea breeze results in an enhanced
flow in the valley ahead of the sea-breeze front (Kondo, 1990a,b).
Physick and Abbs (1992) reported sea breezes, which regularly
penetrate more than 100 km up the valley. Khodayar et al. (2008)
observed a superposition of an upvalley wind and sea breeze,
which produces an effective inland transport of moist air. As the
maritime air mass is often stably stratified (e.g. Bischoff-Gauf}
et al., 2006), the superposition of the upvalley wind and sea breeze
leads to horizontal advection of a cool, stably stratified layer, which
limits the depth of the well-mixed layer in the valley (Cox, 2006;
Bergstrom and Juuso, 2006; Bischoff-Gauf} et al., 2008; Khodayar
et al., 2008) in addition to other processes related to compensating
subsidence (Sect. 2.2.1).

Coastal slopes may either enhance or suppress sea breezes. When
the temperature variation of the slope and the coastal plain are
in phase, the sea breeze is amplified and occurs earlier (Miller
et al., 2003). Banta et al. (1993) observed a faster growth of the
sea breeze in the vicinity of a slope using a scanning wind lidar.
On the other hand, the slopes may mechanically block the sea
breeze. In an overview given by Crosman and Horel (2010) crucial
factors determining the dependency of the sea breeze on terrain
are described as e.g. the terrain slope, the terrain height or the
location of the slope relative to the coastline.

2.3. Transport Processes over Complex
Terrain and Definition of the
Mountain ABL

The transport of air masses under fair weather conditions during
daytime occurs on various scales, ranging from the turbulent scale
to the mesoscale. Over horizontally homogeneous and flat terrain,
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Figure 2.3.: Schematic diagram of transport processes occurring
over complex terrain. The depicted processes are: horizontal
transport with thermally driven winds (1), topographic venting
(2), moist convection (3) and advective venting (4).

convection dominates the vertical transport, diurnal variations of
atmospheric variables and the evolution of a CBL. Over complex
terrain, mesoscale transport processes associated with thermally
driven circulations additionally exist and superimpose convection.
Most of the relevant transport processes are overviewed in Fig.
2.3. In particular over coastal mountains, sea breezes and upvalley
winds often superimpose and provide for an effective horizontal
inland transport of moist air (Physick and Abbs, 1992; Khodayar
et al., 2008). Thermally driven winds transport air close to the
surface upwards over the mountain ridges (e.g. Fast and Zhong,
1998), hereafter referred to as ’topographic venting’. Convergence
of the thermally driven winds (e.g. Lu and Turco, 1994) or the
formation of moist convection (e.g. Ching et al., 1988; Kalthoff
et al., 2013b) above the ridges enhance the vertical transport. Over
complex terrain, horizontal gradients of humidity, heat or aerosols
develop due to an inhomogeneous CBL height or topographic
venting, and horizontal advection with the mean wind occurs (e.g.
Kossmann et al., 1999). The latter process is often referred to
as ’advective venting’. The mean wind can either be a result of
mesoscale processes or the large-scale conditions. As part of a
closed thermally driven circulation, subsidence in a valley core
compensates flow divergence close to the surface (e.g. Whiteman,
1982) and advects potentially warmer air towards the valley floor
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in a stably stratified atmosphere (e.g. Rampanelli et al., 2004;
Serafin and Zardi, 2010a).

The impact of the different transport processes on the atmo-
spheric structure over complex terrain was investigated in numerous
observational and numerical studies. Airborne lidar observations
revealed layers with a high aerosol content up to 4000 m above
Mean Sea Level (MSL) over the Alps, i.e. more than 1000 m above
ridge height, which extended well above the CBL (De Wekker
et al., 2004; Henne et al., 2004). These authors attributed the
upward transport of aerosols to thermally driven circulations, ini-
tiated by orography. The transport and diffusion of air masses
with high ozone and pollutant concentrations due to topographic
venting were observed for low mountain ranges (e.g. Fiedler et al.,
2000; Kalthoff et al., 2000) and high mountain ranges, like the
Alps (e.g. Furger et al., 2000; Prévot et al., 2000). Near coastal
mountains, interactions of sea breezes and slope winds lead to the
formation of elevated pollution layers (e.g. Lu and Turco, 1994;
Bischoff-Gauf3 et al., 1998). Once the polluted air masses intrude
synoptically influenced layers, they get downstream advected with
the mean wind forming elevated layers (e.g. Milldn et al., 2002;
Nyeki et al., 2002; Henne et al., 2004; Chen et al., 2009). When
the stratification in elevated boundary layers is maintained during
the horizontal transport, elevated mixed layers form downstream
of the mountain ridge (e.g. Arritt et al., 1992; Sun and De Wekker,
2011).

The transport of humidity is significantly enhanced over complex
terrain compared to horizontally homogeneous and flat terrain.
Weigel et al. (2007a) found that the contributions to the humidity
transport due to a narrowing of the valley cross-section and from
thermally driven circulations exceed the contribution of turbulent
mixing by several times. Upslope winds transport humidity from
the valley over the ridges, reducing the Integrated Water Vapour
(IWV) in the valley and increasing it over the mountains (Kuwagata
et al., 2001). In case the evapotranspiration from the Earth’s
surface is lower than the humidity removal, Takagi et al. (2000)
observed that the diurnal variation of IWV in the valley has its
minimum in late afternoon. Over the mountains, IWV reaches
its maximum in late afternoon (Wu et al., 2003). Extended sea
breezes over a mountainous island enhance this IWV increase
(Ohtani, 2001). Near the coast, sea breezes transport moist air
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from the sea and contribute to an IWV increase (Bastin et al.,
2007). Topographic and advective venting result in the formation
of elevated humidity layers downstream of the mountain ridge
(e.g. Ohtani, 2001; Henne et al., 2005; Sasaki et al., 2004) and
produce an abrupt increase of IWV over a semi-basin from evening
to midnight (Iwasaki and Miki, 2001).

Large differences between the evolution of a CBL over complex
and horizontally homogeneous terrain were found. Low (e.g. Ram-
panelli et al., 2004; Rampanelli and Zardi, 2004; Rotach and Zardi,
2007; Bischoff-Gauf} et al., 2008) or non-existent (e.g. Khodayar
et al., 2008) well-mixed layers were reported in valleys. A transient
depression of the growth of the well-mixed layer occurs at the
foot of isolated slopes due to vertical and horizontal advection
of heat (De Wekker, 2008; Serafin and Zardi, 2010b). Above the
well-mixed layer, a slightly stably stratified layer topped by an
inversion and a more stably stratified free atmosphere were identi-
fied (e.g. De Wekker et al., 2004; Henne et al., 2004; Serafin and
Zardi, 2010a). Weigel and Rotach (2004) and Weigel et al. (2006)
reported a stabilization of the valley atmosphere. In this case, the
stabilization is caused by vertical warm-air advection as part of a
curvature-induced secondary circulation. Due to the centrifugal
force cross-valley density differences evolve, causing a hydrostatic
pressure gradient force. Because the centrifugal force increases
with height, while the pressure gradient force is height-independent,
a secondary circulation develops. In the same studies, significant
turbulence in aircraft measurements was observed, despite the
slightly stable stratification, and the authors proposed that profiles
of potential temperature may not be a good indicator of the CBL
height over complex terrain.

Thus, there is evidence that over complex terrain (i) the CBL
structure and development differs from the classical image found
over horizontally homogeneous flat terrain and (ii) the characteris-
tics of the layer, in which atmospheric variables, such as humidity,
heat or aerosol content, show a diurnal variation, deviate from
those of the classical CBL. These differences are most likely caused
by the impact of the Earth’s surface by means of convection and
mesoscale thermally driven circulations. In Sect. 2.1, the ABL was
defined as that part of the atmosphere which is directly affected
by the presence of the Earth’s surface, responds to surface forcing
within a time scale of around an hour and exhibits a diurnal varia-
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tion (Stull, 1988). Considering response time scales longer than
one hour, a mountain ABL can be defined as the layer that devel-
ops due to the impact of orography in the course of a day. This
definition is in agreement with the concept presented in previous
studies (e.g. De Wekker, 2002; Serafin and Zardi, 2010a). Accord-
ing to these time scales, convection, thermally driven circulations,
such as slope winds, valley winds and sea breezes including their
return flows and compensating subsidence, topographic venting
and advective venting are regarded as boundary-layer processes.
It can be assumed that different processes are dominant in the
diverse parts of the mountain ABL.

2.4. Impact of the Background Flow on
the Mountain ABL over Complex
Terrain

The background flow is driven by large-scale pressure gradients,
which occur on a horizontal length scale of several hundreds or more
kilometres. Especially a strong background flow can impact and
modify the thermally driven circulations and the structure of the
mountain ABL over complex terrain via turbulent transport and
due to dynamically driven flows, which occur when the background
flow interacts with orography. The latter include gravity waves
and downslope windstorms.

2.4.1. Turbulent Transport

As long as the background flow is weak and a strong inversion
tops the valley atmosphere, the vertical exchange between the
background flow and the valley atmosphere is limited (Whiteman,
2000). When the background flow is strong, wind shear erodes
the inversion at the top of the valley atmosphere and the valley
atmosphere gets coupled with the background flow. Momentum,
heat and humidity from above can suddenly break into the valley
atmosphere. This may result in rapid changes in temperature,
humidity and wind due to turbulent downward transport and in an
interruption of the thermally driven circulations. This transport
mechanism is most likely to occur in an unstably or neutrally
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stratified atmosphere in the valley (e.g. Whiteman and Doran,
1993).

To determine if buoyancy or mechanical processes dominate the
production of turbulence, the gradient Richardson number is often
used (e.g. Stull, 1988)
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which is the ratio between buoyant and mechanical production
of turbulence. In an unstably stratified layer, turbulence may be
generated by both production processes and Ri is negative. In a
stably stratified layer, the restoring force of gravity acts against
turbulent vertical motions. While turbulence is suppressed by
negative buoyancy, wind shear produces turbulence mechanically.
When Ri is lower than the critical Richardson number, Ri. =
0.25, mechanical production presumably prevails and a stably
stratified laminar flow becomes turbulent. For example, Corsmeier
et al. (1997) analysed downward transport processes of ozone in
a nocturnal boundary layer, which are initiated by mechanically
produced turbulence, due to strong wind shear caused by a low-
level jet.

An inversion separating two layers, could be eroded by mechan-
ically produced turbulence when R: < Ri. in the inversion, i.e.
when the wind shear is strong or the inversion is weak enough.
This erosion can be explained using Kelvin-Helmholtz waves that
form in the inversion (e.g. Stull, 1988). When Ri in an initially
laminar flow falls below Ri., gentle waves begin to form. The wave
amplitudes keep growing, reaching a point where they begin to
break. Because air with lower density has been transported below
air with higher density within each wave, buoyant production of
turbulence occurs. Both production processes cause a mixing of
the different layers at the inversion, transferring momentum, heat
and humidity between the layers. The formerly sharp transition
zone becomes broader with weaker wind shear and static stability.
Consequently, the layer with the inversion and wind shear is then
shifted to a lower level. If Ri < Ri. persists, vertical mixing
produced by mechanical production of turbulence may result in a
neutrally stratified layer where conserved atmospheric quantities,
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like potential temperature or specific humidity, are about constant
with height and which is established from top to bottom.

In the case of opposing flows in the two layers, the flow in the
lower layer may decelerate or even reverse its sign (Adler et al.,
2011a). As the humidity in the upper layer is typically lower and
the potential temperature and the horizontal wind speed are higher,
the turbulent downward transport results in a temperature and
wind speed increase and a humidity decrease in the lower layer.

2.4.2. Dynamically Driven Flows

To understand the complex behaviour of dynamically driven flows
in mountainous terrain, two theories are often applied: the linear
gravity wave theory and the hydraulic flow theory.

Linear Gravity Wave Theory

When an air mass approaches a mountain it is forced to lift. To
describe the ability of the air mass to pass over the mountain, the
non-dimensional mountain height is often applied (e.g. Markowski
and Richardson, 2010):

. NH
H=="
U

with the barrier height, H, the horizontal upstream wind speed,
U and the Brunt-Viiséla frequency

(2.7)
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As H is typically calculated for a vertical layer, U and N are
mean values averaged over the layer. Strong stable stratification
or low wind speed on the upstream side lead to H > 1, which
implies that at least some depth of the flow is blocked by the
mountain. When air flows above a mountain in a stably stratified
atmosphere, internal gravity waves occur as a result from buoyancy
forces, which affect air parcels when they are vertically displaced
from their equilibrium level. Because internal gravity waves are
initiated by orography, they must carry energy upwards away
from the source and they are propagating in the horizontal and
vertical.
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Here, only the fundamental basics of the linear internal gravity
theory are introduced. A detailed description is given by e.g.
Markowski and Richardson (2010) and Nappo (2013). It is assumed
that the atmospheric variables consist of a mean part, which is
either constant or varies only with height, and a fluctuating part,
which is smaller than the mean part and varies in space and time.
For example, the vertical wind speed is written as

w=w+w. (2.9)

These variables are then substituted into the equations of motions
ignoring non-linear terms, i.e. any terms containing multiples of
fluctuating parts. With this linearization, some aspects of the
gravity waves are removed, like steepening and breaking of waves.
To simplify the analysis, a two-dimensional Boussinesq flow in the
x-z plain is assumed. Furthermore, the mean vertical wind speed,
w, is set to zero so that w = w’. This set of equations is then
reshaped into one equation for w and an ansatz for one mode of w
is assumed to be

w = w(z) eke=wt), (2.10)

where w is a complex amplitude, which depends on height; k is
the wavenumber in z-direction; and w(z) is the angular frequency
in a fixed reference frame. Substituting this into the equation for
w and neglecting the effect of decreasing density with height on
the wave amplitude leads to the Taylor-Goldstein equation

d*w k’N?  kd*u
b — o= 2.11
d%+<92+9&2 )w 0 (2.11)
with the intrinsic frequency

Q = w — Tk, (2.12)

which the wave would have when observed in a reference frame
moving with the mean wind, w. Assuming a steady state, i.e.
w =0, Eq. 2.11 results in

2,5 N2 1 25 2,7
% ( i k2>w:dw+(l2—k2)w=0 (2.13)
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Equation 2.10 is then written as
w = Aei(kx-}-mz) +Bei(kw—mz) (215)

with the vertical wavenumber

m =12 — k? (2.16)

and complex wave amplitudes A and B. The height dependency
of w is determined by whether m is real or imaginary, thus it
depends on whether 1> > k2 or not. If m is real, horizontally
and vertically propagating two-dimensional waves are possible. If
m is imaginary, w exhibits exponential decay with height and is
called an evanescent solution. Thus, the wave characteristics are
determined by the height dependency of I. When [? > k? in a
lower layer and [?> < k? in an upper layer, i.e. [ decreases with
height, wave energy can become trapped within the lower layer
and trapped lee waves develop (e.g. Jackson et al., 2013).

In a simplified environment, w = U as the mean upstream wind
speed and N are assumed to be constant with height. Equation
2.16 then leads to

m2 Aﬁ 12 k*N?

-2 T2

— k2 (2.17)

For m to be real and thus to allow for wave motions, 22 < N2
is necessary. Waves with Q% > N? are evanescent. Thus, the
oscillation frequency of waves is limited by N. This implies that
the smallest possible horizontal wavelength for steady waves is
given by (Stull, 2000)
27 -U

Amin = N (2.18)
Besides the vertical structure of the atmosphere, internal gravity
waves characteristics may also depend on the underlying orogra-
phy. Gravity waves with a horizontal wavelength of about twice
the mountain-ridge width may be amplified resulting in wave am-
plitudes of roughly half the mountain-ridge height (Stull, 2000).
When gravity waves are initiated by successive ridges, they can
either be amplified or damped depending on the relationship be-
tween the ridge separation distance and the horizontal wavelength
(Gerbier and Berenger, 1961). If the distance between the ridges
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Figure 2.4.: Schematic diagram of the instantaneous vertical mo-
tion of air parcels in a horizontally propagating internal gravity
wave with U = 0 m s~! (a) and corresponding fluctuations of
potential temperature, ©, and vertical wind speed, w, with a
horizontal wavelength, A, in z-direction (b).

Amplitude

(b)

is a multiple of the horizontal wavelength, the wave amplitude
may be intensified. The wavelength which is most favourable for
large-amplitude waves is given by the so-called terrain wavelength.
Thus, when the wavelength of the gravity wave matches the terrain
wavelength resonance may result in large-amplitude waves.

To identify gravity waves in aircraft data, it is useful to determine
the phase shift in the fluctuations of potential temperature and
vertical wind speed. For gravity waves this phase shift is 90°
(Durran, 1990). This is a distinct characteristic of gravity waves and
can be used to distinguish between gravity waves and convection,
for which fluctuations of potential temperature and vertical wind
speed are in phase. Thus, an aircraft, flying on a horizontal flight
track through a gravity wave, would measure variations of potential
temperature and vertical wind speed, which are shifted by a quarter
of the horizontal wavelength, i.e. they are 90° out of phase (Fig.
2.4). When the fluctuations of potential temperature are largest, i.e.
at the air parcels maximum positive or negative displacement, the
vertical wind speed is zero. Between these locations the air parcels
are either gaining or loosing buoyancy, reaching their maximum
vertical wind speed when variations of potential temperature are
smallest.
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Hydraulic Flow Theory

Assuming that stratified air flowing over a mountain is analogous
to a water flow in a channel, the hydraulic flow theory, first pre-
sented by Long (1954), can be used for a physical explanation
of dynamically driven flows. In the following, the hydraulic flow
theory is briefly described for a fluid layer with a free upper surface,
which flows over an obstacle of height, H, e.g. water in a river
that flows over a rock. Based on a one-dimensional version of
the shallow water equations and assuming a steady flow without
friction, external pressure gradients and Coriolis force, the non-
linear momentum and continuity equations can be written as (e.g.
Markowski and Richardson, 2010)

ou oD OH
9 wpy=0 (2.20)

ox

with the fluid speed, u, in z-direction being height-constant through-
out the fluid layer depth, D. Combining Eqs. 2.19 and 2.20, results

mn
w2\ 9D oOH
(1 - gD) i (221)

With the shallow water phase speed

c=+/gD, (2.22)

the Froude number for hydraulic flow theory in case of a free upper
surface is defined as

u u
Fr=— = . 2.23
N ) (2.23)

In a supercritical flow (Fr > 1), u is larger than ¢ and no gravity
waves at the free upper surface can propagate upstream relative
to the mean flow. The fluid deepens and decelerates as it goes up
the upstream slope, reaches its maximum thickness at the peak
and thins and accelerates again going down the downstream slope.
When Fr < 1, so-called subcritical flow, gravity waves at the
free surface can propagate up- and downstream. When going up
the upstream slope, the fluid thins and accelerates, reaching its
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minimum thickness and maximum speed at the peak. Going down
the downstream slope, it thickens and decelerates.

To gain a net acceleration of the fluid at the bottom of the down-
stream slope, a transition from subcritical flow on the upstream
side to supercritical flow on the downstream side is necessary.
Thus, a Froude number of Fr = 1 around the ridge has to occur.
This means that the fluid speed at the mountain ridge, urigge, has
to equal c. Further downstream, the fluid eventually decelerates
and thickens in a hydraulic jump, associated with the generation
of strong turbulence. Assuming that and in accordance with the
conservation of energy, applying the Bernoulli equation

1
5“‘2 + gD = gDupstream (224)

with Dypstream @s the far upstream fluid depth, yields a decrease
of the fluid depth by % at the ridge compared to the far upstream
conditions (e.g. Jackson et al., 2013). The conservation of mass
then implies an acceleration of the flow at the ridge to uridge =
87,

As free surfaces do not exist in the continuously stratified at-
mosphere, some difficulties arise when applying the hydraulic flow
theory to the atmosphere (e.g. Durran, 2003). The calculation
of precise quantitative values for F'r turns out to be difficult in
the real, stratified atmosphere with indistinct inversions and when
wind speed and stratification are not height constant within the
different layers. Nevertheless, the atmosphere is often separated
into two layers with constant potential temperature and wind
speed and an inversion in between. For a two-layer atmosphere,
the Froude number from Eq. 2.23 is modified to

Fr=—u (2.25)
gD g2

with A© being the potential temperature difference across the
inversion and ©y, being the temperature of the lower layer. The
denominator describes the phase speed of internal gravity waves
that form within the inversion.

Downslope Windstorms

Downslope windstorms modify the atmosphere downstream of
the mountain ridge by transporting air masses from higher layers
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downwards. Foehn, which is a type of a downslope windstorm, is
characterized by warm and dry air and high wind speed on the
downstream side of the mountain ridge (e.g. Brinkmann, 1971).
To explain the existence of a downslope windstorm, various ap-
proaches exist, based on linear gravity wave theory or hydraulic
flow theory (e.g. Jackson et al., 2013; Richner and Héchler, 2013).
In terms of linear gravity wave theory, these approaches include
the amplification of vertically propagating gravity waves, by waves
reflected off pre-existing critical layers (Klemp and Lilly, 1975) or
reflected off a self-induced critical layer created by wave breaking
(Peltier and Clark, 1979). In linear theory, vertically propagating
gravity waves can get reflected off layers where the Scorer parame-
ter changes rapidly with height due to changes in temperature or
wind speed (e.g. Markowski and Richardson, 2010). On the basis
of hydraulic flow theory, a downslope windstorm occurs when the
Froude number in the flowing layer equals one at the mountain
ridge.

Interactions between Dynamically Driven Flows and the
Downstream ABL

In most previous studies the effect of the ABL on dynamically
driven flows was ignored (e.g. Smith, 1980). More recent modelling
studies demonstrated an impact of the ABL on dynamically driven
flows via a damping effect which reduces the wave amplitudes,
the strength of downslope windstorms and the tendency for wave
breaking (e.g. Richard et al., 1989; Smith, 2007; Vosper and Brown,
2007; Jiang et al., 2008). Dynamically driven flows were subject of
several field campaigns in the past. For example, subgoals of the
MAP campaign (Bougeault et al., 2001) focused on Alpine foehn
and the T-REX campaign (Grubisic et al., 2008) in the Sierra
Nevada in California aimed to investigate downslope windstorms
and rotors.

A common finding was that the ABL interacts with dynamically
driven flows and thus must not be neglected (e.g. Gohm et al.,
2004; Zangl et al., 2004). Observations in the Alps revealed the
attenuation of a stationary gravity wave due to a stagnant layer
with weak winds and stable stratification at lower levels (Smith
et al., 2002). Smith et al. (2006) proposed a two-dimensional
theoretical boundary-layer model to analyse the impact of the
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ABL on the absorption of gravity waves and found that the ABL
attenuates the wave and shortens its wavelength. Based on numer-
ical simulations and theoretical formulations, Jiang et al. (2006)
investigated the impact of the ABL on trapped waves. They found
that the absorption of wave energy is higher for a stable boundary
layer than for a CBL and suggest that an absorbing ABL serves
as an energy sink for trapped waves. The interaction between
nocturnal thermally driven downslope winds and gravity waves is
highly complex and non-linear, as was described by Poulos et al.
(2000, 2007) using observations and simulations.

During foehn conditions, a downstream cold air pool inhibits
the penetration of the foehn air mass to the ground (Gubser and
Richner, 2001; Vogt and Jaubert, 2004). Heating from below due
to the sensible surface heat flux as well as turbulent entrainment
induced by Kelvin-Helmholtz waves at the top of the cold pool
eventually erode the nocturnal inversion (Nater et al., 1979) and
allow the foehn air mass with a low aerosol content to progressively
reach the ground (Frioud et al., 2004). Flow blocking on the
windward site reduces the wave amplitude due to a reduction in
the effective barrier height (Jiang et al., 2005). Jiang and Doyle
(2008) studied the diurnal variations of cross-valley flows based on
observations and numerical simulations and found that dynamically
driven downslope winds strongly depend on the thermal structure
of the downstream valley atmosphere. Mayr and Armi (2010)
investigated how diurnal heating warms the downstream valley
atmosphere and allows the flow crossing the mountain ridge to
descend into the potentially warmer valley atmosphere.

The extension of a downslope windstorm or the amplitude of lee
waves may depend on the downstream stratification, as indicated by
the above described previous studies. A reduction of downstream
stability may therefore allow the downslope windstorm to extent
further towards the ground downstream of the mountain ridge and
over a longer horizontal distance. The simple large-amplitude lee
wave theory assumes that the downstream stratification behind the
mountain ridge is the same as upstream. When the downstream
stratification is less stable than on the upstream side, the wave
amplitude may be enhanced on the downstream side, compared to
the case with equal stratification on both sides of the mountain
ridge. This may affect the wavelength and amplitude of the lee
wave. As the intruding air mass is typically potentially warmer
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and drier and has a higher momentum than the air mass in lower
layers, a lower downstream stability may lead to warmer and drier
air and higher wind speeds close to the ground over long distances
downstream of the mountain ridge.

2.5. Atmospheric Water Vapour and its
Detection

The atmospheric water-vapour content can be described by the
specific humidity, ¢, which is defined as the ratio of water-vapour
density, p,, to the density of moist air, p,,, and is approximated
as (e.g. Kraus, 2004)

=2 ~ 0.622]%, (2.26)

Pm

where e is the water-vapour pressure and p is the air pressure.
Instead of p,, the density of dry air, pg, may be used together with
the virtual temperature

T, = T(1+0.61q) (2.27)

that accounts for the presence of water vapour in the air. Other
humidity variables are the water-vapour mixing ratio

ro =22 (2.28)

Pd

and the dewpoint temperature, Ty, which is the temperature at
which saturation is achieved if air is cooled while holding p and 7,
constant (e.g. Markowski and Richardson, 2010):

2435
Ty=— """ (2.29)

17.67 | _q
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The relative humidity describes the saturation of an air mass and
depends on air temperature and pressure. It is given by

rh = 5100 %, (2.30)

S
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where e, is the saturation water-vapour pressure, which can be
approximated as (e.g. Bolton, 1980):

ey = 6.112 eTt315 (2.31)

The prognostic equation for the conserved mean specific humid-
ity, g, in a turbulent flow is (e.g. Stull, 1988)
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with the mean wind components u, v and w in z-, y- and z-
direction; the fluctuating wind components v, v and w’; the
kinematic molecular diffusivity for water vapour, v4; and the mass
of water vapour per unit volume and time, which is created by
phase changes from liquid or solid to vapour and vice versa, M.
Term I represents the storage of g and results from the contributions
of terms II-IV. Term II describes the advection of § by the mean
wind, term IIT illustrates the divergence of the turbulent kinematic
humidity flux, term IV represents the mean molecular diffusion of
water vapour and term V depicts the contribution due to phase
changes. As a flux is the transfer of a quantity per unit area
and time, term III describes the turbulent transport of humidity
and contributes to an increase or decrease of the mean humidity
depending on whether there is a flux convergence or divergence.
The latent heat flux, F, is associated with the vertical part of term
111

E =p,Lw'q, (2.33)

where p, is the mean density of dry air and L is the specific
latent heat of vaporization. At the Earth’s surface, E describes
the transport of humidity from and to the surface. When it is
positive, it represents the part of the net radiation that is used for
evapotranspiration from soil and vegetation. Besides the turbulent
transport, advection with the mean wind significantly impacts the
humidity distribution in the atmosphere. This leads to a very
high spatial variability of humidity, especially in the ABL (e.g.
Weckwerth et al., 1996; Khodayar, 2009).
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To measure atmospheric humidity different methods exist. Sen-
sors measuring the humidity in-situ provide time series when they
are equipped at surface stations or profiles when they are launched
with radiosondes. The advantage of these methods are the high
temporal and vertical resolution, respectively. However, a major
shortcoming is that both measurements are point measurements
or instantaneous and do not represent a large area. In addition,
radiosondes are not launched continuously and thus the temporal
resolution of the humidity profiles can be very low. Khodayar
(2009) found that the high spatial variability of humidity in the
ABL cannot be resolved with radiosonde data only.

The IWYV describes the total water-vapour density in an air
column with an unit area reaching from the Earth’s surface, hg,
to the top of the troposphere, h;:

he

WV = pov(2)dz. (2.34)
ho

Because the water-vapour density has an average scale height of
about 2000 m (e.g. Bock et al., 2005), variability of IWV is closely
related to the humidity in the lower troposphere. Integrating
the prognostic equation for the mean humidity (Eq. 2.32) over
a vertical column, it is evident that the total atmospheric water-
vapour content in an air column depends on evapotranspiration
from the Earth’s surface, on horizontal advection and on phase
changes, neglecting the horizontal divergence of the turbulent
kinematic humidity fluxes and molecular diffusion and assuming
a vanishing vertical wind speed at the bottom and top of the
vertical air column. Without any advection and phase changes,
evapotranspiration or dew formation at the Earth’s surface lead to
an increase or decrease of water-vapour content in the vertical air
column and an increase or decrease of IWV. Horizontal advection
of moist or dry air in any layer of the air column contributes to an
increase or decrease of IWV. Phase changes from solid or liquid
into vapour or vice versa increase or decrease the IWV. This occurs
when clouds dissolve or form in the air column.

In the past, several methods to determine IWV have been applied.
Remote sensing methods include e.g. ground-based microwave ra-
diometry or a technique using the ground-based Global Positioning
System (GPS) network.
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Ground-based Microwave Radiometry

The first method described here is the ground-based microwave
radiometry, which is based on passive remote sensing. The basic
concepts are given by e.g. Janssen (1993) and Crewell et al.
(2011). The microwave region covers electromagnetic radiation with
wavelengths between 1 mm and 10 cm, i.e. they include frequencies
from 300 to 3 GHz. A microwave radiometer measures the thermal
emission along the wings of pressure-broadened rotational lines of
oxygen and water vapour (Fig. 2.5). As oxygen is homogeneously
mixed throughout the troposphere, measurements along the low
frequency wing of the oxygen absorption complex at 60 GHz
provide information on vertical temperature profiles (Lohnert et al.,
2009). Close to the centre of the complex the atmosphere is opaque
and most of the information originates from close to the surface.
Towards lower frequencies the atmosphere becomes less opaque
which allows information from higher atmospheric layers to be
detected. Humidity information are obtained from the optically
thin water-vapour line at 22.235 GHz. Microwave radiation can
penetrate through clouds, which allows measurements in the cloudy
atmosphere. Only precipitation contaminates the detected signals
(Rose et al., 2005).
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Figure 2.5.: Microwave spectrum during a summer day (grey line,
IWV= 30 kg m~2) and during a winter day (black line, IWV= 8 kg
m~?) at Payerne (Léhnert et al., 2009). Grey shadings mark the
parts of the spectrum used for humidity and temperature profiling.
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The measurement principle is based on the radiative transfer
in the troposphere. The differential form of the radiative transfer
equation can be written as (Janssen, 1993)

%f — Ia+ 5, (2.35)
where Iy is the radiant power per unit area and per unit solid
angle within a specified interval of the frequency, f; s is the path
of propagation; « is the absorption coefficient; and Sy is a source
term. In the absence of scattering and according to Kirchoff’s law
the source term equals

S = aBy(T) (2.36)

with the Planck function

B(T) = 2hf3%7 (2.37)

2
€ eFT —1

where h is the Planck constant; ¢y the speed of light in vacuum; kpg
the Boltzmann constant; and T the physical temperature. By (T)
describes the quantity of radiation that passes through a unit
surface within a given solid angle and frequency interval. This
feature allows the radiation transfer along a pencil beam to be
measured with a radiometer. The downward spectral radiance,
I¢(ho), received by a ground-based radiometer at height hg can
be obtained by solving the radiative transfer equation (Eq. 2.35)
with use of Eq. 2.36 as

I1(ho) = I (c0)e™ ™) 4 /h h a(s)By(T(s))e ™ ds,  (2.38)

where the optical depth of the atmosphere is defined as

T(s) = /hs a(s')ds'. (2.39)

0

In Eq. 2.38, If(0o) represents the spectral radiance of the cosmic
background and e~7(°°) describes the overall transmission of the
atmosphere. In general, the first term of Eq. 2.38 is much smaller
than the second one. In the microwave region, the Rayleigh-
Jeans-Approximation applies, as hf < kpT, and a linear relation
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between Bf(T') and T results from the Planck function (Eq. 2.37).
With the definition of the brightness temperature

2
Co

Ts(f) = %If

(2.40)
Tg(f) observed by a ground-based radiometer can be obtained
from Eq. 2.38:

oo
Ta(f) = Tpoce ™) +/ a(s)T(s)e”™)ds, (2.41)
ho
where Tgo is the brightness temperature of the cosmic background.
To describe the height where the signal originated, a weighting
function is defined, which generally varies with height and depends
on « (Crewell et al., 2011). Since the pressure broadening of the
spectral lines depends on the pressure (2 to 3 MHz hPa~1), frequen-
cies ranging over several GHz can be used to obtain tropospheric
profiles. For example, for frequencies close to the centre of the
water-vapour line the weighting function increases with decreasing
pressure, i.e. layers at higher elevations contribute more to the
measured Tg. At the same time, the contribution from layers at
lower elevations is larger at the wings due to higher weighting func-
tions. The weighting function at about 24 GHz is approximately
height-constant, which makes it favourable for the determination

of IWV.

To obtain information on atmospheric variables from T, an
inversion of the radiative transfer equation is necessary. Statistical
methods are based on regression models, e.g. linear or neural net-
works, which link the observed Ts to the atmospheric variables.

Water-Vapour Detection with GPS

Secondly, IWV can be derived from GPS signals (e.g. Bevis et al.,
1992; Wickert and Gendt, 2006). The great advantage of using
IWV from GPS measurements is the rather dense network of GPS
receivers all over the world. GPS satellites at an altitude of 20200
km transmit microwave signals that are picked up by ground-based
GPS receivers. The GPS signal is phase-delayed through refractive
effects in the ionosphere and troposphere compared to its propaga-
tion in the vacuum. The dispersive ionospheric delay is in general
removed by a linear combination of dual-frequency observations.
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The tropospheric delay (Atrop) depends on pressure, temperature
and humidity. Because even small amounts of water vapour signif-
icantly impact Atrop (Rocken et al., 1993), the GPS technique is
suitable to detect tropospheric water vapour. To obtain the Zenith
Total Delay (ZTD) from Atrop, mapping functions are used. It
is assumed that ZTD has two components: the Zenith Wet Delay
(ZWD) caused by the atmospheric water vapour and the Zenith
dry or Hydrostatic Delay (ZHD) arising from the dry air:

ZTD = ZHD + ZWD. (2.42)

The impact of liquid water on ZWD cannot be extracted from GPS
measurements and is ignored. The arising error is typically less
than 5 % (Solheim et al., 1999). By the use of mapping functions
Mpyq for ZHD and mye, for ZWD, the tropospheric delay results
from

Atrop = ZHD mpuyq + ZWD myes. (2.43)

Depending on the surface pressure, pg, at the GPS receiver and
the latitude, o, of the station, ZHD can be calculated (Bock et al.,
2007):

ZHD = 2.279(mm hPa 1) (2.44)

f(<p7 hO) ’
where f(p, ho) describes the correction of the gravity field (Saas-
tamoinen, 1972). ZWD can then be derived from Eq. 2.43 and
ZTD from Eq. 2.42. Simultaneous measurements from one GPS
receiver to several GPS satellites allow to calculate ZTD with an
accuracy of a couple of millimetres. The zenith IWV is roughly
proportional to ZWD with the conversion factor x(7Ty,):

IWV = k(T,) ZWD, (2.45)

where Ty, is the water-vapour weighted mean temperature in the
atmospheric column above the GPS antenna. As a rule of thumb,
a conversion factor of k(Ty,) = 0.15 applies, however it can vary up
to 20 % as Ty, depends on local conditions (Bevis et al., 1994). T,
can either be modelled as a linear function of surface temperature
or obtained from numerical weather models. As these data usually
have to be interpolated or extrapolated additional error sources
arise and the preferred use of surface observations was suggested
(Hagemann et al., 2003; Bock et al., 2005).
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2.6. Convection-Related Parameters

Besides the existence of a trigger mechanism and a sufficient
amount of humidity in the lower and middle troposphere, some
kind of atmospheric instability is required for the evolution of deep
convection. An unstable stratification of the environmental air
enhances the vertical motion of a perturbed air parcel, while a
stable stratification suppresses the vertical motion. To evaluate
the stability of an unsaturated atmosphere with respect to the
development of clouds, the parcel theory is often applied, which
describes the adiabatic ascent of an air parcel from a certain layer,
usually close to the surface. This theory is able to assess the
existence of conditional instability, i.e. the atmosphere is locally
stable to the displacement of unsaturated air parcels, but unstable
to the displacement of saturated air parcels (e.g. Emanuel, 1994).
Although this theory neglects pressure perturbations and assumes
that condensate is removed from the air parcel as soon as it forms, it
is useful to assess an upper bound of the energy available for moist
convection. Another shortcoming of the parcel theory is the neglect
of the exchange of momentum, humidity and heat between the
parcel and the environmental air. Entrainment of environmental
air into a rising parcel reduces its buoyancy and slows down the
ascent of the parcel (e.g. Markowski and Richardson, 2010). This
process is not considered in the CAPE values, predicted by parcel
theory, but may have a significant impact on the evolution of moist
convection.

To analyse the characteristics of the tropospheric vertical profile,
to visualize the ascent of an air parcel and to derive various unmea-
sured parameters, thermodynamic diagrams are widely used. A
common thermodynamic diagram is the Stiive diagram (Fig. 2.6).

R
On the ordinate pTﬁ (Rq: gas constant for dry air, ¢,: specific heat
at constant pressure for dry air) is shown, which allows to display
a wide pressure range. An unsaturated air parcel that is vertically
displaced maintains its potential temperature and follows a dry
adiabat, which are straight lines in a Stive diagram. The dry
adiabats intersect at T'= —273.15 °C and p = 0 hPa. The temper-
ature of a vertically displaced saturated air parcel decreases with
the pseudoadiabatic lapse rate (e.g. Markowski and Richardson,
2010), assuming that all condensate is immediately removed from
the parcel as it forms. This air parcel follows a pseudoadiabat,
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Figure 2.6.: Stiive diagram with temperature and dewpoint ob-
tained from a radiosounding at Ajaccio at 1300 LT on 25 August
2012. The dashed blue line indicates the virtual temperature of an
air parcel with the mean layer temperature and humidity values of
the lowest 50 hPa, which is lifted from 25 hPa above the surface
to its Lifting Condensation Level (LCL), Level of Free Convec-
tion (LFC) and Equilibrium Level (EL). The thin solid grey lines
indicate dry adiabats and dashed grey lines pseudoadiabats.

which approaches a dry adiabat for low temperatures. The air
parcel is lifted dry adiabatically by either buoyant or mechanical
forces to its Lifting Condensation Level (LCL). Because the po-
tential temperature and mixing ratio are conserved during a dry
adiabatic ascent, the LCL can be determined as the intersection
of the dry adiabat and the constant saturation mixing ratio line of
the parcel to be lifted. Above the LCL, the condensation of water
vapour within the parcel releases latent heat, which warms the
parcel and results in the lower pseudoadiabatic lapse rate. When
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the lifting is strong enough, the air parcel can reach its Level of
Free Convection (LFC) and its density becomes lower than the
density of the environmental air. The air parcel is then positively
buoyant and rises till its Equilibrium Level (EL), where its density
becomes higher than the one of the environmental air. The area
bounded by the environmental temperature profile, T,,, and the
pseudoadiabat, T, followed by a saturated air parcel rising from
its LFC to EL represents the total amount of potential energy
available for convection (e.g. Markowski and Richardson, 2010)

EL TU o T’U
CAPE = / g ———dz. (2.46)
LFC T,

The area between the environmental temperature profile and the
path taken by a negatively buoyant air parcel below its LFC
illustrates the energy that is necessary to initiate convection

LFC T _T
CIN = — / g —2——"dz. (2.47)
h Tv

0
In this thesis, an air parcel with the mean values of temperature
and humidity of the lowest 50 hPa is lifted, i.e. hg in Eq. 2.47 is
25 hPa above the surface. The pre-convective values of CAPE and
CIN in an environment leading to the evolution of deep convection
may vary a lot depending on the location. For example, Kunz
(2007) found moderate convection over southern Germany for
CAPE values larger than approximately 500 J kg~!. However, the
various parameters and thresholds need to be verified and tuned for
each area using the local climatology (e.g. Dalla Fontana, 2008).
An often observed feature in a pre-convective environment is a
layer of warm, dry air, a so-called lid, which traps moist air in the
lower troposphere beneath potentially colder air in the middle and
upper troposphere (Carlson and Ludlam, 1968; Browning et al.,
2007). The criteria for a lid include that it occurs below 500 hPa,
the relative humidity decreases by more than 1 % hPa~! near the
lid and the temperature increases with height or is height-constant
(Graziano and Carlson, 1987). In general, lids form when warm,
dry air is advected over a moist lower layer that is related to
topographic features (Graziano and Carlson, 1987). While lids
may suppress the release of conditional instability, they may also
cause an increase of conditional instability with time and thus may
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enhance the likelihood for severe deep convection. For convection
initiation the lid must be penetrated, which can either be caused
by low-level warming and moistening or by mesoscale variability
in the lid strength itself (Browning et al., 2007). Processes in the
mountain ABL (Sect. 2.3) may favour the lid penetration over
complex terrain.

To account for static stability and low-level humidity, the Total
Totals (TT) index was developed (Miller, 1972). It combines two
indices, the Vertical Totals index and the Cross Totals index. In
this thesis, a modified TT index was used which considers the
conditions at the surface and 850 hPa (Charba, 1979):

TT = 0.5(T850 + Tho) + 0~5(Td,850 + Td,hg) — 2(T500), (2.48)

where the indices 850, hy and 500 indicate air and dewpoint
temperatures in 850 hPa, at the surface and in 500 hPa. The TT
index has the advantage, in comparison with CAPE, that it is
defined for each profile, provided that it reaches 500 hPa. Values
higher than a threshold of 57 °C are assumed to be favourable for
the evolution of deep convection (Ducrocq et al., 1998).

To release some kind of instability, a trigger mechanism is nec-
essary. Over complex terrain this is provided by e.g. direct oro-
graphic lifting to the LFC or convergence zones generated by
thermally driven circulations (Banta, 1990), leading to the initia-
tion of moist (Meifiner et al., 2007) or deep convection (Barthlott
et al., 2006; Kalthoff et al., 2009). Over mountainous islands the
superposition of various thermally driven circulations, like valley
winds and sea breezes, enhance the convergence, which leads to a
concentration of deep convection over islands in the afternoon and
evening (Qian, 2008).

Several studies found that environmental water vapour played
an important role in the evolution of deep convection (Brown and
Zhang, 1997; Redelsperger et al., 2002; Kuang and Bretherton,
2006). Derbyshire et al. (2004) documented the sensitivity of the
evolution of deep convection to environmental relative humidity in
the middle troposphere and found that a lower humidity content in
this layer is unfavourable for deep convection because of stronger
evaporative cooling and negative buoyancy. Chaboureau et al.
(2004) reported that a moistening of the atmosphere in the cloud
layer is crucial for the subsequent evolution of deep convection.
Semi-idealized simulations over the Corsican Island revealed a high
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dependency of the formation of deep convection on the humidity
content in the middle troposphere (Metzger et al., 2014). These
results suggest that the mid-level humidity should be included in
the characterization of the pre-convective environment. For this
purpose, the mean relative humidity (RH) was used in this thesis.
It was averaged between 850 and 700 hPa (between about 1500
and 3000 m MSL):

1 700 hPa
RH = / rh(p)dp, (2.49)

Ap 850 hPa

where Ap = 150 hPa and rh(p) is the relative humidity profile.

In addition, water-vapour variability in the lower troposphere can
have a significant impact on the evolution of moist convection (e.g.
Weckwerth et al., 2004; Lascaux et al., 2004; Meifiner et al., 2007).
Crook (1996) reported that variations of specific humidity by 1 g
kg1 were decisive for the initiation of deep convection. Because
CAPE and CIN strongly depend on the water-vapour content of
the air parcel to be lifted (e.g. Adler et al., 2011b) and the TT
index accounts directly for low-level humidity, a strong spatial
variability of these parameters can be expected. Weckwerth (2000)
stated that radiosoundings taken within the downward branches of
horizontal convective roles in the ABL are not representative for
the environmental stratification. Especially over complex terrain,
large spatial differences in CAPE and CIN were reported (e.g.
Kalthoff et al., 2009; Barthlott et al., 2010), which suggest strong
spatial variability in the pre-convective environment.






3. The HyMeX Field
Campaign and Data Base

3.1. The HyMeX Field Campaign

In order to improve the understanding of the initiation and devel-
opment of heavy precipitation events in the Mediterranean region,
the HyMeX project was initiated. Under this project, a Special Ob-
servation Period (SOP) was conducted in autumn 2012 to provide
comprehensive data sets for process studies and model evaluation
alike. Due to the processes involved in convective precipitation,
observations on different scales were carried out. As one of the
HyMeX'’s supersites, the KITcube was positioned on the Corsican
Island in late summer and autumn.

In the framework of HyMeX, two main scientific goals were pur-
sued with the deployment of this supersite: (i) the Corsican Island
unites both features necessary to cause orographically induced
convection or to modify it, i.e. a landmass of sufficient size (about
80 km by 180 km) and a high mountain ridge of up to 2710 m MSL,
with about 20 mountains being higher than 2000 m MSL. The
KITcube investigated the influence of the island on initiation and
modification of isolated convection. (ii) For most of the synoptic
conditions, under which severe precipitation events occur in the
Ligurian Sea, the Corsican Island is on the upstream side (Lambert
et al., 2011). Thus, the KITcube was well-positioned to provide
upstream conditions for the intense precipitation events affecting
continental south-eastern France and northern and central Italy.



50 3. The HyMeX Field Campaign and Data Base

3.2. Measurements on the Corsican Island
during HyMeX

3.2.1. Terrain Characteristics and Station
Locations

A main mountain ridge stretches across the island from the north-
northwest to the south-southeast (Fig. 3.1). In the northern
half of the island, the Tavignano Valley runs from Aléria on the
east coast to Corte in the centre with a north-west to south-east
oriented valley axis. At Corte, the valley axis bends towards
north. Separated by the Tavignano Valley, another mountainous
area is located in the north-eastern part of the island, which is
somewhat lower than the main ridge. While the distance between
the mountains and the east coast is partly up to 10 km, the west
coast is rather steep with slopes starting right at the coast line.
During the measurement period from the middle of August to the
end of October 2012, a large number of measurement devices were
deployed on the Corsican Island complementary to permanently
operated instruments. The distribution of the instruments enabled
to measure differences in the atmospheric conditions over the
island on the meso-vy scale. In Fig. 3.1 the measurement sites
used in this thesis are displayed. The KITcube instruments were
distributed over two main deployment sites, Corte (369 m MSL)
and San Giuliano (39 m MSL). The Corte site was equipped to
capture the atmospheric conditions and processes in the centre of
the island and the San Giuliano site was set up to cover coastal to
maritime atmospheric conditions. At both sites the instruments
were installed on a flat, horizontally-homogeneous area of about
50 m x 50 m. The vegetation was mainly grass with some bushes.
The instrumentation deployed at the two sites is listed in Tab.
3.1. Three mobile towers, which are part of the KITcube platform,
were installed at Aléria (40 m MSL), Casaperta (52 m MSL) and
Pont génois (183 m MSL) in the Tavignano Valley between the
east coast and Corte. In addition to data derived from devices
integrated in the KITcube platform by default, measurements
from a microwave radiometer deployed at San Giuliano; from a
permanent GPS network; from an automatic weather station (5 m
MSL) and an operationally operated radiosonde system (5 m MSL)
at Ajaccio; from the Dornier 128 aircraft based at Solenzara (14
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Figure 3.1.: Orography and measurement sites on the Corsican
Island during the HyMeX field campaign: main deployment sites
(red), mobile towers (blue), a temporarily installed GPS station
(orange) and permanent GPS stations (black). The black lines
indicate the axis of the Tavignano Valley. The displayed orography
has a horizontal resolution of about 90 m.

m MSL); and from a temporarily installed GPS station at Rusio
(1121 m MSL) were used in this thesis.

The case studies in this thesis are mainly based on data from
Corte, which is roughly located in the middle of the Tavignano
Valley. There, the valley exhibits a ridge-to-ridge distance in the
order of 20 km. The orography surrounding Corte is rather complex
and various characteristic ridge heights were determined for the
different case studies depending on the respective flow conditions.
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Table 3.1.: Observation systems deployed at the two main sites
on the Corsican Island.

Corte San Giuliano

Energy balance station Energy balance station
2 flux stations 2 flux stations

20-m tower

Scintillometer

Radiosonde system Radiosonde system
Microwave radiometer Microwave radiometer

2 wind lidars

Cloud radar
Ceilometer

Cloud camera
Aerosol spectrometer

Rain radar

For the first case study (Sect. 5.1), characteristic ridge heights
north-west and north-east of Corte were identified as the mean
ridge heights plus their standard deviations. The terrain height
was averaged for a band of 5 km width in the respective directions
(Fig. 3.2a). North-west of Corte a mountain ridge rises up to
15404360 m MSL (Fig. 3.2b). Behind the ridge in the north-west
a valley occurs followed by another mountain ridge of roughly the
same height. In the north-east a ridge rises to about 1270£230
m MSL (Fig. 3.2¢c). Thus, the characteristic ridge heights were
1900 m MSL (1530 m above Corte) in the north-west and 1500 m
MSL (1130 m above Corte) in the north-east. Due to mainly zonal
westerly flow conditions in the second and third case study (Sects.
5.2 and 5.3), the terrain height was averaged between 42.2° N and
42.4° N. (Fig. 3.3). The mean ridge height west of Corte was found
to be about 16004400 m MSL, which resulted in a characteristic
ridge height of 2000 m MSL (1630 m above Corte).

3.2.2. Instrument Specifications

The KITcube platform consists of measurement systems, which
provide information on the energy exchange at the surface, tur-
bulence and mean conditions in the ABL and whole troposphere,
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Figure 3.2.: Orography around Corte (a) and terrain height aver-
aged for a 5-km wide band north-west (b) and north-east (c¢) of
Corte. The averaged areas are marked by the black rectangulars in
(a). In (b) and (c), the black thick line indicates the mean terrain
height, the dashed lines the mean height plus/minus its standard
deviation and the grey shading the characteristic terrain height.
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Figure 3.3.: Orography around Corte (a) and terrain height aver-
aged between 42.2° and 42.4° N (b). The averaged area is marked
by the black lines in (a). In (b), the black thick line indicates the
mean terrain height, the dashed lines the mean height plus/minus
its standard deviation and the grey shading the characteristic
terrain height. The location of Corte is given by the vertical line.
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respectively, and on cloud and precipitation properties. The sys-
tems of KITcube and additional instruments used in this thesis
are described below. The complete instrumentation during the
HyMeX field campaign is given by Kalthoff et al. (2013a).

Surface Energy Exchange and Near-Surface Observations

Energy-balance stations At Corte and San Giuliano, energy
balance stations measured standard meteorological variables (tem-
perature, humidity, wind speed and direction, air pressure, precipi-
tation); radiation temperature of the surface; solar and reflected ir-
radiance; and long-wave incoming and outgoing radiation (Kalthoff
et al., 2006) with an integration time of 10 minutes. Sensible and
latent heat fluxes; TKE and o2, were calculated for 30-minute in-
tervals. The turbulent variables were measured with an ultrasonic
anemometer/thermometer and a fast infrared hygrometer.

20-m tower At Corte, a 20-m-high meteorological tower provided
wind speed, temperature, and humidity profiles up to 19 m AGL
and wind direction at 20 m AGL with an integration time of 10
minutes. An ultrasonic anemometer /thermometer delivered wind
speed and direction, TKE and o2 at 20 m AGL for 30-minute
intervals.

Flux stations Two additional flux stations were installed at each
main site. They delivered temperature, humidity and wind speed
and direction with an integration time of 10 minutes and momen-
tum and sensible heat fluxes, TKE and o2 .

To gain information on the spatial variability of the meteorologi-
cal variables at Corte and San Giuliano, temperature and humidity
at 2 m AGL and wind speed, wind direction, TKE and o2 at 4 m
AGL were averaged over available measurements from the energy-
balance stations, the 20-m tower and the flux stations at each site.
For post-processing of the turbulent variables, the eddy-covariance
software package TK3.1 described by Mauder and Foken (2011)
was used.

Scintillometer Additionally at Corte, a scintillometer designed
by Scintec provided the spatially averaged sensible heat flux over



56 3. The HyMeX Field Campaign and Data Base

homogeneous grass land along a laser beam of about 50 m length
at 2 m AGL with an integration time of 1 minute. The beam was
aligned along the valley axis.

Aerosol spectrometer At the same site, an aerosol spectrometer
designed by Grimm delivered the particle concentration near the
surface for particle sizes from 0.25 to 32 pm every minute.

Mobile towers Three battery-powered mobile towers were de-
ployed in the Tavignano Valley (Fig. 3.1) to provide spatial infor-
mation along the valley axis about temperature, humidity, wind
speed and direction, air pressure, precipitation, TKE and 2. The
standard meteorological variables were averaged over 5 minutes
and TKE and o2 were calculated with the TK3.1 software package
for 30-minute intervals.

Meteorological surface station as part of a GPS station As
part of a GPS station, provided by GFZ Potsdam, near-surface
temperature, wind speed and direction, humidity and air pressure
were measured at Rusio with a 5 minute temporal resolution.

Automatic weather station An automatic weather station at
Ajaccio operated by METEO FRANCE delivered temperature and
humidity at 2 m AGL and wind speed and direction at 10 m AGL
with a temporal resolution of 60 minutes.

Mean and turbulent atmospheric conditions

Radiosondes To obtain vertical profiles of temperature, humidity,
wind speed, and wind direction in the troposphere, two radiosonde
systems manufactured by Graw were operated at Corte and San
Giuliano during Intense Observation Periods (IOPs). Depending
on height, the 1 s raw data were averaged over 2 s (between ground
and 3 km AGL), 4 s (between 3 and 10 km AGL), and 8 s (> 10
km AGL). During IOPs, radiosondes were typically launched at 2-
to 3-hour intervals. At Ajaccio, operational radiosoundings were
carried out by METEO FRANCE twice a day, typically at 0100
and 1300 Local Time (LT= Coordinated Universal Time (UTC)
plus 2 hours). The sounding data are also used to derive significant
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levels, like LCL or LFC, and convection-related parameters, such
as CIN, CAPE, the TT index and RH.

Microwave radiometer A ground-based scanning microwave ra-
diometer by Radiometer Physics observed atmospheric emission
at Corte. The instrument measures sky brightness temperature,
Tp, at 14 frequencies, seven are distributed between 22.235 and
31.4 GHz along the wing of the 22.235 water-vapour line and seven
between 51.26 and 58.0 GHz along the wing of the 60 GHz oxygen
absorption complex. The technical specifications and calibration
methods are described by Rose et al. (2005). The half power beam
width is about 3.5° for the channels along the water-vapour line and
2.5° along the oxygen complex. A microwave radiometer designed
by Radiometrics and provided by GFZ Potsdam was installed at
San Giuliano. It measured Tg at 8 frequencies between 22.234 and
30 GHz along the wing of the water-vapour line.

Information on atmospheric variables from the measured T
were obtained with retrievals provided by the University of Cologne.
The retrieval algorithm is described by Lohnert and Crewell (2003)
and Lohnert et al. (2009). It is based on a training set of ra-
diosonde profiles measured at Ajaccio between 1990 and 2009. A
one-dimensional emission-only forward integration of the radiative
transfer equation is used to generate T at the radiometer frequen-
cies from the radiosonde profiles and a random error is added to
account for the error of real radiometer measurements.

Using linear regression and including quadratic terms, a relation
between IWV and Tpg is obtained, which can then be used to
retrieve the IWV from Tz measured by radiometer. The IWV
derived by microwave radiometers has in general a high accuracy
of less than 1 kg m~2 (Pospichal and Crewell, 2007; Kneifel, 2008).
To compare IWV derived from radiometer measurements with
IWYV calculated from radiosonde profiles, the radiometer IWV
measured in the vertical stare mode was averaged over a 60-minute
interval centred on the launchtime of the radiosonde. A correlation
coefficient of 0.97 resulted at Corte and 0.91 at San Giuliano for
the whole HyMeX campaign (Figs. 3.4a and b).

Furthermore, the vertically measured IWV was used to de-
termine the water-vapour distribution between the individual ra-
diosoundings. Firstly, the ratio of IWV measured by the microwave
radiometer IWVyrwr (t) to the linearly interpolated IWV from ra-
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Figure 3.4.: IWV measured by radiometer (MWR) and radiosonde
(RS) at Corte (a) and San Giuliano (b) and RH (¢) and TT index
(d) measured by radiometer and radiosondes at Corte during the
whole HyMeX campaign. The radiometer values are averaged over
a 60-minute interval centred on the launchtime of the radiosonde.
The line of best fit is indicated by the straight line and its equation
and the correlation coefficient are given.
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diosonde ascents IWVRg(t) was determined. To obtain the specific
humidity distribution ¢(z,t) (z: height AGL, ¢: time) the tempo-
rally linearly interpolated specific humidity field from radiosondes
qrs(z,t) was then multiplied by this ratio:

IWVnwr (t)

TW Vs (f) (3:1)

Q(Za t) = QRS(Za t)

The thus post-processed specific humidity profiles were used in
this thesis. The water-vapour density distribution between the
radiosoundings was estimated alike.

A scanning microwave radiometer is able to perform azimuth
scans, i.e. scanning 360° at a fixed elevation angle, and elevation
scans, i.e. scanning the upper half space at a fixed azimuth angle,
and provides IWV along the line of sight. Azimuth scans above the
horizon are found to be useful to detect spatial humidity variability
of significant strength (Kneifel, 2008). The microwave radiometer
at Corte regularly performed azimuth scans. The selected elevation
angle of 19.8° allowed to scan above the orography surrounding
the site. For comparison with vertical measured IWV, the values
of the azimuth scans IWV imuth Were normalized to a vertical
column IWV = IWV o imuthsin(19.8°) for each azimuth angle.

The opaque oxygen complex and the use of elevation scanning
(Crewell and Lohnert, 2007) allows to obtain temperature profiles
in 50 m steps close to the surface and in steps of 200 to 400
m at higher altitudes. Assuming horizontal homogeneity of the
atmosphere within a horizontal radius of about 3 km around the
radiometer, observed radiation systemtically originates from higher
elevations the greater the elevation angle. Adding the information
from elevation scans at 5.4°, 10.2°, 19.2°, 30.0°, and 42.0° for seven
frequencies to the standard zenith observations and using linear
regression the retrieval of temperature profiles with an accuracy
of less than 1K and of inversions below about 1.5 km is possible
(Crewell and Lohnert, 2007).

Humidity profiles derived from microwave radiometers have a
very scarce resolution as only two of the seven available water-
vapour channels are independent (e.g. Lohnert et al., 2009) and
the humidity profiles show in all heights approximately the same
temporal evolution. Thus, the gain of information obtained from
these humidity profiles in addition to IWV is generally very low.
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The obtain information on the pre-convective conditions on
days when no radiosondes were available, RH and the TT index
were calculated from radiometer measurements at Corte. These
profiles were averaged over a 60-minute interval centred on the
hour. Comparison of the parameters with the respective values
derived from radiosoundings revealed a correlation coefficient of
0.94 for RH and 0.76 for the TT index (Figs. 3.4c and d). Because
of the low vertical resolution of temperature and humidity profiles,
CAPE and CIN calculated from the radiometer measurements
did not correlate with CAPE and CIN obtained from radiosonde
profiles and therefore were not used.

Infrared radiometer As part of the microwave radiometer at
Corte, an upwards directed infrared radiometer measured the
cloud-base temperature at wavelengths of 11.1 and 12 pm. In
combination with temperature profiles, the cloud-base height could
be derived.

Wind lidars Light detection and ranging (lidar) systems allow
the detection of spatial atmospheric structures via active remote
sensing. The basic principles of active remote sensing are described
by e.g. Banta et al. (2013). The lidar technology is based on the
transmission of electromagnetic radiation in a range between 200
nm and 10 gm. A monochromatic, narrow laser beam with a large
coherence length is transmitted and the returning signal is detected
as a function of time delay. The received power depends on the
transmitted power, the scattering properties of the atmosphere,
which is expressed via the backscatter cross section, attenuation
losses during the two-way propagation of the signal through the
atmosphere and the range from the instrument to the scattering
target. The backscatter cross section describes the amount of
energy scattered back towards the receiver at an angle of 180°
from the direction of the transmitted signal. The total attenuation
composes of absorption by gas molecules, hydrometeors and aerosol
particles as well as scattering out of the beam in all directions,
rather than backwards towards the receiver. Even without a
transmitted signal, the receiver will detect a signal, the so-called
background noise. The ratio between the standard deviation of
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the received signal strength, og, and the standard deviation of the
noise, oy, is described by the Signal-to-Noise Ratio

SNR = 10log,, - (3.2)
ON

with the unit dB. The detectability of the signal can be improved,
i.e. the SNR can be increased, by averaging over more indepen-
dent pulses, i.e. by increasing the integration time. Using SNR,
instrument parameters and a constant absorption coefficient the
backscatter intensity can be derived (e.g. Traumner, 2012).

Scattering targets for lidars are mainly aerosols and molecules
depending on the wavelength of the transmitted beam, which
allows measurements in the cloud-free atmosphere. On the other
hand, the signal is attenuated by liquid water, which leads to a
limited penetration of clouds or fog.

Wind lidars are designed to detect radial velocities via the
doppler shift, i.e. the frequency difference between the transmitted
and the returned signal, which occurs when the scattering target
is moving. Thereby, the doppler effect appears twice, for the
transmitted and the returned signal, and the doppler velocity
describes the radial velocity of the scattering target. It has to
be considered that variations of radial velocity within the pulse
volume, which is specified by the range gate and the beam width,
cannot be detected and the estimated radial velocity is an average
over the whole pulse volume.

Two wind lidars were operated at Corte. Ome of the lidars
is a pulsed 2-pm scanning wind lidar with a beam width of 75
mm at laser exit developed by Lockheed Martin, which delivers
aerosol backscatter and radial velocity. A detailed description of
the instrument is given by Traumner (2012). The average power of
the system is 1 W, with a peak power of 4.5 kW. It is characterized
by an effective pulse length, i.e. the minimum distance between
two scattering targets that is necessary for the instrument to detect
two separate entities, of 56 m and a pulse repetition frequency of
500 Hz. It further comes with a two-axis scanner, which allows
to measure at all azimuth angles and down to an elevation angle
of 0°, i.e. horizontal. To obtain information on the 3-dimensional
wind field, the vertical stare mode (typical integration time of 1
s; measurement range from 375 to 5400 m AGL with a vertical
range resolution of 46 m) was combined with azimuth and elevation
scans. To prevent noise effects for each range gate, data with SNR
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< -8 dB were typically excluded. In August 2012, the lidar was
operated with an integration time of 0.1 s in the vertical stare
mode. Because of very noisy data, the radial velocity was post-
processed using a SNR threshold of -6 dB, removing outliers under
the assumption that the radial velocity was normally distributed
and averaging over 1 s. The uncorrelated noise of the vertical wind
speed was estimated using a linear fit through the first lags of
the auto-covariance function (Lenschow et al., 2000). The root of
the difference between the interpolated value to lag zero and the
calculated value of the auto-covariance function at this point gives
the uncorrelated noise. For typical lidar settings, the uncorrelated
noise was estimated to be less than 0.15 m s~ (Trdumner et al.,
2011). As the wind lidar only supplies valid data when the aerosol
content is sufficient, the layers with wind speed measurements
reflect the distribution of the aerosol content. Azimuth scans were
performed at elevation angles of 10° and 75° and elevation scans
at azimuth angles of 0°, 45°, 90° and 135°. With a maximum
rotational speed of 20° s~!, the duration of two azimuth scans or
four elevations scans amounted to about 2.5 minutes.

In order to cover the range between the surface and the lowest
lidar measurement height, a second wind lidar with a wavelength
of 1.54 pm manufactured by Leosphere was installed at Corte.
It was available for parts of the HyMeX field campaign, starting
at the end of September. Depending on the aerosol content, it
provided data from 40 m AGL up to about 600 m AGL with an
integration time of 7 s and a vertical range resolution of 20 m.
As an indicator of data quality the carrier-to-noise ratio is used,
which is equivalent to the SNR. To ensure good data quality, a
carrier-to-noise ratio of -26 dB was applied. In normal operation
mode, this small wind lidar has a fixed elevation angle of 75.2°
and an azimuth scanner. By means of a 4-point stop and stare
plan-position-indicator scan applying the velocity-azimuth display
algorithm, the wind profile is calculated. During the HyMeX field
campaign a special operation mode was run using a motorized tilted
table, which allows for continuous vertical stare measurements and
for the direct detection of vertical velocity.

Cloud radar In meteorology, radio detection and ranging (radar)
systems are widely used to detect precipitation and cloud properties
and their spatial distributions. The wavelength of the transmitted
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electromagnetic radiation is adjusted to the measurement purpose
(e.g. Banta et al., 2013). Similar as for lidars, the received power
depends on system properties, atmospheric attenuation and on the
backscatter cross section. In the Rayleigh regime, where the target
diameter, Dy, is much smaller than the transmitted wavelength, A,
the backscatter cross section can be written as (e.g. Banta et al.,
2013)

Df

[} 2
g; =T ‘K F,

(3.3)

where |K?| is related to the composition-dependent index of re-
fraction. For a given target diameter, backscattering is inversely
proportional to the fourth power of the wavelength, which means
that shorter wavelengths are more efficiently scattered than longer
wavelengths. For a fixed wavelength, the backscattered energy is
proportional to the sixth power of target diameter. Because of
that, backscattering in the Rayleigh regime is often dominated by
a few large targets in the scattering volume. For example, rain
radars transmitting signals with wavelengths of several centimetres
are able to detect raindrops over large horizontal distances, as
the attenuation is low. But on the other hand, cloud droplets are
invisible to them, as they do not receive enough reflectivity. Cloud
radars typically transmit signals with wavelengths less than 1 cm
and are able to detect cloud droplets. Also in the absence of clouds,
a cloud radar may detect clear-air returns (e.g. Banta et al., 2013;
Kalthoff et al., 2013a), which are caused e.g. by insects or other
floating material /debris, dust and Bragg scattering from refractive-
index fluctuations. Via the doppler shift, the radial velocity is
determined equivalent to the method for lidar systems.
Implemented in the KITcube platform, a scanning cloud radar
with a frequency of 35.5 GHz (A = 8.5 mm) manufactured by
Metek provides radial velocity in clouds and partly in cloud-free
conditions at Corte. A detailed instrument description is given by
Grenzhduser (2011). The cloud radar features an average power of
30 kW, a beam width of 0.7°, an effective pulse length of 30 m and
a pulse repetition rate of 5 kHz. During the HyMeX campaign,
the cloud radar was operated mainly in the vertical stare mode
with an integration time of 10 s and a measurement range from
about 150 to 15000 m AGL at a vertical resolution of 30 m. To
remove noise, the data were smoothed using a running mean of 90



64 3. The HyMeX Field Campaign and Data Base

s, which still allowed to analyse convection-related structures in
the mountain ABL.

Because the cloud radar requires a smaller scatterer concentra-
tion than the wind lidar to provide sufficient backscatter intensity
and because the two instruments see different particles in cloud-
free conditions, they provide data in various layers (Kalthoff et al.,
2013a). But even when both instruments are operated in the
vertical stare mode next to each other and return data in the
same layer, they may observe different radial velocities, due to
the different scattering targets and pulse volumes. Handwerker
et al. (2008) reported that a cloud radar detects larger downward
motions in clouds and in layers with rain compared to a wind lidar.
The correlation coefficients between vertical velocity measurements
with the wind lidar and cloud radar at 10 s resolution were 0.64 for
positive and 0.70 for negative vertical velocities under cloud-free
conditions on days with undisturbed mountain ABL evolutions
(Fig. 3.5). Because the cloud radar overestimated negative and un-
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Figure 3.5.: Distribution of vertical velocities measured by wind
lidar (index lidar) and cloud radar (index cr) under cloud-free
conditions on days with undisturbed mountain ABL evolutions.
For a more comprehensive image, colours indicating number density
are scaled logarithmically, i.e. ’2’ corresponds to 102 values per
(0.1 m s71)2. The lines of best fit for positive (blue line) and
negative (red line) vertical velocities are indicated by the straight
lines and their equations and the correlation coefficients are given.
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derestimated positive vertical velocities, a correction function was
applied to the vertical velocity measured by the cloud radar, we,.
The corrected vertical velocity w = awe, + b (a = 1.07, b = 0.03
for wey 2 0 and @ = 0.72, b = 0.09 for w., < 0) was used in this
thesis.

Sodar Sonic detection and ranging (sodar) systems transmit a
pulse of sound into the atmosphere, which scatters off turbulence-
scale fluctuations in the acoustic index of refraction and returns
a weak signal back to the receiver (e.g. Banta et al., 2013). The
fluctuations that produce the backscattered signal consist of tem-
perature gradients that occur over distances of half the transmitted
wavelength and are mainly caused by turbulence. The acoustic
backscatter signal thus depends on the variance of the vertical wind
speed and the atmospheric stratification. Strong ambient wind may
transport the transmitted signal downstream and may prevent the
detection of a return signal. Typical transmitted frequencies range
between 1 and 5 kHz, which correspond to wavelengths between
about 10 and 30 centimetres. The vertical measurement range
depends on the transmitted frequency, whereby lower frequencies
enable higher measurement ranges.

The sodar system included in KITcube operates at multiple
frequencies around 2 kHz, which allows a spatial resolution of
10 m and a measurement range between 30 and 1000 m AGL,
although the maximum height with valid data strongly depends on
the atmospheric conditions. The implemented sodar is a so-called
phased-array sodar, which transmits acoustic signals in multiple
directions. This allows to obtain the three-dimensional wind field
profile. During the HyMeX campaign the sodar was positioned at
San Giuliano and the wind profiles were calculated for 30-minute
intervals.

Ceilometer A ceilometer is an aerosol lidar, which provides uncal-
ibrated backscatter. As part of the KITcube platform, a ceilometer
designed by Jenoptik was used to determine up to three different
cloud-base heights between 150 and 15000 m AGL at Corte with
an integration time of 1 minute. The system transmits laser pulses
at 1.064 pm with a typical pulse energy of 8 uJ, an effective pulse
length of 15 m and a pulse repetition frequency between 5 and 7
kHz.
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Rain radar Volume filling information on precipitation was gath-
ered by a mobile X-band radar manufactured by Gematronik
positioned at San Giuliano. The radar is dopplerized and able to
measure polarisation properties of the hydrometeors. The trans-
mitted peak power is roughly 70 kW and the beamwidth is 1.3°.
The radar reaches the total upper half-space down to an elevation
of -2°. The horizontal range of the radar is about 100 km with a
spatial resolution down to 75 m.

Cloud camera Visual information on cloud type and cloud cover
at Corte was obtained by a camera with a fish-eye lens, which took
pictures of the upper hemisphere every two minutes.

GPS network On Corsica, a permanent GPS network operated
by Institut Geographique National (IGN) and ACTIPLAN com-
pany is installed existing of 16 GPS receivers. To obtain ZHD and
T, surface pressure and temperature from the AROME WMED
operational analysis were used (Olivier Bock, personal communi-
cation). The conversion of ZTD to IWV was performed by Olivier
Bock (IGN LAREG) and Pierre Bosser (ENSG). All IWV data
were obtained with the same algorithm (Bock et al., 2007) and were
available with a temporal resolution of 60 minutes. The accuracy
of IWV measured by GPS has been estimated to be 1 to 2 kg
m~2 in midlatitudes, using intercomparisons with e.g. radiosondes
or microwave radiometers (e.g. Rocken et al., 1995; Bock et al.,
2005).

Aircraft On specific IOP days in September and October 2012,
the Dornier 128 aircraft D-IBUF from TU Braunschweig was oper-
ated. It is equipped with in-situ sensors to measure meteorological
variables, like temperature, humidity and the three-dimensional
wind field and turbulence (Corsmeier et al., 2001) at a sampling
rate of 100 Hz. At a mean ground speed of 60 m s~! the horizontal
resolution of the meteorological variables is less than 1 m. In
this thesis, data from west-east flight tracks across the island at
different levels were used to obtain information on the atmospheric
conditions above the mountain ridge height.



4. Determination of the
Convection-Layer and the

Mountain ABL Height

The superposition of convection and mesoscale circulations over
complex terrain impacts the atmospheric conditions and obviously
causes differences in the CBL development and structure over
complex compared to homogeneous terrain (Sect. 2.3). To analyse
that, CBL heights over both terrain types were determined with
different methods and compared (Sect. 4.1). The complex terrain
was represented by the measurement site in the Tavignano Valley
at Corte on the Corsican Island during HyMeX (Sect. 3). Within
the HD(CP)? Observational Prototype Experiment (HOPE) the
KITcube was deployed at Hambach (50.897° N, 6.464° E, 113 m
MSL) near Jilich in western Germany in spring 2013. HOPE is
part of the High Definition of Clouds and Precipitation for Climate
Prediction (HD(CP)?) initiative. The orographic elevations in
the surrounding of the site Hambach are less than 150 m and the
terrain was assumed to be approximately homogeneous, at least
compared to Corte. During HOPE, the wind lidar was operated
with a measurement range from 350 to 3100 m AGL at a vertical
resolution of 25 m. For each terrain type, a day with a typical
evolution of the atmospheric conditions in the absence of significant
large-scale advection was chosen: 04 May 2013 for homogeneous
terrain at Hambach and 24 August 2012 for complex terrain at
Corte.

The mountain ABL characteristics apparently differ from those
of the classical CBL over homogeneous terrain (Sect. 2.3). This
suggests that the standard methods to determine the CBL height
do not apply and an objective method based on humidity profiles
was developed and implemented to detect the top of the mountain
ABL (Sect. 4.2).
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4.1. The Convection Layer

The implemented methods to determine z;, overviewed in (Sect.
2.1.3), include the parcel method and the gradient method for
potential temperature and specific humidity profiles measured
by radiosondes and the gradient method for aerosol content pro-
files measured by wind lidar. In addition, a modified threshold
method for o2 profiles calculated from wind lidar measurements
was developed and applied.

Homogeneous Terrain

The profiles of potential temperature and specific humidity that
developed in the afternoon at Hambach were typical for a CBL
(Fig. 4.1a). An unstably stratified surface layer, a well-mixed
layer above topped by an inversion could be distinguished. The
specific humidity was about height-constant in the well-mixed
layer decreasing with height around the inversion level. The CBL
heights determined from radiosoundings with the gradient method
for potential temperature (zi@GM = 1105 m AGL) and for specific
humidity (2] = 1055 m AGL) resulted in very similar results.
Because of a very high surface temperature, the parcel method
yielded in zPM = 1460 m AGL.

To detect z; from aerosol content profiles measured by the wind
lidar, the gradient method was used. The largest negative peak of
the first derivative of the backscatter intensity averaged for 10 s
intervals was determined as instantaneous CBL heights (Traumner,
2012). Due to the averaging, gradients that arise from small-
scale structures or noise are smothered to avoid erroneous heights.
The so-detected heights are shown in Fig. 4.1d for an hour-long
time period. The CBL height averaged over one hour, z?emSOl,
calculated to 11474171 m AGL.

In addition, z; was determined with a modified threshold method

2
2 measured by wind lidar, hereafter named z;“. The o2

profiles were calculated for 60-minute intervals from the post-
processed wind speed data (Sect. 3.2.2) with an integration time
of 1 s. When the averaging interval contained less than 60% of
valid data, the whole range gate was excluded from further analysis.
Additionally, a linear trend was removed from the vertical wind

speed time series. The used threshold value of 0121;,ch = 0.25 m?

for o
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s~2 was higher than the values used in previous studies (Tucker

et al., 2009; Traumner et al., 2011) to account for generally higher
turbulence and o2 values above the CBL over complex terrain
(Serafin and Zardi, 2010b).

To ensure that the turbulence in the CBL was surface-based
and buoyancy-driven, an additional criterion was defined using the
skewness of the vertical wind speed

w/w/Q

5= (4.1)

3
Ow

Like 02, it was calculated from the linearly detrended vertical wind
speed for 60-minute intervals provided that the period contained
more than 60 % of valid data. The vertical transport of the
instantaneous variance w'? by turbulence itself is described by
w'w'2. In the CBL, the dominant source term for w’? is buoyancy
generation, which is proportional to the sensible heat flux (Garratt,
1994). As it is maximum at the surface and decreases with height,
there is an upward transport of w'? and S is positive throughout

2
the CBL (LeMone, 1990; Hogan et al., 2009). Therefore, 27" was
determined as the range gate above which (i) o2 dropped below
o2, and (ii) the great majority of S (>60%) was positive below

this level. If o7, was larger than o, throughout all range gates
2
with valid data, the highest of these range gates was used as zf

given that criterion (ii) still applied. This implies that convection
reached up to the top of the layer with a high aerosol content.
The systematic and random errors after Lenschow et al. (1994)
can be used to estimate the uncertainty of the calculated o2 and
S. The systematic error results from the usage of time averages
instead of ensembles averages and the random error follows from
discrepancies from the true value. Typically, the systematic error is
much lower than the random error. The total error was calculated
as the sum of the systematic and random errors. By subtracting
and adding the total errors to the o2 and S profiles, modified

2
profiles were received, for which additional z;" were calculated.
2
The spread of the three 2" was interpreted as uncertainty range

2
of the CBL height. An example of z;* determined in this way for
the period between 1600 and 1700 LT is shown in Figs. 4.1b and
c. Associated with strong up- and downdraughts, o2, values were
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rather high up to 1180 m AGL. Adding and subtracting the total
2
errors resulted in an uncertainty for z7* of 425 m and -75 m. S

2
was positive throughout the CBL, decreasing towards zf v,
Because the profiles of potential temperature and specific humid-

ity measured by radiosondes were a result of previous turbulent
2

.. ag S
mixing, z;* and zAerosol

i

were stored at the end of the time in-

2
. g
tervals and compared with z;*, z? M and zJM from subsequent

radiosonde profiles; i.e. z; from radiosondes launched at 1700
LT were compared with z; from o2 or aerosol content profiles
calculated for the time interval between 1600 and 1700 LT.

Over homogeneous terrain, the evolution of z; determined with
the different methods agreed fairly well (Fig. 4.2a). All methods
show a roughly linear increase of z; during the morning. The
maximum z; values were about 1500 m AGL detected with the
parcel method; about 1200 m AGL with the gradient method
for potential temperature and for aerosol content and from wind
speed variance and skewness profiles; and about 1000 m AGL with
the gradient method for specific humidity. This indicates that
turbulent mixing was the dominating process in the CBL and the
vertical distributions of potential temperature, specific humidity
and aerosols were mainly determined by convection. Due to the

Figure 4.1. (facing page): Potential temperature and specific
humidity measured by radiosonde at 1700 LT (a); variance, 02,
and skewness, S, of vertical wind speed measured by wind li-
dar averaged between 1600 and 1700 LT (b); and vertical wind
speed (colour coded) (c) and backscatter (colour coded) with in-
stantaneous CBL heights (dots) (d) measured by wind lidar. All
measurements are taken at Hambach on 04 May 2013. In (a), z;
calculated with the parcel method (2’™) and with the gradient
method for potential temperature (zlé &M) and specific humidity
(zfM) are shown. In (b), the error bars show the total error and
the vertical dashed black line indicates the used variance threshold
and the zero skewness line, respectively. In (b), (c) and (d), the
2

solid line marks z; calculated from o2, profiles (z;* in (b) and (c))
and from aerosol content profiles (2/°"°*°! in (d)) and the dashed
line marks the lower and the crosses the upper boundaries of the
respective uncertainty range.
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Figure 4.2.: Time series of z; determined from radiosonde pro-
files with the parcel method (PM) and with the gradient method
for potential temperature (Ogn) and specific humidity (qam);
and from aerosol content profiles (Aerosol) and from wind speed
variance and skewness profiles (02) measured by wind lidar over
homogeneous terrain at Hambach on 04 May 2013 (a) and over

complex terrain at Corte on 24 August 2012 (b).
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lowest measurement range gate of the wind lidar at around 350 m

AGL, no growth of convection and thus no increase of zf?” could
be observed in the early morning. Before 1200 LT, ZZA”OSOI did
not vary significantly, as it probably reflected the height of the
residual layer at about 700 m AGL, which was associated with a
high aerosol content. Consequently, the top of the aerosol layer
was not a good indicator for z; during this period.

Complex Terrain

In contrast, the various methods to determine z; often produced
significantly different heights over complex terrain (Fig. 4.2b).
The temporal evolution of z; determined from the profiles of mean
variables did not show the typical diurnal cycle as it did over
homogeneous terrain, i.e. a strong increase in the morning and
approximately constant heights in the afternoon. Between 1000
and 1200 LT, 22 and 2™ increased by more than 1300 m,
followed by a decrease of about 800 m until 1500 LT and another
weaker increase until 1800 LT. Applying the parcel method, zf'™
varied between about 1200 and 1440 m AGL during the afternoon.
zierosol ranged mainly around 1000 m AGL, only at 1300 LT it
was as high as 1700 m AGL. Its uncertainty was often much larger

than over homogeneous terrain. Calculated from o2 and S profiles,
2

z]* increased from 700 m AGL at 1200 LT to 1070 m AGL at
1600 LT. Before 1200 LT the measurement range of the wind lidar
inhibited the detection of shallow z;.

The differences in z; over complex terrain are illustrated in
detail using the example of 1200 LT. The height detected with
the parcel method 2™ was about 1400 m AGL (Fig. 4.3a). The
profiles of potential temperature and specific humidity were not
constant with height below that level and the gradients detected
as 22M and 29V were rather weak. The o2, profile averaged
between 1100 and 1200 LT revealed turbulence only up to about
800 m AGL, due to strong up- and downdraughts (Fig. 4.3b and

c). Around z; v the aerosol content decreased with height (Fig.
4.3d). However, because this gradient was often weak and the
aerosol content was rather high up to about 1700 m AGL, the
instantaneous heights varied a lot resulting in a 60-minute mean of
zherosel = 970 + 330 m AGL. This indicated that other processes
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than turbulent mixing significantly contributed to the evolution of
the potential temperature, specific humidity and aerosol content
distribution over complex terrain. The profiles of mean atmospheric
variables differed significantly from the ideal structure of a classical
CBL (Sect. 2.1 and Fig. 4.1). Therefore, from the existing
measurements it was not clear which height was the ’true’ z;. To
solve this problem, the purpose of the z; determination was recalled.
The goal was to determine the CBL, i.e. the layer affected by
surface-based, buoyancy-driven turbulent mixing. Because o2, is
the only available variable that emphasizes the process and not the
result of turbulence, it was reasonable to use o2 profiles to detect
the height of this layer. Since this layer did not show the structure
of a classical CBL, it was termed convection layer instead of CBL
to avoid confusion.

When additional vertical wind speed measurements with the
second wind lidar in the layer below about 400 m AGL were
available, shallow convection layers and the convection-layer growth
in the morning could be detected. This was e.g. the case at Corte
on 02 October 2012 (Sect. 5.2). Thereby, 02 was calculated for
combined vertical wind speed profiles from the two wind lidars with
10 s resolution, because of the higher integration time of the second
wind lidar. The procedure agreed with the one described above.

Figure 4.3. (facing page): Potential temperature and specific hu-
midity measured by radiosonde at 1200 LT (a); variance, o2, and
skewness, S, of vertical wind speed measured by wind lidar aver-
aged between 1100 and 1200 LT (b); and vertical wind speed (colour
coded) (c) and backscatter (colour coded) with instantaneous CBL
heights (dots) (d) measured by wind lidar. All measurements are
taken at Corte on 24 August 2012. In (a), CBL heights calculated
with the parcel method (2™) and with the gradient method for
potential temperature (z°%M) and specific humidity (29°) are
shown. In (b), the error bars show the total error and the vertical
dashed black line indicates the used variance threshold and the
zero skewness line, respectively. In (b), (¢) and (d), the solid line

marks z; calculated from o2, profiles (z; " in (b) and (c)) and from
aerosol content profiles (7% in (d)) and the dashed line marks
the lower and the crosses the upper boundaries of the respective
uncertainty range.
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Figure 4.4.: Variance o2 of vertical wind speed measured with
a wind lidar at Corte at 1800 LT on 24 August 2012. The ver-
tical dashed lines indicate the used variance thresholds and the
horizontal line marks the height of the convection layer.

Due to the cut-off of the higher frequencies in the o2 -spectrum,
o2 calculated from 0.1 Hz data was in average about 0.03 m? s=2
lower than o2 calculated from 1 Hz data. The comparison was
done for vertical wind speed measured by the first wind lidar and
averaged over the days with undisturbed mountain ABL evolutions
at Corte, listed in Tab. B.1 in the appendix. To assure that the
detected convection-layer heights remained the same, the threshold
was reduced to ai,th = 0.21 for the 0.1 Hz data. The need to
apply this reduction is illustrated by the example in Fig. 4.4.
Using a threshold of o2, ,, = 0.25 for the 0.1 Hz data would have
resulted in a lower convection-layer height by 46 m, i.e. one range
gate. Applying the new threshold, the convection-layer heights
determined with 1 Hz and 0.1 Hz data agreed in 70 % and differed
by not more than one range gate in 95 % of all cases. In contrast,
with the original threshold only 42 % of the convection-layer heights
determined with the different temporal resolution would agree and
25 % would differ by more than one range gate.

4.2. The Mountain ABL

In the absence of large-scale advection and phase changes a change
of humidity in an atmospheric layer may be caused by horizontal
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or vertical advection at the mesoscale or turbulent transport of
water vapour (Sect. 2.5). An increase of humidity in an elevated
layer normally indicates that the air has originated from a layer
adjacent to the Earth’s surface, where water vapour is added to
the atmosphere due to evapotranspiration. Over homogeneous
terrain at Hambach, the specific humidity profiles measured by
radiosondes (Fig. 4.5a) reflect the CBL heights varying between
1000 and 1500 m AGL in the afternoon (Fig. 4.2a). The variations
between the profiles at 1000 LT and 1300 LT were probably caused
by large-scale processes.

In contrast, the profiles of specific humidity measured over
complex terrain at Corte showed strong diurnal variations up to
about 3500 m AGL (Fig. 4.5b), i.e. none of the methods used to
determine z; returned the top of the layer with diurnal variations
as z; (Fig. 4.2b). The layer top was around 2500 m above the

convection-layer height determined as zf 2 In the morning, the
humidity increased in elevated layers of several hundred metres of
depth, e.g. at around 2000 m AGL at 1000 LT and at around 2500
m AGL at 1200 LT (Fig. 4.5b). During the afternoon, the moist
layer extended over a layer much deeper than 1000 m, e.g. at 1500
LT humidity between about 1700 and 3500 m AGL was up to 4.5 g
kg~! higher than in the same layer in the morning. At 1800 LT, the
humidity was still high below about 2800 m AGL. Until 2100 LT,
the humidity above about 1400 m AGL decreased to approximately
the same values as in the morning. The changes of humidity in
about the lower 1000 m AGL were caused by the evolution of
the convection layer as well as by the impact of the valley-wind
system in the Tavignano Valley, which will be described in the
next section. In contrast, the humidity changes in the elevated
layers could not result from the convection-layer growth in the
valley or the valley-wind system, but were probably caused by
other mesoscale processes, like advective venting.

To determine the top of the mountain ABL, the height up to
which a temporal increase of humidity occurred was detected. For
this purpose, the difference between subsequent profiles of specific
humidity A¢ measured by radiosondes was calculated and the
elevated layer with the maximum humidity increase Agpa.x was
detected. The top of the mountain ABL was then defined as the
layer where the specific humidity difference above the layer of
Agmax dropped below Agmax €1, with e being Euler’s number. In
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Figure 4.5.: Specific humidity measured by radiosondes over homo-
geneous terrain at Hambach on 04 May 2013 (a) and over complex
terrain at Corte on 24 August 2012 (b); and specific humidity
change Aq from 1200 to 1500 LT at Corte on 24 August 2012 (c).
In (c), the solid and dashed grey lines indicate the mountain ABL
heights determined with the Euler’s number criterion and the 10

%-criterion, respectively.
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addition, the layer was determined, where Ag dropped below 10
% of Aqmax. Because these methods were based on the humidity
increase, they were only suitable to detect the growth of a deep
mountain ABL, while a decrease of the mountain ABL height or
its cessation could not be determined.

Figure 4.5¢ illustrates the detection of the mountain ABL in
the Tavignano Valley using the radiosoundings at 1200 and 1500
LT at Corte. The maximum elevated humidity change occurred
at around 2000 m AGL. The layer where Aq was significantly
lower than Agmax was detected at 3420 m AGL using the e~ !-
criterion and at 3670 m AGL with the 10 %-criterion. Both heights
differed by less than 10 % and in the following, the Euler’s number
criterion has been applied to detect the top of the mountain ABL.
For comparison, the convection-layer height at 1500 LT amounted
to 1060 m AGL (Fig. 4.2b), i.e. it was about 2500 m lower than
the mountain ABL height.






5. The Evolution of the
Mountain ABL

From the HyMeX measurement period, three days were selected,
when the evolution of the mountain ABL at Corte differed com-
pletely. Because the mountain ABL represented the atmospheric
layer that underwent a diurnal variation due to convection and
thermally driven circulations, the upvalley-wind system in the
Tavignano Valley was used as a criterion to distinguish between
the different cases. It was assumed that the mountain ABL evo-
lution was related to the evolution of the valley-wind system,
characterized by the onset of upvalley wind in the morning and
of downvalley wind in the evening and a constant upvalley-wind
direction in between. Upvalley wind at the measurement station
at Corte is associated with a south-easterly flow and downvalley
wind with a north-westerly flow. This agrees with the orientation
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Figure 5.1.: Horizontal wind speed at 19 m AGL and wind direction
at 20 m AGL at Corte on 19 August, 02 October and 09 October
2012.
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of the axis of the Tavignano Valley between Corte and the east
coast (Fig. 3.1).

Figure 5.1 shows wind speed and direction at Corte for the
selected days: on 19 August 2012, an uninterrupted upvalley wind
developed lasting from about 0830 to 2000 LT (Sect. 5.1). An
upvalley wind existed for most of the day on 02 October 2012,
although there was a short-term interruption in the afternoon
between about 1600 and 1700 LT (Sect. 5.2). In contrast, no
upvalley wind at all developed at Corte for most of the day on 09
October 2012 (Sect. 5.3), although a clear sky and high surface
sensible heat flux would have enabled the evolution of convection
and thermally driven circulations.

For each day, the processes and conditions that allowed, inter-
rupted or inhibited the evolution of a mountain ABL were analysed
in detail. In the following section only the day and month are
given in the date information, because the analysis was exclusively
based on data from the HyMeX field campaign in 2012.

5.1. The Undisturbed Mountain ABL
Evolution: Case Study of 19 August
2012

5.1.1. Characteristics of the Mountain ABL at
Corte

On 19 August, the Corsican Island was under the influence of
a stationary ridge in the mid-troposphere with a north-south-
oriented axis stretching across Central Europe and a high-pressure
system below. Weak north-easterly large-scale wind was present
in the free atmosphere above the island (Fig. 5.2).

During the day, a complex flow structure with three distinct
wind layers evolved in the Tavignano Valley at Corte. The single
layers are shown in Fig. 5.2. The upvalley-wind layer was defined
as the layer with wind directions between 90° and 180° adjacent
to the surface. An upvalley wind with maximum wind speeds of 7
m s~ ! prevailed in the Tavignano Valley between about 1000 and
2000 LT (Fig. 5.3), reaching depths of 500 m at noon and 1000
m in the afternoon (Fig. 5.2). The onset of the upvalley wind at
Corte was identified by an increase in near-surface wind speed to
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Figure 5.2.: Horizontal wind vector (arrows) measured by radioson-
des at Corte on 19 August. The different wind layers are indicated
by the shading: upvalley-wind layer (blue), wind layer I (green)
and wind layer IT (red). The grey shading marks the free atmo-
sphere. The characteristic ridge heights north-west (NW) and
north-east (NE) of Corte are indicated by the black dashed lines.

about 2 m s~! rather than by a change of wind direction, which
occurred earlier (Fig. 5.3) and was due to local processes. Above
the upvalley-wind layer, two layers with different wind regimes
existed between 1200 and 1800 LT (Fig. 5.2): wind layer I was
characterized by wind directions between 0° and 90° and wind layer
IT was defined as the layer above wind layer I with wind directions
between 270° and 360°. Above these wind layers, the large-scale
flow characterized by wind directions between 0° and 90° persisted.
The vertical extent of the different wind layers seemed to be related
to the characteristic ridge heights north-west and north-east of
Corte. The upvalley-wind layer extended to the surrounding ridges,
i.e. it filled the whole valley in the vertical. Wind layer I mostly
occurred above the north-easterly ridge and reached up to about
1800 m AGL, while wind layer II started a little higher than the
north-westerly ridge and extended to about 3000 m AGL. That
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means, the evolution of three layers with different wind regimes
disturbed the large-scale flow up to about 3400 m MSL.

Parallel to the evolution of the different wind layers, the specific
humidity changed (Fig. 5.4a). The specific humidity was constant
with height up to about 1200 m AGL at 1200 LT. The high temporal
resolution of the distribution revealed that the specific humidity
increased between 1000 and 1200 LT within a large part of wind
layer T and decreased in the upvalley-wind layer below (Fig. 5.4a).
As the IWV at Corte remained approximately constant during this
time (Fig. 5.3), a redistribution of humidity obviously occurred
between these layers. After around 1230 LT, the specific humidity
in the upvalley-wind layer increased (Fig. 5.4a). Subsequently, the
specific humidity assumed an increasingly height-constant profile
up to about 1800 m AGL. Within a large part of wind layer II,
the specific humidity increased in the course of the day. The
increase of humidity in the various layers contributed to the IWV
increase after around 1230 LT (Fig. 5.3). The re-onset of north-
easterly large-scale wind above about 2200 m AGL between 1800
and 2100 LT was accompanied by a specific humidity decrease in
the respective layer (Fig. 5.4a). As the mountain ABL top was
determined by the increase of specific humidity, a mountain ABL
height ranging between about 1500 m AGL at 1200 LT and 2800
m AGL at 1800 LT was detected (Fig. 5.4a), i.e. the maximum
height of the mountain ABL approximately agreed with the height
of the maximum vertical extent of wind layer II (Fig. 5.2).

A wind lidar and cloud radar measured the vertical wind speed
at Corte (Figs. 5.4b and c¢). Between about 1130 and 1330 LT,
both instruments detected very strong subsidence with embedded
convective cells below about 1200 m AGL, i.e. within the whole
valley in vertical direction. One-hour mean values measured by the
wind lidar were as low as -1 m s~!. The mean strong subsidence
was observed by two independent remote sensing systems and
also affected the ascent rate of a radiosonde at 1200 LT. In the
same layers where the wind lidar and cloud radar detected mean
subsidence, the ascent rate was about 1 m s~! lower than the mean
ascent rate (Fig. 5.5).

During the period with subsidence, the convection layer grew
from about 600 m AGL at 1200 LT to about 1200 m AGL at 1300
and 1400 LT (Fig. 5.4b). Before 1200 and after 1700 LT, the
convection-layer height was below the lowest detection level of the
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Figure 5.3.: Surface sensible heat flux, Hy, measured by scintil-
lometer; temperature; specific humidity; and IWV at Corte and
horizontal wind speed and direction at Corte and Pont génois on
19 August. IWV was measured by a microwave radiometer and
calculated from radiosoundings.



86 5. The Evolution of the Mountain ABL

wind lidar. The benefit of using the skewness as an additional
criterion when detecting the convection-layer height from vertical
wind-speed data (Sect. 4.1), became evident for the convection-
layer height at 1200 LT. In this case, a convection-layer height
could not be determined using the original profiles and the profiles
with the added error due to elevated turbulence (Fig. 5.6a). Only
for the profiles with the subtracted error was a convection-layer
height of around 600 m AGL detected. The o2 profiles did not
clearly resemble the convection-layer structure because of the
elevated turbulence. In contrast, in the S profile it could explicitly
be distinguished between surface-based turbulence (positive S)
and elevated turbulence (negative S). The difference between
the two turbulence types was also evident in vertical wind speed
measurements by wind lidar and cloud radar (Figs. 5.4b and c).
At 1300 and 1400 LT, no uncertainty range of the convection-layer
height could be detected, because o2 did not fall below Ufmh in
any of the profiles (Fig. 5.4b). Hence, the highest range gate with
valid wind-lidar data was determined to be the convection-layer
height in all profiles.

Above the layer with subsidence elevated vertical motions were
observed by the cloud radar and also by the wind lidar provided
that enough scattering targets existed (Figs. 5.4b and ¢). Due to

Figure 5.4. (facing page): Specific humidity (colour-coded), po-
tential temperature (black isolines) and horizontal wind vector
(arrows) measured by radiosondes (a); vertical wind speed mea-
sured by a wind lidar (b); and vertical wind speed measured by
a cloud radar (colour-coded) and specific humidity measured by
radiosondes (black isolines) (c) at Corte on 19 August. Specific hu-
midity is interpolated using microwave radiometer and radiosonde
data and potential temperature is temporally linearly interpolated
between the radiosoundings. The mountain ABL height is indi-
cated by the thick black dashed line. The characteristic ridge
heights north-west (NW) and south-west (SE) are indicated by
the thin black dashed lines. In (b), the solid horizontal lines mark
the convection-layer height and the thick dashed horizontal lines
mark the lower and the crosses mark the upper boundaries of the
uncertainty range, if present. Note the different temporal and
vertical ranges.
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different beam characteristics, the cloud radar returned a signal in
a deeper layer than the lidar and provided additional information.
The elevated vertical motions consisted of alternating up- and
downdraughts in a slightly stably stratified layer between approxi-
mately 1200 and 1800 m AGL, i.e. they occurred within parts of
wind layer I and were not connected to surface-based convective
cells. The vertical motions extended over the whole layer depth
of about 600 m. The duration of the up- and downdraughts was
often about 15 minutes and vertical wind speeds of up to 1 m s~!
were measured in the updraughts, while the wind speed in the
downdraughts was slightly lower. Before the onset of the elevated
vertical motion at around 1130 LT, the valid data supplied by the
wind lidar and thus higher aerosol content were mainly restricted
to below 1000 m AGL (Fig. 5.4b). Once the elevated vertical
motions started, the aerosol content increased rapidly up to about
1500 m AGL and varied strongly with height afterwards. After

Radiosonde 1200 LT
—Lidar 1230 LT
— Cloud radar 1230 LT

2000 ‘
\
\
1500 |
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-2 - 0 1 2
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Figure 5.5.: Difference of the radiosonde ascent rate from its mean
ascent rate at 1200 LT and mean vertical wind speed measured by
a wind lidar and cloud radar between 1130 and 1230 LT at Corte
on 19 August.
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around 1300 LT, alternating up- and downdraughts still existed
in wind layer I, but the vertical extent of the updraughts was no
longer confined to this layer (Figs. 5.4b and c). Surface-based
convective cells occasionally coupled to the elevated updraughts,
which resulted in updraughts extending from near the surface up
to about 1800 m AGL, for example between about 1310 and 1320
LT, 1400 and 1430 LT and 1445 and 1530 LT. Especially the first
few of these coupling periods were accompanied by an increase of
humidity (Fig. 5.4c) and aerosol content (Fig. 5.4b) in the layer
with elevated vertical motions. During periods with coupling, the
variance was rather high and the skewness was mostly positive
throughout all layers with valid data (Fig. 5.6b). A weak local
o2 maximum occurred between about 1300 and 1700 m AGL. At
1500 LT, a convection-layer height of about 1700 m a.g.l. was
reached and at 1600 LT, it ranged between about 1100 and 1800
m a.g.l. (Figs. 5.4b and 5.6b). The simultaneous measurements
of humidity and vertical wind speed revealed that the convection
layer in the Tavignano Valley at Corte was often significantly lower
than the mountain ABL (Fig. 5.4b).

Shortly after the surface sensible heat flux became positive (Fig.
5.3), the nocturnal surface inversion broke up and at 1200 LT,
the potential temperature was constant with height up to about
1200 m AGL, like the specific humidity (Figs. 5.4a). This means
that the height-constant profiles extended over a layer significantly
deeper than the convection layer calculated from wind-lidar data
between 1100 and 1200 LT (Fig. 5.4b). Until 1400 LT, the potential
temperature increased mainly between about 400 and 1800 m AGL,
i.e. within parts of the upvalley-wind and convection layer and
within wind layer I, resulting in a stably stratified layer (Fig. 5.4a).
Below that layer, a neutrally stratified layer of about 300 m depth
and an unstably stratified layer of about 100 m depth adjacent to
the surface persisted. After 1400 LT, a slight increase of potential
temperature occurred mainly within wind layer II. After around
1900 LT, a nocturnal surface inversion developed again.

Based on these observations, the following questions arose. They
are addressed in the subsequent sections.

1. What was the reason of the strong subsidence in the lower
1200 m AGL between about 1130 and 1330 LT?
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2. What caused the temperature and humidity changes in wind
layers I and II7

3. What was the reason of the elevated vertical motions?

4. Why did surface-based convective cells occasionally couple
to elevated updraughts? How did this affect the conditions
in the mountain ABL?

5. Which processes were mainly responsible for the evolution
of the mountain ABL?

5.1.2. Processes in the Mountain ABL
Valley Wind and Sea Breeze

On the east coast as well as on the west coast of the Corsican Island,
a sea breeze developed in the morning (Fig. 5.7). The arrival of
the sea-breeze front was indicated by a wind-speed acceleration
and a shift to south-westerly directions at Ajaccio on the west
coast and to easterly directions at San Giuliano and Aléria on the
east coast. Between 0900 and 1000 LT, a sea breeze started at
both coasts and soon reached wind speeds of more than 4 m s~*
at Aléria and Ajaccio. At San Giuliano, it remained somewhat
weaker. Although the surface sensible heat flux reached values
higher than 400 W m~2, as measured at San Giuliano, the near-
surface temperature on the coasts increased only slightly after the
sea-breeze onset, likely due to the horizontal advection of colder
air from the sea. Simultaneously with the sea-breeze front arrival
near the surface (Fig. 5.7), the wind turned to easterly in a layer
of at least 300 m depth, as detected by sodar measurements at
San Giuliano (Fig. 5.8a). Because of large-scale north-easterly
wind direction it was difficult to determine the top of the stably
stratified sea-breeze layer via the wind direction. Instead, a strong
gradient of humidity and temperature at around 700 m AGL at
1200 LT was interpreted as the sea-breeze layer height (Fig. 5.8b).
This was similar to the sea-breeze layer depth at Ajaccio at 1300
LT, identified as the layer with high humidity and south-westerly
wind. A climatological study has revealed somewhat higher typical
sea-breeze layer depths of around 1000 m at Ajaccio (Spéth, 2012).
While the sea breeze on the west coast was associated with moister
air near the surface (Fig. 5.7), the specific humidity within the
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Figure 5.7.: Surface sensible heat flux, Hy, and latent heat flux, Ey,
at San Giuliano; air temperature and specific humidity; horizontal
wind speed; and wind direction in different heights at San Giuliano
and Aléria on the east coast and at Ajaccio on the west coast on
19 August.
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potential temperature is temporally linearly interpolated between
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sea breeze on the east coast decreased in about the lower 700 m
MSL after about 1300 LT (Figs. 5.7 and 5.8b). This was probably
caused by the advection of drier air from the north-east due to
large-scale humidity gradients. After around 1600 LT, the humidity
increased again in the lowest 500 m. While the sea breeze was
maintained below about 150 m MSL until about 2000 LT, the wind
above already gained a westerly component after around 1800 LT,
probably indicating the formation of a land breeze.

After the sea breeze had developed in the morning, it likely
penetrated the interior of the island. The humidity increase in the
upvalley-wind layer at around 1230 UTC at Corte (Figs. 5.3 and
5.4a) was attributed to the arrival of the sea-breeze front, which
implies the formation of a combined upvalley-wind and sea-breeze
layer in the Tavignano Valley. The arrival was connected with a
wind-speed increase of more than 2 m s~! close to the surface (Fig.
5.3). Along the valley axis, the distance between Corte and Aléria
was about 35 km. Since the sea-breeze front arrived at Corte
about 3 hours later than at Aléria, a mean propagation speed of
about 3 m s~! was estimated, which is slightly faster than values
reported by e.g. Finkele (1998). The estimated propagation speed
was less than half of the observed wind speeds in the combined
upvalley-wind and sea-breeze layer (Figs. 5.3 and 5.4a). Once the
drier air affected the conditions on the east coast in the afternoon
(Figs. 5.7 and 5.8b), the drier air mass was also inland transported
with the upvalley wind and reached Corte between about 1500 and
1600 UTC (Figs. 5.3 and 5.4a). From the existing data, it was
not clear whether the increase in the upvalley wind-layer depth to
1000 m between 1200 and 1400 LT was exclusively caused by the
sea breeze.

Slope Winds

The typical onset and duration of upslope winds near the surface
were analysed for data measured at Rusio, a station on a north-
east-facing slope. At around 0800 LT, the wind turned and gained
an easterly upslope component (Fig. 5.9). Its strength varied and
maximum values of almost 4 m s~! were reached around noon.
After around 1800 LT, a diffuse transition to downslope wind
occurred.
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Figure 5.9.: Horizontal wind speed and wind direction measured
near the surface at Rusio on 19 August.

At Corte, elevation scans perpendicular to the valley axis and
azimuth scans were performed with the wind lidar to analyse the
depth and extent of the upslope winds. After around 0930 LT,
flow away from the lidar was detected near the slopes, reflecting
upslope winds in a layer of about 100 m depth. Until 1200 LT, the
depth of the upslope wind components at 225° and 45° increased
up to about 500 m (Fig. 5.10a). Similar upslope-flow depths were
reported by Reuten et al. (2005). For the azimuth scan, the mean
radial velocity, 70, was determined for each radius by fitting a
cosine to the measured radial velocity, rv. By subtracting 7o, the
remaining radial velocity v’ = rv — 7v provided information on
spatial inhomogeneities of the radial velocity field. At 1200 LT,
rv’ clearly showed two directions with positive values (Fig. 5.10b),
which were associated with the slopes north-east and south-west
of Corte and indicated the horizontal extent of the upslope winds.
The radial velocities were enhanced near the juncture between
a tributary valley and the main valley south-west of Corte (Fig.
5.10b). This might be related to an upvalley wind forming in the
tributary valley.

Subsidence in the Valley

The upslope winds developing in the Tavignano Valley presumably
caused divergence in the lower part of the valley atmosphere
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Figure 5.10.: Radial velocity during an elevation scan perpendic-
ular to the valley axis (a) and radial velocity minus mean radial
velocity (rv’ = rv — 70) during an azimuth scan at 10° elevation
angle (b) measured by a wind lidar at Corte at around 1200 LT
on 19 August. Positive radial velocity indicates flow away from
the lidar and negative radial velocity indicates flow towards the
lidar. In (a), azimuth directions are indicated in the upper left
and right corners and the orography along the scan is shown by
the black line. In (b), isolines denote the orography in m MSL, the
black slolid line shows the direction of the elevation scan and the
black dashed line marks the axis of a tributary valley south-west
of Corte. The black circle has a radius of 2000 m.
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and hence might have been responsible for the strong subsidence
measured in the valley centre between about 1130 and 1330 LT
(Figs. 5.4b, 5.4c¢ and 5.10a). To verify this assumption, the
strength of the divergence was estimated using the wind-lidar
azimuth scans at 10° elevation angle (Fig. 5.10b). Assuming a
divergence-free valley atmosphere, the mass balance was calculated
for a cylinder volume centred at Corte with volume, V., surface,
S., radius, R., and height, H.. For the following calculations, the
radial velocity was projected onto the z-y plain: rv,y(re, ¢) =
rv(re, @) (cos(10°)) ™1, where 7. is the distance from the cylinder
centre and ¢ is the azimuth angle with 0° pointing north. In
the following calculations, rv,, is assumed to be height-constant
within the cylinder. The Gauss’ theorem

/v-wvczj{ T dS. =0 (5.1)
Ve Se

in cylinder coordinates was used to describe the mass flux through
the cylinder surface with the unit normal vector
n=(€r, €y €z), (5.2)

where €,,, €4, €, are basis vectors, and the velocity vector

TUgy (TCa ¢) sing
PUgy(Te, @) cosg (5.3)
w(re, he)

=l
|

where h. is the height from cylinder bottom. It is further assumed
that the flux at the cylinder bottom vanishes. The flux through
the cylinder barrel (index B) with the radius R, amounts to

Fop— / T, dSep
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with the number of angles during an azimuth scan, n. The flux
through the cylinder top (index T') at height H., is calculated to

For = / T T, dSur
Sc,T

TUgy (Tw ¢) cos¢g : 0 dSc,T (5.5)
w(rchc) 1

27 R,
= / / w(re, He) 1o dredo.
o Jo

Assuming a sine-shaped vertical wind speed distribution across
the cylinder top

TVgy (Tc, @) sing 0
-,

T
e He) = 5 p e
w(r ) =wp 008(2 7 r)

w(0, H,) = wy (5:6)
w(xR.,H.) =0
the flux through the cyclinder top (Eq. 5.5) results to
Fer=15w R.. (5.7)
To conserve mass F, g = —F, 1 has to apply and the strongest

downward motion, wq, through the cylinder top caused by the
observed horizontal divergence at a certain radius amounts to
n
d H
wo = — ;Tvmy(Rcv d)l) r]%cv (58)
i—

(&

with the scalar d =~ 4.3. The layer of maximum subsidence, mea-
sured by wind lidar in the vertical stare mode (Fig. 5.4b) and
averaged for the two-hour period, was taken as cylinder height
H, =~ 630 m AGL, assuming that horizontal divergence existed
below and horizontal convergence above this layer. This height
roughly agreed with the observed depth of the upslope-wind layer
(Fig. 5.10a). Next, wgy was calculated for radii R, ranging from 400
t0 3000 m. For cylinders with radii larger than 2000 m (Fig. 5.10b),
the strongest downward motion calculated was about wy = —0.7
m s—', which was in the same order of magnitude as the measured
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vertical wind speed. This means that an area with subsidence
covering at least 4000 m of the valley width was possible to exist.
This extent approximately coincided with the one measured during
the wind-lidar elevation scan (Fig. 5.10a). These results indicate
that the observed strong mean subsidence was in fact a part of the
thermally driven circulations and not caused by other processes,
e.g. by the impact of the background flow.

Advective Venting

Advective venting of humidity requires the evolution of horizontal
humidity gradients due to the orography. In order to detect humid-
ity inhomogeneities, data from a scanning microwave radiometer at
Corte were used. Figure 5.11a shows the spatio-temporal evolution
of IWV measured by the radiometer during azimuth scans. At
around 0930 LT, first spatial differences in the IWV distribution in
the order of less than 1 kg m~?2 occurred. They quickly increased
to about 3 kg m~2 at 1200 LT (Fig. 5.11). Three main directions
with higher IWV values could be distinguished at around 1200 LT:
20° to 125°, 195° to 225° and 290° to 330°. The polar plot of IWV
with the underlying orography at 1200 LT reveals that higher IWV
values were mostly correlated with higher orography (Fig. 5.11b).
In the directions of higher IWV, the distance between beam and
underlying orography was mainly below 500 m within a range
of 2000 m from Corte. Combined with wind-lidar measurements
(Fig. 5.10), this suggests that humidity in the upslope-wind layer
contributed to the higher IWV probably together with convection
over the slopes and ridges. In the afternoon, the difference between
IWYV measured by the microwave radiometer in the valley during
the vertical stare mode (Fig. 5.3) and the IWV above the higher
terrain reached more than 3 kg m~2 (Fig. 5.11a). Once the humid-
ity in the upvalley-wind layer at Corte increased at around 1230 LT
(Fig. 5.4a), probably associated with the arrival of the sea-breeze
front, the absolute IWV values increased in all directions (Fig.
5.11a). At that time, first clouds developed above the mountain
ridges surrounding Corte and reached their maximum intensity
at around 1500 LT but remained shallow, as was seen by a cloud
camera (Fig. 5.12). The clouds existed until around 1630 LT.
Their decay correlated with a decrease of the humidity above the
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Figure 5.11.: Azimuth time plot of IWV (a) and polar plot of
IWV with underlying orography at 1200 LT (b) at Corte on 19
August for an elevation angle of 19.8°. IWV was measured by a
microwave radiometer.
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Figure 5.12.: Fisheye image taken by a cloud camera at Corte at
around 1500 LT on 19 August.

slopes and ridges (Fig. 5.11a) and a weakening of upslope winds
measured by a wind lidar.

Further information on horizontal inhomogeneities above ridge
height were obtained by aircraft measurements. As no aircraft
measurements were available on 19 August, data from 23 September
were analysed, another day with an undisturbed mountain ABL
evolution (Fig. B.4 in the appendix). During the afternoon, the
aircraft perpendicularly crossed the mountains west of Corte, with
the distance between aircraft and ridges partly being less than 500
m. Above a ridge at around 8.86° E, positive vertical wind speed of
several m s, higher specific humidity, lower potential temperature
and lower horizontal wind speed than in the surroundings were
measured (Fig. 5.13). This suggests the existence of a layer
influenced by convection and horizontal convergence over the ridge.
While the evolution of a CBL above a ridge typically leads to a
higher humidity content compared to the ambient air at the same
height above the valley, the temperature above the ridge may be
either higher or lower than above the valley, depending on the
vertical distance from the mountain ridge; e.g. the upper part
of the layer is cooler than the ambient air. Assuming that the
same processes occurred on 19 August, horizontal humidity and
temperature gradients were likely to develop due to convection
and topographic venting and to allow the occurrence of advective
venting.
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Figure 5.14.: Horizontal wind vectors and specific humidity mea-
sured by radiosondes at San Giuliano (a) and Ajaccio (b) on 19
August. Grey shading marks the layers presumably affected by
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The horizontal flow in wind layer IT (Fig. 5.2) allowed for the
transport of water vapour to the valley centre from the mountain
ridges north-west of Corte, where higher humidity existed, as was
evident from radiometer measurements (Fig. 5.11). Below this
layer, wind layer I with northerly to easterly winds (Fig. 5.2)
existed during the day and also allowed for the transport of higher
humidity from the mountains north-east of Corte to the valley
centre (Fig. 5.11). Thus, advective venting obviously contributed
the humidity increase within wind layers I and II in the valley (Fig.
5.4a).

Humidity changes in elevated layers also occurred on the east
and west coasts of the Corsican Island, several kilometres away
from the mountains. At San Giuliano on the east coast, a layer
with wind directions between 210° and 330°, i.e. wind blowing
from the mountains towards the coast, developed between about
1800 and 2400 m MSL in the afternoon (indicated by the grey
shading in Fig. 5.14a). Within parts of this layer, the humidity
increased by up to 2 g kg~! between 1400 and 1800 LT. At Ajaccio,
a westerly wind component in the lowest 1500 m MSL (Fig. 5.14b)
indicated the evolution of a thermally driven circulation on the
steep west coast, which probably was a combination of sea breeze,
upslope wind and upvalley wind. The specific humidity increased
by up to 4 g kg~ ! in a layer between about 2200 and 3500 m MSL
at 1300 LT compared to the previous night (indicated by the grey
shading in Fig. 5.14b). The increase occurred in a layer where
north-easterly wind prevailed, i.e. where air was advected from
above the mountains towards the coast. The relation between the
wind directions and the humidity increases on the east and west
coasts suggests that these increases were also caused by advective
venting.

Elevated Vertical Motion

The elevated vertical motions, which occurred mainly in wind
layer I (Figs. 5.2, 5.4b and 5.4c), might be explained by two
different processes: (i) convection and non-stationary upslope
winds (Fig. 5.9) might have caused intermittent updraughts above
the ridges, which might have been horizontally advected with the
mean north-easterly wind. (ii) Internal gravity waves initiated by
orography might have occurred in the stably stratified layer. The
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first explanation seems more likely, because the elevated vertical
motions were only observed during the period of upslope winds
and their frequency was not affected by any changes in stability
during the few hours of interest. This hypothesis is also supported
by the rather high turbulence (Fig. 5.6b) and the increase of
aerosol content in the relevant layer (Fig. 5.4b), as a higher aerosol
content usually suggests that the air was in contact with the
Earth’s surface. This is in agreement with previous studies, in
which the advection of elevated aerosol layers (Kossmann et al.,
1999; Gohm et al., 2009) or elevated mixed layers (Arritt et al.,
1992; Sun and De Wekker, 2011) was observed and advection of
elevated turbulence from nearby slopes in the valley centre was
simulated (Serafin and Zardi, 2010a,b).

As long as the convection layer in the valley centre did not reach
the layer with elevated vertical motions, no connection between
elevated updraughts and surface-based convective cells was found
(Figs. 5.4b and c). Only after the convection layer had grown
up to the bottom of the layer with elevated vertical motions did
surface-based convective cells occasionally couple to the elevated
updraughts, which resulted in a strong growth of the convection-
layer depth. The high o2 (Fig. 5.6b) and the rapid increase of
humidity (Fig. 5.4c) and aerosol content (Fig. 5.4b) in the layer
with elevated vertical motions, which were associated with the
coupling, suggest that deep vertical turbulent mixing occurred and
humidity and aerosols were transported upwards. This indicates
that cell coupling was an effective vertical transport mechanism
which resulted from the superposition of processes on different
scales, i.e. turbulent convective cells and mesoscale advection with
the mean wind.

Diurnal Cycle of IWV

The impact of humidity changes in different layers in the mountain
ABL on the IWV evolution was already noted at Corte in Sect.
5.1.1. Here, this relation is analysed in more detail for Corte, San
Giuliano and Ajaccio. Evapotranspiration at the Earth’s surface
contributes to an increase of IWV (Sect. 2.5). A surface latent
heat flux of 100 W m~2 lasting for 6 hours, which approximately
coincided with the measurements at San Giuliano (Fig. 5.7), would
cause an IWV increase of about 1 kg m~2. Thus, it is assumed that
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Figure 5.15.: IWV measured by microwave radiometers (MWR),
radiosondes (RS) and GPS at Corte, the east coast and the west
coast on 19 August.

rises of IWV larger than this are related to mesoscale processes
and to the evolution of a deep mountain ABL, in the absence of
large-scale processes or phase changes.

At Corte, the IWV increase by more than 5 kg m~2 after around
1230 LT (Fig. 5.15) was attributed to the rise of humidity in the
upvalley-wind layer and in wind layers I and II (Fig. 5.4a). The
maximum IWV values at Corte were reached at around 1600 LT,
although the moistening in wind layer II lasted till about 1800
LT. Its contribution to the high IWV was possibly masked by the
advection of dry air with the upvalley wind from the east coast in
the second half of the afternoon.

The slight increase of IWV at San Giuliano until around 0930
LT (Fig. 5.15) was likely related to the transport of moist air
with the sea breeze on the east coast (Figs. 5.7 and 5.8b). The
humidity increase in the elevated layer due to advective venting
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at San Giuliano in the afternoon (Fig. 5.14a) was not reflected
in the IWV measurements (Fig. 5.15), probably because it was
obscured by large-scale advection of dry air in the sea-breeze layer
(Fig. 5.8b) and in a layer between about 2300 and 3600 m MSL
during the afternoon (Fig. 5.14a). A similar behaviour of the
temporal evolution of IWV was found further south on the east
coast, at Solenzara (Fig. 5.15).

The IWV at Piana and Ajaccio on the west coast showed strong
diurnal cycles of about 8 kg m~2 with maximum values in the
late afternoon or early evening (Fig. 5.15). As the near-surface
wind speed and humidity in the sea breeze were rather constant
throughout the day (Fig. 5.7), it was assumed that no significant
changes of humidity, strength or depth in the sea-breeze layer
occurred that could explain the rising IWV in the early afternoon.
It was concluded that advective venting of water vapour from
the mountains in the layer with north-easterly wind (Fig. 5.14b)
dominated the IWV evolution and led to the strong increase in
the afternoon.

The observations suggest that the evolution of a deep mountain
ABL due to topographic and advective venting was associated with
a distinct diurnal cycle of IWV: it increased in the early afternoon,
reached maximum values in the the late afternoon or early evening
and decreased afterwards.

5.1.3. Conceptual Model

At Corte in the Tavignano Valley, convection and mesoscale ad-
vection co-existed and affected the evolution and structure of the
mountain ABL. To illustrate temporal and spatial interactions of
the relevant processes, a conceptual model was developed (Fig.
5.16). The schematic diagrams summarize the processes for 19
August; the relative importance of the different processes may vary
on other days with undisturbed mountain ABL evolutions.

In the morning, upslope winds and somewhat later, an upvalley
wind in the Tavignano Valley developed (Fig. 5.16a). Shortly after
noon, the humidity in the upvalley-wind layer increased, which
was attributed to the arrival of the sea-breeze front at Corte.

In late morning, strong subsidence in the order of -1 m s~! lasting
for several hours was detected in the valley centre below the ridge
heights (Fig. 5.16a). The estimation of the mass balance for the
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valley revealed that this mass flux compensated low-level divergence
due to thermally driven flows. In most previous observational
studies mean subsidence in a valley atmosphere caused by thermally
driven circulations was not measured directly, but estimated from
other observations. Mean subsidence on the scale of centimetres
per second was obtained (Whiteman, 1982; Kondo et al., 1989).
Aircraft measurements in a steep and narrow Alpine valley close to
a slope revealed a similarly strong subsidence (Weigel and Rotach,
2004; Rotach et al., 2008). However, these authors assumed that
this was enhanced by a curvature-induced secondary circulation
(Sect. 2.3). Numerical simulations revealed subsidence in the range
of -0.1 to -0.3 m s~ ! (e.g. Rampanelli et al., 2004; Bischoff-Gau8
et al., 2008; De Wekker, 2008; Serafin and Zardi, 2010a). At Corte,
the measured strength of the mean subsidence was unexpectedly
strong and had, to the author’s knowledge, not been observed by
continuous remote sensing at a valley site before.

Convective cells from the valley floor extended into the layer
with subsidence, and a convection layer of several hundred metres
of depth developed (Fig. 5.16a). Neglecting horizontal advection,
vertical motion and diabatic processes and assuming a constant
capping inversion strength, a one-dimensional model described in
Kalthoff et al. (2011) was applied to compare the convection-layer
growth in the valley to the growth of a CBL over homogeneous
terrain under equal surface forcing. Under the present conditions,
the model calculated a CBL depth of more than 1500 m until
1200 LT, i.e. the CBL over homogeneous terrain at this time
would be about 900 m deeper than the observed convection layer
but about as deep as the detected mountain ABL in the valley.
This indicates that the mean compensating subsidence strongly
reduced the growth of the convection layer in the morning. On
the other hand, the mean subsidence warmed the stably stratified
air in the valley centre from above and presumably contributed
to the breakup of the nocturnal surface inversion in the valley.
This double impact of subsidence on the breakup of a nocturnal
surface inversion was also described by e.g. Whiteman (1982) and
Kondo et al. (1989). The layer in the mountain ABL at 1200 LT
in which the potential temperature and specific humidity were
constant with height up to about 1200 m AGL might have been
a result of combined convection, mean subsidence and horizontal
advection. It is assumed that a warm layer formed close to the
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slopes and above the ridges due to convection, which allowed for
horizontal advection of heat with a wind component parallel to
the temperature gradients. Within the layer with height-constant
potential temperature, deeper convective cells developed and the
convection layer increased by more than 500 m between 1200 and
1300 LT (Fig. 5.16a).

From late morning until early evening, vertical motions occurred
in an elevated layer of about 600 m depth, which was roughly
confined to wind layer I (Fig. 5.16a). As long as the convection
layer did not extend to the bottom of the layer with elevated
vertical motions, surface-based convective cells were not connected
to the elevated updraughts. Once the vertical distance between
the two layers was overcome at 1300 LT due to the growth of
the convection layer, surface-based convective cells occasionally
coupled to the elevated updraughts. Cells reaching from the surface
to about 1800 m AGL were associated with another rapid increase
of the convection-layer depth by more than 500 m between 1400
and 1500 LT. The cells possibly transported humidity and aerosols
upwards from near the surface, which contributed to the observed
increase in humidity and aerosol content in the layer with elevated
vertical motions.

The observations suggest that the convection-layer evolution in
the valley centre was strongly influenced by mesoscale processes:
subsidence reduced its growth, while a previous labilisation due to
advection or vertical cell coupling caused a rapid increase. Despite
vertical mixing, warming due to mean subsidence and horizontal
advection probably caused a stabilisation in large parts of the
convection layer shortly after noon (Fig. 5.16a). The stable
stratification persisted in the afternoon although the mean vertical
wind speed was close to zero. Possible reasons for the reduced
mean subsidence in the valley atmosphere were a compensation by
convective activity or a weakening of the upslope winds. Within the
combined upvalley-wind and sea-breeze layer, a stable stratification
might have been maintained by horizontal advection, as the sea-
breeze layer on the coast was stably stratified.

Horizontal differences of humidity developed, with higher humid-
ity values and clouds above the ridges (Figs. 5.16b and c). The
humidity gradients were probably caused by convection over the
ridges and topographic venting. Serafin and Zardi (2010a) found
that the top of the atmospheric layer that is disturbed over the
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ridges corresponds well to the level of neutral buoyancy of parcels
rising from the mountain ridges. These authors suggested that the
level of neutral buoyancy depends on mountain-ridge height, near-
surface temperature and atmospheric stratification. At Rusio, the
maximum near-surface potential temperature reached about 312 K.
Based on the atmospheric stratification measured by radiosondes
at Corte, this resulted in a level of neutral buoyancy of roughly
3200 m MSL, i.e. about 2800 m above Corte. This indicates
that deep convective layers with higher humidity compared to the
surroundings developed above the mountain ridges.

It is assumed that the complex flow structure at Corte and
the evolution of the layer with a westerly wind component on
the east coast were parts of an orographically induced circulation
system. Wind layers I and II in the Tavignano Valley at Corte
(Figs. 5.16a and b) possibly represented return flows of thermally
driven circulations, as the onset and duration of the two layers
were related to the evolution of the upvalley wind, upslope wind
and sea breeze, but delayed. As the mountains north-west of Corte
were higher than those in the north-east, this might explain why
wind layer II was confined to a higher elevation. Depending on the
wind direction in the respective elevated layer, advective venting
of moist air from the ridges might occur and explain the elevated
moist layers, which formed above the valley at Corte. Thus, it is
concluded that advective venting in wind layers I and II affected
the humidity distribution in the valley centre and contributed to
the evolution of a mountain ABL at Corte up to 2800 m AGL
(about 3200 m MSL), i.e. the mountain ABL depth considerably
exceeded the convection-layer depth in the Tavignano Valley (Fig.
5.16a) and well agreed with the above estimated level of neutral
buoyancy. The latter indicates that the mountain ABL height
depended on mountain-ridge height, near-surface temperature and
atmospheric stratification. By comparison, the CBL depth over
homogeneous terrain calculated with the one-dimensional model
would amount to about 2200 m in the afternoon. This means that
the mountain ABL in the afternoon was deeper than the layer that
would evolve due to convection over homogeneous terrain under
equal surface forcing.

Like at Corte, the return flow of the probably combined upslope
wind and sea breeze on the east coast might modify the large-scale
flow and might cause the elevated moist layer due to advective
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venting. On the west coast, advective venting might occur with
the large-scale flow. A return flow was not detected because of the
similar large-scale wind direction. With respect to the definition
of a mountain ABL, deep mountain ABLs also formed on the
coasts of the Corsican Island when an elevated temporal humidity
increase occurred, which was related to the island orography.

5.2. The Interrupted Mountain ABL
Evolution: Case Study of 02 October
2012

5.2.1. Large-Scale Conditions

On 02 October, a mid-level trough over western Europe extended
south over northern France and caused persistent westerly flow
throughout the troposphere in the investigation area. Upstream
of the Corsican Island, inversions at about 1500 and 2500 m MSL
confined an elevated layer, hereafter named flowing layer, around
the characteristic mountain-ridge height with a mean westerly wind
of U ~ 8 ms~! and a mean potential temperature of O,, ~ 299 K at
1300 LT (Fig. 5.17). The upstream air mass below 1500 m MSL was
blocked by the mountain ridge as indicated by a non-dimensional
mountain height (Eq. 2.7) of H = 0.009s71-1250 m-(4m s~1)~! =
2.8, which was calculated for mean layer values. For the flowing
layer, the upstream Froude number of hydraulic flow theory (Eq.
2.25) was calculated to be F'r ~ 8 ms~! (10 ms™1)~! = 0.8.

In the investigation area, large-scale horizontal advection of dry
and warm air occurred below about 4000 m MSL extending to
lower levels in the course of the day. This decreased the IWV by
at least 5 kg m~2 at Corte, San Giuliano and Ajaccio until the
evening (Fig. 5.18) and resulted in subsiding and strengthening of
the elevated temperature inversion at around 2500 m MSL (Fig.
5.17) during the afternoon.

To analyse mid-level conditions above the mountain ridge, air-
craft measurements from two flight tracks perpendicular to the
mountain ridge at about 3500 m MSL were available (Fig. 5.19),
i.e. above the elevated temperature inversion. The temperature
and vertical wind-speed waves showed a phase shift of about 90°,
which revealed the existence of gravity waves (Sect. 2.4.2). As-
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suming stationary conditions, wavelengths of mainly less than
10 km resulted. The amplitude of the vertical wind-speed wave
was around 1 m s~!'. Along the flight tracks, the mountains are
characterized by two successive ridges, at about 8.85° E and 9.02°
E, separated by roughly 20 km and a valley in between, resulting
in a terrain wavelength of about 20 km.

5.2.2. Mountain ABL Evolution on the Coasts

Near-surface measurements at Ajaccio on the west coast and at
San Giuliano on the east coast revealed the evolution of a sea
breeze during the day. Maximum sea breeze wind speeds reached
6 m s~! on the west coast and 4 m s~! on the east coast. Sodar
measurements at San Giuliano captured the onset of the sea breeze
at around 1230 LT up to about 400 m MSL (Fig. 5.20a). The
easterly wind weakened after around 1700 LT, and turned to
westerly wind at around 1930 LT. The maximum sea-breeze layer
depth did not exceed 500 m MSL, as detected from wind profiles
measured by radiosondes (Fig. 5.20b). The sea breeze top was
accompanied by a strong humidity reduction.

In the course of the day, the humidity increased between the
top of the sea-breeze layer and about 2300 m MSL by up to
2 g kg7! in the afternoon (Fig. 5.20b). As this increase was
mostly associated with westerly and partly southerly wind, a
transport of water vapour from above the mountains to the east
coast was possible. Thus, it was assumed that advective venting
occurred and a deep mountain ABL evolved. After around 1700
LT the humidity in the mountain ABL above the sea-breeze layer
decreased again, which agreed with the cessation of topographic
venting above the mountains due to decaying thermally driven
circulations. Above the mountain ABL, large-scale advection of
dry air with the westerly wind was visible, as described in Sect.
5.2.1.

On the west coast, westerly wind persisted (Fig. 5.17), which
prevented advective venting of moist air from the island. No
return flows of thermally driven circulations could establish, prob-
ably because of rather strong opposing westerly wind at around
mountain-ridge height. This limited the mountain ABL depth on
the west coast to the sea-breeze layer depth of about 500 m.
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Figure 5.20.: Horizontal wind vector measured by sodar (a) and
specific humidity (colour-coded), potential temperature (black iso-
lines) and horizontal wind vector (arrows) measured by radiosondes
(b) at San Giuliano on 02 October. In (b), specific humidity is
interpolated using microwave radiometer and radiosonde data and
potential temperature is temporally linearly interpolated between
the radiosoundings and the mountain ABL height is indicated by
the thick black dashed line.
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The different evolutions of the mountain ABL on the coasts were
also reflected in the diurnal cycle of IWV. At Ajaccio, without
advective venting, the IWV evolution mostly expressed the large-
scale advection of dry air (Fig. 5.18). The IWV at San Giuliano was
likewise affected by the large-scale humidity decrease. However,
it increased in the afternoon for a couple of hours due to the
advective venting of moist air. Once the advective venting stopped,
it decreased again.

5.2.3. Mountain ABL Evolution at Corte

The description of the mountain ABL evolution inland at Corte
is divided into three time periods: before, during and after the
event. These are time period I (about 0900 LT to 1600 LT), time
period II (1600 LT to 1700 LT) and time period III (1700 LT to
2000 LT).

Time Period | The upvalley wind in the Tavignano Valley started
just before 1100 LT, indicated by a wind shift to south-easterly
directions near the surface at Corte (Fig. 5.21). At 1200 LT, the
wind profile was characterized by a south-easterly to easterly flow
of about 2 m s~ in the lowest 1000 m AGL, i.e. far below the
characteristic ridge height to the west, and by a westerly flow of
about 8 m s~! above (Fig. 5.22a). After 1330 LT, the near-surface
wind speed accelerated to about 4 m s=! (Fig. 5.21), which could
be related to the arrival of the sea-breeze front at Corte from the
east within the combined upvalley-wind and sea-breeze layer. The
depth of the combined upvalley-wind and sea-breeze layer was
about 1000 m at 1500 LT (Fig. 5.22a). In a zonal elevation scan
performed with the wind lidar at Corte, this flow was clearly visible
(Fig. 5.23a). Strong vertical wind shear between the south-easterly
upvalley-wind layer and the westerly wind layer above resulted in
a Richardson number R; (Eq. 2.6) of less than the critical value
Ri, = 0.25 in the transition zone between the two wind regimes.
Between 1200 and 1500 LT, the westerly wind weakened below
about 1600 m AGL (Fig. 5.22a).

Horizontal humidity differences with higher humidity values
above the ridges around Corte were present at around noon, which
were likely to be related to topographic venting. Thus, advective
venting of moist air at Corte could occur. Consequently, the
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increase of humidity above the upvalley-wind layer until 1500 LT
(Fig. 5.22a), was attributed to the evolution of a deep mountain
ABL up to about 1800 m AGL, i.e. it reached up to the mountain-
ridge peaks. The mountain ABL height agreed well with the level
of neutral buoyancy estimated from the near-surface potential
temperature at Rusio and the radiosonde profile at Corte at 1500
LT.

Parallel to the evolution of the thermally driven circulations,
a convection layer developed in the valley at Corte. Its height
was determined using the combined vertical wind speed profiles
from the two wind lidar systems (Sect. 4.1). The convection
layer grew from about 100 m AGL at 1100 LT to about 900 m
AGL at 1400 LT (Fig. 5.22b). Thus, its depth was lower than
the valley-wind layer and mountain ABL depth. At 1500 LT, the
convection-layer height dropped to about 600 m AGL. Because
up- and downdraughts existed above the convection layer (Figs.
5.22b and c), o7, did not diminish but remained close to o7, ), (Fig.
5.24a). At the same time, approximately height-constant profiles
of potential temperature and specific humidity (Figs. 5.22a and
5.25a) established at Corte up to about 1600 m AGL (about 2000
m MSL), i.e. up to the characteristic ridge height in the west.
Within this layer, the relative humidity increased with height and
some shallow clouds with a cloud base at around 1800 m AGL
occurred (Figs. 5.22b and c¢). Between 1500 and 1600 LT, the
uncertainty of the convection-layer height was very large (>60 %).
This could be ascribed to weak up- and downdraughts throughout
the whole measurement range with valid data, which resulted in o2,
ranging around ai,th (Fig. 5.24a), similar to the previous hour.

Time Period Il  After around 1600 LT, the conditions in the
mountain ABL at Corte changed completely: dry and warm air
gradually replaced the mountain ABL air, starting from top to
bottom (Fig. 5.22a). Westerly wind of about 5 m s~! being rather
constant with height (Fig. 5.22a) and strong vertical upward
motions exceeding 3 m s~! (Figs. 5.22b and c) accompanied
the intruding warm and dry air mass. This air mass was highly
turbulent with o2 values of up to 4 m? s~2 and positive S values
with very large errors existed (Fig. 5.24b). Due to the high
o4, its value did not fall below o7, ;. Consequently, the highest

w?
measurement range gate with valid data at about 900 m AGL
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marked the convection-layer height (Figs. 5.22 and 5.24). Between
about 1630 and 1700 LT, the dry and warm air reached the surface
which was indicated by a temperature increase, specific humidity
decrease, TKE increase, wind speed decrease and a shift to westerly
wind (Fig. 5.21). In the same time period, the IWV at Corte
decreased by about 5 kg m~2 (Fig. 5.18).

To determine the origin of the warm and dry air with a westerly
wind component, profiles of specific humidity from radiosoundings
at Corte were compared with upstream conditions at Ajaccio (Fig.
5.25a). As the atmosphere at Ajaccio was unaffected by advective
venting (Sect. 5.2.2), it presumably resembled the conditions in
the free atmosphere above the sea-breeze layer. Assuming a dry-
adiabatic vertical displacement, specific humidity is a conserved
quantity. Thus, the air mass replacing the mountain ABL air at
Corte, originated from a layer between about 1300 and 2500 m
MSL, i.e. from the free atmosphere below the elevated inversion at
around 2500 m MSL. This layer roughly coincided with the flowing
layer (Fig. 5.17).

In accordance with the radiosonde observations (Fig. 5.22a),
the scanning microwave radiometer detected dry air gradually
approaching Corte from the west. Figure 5.25b shows the spatio-
temporal evolution of IWV measured during azimuth scans. At

Figure 5.22. (facing page): Specific humidity (colour-coded), po-
tential temperature (black isolines) and horizontal wind vector
(arrows) measured by radiosondes (a); vertical wind speed mea-
sured by a wind lidar (b); and vertical wind speed measured by
a cloud radar (colour coded) and specific humidity measured by
radiosondes (black isolines) (c) at Corte on 02 October. Specific hu-
midity is interpolated using microwave radiometer and radiosonde
data and potential temperature is temporally linearly interpo-
lated between the radiosoundings. The mountain ABL height is
indicated by the thick black dashed line. In (b), the solid horizon-
tal lines mark the convection-layer height and the thick dashed
horizontal lines mark the lower and the crosses mark the upper
boundaries of the uncertainty range, if present. The characteristic
ridge height to the west (W) is indicated by the thin black dashed
line. Dots mark the cloud base height measured by ceilometer in
(b) and (c).
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Figure 5.23.: Radial velocity measured by a wind lidar during a
zonal elevation scan at 1600 LT (a), 1630 LT (b) and 1700 LT
(c) at Corte on 02 October. Positive radial velocity indicates flow
away from the lidar and negative radial velocity indicates flow
towards the lidar. Azimuth directions of the scan are shown in
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denotes the orography along the scan.
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of 19.8° measured by a microwave radiometer at Corte (b) on 02
October. In (a), the characteristic ridge height to the west (W) is
indicated by the black dashed line.
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around 5.9 km horizontal distance from the radiometer, the height
of the beam was about 2500 m MSL. Thus, first IWV differences
could occur, when the dry air was within this distance from Corte.
After around 1430 LT, the IWV in the west was slightly lower
than in the other directions. These IWV differences increased and
reached more than 5 kg m~2 at 1630 LT.

The strong changes of the mountain ABL characteristics around
Corte were also reflected by the elevation scans of the wind lidar.
In contrast to the elevation scan at 1600 LT, when the upvalley
flow dominated at Corte (Fig. 5.23a), the elevation scan at 1630
LT revealed three distinct radial velocity pattern around Corte
(Fig. 5.23b): (i) downward and strong westerly wind components
to the west, (ii) an easterly wind component in a layer of about
300 m depth to the east and (iii) upward and westerly wind
components above this layer. The layer with an easterly wind
component represented the upvalley wind, which obviously still
existed east of Corte. Between velocity patterns (i) and (ii), strong
horizontal convergence occurred, which could cause the vertical
upward motions (Figs. 5.22b, 5.22¢ and 5.23b).

Time Period Il After around 1700 LT, the conditions at Corte
changed again: near the surface, temperature and TKE decreased,
specific humidity increased and the wind turned back to south-
easterly directions and accelerated (Fig. 5.21). Simultaneously,
the IWV increased (Fig. 5.18) and a moist upvalley-wind layer
of almost 500 m depth prevailed at Corte again (Figs. 5.22a and
5.23c). Above the south-easterly upvalley wind, warm and dry
air with a westerly wind component, upward motions and high
o2 existed west of and at Corte within the next 30 minutes (Figs.
5.22, 5.23¢ and 5.24b). Above the upvalley-wind layer, the specific
humidity remained lower than before the event (Fig. 5.22a), which
was also reflected by lower IWV values (Figs. 5.18).

5.2.4. Interpretation of the Observations

On 02 October, a mountain ABL, which was deeper than the
convection layer and in which potential temperature was mostly
constant with height, developed downstream of the mountain
ridge at Corte until the end of time period I (Fig. 5.22). While
advective venting of moist air from the ridges likely contributed to
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the elevated humidity increase and evolution of the mountain ABL,
another process was possibly responsible for the height-constant
profiles of temperature and humidity within most of the mountain
ABL: elevated vertical mixing above the convection layer could
result from mechanical production of turbulence in layers where
Ri < Ri.. This assumption was supported by the subsequent
observed reduction of wind shear (Fig. 5.22a) and by the non-
diminishing 02, (Fig. 5.24a) in the relevant layers.

Once the layer with height-constant potential temperature ex-
tending up to the characteristic ridge height had evolved, a warm
and dry air mass with a westerly wind component from the free
atmosphere gradually intruded the downstream mountain ABL in
the valley and eventually replaced the cool and moist upvalley-wind
layer just west of Corte (time period II; Figs. 5.23b and 5.25b).
Horizontal convergence resulted between the warm and dry air
mass with a strong westerly wind component and the south-easterly
upvalley wind inducing upward motions due to mass conservation
(Figs. 5.22 and 5.23b). When the layer with horizontal convergence
eventually reached the surface at Corte, which was indicated by a
decrease in specific humidity and wind speed and by a temperature
increase (Fig. 5.21), the cool and moist upvalley-wind layer had
been pushed back completely down the valley to the east of Corte.
The upward motions were accompanied by strong turbulence (Figs.
5.21 and 5.24b). Probably, turbulence was produced mechanically
due to strong wind shear at the air mass boundaries and then
advected with the mean and turbulent flow. The typical mountain
ABL evolution with thermally driven circulations, topographic
and advective venting and a convection layer was interrupted at
Corte for about an hour. Because no interruption of the mountain
ABL evolution on the coast could be observed, it was likely that
the intrusion of free atmosphere air into the mountain ABL at
Corte was spatially and temporally confined, i.e. it occurred on
a horizontal scale of less than 10 km. However, it could not be
excluded that the intrusion of free atmosphere air on 02 October
lasted longer, but shifted out of the measurement range of the
Corte station.

As stated in Sect. 2.4, several mechanisms may explain the
intrusion of free atmosphere air and the replacement of mountain
ABL air downstream of a mountain ridge: gravity waves formed
above the mountains (Fig. 5.19b). A formation of large-amplitude
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lee waves is most likely when the wavelength of the gravity wave
matches the terrain wavelength. On this day, the observed wave-
length of the gravity wave was much shorter than the terrain
wavelength and an amplification was unlikely. However, since the
wavelength was measured above the intruding layer, it was not
necessarily identical with the wavelength relevant for resonance.

For a downslope windstorm to develop, F'r = 1 has to apply in
the flowing layer at the mountain ridge, i.e. the wind speed at the
ridge has to equal the phase speed of the internal gravity wave
of ¢ = 10 m s~!. An increase of the upstream wind speed from
U=8ms!to Uridge = %U = 12 m s~! fulfilled this criterion
approximately. The strong temperature inversion around ridge
height (Fig. 5.22a) might additionally favour the evolution of a
downslope windstorm. Although the upstream conditions would
allow for a downslope windstorm to develop, typical characteristics
of downslope windstorms were not observed, such as an acceleration
of the flow on the downstream side compared to the conditions at
the ridge or a hydraulic jump. If the latter two mechanisms were
relevant on this day, a cessation of the downward transport could
have been explained by a change in upstream conditions, modifying
the wavelength or horizontal wind speed at the mountain ridge.

As the potential temperature was height-constant in the moun-
tain ABL, turbulent downward transport of heat, humidity and
momentum might have caused a gradual modification of the moun-
tain ABL air mass. This mechanism seemed to be most likely on
this day, because the replacement of the downstream mountain
ABL air started only after a layer with height-constant poten-
tial temperature extending up to the mountain-ridge height had
developed and strong wind shear existed due to opposing wind
directions. Within the warm and dry air mass turbulence was
high (Fig. 5.24b) and heat, humidity and momentum were rather
uniformly distributed (Fig. 5.22a). When the vertical wind shear
decreased and R: increased, the turbulent transport might have
been reduced leading to a return of the upvalley-wind layer and
an upward shift of the convergence zone and associated upward
motions (Figs. 5.22 and 5.23c).
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5.3. The Inhibited Mountain ABL
Evolution: Case Study of 09 October
2012

5.3.1. Large-Scale Conditions

On 09 October, the Corsican Island was located in the transition
zone between a trough located over the eastern Mediterranean
and a ridge with its axis over Spain and France. This resulted
in strong north-westerly wind throughout the troposphere in the
investigation area. The conditions upstream of the Corsican Island
at 1300 LT were characterized by two distinct inversions at around
1500 m MSL and 3000 m MSL (Fig. 5.26). Below the lower
inversion, a non-dimensional mountain height (Eq. 2.7) of H =
0.010 s71-1250 m - (6 m s71)~! = 2.1 was calculated using mean
layer values, which indicated flow blocking. Shallow clouds formed
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Figure 5.26.: Horizontal wind vectors and potential temperature
measured by radiosonde at Ajaccio at 1300 LT on 09 October. Grey
shading marks the flowing layer and the characteristic mountain-
ridge height to the west of Corte (W) is indicated by the black
dashed line.
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Figure 5.27.: TWV at Corte, San Giuliano and Ajaccio (a) and
specific humidity (colour-coded), potential temperature (black iso-
lines) and horizontal wind vector (arrows) measured by radiosondes
at San Giuliano (b) on 09 October. In (a), the crosses indicate
IWV calculated from radiosoundings and the solid lines mark IWV
measured by radiometers at Corte and San Giuliano and GPS at
Ajaccio. In (b), specific humidity is interpolated using microwave
radiometer and radiosonde data and potential temperature is tem-
porally linearly interpolated between the radiosoundings.
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approximately in the middle of this layer, which slowly dissolved
after 1300 LT. The layer confined by the two inversions was defined
as flowing layer and was characterized by a mean north-westerly
wind of U ~ 17 m s~!, a mean potential temperature of ©,, ~ 303
K and an upstream Froude number of hydraulic flow theory (Eq.
2.25) of Fr =17m s~ (17 m s~ !)~! = 1. During the second half
of the day, the wind speed in the flowing layer weakened.

The IWV dropped by at least 5 kg m—2 at Corte, San Giuliano
and Ajaccio between about 0600 and 0900 LT (Fig. 5.27a). This
was caused by a specific humidity decrease of about 3 g kg™!
between about 2000 and 4000 m MSL due to large-scale advection,
as was observed at San Giuliano (Fig. 5.27b). Although San
Giuliano was located on the east coast and thus downstream of
the island, the two elevated inversions characterising the upstream
conditions (Fig. 5.26) were also visible, however at a somewhat
lower height (Fig. 5.27b). The weakening of the flow in the flowing
layer in the afternoon was also evident at San Giuliano.

Two zonal aircraft crossings roughly perpendicular to the moun-
tain ridge at about 2500 m MSL, i.e. within the flowing layer, and
at about 3500 m MSL around noon revealed the existence of grav-
ity waves (Fig. 5.28), indicated by a 90° phase shift between the
temperature and vertical wind-speed waves (Sect. 2.4.2). Above
the mountain ridge, oscillations of vertical wind speed with an
amplitude of up to 5 m s~! and a wavelength of about 20 km oc-
curred, which agreed well with the terrain wavelength. Upstream,
i.e. to the west of the mountain ridge, the fluctuations were small.
Downstream of the mountains, when the aircraft followed the axis
of the Tavignano Valley, the amplitude of the vertical wind-speed
wave was reduced (Fig. 5.28) and TKE was lower.

5.3.2. Mountain ABL Evolution over the Corsican
Island

Similar to case study II, this analysis is split into three time periods:
time period I (0700 to 1000 LT) describes the onset of the event
in the Tavignano Valley; time period IT (1000 to 1430 LT) its
duration; and time period III (1430 to 2000 LT) its cessation.

Time period | At 0700 LT, a strong nocturnal surface inversion
below about 700 m AGL existed at Corte (Fig. 5.29a). Within this
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Figure 5.29.: Specific humidity (colour-coded), potential tempera-
ture (black isolines) and horizontal wind vector (arrows) measured
by radiosondes (a) and vertical wind speed (colour-coded) and 30-
minute averaged vertical wind speed (0 m s~! isoline) measured by
cloud radar (b) at Corte on 09 October. In (a), specific humidity is
interpolated using microwave radiometer and radiosonde data and
potential temperature is temporally linearly interpolated between
the radiosoundings. The characteristic ridge height to the west
(W) is indicated by the black dashed line.
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inversion, a weak south-easterly flow prevailed. Above the inversion,
the stable stratification was weaker and the horizontal wind turned
to large-scale north-westerly direction and rapidly increased with
height to more than 10 m s~!. Above the mountain ridge peaks,
the wind speed was approximately as high as on the upstream
and far downstream side (Figs. 5.26, 5.27b and 5.29a). The layers
with strong vertical wind shear were associated with Richardson
numbers (Eq. 2.6) of Ri < Ri.. Strong mean subsidence above the
surface inversion decelerated when it penetrated into the inversion
(Fig. 5.29b). The layer with subsidence was associated with a lower
specific humidity and higher potential temperature (Fig. 5.29).
Aerosol-free air gradually replaced the valley air mass, as obvious
from the cloud-radar signal (Fig. 5.29b).

Once the nocturnal surface inversion was eroded at 1000 LT, the
mean subsidence almost reached the ground (Fig. 5.29). A layer
in which potential temperature and specific humidity were about
constant with height existed up to about 1000 m AGL topped by an
elevated inversion. This inversion layer was accompanied by a local
wind-speed maximum of about 15 m s~!. Parallel to the erosion of
the nocturnal surface inversion, a sudden near-surface temperature
increase (> 5 K), specific humidity decrease (< -3 g kg™!) and
particle number density decrease occurred at Corte (Figs. 5.30).
The wind turned to mainly westerly direction and increased to
more than 5 m s~ at 4 m AGL and to more than 10 m s~! at 20
m AGL. The variance of the vertical wind speed strongly increased
at 4 and 20 m AGL. At 200 m AGL, the increase took place a
little earlier. The IWV at Corte dropped by more than 12 kg
m~2 between 0800 and 1000 LT, which was a significantly stronger
decrease than at San Giuliano and Ajaccio (Fig. 5.27), where the
IWYV decrease was mainly caused by large-scale advection of dry air
(Sect. 5.3.1). Similar significant changes in near-surface conditions
were simultaneously observed at Pont génois (Figs. 5.30), about
15 km down the valley, although the specific humidity decrease
was about 1.5 g kg™! lower than at Corte, the o2 increase was
less pronounced and the wind shifted to south-westerly instead of
westerly.

Further down the valley at Casaperta the near-surface conditions
showed a mostly undisturbed evolution of an upvalley wind between
about 1000 and 1800 LT (Fig. 5.30). On the east coast a sea
breeze existed during the day (Fig. 5.27b). Its depth reached more
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than 500 m (Fig. 5.27b), which was about typical in October (Sect.
5.2.2). Above the sea breeze up to about 1500 m MSL, an increase
of humidity of more than 1 g kg=! occurred until 1300 LT and
remained high during the afternoon. As the moistening was not
associated with a westerly component, i.e. flow from the mountain
ridges, it was not assignable to advective venting and the evolution
of a deep mountain ABL on the east coast.

Time period Il The above conditions remained about the same
until the afternoon. The layer with height-constant potential
temperature and specific humidity and the elevated inversion with
a horizontal wind-speed maximum reaching even more than 20
m s~! persisted (Fig. 5.29a) and were accompanied by Ri < Ri..
Within these two layers, potential temperature, specific humidity,
wind speed and wind direction varied only slightly with time and
the particle number density and IWV remained low (Figs. 5.27a,
5.29a and 5.30). High o2, values were observed at 4, 20 and 200 m
AGL (Fig. 5.30). As aerosol was removed from the atmosphere on
this day, 02, could not be calculated for higher altitudes from wind-
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Figure 5.31.: Specific humidity measured by radiosondes at Ajaccio
and Corte on 09 October. The characteristic ridge height to the
west (W) is indicated by the black dashed line.
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lidar data. For the same reason, no convection-layer height could
be determined with wind-lidar data. However, enough scatterers
were present below the elevated inversion to allow for vertical
wind speed measurements with the cloud radar. In this layer, no
surface-based updraughts were visible (Fig. 5.29b), which typically
accompany the evolution of a convection layer. Instead, persistent
strong mean subsidence occurred, but with embedded turbulence
as indicated by high o2 values (Fig. 5.30).

The origin of the warm and dry air mass with a westerly wind
component close to the surface at Corte was not as clear as for
case study II. Comparison of the specific humidity profiles at Corte
with the upstream conditions at Ajaccio indicated that the air
mass originated from the flowing layer between about 1500 and
3000 m MSL (Fig. 5.31), i.e. from the free atmosphere. The air
above that layer was much drier and the air below was moister
than observed at Corte.

Time period Il While the near-surface conditions at Corte re-
mained about constant until about 1630 LT, they changed sig-
nificantly at Pont génois at around 1430 LT (Fig. 5.30): the
temperature decreased by about 3 K, specific humidity increased
by about 3 g kg~! and the wind decelerated and turned to easterly
upvalley direction.

At around 1530 LT and 1630 LT, the subsidence in about the
lower 1000 m AGL at Corte was interrupted by two events with
strong upwinds, which were associated with a humidity increase
(Fig. 5.29). After the second upwind event, the pre-upwind event
conditions did not return and rapid changes occurred near the
surface at Corte (Fig. 5.30): temperature and o2 decreased,
specific humidity and particle number density increased and the
wind turned to south-easterly upvalley direction. Simultaneously,
the IWV increased (Fig. 5.27a). The humidity values within about
the lower 1000 m AGL re-attained the same level as before 1000 LT
(Figs. 5.29a and 5.30). Due to the drier air above about 1000 m
AGL, the IWV did not reach pre-event values (Fig. 5.27a). At 1800
LT, a typical upvalley-wind system of about 800 m depth existed
and at 1900 LT, a nocturnal downvalley-wind system established
(Figs. 5.29a and 5.30).



5.3. The Inhibited Mountain ABL Evolution 137

5.3.3. Interpretation of the Observations

On 09 October, the observations indicated that the background
flow dominated the conditions in a major part of the Tavignano
Valley. The penetration depth of the warm and dry air mass
with a westerly wind component depended on the downstream
stratification, as the subsiding air did not intrude into the nocturnal
surface inversion (time period I; Figs. 5.29 and 5.30). The sensible
surface heat flux as well as turbulent erosion at the top of the
inversion due to strong wind shear contributed to the removal of
the nocturnal surface inversion in the morning. Once the surface
inversion was eroded and a neutrally stratified layer established,
the warm, dry and aerosol-free air mass with a westerly wind
component from above reached the ground (Fig. 5.30). As Corte
is located a few kilometres downstream of the mountains, the
downward motion (Fig. 5.29b) obviously occurred in quite some
horizontal distance from the mountain ridge. The intrusion of warm
and dry air mass with a westerly wind component also affected
the conditions far down the Tavignano Valley, as was confirmed
by the measurements at Pont génois. The surface observations at
Corte and Pont génois showed a strong similarity to foehn events,
i.e. an increase of temperature and wind speed and a drop in
humidity occurred simultaneously within minutes (e.g. Richner
and Héchler, 2013). Further towards the valley exit and on the
east coast typical thermally driven circulations evolved.

The intruding air mass inhibited the evolution of a mountain
ABL and prevented the upvalley-wind layer from reaching Corte
and Pont génois until the afternoon (time period II; Fig. 5.30).
This allowed warm and dry air and a strong westerly wind compo-
nent to be measured at Corte and Pont génois for most of the day.
A convergence zone developed between the westerly flow and the
south-easterly upvalley-wind layer and existed somewhere between
Pont génois and Casaperta.

Eventually, the upstream flow decelerated in the afternoon and
allowed the upvalley wind and the associated convergence zone to
push forward (time period IIT). The cool and moist upvalley-wind
layer first replaced the warm and dry air with a westerly wind
component at Pont génois and then moved further upvalley towards
Corte (Fig. 5.30). The air within the upwinds, accompanying
the convergence zone, was likely mixed from the two converging
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air masses and was therefore moister than the intruding air mass
(Fig. 5.29). Between 1530 and 1700 LT, this convergence zone
billowed around Corte. After that, the intruding air mass and
the convergence zone were shifted upvalley of Corte, allowing the
upvalley-wind layer to determine the conditions at Corte. Thus,
a mountain ABL finally established at Corte. As no elevated
humidity increase due to advective venting was observed, its depth
was confined to the upvalley-wind layer.

To explain the observations in the downstream atmosphere, the
possible mechanisms specified in Sect. 2.4.2 are consulted. The
aircraft observations revealed the evolution of persistent large-
amplitude lee waves (Fig. 5.28b). As the wavelength of the lee
waves approximately matched the terrain wavelength, an amplifi-
cation was possible.

According to the hydraulic flow theory, the wind speed in the
flowing layer accelerated from U = 17 m s~! to Uridge = %U =26
m s~!, which far exceeded the phase speed of the internal gravity
wave of ¢ = 18 m s~!. Assuming that these estimations were done
for a meaningful layer and that the hydraulic flow theory applies,
this would not favour the evolution of a downslope windstorm.
Additionally, no increase of wind speed in the intruding air mass
on the downstream side (<20 m s~!) compared to the wind speed
at the mountain ridge (~ 26 m s~!) was observed. However, the
abrupt changes of near-surface conditions, the persistency of the
downward transport and the far extension along the valley axis
would support this mechanism as an explanation.

With the evolution of a layer where the potential temperature
was approximately constant with height, additional turbulent trans-
port of heat, humidity and momentum to the ground might have
occurred. To maintain the height-constant profiles of almost 1000
m depth (Fig. 5.29), turbulent mixing was necessary, which could
have been produced by buoyancy or vertical wind shear around
the inversion layer at around 1000 m AGL. This mechanism was
favoured by the observed high turbulence below the inversion (Figs.
5.30).

It was assumed that in the morning, when the atmosphere was
stably stratified, the most likely mechanisms were the evolution of
large-amplitude lee waves or a downslope windstorm, even though
hydraulic flow theory revealed different results. During the day,
at least parts of the downward transport in lower layers were
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probably caused by turbulence, as this was the only mechanism
to maintain height-constant profiles of potential temperature and
specific humidity.

5.4. Discussion

The mountain ABL in the centre of the Corsican Island at Corte
underwent a distinct diurnal evolution, unless it was impacted
by the background flow. From the existing measurements it was
hard to predict whether the evolution of the mountain ABL at
Corte would be undisturbed, interrupted or even inhibited, as
all three case studies were initially characterized by clear skys
and high surface sensible heat fluxes. Nevertheless, the diurnal
evolution of the mountain ABL varied. It is hypothesized that a
complex combination of upstream conditions, stratification and
surface energy input determined the different developments.
Without an impact of the background flow, a mountain ABL
evolved as a combination of convection and mesoscale processes
(Sect. 5.1). The case study revealed experimental evidence of multi-
scale processes affecting the characteristics of the mountain ABL
in a valley. These included e.g. a convection layer; strong, long-
lasting subsidence; topographic and advective venting; elevated
up- and downdraughts; and vertical coupling of surface-based
convective cells to elevated updraugths. The convection layer in
the valley centre was usually lower than the mountain ABL. Its
evolution obviously depended on various factors, like the surface
sensible heat flux, stratification in the valley atmosphere and the
strengths and depths of the upvalley- and upslope-wind systems.
On the presented day, the convection-layer depth showed a diurnal
cycle, although it was possibly reduced by mean subsidence and
enhanced by vertical coupling with elevated updraughts. On other
days with undisturbed mountain ABL evolutions, especially in
September and October (Figs. B.2 to B.5 in the appendix), only
very shallow or no continuous convection layers formed in the
valley centre when applying the detection algorithm introduced
in Sect. 4.1. The mean, long-lasting subsidence in the valley
centre was generally observed on every day with an undisturbed
mountain ABL evolution, although its duration and intensity varied
somewhat. Thus, it is likely to be a typical characteristic of the
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mountain ABL and to regularly affect the convection-layer growth
in the valley. The analysis of other days further revealed that the
cell coupling between the convection layer and an elevated layer in
the valley centre was not observed every day. It is hypothesized
that it depended on the vertical extent of the convection layer
and on the stratification above: if the convection layer was too
low, vertical distance between the two layers might be too large
to overcome. If the stability in the elevated layer was too high,
the vertical motions might be damped before they could reach
the valley centre. As this previously unreported process likely
represented an effective transport mechanism, provided that it
occurred, it should be further explored.

The layers with height-constant potential temperature and spe-
cific humidity, which usually represent the well-mixed layer of a
classical CBL over homogeneous terrain, neither resembled the
convection layer nor necessarily the mountain ABL in the Tavi-
gnano Valley. This is because other processes than convection,
such as mesoscale advection, significantly contributed to the pro-
files of mean variables measured by radiosondes. Even when
height-constant profiles existed, their tops might not be associ-
ated with strong gradients, which might cause problems when
applying standard methods to determine the CBL height to data
measured over complex terrain. Because of the behaviour of the
atmospheric stratification, it is questionable if the detection of
a classical CBL over complex terrain makes sense at all. It is
rather suggested that a mountain ABL and a convection layer
might be more meaningful layers to describe the impact of the
Earth’s surface on the atmosphere over complex terrain. It would
not have been possible to determine the convection-layer height
without wind lidar measurements or the mountain ABL height
without frequent radiosoundings. Therefore, it is recommended to
be cautious when characterizing the atmospheric structure over
complex terrain on the basis of a single radiosonde and without
knowledge of turbulence profiles.

The evolution of a mountain ABL may also be treated as a
handover process between the CBL and the free atmosphere. In
this case, the CBL only includes layers adjacent to the surface
that are directly influenced by buoyancy-driven surface forcing; the
upper branches of thermally driven circulations and topographic
and advective venting are not considered to occur in the boundary
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layer and the above problem concerning the CBL determination
arises. For example, Kossmann et al. (1999) or Kalthoff et al.
(2000) have used this approach to describe the transport of water
vapour and trace gases from the CBL to the free atmosphere.
This concept may be especially justified when elevated layers
downstream of the mountainous area are examined, which result
from advective venting and the earlier transport of water vapour
into the free atmosphere by topographic venting. Depending on
the environment and on the downstream distance, the response
time scales may be rather long, the diurnal cycle may be weak and
the large-scale flow may become more dominating. Consequently,
the direct relation between the elevated moist layers, thermally
driven circulations and the CBL ceases. In particular when the
transported water vapour affects layers much higher than the local
downstream CBL, i.e. no diurnal changes are observed in a layer
between the CBL and the elevated moist layer, it might be more
adequate to refer to handover processes instead of a mountain
ABL. On the other hand, when analysing the diurnal evolution
of atmospheric conditions over mountainous terrain, it may be
very difficult to distinguish the layers dominated by convection
or thermally driven circulations, especially when the observations
are limited. Thus, it may be not reasonable to separately treat
the lower and upper branches of thermally driven circulations,
the CBL and layers with advective and topographic venting, but
rather investigate the layer that undergoes a diurnal variation as
a whole, according to the concept of the mountain ABL. As the
elevated layers on the downstream coast of the Corsican Island
showed a diurnal cycle and revealed a response time scale of a few
hours, they were considered to be part of the mountain ABL.
The typical diurnal evolution of the mountain ABL differed at
Corte, when the background wind impacted the mountain ABL
and warm and dry air with a westerly wind component intruded
the atmosphere downstream of the mountain ridge. On a day with
very strong upstream wind from westerly directions, a mountain
ABL evolution was inhibited over a large part of the downstream
valley, lasting for several hours (Sect. 5.3). Only far downstream of
the mountain ridge thermally driven circulations and a mountain
ABL developed. An interruption of the mountain ABL evolution
and an intrusion of warm and dry air from the free atmosphere into
the downstream mountain ABL even occurred when the upstream
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wind was not particularly strong (Sect. 5.2). In this case, the
intrusion existed on a smaller scale, i.e. few tenth of kilometres,
and lasted for a limited time period. This enhances the probability
that such intrusion events are not resolved by the measurement
network and it can not be excluded that they do occur more
often.

It is hypothesized that the conditions measured at Corte de-
pended on the location of the convergence zone between the warm
and dry air mass with a westerly wind component and the cool
and moist upvalley-wind layer. While the convergence zone bil-
lowed around Corte during the event on 02 October and produced
upward motions at the station (Fig. 5.32a), it was located much
further down the valley between Pont génois and Casaperta on 09
October and therefore allowed warm and dry air and a westerly
wind component to be measured for most of the day at Corte and
Pont génois (Fig. 5.32b). The location of the convergence zone
further away from the mountain ridge on 09 October could have
been caused by a stronger westerly wind component in the air
mass that replaced the mountain ABL air, as the strength of the
upvalley wind was about the same on both days.

One main difference between both days was that the upward
motions were accompanied by dry and warm air on 02 October and
by moist and cool air on 09 October compared to the conditions
previously existing at Corte. It was assumed that the air within
the upwinds was a combination of two air masses, the warm and
dry intruding air mass and the cool and moist upvalley-wind layer.
Thus, the air appeared to be warm and dry when Corte was located
in the upvalley-wind layer before the onset of the upwinds, while
the upwinds were associated with cooler and moister air when the
intruding air mass prevailed at Corte beforehand.

To explain the downward transport of a warm and dry air mass
with a westerly wind component, several possible mechanisms were
investigated, i.e. turbulent transport, large-amplitude lee waves or
downslope windstorms. In agreement with the different character-
istics observed, it is assumed that the dominating mechanism on 02
October was turbulent transport, while on 09 October, lee waves
and a downslope windstorm were more important. This could
explain the much shorter duration and smaller horizontal scale of
the downward transport on 02 October. The suggested transport
mechanisms required a deep layer with height-constant potential
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Figure 5.32.: Schematic diagram of the interaction between the
warm and dry intruding air mass with a westerly wind component
and the cool and moist upvalley wind on 02 October (a) and 09
October (b). The arrows represent the flow in the cross section
perpendicular to the mountain ridge and along the axis of the
downstream valley. The location of Corte relative to the conver-
gence zone during the investigated event is indicated. In (b), the
locations of Pont génois and Casaperta are additionally marked.
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temperature on the downstream side, strong wind shear or lee
waves or a combination of these both. The occurrence of these
characteristics in the atmosphere is unexceptional, which increases
the likelihood of an intrusion of air from the free atmosphere.



6. Effect of the Mountain
ABL on Water Vapour and
Atmospheric Stratification

In Sect. 5, boundary-layer processes were analysed in detail for
days with different mountain ABL evolutions. The conducted
case studies revealed that the evolution of the mountain ABL was
closely related to the water-vapour distribution over the Corsican
Island. To assess the representativity of the found relation and
to further investigate the mesoscale water-vapour variability, the
spatio-temporal behaviour of water vapour was investigated for
the whole island over a three-month period and for additional case
studies (Sect. 6.1).

Secondly, the connection between the mountain ABL and the
evolution of isolated deep convection over the Corsican Island was
examined. By means of convection-related parameters, the influ-
ence of the mountain ABL on water vapour and atmospheric strat-
ification, which are decisive for the evolution of deep convection,
was analysed and the mesoscale variability of the convection-related
parameters in connection with the evolution of deep convection
was studied (Sect. 6.2).

Like in the previous section, only the day and month are given
in the date information as the analysis in the following section is
based on data from the year 2012 only.

6.1. Variability of Water Vapour over the
Corsican Island

The temporal evolution of IWV at Corte in the centre, Solenzara
on the east coast and Ajaccio on the west coast from August to
November is shown in Fig. 6.1. Days were selected when the
temporal IWV evolution was presumably primarily controlled by
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Figure 6.1.: IWV derived from GPS measurements at Corte, Solen-
zara and Ajaccio. The grey vertical bars mark the days used to
analyse the spatial IWV distribution over the Corsican Island.

processes in the mountain ABL and not by large-scale air mass
changes. Air mass changes were identified by a nearly simultaneous
strong change of IWV at all three sites. After applying this
criterion, 35 days remained, which are marked by the grey vertical
bars in Fig. 6.1. These days mainly occurred in August and the
first half of September, because large-scale systems more frequently
affected the Corsican Island in the second half of the measurement
period. This agrees with the climatology for heavy precipitation
events for the western Mediterranean basin (Ricard et al., 2012).
The selection still includes days when isolated deep convection
developed over the Corsican Island (23 August, 25 August, 06
September and 09 September). On these days, the deep convective
cells were locally initiated by processes related to the orography and
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not by large-scale lifting and were also not embedded in large-scale
systems.

The IWV value measured by a ground-based instrument gen-
erally depends on the station height, because the volume of a
vertical air column above the station decreases with increasing
station height. The IWV is further influenced by the atmospheric
conditions over the station, e.g. to what extent the atmosphere
above the station is affected by a mountain ABL. To investigate
this, a reference atmosphere is defined which is assumed to be
unaffected by the evolution of a deep mountain ABL. Even if the
atmosphere above a station is not influenced by a deep mountain
ABL, at least evapotranspiration from the surface normally con-
tributes to an IWV increase during the day. In Sect. 5.1, this
contribution was estimated to be in the order of 1 kg m~2 under
typical conditions for the Corsican Island. To investigate the at-
mospheric conditions over a station in relation to the reference
atmosphere, the water-vapour density of the atmosphere above
the station was compared with that in the reference atmosphere at
the same level. Because the flow field measured by radiosondes at

[20-25
[115-20
[10-15
5-10
Wo-5

T South

Figure 6.2.: Frequency of wind speed and wind direction measured
by radiosondes at 700 hPa at Ajaccio around noon for the days
marked by the grey vertical bars in Fig. 6.1.
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Ajaccio revealed mainly westerly winds at 700 hPa at noon during
the selected days (Fig. 6.2), the profiles at Ajaccio were measured
mostly upstream of the island. Thus, the profiles were assumed to
be mainly unaffected by the orography and to reflect the conditions
in the reference atmosphere. The profile of IWV was calculated
for each radiosounding from the water-vapour density profile in
the air column above:

h¢
IWV(Z):/ pu(2)d2". (6.1)

This allows to use the profile for data interpretation: when the
IWV at a GPS station is significantly higher than the IWV value
at the same height of the reference profile, this indicates that the
atmosphere above the station is influenced by a deep mountain
ABL. On the other hand, when the IWV value at a GPS station
is close to the IWV value in the reference atmosphere at the
respective level, the station is mainly unaffected by the evolution
of a deep mountain ABL.

To obtain information about the spatial distribution of water
vapour over the Corsican Island, IWV derived from the permanent
GPS network was used. A total of 16 stations was rather uniformly
distributed over the island (Fig. 6.3). Figure 6.4a shows the IWV
profile measured by radiosondes at Ajaccio at noon averaged over
all selected days and the IWV values from GPS stations between
1300 and 1400 LT, i.e. in the early afternoon, for the same days.
As the radiosondes were launched at 1300 LT, the IWV values
were valid for roughly the same time interval. In the reference
atmosphere, IWV decreased by roughly 1 kg m~2 (100 m)~!. The
mean ITWYV values at all stations on the east coast were up to 5
kg m~2 (= 20 %) higher than the IWV values in the reference
atmosphere at the corresponding heights, while the IWV values on
the west coast, particularly at lower station heights, were closer
to the values in the reference atmosphere. The magnitude of the
diurnal IWV variation at a GPS station was obtained by calculating
the mean diurnal IWV evolution averaged over all selected days
and by determining the difference between the maximum and
minimum IWYV values. The variations at the stations on the east
coast were mostly stronger than or similar to those on the west
coast (Fig. 6.4b). The diurnal evolution of the mean IWV values
was compared for Solenzara on the east coast and for Ajaccio



6.1. Variability of Water Vapour over the Corsican Island 149

43 ] I 2500
42.81 i
2000
4261 '
42.41 i
> - {1500
(0]
S 422 :
2
-
40 - b {1000
4181 i
L. 500
4161 I
41.41 :
. 0

86 88 9 92 94 96 Height(mMSL)
Longitude (°)

Figure 6.3.: Orography of the Corsican Island and location of
operational GPS stations.

on the west coast. The analysis revealed that the atmosphere at
Solenzara was generally moister than at Ajaccio, independent of
the time of the day (Fig. 6.5a). As the station heights differed only
by about 40 m, the humidity offset between the coasts might be
related to different coast characteristics, i.e. a rather flat east coast
and a steep west coast, or zonal large-scale humidity gradients,
which might be evident because of the averaging over a limited
number of days. While the difference was mostly less than 3 kg
m~2 during the morning, the IWV at Solenzara started to increase
after 1300 LT, which led to an IWV difference of 5 kg m~2 at 1700
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Figure 6.4.: Profiles of IWV in the reference atmosphere measured
by radiosondes (RS) at Ajaccio at 1300 LT and height-dependency
of IWV derived from GPS measurements averaged between 1300
and 1400 LT (a) and height-dependency of the diurnal IWV vari-
ation, A IWV, derived from GPS measurements (b). The IWV
values are averaged over the days marked by the grey vertical bars
in Fig. 6.1. Circles denote stations in the interior of the island,
crosses stations on the west coast and triangles stations on the
east coast.
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Figure 6.5.: Difference of mean IWV values, A IWV, between
Solenzara and Ajaccio (a) and mean IWV values at Corte (b). The
IWYV values are derived from GPS measurements and averaged
over the days marked by the grey vertical bars in Fig. 6.1.

LT (Fig. 6.5a). The occurrence of the larger IWV difference in the
afternoon suggests that it was related to the existence of a deep
mountain ABL and that the east and west coasts were influenced
by an unequal mountain ABL evolution.

All stations in the interior of the island measured significantly
(> 5 kg m~2) higher IWV values than at the corresponding heights
in the reference atmosphere. The stations at Olmeta-di-Tuda and
Corte were located at around 450 and 500 m MSL, respectively.
Nevertheless, the mean IWV value there was almost as high as at
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the stations on the coasts at much lower elevations and about 5 kg
m~2 higher than at Piana, a station at around 550 m MSL on the
steep west coast. Because this difference was much higher than
the potential contribution due to evapotranspiration, this suggests
that even the high GPS stations were influenced by the evolution
of a deep mountain ABL. It stands out that the strongest diurnal
IWYV variation of all stations occurred at Corte (Fig. 6.4b). At
the other stations in the interior of the island the IWV variation
was weaker than at Corte, but still as high as or higher than at
the coast stations. On average, the IWV at Corte started to rise
shortly after noon between 1200 and 1300 LT (Fig. 6.5b), i.e. one
hour earlier than at Solenzara, reaching maximum values in the
late afternoon at around 1600 and 1700 LT. Measurements at Corte
also indicated that the diurnal variation of IWV on the selected
days was stronger in August than in October, i.e. it depended on
the season (Fig. 6.1).

In order to explain the variability of IWV over the Corsican
Island, factors responsible for the differences in the water-vapour
distribution were analysed by means of radiosonde and microwave
radiometer measurements for days with undisturbed mountain
ABL evolutions and for a case when isolated deep convection
developed above the island. To further illustrate the impact of a
mountain ABL on water vapour, the spatial distribution of IWV
for days with interrupted and inhibited mountain ABL evolutions
was investigated.

6.1.1. Undisturbed Mountain ABL Evolution

The temporal evolution and vertical distribution of water vapour
is analysed for days with undisturbed mountain ABL evolutions
mostly using the examples of three stations; one in the interior
of the island (Corte), one on the east coast (San Giuliano, which
is located near the GPS station at Santa-Lucia-di-Moriani) and
one on the west coast (Ajaccio). Additionally, the IWV data
from the GPS stations at Solenzara and Piana are utilized. To
gain information about the vertical distribution of water vapour,
IOP days were selected, when radiosondes were launched at Corte
and San Giuliano. In order to investigate a potential seasonal
dependency of the magnitude of the IWV variation, two days were
selected; one in August and one in October. Appropriate IOP days
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were 24 August and 05 October, when the IWV values resembled
the typical characteristics evident in Fig. 6.4.

Case |: 24 August

On 24 August, the IWV at Corte measured by microwave radiome-
ter, radiosondes and GPS showed a strong diurnal variation of
more than 12 kg m~2 (Fig. 6.6). It decreased during the morning
reaching minimum values just before noon, followed by a strong
increase after around 1300 LT. Maximum IWV values of more than
30 kg m~2 occurred in the late afternoon. After around 2000 LT
the IWV decreased again. On the east coast, the IWV measured
by microwave radiometer and radiosondes at San Giuliano also
showed a diurnal variation with slightly higher maximum values
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Figure 6.6.: IWV measured by microwave radiometers (MWR)
and radiosondes (RS) and derived from GPS measurements at
Corte, the east coast and the west coast on 24 August.
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than at Corte. Two main increases were found: the IWV rose by
several kg m~2 between about 1000 and 1100 LT and by about 10
kg m~2 between about 1500 and 1700 LT. The IWV values at San
Giuliano and further south on the east coast at Solenzara were
rather similar before about 1500 LT. Because the IWV at Solen-
zara did not increase in the course of the afternoon, a north-south
difference of about 10 kg m~2 developed between the two stations
afterwards. On the west coast, no diurnal variations of IWV were
detected at the GPS stations neither at Ajaccio nor at Piana. In
the late afternoon and evening, both stations detected an IWV
decrease. Consequently, the maximum IWV values on the west
coast remained about 10 kg m~2 lower than at Corte and San
Giuliano. Because the radiosonde at Ajaccio only reached about
3800 m MSL, the water-vapour density was linearly extrapolated
above, assuming a water-vapour density of 0 g m~ at 12000 m
MSL. Next, the radiosonde profiles were investigated to determine
the layers which were responsible for the diurnal cycle of IWV at
Corte and San Giuliano.

Corte In the early morning, a moist layer of several hundred
metres of depth existed in the valley centre (Fig. 6.7a). The
subsequent IWV decrease mainly resulted from a humidity decrease
below about 900 m MSL. Starting at around 0700 LT, a scanning
microwave radiometer detected horizontal differences in the IWV
distribution with higher IWV values above the ridges south-west
of Corte and lower values in the valley (Fig. 6.7b). This suggests
that the decrease of IWV and humidity close to the surface in the
valley centre at Corte in the morning was caused by topographic

Figure 6.7. (facing page): Water-vapour density (colour-coded),
potential temperature (black isolines) and horizontal wind vector
(arrows) measured by radiosondes at Corte (a) and San Giuliano (c)
and azimuth time plot of IWV measured by a microwave radiometer
at Corte (b) on 24 August. In (a) and (c), water-vapour density
is interpolated using microwave radiometer and radiosonde data,
potential temperature is temporally linearly interpolated between
the radiosoundings and the mountain ABL height is indicated by
the thick dashed line. In (b), the vertical black lines mark the
azimuth angle sector referred to in the text.
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venting, i.e. the transport of water vapour close to the surface
with upslope winds from the valley centre up the slopes over the
ridges.

After noon, significant accumulations of water vapour could
be distinguished in two different layers (Fig. 6.7a). The water-
vapour density increased by more than 5 g m—2 below about 800
m MSL after 1300 LT, which could rise the IWV at the surface
by 4 kg m~2. The moistening probably resulted from the arrival
of the sea-breeze front at Corte. In addition, the water-vapour
density started to increase mostly below about 3000 m MSL after
around 1200 LT. The rise was first detected in an elevated shallow
layer and successively extended to lower layers during the next
couple of hours and gained more than 5 g m=3. As the evolution
of a mountain ABL was determined via the elevated humidity
increase (Sect. 4.2), a mountain ABL up to about 3800 m MSL
at 1500 LT was detected at Corte. The top of the mountain ABL
was accompanied by a stronger stable stratification above. The
horizontal differences in the humidity distribution with higher
humidity values above the ridges surrounding Corte intensified
during the morning (Fig. 6.7b). At 1200 LT, when the water-
vapour density increase started in the elevated layer above Corte,
the IWV was up to 5 kg m~2 higher in the south-west (200° to
250°) of Corte compared to other directions and compared to the
IWYV above Corte (Fig. 6.6). As the layer with the humidity
increase above Corte was accompanied by weak south-westerly to
westerly wind (Fig. 6.7a), advective venting was likely to occur
and to cause the strong moistening and deep mountain ABL at
Corte in the afternoon.

Before a deep mountain ABL was detected at Corte at 1200 LT
(Fig. 6.7a), the profiles of IWV at Corte and Ajaccio were very
similar (Fig. 6.8a). Afterwards, the IWV profiles at Corte differed
significantly from the one at 1200 LT with higher values in the
mountain ABL (Fig. 6.8a). Assuming that the IWV profile at
Ajaccio at 1300 LT was representative for the whole afternoon,
horizontal humidity differences in a layer of more than 3000 m
depth developed between Ajaccio and Corte.

San Giuliano The IWV variations at San Giuliano also resulted
from water-vapour density changes in different layers (Figs. 6.6 and
6.7c). Affected by a south-easterly sea breeze, the water-vapour
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Figure 6.8.: Profiles of IWV measured by radiosondes at Corte (a)
and San Giuliano (b) on 24 August. In each plot, the IWV profile
measured by radiosonde at Ajaccio at 1300 LT on 24 August is
shown.

density increased by about 3 g m™2 in a moist layer below about

500 m MSL between 1000 and 1500 LT, which contributed to an
IWYV rise of 1.5 kg m~2. After around 1400 LT, the humidity
started to increase in an elevated layer at around 2500 m MSL
and successively expanded to lower layers (Fig. 6.7c). The water-
vapour density increased by about 5 ¢ m™2 in a layer of about
2000 m depth until 2100 LT, compared to the conditions at noon.
This contributed to an IWV increase of 10 kg m~2. With south-
westerly to westerly flow in the layer where the water-vapour
density increased, San Giuliano was on the downstream site of
the mountain ridges and therefore could have been affected by
advective venting of moist air from the ridges. This assumption
allowed the determination of a deep mountain ABL at San Giuliano,
which extended to about 3300 m MSL at 1800 LT.

Due to the late evolution of a deep mountain ABL at San
Giuliano, the IWV profile at 1500 LT differed only little from the
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IWYV profile at noon and from the IWV profile at Ajaccio at 1300
LT (Fig. 6.8b). Once a deep mountain ABL had evolved and the
water-vapour density had increased at San Giuliano, the IWV at
1800 LT revealed a similar profile as at Corte in mid- and late
afternoon (Fig. 6.8a).

Ajaccio At Ajaccio, a westerly wind component below about 800
m MSL was detected at 1300 LT, which was probably associated
with a sea breeze. The water-vapour density in this layer was
significantly lower than at San Giuliano (Fig. 6.8b), which might
have been related to different coast characteristics, as the west
coast was much steeper than the east coast. Above about 800 m
MSL, an easterly wind component existed up to about 3500 m
MSL, which could have allowed the advection of moist air from
the mountain ridges of the Corsican Island towards the west coast,
although the IWV did not show an increase during the day (Fig.
6.6). Unfortunately, one available radiosonde during daytime was
not sufficient to examine this hypothesis.

Case Il: 05 October

On 05 October, the diurnal cycles of IWV at Corte and San
Giuliano were much less pronounced (Fig. 6.9) compared to 24
August (Fig. 6.6). At Corte, the IWV increased by about 5 kg
m~2 between about 1400 and 1600 LT and remained high until
about 1800 LT, while the IWV variations did not exceed 2 kg
m~2 at any station on the east coast. Again, no strong diurnal
variations occurred on the west coast. Because of a large-scale
west-east humidity gradient, the IWV values on the west coast
were about 5 kg m~2 lower than on the east coast. The absolute
IWYV values were in general lower than on 24 August and did not
exceed 20 kg m~2 at any of the stations.

Corte Vertical profiles revealed that the water-vapour density at
Corte increased within the combined upvalley-wind and sea-breeze
layer below about 1200 m MSL by more than 3 g m~? after about
1400 LT (Fig. 6.10a). Approximately at the same time, the water-
vapour density increased above that layer up to about 2600 m MSL.
Higher IWV in a sector between 170° and 250°, i.e. roughly above
the ridges south-west of Corte, compared to the surroundings was
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Figure 6.9.: IWV measured by microwave radiometers (MWR)
and radiosondes (RS) and derived from GPS measurements at
Corte, the east coast and the west coast on 05 October.

measured by the scanning microwave radiometer after around 1100
LT (Fig. 6.10b). The spatial differences became more pronounced
in the course of the afternoon. As the wind direction was southerly
above the combined upvalley-wind and sea-breeze layer turning
to westerly with height (Fig. 6.10a), advective venting of moist
air masses from the ridges south-west of Corte was likely and the
mountain ABL deepened significantly. At 1800 LT, the water-
vapour density was up to 4 g m~3 higher in a layer between about
1200 and 2200 m MSL compared to the sounding at noon. The
moistening in both layers contributed to an IWV increase of more
than 6 kg m~2 until 1800 LT. However, large-scale advection of
dry air above about 3000 m MSL lowered the IWV increase.

The large-scale humidity gradient was reponsible for the offset
of the IWV profiles at Corte and Ajaccio at 1200 and 1500 LT (Fig.
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6.11a). Until 1800 LT, large-scale advection of dry air removed
this gradient above about 2200 m MSL, while the evolution of
a deep mountain ABL at Corte sustained a horizontal humidity
gradient below that height.

San Giuliano A weak increase in water-vapour density of about 1
g m~? in the lower 800 m MSL occurred at San Giuliano at around
1100 LT, which was likely associated with the onset of the south-
easterly sea breeze (Fig. 6.10c). However, this moisture supply
contributes less than 1 kg m~2 to the IWV evolution. Apart from
that, almost no humidity increase occurred at San Giuliano during
the day. Only in the evening, water-vapour density increased by
up to 2 g m~3 in an elevated layer between about 1600 and 2400 m
MSL. As a westerly wind component existed in this layer, advective
venting of moist air masses from the upstream mountain ridges
could have occurred. Below this layer, the wind direction was
mainly southerly, thus ridge parallel, which presumably prevented
advective venting of moist air from the mountains. Because of
the simultaneous occurrence of large-scale dry air advection above
about 3000 m MSL (Fig. 6.10c), the humidity increase in the
elevated layer did not show in the IWV evolution (Figs. 6.9 and
6.11b).

Ajaccio Similar to 24 August, a westerly wind component below
about 700 m MSL and an easterly wind component between about
700 and 1300 m MSL existed at Ajaccio at 1300 LT. The latter
could have allowed advective venting of moist air from the mountain

Figure 6.10. (facing page): Water-vapour density (colour-coded),
potential temperature (black isolines) and horizontal wind vector
(arrows) measured by radiosondes at Corte (a) and San Giuliano
(¢) and azimuth-time plot of IWV measured by a microwave ra-
diometer at Corte (b) on 05 October. In (a) and (c), water-vapour
density is interpolated using microwave radiometer and radiosonde
data, potential temperature is temporally linearly interpolated
between the radiosoundings and the mountain ABL height is in-
dicated by the thick dashed line. In (b), the vertical black lines
mark the azimuth angle sector referred to in the text.
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Figure 6.11.: Profiles of IWV measured by radiosondes at Corte (a)
and San Giuliano (b) on 05 October. In each plot, the IWV profile
measured by radiosonde at Ajaccio at 1300 LT on 05 October is
shown.

ridges towards the coast, although there was no evidence for that
in the IWV evolution (Fig. 6.9).

Seasonal Dependency of the Water-Vapour Distribution

At Corte, the diurnal IWV increase started earlier in August (1300
LT) than in October (1400 LT) and the diurnal IWV variation
was larger in August (~ 12 kg m~?2) than in October (=~ 5 kg
m~2). The small diurnal IWV variation on 05 October was at least
partly caused by large-scale advection of dry air (Figs. 6.6 and 6.9).
Because thermally driven circulations associated with the evolution
of a deep mountain ABL were identified to be mainly responsible
for the diurnal variation of IWV, the seasonal dependency of these
circulations was investigated. In agreement with a higher solar
radiation in August, the surface sensible heat flux at Corte was
almost 200 W m~2 higher than in October (Fig. 6.12). The
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strength of the surface sensible heat flux affects the near-surface
temperature and the intensity and duration of thermally driven
circulations. The onset of the sea breeze at the coast was somewhat
earlier and the wind speed in the sea-breeze layer was stronger in
August (detected at San Giuliano, Fig. 6.12). Thus, the sea-breeze
front could have propagated faster along the axis of the Tavignano
Valley and arrived earlier at Corte, causing the earlier humidity
increase in the combined upvalley-wind and sea-breeze layer (Figs.
6.7a and 6.10a). Upslope winds existed in August as well as in
October, as observed at Rusio (Fig. 6.12) and in azimuth and
elevation scans performed by the wind lidar at Corte. However,
they were stronger and their onset was about one hour earlier in
August.

In the analysed case studies, the mountain ABL in August
was about 1200 m deeper than in October. Parameters affecting
the top of the mountain ABL are assumed to be mountain-ridge
height, near-surface temperature and atmospheric stratification
(Sect. 5.1). The near-surface potential temperature at Rusio
reached maximum values of about 312 K on 24 August and about
302 K on 05 October (Fig. 6.12). Together with a weak stable
stratification above the mountain ridges (Fig. 6.7a), the higher
near-surface potential temperature on 24 August allowed an air
parcel to rise dry-adiabatically up to about 3400 m MSL, before
it became negatively buoyant. Because of the lower near-surface
temperature and strong stable stratification on 05 October (Fig.
6.10a), an air parcel would reach its level of neutral buoyancy at
about 2200 m MSL, which was 1200 m lower than on 24 August.
The estimated levels of neutral buoyancy were somewhat lower than
the detected mountain ABL heights for both days. Nevertheless,
the same seasonal height difference was evident for both heights
and proves the assumed dependencies listed above.

Because the water-vapour density in the upvalley-wind layer, as-
sociated with the sea-breeze front arrival, increased earlier and the
upslope winds were stronger in August, topographic and advective
venting of moist air could also occur earlier in August. The stronger
upslope winds only have a positive effect on the IWV increase, as
long as the humidity gradient between the upvalley-wind layer and
the elevated layers is maintained. Once it vanishes or weakens, ad-
vection cannot or can only little increase the water-vapour density
in the elevated layers and therefore the IWV. However, the major
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parameter controlling the diurnal IWV variation was presumably
the mountain ABL depth. Assuming an equal stable stratification,
a higher near-surface potential temperature generally leads to a
deeper mountain ABL. Thus, the water-vapour density increase in
August could extent over a deeper layer and could cause a stronger
IWYV increase.

6.1.2. Isolated Deep Convection

Using the example of 23 August, the water-vapour distribution
was investigated for a day when isolated deep convection occurred
over the Corsican Island. Until mid-afternoon, the IWV at Corte
revealed the typical diurnal evolution (Fig. 6.13) which was as-
sociated with a deep mountain ABL, similar to the one observed
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Figure 6.13.: IWV measured by microwave radiometers (MWR),
radiosondes (RS) and GPS at Corte, the east coast and the west
coast on 23 August.



166 6. Effect of the Mountain ABL on Atmospheric Conditions

Corte 1600 LT
— Ajaccio 1300 LT

10000

8000

6000

4000

Height (m MSL)

20001

0 10 20 30 40
IWV (kg m™)

(a) (b)

Figure 6.14.: MSG satellite image (courtesy of EUMETSAT) at
1500 LT (a) and profiles of IWV measured by radiosondes at Corte
and Ajaccio (b) on 23 August. In (b), the mountain ABL height,
estimated using the near-surface potential temperature at Rusio
and the potential temperature profile at Ajaccio, and the cloud-
layer top measured by cloud radar at Corte are indicated by the
dashed horizontal lines.

on 24 August. The height of the mountain ABL was estimated to
about 2500 m MSL, using the near-surface potential temperature
at Rusio and the potential temperature profile measured by a
radiosonde launched at Ajaccio at 1300 LT, as no radiosonde at
Corte was available at this time.

After about 1430 LT, three isolated deep moist convective cells
developed above the mountains in the northern part of the Corsican
Island as detected by a rain radar positioned at San Giuliano and
visible in a MSG satellite image (Fig. 6.14a). One of the cells was
initiated above the mountains south-west of Corte and got advected
above the measurement station at Corte, as visible in cloud-camera
images. When it passed the station between about 1530 and 1600
LT, the cloud radar measured a cloud-layer top higher than 8000
m MSL and a cloud-base height between about 2500 and 3000
m MSL was derived from the cloud-base temperature measured
by a infrared radiometer and the temperature profile measured
by radiosonde at Corte at 1600 LT. The passage of the cell was
accompanied by an IWV increase of about 4 kg m~2 (Fig. 6.13).
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Possible processes to cause this increase are horizontal advection
of moister air or phase changes from solid or liquid into vapour
within the cloud. As the cloud-camera images indicated that the
deep convective cell was already dissolving when it passed Corte,
the latter process was probably significant.

Right after the passage of the deep convective cell a radiosonde
was launched at Corte. Comparing the IWV profiles from sound-
ings at Corte and at Ajaccio shows that the atmosphere at Corte
below about 5000 m MSL was rather moist, leading to higher IWV
by about 20 kg m~?2 at about 370 m MSL, i.e. the height of the
station at Corte (Fig. 6.14b). As the mountain ABL reached only
to about 2500 m MSL and no large-scale humidity differences were
evident, the moist layer above that height could be attributed to
vertical transport processes in the deep convective cell itself.

6.1.3. Interrupted and Inhibited Mountain ABL
Evolution

The relation between the IWV values derived from GPS measure-
ments and the IWV profile in the reference atmosphere on 02 and
09 October strongly differed from the typical relation evident in
Fig. 6.4a. Between 1600 and 1700 LT on 02 October, dry air
was found to intrude the mountain ABL at Corte (Sect. 5.2). In
this time period, the IWV derived from GPS measurements at
Corte was very similar to the one in the reference atmosphere
(Fig. 6.15a), indicating that no deep mountain ABL affected the
water-vapour distribution above the site. At the other sites, an
impact of a deep mountain ABL was still present, as the IWV
relation between most GPS stations and the reference atmosphere
approximately resembled the typical relation (Fig. 6.4a).

As outlined in Sect. 5.3, very strong westerly wind prevailed
and dry air from the free atmosphere intruded into the atmosphere
downstream of the main mountain ridge during the morning and
early afternoon of 09 October. This inhibited the evolution of a
mountain ABL at Corte. A moist shallow layer on the upstream
side of the island was blocked from overpassing. These conditions
were well reflected by the IWV distribution (Fig. 6.15b): due to the
blocking the west coast was moist, resulting in higher IWV values
than at most east coast sites. The IWV values at the stations in
the interior of the island were mainly close to those in the reference
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Figure 6.15.: Profiles of IWV measured by radiosondes (RS) at
Ajaccio at 1300 LT and height-dependency of IWV derived from
GPS measurements averaged between 1600 and 1700 LT on 02
October (a) and 1300 and 1400 LT on 09 October (b). Circles
denote stations in the interior of the island, crosses stations on the
west coast and triangles stations on the east coast.
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atmosphere, which reveals that no deep mountain ABL was able
to develop over a large part of the island. The rather high IWV
at Bastelica compared to the reference atmosphere was probably
owed to the station location west of the main mountain ridge (Fig.
6.3) and upward transported moist air from the blocked layer along
the upstream mountain slopes.

6.2. Convection-Related Parameters

The statistical analysis of convection-related parameters and the
occurrence of isolated deep convection over the island indicated
that the conditions on the west coast were not representative for
the atmospheric conditions, in which deep convection evolved (Sect.
1). To identify days with deep convection the cloud-to-ground
lightning activity was used as an indicator for deep convection.
Figure 6.16 shows the distribution of the lightning activity averaged
over the days considered in the statistical analysis. Strong spatial
inhomogeneities are evident: a maximum over and to the east
of the Corsican Island occurred. As westerly flow conditions
dominated over the Corsican Island as evident from Fig. 6.2 and
also found by Lambert et al. (2011), the lightning intensity was
concentrated above and downstream of the main mountain ridge.
Assuming that the lightning activity indicates deep convection and
precipitation events, this was likely caused by deep convective cells,
which were triggered over the mountains and downstream advected
with the mean wind. This also means that preferred regions for
the occurrence of deep convection are over and downstream of
the mountains - in areas generally affected by a deep mountain
ABL.

In order to analyse the impact of the mountain ABL on the
pre-convective atmospheric conditions, the temporal evolution of
convection-related parameters on days with different mountain
ABL evolutions was investigated at Corte in the interior of the
island. Spatial differences of convection-related parameters on days
with and without deep convection were analysed using data from
this station, which was located very close to the location where
the maximum of deep convection occurred, and from Ajaccio on
the west coast, which is found in some distance from most deep
convective cells (Fig. 6.16). Furthermore, the relation between
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Figure 6.16.: Number of cloud-to-ground flashes between 1200 and
2400 LT for the months August, September and October from 2001
to 2010. The data derive from the Siemens lightning information
service (BLIDS), which is based on the EUropeean Cooperation
for LIghtning Detection (EUCLID). The orography of Corsica is
indicated by the black isolines and the locations of Ajaccio and
Corte are marked by the green and red dots, respectively.

the conditions at the different sites and the evolution of deep
convection was assessed. Days without deep convection include
IOP days with undisturbed mountain ABL evolutions (15 August;
19 August, Sect. 5.1; 24 August; 21 September; 23 September; and
05 October) as well as days when the mountain ABL evolution was
interrupted (02 October, Sect. 5.2) or inhibited (09 October, Sect.
5.3) by the background flow (see also Tab. B.1 in the appendix).
Unfortunately, of all days with isolated deep convection (23 August,
25 August, 06 September and 09 September) only 06 September
was an IOP day with regular radiosoundings at Corte. Available
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Stiive diagrams for the analysed days at around noon are included
in the appendix (Figs. B.6 to B.17).

6.2.1. Temporal Evolution at Corte
CAPE and CIN

As CAPE and CIN could only be obtained when temperature
and humidity profiles were available from radiosoundings, these
parameters were compared for IOP days. A diurnal evolution
of CAPE and CIN at Corte only occurred on three days with
undisturbed mountain ABL evolutions, i.e. on 19 August, 24
August and 23 September. On these days, CAPE increased during
the day and reached maximum values in the afternoon (Fig. 6.17).
Simultaneously, CIN decreased. On 15 August, a lid at around
3500 m MSL prevented high CAPE values in the afternoon, while
on 06 September, i.e. a day with deep convection, CAPE increased
and CIN even became zero in the course of the day. On the other
IOP days, CAPE and CIN either showed no diurnal variation or
could not be calculated for different reasons: on 21 September and
05 October a lifted air parcel never got positively buoyant and
thus CAPE and CIN were not defined. On 02 and 09 October
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Figure 6.17.: CAPE and CIN derived from radiosonde profiles at
Corte on 15 August, 19 August, 24 August, 06 September and 23
September.
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no diurnal variation of CAPE and CIN could be detected, as the
conditional instability was either limited due to elevated inversions
or not defined.

TT Index and RH

Furthermore, the TT index and RH were used to describe at-
mospheric stratification and low- and mid-level humidity. These
parameters had the advantage of existing for each profile and
could also be calculated from microwave radiometer profiles for
days when no radiosonde profiles were available. Because RH was
averaged between about 1500 and 3000 m MSL, i.e. around and
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Figure 6.18.: TT index and RH at Corte on 19 August (a), 05
October (b), 02 October (c¢) and 09 October (d). The parameters
are derived from profiles measured by radiosondes and the numbers
in the diagrams denote time in LT.
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above mountain-ridge height, it reflected the evolution of the upper
part of the mountain ABL. When the mountain ABL height was
significantly lower than 3000 m MSL, RH could also be dominated
by other processes, like large-scale advection. A characteristic
evolution of the TT index and RH was evident for days without
deep convection and with an undisturbed mountain ABL evolution.
In Figs. 6.18a and b, this characteristic evolution is exemplified
for 19 August and 05 October. The TT index mostly increased
during the day reaching maximum values of 57 °C in August (Fig.
6.18a) and 53 °C in October (Fig. 6.18b) in mid-afternoon or
early evening, mainly because of a warming and moistening of
the lower troposphere. Starting in mid-morning RH increased,
with maximum values of 58 % in August (Fig. 6.18a) and 41 %
in October (Fig. 6.18b) occurring in the late afternoon or early
evening. This was mainly related to an increase of humidity in the
middle troposphere due to the evolution of a deep mountain ABL.
This means that the most favourable pre-convective conditions, i.e.
high TT index and RH, occurred at about the same time. The
evolution of RH was similar to the one of IWV, which confirms
the finding that the IWV evolution was significantly influenced
by advective venting on days with undisturbed mountain ABL
evolutions (Sect. 6.1). Similar to the seasonal evolution of the
water-vapour distribution, the TT index and RH depended on the
time of the year, with in general higher TT indices and RH values
in August than in October (Figs. 6.18a and b).

On 02 October, RH decreased during the course of the day
mainly due to large-scale advection of dry air (Fig. 6.18c and Sect.
5.2). Between 0700 and 1200 LT, it dropped by more than 25
%. With the evolution of a deep mountain ABL between 1200
and 1500 LT, the decrease of RH was paused and the TT index
strongly increased by almost 4 °C up to about 56 °C. When the
evolution of the mountain ABL was interrupted and dry and warm
air intruded the mountain ABL around 1630 LT, the decrease of
RH was enhanced and the TT index decreased by about 5 °C.

On 09 October, RH was low and the TT index did not increase as
long as the intrusion of dry and warm air from the free troposphere
inhibited the evolution of a mountain ABL at Corte (Fig. 6.18d
and Sect. 5.3). As soon as the intrusion weakened in the afternoon,
RH increased until 1500 LT, mostly because the temperature
decreased in the relevant layer. Once the moist upvalley-wind layer
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replaced the intruding dry air after around 1630 LT, the TT index
increased.

Overall, the pre-convective environment at Corte considerably
depended on the evolution of a mountain ABL, which in general
favoured the subsequent development of moist convection, i.e.
it decreased the stability of the atmospheric stratification and
increased the low- and mid-level humidity content. An intrusion
of warm and dry air generally decreased RH and the TT index,
which was unfavourable for the evolution of moist convection.

6.2.2. Spatial Distribution over the Corsican
Island

Like for Corte, CAPE and CIN were rather often not defined for
radiosonde profiles obtained at Ajaccio. Because of that, the TT
index and RH were applied to investigate spatial differences in the
atmospheric conditions between Corte and Ajaccio. Figure 6.19
shows the TT index and RH on days with an undisturbed mountain
ABL evolution, calculated from the 1300 LT radiosounding at
Ajaccio and from the 1300, 1400 or 1500 LT radiosounding at
Corte. The TT index and RH were always higher at Corte than
on the west coast, which was probably caused by the negative
impact of the sea breeze on the coast leading to a cooler lower
troposphere and by the higher humidity in low- and mid-levels
at Corte. Thus, it is concluded that the conditions in the early
afternoon were in general more favourable at Corte than on the
west coast, which was obviously strongly related to the positive
impact of the evolution of a deep mountain ABL at Corte and the
negative impact of the cool sea-breeze layer on the coast.

The TT index and RH at Corte and Ajaccio were compared for
days with and without deep convection. In addition to radiosonde
profiles, the parameters were calculated from microwave radiometer
profiles at Corte at 1300, 1400 and 1500 LT. The TT index at both
stations varied mainly between about 40 and 60 °C (Fig. 6.20).
While days without deep convection were usually associated with
a TT index at Ajaccio lower than about 53 °C, deep convection
occurred on days with a TT index ranging from about 51 to
61 °C. The RH values at Ajaccio mostly varied between about
10 and 50 % and were rather independent of the occurrence of
deep convection, i.e. days with and without deep convection were
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Figure 6.19.: TT index and RH at Corte and Ajaccio on days

with undisturbed mountain ABL evolutions. The parameters are

derived from radiosoundings at Ajaccio at 1300 LT and at 1300,
1400 or 1500 LT at Corte.

associated with the same RH values. In the statistical analysis in
Sect. 1, days with deep convection were classified in four categories
using thresholds for the TT index and RH to distinguish between
conditions favourable and unfavourable for the evolution of deep
convection. During the HyMeX field campaign, four days with
isolated deep convection occurred, each of them assignable to
another category (Fig. 6.20). This means that deep convection
occurred rather independent of the convection-related parameters
calculated for Ajaccio. For example on the day of category IV (25
August), deep convection developed above the island despite a TT
index of about 51 °C and a RH value of about 25 % at Ajaccio
around noon, i.e. the values were much lower than the respective
thresholds and did not at all indicate conditions favourable for
deep convection.

At Corte, RH varied between about 25 and 90 %, while deep
convection only occurred when the RH value was larger than 45
%. In addition, days with deep convection were mostly associated
with a TT index higher than the threshold of 57 °C. For RH values
ranging between about 45 and 50 % and TT index values between
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Figure 6.20.: TT index and RH at Corte and Ajaccio on days
with (red) and without (black) isolated deep convection. The
parameters are derived from profiles measured by radiosondes (RS)
at 1300 LT at Ajaccio and at 1300, 1400 or 1500 LT at Corte as
well as from profiles measured by microwave radiometer (MWR)
at Corte at 1300, 1400 and 1500 LT. The dashed lines indicate the
thresholds for the TT index and RH and the respective categories
I to IV (Sect. 1) are indicated in the corners.

about 57 and 58 °C, days with and without deep convection oc-
curred both. When using profiles measured at Corte and applying
the same classification as for Ajaccio, deep convection mostly oc-
curred on days of category I, i.e. under conditions favourable for
the evolution of deep convection.

On 25 August, the conditions in the pre-convective environment
were assigned to category IV at Ajaccio and category I at Corte. To
explain the differences of convection-related parameters between
the two stations, the temporal evolution of the TT index and
RH at Corte was investigated. The TT index at Corte at 1000
LT was similar to that at Ajaccio at 1300 LT, i.e. they both
belonged to category IV (Fig. 6.21). After 1000 LT, the TT index
and RH increased significantly at Corte, which was attributed to
the evolution of a deep mountain ABL, and reached category I
after 1300 LT. In mid-afternoon, the TT index was as high as
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Figure 6.21.: TT index and RH at Corte (colour-coded) and
at Ajaccio (black triangle) at 25 August. The parameters are
derived from profiles measured by a radiosonde at Ajaccio and by
a microwave radiometer at Corte. The numbers in the diagram
denote time in L'T. The dashed lines indicate the thresholds for
the TT index and RH and the respective categories I to IV (Sect.
1) are indicated in the corners.

60 °C and RH varied around 60 %. In this environment deep
convection evolved over the mountains in the north-eastern part
of the island after around 1600 LT. This example well illustrates
why deep convection was able to develop above the island despite
unfavourable conditions on the coast.

6.3. Discussion

The combination of comprehensive measurements on the Corsican
Island allowed to capture the complete transportation paths of
water vapour, in contrast to most previous studies, where only
parts of the transport processes or the final impact on the humidity
distribution were observed (e.g. Ohtani, 2001; Henne et al., 2004).
Based on the analysis of data from the whole field campaign and
from individual case studies schematic diagrams were developed to
summarize the characteristic features of the transportation paths of
water vapour on days with undisturbed mountain ABL evolutions
(Figs. 6.22a, b and c). Before the evolution of thermally driven
circulations in the early morning, the water-vapour distribution
above the mountain ridges was horizontally homogeneous in the
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idealized case without any large-scale humidity gradients. The
IWYV mainly depended on station height.

During the morning, thermally driven circulations developed
(Fig. 6.22a). A sea breeze, which was detected by near-surface
measurements, sodar and radiosondes on the east coast, inland
transported maritime air. On the west coast, the regular evolution
of a sea breeze was captured by near-surface measurements and
radiosoundings. The humidity in this layer was often lower than
on the east coast and it is speculated that this may have been
related to different coast characteristics. Because the sea-breeze
layer depth typically did not exceed a couple of hundred metres, it
affected the IWV evolution on the coasts only little, causing weak
IWYV increases, if at all. Upslope winds, which were measured by
a scanning wind lidar and at a surface station at a slope, could
carry moist air from the valleys up the slopes, i.e. topographic
venting could occur. This frequently caused a decrease of IWV in
the valleys in the morning. Horizontal humidity differences formed
with higher humidity values above the slopes and ridges, which were
detected in microwave-radiometer scans and aircraft measurements
and confirmed the existence of topographic venting of moist air.
The transport of water vapour was associated with the evolution
of a deep mountain ABL above the mountain ridges. Its depth
varied significantly, depending on the near-surface temperature, i.e.
the season of the year, and on the atmospheric stratification above
the ridges. Higher near-surface temperatures and weaker stable
stratification favoured the evolution of a deep mountain ABL.

Water vapour was also inland transported from the coast along
the Tavignano Valley, which was attributed to the superposition of
upvalley wind and sea breeze, resulting in a combined upvalley-wind
and sea-breeze layer. This inland transport was detected by surface
stations, microwave radiometers and radiosondes. The moist air in
the upvalley-wind layer arrived at Corte in the centre of the island
in late morning or early afternoon, contributing to an increase of
IWV. Once the water vapour from the valley was transported with
the upslope winds, the horizontal humidity differences above the
ridges enhanced. The evolution of humidity differences allowed
the advection of water vapour downstream of the mountain ridges,
i.e. advective venting was present. Radiosondes measured elevated
humidity layers and GPS and microwave radiometers detected an
IWYV increase over and downstream of the mountain ridges in the
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Figure 6.22.: Schematic diagrams illustrating the transportation
paths of water vapour on days with undisturbed mountain ABL
evolutions (a), (b) and (c) and on days with isolated deep convec-
tion (d). The water-vapour distribution under westerly upstream
flow is indicated by the dotted areas along a west-east cross section
through the island orography in the panels on the left. The condi-
tions in late morning (a), shortly after noon (b) and late afternoon
(c) are displayed. The thick dashed line indicates the mountain
ABL height. The panels on the right show the schematic IWV
profiles on the west coast (W), in the centre (C) and at and east
coast (E) of the island. In (d), a dissolving deep convective cell
that developed above the mountain gets downstream advected and
affects the water-vapour distribution in and above the mountain
ABL.

interior of the island shortly after noon (Fig. 6.22b). Vertical
coupling of surface-based convective cells to elevated updraughts,
observed in the Tavignano Valley in the interior of the island (Sect.
5.1), could also provide an effective vertical upward transport
of water vapour, possibly enhancing the moistening of a deep
mountain ABL.

Although advective venting of moist air from the lower mountain
ridge in the north-eastern part of the island towards the east
coast could have occurred, this process was not visible in the
measurements on the east coast. The advective venting on the
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east coast rather occurred in the same layers as at Corte in the
centre of the island. The impact of advective venting on the
downstream coast at San Giuliano was typically delayed by a
few hours compared to Corte. This was attributed to the spatial
distance between the main mountain ridge and the east coast. Once
the elevated moist layers that formed above the main mountain
ridge arrived on the downstream coast, the IWV increased and
the water-vapour distribution resembled the one at Corte in late
afternoon (Fig. 6.22c).

Because mainly westerly large-scale upstream conditions pre-
vailed during the measurement period, the east coast was frequently
affected by advective venting with the mean large-scale wind and
the evolution of a deep mountain ABL. It was found that the local
flow on the west coast regularly exhibited an easterly component,
even with a large-scale westerly wind component. This might have
been related to the formation of a return flow. Similar flow features
were found on the east coast on the few days with large-scale con-
ditions with an easterly wind component. Although the easterly
return flow component on the west coast or the westerly return
flow component on the east coast would allow advective venting of
moist air from the mountain ridges, the IWV only underwent a
diurnal cycle when the large-scale upstream conditions exhibited
an easterly or westerly component, respectively. This indicates
that the duration and vertical extent of advective venting with
the return flows on the coasts was not sufficient to show in the
IWV evolution. Overall, the IWV evolution on a downstream
coast was mainly caused by the transport of water vapour in ele-
vated layers with the large-scale wind resulting in the evolution
of a deep mountain ABL. The impact of advective venting on the
downstream coast could explain the observed mean assymetric
IWV distribution between the west and east coast.

While the maxima of IWV over the mountains (e.g. Wu et al.,
2003) and on the downstream side (e.g. Iwasaki and Miki, 2001)
in late afternoon were reported before, the diurnal cycle of IWV
over the Tavignano Valley differed from previous studies, in which
a decrease of IWV during the day in a valley was described (e.g.
Kuwagata et al., 2001). Instead, Corte in the Tavignano Valley
experienced the highest mean IWV value and the largest diurnal
IWYV variation from all stations located in the interior of the
island. This was mainly caused by the superposition of three
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processes: in the morning before the sea-breeze front arrived
at Corte, topographic venting might transport moist air from
the valley centre up the slopes, frequently causing a decrease
of IWV. Typically in the early afternoon, the humidity in the
Tavignano Valley increased in the combined upvalley-wind and
sea-breeze layer and in elevated layers above the valley, affected
by advective venting, leading to a strong rise of IWV. The impact
of advective venting on the IWV evolution at Corte was almost
independent of the upstream wind direction, probably because
Corte was surrounded by mountain ridges.

When isolated deep convection developed over the mountains
and was downstream advected over Corte, the humidity increased
in layers far above the mountain ABL and the IWV rose by several
kg m~2 (Fig. 6.22d). The humidity increase was presumably
caused by vertical motions within the convective cell, which trans-
ported water vapour upwards causing an exchange between the
mountain ABL and the free atmosphere. Once the cloud dissolved,
evaporation additionally contributed to an increase of humidity
in the free atmosphere. In addition to convection and thermally
driven circulations in the mountain ABL, vertical transport in a
deep convective cell added to the transportation paths of water
vapour.

When the background flow impacted the mountain ABL, the
typical diurnal evolution of humidity and its spatial distribution
were modified (Sec. 6.1.3). During one case study, the IWV
significantly decreased at Corte because dry air from the free
atmosphere intruded the mountain ABL. Observations at Corte
indicated the generation of water-vapour variability on a small
scale around Corte, i.e. on a scale of a few tenth of kilometres,
which lasted for about one hour. At the other GPS stations in
the interior of the island, the IWV still revealed the impact of a
mountain ABL, which confirmed the confined spatial scale of the
event. In another case study, the downward transport of warm
and dry air from the free atmosphere downstream of the mountain
ridges generated horizontal humidity variability on the scale of the
island, which lasted for several hours. During this event no impact
of a mountain ABL at any of the GPS stations in the interior of
the island was observed. The data indicate that the intrusion of
warm and dry air from the free atmosphere into the mountain
ABL downstream of a mountain ridge was an important process
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producing water-vapour variability on different time and length
scales, which were primarily controlled from above and not from
the surface. The IWV data from spatially distributed GPS stations
proved to be extremely useful for analysing spatial variabilities
of water vapour and the associated mountain ABL over complex
terrain.

The observations during the HyMeX field campaign confirmed
the assumption from the statistical analysis (Sect. 1) that the
conditions at Ajaccio were not representative for the environment
over the mountains in which deep convection developed, i.e. deep
convection occurred rather independent of mid- and low-level
humidity and static stability at Ajaccio (Sect. 6.2). In fact, the
conditions at Corte were much more meaningful for describing
the atmospheric conditions over the mountains. Even when the
conditions for the evolution of deep convection were unfavourable
on the coast, the evolution of a deep mountain ABL at Corte
strongly favoured the conditions in the pre-convective environment
in which deep convection finally evolved. It is concluded that
radiosoundings at Corte allowed to distinguish and predict days
with deep convection and the soundings therefore are representative
for the pre-convective environment. This means that observations
with a spatial resolution on the mesoscale are necessary to properly
relate deep convection over complex terrain to the pre-convective
environment. The threshold used for the TT index agreed with
values applied in previous studies (Ducrocq et al., 1998). As far
as is known, RH, i.e. the humidity content between 850 and 700
hPa, has not been used to characterize the conditions in the pre-
convective environment. Thus, its threshold cannot be compared
with values for other areas. The observations suggest that RH is
a meaningful parameter when characterizing the pre-convective
environment over the Corsican Island by means of radiosonde
profiles obtained in the island centre. However, the limited number
of cases with deep convection during the HyMeX field campaign
did not allow to statistically assess the skill of the TT index and
RH at Corte for predicting isolated deep convection.

For a small range of TT index and RH values at Corte, days
with as well as without deep convection occurred. Possible reasons
for this could be the uncertainty range of the TT index and RH
values, based on the measurement accuracy of the temperature
and humidity data, but also that the atmospheric conditions at
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Corte still did not represent the pre-convective environment over
the interior of the island where deep convection evolved. For
example, the initiation of deep convection more likely takes place
above the mountain ridges, where thermally driven circulations
provide a trigger mechanism, i.e. several kilometres away from
Corte. The latter possible reason implies that the evolution of
convection sometimes depends on spatial atmospheric variabilities
on an even smaller scale than resolved by the installed network on
the Corsican Island.






7. Summary and Conclusions

7.1. Summary

During late summer and autumn, isolated deep convection fre-
quently develops over the mountainous island of Corsica in the
western Mediterranean Sea. A statistical analysis of the pre-
convective environment on the west coast for a 10-year time period
indicated that deep convection over the island in many times
evolved despite strong stable stratification and low humidity in
the middle atmosphere, i.e. conditions not at all favourable for
the occurrence of deep convection. Possible reasons for that are
mesoscale spatial variabilities of water vapour and atmospheric
stratification, which are considered as decisive for the evolution of
deep convection. Over complex terrain, convection and mesoscale
thermally driven circulations develop under fair weather condi-
tions during daytime. The co-existence and superposition of the
associated various transport processes produce a diurnal varia-
tion of atmospheric variables in a deep atmospheric layer, named
mountain ABL. Nevertheless, the superposition of relevant trans-
port processes and the evolution of the mountain ABL and its
impact on the pre-convective atmospheric environment are still not
completely understood, because observations over complex terrain
especially on the transition between the turbulent scale and the
mesocale are rare. Thus, this thesis focused on identifying multi-
scale transport processes in the mountain ABL over the Corsican
Island by means of comprehensive measurements. Furthermore,
the influence of these processes on the spatial variabilities of water
vapour, convection-related parameters and the evolution of deep
convection was assessed and the benefit of integrated measurement
systems was investigated.

The used data were mainly gathered with the mobile observa-
tion platform KITcube on the Corsican Island during the HyMeX
field campaign in late summer and autumn 2012. The island’s
dimension amounts to about 180 km in north-south and 80 km in
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west-east direction. It features a main north-northwest to south-
southeast oriented mountain ridge with more than 20 peaks higher
than 2000 m MSL, and another somewhat lower mountainous area
in the north-western part of the island. In between these areas,
the Tavignano Valley runs from the east coast to Corte in the
centre. The KITcube measurement systems were distributed over
two main deployment sites: one station was located at Corte in the
centre of the island in the Tavignano Valley and another one on the
east coast at San Giuliano. Corte was equipped with e.g. various
in-situ devices to measure mean and turbulent variables near the
surface; a radiosonde system to obtain vertical profiles of tempera-
ture, humidity and wind; a scanning microwave radiometer, which
e.g. provides spatial information about the water-vapour distri-
bution; and two wind lidars and a cloud radar for radial velocity
measurements under cloud-free and cloudy conditions. Its location
in the Tavignano Valley east of the main mountain ridge enabled
to observe the mountain ABL and convection-layer evolution in
the valley. Three mobile towers measuring near-surface mean and
turbulent variables collected data along the axis of the Tavig-
nano Valley. Surface stations, a radiosonde system and microwave
radiomter at San Giuliano covered the coastal to maritime atmo-
spheric conditions on the east coast, while operationally launched
radiosondes and an automatic weather station at Ajaccio provided
some information about the atmospheric characteristics on the
west coast. A permanently operated GPS network, consisting of
16 stations distributed over the island, delivered information about
the spatial IWV distribution. Aircraft data from west-east flight
tracks across the island at different levels yielded spatial variability
of mean and turbulent variables above the mountain ridges on
some days.

In order to detect the top of the mountain ABL and the part of
the mountain ABL which was affected by surface-based, buoyancy-
driven turbulent mixing objective methods were developed and
implemented. Standard methods to detect the CBL height were
applied to data measured at Corte over complex terrain as well
as over homogeneous terrain. While the CBL height over homo-
geneous terrain determined with different algorithms gave similar
results and also agreed with the layer in which atmospheric vari-
ables showed a diurnal cycle, large variations in the differently
detected CBL heights occurred over complex terrain. Because the
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variance of the vertical wind speed measured by wind lidars was
the only available variable that directly represented turbulence, it
was applied to detect the top of the layer dominated by buoyancy-
driven turbulent mixing in the Tavignano Valley. To assure that
the turbulent mixing was also surface-based, the skewness of the
vertical wind speed was used as an additional criterion. When
turbulent mixing is mainly surface-based and buoyancy-driven in
an atmospheric layer, the skewness is generally positive through-
out that layer. The height of the layer dominated by convection
was detected as the level above which the variance fell below a
certain threshold and the skewness was mainly positive below this
level. As the vertical structure of temperature and humidity in
this layer over complex terrain did not resemble the structure of
a classical CBL over homogeneous terrain, this layer was termed
convection layer instead of CBL to avoid confusion. The mountain
ABL detection method was based on humidity profiles measured
by radiosondes. The level up to which a significant diurnal in-
crease of specific humidity occurred between subsequent profiles
was identified as mountain ABL top. Due to the additional impact
of advection related to thermally driven circulations, the height of
the mountain ABL and convection layer in the Tavignano Valley
typically differed in the course of the day.

Motivated by the results of the statistical analysis several scien-
tific objectives were formulated, which were addressed in detail by
means of case studies as well as long-term observations during the
field campaign.

1. The first main objective was to identify the typical undis-
turbed evolution of the mountain ABL under fair weather
conditions and to determine the processes which were respon-
sible for its evolution. Based on data from 19 August 2012,
the characteristics of a mountain ABL with an undisturbed
evolution and the processes governing this evolution were
identified and illustrated in a conceptual model focusing on
Corte.

A combined upvalley-wind and sea-breeze layer established in
the Tavignano Valley. The arrival of the sea-breeze front was
derived from a strong humidity increase in the upvalley-wind
layer at Corte at around noon. Strong mean subsidence in
the order of -1 m s~ lasting for several hours occurred in
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an atmospheric layer of several hundred metres depth within
the mountain ABL above the valley centre. The estimation
of the mass balance for an air volume centred at Corte
revealed that the subsidence was likely induced by low-level
divergence mostly due to upslope flows. There was evidence
that the compensating subsidence reduced the growth of
the convection layer, but at the same time contributed to
the breakup of the nocturnal surface inversion in the valley
by warming from above. In the afternoon, warming due
to mean subsidence and horizontal advection within the
stably stratified combined upvalley-wind and sea-breeze layer
probably contributed to the stabilization in parts of the
convection layer despite vertical mixing due to convection.

Above the long-lasting subsidence layer in the valley elevated
vertical motions were found, consisting of alternating up-
and downdraughts. When the convection layer in the valley
centre reached the bottom of the layer with the elevated
vertical motions, updraughts in the two layers vertically
coupled and cells reached from the surface up to top of the
layer with elevated vertical motions, resulting in a strong
growth of the convection-layer depth. Simultaneously, the
humidity and aerosol content rapidly increased in the layer
with the elevated vertical motions. This suggests that cell
coupling caused an effective vertical transport, which resulted
from the superposition of turbulent and mesoscale processes.
Thus, a dependency of the convection-layer growth in the
valley on various processes was evident: subsidence reduced
its growth, while a previous labilisation due to advection or
vertical cell coupling enhanced it.

Horizontal humidity inhomogeneities formed in elevated lay-
ers with higher humidity values above the mountain ridges.
These were likely related to topographic venting, i.e. an
upward transport of moist air with upslope winds, and by
convection above the ridges. Simultaneously, a complex flow
structure evolved at Corte in the Tavignano Valley during
the day and three different wind layers, i.e. the upvalley wind
and two elevated wind layers, were identified, all showing a
diurnal variation and modifying the large-scale north-easterly
flow. Likewise, an elevated layer with a westerly wind com-
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ponent evolved on the east coast in the afternoon within the
large-scale flow. The elevated wind layers might have been
the return flows of thermally driven circulations. Depending
on the wind direction, moister air from above the ridges was
transported downstream with the mean wind, i.e. advective
venting occurred, and explained the formation of elevated
moist layers and a deep mountain ABL at Corte and on the
coasts.

The advective venting of moist air resulted in the evolution
of a deep mountain ABL which extended up to about 3200
m MSL, i.e. about 2800 m above the floor of the Tavig-
nano Valley at Corte. Because the mountain ABL resulted
from convection as well as thermally driven processes, it
was considerably deeper than the convection layer in the
valley and also deeper than a CBL that would evolve over
homogeneous terrain under equal surface forcing. The esti-
mated level of neutral buoyancy of an air parcel rising from
the mountain ridges well agreed with the mountain ABL
height and it was concluded that the mountain ABL height
depends on mountain-ridge height, near-surface temperature
and atmospheric stratification.

2. The second main objective focused on how the mountain
ABL evolution was influenced by the background flow. To
address this objective, two case studies were carried out,
when the evolution of the mountain ABL was interrupted
(02 October 2012) or inhibited (09 October 2012). As clear
skies and high surface sensible heat fluxes would allow for
convection and thermally driven circulations on both days,
it was expected that the large-scale background flow caused
the different mountain ABL evolutions. Both analysed days
were characterized by a large-scale westerly wind component
so that Corte was downstream of the main mountain ridge.
However, the upstream wind was more than twice as strong
on 09 October 2012 than on 02 October 2012.

On 02 October 2012, a convection layer, a south-easterly
upvalley wind layer and a mountain ABL established at
Corte during the day. In the afternoon, a layer developed,
in which the potential temperature and specific humidity
were about constant with height and which was deeper than
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the convection layer. Within this layer, warm and dry air
with a westerly wind component, accompanied by strong
upward motions, gradually replaced the air of the mountain
ABL. This air mass approached Corte from the west and
originated from a layer in the free atmosphere around ridge
height. Between the intruding air mass with a westerly
wind component and the south-easterly upvalley-wind layer
a convergence zone developed, which was located right at
Corte and resulted in strong upward motions. The typical
mountain ABL evolution with thermally driven circulations
and convection was interrupted at Corte for about one hour.

Already in the morning of 09 October 2012 a warm and dry
air mass with a westerly wind component, which orignated
from the free atmosphere, intruded the atmosphere in the
Tavignano Valley at Corte. This was associated with down-
ward motions. Once the nocturnal surface inversion was
eroded, this air mass reached the ground, causing a sudden
change of near-surface conditions: the temperature increased,
humidity and particle density decreased, the variance of the
vertical wind speed increased and the wind gained a westerly
large-scale component and accelerated. As similar changes
in near-surface conditions occurred at the same time at Pont
génois, which is located south-east of Corte about 15 kilo-
metre further down the valley, it was concluded that the
intruding air mass extended far along the valley. Because a
typical upvalley wind evolved closer to the mouth of the Tavi-
gnano Valley during the day, horizontal convergence existed
between Pont génois and the valley mouth. The intrusion
of free-atmosphere air at Corte and Pont génois lasted for
several hours and inhibited the evolution of thermally driven
circulations and a mountain ABL in this section of the val-
ley. In the afternoon, the upvalley wind, which prevailed
further down the valley all day long, pushed up the valley
and gradually replaced the intruding air mass.

The conditions at Corte presumably depended on the loca-
tion of the convergence zone which was generated between
the intruding warm and dry air mass with a westerly wind
component and the cool and moist upvalley-wind layer. It
occurred around Corte producing upward motions at the
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station on 02 October 2012, while it existed much further
downstream of Corte on 09 October 2012 resulting in strong
downward motions at Corte. To explain the intrusion of the
warm and dry air mass, several possible mechanisms were
investigated, i.e. turbulent transport, large-amplitude lee
waves or downslope windstorms, and the likelihood of their
occurrence was discussed for these two days.

3. The third scientific objective was to investigate how the evo-
lution of the mountain ABL affected the temporal and spatial
variabilities of water vapour and atmospheric stratification
over the Corsican Island and to study whether information
on a higher spatial resolution allowed a better understand-
ing of the evolution of deep convection. This objective was
addressed based on data from the three-month measurement
period and from individual case studies.

The atmospheric water-vapour distribution was closely re-
lated to the evolution of the mountain ABL. Large differences
in the IWV evolution occurred on days with undisturbed,
interrupted and inhibited mountain ABL evolutions. An
undisturbed evolution of a deep mountain ABL was typically
accompanied by an increase of IWV shortly after noon, max-
imum IWYV values in the late afternoon or early evening and
a decrease afterwards. Besides the station height, the IWV
depends on whether the atmosphere above the station was
moister in regard to the reference atmosphere, i.e. whether
it was affected by a deep mountain ABL. From the whole
HyMeX field campaign period, days where selected when
the temporal IWV evolution was presumably primarily con-
trolled by processes in the mountain ABL. For these days, the
mean spatial distribution of IWV over the Corsican Island
was analysed by means of GPS measurements. The most
interesting findings are that the mean IWV in the afternoon
was generally lower on the west coast than on the east coast
at the same height; the IWV at all stations in the interior
of the island was significantly higher than in the reference
atmosphere at the corresponding heights, i.e. they were all
influenced by the evolution of a deep mountain ABL; and
the strongest diurnal cycle of IWV occurred at Corte.
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The layers contributing to the IWV evolution on the coasts
and in the interior of the island at Corte were analysed
exemplarily for two days with undisturbed mountain ABL
evolutions, one in August and one in October. The most
significant transport processes were found to be advection of
water vapour in the combined upvalley-wind and sea-breeze
layer in the Tavignano Valley and topographic and advective
venting. While the elevated horizontal humidity gradients,
necessary for advective venting, were related to the orogra-
phy, the transport of water vapour mainly occurred with the
large-scale wind. These processes resulted in a large spatial
variability of water vapour between the interior of the island
and the upstream and downstream coasts. With mainly west-
erly large-scale upstream conditions, the processes explained
the higher mean IWV on the east coast compared to the
west coast. As Corte in the Tavignano Valley was affected
by the water-vapour transport in the combined upvalley-
wind and sea-breeze layer, as well as by a transport of moist
air from the surrounding mountain ridges due to advective
venting, the diurnal cycle of IWV was most pronounced at
this station. The diurnal cycle of IWV revealed a seasonal
dependency with higher IWV amplitudes in August than
in September or October. This was attributed to deeper
mountain ABL depths in August, which were mainly related
to higher near-surface temperatures. When intrusions of
warm and dry air from the free atmosphere interrupted or
inhibited the mountain ABL evolution, the diurnal cycle of
IWV was also interrupted or not evident in the respective
areas.

To characterize the pre-convective environment over the Cor-
sican Island, the TT index accounting for static stability and
low-level humidity and the relative humidity (RH) averaged
between 850 and 700 hPa characterizing the mid-level humid-
ity turned out to be suitable. The great advantage of these
convection-related parameters was, compared to CIN and
CAPE, that they were defined for each sounding and could
also be calculated from microwave radiometer measurements.
The evolution of a mountain ABL at Corte typically led
to an increasing TT index mainly due to a warming and
moistening of the lower troposphere and an increasing RH
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mostly because of an increasing humidity in mid-levels, i.e.
the conditions became more favourable for the subsequent
evolution of deep convection. An interruption or inhibition
of the mountain ABL evolution at Corte due to an intrusion
of dry and warm air from the free atmosphere led to low RH
and TT values. When a deep mountain ABL evolved over the
Corsican Island, the atmospheric conditions in the interior of
the island were much more favourable for the development
of deep convection than on the west coast. A comparison
of days with and without isolated deep convection showed
that the occurrence of deep convection over the island was
rather independent of the atmospheric conditions on the west
coast, as was expected from the statistical analysis. Deep
convection occurred over the island for values of the TT
index and RH on the west coast indicating favourable as well
as unfavourable conditions for deep convection. In contrast,
the TT index and RH at Corte were mainly higher than the
thresholds on days with deep convection, which means that
Corte is a representative site to predict deep convection over
the island. Thus, spatial variabilities of convection-related
parameters occurred on the mesoscale due to the evolution
of the mountain ABL, which explains why deep convection
evolves over the Corsican Island under unfavourable condi-
tions on the west coast.

7.2. Overall Conclusions

In this thesis, the superposition of multi-scale boundary-layer pro-
cesses and their importance in producing water-vapour variability
was proved and the transporation paths of water vapour were
identified by means of comprehensive measurements. Due to their
high complexity, simultaneously observing all processes from the
turbulent scale to the mesoscale is a great challenge. However,
measuring relevant processes involved is necessary to improve the
understanding of the whole process chain and transportation paths.
From the KITcube measurements on the Corsican Island during
HyMeX new aspects were gained, which are highlighted in the
following. The combination of such a large number of in-situ and
remote sensing instruments available on the island, particularly at
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Corte, was quite unique. The integration of different instruments,
the implementation of the designed measurement configuration and
coordinated scan strategies successfully allowed to simultaneously
capture relevant processes and enhanced the process understand-
ing. For example, while wind-lidar scans revealed the existence of
upslope winds, parallel microwave-radiometer scans indicated the
accumulation of humidity above the higher terrain. This confirms
water-vapour transport with the upslope winds. Furthermore, the
cloud radar provided additional information about vertical motions
in layers where the aerosol content was obviously not sufficient for
the wind lidar to return valid data. This contributes to a better
understanding of the prevailing vertical transport processes.
Several previously unreported boundary-layer processes were
observed at Corte: the combination of radiosondes, a wind lidar, a
cloud radar and a microwave radiometer provided experimental evi-
dence of a vertical transport process in a valley when surface-based
convective cells coupled to elevated updraughts. The intrusion of
dry and warm air with an upstream wind component from the
free atmosphere down to the surface in a downstream valley gener-
ated mesoscale water-vapour variability, which was controlled from
above and not from the surface. Three independent instruments
provided evidence for strong, compensating subsidence in a valley.
As such strong subsidence has not been observed by continuous
remote sensing at a valley site before, this suggests that its impact
on the evolution of the mountain ABL and especially on the depth
of the convection layer has possibly been underestimated so far.
The complex terrain of the Corsican Island and the humid envi-
ronment of the western Mediterranean provided ideal conditions
to study the influence of a mountainous island on the evolution
of deep convection. The impact of the terrain on deep convection
could clearly be demonstrated: transport processes ranging from
the turbulent to the mesoscale lead to the evolution of a mountain
ABL and cause variabilities of humidity and convection-related
parameters over the Corsican Island, which are decisive for the
development of isolated deep convection. This means in order
to properly relate deep convection to the pre-convective environ-
ment, the conditions, especially in low- and mid-levels, have to
be known with high spatio-temporal resolution. As great parts of
the Earth’s surface consist of complex or mountainous rather than
homogeneous terrain, comparable dependencies can be expected
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for most of those regions, too. Thus, the derived findings may
give valuable hints for the interpretation of precipitation events
assigned to mesoscale inhomogeneities.
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A. Acronyms and Symbols

Acronyms

ABL
ACTIPLAN
AGL
AROME

AROME WMED
BLIDS
CAPE

CBL

CIN

Atrop

EL

ENSG
EUCLID
EUMETSAT
GFZ

GPS
HD(CP)?

HOPE
HyMeX
IGN

I0OP
IAVAY

Atmospheric Boundary Layer
company

Above Ground Level
Applications of Research to Operations at
MEsoscale

HyMeX-dedicated version of the French
operational AROME system

Siemens lightning information service
Convective Available Potential Energy
Convective Boundary Layer

Convective Inhibition

tropospheric delay

Equilibrium Level

Ecole Nationale des Sciences
Géographiques

European Cooperation for Lightning
Detection

European Organisation for the
Exploitation of Meteorological Satellites
Helmholtz-Zentrum Potsdam, Deutsches
GeoForschungsZentrum

Global Positioning System

High Definition of Clouds and
Precipitation for Climate Prediction
HD(CP)? Observational Prototype
Experiment

Hydrological cycle in the Mediterranean
eXperiment

Institut Géographique National

Intense Observation Period

Integrated Water Vapour
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LAREG
LCL
LFC
lidar

LT

LAboratoire de Recherche en Géodésie
Lifting Condensation Level

Level of Free Convection

light detection and ranging

Local Time (UTC plus 2 hours)

METEO FRANCE french weather service

MSG
MSL
MWR
NBL
radar
RH

RS
SNR
SOP
TAF
TKE
TT
UTC
ZHD
ZTD
ZWD

Meteosat Second Generation
above Mean Sea Level

microwave radiometer

Nocturnal Boundary Layer

radio detection and ranging
mean relative humidity averaged between
850 and 600 hPa

radiosonde

Signal-to-Noise Ratio

Special Observation Period
Topographic Amplification Factor
Turbulent Kinetic Energy

Total Totals index

coordinated universal time

Zenith dry or Hydrostatic Delay
Zenith Total Delay

Zenith Wet Delay

absorption coefficient

conversion factor

wavelength

smallest possible wavelength for steady waves
kinematic molecular diffusivity for water vapour
azimuth angle

geographic latitude

density of dry air

mean density of dry air

density of moist air

particle density

water-vapour density

backscatter cross section
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Q 9 9
SISEESEES)

& & D :CDSJ\@\@*

Q
o

W< W

variance of the wind component in z-direction
variance of the wind component in y-direction
variance of the wind component in z-direction
optical depth of the atmosphere

potential temperature

mean potential temperature

near-surface mean potential temperature
potential temperature of a lower layer in hydraulic
flow theory

intrinsic angular frequency

angular frequency in a fixed reference frame
complex wave amplitude

scalar

aerosol content

complex wave amplitude

scalar

Planck function

phase speed

speed of light in vacuum

specific heat at constant pressure for dry air
flow-layer depth

scalar

target diameter

far upstream flow-layer depth

latent heat flux

water vapour pressure

surface latent heat flux

basis vector in cylinder coordinates

basis vector in cylinder coordinates
saturation water vapour pressure

basis vector in cylinder coordinates

frequency

flux through cylinder

Froude number for hydraulic flow theory
gravity acceleration

barrier height

Planck constant

surface sensible heat flux

height of the Earth’s surface

cylinder height
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Ri.

height from cylinder bottom

height of the top of the atmosphere

radiant power per unit area and per unit solid
angle within a specified frequency interval
wavenumber in z-direction

factor related to the composition-dependent index
of refraction

Boltzmann constant

specific latent heat of vaporization

Scorer parameter

unit mass

wavenumber in z-direction

mass of water vapour per unit volume and time,
which is created by phase changes from liquid or
solid

mapping function

mapping function

Brunt-Viiséla frequency

number of azimuth angles during a scan

unit normal vector in cylinder coordinates

air pressure

surface pressure

transmitted power

received power

specific humidity

mean specific humidity

correlation coefficient

cylinder radius

distance from cylinder centre

gas constant for dry air

relative humidity

gradient Richardson number

bulk Richardson number

critical Richardson number

water-vapour mixing ratio

radial velocity

radial velocity projected on z-y plain

skewness of the wind component in z-direction
path of propagation

cylinder surface
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source term in the radiative transfer equation
physical temperature

time

brightness temperature

dewpoint temperature

water-vapour weighted mean temperature in an
atmospheric column

virtual temperature

horizontal upstream flow speed

flow speed in z-direction

mean flow speed in z-direction

flow speed fluctuation in z-direction
cross-shore wind component resulting from the
large-scale pressure gradient

horizontal fluid speed at the mountain ridge
horizontal wind speed in a sea breeze
propagation speed of a sea-breeze front
mean flow speed in y-direction

flow speed fluctuation in y-direction
velocity vector

cylinder volume

flow speed in z-direction

mean flow speed in z-direction

flow speed fluctuation in z-direction
convective velocity

complex amplitude

amplitude

height

height of the well-mixed layer

height where the free atmosphere starts
CBL height






B. Tables and Figures

Table B.1.: Analysed days from the HyMeX field campaign 2012
with undisturbed, interrupted and inhibited mountain ABL evolu-

tions as well as days with isolated deep convection.

Undisturbed | Interrupted Inhibited Isolated deep
mountain mountain mountain convection
ABL evolu- ABL evolu- | ABL evolu-

tion tion tion

15 August 02 October 09 October 23 August

19 August 25 August

24 August 06 September
21 September 09 September
23 September

05 October
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Figure B.1.: Specific humidity (colour-coded), potential tempera-
ture (black isolines) and horizontal wind vector (arrows) measured
by radiosondes at Corte on 15 August.
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Figure B.2.: Specific humidity (colour-coded), potential tempera-
ture (black isolines) and horizontal wind vector (arrows) measured
by radiosondes (a) and vertical wind speed measured by wind lidar
(b) and cloud radar (c) at Corte on 24 August. Specific humidity is
interpolated using microwave radiometer and radiosonde data and
potential temperature is temporally linearly interpolated between
the radiosoundings. The solid horizontal lines mark the variance-
and skewness-based CBL depths and the thick dashed horizontal
lines mark the lower and the crosses mark the upper boundaries
of the uncertainty range if present.
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Figure B.3.: Specific humidity (colour-coded), potential tempera-
ture (black isolines) and horizontal wind vector (arrows) measured
by radiosondes (a) and vertical wind speed measured by wind lidar
(b) and cloud radar (c) at Corte on 21 September. Specific hu-
midity is interpolated using microwave radiometer and radiosonde
data and potential temperature is temporally linearly interpolated
between the radiosoundings. The solid horizontal lines mark the
variance- and skewness-based CBL depths and the thick dashed
horizontal lines mark the lower and the crosses mark the upper
boundaries of the uncertainty range if present.
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Figure B.4.: Specific humidity (colour-coded), potential tempera-
ture (black isolines) and horizontal wind vector (arrows) measured
by radiosondes (a) and vertical wind speed measured by wind lidar
(b) and cloud radar (c) at Corte on 23 September. Specific hu-
midity is interpolated using microwave radiometer and radiosonde
data and potential temperature is temporally linearly interpolated
between the radiosoundings. The solid horizontal lines mark the
variance- and skewness-based CBL depths and the thick dashed
horizontal lines mark the lower and the crosses mark the upper
boundaries of the uncertainty range if present.
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Figure B.5.: Specific humidity (colour-coded), potential tempera-
ture (black isolines) and horizontal wind vector (arrows) measured
by radiosondes (a) and vertical wind speed measured by wind lidar
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Figure B.7.: Radiosonde profiles of temperature, dewpoint and
wind vector at 1400 LT at Corte (a), at 1400 LT at San Giuliano
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Figure B.9.: Radiosonde profiles of temperature, dewpoint and
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Figure B.11.: Radiosonde profiles of temperature, dewpoint and
wind vector at 1300 LT at Corte (a), at 1300 LT at San Giuliano
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the mean layer temperature and humidity values of the lowest
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Figure B.13.: Radiosonde profiles of temperature, dewpoint and
wind vector at 1500 LT at Corte (a), at 1500 LT at San Giuliano
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blue lines indicate the virtual temperature of an air parcel with
the mean layer temperature and humidity values of the lowest
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Figure B.14.: Radiosonde profiles of temperature, dewpoint and
wind vector at 1500 LT at Corte (a), at 1500 LT at San Giuliano
(b) and at 1300 LT at Ajaccio (c) on 23 September. The dashed
blue lines indicate the virtual temperature of an air parcel with
the mean layer temperature and humidity values of the lowest
50 hPa, which is lifted from the near the surface to its Lifting
Condensation Level (LCL), Level of Free Convection (LFC) and
Equilibrium Level (EL).



220

100 Height (m MSL) 100

NN\ Q\
NN\ Temperalure] N Temperature]
A\
N\
\
\\

200 { 12064 200
A
\Y N
\ AN
NN
300 9434 300 9440
\ DY
A\ W\ A
400 7431 400 7436
N\ A
O\ N RS
500 5778 500 5781
)

600 \ 4369 600 4372
\ \ k\ \\\ \ %\\\\\\
\ \
700 3135 X Y

Height (m MSL)

12072

A
N

Pressure (hPa)

Pressure (hPa)

700 3136
AN AW
v EL
eoo—ELi— \ — N ot 204t [ A 3 “ﬁ\\ 2040
\ NG
\ N \
900 1054 90001 1056
AN DR NRRY NERNRLY
1000 s 1000 156
——— 1oms™ ——— toms”
100 -80 -60 40 -20 0 20 ~100 -80 -60 -40 -20 0 20
Temperature (C) Temperature (C)
(a) (b)
Height (m MSL)
Temperature
Dewpoint
12037
9421
s
5
°
g D 7420
$ \
& BN 5771
| A
\
A\ 4365
700 \ \ \ \\\_lﬁ;\\;\ ‘\ 3134
h \
3
s007 b R 2045

900 LGi- L 1068
1000 VAN A\ K.\” 174

——— 25ms”!

-100 80 -60 -40 20 0 20
Temperature (C)

()

Figure B.15.: Radiosonde profiles of temperature, dewpoint and
wind vector at 1500 LT at Corte (a), at 1500 LT at San Giuliano
(b) and at 1300 LT at Ajaccio (¢) on 02 October. The dashed
blue lines indicate the virtual temperature of an air parcel with
the mean layer temperature and humidity values of the lowest
50 hPa, which is lifted from the near the surface to its Lifting
Condensation Level (LCL), Level of Free Convection (LFC) and
Equilibrium Level (EL).
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Figure B.16.: Radiosonde profiles of temperature, dewpoint and
wind vector at 1500 LT at Corte (a), at 1500 LT at San Giuliano
(b) and at 1300 LT at Ajaccio (¢) on 05 October. The dashed
blue lines indicate the virtual temperature of an air parcel with
the mean layer temperature and humidity values of the lowest
50 hPa, which is lifted from the near the surface to its Lifting
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Figure B.17.: Radiosonde profiles of temperature, dewpoint and
wind vector at 1500 LT at Corte (a), at 1500 LT at San Giuliano
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blue lines indicate the virtual temperature of an air parcel with
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