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Abstract. We study the disturbances of CBL dynamics due
to large-scale atmospheric contributions for an observed day
during the Boundary Layer Late Afternoon and Sunset Tur-
bulence (BLLAST) campaign. We employ two modelling
approaches, the mixed-layer theory and large-eddy simula-5

tion (LES), with a complete data set of surface and upper-
air atmospheric observations, to quantify the contributions
of the advection of heat and moisture, and subsidence. We
find that by only taking surface and entrainment fluxes into
account, the boundary-layer height is overestimated by 7010

%. By inferring the large-scale vertical motions and horizon-
tal advection of heat and moisture, we obtain a satisfactory
agreement of the boundary layer dynamics matching the con-
cept of a prototypical convective boundary layer. Our find-
ings show that subsidence has a clear diurnal pattern. Sup-15

ported by the presence of a nearby mountain range, this pat-
tern suggests that not only synoptic scales exert their influ-
ence on the boundary layer, but also mesoscale circulations.
LES results show a satisfactory correspondence of the ver-
tical structure of turbulent variables with observations.We20

also find that when large-scale advection and subsidence are
included in the simulation, the values for turbulent kinetic
energy are lower than without these large-scale forcings. We
conclude that the prototypical CBL can still be used as a
valid representation of the boundary-layer dynamics near re-25

gions characterized by complex topography and small-scale
surface heterogeneity, provided that surface- and large-scale
forcings are representative for the local boundary layer.

1 Introduction30

The daytime convective boundary layer is essentially gov-
erned by heating at the surface and the conditions of the
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free troposphere. The surface heating causes warm air to
rise to the top of the boundary layer in the form of coher-
ent turbulent structures and to entrain air from aloft. As35

a consequence the convective boundary layer (CBL) grows
and becomes warmer and drier (Stull, 2000). Without the
presence of clouds, the surface heating is driven by the di-
urnal solar cycle. In the late afternoon, when the incom-
ing short wave radiation begins to decrease, the growth of40

the boundary layer slows down and the convective bound-
ary layer reaches a quasi-steady state, with the greatest depth
at the end of the afternoon. This conceptualization of the
boundary-layer structure and evolution is referred from now
on as the prototypical boundary layer.45

Originally in this this canonical CBL, the main drivers
are the turbulent fluxes at the surface and at the entrainment
zone, whereas the large scale forcing are prescribed as done
by Lilly (1968) in his pioneer study of marine stratocumulus.
This local CBL can be influenced by these large scale mo-50

tions such as subsidence and advection as shown in Fig. 1, in
which the local boundary layer is marked by the dashed box.
Consequently, to take these motions in modeling the CBL
into account, we need to have a reliable estimation of the
values and evolution of these large-scale forcings. Over land55

several studies have been conducted including large scale
forcings influencing the development of the boundary layer
dynamics, for example: Basu et al. (2008); Kumar et al.
(2010); Edwards et al. (2014)). Subsidence has been investi-
gated less often, and the research is mainly focussed on ma-60

rine cloudy boundary layers (Lilly, 1968; Stevens and Co-
authors, 2005). These large scaleing values and their evolu-
tion are normally supplied by three-dimensional large-scale
models like the European Centre for Medium-range Fore-
casting (ECMWF) model, or indirectly by the analysis of65

upper air observations (e. g. radisounding) like the tempo-
ral evolution of the potential temperature free tropospheric
lapse rate. Here, we propose a method to retrieve the values
of large scale motions that influence the formation and devel-
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opment of local boundary layer in the proximity of the large70

mountain range of the Pyrenees. Our method is based on
using mixed-layer theory applied to the budgets of heat and
moisture (Lilly, 1968; Tennekes and Driedonks, 1981) con-
strained with a comprehensive data set gathered during the
experiment Boundary Layer Late Afternoon and Sunset Tur-75

bulence (BLLAST) experiment (Lothon et al., 2014). Our
working hypothesis is that large scale forcings can be in-
ferred by combining these mixed-layer model results guided
by the completeness of surface and upper-air boundary layer
observations gathered during BLLAST field campaign. The80

main advantage of this method is that it is inherently repre-
sentative for the local boundary layer and does not require
a complex modeling effort using three-dimensional models.
To complete the study, we further investigate whether the
turbulent characteristics of this prototypical CBL are influ-85

enced by the large-scale forcings. This latter study is based
on large-eddy simulation experiments using identical surface
boundary conditions and early-morning initial conditionsas
in the mixed-layer experiments.

This paper will first introduce the BLLAST experiment90

and provide a brief overview of the observations in section
3, including a detailed analysis of the study case, from syn-
optic to local spatial scales. Special attention is given tothe
selection criteria for the case and the large scale conditions
during this day. Section 4 describes the set-up of the numer-95

ical experiment and introduces the models that are used. In
sections 5 and 6 the results of the numerical experiment are
compared to the observations with special attention on the
evolution in time and the vertical structure of the boundary
layer and a discussion on the estimations of the large scale100

forcing. Finally, conclusions are drawn, followed by recom-
mendations for future research.

2 The BLLAST experiment

The Boundary Layer Late Afternoon and Sunset Turbulence
(BLLAST) experiment (Lothon et al., 2014) seeks to study105

the transition between the convective and stable boundary
layer, when a stable boundary-layer (SBL) forms above the
surface and the turbulence inside the daytime boundary layer
slowly decays (Garratt and Brost, 1981; Sorbjan, 1997), leav-
ing a residual layer above the SBL. During this campaign110

the surface conditions, the boundary-layer properties andthe
lower atmosphere were extensively monitored in space and
time near Campistrous, France, approximately 40 km north
of the central range of the Pyrenees mountains. This site was
located on a plateau at a height of 600 m above sea level at115

the foot of the Pyrenees mountain range with heights of ap-
proximately 2000-2500 m. The BLLAST campaign provides
us with a continuous and comprehensive observational data
set of surface and boundary-layer observations, in particu-
lar extended by conducting 11 intensive observations periods120

(IOPs) that took place during June and July 2011. During

Fig. 1. Conceptualization of the main process driving the develop-
ment of the atmospheric boundary layer observed on June 25, 2011
(IOP5). The majority of the surface stations were located near the
main site (see Fig. 4) whereas the aircraft measurements were gath-
ered in an East-West direction during the case under study. Note
that the shear produced by the opposite wind direction is occuring
above the boundary layer as shown at Fig. 3.

several IOPs of this campaign, large scale motions were sus-
pected to influence the boundary layer (Lothon et al., 2014).
Whilst the main focus was on measuring the boundary-layer
properties, attention was also paid to surface measurements,125

especially because the campaign took place in an area char-
acterized by large surface heterogeneity. To characterizethe
synoptic conditions, the entire troposphere was monitored
extensively. Together, all these observations create a high
quality dataset, combining up to 8 methods to estimate the130

boundary-layer height. Using all surface data and boundary-
layer observations, this dataset gives a unique opportunity
to carry out a detailed study of the local atmospheric bound-
ary layer influenced by heterogeneous surface conditions and
the proximity of complex topography. Most of the instru-135

ments were operating continuously, but there were several
platforms that operated intermittently. Among these were:
tethered balloons, manned and unmanned aircraft and ra-
diosoundings. The operation of these platforms was limited
to favorable weather conditions due to constraints in financial140

and human resources. These periods of intensive observa-
tion (IOP) included the the clearest and least disturbed days
of the campaign. However, due to logistics and instrumental
performance, not all platforms operated simultaneously all
the time. Therefore, there may be differences in instrumental145

availability between different IOPs.

3 Observational description of the representative
boundary layer

First we set up criteria to select which IOP of BLLAST to
study. After that we treat the large scale situation in detail150

and the evolution of the energy exchange at the surface dur-
ing this day. Anticipating to the presentation of the selected
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case, we summarize at Fig. 1) the main processes that have
been analyzed to study in detail this case.

3.1 Case Selection155

Our aim is to investigate whether the prototype CBL (Stull,
2000) is a useful concept to be applied in regions character-
ized by large surface heterogeneity and mesoscale phenom-
ena driven by topography. The analysis of the data is sup-
ported by the use of a conceptual model that enables us to160

quantify the individual contributions to the heat and moisture
budget. More detailed numerical experiments are made with
a large-eddy simulation that allow us to study the turbulent
structure and its evolution.

From the 11 IOPs, we therefore define a set of criteria to165

select the most representative IOP period to study the devia-
tions from the CBL prototype due to the large-scale forcing.
These criteria are:

1. The instrumental availability should be high.

2. The day should be free of clouds in order to obtain an170

evolution of radiation and subsequent surface fluxes that
fits the conceptual model.

3. Large scale forcings should be present, but these should
only lead to relatively minor variations during the day.
For instance, passing fronts will drastically change the175

weather conditions and thus the growth of the CBL, and
are therefore excluded.

4. The vertical structure of heat and humidity should
evolve gradually. Layers which enhance or inhibit
boundary layer growth (e.g. inversions, shear zones180

or a residual layer) would influence the strength of en-
trainment and as a result, the boundary-layer properties
(Stensrud (1993); Conzemius and Fedorovich (2008)).

IOP5 satisfies the criteria stated above the best. In the next
sections, this day will be described in more detail.185

3.2 Study case description: Large scale forcings

Here we describe the main synoptic and mesoscale features
occurring during IOP5. Since it is difficult to distinguish the
specific contributions of the meso- and synoptic scales from
a local boundary-layer perspective, we group them under the190

name large-scale forcings. In Fig. 2, the geopotential height
at 500 hPa and the pressure distribution at the surface, using
the European Centre Medium Weather Forecast (ECMWF)
reanalysis model, is shown for June 25, 2011 at 12 UTC.
The red dot shows the location of the BLLAST experiment.195

During this day, a large system of high surface pressure is
located over central France and the Alps. The influence of
this high pressure system extends towards the south. This
results in clear skies and fair weather over the BLLAST site
with gentle easterly winds. Higher up in the atmosphere, at200

Fig. 2. Geopotential height (m) of the 500hPa level (upper panel)
and surface pressure field (hPa) (lower panel) from the reanalysis of
ECMWF at 12:00 UTC of the 25 June 2011. The red dot represents
the location of the BLLAST experiment

500 hPa, a strong ridge extends over the west of Europe (Fig.
2b). This ridge causes a predominantly WNW flow in the
upper atmospheric regions above BLLAST site.

Two soundings of the entire troposphere, taken at a cen-
tral location in the BLLAST experiment at 10:34 UTC (local205

time = UTC + 2, with one hour accounting for daylight sav-
ing) and 16:44 UTC, confirm the two regimes with winds
sharply turning with height (Fig. 3). In general, the winds
during this day are weak in the lower troposphere, not ex-
ceeding 6 m s−1. Close to the surface, the wind is east-210

erly, but at approximately 1500 m, there is a sharp turning
of the wind to WNW. This zone of directional shear remains
present during the day, but remains at a height of approxi-
mately 1500 m. This is distinctly higher than the maximum
boundary layer height during this day, and therefore it can be215

expected to exert no influence on the boundary-layer dynam-
ics.

On the meso-scale, the proximity of the Pyrenees to the
south of the site often leads to a mountain-plain circulation
(Lothon et al., 2014). The behavior of the boundary layer220

during the day and the general conditions leads us to postu-
late that large scale forcings such as subsidence and advec-
tion should be taken into account to understand the behavior
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a) b)

Fig. 3. Wind profiles (speed and direction) of the lowest 10 km of
the atmosphere measured by the radiosondes at June 25 2011: (a)
10:34 UTC and (b) 16:44 UTC

of the boundary layer during the day (see Fig. 1).
June 25, 2011 was the second of three consecutive IOPs225

with fair weather and increasingly high temperatures. On this
day the 2m-temperature rose as high as 28°C in the afternoon
at the BLLAST site. In the plains to the north of the BLLAST
site, temperatures exceeded 30°C.

3.3 Case description: Surface conditions230

In addition to the nearby complex topography, the BLLAST
experiment took place in an area characterized by surface
heterogeneity. Figure 4 shows the land-use and the location
of the surface flux stations in the vicinity of the main sites.
The heterogeneity is characterized by different length scales235

ranging from 500 to 1000 m. In Fig. 4 the categories repre-
sent aggregate land-use types. Especially within the cropland
category there is still a large variety. In the BLLAST cam-
paign, turbulent measurements were made above a number
of different land-uses, including wheat, grass, maize and nat-240

ural moor-like vegetation. From this, fluxes are calculated
with a uniform processing method (De Coster and Pietersen,
2011).

In Fig. 5a and 5b the radiation budget and surface en-
ergy balance of a grass covered site during BLLAST IOP5245

is shown (site 2 in Fig. 4). The four components of the ra-
diation show a smooth diurnal cycle with absence of clouds.
The averaged Bowen ratio during the day is around 0.3. In
conjunction with the initial profiles (not shown), these sur-
face forcings should lead to boundary-layer heights of≃250

1100 m during the afternoon. However, the boundary layer
only reached a height of≃ 600 m during this day. This be-
havior suggests that the development of the boundary layer
was influenced by processes besides surface heating and en-
trainment. To be able to investigate the transition period255

where weak forcings interact, the development of the day-
time boundary layer should be understood first.

The BLLAST campaign took place in a topographically
diverse landscape. Although the main site is on a plateau, the

Fig. 4. Land use surrounding the BLLAST site and location of the
7 surface flux stations

height differences in the area are large. Several valleys with260

a depth of 100-200 m radiate outward to the north of the site.
To the south, the foothills of the Pyrenees start and height
differences increase. The highest peaks of the Pyrenees, ata
distance of 45 km, reach heights of more than 3000 m above
sea level.265

Figure 5c and 5d show the latent and sensible heat flux
for the seven stations and the average value for all these sta-
tions. All fluxes were computed using the eddy covariance
technique, with a sampling rate of at least 10 Hz. These
eddy-covariance stations were installed at heights lower than270

2.5 m above the surface. This means that not all BLLAST-
eddy-covariance stations were used. Most of the land-uses
are represented, although the forest site is excluded due to
the station height. The data from the flux stations were
all processed following the same procedure (De Coster and275

Pietersen, 2011). The 5-min. fluxes of each station are shown
in blue, the average of these fluxes is indicated with the red
crosses in Figs. 5c and 5d. The fluxes above the different
surfaces show a variability of more than 100% for the sen-
sible heat flux and approximately 50 % for the latent heat280

fluxes. To represent gradually evolving fluxes and to elimi-
nate effects due to fast changing surface conditions, a sinu-
soidal function is matched with the average values (dashed
black lines). This function is used as the surface boundary
condition in the numerical experiments (see Table 1 for the285

equations).
Here it is important to discuss the role of surface hetero-

geneity in the CBL dynamics of IOP5. Previous studies have
shown that non-uniform surface conditions can lead to in-
duce secondary circulations influencing the dynamics of the290

convective boundary layer (Patton et al., 1997; Maronga and
Raasch, 2013; van Heerwaarden et al., 2014). Although there
is current debate on what is the minimal length scale of this
heterogeneity to trigger those secondary circulations, major-
ity of the studies pointed out that this is approximately 2zi,295
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where zi is the boundary layer height. Taking into account
that the observed boundary layer height at IOP5 is between
600 to 700 m into and the surface length scales are larger than
1000 m, in our modelling analysis, we will omit the effects
of surface heterogeneity in the development of the CBL.300

4 Numerical experiments

We design a series of numerical experiments to reproduce
IOP5 by means of mixed-layer theory and large-eddy simula-
tion (LES). Our strategy is to use both models to support the
data interpretation in order to identify and quantify the main305

contributors in the development of the boundary layer. In
the numerical experiments, the observations of the boundary
layer both guide and constrain the models. The mixed-layer
model is used to reproduce the observed boundary-layer and
the large-scale forcings are inferred from the analysis. Tak-310

ing the same initial and boundary conditions, we perform
systematic experiments with LES to determine the turbulent
statistics.

4.1 Experimental strategy

The numerical experiment are designed to reproduce the315

boundary layer of IOP5 as well as possible within the con-
ceptual framework. This means that special attention is paid
to the inclusion of all important large scale processes, their
magnitude and evolution. The horizontal variation of these
large scale contributions are not treated.320

First, a conceptual model is used to determine the evo-
lution of the bulk properties of the CBL (van Heerwaarden
et al., 2009). Secondly, the Dutch Atmospheric Large-Eddy
Simulation (DALES, Heus et al. (2010)) is employed to study
the case taking advantage that most energetic turbulent mo-325

tions are fully resolved. The initial vertical model profiles
of potential temperature (θ) and specific moisture content (q)
are derived from the early morning soundings. The obser-
vations during the day will be used to evaluate the models.
The starting point is a simple case, using the initial profiles330

and surface fluxes from the observations as input (Section 5).
Subsequently, we will use the observations as a guide to ob-
tain the correct values for subsidence and advection of heat
and moisture (Section 6).

4.2 Model description335

In this section, both models are introduced: a mixed-layer
model and a large-eddy simulation. The first model is a
highly conceptualized model of the boundary layer. The
second is a model that explicitly calculates most of the tur-
bulence and gives a detailed picture of the structure of the340

boundary layer. Combining the two model results, we can
unravel and quantify the various contributions to the heat
and moisture budgets. Furthermore, we can obtain a detailed
insight in the structure of temperature and humidity inside

the boundary layer and we are able to see how the turbulent345

structures evolve during the day.

4.2.1 Mixed-Layer Model

The mixed-layer model is a bulk model that allows a con-
ceptual representation of the boundary layer. We have in-
cluded this mixed-layer model to reproduce the essential pro-350

cesses of the CBL prototype. This model uses the boundary-
layer thermodynamic equations proposed by Tennekes and
Driedonks (1981). The implementation of these equations
into the model is similar to van Heerwaarden et al. (2009).
The boundary layer is represented as a single model layer355

and at the entrainment region (top of the CBL), the exchange
of heat and specific moisture is parameterized by a jump of
the potential temperature and specific moisture over an in-
finitesimally small height (a 0-order model). The potential
temperature and specific humidity in the overlying free tro-360

posphere are initialized with a constant lapse rate with height.
The use of the mixed-layer equations implies that the turbu-
lence inside the boundary layer is not explicitly calculated,
and assumes that the potential temperature and the specific
humidity are well mixed in the convective boundary layer365

and constant in height. This assumption is supported by the
efficient turbulent mixing under convective conditions. The
entrainment flux at the top of the boundary layer (βθv

) is
calculated as a fixed fraction of the buoyancy flux (in our
numerical experiments equal to 0.2), which means that the370

entrainment flux is subjected to the same diurnal evolution
as the prescribed surface sensible and latent heat flux. An
important feature of the model is the possibility to repre-
sent subsidence. The subsidence velocity is a function of
the divergence of the mean horizontal wind and the evolving375

boundary-layer height.

4.2.2 Large-Eddy Simulation

The large eddy-simulation (LES) model that is used is
the latest implementation of DALES (Heus et al., 2010).
DALES solves the filtered three-dimensional thermodynamic380

equations, and as result produces three-dimensional time-
evolving fields. In convective boundary layers like the one
observed on IOP5, DALES explicitly reproduces approxi-
mately 80-90 % of the energy contained by the eddies in
the boundary layer. The smaller amounts of turbulent scales385

are parameterized using a sub-grid scale model that depends
on the sub-grid turbulent kinetic energy and is formulated
according to Deardorff (1974). DALES gives us a detailed
insight in the vertical structure of the boundary layer and
enables us to compare measured fluxes inside the boundary390

layer with simulations, thus giving a detailed quantification
of the structure of the boundary layer. In the numerical ex-
periments, we have used a grid of 1283 with a horizontal
resolution of 25 m and a vertical resolution of 10 m, lead-
ing to a domain of 3200x3200x1280 m. The simulation time395
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Fig. 5. Temporal evolution of a) the four components of the radiation budget, b) the components of the surface energy budget, c) sensible
heat flux and d) latent heat flux taken on June 25 2011. The radiation and surface energy budget were measured at station 2 above grass. The
sensible c) and latent heat d) fluxes are from all the stationsshown in Fig. 4. The black dashed line is a fitted curve of the mean of all the
measurements (red crosses) and is used as the surface forcing in the numerical experiments.



Pietersen et al.: CBL prototype and large-scale forcing 7

is 14 hours. The subsidence velocity is imposed by a func-
tion that is zero at the ground and increases linearly to the
CBL top. Above the CBL, the subsidence velocity is constant
in height. Similar to the mixed-layer model, the subsidence
strength can change over time.400

4.3 Boundary and initial conditions

Both models, DALES and mixed-layer, use identical initial
conditions and surface forcings. The models are initialized
with profiles that were derived from the morning soundings
of IOP5. The representative surface fluxes from the observa-405

tions (see section 3.3) are used to provide the lower boundary
conditions.

To make sure that the boundary layer is well mixed and
that all surface stability has disappeared, the models are not
started at sunrise, but at 10:00 UTC. In this way we en-410

sure that the mixed-layer equations of the mixed-layer model
hold. The soundings that were taken during the early morn-
ing and at 10:34 UTC were used to construct the initial pro-
files for both the mixed-layer model and the large-eddy simu-
lation. The boundary-layerheight at this time was matched to415

the estimate made with the UHF radar and the LIDAR (Fig.
6a). In table 1 the initial conditions for both the mixed-layer
model and DALES are listed. As winds were light during
IOP5 (see Fig. 3) and we seek to perform a numerical ex-
periment that resembles the prototypical boundary layer, no420

wind was prescribed in the models.
Two different numerical experiments (cases 1 and 2) are

set up to determine the influence of the large scale forcings
on the boundary layer during IOP5. In short, these cases are:

– Case 1: a boundary layer governed by surface forcings,425

i.e. a locally driven prototypical boundary layer.

– Case 2: same initial and boundary settings as case 1,
except that now we add the contributions of subsidence
and advection of heat and moisture, i.e. including con-
tributions of the larger scales.430

5 Case 1: Prototypical boundary layer

The prototype CBL is driven by the surface and entrainment
processes. In order to study whether IOP5 follows this classi-
cal prototype, we reproduce a situation that is only forced by
the surface fluxes, without any other external forcings. This435

enables us to determine the influence of the surface forcing
and it provides us a first indication which large scale influ-
ences are of importance. The results are evaluated with sur-
face and upper air observations.

5.1 Boundary-layer height440

We show the boundary-layer height during IOP5 estimated
by 10 different methods (8 observational and 2 based on

modeled results) in Fig. 6a. Two of the observational meth-
ods are based on remote sensing instruments: a vertical UHF
radar and an aerosol LIDAR. Other methods to determine445

the boundary-layer height are based on the profile of virtual
potential temperature inside the boundary layer. The maxi-
mum gradient of the virtual potential temperature is manu-
ally selected as the top of the boundary layer. Three meth-
ods rely on profiles made with soundings: two classical ra-450

diosondes (manufactured by MODEM and GRAW) and a
new method of making frequent radiosoundings developed
by Meteo-France (Legain et al. (2013)) where the sondes
can be retrieved and re-used. Three additional methods are
based on profiling by aircraft, one remotely piloted aircraft455

system (the SUMO platform, Reuder et al. (2009)) and two
manned aircraft (the Sky Arrow operated by IBIMET/CNR
and the Piper Aztec operated by SAFIRE). The last two
methods to determine the boundary-layer height are based
on the interpretation of model results from the mixed-layer460

model and DALES. The mixed-layer model explicitly calcu-
lates the boundary-layer height assuming that this height is
equal to the maximum of the potential temperature gradient
and the minimum of the buoyancy heat flux. In DALES, the
boundary-layer height is diagnosed in the post-processingby465

assuming that the top of the boundary layer is at the height
where the buoyancy flux vertical profile has its largest nega-
tive value.

As shown in Fig. 6a, there is a large amount of scatter
between different estimates. In analyzing the observations470

in more detail, we find that, even if we do not take outliers
into account, the differences in boundary-layer height canbe
in the order of 100 m. This number (≈ 100-200 meters) is
similar to the depth of the entrainment zone measured by the
Lidar. From the observations, we notice that the soundings475

generally report lower boundary-layer heights than the re-
mote sensing methods, which is to be expected as different
physical parameters are used to deduce the boundary-layer
height. Not all observation profiles were taken at the same
location. A site near stations 4 and 5 (Fig. 4) was used for480

UHF, LIDAR and soundings, the remotely piloted aircraft
soundings were taken near stations 6 and 7. The manned air-
craft, the Piper Aztec and Sky Arrow, were even further away
from the site (up to 20 km) because of airspace regulations.
Due to the mentioned surface heterogeneity, differences can485

occur between observations. Most of the soundings are point
measurements, whereas the aircraft makes a helical profile,
sampling a greater volume of the boundary layer. In Fig.
6a, the observations show a growing CBL until 14:00 UTC.
Later in the afternoon, the growth becomes slightly negative.490

In contrast, the model results show the expected behavior un-
der clear convective conditions driven solely by surface and
entrainment processes: a continuous growth, slowing down
in the late afternoon (after 16:00 UTC), with the maximum
boundary-layer height at the beginning of the evening.495

Taking the considerations with regard to the scatter in ob-
servations into account, there is a discrepancy of roughly
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Table 1. Prescribed initial conditions for the numerical experiments using mixed-layer theory and DALES. The conditions correspond at
10:00 UTC at 25 of June 2011 at Campistrous (France).t is the time after starting the simulation.

.

Dynamics and surface:

Surface pressure P0 [Pa] 101300
Large scale subsidence velocity (ws) [m s−1] Case 1: 0.0

Case 2: -0.028 - 0.0 (see Fig. 7)
Initial boundary layer height [m] 440

Sensible heat flux [K m s−1] 0.13 sin((t-4.933)/(13.976/π))
Latent heat flux [g kg−1 m s−1] 0.11 sin((t-4.430)/(15.470/π))

entrainment flux ratio at the top of the boundary layer [-]0.2, only in mixed-layer model

Potential temperature:

boundary-layer potential temperature [K] 292.50
potential temperature jump [K] 3.25

lapse rate of potential temperature [K m−1] 0.0055
Advection [K h−1] Case 1: 0.0

Case 2 -0.072
Specific humidity :

boundary-layer specific moisture content [g kg−1] 7.9
specific moisture content jump [g kg−1] -3.9

lapse rate of specific moisture content [g kg−1 m−1] 0.0
Advection [g kg−1 h −1] Case 1: 0.0

Case 2: -0.234

Wind:
(Ug, Vg) [m s−1] (0.0,0.0)

400-500 m between the observations and the results from the
numerical experiments. This is a clear indication that other
processes than surface heating and entrainment play a role.500

5.2 Mixed-layer potential temperature and specific humid-
ity

Figure 6b shows model results and observations of the
mixed-layer potential temperature and the specific humid-
ity. The sounding values are calculated by taking the average505

value of the sounding between 100 m above the ground and
100 m below the top of the boundary layer. The DALES val-
ues are calculated in a similar fashion. The observations at
60 m height were taken at a tall tower at station 5 (Fig. 4).

The potential temperature observations at 60 m follow510

a similar pattern as the profile average observations of the
mixed layer for the temperature. Both the mixed-layer model
and DALES give a correct representation of the mixed-layer
potential temperature, in spite of the large disagreement in
the boundary-layer height.515

The observations of specific humidity show a lot of scat-
ter between the different instrumental platforms. Espe-
cially within the mixed-layer moisture observations from the
soundings (the triangles in Fig. 6b) the differences are large
and can amount up to 1.5 g kg−1. Overall, we first observe a520

slight increase, followed by a gradual decline, probably con-

trolled by the entrainment of dry air. After 15:00 UTC, the
specific moisture content starts to rise again. This patternis
the strongest in the tall tower of station 5 (the crosses in Fig.
6b), although on average the soundings also show a slight525

moistening trend. This could be related to moisture advec-
tion in the late afternoon (Couvreaux et al., 2014). Although
both models show a small drying around noon, it is much less
than observed near the surface at the 60 m-tower. The moist-
ening at the end of the afternoon is not yet reproduced by the530

models. Note that there is a discrepancy between the specific
moisture content of the model and the observations of the 60
m-tower at the start of the model run. This is because the ini-
tial profiles are based upon soundings of the entire boundary
layer. These can differ significantly from the observationsat535

60 m height as can be seen in the observations later during
the day.

It is relevant to point out that here one would expect
slightly lower values of the model results compared to the
observations of the specific humidity because of enhanced540

entrainment of dry air. Model results tend to overestimate
the specific humidity above the surface, as shown by Fig. 6b,
though the agreement with the more representative averaged
bulk values calculated from the radiosounding observations
is more satisfactory, in spite of the larger variability. A po-545

tential solution is to infer more complicate temporal evolu-
tions of the advection of moisture, but they will have a minor



Pietersen et al.: CBL prototype and large-scale forcing 9

impact on the overall characterization of the boundary layer
dynamics during IOP5.

6 Case 2: Including large-scale subsidence and advec-550

tion

Case 2 includes the contributions of the subsidence motions
and large-scale advection of heat and moisture to the de-
velopment of the atmospheric boundary layer during IOP5.
The quantified values for subsidence and advection were de-555

termined iteratively, using the observations of bulk temper-
ature, moisture and boundary-layer height as a constraint.
The initial- and boundary conditions are listed in section 4.3.
The retrieved value and evolution for subsidence velocity are
shown in Fig. 7 as well as the values for subsidence calcu-560

lated using the ECMWF model above the BLLAST obser-
vational site characterized by coarse spatial resolution and
lower temporal resolution. The contributions of advection
of heat and moisture are given between brackets in Table 1.
Note that the advection is applied only inside the boundary565

layer. From Fig. 7, we observe that subsidence velocity has
a dependence on time that follows a diurnal evolution with
maximum values of -0.028 m s−1 between 13:30 and 14:00
UTC. The values from the ECMWF model are lower and
have far less temporal detail than the ones estimated itera-570

tively. Figure 7 indicates that in regions with nearby complex
topography it might be required to have estimations of subsi-
dence with higher temporal frequency to properly reproduce
the boundary-layer dynamics. This variation on time of the
subsidence can be a relevant process in modelling this situa-575

tion with more complex numerical weather prediction mod-
els (Couvreaux et al., 2014).

Together with the subsidence, Fig. 7 shows the result-
ing values of entrainment velocity for both the mixed-layer
model and DALES. The entrainment rate of both models is
calculated following Lilly (1968):

we =
−w′θ′

ve

∆θvzi

(1)

In the mixed-layer model, the two right hand terms of equa-
tion 1 are known. The buoyancy flux at the entrainment zone
(−w′θ′

ve
) is a fixed fraction (0.2) of the prescribed surface580

flux. The potential virtual temperature jump at the boundary
layer top (∆θvzi

) is calculated explicitly. Notwithstanding,
the diurnal evolution of the entrainment is very similar in
both models. The overestimation in the mixed-layer results
is due to the linear profile of the buoyancy flux assumed in585

mixed-layer theory that simplifies the curve behavior of the
buoyancy flux in the entrainment zone (see Fig. 11).

By analyzing the magnitude of subsidence and entrain-
ment velocities, both are comparable and nearly cancel each
other after 12:00 UTC. This is in agreement with the evolu-590

tion of the observed boundary-layer height that remains al-
most constant during the afternoon. Note that the entrain-

ment is mainly driven by the heat flux at the surface and has
a clear diurnal evolution. The subsidence shows a very simi-
lar evolution, thus suggesting the influence of non-local pro-595

cesses that are forced by the diurnal cycle. An induced cir-
culation such as a mountain circulation could lead to such an
evolution of subsidence (see Fig. 1).

In Fig. 8, we show the temporal evolution of the
boundary-layerheight, the mixed-layer potential temperature600

and mixed-layer specific humidity. For Case 2, the obser-
vations and the models show a satisfactory agreement for
boundary-layer height and bulk potential temperature (Fig.
8a). The observations of bulk specific moisture content are
more scattered, thus making a comparison between model605

and observations more difficult. In general, the models cal-
culate a boundary layer height that is slightly overestimated.
However, as we will show in section 6.1, the models repro-
duce the vertical structure of the boundary layer satisfacto-
rily.610

The evolution of the mixed-layer potential temperature
agrees well with the measurements (Fig. 8b). The mois-
ture content shows a decline in the early afternoon, somewhat
later than the observations from the 60 m tower. The moist-
ening at the end of the afternoon is not represented in the615

models. This moistening signal comes mainly from the sta-
tions near the surface and could be related to moist advection
in the late afternoon. However, as the observations show a
lot of scatter, this change of moisture advection in time is not
included in the simulations. A meso-scale modeling study620

could give more insight in the evolution of the advection of
heat and moisture.

6.1 Vertical profiles of potential temperature and specific
moisture content

In Fig. 9a we show the vertical potential temperature profiles625

calculated by the two models and by observations taken at
12:57 UTC. The potential temperature profiles of both mod-
els are comparable to the observations. Just above the bound-
ary layer, the observed free troposphere is more stable than
higher up. The models however are initialized with a sin-630

gle lapse rate for the entire free troposphere. Comparing the
potential temperature jump at the top of the boundary layer,
both the sounding and DALES show an entrainment zone
with an inversion depth of approximately 100 meters. It is
also interesting to stress that the observed profile shows a635

weak stable stratification above 300 m. Two reasons can cre-
ate this stratification within the well-mixed boundary layer:
(a) land-surface heterogeneity (Ouwersloot et al., 2011) and
(b) the presence of absorbing aerosols (Barbaro et al., 2013).
Our tentative explanation is the following. Aerosol optical640

depth measurements range between 0.08 and 0.11 which can
lead to a reduction of the incoming shortwave radiation (≈

10-20 W m−2) (Barbaro et al., 2013) and depending on the
aerosol absorbing and scattering characteristics a stabiliza-
tion of the upper region in the boundary layer. Addition-645
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a) b)

Fig. 6. Temporal evolution of (a) boundary-layer height and (b) mixed-layer potential temperature and specific humidity at June 25, 2011
(case 1).

Fig. 7. Temporal evolution of the entrainment velocity and pre-
scribed subsidence velocities at the top of the boundary layer for
the run with prescribed subsidence (case 2). The subsidencevalues
calculated by ECMWF model are also shown.

ally, the patchy surface around the BLLAST experimental
site induces secondary circulations that are superimposedto
the boundary-layer structures. These induced circulations
enhance the entrainment of warmer and drier air originating
from the free troposphere, stabilizing the upper region of the650

CBL.
In Fig. 9b the calculated and observed vertical profile of

specific moisture at 12:57 are presented. The specific mois-
ture profile is less well mixed with height than the poten-

tial temperature profile. Both models compare well with655

the sounding inside the boundary layer. DALES reproduces
the values of specific moisture at the top of the boundary
layer and the transition to the free troposphere better than
the mixed-layer model. However, both models are approxi-
mately 1 g kg−1 too dry in the free troposphere. The initial660

values of specific moisture were matched to the soundings,
but there could be moistening of the free troposphere during
the day that is not taken into account in the numerical ex-
periments. Similar to the 12:57 UTC potential temperature
profile, the specific humidity profile shows microstructures,665

suggesting a signature of the land surface heterogeneity with
drier air in the upper region of the convective boundary layer
(between 300 and 600 m).

Figure 10 shows the profiles of potential temperature and
specific moisture at 16:50 UTC, taken by the Sky Arrow air-670

craft. These soundings were taken in a helical profile with
a sampling frequency of 50 Hz. This profile was made ap-
proximately 7 km southwest of the main site, relatively close
to the mountains. The advantage of a helical sounding is
that more of the boundary layer is sampled at each level. In675

this way, the measurements have a larger footprint and in
consequence are representative for a larger area. If we com-
pare Fig. 9a and Fig. 10a, the profile taken at 16:50 UTC
shows more small scale fluctuations. This is partly due to
the higher sampling frequency and partly due to the helical680

profile. Moreover, the profile is characterized by an almost
constant value, indicating well mixed conditions. By com-
paring models and observations at 16:50 UTC, the mixed-
layer potential temperature compares well to the observa-
tions. For this specific profile, the boundary-layer height is685

slightly overestimated by the models (see also Fig. 8a). This
sounding was taken in close proximity to the Pyrenees (7
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a) b)

Fig. 8. Temporal evolution of (a) boundary-layer height and (b) mixed-layer potential temperature (θ) and specific humidity (q) on June 25,
2011 (case 2).

km southwest to main site), which means that although the
soundings are described in height above ground level, this
column of air was higher in an absolute sense. With the spe-690

cific moisture content taken at 16:50 UTC (Fig. 10b), the sig-
nal is even more turbulent than the signal of potential temper-
ature. The mixed-layer averaged specific moisture content is
underestimated by 1 g kg−1, but the magnitude of the jump
of specific moisture at the top of the boundary layer is similar695

between observations and models. The specific humidity of
the free troposphere is underestimated by both models, which
could be explained by the moistening trend described for the
sounding at 12:57 UTC.

6.2 Turbulent structure700

Our second aim was to determine whether large-scale forc-
ings exert an influence on the turbulent structure of IOP5
and if this structure is consistent with the prototypical CBL.
Therefore, we calculate the higher-order moments of the
thermodynamic fluxes and variances from the high frequency705

aircraft observations and compare them to the DALES calcu-
lations. To this end, we employ two observational data sets:

1. Turbulent data collected by two aircraft at various
heights within the boundary layer.

2. Time series of turbulent kinetic energy (TKE) taken at710

surface flux stations. Here, similarly to the sensible and
latent heat fluxes, we calculate an average TKE from all
the stations shown in Fig. 4.

Note that the calculated flux along a flight leg represents
an integrated value over a large horizontal distance, thus pro-715

viding a larger footprint, as opposed to the smaller footprints

of the local point measurements of the eddy covariance sta-
tions. This enables us to do a more adequate comparison
with DALES results that are forced by a horizontally homo-
geneous surface flux, derived from the average of the flux720

observations (see section 3.3). The data from the eddy co-
variance stations is used to study the temporal evolution of
the turbulence in the surface layer. We compare this with
the vertically integrated TKE using the DALES results. This
dataset has a high temporal resolution which consequently725

enables us to describe and explain the decay of turbulence
during the late afternoon transition.

6.2.1 Vertical profiles of fluxes

In order to obtain a more detailed understanding of the
boundary-layer dynamics, we study the variation with height730

of the potential temperature and specific humidity fluxes. Be-
tween 13:51 UTC and 15:06 UTC, two aircraft: the Sky Ar-
row and the Piper Aztec gathered high frequency measure-
ments that are compared with the turbulent fluxes calculated
using DALES. The observations were made at different lev-735

els, and therefore we can make a vertical profile of the second
order moments during this hour. Figures 11 and 12 show the
vertical profiles of the fluxes of heat and moisture inside the
boundary layer. The observations are taken along legs of ap-
proximately 40 km (10-15 minutes of flight) in an east-west740

direction. The simulated fluxes from DALES correspond to
a 30-minute averaged flux for the entire domain from 14:15
until 14:45 UTC (solid line) with dotted lines indicating the
minimum and maximum fluxes during the hour at which the
observations are taken. Around heights of 525, 625 and 725745

m, two legs were flown with different aircraft. Note that these
observations were not taken at the same moment.
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a) b)

Fig. 9. Vertical profile of a) potential temperature (θ) and b) specific humidity (q) at 12:57 UTC: frequent radiosounding, DALES and
mixed-layer model

a) b)

Fig. 10. Vertical profile of a) potential temperature (θ) and b) specific humidity (q) at 16:50 UTC: aircraft profiling, DALES and mixed-layer
model
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The profile of the sensible heat flux is shown in Fig. 11.
Observations and model are in good agreement. The entrain-
ment zone, where the heat flux is negative, is clearly defined750

in both observations and the model and shows a good match.
The linear decrease from the surface flux to the negative heat
flux in the entrainment zone corresponds well between model
and observations. It is in this region that there is a counter-
gradient sensible heat flux with positive values for the flux755

and the potential temperature gradient. The variation of the
modeled heat flux at the surface indicates that this period is
already in a phase of the day where the heat fluxes decline
(Fig. 5c).

Figure 12 shows the observed and modeled latent heat flux760

vertical profiles. In spite of the imposed (observed, see sec-
tion 3.3) surface heat fluxes, DALES flux calculations over-
estimate the aircraft measurements. LeMone et al. (2002)
and Górska et al. (2008) have discussed underestimations of
the flux measurements taken by aircraft compared to surface765

point measurements. At the three highest observations, close
to the entrainment zone, model and observations compare
well, indicating that here the turbulent exchange is modeled
correctly. However, inside the boundary layer, the modeled
fluxes are roughly twice as high as the observed fluxes. Both770

model and observations do show latent heat flux profiles that
are almost constant with height indicating that the evapora-
tion at the surface is compensated by the drying at the en-
trainment zone. Consequently, the moisture content inside
the boundary layer is in a near steady-state during this pe-775

riod. This is further corroborated by the observations of the
specific moisture content near the surface (see the 60 m ob-
servations in Fig. 8b).

In Fig. 13, the non-dimensional buoyancy flux for the
same period as Fig. 11 and Fig. 12 is shown against the di-780

mensionless height. The buoyancy flux is scaled with the sur-
face buoyancy flux, the height is scaled with the boundary-
layer height from the mixed-layer model. Modeled buoy-
ancy fluxes from DALES are shown together with aircraft
observations. Because the fluxes are scaled with the surface785

flux, the spread due to the difference in timing disappears.
Overall, the model results match closely with the observa-
tions and confirm the notion that the boundary layer for IOP5
behaves similarly as the prototypical boundary layer. Model
and observations show a clear linear decrease with height in790

the lower 75 % of the boundary layer. In the top 20-25% of
the boundary layer, the entrainment zone is well defined. The
buoyancy flux ratio (βθv

= −(w′θ′
v
)
e
/(w′θ′

v
)
o
) is very sim-

ilar to values found by Davis et al. (1997) and Górska et al.
(2008) (βθv

≃ 0.15 - 0.20). The model results are horizon-795

tally averaged and the aircraft measurements integrate over a
distance of roughly 40 km. All values presented in Fig. 13
are therefore spatially integrated. Local variations may still
exist.

Fig. 11. Vertical profile of the sensible heat flux between 14:00
and 15:00 UTC. DALES data correspond to Case 2. Dotted lines
indicate the minimum and maximum fluxes calculated by DALES
during the hour at which the observations are taken

Fig. 12. Same as Fig. 11, but now for the latent heat flux.
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Fig. 13. Same as Fig. 11, but now for the non-dimensional buoy-
ancy flux and height.

6.2.2 Decay of turbulent kinetic energy800

We complete the study by analyzing a relevant aspect of the
afternoon transition extensively studied in more academic
LES studies (Nieuwstadt and Brost, 1986; Sorbjan, 1997;
Pino et al., 2006; Beare et al., 2006; van Driel and Jonker,
2011): the decay of TKE. This decay plays a key role in the805

transition from CBL to SBL. We employ the same strategy
as before: combining cases 1 and 2 from DALES with sur-
face observations. We show in Fig. 14 how TKE evolves in
time from 12:00 UTC to 20:00 UTC. It is important to note
that the surface observations are an average of the 7 surface810

stations and that these measurements have been taken 2 or 3
meters above the surface. he TKE calculated by LES repre-
sents the lower 10% of the boundary layer, approximately the
first 60-70 meters above the surface. For this calculation, the
top of the boundary layer is defined as 30 m below the level815

where the buoyancy flux reaches its minimum value. Note
that both LES cases are forced without any wind. Observa-
tions indicate that the wind was weak during the day (<6 m
s−1, see Fig. 3). Still, the exclusion of wind in our simula-
tions reduces the amount of TKE that is produced due to the820

conversion from mean kinetic energy by the shear term.
In Fig. 14, the surface observations show the highest val-

ues of TKE whereas Case 2 shows the least. The turbulent
fields generated by both DALES simulations show an ear-
lier decay of TKE than the observations, even when we take825

the lower amount of TKE during the early afternoon into ac-
count. Case 2 starts decaying earlier than Case 1. The TKE
decay rate of the surface observations is slower than the mod-
els in the late afternoon. After 18:00 UTC the sensible heat
flux (see Fig. 5b) becomes zero, and the observations show a830

sharp decline in TKE. To complete this discussion, we refer

to the research of the TKE evolution during the by Darbieu
et al. (2014) (this special issue) in the whole atmospheric
boundary layer. In their study, focus on another IOP during
BLLAST, they found that the TKE decay starts at the higher835

levels of the boundary layer and with time descends to the
surface.

The difference between cases 1 and 2 is explained by the
fact case 1 is characterized by much more vigorous growth
during the afternoon, with the boundary layer becoming840

much deeper, enabling the formation of larger length scales.
Case 2, which includes subsidence and advection, has a much
more suppressed growth, limiting the growth and size of the
largest eddies. Therefore, the turbulent motions also become
more suppressed. That means that if we take large scale forc-845

ings into account, the levels of TKE become lower and the
decay of TKE starts slightly earlier.

By scaling the TKE evolution using the convective veloc-
ity (w∗) and the moment of maximum sensible heat flux, and
the time with the eddy turnover time (t∗=zi/w∗) similarly to850

Nieuwstadt and Brost (1986), we made Fig. 14b. Employed
scales are:t0 = 11:55 UTC,t∗ = 0.1172 h (approximately
7 minutes) andw∗ = 1.457 m s−1. Here, we observe the
earlier decay of case 2 more clearly, although the difference
remains fairly small. Both model runs show lower levels of855

TKE than the surface observations. Other factors that might
lead to lower levels of TKE are: the exclusion of wind in
the models (absence of the contribution of shear to maintain
TKE) and local secondary circulations due to surface hetero-
geneity, as suggested in section 6.1. Our final explanation in860

analyzing the modeled TKE evolution is that the largest tur-
bulent scales in case 1 maintain larger levels of turbulence,
slightly delaying the decay process.

7 Conclusions

We find quantitative evidence that subsidence motions and865

the large-scale advection of heat and moisture are key com-
ponents of the atmospheric boundary layer observed during
the BLLAST experiment. Focusing on IOP5, we quantify
these two components in a numerical experiment forced by
surface observations and resulting entrainment to describe870

the diurnal evolution of the budget of heat and moisture. We
intensively employ vertical radiosoundings and remote sens-
ing observations combined with large-eddy simulation and
mixed-layer theory to determine and discuss the boundary-
layer height using 10 different criteria and measurements.875

The systematic numerical experiments enable us to break
down the various components of the heat and moisture bud-
get that determine the boundary-layer height evolution. As
a result, we find that by only taking surface and entrain-
ment fluxes into account, we overestimate the boundary-880

layer depth by 70%. With an iterative method, constrain-
ing our numerical experiments with the observations of the
boundary-layer depth and bulk quantities, we are able to
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Fig. 14. Temporal evolution of TKE in the boundary layer. Left panel:surface measurements and DALES experiment cases 1 and 2. Right
panel: non-dimensional measurements and DALES results.

quantify the magnitude and temporal evolution of subsidence
and advection. The subsidence velocity shows a diurnal evo-885

lution and is slightly larger in magnitude than the values
found with the ECMWF model (with lower spatial and tem-
poral resolution). This diurnal evolution of subsidence sug-
gests the influence of processes that are governed by the di-
urnal heating cycle, such as a mountain circulation. When890

these large-scale forcings are included, LES and mixed-layer
model represent satisfactorily the boundary-layer dynamics.

In analyzing the potential temperature flux vertical pro-
file, we find a satisfactory agreement between the measure-
ments and large-eddy simulations. that reinforce that the895

existing theory and the CBL prototype can characterized
BLLAST boundary layer providing the adequate estimation
of large-scale forcings. For the moisture vertical profile,the
discrepancy between models and observations is larger, but
both yield similar values of the ratio between entrainment-900

(drying) and surface flux (evaporation). Especially at the
end of the afternoon, when observations show a rise in spe-
cific moisture content, models and observations diverge. For
TKE, we do find a fast decay rate around the time the sensi-
ble heat flux becomes zero. The large-eddy simulations show905

a more gradual decline. Even though the large-scale forcings
do not directly disturb the turbulent vertical structure, we find
that the numerical simulation including subsidence and ad-
vection is characterized by smaller turbulent kinetic energy
and starts to decay earlier than the simulation only driven910

by surface and entrainment processes. This is mainly due
to the shallower and weaker large turbulent eddies limited
by the atmospheric boundary layer growth. Therefore, we
recommend to adequately identify the large-scale forcingsin

studying the afternoon decay.915

Finally, we advocate that the applied estimation of sub-
sidence and large-scale advection by combining observa-
tions and mixed-layer theory can be very useful in the in-
terpretation of the observed heat and moisture budget, yield-
ing complementary data to the estimations given by nu-920

merical weather forecast models. The approach proposed
here can be applied to other cases with sufficient obser-
vational density and can be of particular use for the other
IOPs of the BLLAST campaign. A major advantage of our
proposed method is that the higher temporal resolution en-925

ables in-depth studies of the diurnal evolution, as opposedto
ECMWF model output that provides output at a lower spa-
tial and temporal evolution. In relation to the validity of the
prototypical CBL, the results obtained here with the mixed-
layer model ensure us that the canonical CBL is still a valid930

representation of the diurnal atmospheric boundary layer and
afternoon transition, provided that the large-scale influences
are properly quantified, considering their large influence on
the budgets of heat and moisture.
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oratoire d’Aérologie). BLLAST data are managed by SEDOO,
from Observatoire Midi-Pirénées. One eddy covariance station was
supported by the Meteorology and Air Quality Section at Wagenin-950

gen University and two eddy covariance stations were supported
by the University of Bonn and DFG project SCHU2350/21. The
large-eddy simulations were made possible thanks to the financial
support of the Dutch Research Council (NWO) (SH-060-13). We
are grateful to Dr. Wayne Angevine (NOAA-ESRL,USA) for his955

insight comments in an early version of the manuscript.

References
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