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Abstract. Observations, mixed-layer theory and the Dutch essary to be considered to reproduce the afternoon observa-
Large-Eddy Simulation model (DALES) are used to analyzetions.

the dynamics of the boundary layer during an intensive oper- Finally, we also investigate how carbon dioxide (0O
ational period (1 July 2011) of the Boundary Layer Late Af- mixing ratio stored the previous night in the residual layer
ternoon and Sunset Turbulence campaign. Continuous meglays a fundamental role in the evolution of the £®ixing
surements made by remote sensing and in situ instruments iratio during the following day.

combination with radio soundings, and measurements done

by remotely piloted aircraft systems and two manned air-

crafts probed the vertical structure and the temporal evolu- )

tion of the boundary layer during the campaign. The initial 1~ Introduction

vertical profiles of potential temperature, specific humidity
and wind, and the temporal evolution of the surface heat an
moisture fluxes prescribed in the models runs are inspired b
some of these observations.

The research focuses on the role played by the residu
layer during the morning transition and by the large-scale, . . .
subsidence on the evolution of the boundary layer. By us-'ed' Sorbjan(;99©, Sulllvar_w et al.(199§ and Conze_m|us
ing DALES, we show the importance of the dynamics of the and Fedorovich(2006 studlgd the role of the e_ntramment
boundary layer during the previous night in the deveIopment‘:’rocesse"s’MOer?g and Su|||var(1994, Fedorowgh et al,
of the boundary layer at the morning. DALES numerical ex- (2001, Fedorqwch et a'(.z‘?m)’ Pino et al(2003, Pino et al,
periments including the residual layer are capable of model-(2006a and Pino and Vila-Guerau de Arellan@00§ the

ing the observed sudden increase of the boundary-layer depﬁ;]ontrlbutmn of shear in the generation and maintenance of

; ; o . CBL. Moreover,Yi et al. (200J), de Arellano et al(2004),
during the morning transition and the subsequent evolution
g g d Casso-Torralba et a[2008 and Vila-Guerau de Arellano

of the boundary layer. These simulations show a large in- . X ;
crease of the entrainment buoyancy flux when the residuaf al. (2009 studied the influence of CBL evolution on the

layer is incorporated into the mixed layer. We also examinecarsIOOn d|?)X|deh(C(Zj@)| or_lsoErenebbudget. q dv the CBL:
how the inclusion of the residual layer above a shallow con- everal methodologies have been used to study the :

; e . large eddy simulation (LES) numerical experimei®éng
vective boundary layer modifies the turbulent kinetic ener
budget el gy1984 Nieuwstadt and Brost.986 Cuijpers and Duynkerke
Large-scale subsidence mainly acts when the boundar 2?; ?g;ba{a'rlzeﬁggkoe’sma:zzd;?iﬁ %ror:?(gcgg J;(II\:/Iel.\_cljvtl))rol\_/?:r;
layer is fully developed, and, for the studied day, it is nec- . . i !
4 y P Y 1995 Pino et al, 20063, observationsKaimal et al, 1976
Angevine et al. 1994 Cohn and Angevine2000 and

Jhe atmospheric boundary layer, characterized by a clear di-
rnal cycle, has been intensively studied since the 1970s.
uring the day with fair weather conditions, a convective

aﬁ)oundary layer (CBL) exists. The physical processes asso-

ciated to the CBL development have been extensively stud-
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laboratory experimentdDeardorff et al. 198Q Fedorovich  their research on the elevated RL, which is created when a
etal, 1996. CBL over an elevated terrain is advected over a lower CBL.
During the night, a shallower stable boundary layer (SBL) Moreover,Han et al(2011]) studied the evolution of the CBL
with less turbulence intensity exists near the surfidew- when it is covered by a neutral layer after the morning transi-

stadt 1984 Carlson and Stull1986 Mahrt, 1998 Beare tion. Finally,Doran et al(2003 andMorris et al.(2010 ex-
et al, 2006. Between this layer and the free atmosphereamined the vertical mixing of different chemical compounds,
(FA), there may exist a neutrally stratified layer resulting such as ozone, nitrogen oxide or carbon monoxide during the
from the decay of turbulence of the previous day CBL. This morning transition.
layer, called the residual layer (RL), appears before sunset, Here the role of the RL during the morning transition
when eddies have less energy due to the reduction of sumand the role of subsidence during the whole evolution of
face fluxes. The RL has the same characteristics in the statiie convective boundary layer is studied by using observa-
variables as the original CBLS{ull, 1988. The importance tions, mixed-layer theoryTennekes and Driedonk4981)
and the role of the RL was studied by some authBedgley = and the Dutch Large-Eddy Simulation model (DALE&us
et al, 2007 Wehner et al.2010 who examined turbulence et al.(2010). In contrast with previous studies, by perform-
in the RL by analyzing the Richardson number gradient oring a sensitivity analysis on the residual layer and subsidence
to explain aerosol formatiorEmeis and Schafg2006 by characteristics, we analyze the importance of these processes
using different instruments (e.g., sodar and ceilometer) meaen the diurnal evolution of the convective boundary layer.
sured and studied the heights of RL, CBL and SBL and theirSpecifically, our research objectives can be summarized as
influence on urban air quality and pollution. follows:

The evolution from CBL to SBL and vice versa happens

through two transitional processes. These two periods are 1+ 10 Study the variations in the evolution of the

difficult to study due to their rapid variability. The after- boundary-layer depth due to the presence of RL and
noon transition has been studied by using observations and/or ~ Subsidence,
numerical simulationsSorbjan 1997 Cole and Fernando 2. To analyze the relevance of considering the character-

1998 Edwards et a).2006 Pino et al, 2006a Angevine
2007 Nadeau et al.2011). However, there are still many
unknowns during this period: the presence of significant ver-
tical movements in late afternoon, which appear even with 3. To observe the sensitivity of turbulent kinetic energy
very small surface heat flux; the influence of boundary layer budget during morning transition and the evolution
processes in the turbulence decay; and what the processes are  during the day due to RL,

that govern the decrease of the boundary-layer démithoén ) ,
etal, 2014. 4. To define the influence of RL on the observed evolu-

tion of the CQ mixing ratio.

istics of the previous night in the potential temperature
vertical profile and temporal evolution,

Regarding the morning transitioAngevine et al(2001),
Lapworth (2006, Bange et al(200§ andAngevine(2007)  \ye take profit of the observations taken during an intensive
investigated by using observations the timing and importance,,sarvational campaign of the project Boundary Layer Late
of entrainment and surface winds in the development of CBL.atarnoon and Sunset Turbulence (BLLASIothon et al.
LeMone et al(2002 analyzed data recorded during CASES- 5014y During intensive operational periods (IOPs), more
97 to study the warming and moistening of the atmosphergy,, 39 ifferent instruments provided in situ (nine eddy co-
due to boundary-layer depth, wind direction, and surface hety g jgnce (EC) stations, towers, balloons, remotely piloted air-
erogeneity during this period. Other authoBo(bjan 1996 ¢ r5¢t systems and manned airplanes) and remote sensing (li-
Beare 2008 analyzed the morning transition by using nu- dar, wind profiler) measurements.
merical models, such as LES, to study the relevance of dif- \y,s structure the paper as follows. In Sect. 2, we explain

ferent temperature lapse rate or the importance of domaify,e main characteristics of the field campaign and the instru-
sizes and grid length or by using MLM to study the impact mens selected for this study. Moreover, the numerical setup
of the atmospheric boundary layer dynamics on the atmoygeq in the models is also described in this section. Section 3
spheric chemistryQuwersloot et a].2012). ) shows the results focusing on the evolution of the boundary-

Some aspects about the relevance of the RL during thg,y e gepth, potential temperature, and turbulent kinetic en-
morning transition have been studied Bychesatto et al. = grqy hydget to perform the sensitivity analysis. Furthermore,

(2007 andGibert et al(2011), who analyzed the dynamical - ,5'section analyzes the influence of RL on the observed evo-
coupling between the CBL and the RL by using lidar mea-|tion of the CQ mixing ratio. Finally, Sect. 4 summarizes
surements. They observed the generation of internal gravity . resyits.

waves when there was a stable and stratified RL or when
there was a thermal forcing. They concluded that horizontal
wind shear is not enough to observe internal gravity waves.
Other authors $tensrugd 1993 Balin et al, 2004 focused
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2 Methodology Table 1.Based on the observations taken at the BLLAST campaign
on 1 July 2011, initial and prescribed values used for DALES (RL
2.1 Observations and nRL numerical experiments) and MLM of the boundary-layer

depth, mixed-layer and residual layer values of the scatrs, (

The observations used here to initialize, drive and quali-’RL.0 @1d41,0. 4rL,0). and the;ilr correspond?nghjump T‘t the inver-
tatively validate the numerical experiments were recordeoi'foga(cigésaﬂ’i aﬁa?gh’r?i’tiﬁlq(l’o andAqri.o ). i 'S;aigAezzfri rii
during the observational campaign of the BLLAST project - #1,0, URL,0: V1.0, URL.0) aNALQ P
(Lothon et al, 2014, from 14 June to 8 July 2011 at (u1,0, ug, vg) Wind components are also indicated. Surface fluxes
r ’ 19/ U i ¥ —

Lannemezan (southern France). The main objective of thiéur)] d9 éslggg Z}ig,l(f)_aé%)%%sg)”?fsdp:;i\(,ﬁf Qﬁme?tg o efg/frl ozrr?)o
project is to study the structure and evolution of the bound-(o7:3d UTC) to 45 000s (20;00 uTC). '
ary layer during the late afternoon transition.

During the whole campaign, ultra-high-frequency (UHF) RL nRL MLM (11:00 UTC)
wind profiler measured vertical velocity with a vertical res-

olution of 150m. In a 16« 10 kn? area, EC stations located AG;’O ('(% 223 25?3 225'5
over different vegetation coverages (short and long grass, le(’)o(m) 210 210 1300
wheat and at the edge between long grass and wheat) mea- QRL’O (K) 205 _ _
sured with 10 Hz or 20 Hz frequency acquisition the three ABRL.0 (K) 9 - -
wind components, the temperature, the specific humidity and zZrL,0 (M) 1422 - -
v (Km~1) 0.005 0.005 0.005

the CQ concentration. Particularly, a 60 m tower had EC in-

—1
struments at 30, 45 and 60 m. Heat, momentum and CO 910 (9kg 7} 716 7.16 8
) : : . Ag1o(gkg™) —1.66 —-5.66 -5
fluxes at surface were estimated at all sites using a uniform (kg 5.50 - -
processing methode Coster and Pieterse2011). f;;fo kg D) 441 - -
Among the 19 radiosondes launched between 01:30 UTC v (@ (kgm)l)  —0.00035 —0.00035 —0.00035
and 23:00 UTC on the IOP under study (1 July 2011), we use  ,; ; (ms?) _2.05 _295 _295
the ones launched over our area of interest, where the fluxes v, o (ms™1) 0.52 0.52 0.52
were measured. urLo (Ms™1) —2.95 - -
The study is focused on 1 July 2011. This was the second vrL0 (ms™?) 0.52 - -
of three consecutive I0Ps with increasingly high tempera- ug (M Sj) 10 10 10
tures. During this IOP, a large high-pressure system was lo- Vs (Ms ™) 0 0 0

cated southwest of the British Islands. The influence of this

high-pressure system extends towards the east. This results at

the BLLAST site in clear skies, fair weather, and weak wind the observations made by five EC stations over different
coming from the north turning to the east during the day atland uses. A sinusoidal evolution of the surface sensible and
low levels. Higher up in the atmosphere, at 500 hPa, a strondatent heat fluxes was prescribed. Figdreshows the ob-
ridge extends over southern Europe causing a predominantlgerved temporal evolution on 1 July 2011 of sensible and

western flow in the region. latent heat fluxes. Additionally, the prescribed evolution to
drive DALES numerical experiments is also shown. MLM is
2.2 Numerical experiments driven by the same evolution of surface heat fluxes but start-

ing at 11:.00 UTC, when no RL is observed (see below).

Two numerical models of different complexity have been To analyze the role played by the RL in the morning evo-
used to study the evolution of the convective boundary layelution of the convective boundary layer, we consider to ini-
during the selected day: DALE$éus et al. 2010 and a  tialize DALES with two different vertical profiles of poten-
MLM (Tennekes and Driedonk&981). Both models were tial temperatureq) and specific humidityg). To include the
initialized and driven by observations. residual layer in DALES (RL numerical experiments), we

The domain chosen for the DALES numerical experimentsinitialize it by following the observations taken by the radio
has 12.8« 12.8x 3.056 kn?¥, and we define 256 points in sounding launched at 07:30 UTC. Figi@shows the vertical
each direction (50 and 12 m resolution in the horizontal andprofile of 6, ¢, wind speed and direction observed at 01:30
vertical directions, respectively). This setup has a similar hor-and 07:30 UTC and the prescribed vertical profiles used for
izontal domain to the campaign site, having also enough verinitializing DALES RL and no-RL numerical experiments.
tical resolution to study entrainment procesdemd et al, Tablel shows the values of the potential temperature, spe-
2003 20063. Our DALES numerical experiments run for cific humidity and horizontal wind components that define
12.5h starting at 07:30 UTC, to include the morning tran- the initial profiles of the DALES and MLM runs. For the RL
sition in the simulations. numerical experiments, we divide the initial vertical profiles

For all the numerical experiments performed with both of 6 andg in three different layers: CBL from surfacego,
models, the prescribed surface heat fluxes were based oRL from z1 ¢ to zrL 0, and FA abovezr o. The potential

www.atmos-chem-phys.net/14/4515/2014/ Atmos. Chem. Phys., 14, 451836 2014
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350 ; A& ; ; cal wind profiles for all the DALES numerical experiments
N . based on the radio sounding observations at 07:30 UTC
3007 A LA TOW || (see Fig.2c, d). The initial wind profile is constant with
o5l a4 R ¢ owl height below the FAu10 = —2.95, v1,0=0.52m s be-
aba . - \5\? ing equal _to the geostrophic W|nd_ in the EA. Regarding the
o0 200¢ A geostrophic wind, we use the radiosoundings launched dur-
€ A ing the whole day to prescribe, = 10, v, =0m s1, con-
S 1501 AF ] stant with height. The prescribed roughness lenggh,is
T 100 ~a"on o 0.1 m and the latitude i¢ = 43.1°. Despite the selection of
Ao°'nn Rerw the initial wind profile based on observations, DALES re-
50 pa sults regarding wind characteristics will not fit the observa-
:" tions (not shown). This is mainly because on 1 July 2011 the
O’M dynamics was mainly driven by orography and consequently
50 ‘ ‘ ‘ mountain-valley breezes appeared. DALES numerical exper-
5 Jr?me (uT (1:3 20 25 iments do not consider these mesoscale features.
450 | | To study the role of subsidence, we perform additional
Mean simulations. We obtain the value of subsidence to be included
4007 —LES 4 in DALES and MLM numerical experiments, followingi

et al.(200)), by analyzing the observed vertical profile of the
potential temperature at 01:30 and 07:30 UTC on 1 July 2011
(see Fig.2). The depth of the residual layetr(| ) decreases
215m within 6 hours (01:30-07:30UTC). This represents
an average subsidence velocity of 9950 3ms~1. We in-
clude subsidence in two DALES numerical experiments as
follows. Subsidence vertical profile increases linearly from 0
atthe surface t0 9.95 103 ms ! atzgy o in both numerical
experiments (RLs and nRLs numerical experiments). In FA,
the subsidence is constant and equal to %39 3ms1.
Despite the fact that subsidence may evolve during the day,
-50; s 10 is 20 25 we prescribe a constant subsidence profile because the main
Time (UTC) objective of the paper is not exactly to fit the observations
but to analyze the role of RL and subsidence. For this same
Fig. 1. Temporal evolution ofa) sensible andb) latent heat fluxes  reason, and taking into account the low winds recorded dur-

on 1 July 2011 observed at 2m (symbols) or 30m in the tower casgn the selected IOP, heat, moisture or momentum large-scale
and its mean (green line), and prescribed (black line). Observation%\dvection are not considered

are from EC instrument at the tower over grass (TOW, cyan circles), . . .
over short grass (G, magenta diamonds), over the edge between the By combining RL and subsidence, four different DALES

long grass and the wheat (G-W, orange dots), over long grass (LGnumericaI experiments were performed: RL with s_ubsiden_ce
black squares) and over wheat (W, red triangles). (RLs), RL without subsidence (RLns), no-RL with subsi-

dence (nRLs) and no-RL without subsidence (nRLns).
MLM is used to create fast and simple characterization of
the CBL, and the results can be contrasted with the results
temperature (specific humidity) in the CBL and in the RL of DALES numerical experiments to verify whether simple
are, respectivelyds o (¢1.0) andori o (¢rL.0). The inversion  models can also simulate the evolution of the CBL from mid-
jumps at the two boundaries ared1 o (Ag1,0) and AbrL o day considering subsidence. The version used here of the
(AgrL.0). In the FA, the potential temperature (specific hu- MLM does not include the RL in its vertical profile. Conse-
midity) lapse rate is% (v4). guently, it can only be used for developed convective bound-
For the numerical experiments without the residual layerary layers. To initialize MLM, we used the information of
(nRL), we divide the initial vertical profiles to run DALES the first radio sounding, which shows a completely devel-
(Fig. 2) in two layers — CBL and FA — and the same notation oped CBL — the one launched at 11:00 UTC. Tabkhows
is used for the CBL value®{ o andgs o) and FA lapse rates the values that characterize the MLM initial profiledoand
(v andyy), beingzy o the initial boundary-layer depth. q. We prescribed in MLM a divergence &t o, being equal
LeMone et al(1999, Pino et al.(2003, andConzemius  to 7.65x 10-6s~1, obtained by considering the subsidence
and Fedorovich(2006, among others, showed that wind velocity equal to 9.9% 10-3ms™! and the initial depth of
shear at the surface and at the inversion influences the evdhe boundary layer for MLM41 0 = 1300 m).
lution of the CBL. Consequently, we define the initial verti-
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Fig. 2. Vertical profile of(a) potential temperaturéb) specific humidity(c) wind speed and) wind direction observed by the radio sound-
ings launched at 01:30 (black dots) and at 07:30 UTC (red dots) on 1 July 2011. Additionally, the vertical profiles based in the observations
for initializing the DALES RL numerical experiments (solid blue) and nRL numerical experiments (solid green) are showt.sFedvies

the values that characterize initial profile@fg, u andv.

3 Results

If large-scale subsidence is not considered, zeroth-order
mixed-layer theory postulates that entrainment heat flux

In the next sections, we demonstrate the importance of RLreads Lilly , 1968 Tennekes1973 Tennekes and Driedonks
during the morning transition and of subsidence during thel981 Carson1973
afternoon by analyzing the observed and simulated evolution

of the boundary-layer depth, potential temperature, turbulen
kinetic energy budget and its influence on the evolution of
CO, mixing ratio.

Mixed-layer theory Killy, 1968 Tennekes1973 Ten-
nekes and Driedonk4981;, Carson 1973 helps us to in-

d
6|y = —A91£,

o @)

where A6y is the jump of the potential temperature at the
inversion.

terpret many of the numerical experiments results. This the-

ory has been proven to correctly describe the evolution o
the convective boundary laydrifo et al, 2003 Conzemius
and Fedorovich2007). By using mixed-layer theory, if heat
advection is considered negligible due to the low winds
recorded, the time evolution of the mean potential tempera
ture in the mixed layerd) in convective conditions is driven
by surface and entrainment heat fluxes, and reads
00 _ 0'0'|s— 0’1

ar 71 '

1)

wherew’6’|s andw’6’ |1 are the turbulent heat flux at the sur-
face and at; (entrainment heat flux), respectively.

www.atmos-chem-phys.net/14/4515/2014/

1,3.1 Potential temperature vertical profile

Figure 3 shows the vertical profile of potential temperature
observed with the radio soundings, obtained by MLM includ-

ing subsidence, and obtained by DALES numerical experi-

ments at different hours on 1 July 2011. The figure illustrates
the importance of the morning conditions on the evolution

of the boundary-layer depth and of the potential tempera-
ture during the whole day. At 08:30 UTC (Figa), when the

RL had not yet been incorporated into the boundary layer,
mixed-layer potential temperatures in the numerical exper-
iments that consider the RL are 1.7 K lower than nRL nu-

merical experiments, even though the boundary-layer depth
is similar, due to the larger potential temperature inversion

Atmos. Chem. Phys., 14, 451836 2014
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Fig. 3. Vertical profile of the 30-min averaged potential temperatur@p08:30, (b) 11:00,(c) 14:00 and(d) 17:00UTC on 1 July 2011
observed by the radio soundings (solid black) and obtained by MLM (solid red) and DALES runs (RLs, solid blue; RLns, dash blue; nRLs,
solid green; and nRLns, dash green line).

jump simulated by the nRL numerical experiments, which the four DALES numerical experiments in the middle point
increases entrainment heat flux (see Bq. between the surface and the height when the heat flux be-
As the day progresses, the difference of mixed-layer comes 0 W m? belowz. The figure also shows the observed
creases between nRL and RL numerical experiments; RL nutemporal evolution of the 2 m potential temperature over dif-
merical experiments become approximately 4 K lower thanferent land uses during 1 July 2011. Notice that measurement
nRL numerical experiments (see Figh) fitting the obser-  height is different to the height where DALES results are
vations. As the nRL presents a lower depth of the CBL considered, what may produce some discrepancies. Differ-
during a longer period of time, its temperature increasesences between potential temperature measurements are be-
faster reaching higher values during this period. Howeverlow 1K except for the potential temperature measured over
after 13:00 UTC when the boundary-layer depth simulatedwheat. As it was already pointed out by previous studies
by the nRL numerical experiments reaches around 1300 m(Nadeau et al.2011, among others), surface heat flux over
the difference in the mixed-layer potential temperature be-wheat is larger (Figla) yielding larger 2 m potential temper-
tween RL and nRL numerical experiments is maintained (seeature.
Fig. 3c, d) due to the similar values of entrainment heat flux If the residual layer is not considered (nRLs and nRLns
and boundary layer depth simulated for all the numericalnumerical experiments), the simulated 2 m potential temper-
experiments. Moreover, the influence of subsidence in theature increases rapidly due to the initially prescribed large
boundary-layer depth and potential temperature is noticeablpotential temperature jump, which increases the entrainment
from midday. RLns and nRLns clearly overestimate the ob-heat flux. Moreover, the CBL is shallow during the morning
served boundary-layer depth by several hundred meters, angFig. 3a, b) enhancing the CBL-heating rate (see Bgsnd

the potential temperature is 0.5 K colder (see Bg.d). 2). Consequently, these DALES runs do not fit the observa-
tions.
3.2 Mixed-layer potential temperature temporal On the contrary, if the residual layer is included in the
evolution initial profile of DALES numerical experiments, the tempo-

ral evolution of mixed-layer potential temperature presents

Figure4 shows the temporal evolution of potential tempera- two different regimes. For approximately the first 1.5h of

ture obtained by the MLM with subsidence and obtained by

Atmos. Chem. Phys., 14, 451%153Q 2014 www.atmos-chem-phys.net/14/4515/2014/
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Fig. 4. Temporal evolution of potential temperature on 1 July 2011 Fig. 5. Temporal evolution during 1 July 2011 of the refractive

observed by different instruments at 2m (symbols) and obtainedsycryre coefficient measured by UHF wind profiler (color con-
(lines) by MLM with subsidence (red) and DALES (RLs, solid blue; 14,) " anq boundary layer depth estimated from radio soundings

RLns, dash blue; nRLs, solid green; and nRLns, dash green). Obse{fqpt piye dots), and obtained by MLM (magenta line), and DALES
vations are from EC instrument at the tower over grass (TOW, cyan, ;s (RLs, pink; RLns, orange; nRLs, grey: and nRLns, red lines).

circles), over short grass (G, magenta diamonds), over the edge beggio\y dot represents the residual layer depth estimated from a ra-
tween the long grass and the wheat (G-W, orange dots), over long;, sounding.

grass (LG, black squares) and over wheat (W, red triangles).

negative heat advection due to the change in wind direction

. . ) _ produced by slope flows.
the simulation, the boundary layer is shallow, but the inver-

sion layer jump is moderate when compared with the nRL3.3  Boundary-layer depth temporal evolution
numerical experiments. Consequently, entrainment heat flux
is smaller and potential temperature increases smoothly, agFigure5 shows the time evolution of the refractive structure
proximately fitting the observations. At 09:00 UTC, when the coefficient (CN2) observed by the UHF wind profiler and
potential temperature in the mixed layer and in the residuathe boundary layer depth estimated from the radio soundings
layer are the same, the boundary-layer depth increases apaunched at 07:30, 11:00, 14:00, 17:00, and 20:00 UTC, and
proximately to 1300 m. Although the new potential temper- obtained by MLM with subsidence and by DALES numeri-
ature inversion jump is larger, the heating rate is lower com-cal experiments (RLs, RL, nRLs and nRk).for MLM and
pared with the first 1.5h of simulation due to the latge  DALES is defined as the height where the minimum buoy-
simulated at this moment, and DALES RL numerical exper-ancy flux occurs$%eibert et al.2000. z; obtained from the
iments fit better the observations. radio sounding data is defined as the height where the max-
Once the mixed layer has incorporated the residual layerimum virtual potential temperature gradient occurs. The re-
MLM considering subsidence starting at 11:00 UTC simu- liability to obtain the depth of the boundary layer by using
lates correctly the evolution of the potential temperature, beisolated radio soundings has been sometimes criticized (e.g.,
ing close to the observed values and to the results of DALESStull 1988). Nevertheless, radio sounding measurements in
runs that take into account the residual layer. this study fit correctly with the UHF measurements, and the
The role played by subsidence in the evolution of the po-small dissimilarities can be attributed to the different proce-
tential temperature can be only appreciated at the end of thdures used to obtainy (Sullivan et al, 1998.
afternoon. This is due to several reasons. Taking into ac- UHF wind profiler measurements show the existence of
count how subsidence is prescribed, its effects are very smah residual layer during the early morning (also detected by
if z1 < zrL 0, that is, before 10:00UTC or 16:00UTC for the radiosonde launched at 07:30UTC) and how around
RL and nRL numerical experiments, respectively. Moreover,09:00 UTC the mixed layer merges with the RL from the
in the afternoon, the surface, and as a consequence the eprevious night producing a sudden increase of the boundary-
trainment, heat flux largely reduces, decreasing the boundarlayer depth. From this moment, the observed boundary-layer
layer growth. However, none of the numerical experimentsdepth remains approximately constant for 7 hours. Taking
is able to simulate the decrease of potential temperature obinto account that surface heat flux is still positive for sev-
served from 17:00 UTC, which maybe is produced by a weakeral hours, this might be explained due to the existence of
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subsidence that prevents the mixed layer to grow. During -0.01; ; ;
the afternoon, due to subsidence and the decrease of surfac T
fluxes, UHF and radio sounding measurements show a slight  -0.015(~ ... [»~ top RL ]

decrease of the boundary-layer depth from 17:00 UTC.
DALES numerical experiments including the residual
layer in their initial profile fit correctly the observations, sim- Tj ~0.025!
ulating the sudden increase of the boundary-layer depth dur- =
ing the morning transition. On the other hand, DALES nRL < _0.03/
numerical experiments simulate a progressive increase ol|=
the boundary-layer depth and underestimate by several hun [$ -0.035¢
dred meters the observations during the whole morning, un-
til 13:00 UTC. In all DALES results, small fluctuations en
are observed at the end of the day (around 18:00 UTC) due  _; 345/
to the cease of the surface heat flux, which produces fluc-

tuations on the buoyancy flux vertical profil®ifio et al, -0.05 : :
20060) 8.5 9 9.5 10
- ) ) Time (UTC)

Previous studies such &edorovich(1995 demonstrate
that zeroth-order models can be also useful and valid to deFig. 6. Temporal evolution during the morning of the entrainment
velop studies of the evolution of the boundary layer. In our heat flux for the RLns (solid line), the entrainment heat flux at the
most the same value as in DALES numerical experimentdnerical experiments.
that include both the residual layer and subsidence confirm-
ing the stgd|es previously dev_eloped.. : for the nRLns numerical experiment and the mixed-layer po-

Regarding the role of subsidence in the numerical exper-

iments, it can be observed that the runs that include subsit-ega?l temperature increases more for this numerical experi-

dence (RLs, nRLs, MLM) fit better with the observations . I .
) . Justwhen the residual layer is incorporated into the bound-
but slightly underestimate the observed boundary-layer depth . . . )
ary layer in the RLns numerical experiment, the entrainment

(less than 100 m with respect UHF measurements) mayb?1 fl | h . .
due to subsidence diurnal variability. The numerical experi- eatflux must be nearly zero becauset' etempera'turejump IS
' zero at the CBL (see E@®). Then the residual layer is incor-

ments that do not consider subsidence overestimate the ob- . .
servedz; by less than 200m. Long-term observations of porated into the boundary layer, and the entrainment heat flux
1 ‘ -

. _ 1 . .
the boundary layer show the importance of considering suplncreases from-0.02 to—0.045Km s, introducing more

sidence to obtain realistic approximationd ét al., 200%, alrf_rom the FA. Th'$ 'S ma_unly due to the increase of the po-
. tential temperature inversion jump (from nearly 0 to 1 K) and
Pietersen et gl12014).

also to the large increase in thggrowth (see in Fig3a, b).
From 10:00 UTC to the end of the simulation, entrainment
heat flux for both DALES numerical experiments is similar

To understand the differences in the boundary-layer evolu-(nOt shown).

tion between the numerical experiments during the morningg 5 Tyrbulent kinetic energy budget
as the surface heat fluxes are the same, in this section we
focus our analysis on the entrainment heat flux, keeping inunder horizontally homogeneous conditions, the turbulent

mind the evolution ot; shown in Fig5 (see Eql). Figure6 kinetic energy (TKE) budget readSt{ll, 1989
shows the morning temporal evolution of heat flux afor

~0.02} -

-0.04r

3.4 Morning entrainment heat flux

the nRLns and RLns numerical experiments and the entraind¢ _ [Wa_“ +W@} + & e —

ment heat flux at the top of the RL (dotted line) to compare 9¢ 0z 0z]  Ou '

the entrainment heat flux ai andzr before the inclusion dwe 1 aw'p

of the RL. Several authorsSerbjan 1996 Sullivan et al, TTor o 0z ¢ (3)

1998 Conzemius and Fedorovic?006 pointed out the im-

portance of the entrainment processes for the evolution of th&vhere ', v’, and w’ are the turbulent fluctuations of the
potential temperature. Before 09:00 UT(,growth is sim-  velocity componentsp is the pressurep is a reference

ilar in both simulations. Consequently, the difference of thedensity,0,, is a reference virtual potential temperatures
entrainment heat flux between the numerical experiments i€.5(u'2 + v'2 + w'2) is the mean turbulent kinetic energy and
due to the potential temperature inversion jump (see2Eq. ¢ is the viscous dissipation of TKE. The term on the left-hand
A07 is 2K larger for nRLns than for RLns at 08:30 UTC (see side represents storage (STO) of TKE, and the terms on the
Fig. 3a). Therefore, larger entrainment heat flux is obtainedright-hand side represent shear (S), and buoyancy production
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Fig. 7. Vertical profiles of the 30-min averaged TKE terms for the (left) RLns (dashed lines) and RLs (solid lines) and (right) nRLs (solid
lines) and nRLns (dashed lines) numerical experiments at 08:30 (top), 09:00 (middle), and 14:00 UTC (bottom). Buoyancy production (black
line), dissipation (red line), shear production (green line), turbulent transport and pressure (cyan line) and storage (magenta line) are shown
Red and black horizontal dashed lines mark the subsidence and no-subsideneg aaseed every 30 min.

(B), turbulent transport (T), pressure correlation (P), and vis-gether as the convergence of the turbulence kinetic energy
cous dissipation (D) terms. flux (Driedonks 1982.

Figure7 shows the vertical profile of the averaged profile At 08:30UTC (Fig.7a, d), when the boundary layer is
every 30 min of the different resolved TKE terms at 08:30 shallow for all the numerical experiments, we obtain larger
(top), 09:00 (middle), and 14:00 UTC (bottom) , for all the values of all the TKE terms at the entrainment zone, but sim-
numerical experiments. The left panels show the numericallar values of near the surface, for the nRL numerical ex-
experiments where the residual layer is considered, wheregseriments. At this moment, larger entrainment heat flux is
the right panels show those without the residual layer pre-simulated for nRL numerical experiments (see BigMore-
scribed in the initial profile. The horizontal dashed lines over, nRL presents larger momentum fluxesghot shown)
mark z1 for each numerical experiment. Notice the differ- due to the difference setup regarding wind characteristics; a
ent range of the horizontal axis of Figc and d. Turbulent larger jump on the horizontal velocities is prescribed for nRL
transport and the pressure correlation terms are plotted toaumerical experiments (see Table 1). To balance the budget,
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the pressure-transport term and the dissipation term are alsguently increases T+P term. In the entrainment zone, above
larger for the nRL numerical experiments, especially in thezs, if the areas of the TKE terms are compared, it can be con-
entrainment zone (compare Figp, d). As expected, the in- cluded that similar values are obtained for the two numerical
fluence of subsidence cannot be noticed at this early hour beexperiments.

cause subsidence was prescribed increasing for surface, be-Figure 8 shows the evolution every 5min of the vertical
ing maximum atr,. The TKE distribution of Fig7a and d  integration from 0 toz; of each TKE term normalized by
was previously observed in the LES morning transition anal-z1. Note that the differences appearing in F&ybetween
ysis byBeare(2008. the different numerical experiments cannot be attributed to

Focusing on Fig7a, at the top of the RL turbulence ex- asmaller vertical integration domain. For the three presented
ists due to the interaction between this layer and the FAcases—RLns, nRLns and nRLs—STO and T+P terms remain
which have different thermodynamic conditions. Smaller tur- small when comparing with the other terms during the whole
bulence (S, T + P) and consequently dissipation are simulatedvolution, being negligible after the morning transition.
at the top of the RL for RLs numerical experiment (solid In Fig. 8a the effect of the inclusion of the residual layer
lines) because subsidence reduces turbulence movements.is shown. Until approximately 10:00 UTC, nRLns (dashed

The effect of the inclusion of the residual layer into the lines) presents a larger shear, mainly occurring at the en-
mixed layer between 08:30 and 09:00 UTC can be clearlytrainment zone (see Figd), due to the prescribed initial
seen by comparing FigZa and b, where the TKE terms of wind profile (see Table 1, and Fi@c), but then reduces
the both RL numerical experiments are represented. Shearontinuously because the mixed-layer wind speed in the
and dissipation terms become approximately constant in th@RLns experiment increases and reaches values close to the
middle of the boundary layer, being larger at the inversiongeostrophic wind. The increase of surface shear does not
due to the larger potential temperature inversion jump. Con-compensate for this fact. Before the inclusion of the RL,
sequently, the pressure-transport term increases in this zonahich can be clearly seen by the maximum of B integrated
In Fig. 7b subsidence effect can be already observed proterm around 09:00 UTC, RLns numerical experiment (solid
ducing a difference irg; around 50 m between RLns and lines) presents very small integrated S term due to initial pre-
RLs numerical experiments (compare red and black horizonscribed wind profile (see Table 1 and F&) that produces
tal dashed lines). This fact can be compared with the nRLsmall wind shear at the surface and at the inversion zone dur-
cases shown in Fige. In this figure the effect of subsidence ing the first hours of the simulation. When the RL is incor-
is hardly observed due to the lowgr simulated at this hour  porated, entrainment shear increases but the normalized inte-
for the nRL numerical experiments. grated TKE is similar. Keep in mind that the integration is up

From 08:30 to 09:00 UTC, the value of TKE terms for the to z1, and as a consequence the shear above this height is not
nRL numerical experiments (see Fiffl, ) decreases. This considered (see Figa, b, c). Afterwards, the integrated S
is due to the increase of boundary-layer depth and the reterm in RLns increases mainly due to the increase of surface
duction of the inversion strength at that primarily reduces shear due to the growth of mixed-layer wind speed. Entrain-
buoyancy and shear terms at the inversion and, to balance thment shear for nRLns is reduced.
budget, the other terms. Regarding the integrated B, during the first hours of the

At 14:00 UTC (Fig.7c, f), similarz; is simulated for nRL  simulation it is larger for RLns when comparing with nRLns
and RL numerical experiments having the same subsidencésee Fig8a) because for this last numerical experiment much
conditions. Notice the differences in around 200m be- larger entrainment negative heat flux is simulated produc-
tween the numerical experiments due to subsidence. At thisng smaller vertically integrated B (see Fig. 7a, d). Un-
moment, STO, B and T+P terms are approximately similartil 11:00 UTC, the integrated B term increases for both nu-
for all numerical experiments (note the different range of themerical experiments (surface and entrainment heat fluxes in-
x axis between these two figures). However, larger S andgcrease), becoming similar.
consequently, D terms are found for the RL numerical ex- Before 11:00 UTC, the integrated D is slightly smaller
periments near the surface. This is due to the fact that, fronfor the RLns numerical experiment (solid lines). Later, inte-
midday, when the boundary layer is similar for both numeri- grated D remains almost constant for nRLns but increases for
cal experiment, larger winds at the mixed layer are simulatedRLns until 11:00 UTC. At this time, the vertically integrated
for these numerical experiments. S and D terms are similar for both numerical experiments.

In Fig. 7f the effect of subsidence in the different TKE = From midday the vertically integrated B term is simi-
terms can be analyzed. No differences between nRLs anthr for both numerical experiment because despite the fact
nRLns can be observed in the lower part of the mixed layerthat the respective boundary layer dephts are different un-
Additionally, subsidence plays an important role only in til 15:00 UTC (see Fig5), and larger positive and negative
some of the TKE processes. In the mixed layer, subsidencéeat fluxes are simulated for the nRLns numerical experi-
hardly affects D, STO (very small) and S terms, and the mainment (see Fig7c, f), its integration produces similar val-
differences appear in B and T+P terms. Subsidence decreasass. However, the vertically integrated S term decreases for
buoyancy production in the upper mixed layer and consethe nRLns numerical experiment but continuously increases
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<107 ence is mainly related with entrainment processes because if
4 ‘ ‘ ‘ ‘ " the same surface heat fluxes are prescribed for both numeri-
—D cal experiments, buoyancy flux is similar in the lower mixed
s | layer for nRLs and nRLns. That is, the positive buoyancy
T+P flux is similar for nRLs and nRLns. Consequently, the lower
—ST0 the boundary layer depth is, the larger the integrated buoy-
1 ancy flux is obtained because the entrainment buoyancy flux

(negative flux) is smaller.

v
-
2 ‘

1@

N 4
A i *y 3.6 Influence of the residual layer on the observed
= evolution of the CO, mixing ratio

TS g &‘\‘\-"J‘W 1

E -

V

o

In this section, we analyze the importance of entrainment and
surface CQ fluxes measured over different land uses in the
evolution of the CQ mixing ratio. Some authorglé Arel-
lano et al, 2004 Casso-Torralba et aR008 have analyzed
the importance of entrainment G@luxes, which are espe-

2 1 1 1 1 1
8.5 10.5 12.5 14.5 16.5 18.5 20.5

Time (UTC) cially relevant during early morning, but over homogenous
«10° terrains. MoreoverMoncrieff et al.(1997), Baldocchi et al.
4 ‘ ‘ ‘ ‘ ; (1998 and Soegaard1999 analyzed the evolution of the
:[B) CO; mixing ratio over heterogeneous terrains during daily
! s | and longer periods of time. Here, we deal with £€urface
> T+P fluxes measured over different land uses and what their influ-
—STO ence is on C@mixing ratio in an evolving convective bound-

ary layer.

Figure 9 shows the observed temporal evolution from
14:00UTC on 30 June 2011 to 14:00UTC on 1 July 2011
of the CQ mixing ratio and CQ flux measured at 2 m over
different land uses (moor, corn and grass). As a reference,
the measurements taken by the 30 m EC sensor located at the
60 m tower over grass are also included. Differences between
CO, mixing ratio measurements over different land uses on 1
July 2011 are below 2 ppm during daytime and below 10 ppm
during nighttime. By comparing 2 and 30 m measurements,
85 105 125 145 165 185 205 differences of C@ mixing ratio are below 2 ppm at night-

Time (UTC) time and below 12 ppm during daytime. In general during
_ _ _ the night, larger C@ mixing ratio is observed near the sur-
Fig. 8. Temporal evolution of each vertically averaged (from 0 to face than at 30m over the same land use. Due to the large

z1) TKE term normalized by. In (a) the influence of the RL is - .
shown for (solid) RLns and (dashed) nRLns numerical experiments.ﬂmtu{monS of the measurements, this fact cannot be corrob

In (b) the influence of subsidence for (dashed) nRLns and (solid)orated'
nRLs numerical experiments can be analyzed. Between 05:00 and 09:00 UTC, a remarkable decrease of

the CQ mixing ratio is observed at 2m. At 30m the de-
crease in CQis less pronounced. Before 09:00 UTC, bound-

until 15:00 UTC for RLns for the reasons mentioned above. 2 layer is shallow (see Fig), and the RL has not been
Consequently, to balance the TKE budget, larger Vertica"ylncorporated yet to the mixed Iay_er. During the_se hours sur-
integrated D is also obtained for the RLns numerical experi-f2ce uptake and mainly GCentrainment flux drive the de-
ment. From 15:00 UTC, surface and entrainment heat fluxe£'€ase of C@mixing ratio de Arellano et al.2004 Casso-
as well as entrainment momentum fluxes are quite low, and °"alba etal.2008. Additionally, during early morning ad-
consequently the integration of all the TKE terms decreases'€ction may also play a role. When entrainment flux mainly
The influence of the subsidence in the integrated TKE isdrves the decrease of G@nixing ratio (around 06:00 UTC),
analyzed for the nRL cases by observing Fg. It can be the decrease is similar at both heights. Later on, whep CO
concluded that differences can be only noticed in the norSurface fluxes become larger, differences appear between the
malized integrated B term and to a lesser extent in the dissi®©2 at2m and at 30 m. At 30 m, as expected the;G@rface

pation. Larger integrated buoyancy is simulated when subsifluX is smaller, and, consequently, there is a smother decrease
dence is not considered (dashed black line), and this differ®f the CQ mixing ratio at this altitude.
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Fig. 9. Temporal evolution from 30 June 2011 at 14:00 UTC to 1 July 2011 at 14:00 UTC of the obga)y @@ mixing ratio and(b) CO»
surface flux measured at 2 m over moor (green circles), over corn (blue crosses), over long grass (magenta triangles) and at 30 m over gras
(red asterisks).

During this IOP, no measurements of £@ntrainment Once the RL is incorporated into the mixed layer, the
flux were taken. However, since we have measurements dboundary-layer depth increases suddenly to values close to
CO, surface flux, boundary-layer depth and temporal evolu-1300m (see Fig5). As it was shown in Sect. 3.3, the
tion of the CQ mixing ratio, in convective conditions, GO  boundary-layer growth is almost zero from that time. There-
entrainment flux can be estimated. By neglecting@@vec-  fore, CG entrainment flux is almost negligibléYi( et al.,
tion and mean vertical velocity, the storage of £@ixing 2007). After 09:00UTC, it can be observed in Figa that

ratio in the mixed layer reads CO, mixing ratio is around 297 ppm over all the surfaces,
[ varying between 1 and 1.5ppm, depending on the land

gc _o'dls—alcy (4)  use, for 3h. However, clearer differences in the Cfr-

at 21 ' face fluxes are observed (see Fig. 7b).,G@ixing ratios

present only slight variations because the obseryefdom
09:00 UTC is large, and consequenilit’|s/z1 is small. For
the land uses shown in Fig, 9C/dz is around 0.3 ppmht
for moor and wheat, and close to 0.5ppnthfor corn.
Therefore, the mixing ratio is controlled almost by mixed

wherew/c’|s ande’c’|1 are the turbulent C©flux at the sur-
face and at; (CO; entrainment flux), respectively, ard

is the mean C@mixing ratio in the mixed layer. By using
Eqg. @), CO;, entrainment flux can be calculated, which is 3
times larger than C@surface flux before 09:00 UTC.
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layer growth, with the surface flux playing not an important DALES allows us to evaluate the influence of the resid-
role (Culf, 1997 Pino et al, 2012. ual layer in the TKE budget during the whole day. When the

From this analysis, we conclude that on 1 July 2011, be-residual layer is taken into account, buoyancy, pressure trans-
fore the merging of CBL and RL, Cmixing ratio decreases port and dissipation are the largest terms before the inclusion
from the high values of C&observed during the night to the of the residual layer (before 09:00 UTC). When it is incor-
COy mixing ratio of RL (CQ mixing ratio of the previous porated into the mixed-layer, buoyancy and shear increase at
day) mainly due to C@entrainment flux. This C®mixing the inversion and near the surface. On the contrary, if residual
ratio is almost constant during the rest of the day due to thdayer is not considered, TKE terms present the typical evolu-
large and constant value of. tion during boundary layer growttiP(no and Vila-Guerau de

Arellang 2008.
. The effect of subsidence in the evolution of the TKE terms

4 Conclusions is less pronounced. Subsidence influence is restricted to the
The impact of the residual layer and subsidence on the evolusPPe’ part of the mixed layer and to the entrainment zone. In

tion of a CBL is studied by means of observations taken dur-.thIS region the effect of subsidence can be clearly observed

ing the BLLAST campaign, DALES numerical experiments in the buoyancy and pressure-transport terms. Sub5|den(_:e de-
i . : . __.creases the turbulence production decreasing buoyancy in the
and mixed-layer theory. In contrast with previous analysis of

the morning transition (e.g., Angevine et al., 2001 LeMoneUpper mixed-layer but increases the contribution of pressure-
fransport term.

etal,, 2002, Lapworth, 2006; Beare, 2008), we use a sensi- Regarding the vertical integration of the TKE terms, the

tivity analysis of the the numerical experiments to study thedif'ferences between the numerical experiments with or with-

influence of the two processes in the evolution of the convec- : .
. out residual layer are mainly due to the shear term. Dur-
tive boundary layer.

Depending on whether residual layer is considered or no{ng the first hours of the simulations, the differences in the

in the DALES numerical experiments, different evolution of shear term (Igrger for nRL_nl_JmerlcaI expgrlmgnts) are re
o . . lated to the different prescription of the initial wind profile.
the boundary layer is simulated. Potential temperature simu-, . .
. ) o . fterwards, normalized integrated S term decreases for nRL
lated by the numerical experiments considering the residua

: ) . : . “mainly because entrainment shear decreases. On the con-
layer fits correctly the observations in contrast with numeri-

. : . C trary, S term increases in RL because larger surface shear is
cal experiments without residual layer (nRL), which simulate _. . . X
. . . .~ simulated as the wind speed in the boundary layer increases.
atoo large mixed-layer heating rate during the early morning.

. ) ; We also analyze the influence of the residual layer in the
By using mixed-layer theory, we conclude that the difference ; o : ) ;
. ) : . evolution of CQ mixing ratio by using the observations. Be-
in the evolution of the potential temperature is due to en-

. : fore 09:00 UTC, CQ surface fluxes are small, the boundary
trainment heat flux, because we prescribed the same surface ~ - . . .
) . ayer is shallow, and C®mixing ratio decrease is mainly
fluxes for all the numerical experiments and thegrowth

is similar before the morning transition. After the merge of driven by CQ entrainment flux. After the inclusion of the

. . .2~ ~ residual layer into the mixed layer, the boundary layer depth
residual layer and CBL, large entrainment heat flux is sim-. .

. ; : . . is almost constant during the rest of the day. Therefore CO
ulated in the numerical experiments with residual layer be-

: entrainment flux is very small and, despite the larger ob-
causeAf; anddzi/at also increase. served CQ surface flux observed over some surfaces, the
For DALES numerical experiments including the residual '

. . .~ CO, mixing ratio is very similar over the different land uses
layer, a rapid increase of boundary-layer depth is obtained .
7 . . o because storage term is below 0.5 ppnt bver all the sur-
similar to observations, when the residual layer is incorpo-

. . faces due to the large value of.
rated in the mixed layer. In contrast, boundary-layer depth We conclude that a precise definition of the characteris-

for the numerical experiments without residual layer grows .. ¢ the residual layer is fundamental, even though it is

at a lower rate, underestimating it relatively to the observa- . : : .
. S, complex because the evolution of the main variables in the
tions by several hundred meters until 13:00 UTC. . . ) . .
. . . . residual layer during the previous night depends on different

Subsidence also plays an important role in the eVOIUt'onfactors such as advection or subsidence, which can change in

of the CBL. Without subsidence included in the simulations, ' 9
; . me.

the simulated boundary layer depth continues to grow reach-
ing higher values than the observed. Moreover, we compare
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