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Abstract. We study the influence of the large-scale atmo- the top of the boundary layer in the form of coherent tur-
spheric contribution to the dynamics of the CBL in a situ- bulent structures and to entrain air from aloft. As a conse-
ation observed during the Boundary Layer Late Afterneonquence, the convective boundary layer (CBL) grows and be-
and Sunset Turbulence (BLLAST) field campaign. We em-comes warmer and drier (Stull, 2000). Without the presence
ploy two modelling approaches, the mixed-layer theory andof clouds, the surface heating is driven by the diurnal solar
large-eddy simulation (LES), with a complete data set of sur cycle and it is the dominant contribution to the CBL dynam-
face and upper-air atmospheric observations, to quamtiy t ics. This CBL development can be influenced by the vertical
contributions of the advection of heat and moisture, and suband horizontal advection of heat, momentum and moisture
sidence. We find that by only taking surface and entrainmentvithin and above the CBL. In the late afternoon, when the
fluxes into account, the boundary-layer height is overesti-incoming short wave radiation begins to decrease, the growt
mated by 70 %. Constrained by surface and upper-air obeof the boundary layer slows down and the convective bound-
servations, we infer the large-scale vertical motions aord h  ary layer reaches a quasi-steady state, due to the offgettin
izontal advection of heat and moisture. Our findings showeffects of surface fluxes and subsidence, with the greatest
that subsidence has a clear diurnal pattern. Supported bgtepth at the end of the afternoon. This conceptualization
the presence of a nearby mountain range, this pattern sugf the boundary-layer structure and evolution is refered t
gests that not only synoptic scales exert their influence orherein as the prototypical boundary layer.
the boundary layer, but also mesoscale circulations. LESre 1o study this canonical CBL, one assumes that the main
sults show a satisfactory correspondence of the vertiaalsf, drivers are the turbulent fluxes at the surface and at the
ture of turbulent variables with observations. We also find entrainment zone, whereas the large scale forcing are pre-
that when large-scale advection and subsidence are irtludescribed as done by Lilly (1968) in his pioneer study of ma-
in the simulation, the values for turbulent kinetic energy a rine stratocumulus. This local CBL can be influenced by
lower than without these large-scale forcings. We concludehese large scale motions such as subsidence and advection
that the prototypical CBL is a valid representation of the a5 shown in Fig. 1, in which the local boundary layer is
boundary-layer dynamics near regions characterized by commarked by the dashed box. Consequently, to take these mo-
plex topography and small-scale surface heterogeney, pr tions in modeling the CBL into account, we need to have a
vided that surface- and large-scale forcings are reprase®t  reliable estimation of the values and evolution of thesgdar
for the local boundary layer. scale forcings. Over land several studies have been con-
s ducted including large scale forcings influencing the devel
opment of the boundary layer dynamics, for example: Basu
et al. (2008); Kumar et al. (2010); Edwards et al. (2014)).
Closely connected to our study, due to the similarities of

The daytime convective boundary layer is essentially gov-St€€P topography features near the observational site, in a
erned by heating at the surface and the conditions of thesfre§tudy of boundary layer development, De Wekker (2008)

troposphere. The surface heating causes warm air to rise t8howed that the heat budget is modified near a mountain
slope, not only within the CBL, but also aloft. As a re-

Correspondence to:  Jordi Vila-Guerau de Arellano sult, CBL growth is suppressed. The role of subsidence has
(jordi.vila@wur.nl) been investigated more often in marine boundary layers, in
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2 Pietersen et al.: CBL prototype and large-scale forcing

which it exerts a strong influence on the formation and dis-the surface conditions, the boundary-layer propertiedlamd
sipation of boundary-layer clouds (Lilly, 1968; Stevenslan lower atmosphere were extensively monitored in space and
Co-authors, 2005). time near Campistrous, France, approximately 40 km north
Large scaling forcing, values and evolution, are normailly of the central range of the Pyrenees mountains. This site was
supplied by three-dimensional large-scale models like thdocated on a plateau at a height of 600 m above sea level at the
European Centre for Medium-range Forecasting (ECMWF)foot of the Pyrenees mountain range with heights of approx-
model, or indirectly by the analysis of upper air observagio imately 2000-2500 m. The BLLAST campaign provides us
(e.g. radiosounding) like the temporal evolution of the po- with a continuous and comprehensive observational data set
tential temperature free tropospheric lapse rate. Herepwef surface and boundary-layer observations, supplemented
propose a method to retrieve the values of large scale mowith data from 11 intensive observations periods (IOPd) tha
tions that influence the formation and development of the lo-took place during June and July 2011. During several IOPs
cal boundary layer in the proximity of the large mountain of this campaign, large scale motions were suspected to in-
range of the Pyrenees. Our method is based on using mixedluence the boundary layer (Lothon et al., 2014). Whilst the
layer theory applied to the budgets of heat and moisturemain focus was on measuring the boundary-layer properties,
(Lilly, 1968; Tennekes and Driedonks, 1981) constrainedattention was also paid to surface measurements, esgeciall
with a comprehensive data set gathered during the Boundbecause the campaign took place in an area characterized
ary Layer Late Afternoon and Sunset Turbulence (BLLAST) by large surface heterogeneity. To characterize the symopt
experiment (Lothon et al., 2014). Our working hypothesis is conditions, the entire troposphere was monitored extefysiv
that large scale forcings can be inferred by combining theselogether, all these observations create a high qualitysdgta
mixed-layer model results guided by the completeness ef surcombining up to eight methods to estimate the boundary-
face and upper-air boundary layer observations gathened dulayer height. Using all surface data and boundary-layer ob-
ing BLLAST field campaign. The main advantage of this servations, this dataset gives a unique opportunity toycarr
method is that it is inherently representative for the localout a detailed study of the local atmospheric boundary layer
boundary layer and does not require a complex modelings efinfluenced by heterogeneous surface conditions and the prox
fort using three-dimensional models. To complete the studyimity of complex topography. Most of the instruments were
we further investigate whether the turbulent characiessif operating continuously, but there were several platfoiras t
this prototypical CBL are influenced by the large-scaleforc operated intermittently. Among these were: tethered bal-
ings. This latter study is based on large-eddy simulatien ex loons, manned and unmanned aircraft and radiosoundings.
periments using identical surface boundary conditionsiandlhe operation of these platforms was limited to weather situ
early-morning initial conditions as in the mixed-layer exp  ations characterized by weak synoptic patterns to betidyst
iments. the combined effects of CBL dynamics, mesoscale and syn-
This paper will first introduce the BLLAST experiment optic scales.
and provide a brief overview of the observations in section These periods of intensive observation (IOP) included the
3, including a detailed analysis of the study case, from synthe clearest and least disturbed days of the campaign. How-
optic to local spatial scales. Special attention is givetheo  ever, due to logistics and instrumental performance, rot al
selection criteria for the case and the large scale comditio platforms operated simultaneously all the time. Therefore
during this day. Section 4 describes the set-up of the numerthere were differences in instrumental availability begwe
ical experiment and introduces the models that are used. Idifferent IOPs.
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 boundary3 Observational description of the representative
layer and a discussion on the estimations of the large scale boundary layer
forcing. Finally, conclusions are drawn, followed by recom
mendations for future research. First we set up criteria to select which IOP of BLLAST to
study. After that we describe the meso- and synoptic situa-
tion in detail and the evolution of the energy exchange at the
2 The BLLAST experiment s SuUrface during this day. As an overview of the case analyzed
in this research, we summarize at Fig.1) the main processes
The Boundary Layer Late Afternoon and Sunset Turbulencethat are quantified and discussed.
(BLLAST) experiment (Lothon et al., 2014) seeks to study
the transition between the convective and stable boundarg.1 Case Selection
layer, when a stable boundary-layer (SBL) forms above the
surface and the turbulence inside the daytime boundary layeOur aim is to investigate whether the prototype CBL (Stull,
slowly decays (Garratt and Brost, 1981; Sorbjan, 1997);lea 2000) is a useful concept to be applied in regions charac-
ing a residual layer above the SBL. During this campaignterized by large surface heterogeneity and mesoscale phe-
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Fig. 1. Sketch of the main process driving the development 40N

atmospheric boundary layer observed on June 25, 2011 (IQR
majority of the surface stations were located near the nitgr{se
Fig. 4) whereas the aircraft measurements were gatherecbas
West direction during the case under study. Note that thargire
duced by the opposite wind direction is occurring above thab
ary layer (~600 m)as shown at Fig. 3.

60N —

nomena driven by topography. The analysis of the d
supported by the use of a conceptual model that enat
to quantify the individual contributions to the heat, moir
and momentum budgets. More detailed numerical e 40N
ments are made with a large-eddy simulation that allow
study the turbulent structure and its evolution.

From the 11 IOPs, we therefore define a set of crite.... .. 0 SOE
Ef)lr?g‘rtcl:ri T;lzséléef rperf)?(r)]tt;;l(\-}/%:J(ZF’Eop;neolc;rt'ges-tsuc?;et?grgi?:gq:ig' 2. Geopotential hgight (m) of the 500hPa level (uppe_r panel)

o *and surface pressure field (hPa) (lower panel) from the hesinaf

These criteria are: ECMWF at 12:00 UTC of the 25 June 2011. The red dot represents
the location of the BLLAST experiment

1. The instrumental availability should be high.

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

evolution of radiation and subsequent surface fluxes that )
are more optimal for the assumptions of the conceptuaf 10cal boundary-layer perspective, we group them under the
model 205 hame large-scale forcings. In Fig. 2, the geopotentialiteig

at 500 hPa and the pressure distribution at the surfaceg usin
3. Large scale forcings should be present, but these shoulthe European Centre Medium Weather Forecast (ECMWF)
only lead to relatively minor variations during the day. reanalysis model, is shown for June 25, 2011 at 12 UTC.
For instance, passing fronts will drastically change theThe red dot shows the location of the BLLAST experiment.
weather conditions and thus the growth of the CBL, andDuring this day, a large system of high surface pressure is lo
are therefore excluded. cated over central France and the Alps. The influence of this
i . high pressure system extends towards the south (Fig. 2b).
4. The vertical structure of heat and humidity should 1pg resyits in clear skies and fair weather over the BLLAST
evolve gradually. Layers which enhance or inhibit gjq \ith gentle easterly winds. Higher up in the atmosphere
boundary layer growth (e.g. inversions, shear zones,; 50g hpa, a strong ridge extends over the west of Europe
or a residual layer) would influence the strength of eN- (Fig. 2a). This ridge causes a predominantly WNW flow in
trainment and as a result, t_he boundary—lay_er propertie§he upper atmospheric regions above BLLAST site.
(Stensrud (1993); Conzemius and Fedorovich (2008)). Two soundings of the entire troposphere, taken at a cen-

)Hal location in the BLLAST experiment at 10:34 UTC (local
time = UTC + 2, with one hour accounting for daylight sav-
ing) and 16:44 UTC, confirm the two regimes with winds
3.2 Study case description: Large scale forcings sharply turning with height (Fig. 3). In general, the winds
during this day are weak in the lower troposphere, not ex-
Here we describe the main synoptic and mesoscale featuremeeding 6 m s!. Close to the surface, the wind is east-
occurring during IOP5. Since it is difficult to distinguidinet.s  erly, but at approximately 1500 m, there is a sharp turning
specific contributions of the meso- and synoptic scales fronof the wind to WNW. This zone of directional shear remains

IOPS5 satisfies the criteria stated above the best. In the ne
sections, this day will be described in more detail. 220
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Fig. 4. Land use surrounding the BLLAST site and location of the
7 surface flux stations used to estimate the sensible ant lagat
flux prescribed in the model experiments. The land typesaiog-
present during the day, but remains at a height of approxidand (yellow), deciduous forest (light green), urban (r@ifje forest
mately 1500 m. This is distinctly higher than the maximum (dark green), industrial (purple) and moor (white)
boundary layer height during this day, and therefore it Gan b
expected to exert no influence on the boundary-layer dynam-

ICS.

On the meso-scale, the proximity of the Pyrenees to theconjunctipn with the initial profiles (not shown), t_hese—sur
south of the site often leads to a mountain-plain circutatio [2c€ forcings should lead to boundary-layer heights~of
(Lothon et al., 2014). The behavior of the boundary I&§er 1100 m during the afternoon. However, rtfhe boundhe}ry layer
during the day and the general conditions leads us to post2N!Y réached a height ot 600 m during tf ":’] day. This b'le'
late that large scale forcings such as subsidence and adveB2Vior suggests that the development of the boundary layer

tion should be taken into account to understand the behaviof@S influenced by processes besides surface heating and en-
of the boundary layer during the day (see Fig. 1). trainment. To be able to investigate the transition period

June 25, 2011 was the second of three consecutiveszP‘é’here weak forcings interact, the development of the day-

with fair weather and increasingly warmer temperatures. orfime boundary layer should be understood first.

this day, the 2m-temperature rose as high as 28°C in the af- 1he BLLAST campaign took place in a topographically
ternoon at the BLLAST site. In the plains to the north of the diverse landscape. Although the main site is on a plateau, th

2000

0 7 I 0 I I
15 20 0 5 15 20

10 10
wind speed [m/s] wind speed [m/s]

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

BLLAST site, temperatures exceeded 30°C. height differences in the area are large. Several valletts wi
’ a5 a depth of 100-200 m radiate outward to the north of the site.
3.3 Case description: Surface conditions To the south, the foothills of the Pyrenees start and height

differences increase. The highest peaks of the Pyreneas, at

In addition to the nearby complex topography, the BLLAST distance of 45 km, reach heights of more than 3000 m above
experiment took place in an area characterized by surfacsea level.
heterogeneity. Fig. 4 shows the land-use and the location Figs. 5¢c and 5d show the latent and sensible heat flux for
of the surface flux stations in the vicinity of the main sites. the seven stations and the average value for all theserstatio
The heterogeneity is characterized by different lengtihesca All fluxes were computed using the eddy covariance tech-
ranging from 500 to 1000 m. In Fig. 4, the categories repre-nique, with a sampling rate of at least 10 Hz. These eddy-
sent aggregate land-use types. Especially within theangpl covariance stations were installed at heights lower tham?2.
category there is still a large variety. In the BLLAST cam- above the surface. Most of the BLLAST characteristic land-
paign, turbulent measurements were made above a humbeises are represented, although the forest site is excludged d
of different land-uses, including wheat, grass, maize atd n to the station height. The 5-min. fluxes of each station are
ural moor-like vegetation. From this, fluxes are calculatedshown in blue, the average of these fluxes is indicated with
with a uniform processing method (De Coster and Pietersenthe red crosses in Figs. 5¢ and 5d. The fluxes above the dif-
2011). 20 ferent surfaces show a variability of more than 100% for the

In Figs. 5a and 5b the radiation budget and surface ensensible heat flux and approximately 50 % for the latent heat
ergy balance of a grass covered site during BLLAST 10P5fluxes. To represent gradually evolving fluxes and to elimi-
is shown (site 2 in Fig. 4). The four components of the ra- nate effects due to fast changing surface conditions, a sinu
diation show a smooth diurnal cycle with absence of clouds.soidal function is matched with the average values (dashed
The averaged Bowen ratio during the day is around 0.3s Inblack lines). This function is used as the surface boundary
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condition in the numerical experiments (see Table 1 for theet al., 2009; Vila-Guerau de Arellano et al., 2015). Seétpnd
equations). the Dutch Atmospheric Large-Eddy Simulation (DALES,

Here it is important to discuss the role of surface hetero-Heus et al. (2010)) is employed to study the case taking ad-
geneity in the CBL dynamics of IOP5. We are aware that twovantage of the fact that the most energetic turbulent mstion
types of heterogeneity can alter the boundary layer dyrsemic are fully resolved. The initial vertical model profiles of-po
nonuniform land use properties and topography. Note that irtential temperaturedj and specific moisture content)(are
our modelling approach, we take a bottom-up approach inderived from the early morning soundings. The observations
which we reproduce boundary layer dynamics closely con-during the day will be used to evaluate the models. The start-
strained by observations. To improve these model resuéts, wing point is a simple case, using the initial profiles and sur-
externally adjust external the large-scale forcing (sidastesss face fluxes from the observations as input (Section 5). Sub-
advection) to better match to the observations of the diurnasequently, we will use the observations as a guide to obtain
variability of CBL growth, potential temperature and sfiieci  the correct values for subsidence and advection of heat and
humidity. In this way, these estimated large-scale forging moisture (Section 6).
integrate the effects of topography and land surface hetero
geneity. In relation to the latter, and closer to the boupdar 4.2 Model description
layer scales, previous studies have shown that non-uniform
surface conditions can lead to induced secondary ciromath In this section, both models are introduced: a mixed-layer
influencing the dynamics of the convective boundary layermodel and a large-eddy simulation. The first model is a
(Patton et al., 1997; Maronga and Raasch, 2013; van Heefighly conceptualized model of the boundary layer. The
waarden et al., 2014). Although there is current debate®n thsecond is a model that explicitly calculates most of the tur-
minimal heterogeneity length scale required to trigger sec bulence and gives a detailed picture of the structure of the
ondary circulations, the majority of the studies pointed:eu boundary layer. Combining the two model results, we can
that this is approximately 2zwhere z is the boundary layer unravel and quantify the various contributions to the hedt a
height. Taking into account that the observed boundary layemoisture budgets. Furthermore, we can obtain a detailed re-
height during IOP5 was between 600 and 700 m and the surgarding in the structure of temperature and humidity inside
face length scales were larger than 1000 m, in our modellinghe boundary layer and we are able to see how the turbulent
analysis, we will omit the effects of surface heterogenigity ~ Structures evolve during the day.
the development of the CBL.

4.2.1 Mixed-Layer Model

4 Numerical experiments The mixed-layer model is a bulk model that allows a con-
ceptual representation of the boundary layer. We have in-
We design a series of numerical experiments to reproduceluded this mixed-layer model to reproduce the essential pr
IOP5 by means of mixed-layer theory and large-eddy simula-cesses of the CBL prototype. This model uses the boundary-
tion (LES). Our strategy is to use both models to support thdayer thermodynamic equations proposed by Tennekes and
data interpretation in order to identify and quantify theiima  Driedonks (1981). The implementation of these equations
contributors in the development of the boundary layer. Ininto the model is similar to van Heerwaarden et al. (2009).
the numerical experiments, the observations of the boyndarThe boundary layer is represented as a single model layer
layer both guide and constrain the models. The mixed-layeand at the entrainment region (top of the CBL), the exchange
model is used to reproduce the observed boundary-layer andf heat and specific moisture is parameterized by a jump of
the large-scale forcings are inferred from the analysik- Ta the potential temperature and specific moisture over an in-
ing the same initial and boundary conditions, we performfinitesimally small height (a 0-order model). The potential
systematic experiments with LES to determine the turbulentemperature and specific humidity in the overlying free tro-

statistics. s posphere are initialized with a constant lapse rate witblitei
The use of the mixed-layer equations implies that the turbu-
4.1 Experimental strategy lence inside the boundary layer is not explicitly calcutate

and assumes that the potential temperature and the specific

The numerical experiments are designed to reproduce thaumidity are well mixed in the convective boundary layer
boundary layer of IOP5 as well as possible within the gan-and constant in height. This assumption is supported by the
ceptual framework. This means that special attention i@ pai efficient turbulent mixing under convective conditions.eTh
to the inclusion of all important large scale processesy the entrainment flux at the top of the boundary laygy, () is cal-
magnitude and evolution. The horizontal variation of theseculated as a fixed fraction of the buoyancy flux (in our numer-
large scale contributions are not treated. ical experiments equal to 0.2), which means that the entrain

First, a conceptual model is used to determine the voment flux is subjected to the same diurnal evolution as the
lution of the bulk properties of the CBL (van Heerwaarden prescribed surface sensible and latent heat flux. An impbrta
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feature of the model is the possibility to represent sulvgide 10P5 (see Fig. 3) and we seek to perform a numerical ex-
coupled to the entrainment process at the inversion zone anperiment that resembles the prototypical boundary layer, n
to discriminate how their individual contributions thatyg@. wind was prescribed in the models.

ern the boundary layer growth. The subsidence velocity is a Two different numerical experiments (cases 1 and 2) are
function of the divergence of the mean horizontal wind andset up to determine the influence of the large scale forcings
the evolving boundary-layer height. As such, this model en-on the boundary layer during IOP5. In short, these cases are:
able us to study the balance between subsidence from above

and buoyant convection from below, and whether they reach — Case 1: a boundary layer governed by surface forcings,
an equilibrium during the CBL development. 455 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

The large eddy-simulation (LES) model that is used is and a_dvect|on of heat and moisture, i.€., including con-
the latest implementation of DALES (Heus et al., 2010). tributions of the larger scales.

DALES solves the filtered three-dimensional thermodynamic

equations, and as a result produces three-dimensional;g[i)m% Case 1: Prototypical boundary layer

evolving fields. In convective boundary layers like the one

observed on 10PS, DALES explicitly reproduces approxi- The prototype CBL is driven by the surface and entrainment
mately 80-90 % of the energy contained by the eddies inyrocesses. In order to study whether IOP5 follows this &lass
the boundary layer. The smaller amounts of turbulent scaleg ) prototype, we reproduce a situation that is only forogd b
are parameterized using a sub-grid scale model that depende syrface fluxes, without any other external forcings sThi
on the sub-grid turbulent kinetic energy and is formulgiedenaples us to determine the influence of the surface forcing
according to Deardorff (1974). DALES gives us a detailed 34 it provides us a first indication which large scale influ-

insight in the vertical structure of the boundary layer and gnces are of importance. The results are evaluated with sur-
enables us to compare measured fluxes inside the boundagyce and upper air observations.

layer with simulations, thus giving a detailed quantifioati

of the structure of the boundary layer. In the numerical ex-5.1  Boundary-layer height

periments, we have used a grid of $28ith a horizontal

resolution of 25 m and a vertical resolution of 10 m, lead- We show the boundary-layer height during IOP5 estimated
ing to a domain of 3200x3200x1280 m. The simulation time by ten different methods (eight observational and two based
is 14 hours. The subsidence velocity is imposed by a func-on results obtained employing the mixed-layer model and
tion that is zero at the ground and increases linearly to theDALES) in Fig. 6a. Two of the observational methods
CBL top. Above the CBL, the subsidence velocity is constantare based on remote sensing instruments: a vertical UHF
in height. Similar to the mixed-layer model, the subsidenceradar and an aerosol LIDAR. Other methods to determine

4.2.2 Large-Eddy Simulation

strength can change over time. the boundary-layer height are based on the profile of virtual
potential temperature inside the boundary layer. The maxi-
4.3 Boundary and initial conditions mum gradient of the virtual potential temperature is manu-

ally selected as the top of the boundary layer. Three meth-

Both models, DALES and mixed-layer, use identical iniial ods rely on profiles made with soundings: two classical ra-
conditions and surface forcings. The models are initidlize diosondes (manufactured by MODEM and GRAW) and a
with profiles that were derived from the morning soundingsnew method of making frequent radiosoundings developed
of IOPS5. The representative surface fluxes from the observaby Meteo-France (Legain et al. (2013)) where the sondes
tions (see section 3.3) are used to provide the lower boyndarcan be retrieved and re-used. Three additional methods are
conditions. s based on profiling by aircraft, one remotely piloted airtraf

To make sure that the boundary layer is well mixed andsystem (the SUMO platform, Reuder et al. (2009)) and two
that all surface stability has disappeared, the modelsaire n manned aircraft (the Sky Arrow operated by IBIMET/CNR
started at sunrise, but at 10:00 UTC. In this way, we en-and the Piper Aztec operated by SAFIRE). The last two
sure that the mixed-layer equations of the mixed-layer hodemethods to determine the boundary-layer height are based
hold. The soundings that were taken during the early marn-on the interpretation of model results from the mixed-layer
ing and at 10:34 UTC were used to construct the initial pro-model and DALES. The mixed-layer model explicitly calcu-
files for both the mixed-layer model and the large-eddy simu-lates the boundary-layer height assuming that this heght i
lation. The boundary-layer height at this time was matcbed t equal to the maximum of the potential temperature gradient
the estimate made with the UHF radar and the LIDAR (Fig. and the minimum of the buoyancy heat flux. In DALES, the
6a). In Table 1, the initial conditions for both the mixegdass boundary-layer height is diagnosed in the post-procedsing
model and DALES are listed. As winds were light during assuming that the top of the boundary layer is at the height
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Table 1. Prescribed initial conditions for the numerical experitsemsing mixed-layer theory and DALES. The conditions cspoand at
10:00 UTC at 25 of June 2011 at Campistrous (Francis)the time after starting the simulation.

Dynamics and surface: |

Surface pressure,HPa] 101300
Large scale subsidence velocity.) [m s™'] Case 1: 0.0
Case 2: -0.028 - 0.0 (see Fig. 7)
Initial boundary layer height [m] 440
Sensible heat flux [K msl1] 0.13 sin(¢-4.933)/(13.976t))
Latent heat flux [g kg m s71] 0.11 sin(¢-4.430)/(15.4704))

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 [Kh] 0.0055
Advection [K h~1] Case 1: 0.0
Case 2 -0.072 (constant in time)
Specific humidity :
boundary-layer specific moisture content [g kg 7.9
specific moisture content jump [g Kd] -3.9
lapse rate of specific moisture content [gkgn—1] 0.0
Advection [gkg h 1] Case 1: 0.0
Case 2: -0.234 (constant in time)
Wind:

(Ug,Vg) [ms™] (0.0,0.0)

where the buoyancy flux vertical profile has its largest nega-entrainment processes: a continuous growth, slowing down
tive value. in the late afternoon (after 16:00 UTC), with the maximum
As shown in Fig. 6a, there is a large amount of SCaﬁerbou_nda_ry—layerheight at the beginning of the_evening.
between different estimates. In analyzing the observation Tak|ng into account the scatter associated with the observa
in more detail, we find that, even if we do not take outliers tions, there is a discrepancy of roughly 400-500 m between
into account, the differences in boundary-layer heighttzan the observgthns and thg rgsu!ts from the numerical experi-
in the order of 100 m. This numbex(100-200 meters) is Ments. Thls_ is a clear |n_d|cat|on that processes other than
similar to the depth of the entrainment zone measured biPthéurface heating and entrainment play a role.
Lidar. From the observations, we notice that the soundings
generally report lower boundary-layer heights than the re-5-2 Mixed-layer potential temperature and specific humid-
mote sensing methods, which is to be expected as different 1Y
physical parameters are used to deduce the boundary-layer
height. Not all observation profiles were taken at the samée™i9. 6b shows model results and observations of the mixed-
location. A site near stations 4 and 5 (Fig. 4) was used forlayer potential temperature and the specific humidity. The
UHF, LIDAR and soundings, the remotely piloted airceaft sounding values are calculated by taking the average value
soundings were taken near stations 6 and 7. The manned ai®f the sounding between 100 m above the ground and 100
craft, the Piper Aztec and Sky Arrow, were even further away™ below the top of the boundary layer. The DALES values
from the site (up to 20 km) because of airspace regulationsare calculated in a similar fashion. The observations at 60 m
Due to the mentioned surface heterogeneity, differences caheight were taken at a tall tower at station 5 (Fig. 4).
occur between observations. Most of the soundings are goint The potential temperature observations at 60 m follow
measurements, whereas the aircraft makes a helical profil@ similar pattern as the profile average observations of the
sampling a greater volume of the boundary layer. In Fig.mixed layer for the temperature. Both the mixed-layer model
6a, the observations show a growing CBL until 14:00 UTC. and DALES give a correct representation of the mixed-layer
Later in the afternoon, the growth becomes slightly negativ potential temperature, in spite of the large disagreentent i
In contrast, the model results show the expected behaviesurthe boundary-layer height.
der clear convective conditions driven solely by surfacé an  The observations of specific humidity show a lot of
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scatter between the different instrument platforms. Espefor subsidence calculated using the ECMWF model above
cially within the mixed-layer moisture observations frdme4o the BLLAST observational site characterized by coarse spa-
soundings (the triangles in Fig. 6b), the differences aigela tial resolution and lower temporal resolution. The contrib
and can amount up to 1.5 g k4. Overall, we first observe a tions of advection of heat and moisture are given between
slight increase, followed by a gradual decline, probably-co brackets in Table 1. Note that the advection is applied only
trolled by the entrainment of dry air. After 15:00 UTC, the inside the boundary layer. From Fig.7, we observe that subsi
specific moisture content starts to rise again. This pattesn dence velocity has a dependence on time that follows a diur-
the strongest in the tall tower of station 5 (the crossesgn Fi nal evolution with maximum values of -0.028 m'sbetween
6b), although on average the soundings also show a slight3:30 and 14:00 UTC. The values from the ECMWF model
moistening trend. This could be related to moisture advec-are lower and have far less temporal detail than the ones esti
tion in the late afternoon (Couvreaux et al., 2015) or due tomated iteratively. Fig.7 indicates that in regions with nga
surface evaporation that is not being offset by the entsain-complex topography it might be required to have estimations
ment of dry air originated at the free troposphere. Althoughof subsidence with higher temporal frequency to propeHy re
both models show a small amount of drying around noon,produce the boundary-layer dynamics. This variation oetim
it is much less than observed near the surface at the 60 mef the subsidence can be a relevant process in modelling this
tower. The moistening at the end of the afternoon is not yetsituation with more complex numerical weather prediction
reproduced by the models. Note that there is a discrepancynodels (Couvreaux et al., 2015).
between the specific moisture content of the model and the Together with the subsidence, Fig. 7 shows the result-
observations of the 60 m-tower at the start of the model runing values of entrainment velocity for both the mixed-layer
This is because the initial profiles are based upon soundingmodel and DALES. The entrainment rate of both models is
of the entire boundary layer. These can differ significantly calculated following Lilly (1968):
from the observations at 60 m height as can be seen in the
observations later during the day. w0l oh

It is relevant to point out here that one would expect We = — m o Ws 1)
slightly lower values of the model results compared to the
observations of the specific humidity because of enhamced Note that the buoyancy flux at the entrainment zone
entrainment of dry air. Model results tend to overestimate(—w'?;,) is a fixed fraction (0.2) of the prescribed surface
the specific humidity above the surface, as shown by Fig. 6bbuoyancy flux. The potential virtual temperature jump at the
though the agreement with the more representative averagdipundary layer top4d,.,) is calculated explicitly whereas
bulk values calculated from the radiosounding observation the subsidence velocityu() must be imposed. As Fig.7
is more satisfactory, in spite of the larger variability. A-ps shows, the diurnal evolution of the entrainment is very simi
tential solution is to infer more complicate temporal evolu larin both models. The overestimation in the mixed-layer re
tions of the advection of moisture, but they will have a minor sults is due to the linear profile of the buoyancy flux assumed

impact on the overall characterization of the boundarydaye in mixed-layer theory that simplifies the curve behavior of
dynamics during IOP5. the buoyancy flux in the entrainment zone (see Fig.11).

630 By analyzing the magnitude of subsidence and entrain-
ment velocities, both are comparable and nearly cancel each
6 Case 2: Including large-scale subsidence and advec- other after 12:00 UTC. This is in agreement with the evolu-
tion tion of the observed boundary-layer height that remains al-
most constant during the afternoon as shown by equation 1).
Case 2 includes the contributions of subsidence motionsantiote that the entrainment is mainly driven by the buoyancy
large-scale advection of heat and moisture to the developheat flux at the surface and has a clear diurnal evolution. The
ment of the atmospheric boundary layer during IOP5. Thesubsidence shows a very similar evolution, thus suggesting
values and evolution for subsidence and advection of potenthe influence of non-local processes that are forced by the di
tial temperature and specific humidity were determined byurnal cycle (De Wekker, 2008). An induced circulation such
constraining the model results to the observations of beundas a mountain circulation could lead to such an evolution of
ary layer height and the mixed-layer values of potentiattem subsidence (see Fig. 1).
perature and specific moisture. The evolution of subsidence In Fig. 8, we show the temporal evolution of the
was first adjusted using the observations of the CBL growthboundary-layer height, the mixed-layer potential tempeea
gathered by eight different instruments. In a second stageand mixed-layer specific humidity. For Case 2, the obser-
we use thé- and specific humidity evolution to estimate the vations and the models show a satisfactory agreement for
necessary advection to match the observational evolufion oboundary-layer height and bulk potential temperature.(Fig
these state variables. The initial- and boundary condition 8a). The observations of bulk specific moisture content are
are listed in section 4.3. The retrieved value and evolidton more scattered, thus making a comparison between model
subsidence velocity are shown in Fig. 7 as well as the valuesand observations more difficult. In general, the models cal-
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680

culate a boundary layer height that is slightly overestedat

However, as we will show in section 6.1, the models repro-

duce the vertical structure of the boundary layer satiefact
rily.
The evolution of the mixed-layer potential temperatere

models. This moistening signal comes mainly from the sta-
tions near the surface and could be related to moist advectio
in the late afternoon. However, as the observations show a
lot of scatter, this change of moisture advection in timeois n
included in the simulations. A meso-scale modeling study
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 pro-
files calculated by the two models and by observations taken
at 12:57 UTC. The potential temperature profiles of both
models are comparable to the observations. Just above the
boundary layer, the observed free troposphere is more sta-
ble than higher up. The models however are initialized with
a single lapse rate for the entire free troposphere. Compar-
ing the potential temperature jump at the top of the bound-
ary layer, both the sounding and DALES show an entrain-
ment zone with an inversion depth of approximately 100 me-
ters. It is also interesting to stress that the observed pro-
file shows a weak stable stratification above 300 m. Two
reasons can create this stratification within the well-rdixe
boundary layer: (a) land-surface heterogeneity (Ouwetslo
etal., 2011) and (b) the presence of absorbing aerosols (Bar
baro et al., 2013). Our tentative explanation is the folloyvi
With respect to (b), aerosol optical depth measurements dur
ing BLLAST range between 0.08 and 0.11. These values can

agrees well with the measurements (Fig. 8b). The moisdead to a reduction of the incoming shortwave radiatien (
ture content shows a decline in the early afternoon, somewhal0-20 W nt2) (Barbaro et al., 2013) and depending on the
later than the observations from the 60 m tower. The moist-aerosol absorbing and scattering characteristics a izbil
ening at the end of the afternoon is not represented in theion of the upper region in the boundary layer. With respect
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to (a), and although the length scales of surface heteregen®a and Fig. 10a, the profile taken at 16:50 UTC shows more
ity are smaller than the boundary layer height, the patchy su small scale fluctuations. This is partly due to the higher-sam
face around the BLLAST experimental site might induce sec-pling frequency and partly due to the helical profile. More-
ondary circulations that are superimposed to the boundaryever, the profile is characterized by an almost constaneyalu
layer structures. These induced circulations enhancerthe e indicating well mixed conditions. By comparing models and
trainment of warmer and drier air originating from the free observations at 16:50 UTC, the mixed-layer potential tem-
troposphere, stabilizing the upper region of the CBL. perature compares well to the observations. For this specifi
In Fig. 9b the calculated and observed vertical profilgeof Profile, the boundary-layer height is slightly overestietat
specific moisture at 12:57 are presented. The specific moisPY the models (see also Fig. 8a). This sounding was taken in
ture profile is less well mixed with height than the poten- €l0Se proximity to the Pyrenees (7 km southwest of the main
tial temperature profile. Both models compare well with Sit€), which means that although the soundings are describe
the sounding inside the boundary layer. DALES reproducedn heightabove ground level, this column of air was higher in
the values of specific moisture at the top of the boundary2" absolute sense. With the specific moisture content taken
layer and the transition to the free troposphere better thaift 16:50 UTC (Fig. 10b), the signal is even more turbulent
the mixed-layer model. However, both models are approxi-than the signal of potential temperature. The mixed-layer
mately 1 g kg'! too dry in the free troposphere. The initial averaged specific m_0|sture cont_ent is underg;nmat_ed by1lg
values of specific moisture were matched to the soundingskd ~'» but the magnitude of the jump of specific moisture at
but there could be moistening of the free troposphere diifinghe top of the boundary layer is similar between observation
the day that is not taken into account in the numerical ex-and models. The specific humidity of the free troposphere
periments. Similar to the 12:57 UTC potential temperatureiS underestimated by both models, which could be explained
profile, the specific humidity profile shows microstructyres PY the moistening trend described for the sounding at 12:57

suggesting a signature of the land surface heterogenely wi UTC.
drier air in the upper region of the convective boundarytaye
(between 300 and 600 m). e

Fig. 10 shows the profiles of potential temperature andOur second aim was to determine whether large-scale forc-
specific moisture at 16:50 UTC, taken by the Sky Arrow air- ings exert an influence on the turbulent structure of IOP5
craft. These soundings were taken in a helical profile with aand if this structure is consistent with the prototypicallCB
sampling frequency of 50 Hz. This profile was made approx-Therefore, we calculate the higher-order moments of the
imately 7 km southwest of the main site, relatively closg,to thermodynamic fluxes and variances from the high frequency
the mountains. The advantage of a helical sounding is thajircraft observations and compare them to the DALES calcu-
more of the boundary layer is sampled at each level. In thigations. To this end, we employ two observational data sets:
way, the measurements have a larger footprint and in conse-
guence are representative of a larger area. If we compare Fig 1. Turbulent data collected by two aircraft at various

6.2 Turbulent structure
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heights within the boundary layer. 805 Fig. 12 shows the observed and modeled latent heat flux
vertical profiles. In spite of the imposed (observed, see sec
2. Time series of turbulent kinetic energy (TKE) taken at tion 3.3) surface heat fluxes, DALES flux calculations over-
surface flux stations. Here, similarly to the sensible andestimate the aircraft measurements. LeMone et al. (2002)
latent heat fluxes, we calculate an average TKE from alland Gorska et al. (2008) have discussed underestimations o
the stations shown in Fig. 4. s0  the flux measurements taken by aircraft compared to surface
point measurements. At the three highest observatiorse clo
Note that the calculated flux along a flight leg representsto the entrainment zone, model and observations compare
an integrated value over a large horizontal distance, thms p well, indicating that here the turbulent exchange is matlele
viding a larger footprint, as opposed to the smaller foatigri  correctly. However, inside the boundary layer, the modeled
of the local point measurements of the eddy covarianceistafluxes are roughly twice as high as the observed fluxes. Both
tions. This enables us to do a more adequate comparisomodel and observations do show latent heat flux profiles that
with DALES results that are forced by a horizontally homo- are almost constant with height indicating that the evapora
geneous surface flux, derived from the average of the fluxion at the surface is compensated by the drying at the en-
observations (see section 3.3). The data from the eddy catrainment zone. Consequently, the moisture content inside
variance stations is used to study the temporal evolutien othe boundary layer is in a near steady-state during this pe-
the turbulence in the surface layer. We compare this withriod. This is further corroborated by the observations ef th
the vertically integrated TKE using the DALES results. This specific moisture content near the surface (see the 60 m ob-
dataset has a high temporal resolution which consequentlgervations in Fig. 8b).
enables us to describe and explain the decay of turbulence In Fig. 13, the non-dimensional buoyancy flux for the

during the late afternoon transition. e2s  same period as Fig. 11 and Fig. 12 is shown against the di-
mensionless height. The buoyancy flux is scaled with the sur-
6.2.1 \Vertical profiles of fluxes face buoyancy flux, the height is scaled with the boundary-

layer height from the mixed-layer model. Modeled buoyancy

In order to obtain a more detailed understanding of thefluxes from DALES are shown together with aircraft obser-
boundary-layer dynamics, we study the variation with heigh vations. Because the fluxes are scaled with the surface flux,
of the potential temperature and specific humidity fluxes. Be the spread due to the difference in timing disappears. Over-
tween 13:51 UTC and 15:06 UTC, two aircraft: the Sky Ar- all, the model results match closely with the observatiors a
row and the Piper Aztec gathered high frequency measureconfirm the notion that the boundary layer for IOP5 behaves
ments that are compared with the turbulent fluxes calculate@imilar to the prototypical boundary layer. Model and obser
using DALES. The observations were made at differentlev-vations show a clear linear decrease with height in the lower
els, and therefore we can make a vertical profile of the secong@s 9 of the boundary layer. In the top 20-25% of the bound-
order moments during this hour. Figs. 11 and 12 show theary layer, the entrainment zone is well defined. The buoy-
vertical profiles of the fluxes of heat and moisture inside theancy flux ratio Bo, = —(w'0),/(w'0),) is very similar to
boundary layer. The observations are taken along legs of apyalues found by Davis et al. (1997) and Gérska et al. (2008)
proximately 40 km (10-15 minutes of flight) in an east-wgst (3, ~ 0.15 - 0.20). The model results are horizontally aver-
direction. The simulated fluxes from DALES correspond to aged and the aircraft measurements integrate over a distanc
a 30-minute averaged flux for the entire domain from 14:15¢f roughly 40 km. All values presented in Fig. 13 are there-
until 14:45 UTC (solid line) with dotted lines indicatingegh  fore spatially integrated. Local variations may still éxis
minimum and maximum fluxes during the hour at which the
observations are taken. Around heights of 525, 625 and 72%.2.2 Decay of turbulent kinetic energy
m, two legs were flown with different aircraft. Note that tees
observations were not taken at the same moment. as  We complete the study by analyzing a relevant aspect of the

The profile of the sensible heat flux is shown in Fig. 11. afternoon transition extensively studied in more academic
Observations and model are in good agreement. The entrain-ES studies (Nieuwstadt and Brost, 1986; Sorbjan, 1997;
ment zone, where the heat flux is negative, is clearly definedPino et al., 2006; Beare et al., 2006; van Driel and Jonker,
in both observations and the model and shows a good matct2011): the decay of TKE. This decay plays a key role in the
The linear decrease from the surface flux to the negativededtansition from CBL to SBL. We employ the same strategy
flux in the entrainment zone corresponds well between modeas before: combining cases 1 and 2 from DALES with sur-
and observations. It is in this region that there is a counter face observations. We show in Fig. 14 how TKE evolves in
gradient sensible heat flux with positive values for the flux time from 12:00 UTC to 20:00 UTC. It is important to note
and the potential temperature gradient. The variation @ef th that the surface observations are an average of the 7 surface
modeled heat flux at the surface indicates that this peried istations and that these measurements have been taken 2 or 3
already in a phase of the day where the heat fluxes declineneters above the surface. The TKE calculated by LES repre-
(Fig. 5c). sents the lower 10% of the boundary layer, approximately the
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11, but now for the non-dimensional buoy-

and 15:00 UTC. DALES data correspond to Case 2. Dotted lines
indicate the minimum and maximum fluxes calculated by DALES first 60-70 meters above the surface. For this calculatiomn, t
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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top of the boundary layer is defined as 30 m below the level
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 (n

s~1, see Fig. 3). Still, the exclusion of wind in our simula-
tions reduces the amount of TKE that is produced due to the
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 take
the lower amount of TKE during the early afternoon into
account. Case 2 starts decaying earlier than Case 1. The
TKE decay rate of the surface observations is slower than
the models in the late afternoon. Even though the buoyancy
will be still positive due to the positiveness of the lateaah
flux, after 18:00 UTC the sensible heat flux (see Fig. 5b)
becomes zero, and the observations show a sharp decline in
TKE. To complete this discussion, we refer to the research of
the TKE evolution during the afternoon transition conddcte
by Darbieu et al. (2015) (this special issue) in the whole at-
mospheric boundary layer. In their study, which focus on
another I0P during BLLAST, they found that the TKE de-
cay starts at the higher 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 becoming
much deeper, enabling the formation of larger length scales
Case 2, which includes subsidence and advection (see the
method to estimate these two forcing at the beginning of sec-
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tion 6), has a much more suppressed growth, limiting the In analyzing the potential temperature flux vertical pro-
growth and size of the largest eddies. Therefore, the turbufile, we find a good agreement between the measurements
lent motions also become more suppressed. That means thahd large-eddy simulations. This reinforces that BLLAST
if we take large scale forcings into account, the levels oETK boundary layers follow the CBL prototype provided the ad-
become lower and the decay of TKE starts slightly earliers equate estimation of large-scale forcings. For the masstur

By scaling the TKE evolution using the convective veloc- vertical profile, the discrepancy between models and obser-
ity (w,) and the moment of maximum sensible heat flux, andvations is larger, but both yield similar values of the rates
the time with the eddy turnover time,Ez;/w,) similar to  tween entrainment- (drying) and surface flux (evaporation)
Nieuwstadt and Brost (1986), we made Fig. 14b. EmployedEspecially at the end of the afternoon, when observations
scales aret, = 11:55 UTC,t, = 0.1172 h (approximatelyp Show arise in specific moisture content, models and observa-
7 minutes) andv, = 1.457 m s'. Here, we observe the tions diverge. For TKE, we do find a fast decay rate around

earlier decay of case 2 more clearly, although the diffezenc the time the sensible heat flux becomes zero. The large-eddy
remains fairly small. Both model runs show lower levels of simulations show a more gradual decline. Even though the
TKE than the surface observations. Other factors that mightarge-scale forcings do not directly disturb the turbulestti-

lead to lower levels of TKE are: the exclusion of wincsn cal structure, we find that the numerical simulation inahgdi

the models (absence of the contribution of shear to maintaisubsidence and advection is characterized by smaller-turbu
TKE) and local secondary circulations due to surface heterolentkinetic energy and starts to decay earlier than thelsimu
geneity, as suggested in section 6.1. Our final explanation i tion only driven by surface and entrainment processes. This
analyzing the modeled TKE evolution is that the largest tur-iS mainly due to the shallower and weaker large turbulent

bulent scales in case 1 maintain larger levels of turbulenceeddies limited by the atmospheric boundary layer growth.
slightly delaying the decay process. Therefore, we recommend adequately identifying the large-

scale forcings in studying the afternoon decay.
Finally, we advocate the use of our approach to estimate
the contributions of subsidence and horizontal advectfon o
s heat and moisture. The combination of observations and
mixed-layer theory can be very useful in the interpretation
We find quantitative evidence that subsidence motions angf the observed heat and moisture budget, yielding comple-
the large-scale advection of heat and moisture are keyieontr mentary data to the estimations given by numerical weather
butions to the heat and moisture budgets of the atmOSpherif‘orecast models. The approach proposed here can be app||ed
boundary layer observed during the BLLAST experimgnt. to other cases with sufficient observational density and can
Focusing on I0P5, we quantify these two contributions in pe of particular use for the other IOPs of the BLLAST cam-
a numerical experiment forced by surface observations angaign. Two major advantage of our proposed method are
resulting entrainment to describe the diurnal evolutiothef the higher temporal resolution and that the modeling is done
budget of heat and moisture. We intensively employ verticalat a scale close to the surface and boundary-layer observa-
radiosoundings and remote sensing observations compinegbns. This enables us to carry out in-depth studies of the
with large-eddy simulation and mixed-layer theory to deter djurnal evolution, as opposed to ECMWF model output that
mine and discuss the boundary-layer height using eight difprovides output at a lower spatial and temporal evolution.
ferent measurement techniques. In relation to the validity of the prototypical CBL, the re-
The systematic numerical experiments enable us to breakults obtained here with the mixed-layer model ensure that
down the various components of the heat and moistureshudthe canonical CBL is still a valid representation of the di-
get that determine the boundary-layer height evolution. Asurnal atmospheric boundary layer and afternoon transition
a result, we find that by only taking surface and entrain-provided that the large-scale influences are properly guant
ment fluxes into account, we overestimate the boundaryfied, considering their large influence on the budgets of heat
layer depth by 70%. Constraining our numerical experimentsand moisture.
with the observations of the boundary-layer depth and bulk
quantities, we are able to quantify the magnitude and teppoAcknowledgements. BLLAST field experiment was made possi-
ral evolution of subsidence and advection. The subsidenc&le thanks to the contributions of several institutions awug-
velocity shows a diurnal evolution and is slightly larger in POrts: INSU-CNRS (Institute National des Sciences de Ndrs,
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