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Abstract. Continuous measurements of surface mixed layerout the day possibly because of the strong winds from
(SML), decoupled residual/convective layer (DRCL) and the Mediterranean Sea limiting the midday SML convec-
aerosol backscatter coefficient were performed within thetive growth. The mean backscatter coefficients were calcu-
Barcelona (Spain) boundary layer from September to Ocdated at two selected heights representative of middle and
tober 2010 (30 days) in the framework of the SAPUSStop SML portions, i.e.8500=0.59+0.45MnT1sr 1 and
(Solving Aerosol Problems by Using Synergistic Strate- Sgoo=0.87+0.68 MnT1sr-1 at 500 m and 800m a.g.l., re-
gies) field campaign. Two near-infrared ceilometers (Jenopspectively. The highest backscatter coefficients were ob-
tik CHM15K), vertically and horizontally probing (only served during NAF f500=0.77+0.57 MnT 1sr1) when
vertical profiles are herein discussed), were deployedcompared with ATL Bs00=0.51+0.44Mnr1sr1) and
Ceilometer-based DRCLs (1781363 m a.g.l.) averaged REG (500=0.6440.39 MnT1sr1). The relationship be-
over the campaign duration were twice as high as thetween the vertical change in backscatter coefficient and at-
mean SML (904-273m a.g.l.). Both DRCL and SML mospheric stability d9/9z) was investigated in the first
showed a marked SML diurnal cycle. Ceilometer data were3000m a.g.l.,, aiming to study how the unstable, stable
compared with potential temperature profiles measured byr neutral atmospheric conditions of the atmosphere al-
daily radiosounding (twice a day, midnight and midday) ter the distribution of aerosol backscatter with height over
to interpret the boundary layer structure in the coastal ur-Barcelona. A positive correlation between unstable condi-
ban area of Barcelona. The overall agreeme®®<0.80) tions and enhanced backscatter and vice versa was found.
between the ceilometer-retrieved and radiosounding-based
SML heights f) revealed overestimation of the SML by
the ceilometer Ah =145+ 145m). After separating the
data in accordance with different atmospheric scenariosl Introduction

the lowest SML (736t 183 m) and DRCL (1573 428 m) )

were recorded during warm North African (NAF) ad- The planetary boundary layer (PBL) is the lowest part of the
vected air mass. By contrast, higher SML and DRCL wereatmosphere that contains most atmospheric aerosols and hu-
observed during stagnant Regional (REG) (21234 m midity (Stull, 1988). A sound understanding of its main prop-
and 1769t 314 m, respectively) and cold Atlantic (ATL) erties (such as height and temporal evolution) and of the fac-
(965222 m and 1878& 290 m, respectively) air masses. {OrS affecting these properties is essential for meteorological
In addition to being the lowest, the SML during the NAF forecasting, climate studies and air quality assessment (Ger-

scenario frequently showed a flat upper boundary throughPig €t al., 2008; Monks et al., 2009). In fact, aerosols once
emitted are confined within the PBL where they reside for
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a relatively long time and disperse or accumulate dependet al., 2004). Conversely, at sites closer to the coastline no
ing on the PBL characteristics such as height or wind fields significant differences have been observed in the retrieved
During the day the PBL undergoes a diurnal cycle with the heights between summer and winter. Given that the Mediter-
highest values around midday when convection is the mairranean coastal areas are subject to major population density,
mixing force, yielding the shallowest values at night. During studies of PBL properties at these locations are of special in-
the night when convection is not the main mechanism, theterest. A number of works have previously focused on the an-
PBL structure is largely influenced by surface friction due to nual and seasonal evolution of the boundary layer at coastal
vegetation, topography, and urban roughness (Barlow et alsites in Europe: Barcelona (Sicard et al., 2006, 2011), Athens
2011). (Batchvarova and Gryning, 1998), Marseille (Delbarre et al.,
The PBL height is usually assessed in two ways: (i) by 2005; Lemonsu et al., 2006), Naples (Boselli et al., 2009)
using in situ vertical profiles of temperature, humidity or and Rome (Mastrantonio et al., 1994), among others. How-
wind, and (ii) by employing the aerosols as tracers for laser-ever, only few works have addressed the determination of the
based backscatter profilers. The former method is a therboundary layer diurnal evolution (Martano, 2002; Talbot et
modynamic sounding which determines the top of the PBLal., 2007; De Tomasi et al., 2011). A better characterization
through observation of temperature inversions, hydrolapseof the diurnal evolution of the PBL is needed because of its
or change in wind speed and/or wind direction (e.g. Holz-rule in regulating the extent of dispersion for pollutants.
worth, 1964, 1967). The latter method identifies the PBL In this study ceilometer measurements were performed in
heights by checking gradients in the aerosol concentration8arcelona (Spain), one of the most populated and polluted
and is usually applied by means of lidars/ceilometers (e.gcoastal sites in the western Mediterranean Basin (WMB).
Martucci et al., 2010; Haeffelin et al., 2012). Other widely Earlier lidar measurements performed in Barcelona showed
used remote sounding systems for PBL height determinaan absence of a marked PBL annual cycle, which is related
tion include sodar, rass and wind profiling radar. A numberto the typical summer conditions of the WMB characterised
of methods have been employed to extract the PBL heighby weak pressure gradients and the development of breeze
from active optical methods, providing aerosol backscattercirculation patterns (Mifin et al., 1997; &ez et al., 2004;
profiles. The decreasing laser backscatter from the aerosolSicard et al., 2006, 2011, 2012). These distinctive character-
at the interface (transition zone) between the PBL and thastics of the WMB together with poor and irregular precip-
free troposphere is the essence of the method. The identifieifations and frequent air mass advections from Africa (e.g.
transition zone is a proxy for temperature inversion. TheseMill an et al., 1997; Rodljuez et al., 2001) make the con-
methods involve the analysis of the first or second derivativecentration, composition and vertical distribution of the atmo-
of the backscatter or the logarithm of the backscatter profilespheric aerosols to be highly variable. Consequently, aerosol
(e.g. Flamant et al., 1997; Menut et al., 1999; Sicard et al. models and radiative transfer models still suffer from large
2006; Martucci et al., 2007), THT (temporal-height tracking) uncertainties when applied to this region (e.g. Pay et al.,
technique (Martucci et al., 2010; Haeffelin et al., 2012), and2012).
backscatter variance (e.g. Lammert and Bosenberg, 2006), In this work, we analyse one month of measurements of
among others. Methods based on the lidar determination oPBL height and optical properties continuously performed
the PBL height using aerosols as tracers may be adversely afer the first time over Barcelona (Spain), by using a vertical-
fected by the pre-processing of the data, gradient detectiorpointing 1064 nm wavelength CHM15K ceilometer within
and layer attribution, especially during morning or afternoonthe framework of the SAPUSS (Solving Aerosol Problems
transitions or under stable atmospheric conditions (HaeffelUsing Synergistic Strategies) project (Dall'Osto et al., 2012).
lin et al., 2012). Conversely, in well-mixed boundary lay- The main objectives are to provide valuable insights on
ers, the largest change in the aerosol would match the tophe PBL structure, evolution and optical properties over
of the PBL with the free troposphere above, thus minimiz- Barcelona based on the continuous ceilometer measurements
ing the uncertainty of retrieving the PBL top. Given the high and radiosonde data. We present and discuss the daily cy-
spatial and temporal resolutions (normally 15m and 15s)cle of the PBL height and aerosol backscatter at selected
lidars and ceilometers have become increasingly importanheights under three typical atmospheric scenarios affecting
for PBL studies and are widely used in networks around thethe WMB and detected during the duration of the campaign,
world and especially in Europe (e.g. Flentje et al., 2010; Papnhamely: stagnant Regional (REG), warm African (NAF), and
palardo et al., 2004). Earlier studies have dealt with the de<cold Atlantic (ATL). Ground meteorological data and ground
termination of the evolution of the PBL by means of ground- PM; (particles with aerodynamic diameterl um) concen-
based laser sensors at both continental sites (e.g. Boers &htions are also presented and correlated with the measured
al., 2000; Clothiaux et al., 2000; Matthias anéd®nberg, aerosol optical properties as a function of the atmospheric
2002; Kalb et al., 2004; Baars et al., 2008) and at coastakcenarios. The effects of overlying warm African air masses
sites (e.g. Sicard et al., 2006, 2011; Matthias et al., 2004and of strong sea breezes on PBL growth and evolution are
Milroy et al., 2011). PBL heights at continental sites up to 2—discussed. Additionally, ceilometer measurements are cor-
3km a.s.l. have been usually observed in summer (Matthiaselated with radiosonde data in order to study the effect of
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relative humidity on aerosol backscatter vertical profiles overa multi-sensor comparative study performed at Mace Head
the coastal area of Barcelona. Finally, the aerosol backscatdreland), the CHM15K signal clearly detects aerosol layers
ter coefficient vertical profile and its relationship with unsta- and the PBL internal structure at heighkt&00 m. Mainly be-
ble/stable atmospheric conditions are also discussed. cause of the low power of its laser pulses, the ceilometer has
been compared with more powerful lidars designed for tro-
pospheric aerosol studies (Heese et al., 2010; Freudenthaler
2 Methodology et al., 2010; Tsaknakis et al., 2011; Haeffelin et al., 2012;
Milroy et al., 2011). These comparisons have also been per-
formed to determine the altitude at which the ceilometers

Ceilometer measurements were performed at the coastal i€ @ble to detect the aerosols with a signal-to-noise ratio
of Barcelona (BCN, Spain; 41°22.07 N, 02°658.06' E) > 1. Heese et al. (2010) found that the CHM15K can de-

from 20 September to 19 October 2010. The ceilometer_teCt aerosol backscatter with signal—to—no_ise ratio_ (SMR)
pointing vertically was placed on the roof of an 8m high '" the boundary layer and up te4 km during daytime and

building about 5km from the sea in an urban backgroundUP t© 9 km during the night. Moreover, Martucci et al. (2010)
area (called UB SAPUSS site). Barcelona and its satellite"°mpared the CHM15k ceilometer with another commercial
towns (with nearly 4.5 million inhabitants) cover an 8 km ceilometer from Vaisala (model CL31) and concluded that
wide strip between the Mediterranean Sea and the coastdn® CHM15K has better retrieval skills of the cloud base and
mountain range. Moreover, several industrial zones, powef Nigher sensitivity to aerosols below the cloud base.

plants, and highways are located in the area, making this . )

region to one of the most polluted in the WMB (Querol et 2.2.1 Aerosol backscatter coefficients from ceilometers

al., 2008). Furthermore, during SAPUSS a second ceilome- ) ] ) ]

ter was also deployed on the terrace of the Fabra observatofynowledge of the maximum height with SNR 1 is
(41°2556' N, 2°0727'E; 500m a.s.l., called TC SAPUSS of paramount importance for the correct retrieval of the
site), located in the coastal mountain range behind Barcelong@ckscatter coefficient vertical profiles at different times of
at about 5 km from the UB site and pointing horizontally to- the day. The radiation collected by the ceilometer is in fact
wards the sea (Dall'Osto et al., 2012). A future work will backscattered from aerosols and molecules and the discrim-
be dedicated to the horizontal ceilometer measurements ani@tion of the aerosol contribution requires measurements of
presented in this SAPUSS ACP special issue. The main chatl'® molecular backscatter with SNR1 at altitudes where
acteristics of the area under study and detailed informatior€r0SOIS are not present. The extinction coefficient is calcu-
on the measurement sites and meteorology in the region duf@t€d by inverting the 1.064 um lidar power profiles (Klett,

2.1 Measurement site

ing SAPUSS can be found in Dall'Osto et al. (2012). 1981; Ferguson and Stephens, 1983) in the region where the
signal is not completely attenuated, i.e. up 15km for the
2.2 Ceilometer CHM15K in cloud-free conditions (but subject to the opti-

cal thickness of the total column). A lidar ratio of S=45sr
The vertical profiles of the lidar signals during the SAPUSS s assumed for the probing wavelength at 1064 nm, a mix-
campaign were measured by the single-channel CHM15Kure of continental and maritime aerosols and in the range of
(CHM) elastic lidar (ceilometer) manufactured by Jenoptik 50—-80 % of relative humidity (Ackermann, 1998). The raw
(Germany). The instrument is designed for continuous clouddidar signal (number of photons) is transformed into received
base height determination and aerosol backscatter coefficieqgower by use of Plank law combined with the lidar equa-
measurements during the day and night. The CHM usegion at any range R. The obtained lidar power is then cor-
a diode-pumped Nd: YAG (neodymium :yttrium aluminum rected for the square of the range R and normalized by the
garne) solid state laser emitting low-energy laser pulses (8 plidar constant, the latter being calculated directly along the
at 5.58 kHz) at the fundamental wavelength of 1064 nm. Themolecular part of the lidar signal (for a non-opaque profile).
instrument acquires signals in single photon counting modeBecause at 1064 nm the molecular backscatter is very weak,
thus increasing the signal-to-noise ratio from altitude wherethis procedure needs to perform the molecular calibration for
the concentration of aerosol is low. During the SAPUSS cam-ntegration times not shorter than an hour and preferably dur-
paign, the ceilometer signals were collected every 30 s with dang night-time to avoid the solar background. The procedure
spatial (vertical) resolution of 15m. The CHM nominal spa- to obtain the extinction must take into account the effect of
tial range is 30—15 000 m, with 15 m vertical resolution (Mar- the multiple scattering only when high concentration of par-
tucci et al., 2010). The overlap between the emitter’s and reticles (haze or cloud) occurs along the lidar profile. Multiple
ceiver’s field of view is full at 1500 m (Martucci et al., 2010; scattering §) is in fact a complex function of the field of
Heese et al., 2010; Flentje et al., 2010; Milroy et al., 2011).view of the lidar, the distance of the haze/cloud, the particle
However, because of the steep slope of the overlap functiongoncentration, the breadth of particle size distribution and the
the region above 500 m has60 % overlap (Martucci et al., layer optical depth. The multiple scattering affects the ampli-
2010). Moreover, as shown by Milroy et al. (2011) during tude of the signal received by the lidar at timand range R

www.atmos-chem-phys.net/13/4983/2013/ Atmos. Chem. Phys., 13, 49884 2013



4986 M. Pandolfi et al.: Continuous atmospheric boundary layer observations

by modifying the lidar ratio S agS and can cause smaller 2.3.1 SML height determination by radiosoundings

extinction than in reality:{ < 1). When all the above param- o _ .
eters influencing the value of are negligible the multiple  For the determination of the SML heights from radiosonde

scattering can be neglected by keepirrgl. data during SAPUSS, we used the simple parcel method de-
In this work the aerosol backscatter coefficients were re-scribed by Holzworth (1964). With this method the SML
trieved at two selected heights, i.e. at 500 and 800 m a.g.lheight is taken as the equilibrium level of an air parcel with
for the entire SAPUSS campaign. The backscatter coeffithe potential temperaturé@)calculated at ground level. The
cients at these heights are referred tgas andSgoo here-  potential temperature of an air parcel at pressres the
after. Moreover, vertical profiles of aerosol backscatter co-temperature that the parcel would acquire if it is adiabati-
efficients were retrieved for each day during SAPUSS, inte-cally brought to a standard reference presseggusually
grating the ceilometer signals over 30 min between 12:00 and-000 mbar) and is calculated from pressure and temperature

12:30 UTC (Universal Time Coordinated). data as follows:
. . . 1000 0286
2.2.2 Determination of SML and DRCL heights by =T x <_> , (1)
ceilometer P

. . whereT [°K] is the actual temperaturé, [mbar] is the pres-
The PBL height and vertical structure above Barcelona WA 1o of the air parcel and 0.286 is the ratio between the gas

retrieved V.V'th standar.d 30s and 15_m temporal and Vfert"constant of air R) and the specific heat capacity at a constant
cal resolution, respectively, by applying the temporal-height

: ; ? pressured),).
tracking (Martucci et al., 2010; Haeffelin et al., 2012) algo- . .
rithm to the lidar returns from the CHM15K. The THT is a The parcel method allows us to determine the PBL heights

. . . . . in the case of marked inversions, which are usually observed
1-D (spatial) gradient and time-constrained technique to re- y

trieve the PBL structure. Two layers are retrieved by the THTOlurlng the day but which are also typical for the nocturnal

. . atmosphere.
at each time step: a surface mixed layer (SML, lower layer),
which is a proxy for temperature inversion; and a decoupledy 4  Other measurements
residual/convective layer (DRCL, upper layer) above which
is the free troposphere. The two layers are calculated by apHourly ground ambient temperature, relative humidity, wind
plying the THT to arvn-by-n matrix ¢z =number of range  speed and direction data were obtained at a meteorological
gatesy = number of profiles) of attenuated backscatter coef-station placed at the Barcelona urban background (UB) mea-
ficients, i.e. the natural logarithm of the background-power-surement site described in Reche et al. (2011) and Dall'Osto
range corrected lidar return. The THT selects the first gradiet al. (2012) and located at about 200 m from the ceilometer.
ent (SML) along the time-averaged profile with high SNR Particulate matter (PM) concentrations were obtained dur-
(averaging interval duration, e.dl_interv=10min). The ing SAPUSS by means of GRIMM (GFZ Reference Inter-
time-averaged profile provides the reference heighdf for ~ nal Magnetic Model) optical counters (model 1107) at the
the first ¢ = 1) and the successivex{ 1) SML detections. A UB site. Subsequently, the PM concentrations from GRIMM
vertical window centred irffrer with amplitude normally set  were corrected with factors obtained by comparing real time
to Hyer£150 m constrains the SML detection at time steps  and gravimetric measurements. PM gravimetric measure-
t+1,t+2,... and so on until the end of the reference intervalments on a 24 h basis were performed every day during SA-
T _interv. New reference heights are calculated at the beginPUSS with high volume samplers (DIGITEL and MCV at
ning of each block ofV « 7 _interv (N = 1,...) until the end 30 n? h—1) with appropriate (PN, PM,.s, PMg) cut-off in-
of the dataset. The same procedure is repeated for the upets. Aerosol optical depth (AOD) data were obtained from
per DRCL. Data from the ceilometer were carefully cloud a sunphotometer operating within AERONET (the AERosol
screened to avoid any bias due to cloud scattering by disRobotic NETwork of ground-based sun- and sky-scanning
carding those raw profiles showing a positive gradient largefradiometers; Holben et al., 1998) and located about 50m

than a given threshold. from the ceilometer. The AERONET cloud-screened Level2
data were used in this work. Moreover, data from the sun-
2.3 Radiosoundings photometer were used to retrieve the aerdsajsttom ex-

ponents &), which are a proxy for aerosol size. An aerosol
Vertical profiles of temperature, pressure, relative humidity, distribution dominated by coarser particles is characterised
wind speed and velocity were obtained twice a day from by values lower than 1, whereas a largethigher than 2)
radiosondes (model Vaisala RS92-SGP) launched at 00:Ofhdicates that the scattering is dominated by submicron par-
and 12:00 UTC from a co-located radiosounding system rurticles (Schuster et al., 2006).
by the Physics Department of the University of Barcelona.
The launching site was about 50 m from the location of the
ceilometer.

Atmos. Chem. Phys., 13, 49831996 2013 www.atmos-chem-phys.net/13/4983/2013/



M. Pandolfi et al.: Continuous atmospheric boundary layer observations 4987

Table 1.Characteristics of measurements and variables presented in this work for the whole SAPUSS campaign (ALL) and for each scenario
identified during SAPUSS, namely: African, Atlantic, and Regional. Mean values highlighted in bold indicate the variables for which a
significant difference was observed among the three different scenarios. SD: standard deviation.

SML DRCL fs00 Bsoo PMy T RH AOD**  Angst*
m]  [m] Mm~tsr ] Mm~lsr 1] [pugm=3 [°C] [%]
ALL mean 904 1761  0.59 0.87 12.6 185 64 0.08 1.2
SD 273 363 045 0.68 4.4 38 15 0.10 0.4
median 866 1798  0.45 0.68 10.9 186 66 0.05 1.4
min 430 829  0.06 0.05 7.7 93 29 001 0.1
max 1916 2515  3.42 4.78 26.5 260 94 048 1.7
ATLANTIC mean 965 1878 051 0.78 9.8 176 55 0.03 1.3
SD 222 290  0.44 0.72 1.1 35 13 002 0.3
median 905 1871  0.37 0.55 9.7 17.7 55 0.03 1.3
min 497 1130  0.09 0.11 8.1 93 32 001 0.4
max 1673 2412  2.10 3.55 13.4 246 81 0.10 1.7
REGIONAL mean 911 1769  0.64 1.01 16.3 185 66 0.07 15
SD 234 314  0.39 0.64 5.3 3.7 14 005 0.2
median 884 1729  0.59 0.90 14.4 183 68 0.05 15
min 483 1282  0.11 0.05 8.6 112 29 002 0.7
max 1610 2515  3.42 4.78 26.5 249 8 025 1.7
AFRICAN mean 736 1573 0.77 1.14 11.6 215 75 0.24 0.7
SD 183 428 057 0.72 1.6 25 10 017 0.6
median 695 1568  0.62 0.81 11.5 217 76 0.16 0.8
min 444 849  0.11 0.08 8.7 165 60 0.05 0.1
max 1261 2387  2.50 3.15 15.5 260 94 0.48 1.6

* /3\ngstr'0m coefficient calculated between 400 nm and 870HhAOD at 1020 nm.

2.5 Classification of air masses during SAPUSS acterised by air mass types proceeding from the Sahara and
arriving in Barcelona from the E., i.e. from the Mediterranean

. : . . Sea, whereas NAW (3 days) is marked by air masses pro-

During the SAPUSS campaign three different atmOSphe”Cceeding from the tropical Atlantic Ocean and arriving in

scenarios, namely, Regional (REG), AtIant|.c (ATL), and Barcelona from the SW after crossing the Iberian Peninsula
African (NAF) were observed. These scenarios are not un'(DaII’Osto etal., 2012)

common in the western Mediterranean in summer (i.e. Mil-

lan et al., 2000; Pey et al., 2010a; Pandolfi et al., 2011). A

brief description of their main characteristics is given below 3 pasyits

whereas the detailed meteorological picture during SAPUSS

and the description of tool used for meteorological analysisThjs section is concerned with the mean characteristics

are provided in the presenting overview of the SAPUSS camyng daily evolutions of SML, DRCLs0o and Bgoo mea-

paign (Dall'Osto et al., 2012). sured over Barcelona during SAPUSS. Ground meteorolog-
Briefly, the REG scenario typically develops under mete-jca| data and ground PMconcentrations are presented and

orological conditions characterised by insignificant air masscorrelated with the measured aerosol optical properties. The

circulation at the synoptic scale, thus occasionally favour-mean values £ 1 o) and diurnal cycles of these variables

ing the accumulation of pollutants. The ATL scenario rep- for the entire SAPUSS campaign and for the REG, ATL and

resents advections from the Atlantic Ocean associated WitlNAF scenarios are presented in Table 1 and Fig. 1a and b.

cold fronts crossing the Iberian Peninsula (IP). This scenarioraple 1 also gives the mean AOD aAdgstiom exponents

leads to the renovation of accumulated pollution in aged air() observed during the campaign.

masses with a consequent reduction in pollutant concentra-

tions. Finally, the NAF scenario identifies the days charac-3.1 Overall mean characteristics during SAPUSS

terised by air masses from Africa. During the campaign, a

total of 9, 7, and 6 days were identified as REG, ATL and The mean ceilometer SML and DRCL heights over the

NAF, respectively. Moreover, the NAF days were further whole SAPUSS campaign (cf. Table 1) were found to be

classified as NAEE and NAEW. NAF_E (3 days) is char- 904+273ma.g.l.and 176t 363 m a.g.l., respectively. This

www.atmos-chem-phys.net/13/4983/2013/ Atmos. Chem. Phys., 13, 49884 2013
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Fig. 1a.Diurnal cycles of SML [m], DRCL [m], aerosol backscatter Fig. 1b. Diurnal cycles of ground temperatur&)([°C], relative

coefficients at 500 mAsog) and 800 m a.g.l.Aggg) [Mm ~Lsr1],
and PM concentrations [ug m3] calculated for the entire SAPUSS
campaign (All) and for the ATL, REG, and NAF scenarios.

humidity (RH) [%], and wind speed [nTéL] calculated for the en-
tire SAPUSS campaign (All) and for the ATL, REG, and NAF
scenarios.

is in agreement with the study of Sicard et al. (2011), which3 1 1 Overall PBL mean diurnal cycles during SAPUSS
reported a mean mixing layer height — for the same sea-

sonal period of this study — of around 750-1200m a.g

On average, the SML showed a diurnal cycle (ALL; Fig. 1a)

based on three-year lidar measurements (2007—-2009). Meapith low heights measured at night/early morning800 m

Bsoo and Bgop during SAPUSS were found to be of around 18:00

0.59+0.45Mnt 1sr1 and 0.870.68MnT 1sr 1, respec-

—06:00 UTC) and progressively increasing by
around 50 % at midday~§1200 m around 12:00-14:00 UTC)

tively, the latter also being consistent with the mean backscat\—,vhen the surface temperature is at its maximum (Fig. 1b)

ter at 900 m reported by Sicard et al. (2011) during the

summer period. The mean AOD arhgstiom coefficient
(&) measured during SAPUSS were around &@810 and

1.2+ 0.4, respectively, close to the mean values reported fo
these parameters in Barcelona for the summer period (Pargt night (0.77 M1
dolfi etal., 2011; Sicard et al., 2011). The mean ground PM

concentrations (124 4.4 ugnt3) during SAPUSS were
lower compared with the mean RMoncentrations (around

17 ugnm3) registered in Barcelona during September and

Thus, the increasing convective activity during the warmest
hours of the day caused the increase in SML height.

By contrast, opposite diurnal cycles were observed for
'}3500 and Bgoo. Figure 1a (ALL) shows the highest values
sr1and 1.07 Mmsr1, respectively,
around 18:00 — 06:00 UTC) and the lowest (0.36 Mrar1
and 0.67 Mnttsr1, respectively) around midday. The dif-
ference in backscatter between day and night is probably due
to an increase of relative humidity at night (cf. RH in Fig. 1b)

October for the period 20032005 (Pey et al., 2010a) but siMyg 4 4ing t0 a significant hygroscopic growth of aerosols. Ra-

ilar to the mean PMfor the 2008-2011 period (Cusack et al.
2012).

Atmos. Chem. Phys., 13, 49831996 2013

' diosonde data were used to calculate the relative difference
[%] in RH between night (00:00 UTC) and day (12:00 UTC)
at 500 and 800 m a.g.l. during SAPUSS. The RH relative
differences were then compared with the relative differences
[%] in Bsp0 @and Bgoo between night and day. The results are
seenin Fig. 2, where the variations in backscatter coefficients
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between night and day are highly correlated with the cor- @500 ma.gl. 0800 ma.g.l
responding variations in RH. Thus RH is an important pa- 2000
rameter contributing to the variation in aerosol backscatters. S °
Moreover, both the lower SML height and dispersion at night = 1500
(lower wind speed, cf. Fig. 1b) compared with daytime likely 3 °
favour the accumulation of particles (higher Pdbncentra- g 10007
tions at night, cf. Fig. 1a), which may also contribute to the @ oo
relative increase in backscatter at night. 5 500 1
2 o
[=}
3.2 Mean PBL characteristics according to different %’ 0 o e®
atmospheric scenarios (ATL, REG and NAF) o 500
Important differences were observed in the PBL variables -50 0 50 100 150

(Table 1) for the three scenarios (REG, ATL, NAF) dur- RF(00:00) - RH(12:00) [%]

ing the SAPUSS study. The highest mean SML and DRCLEjg > Relationship between the relative variations [%] in rela-
heights were observed for the ATL scenario at 36222m  tive humidity (RH) and aerosol backscatter coefficients (Back) be-
and at 1878290m a.g.l., respectively (Table 1). These tween night (00:00 UTC) and day (12:00 UTC) at 500 m a.g.l. and
heights are slightly higher (6 %) than the mean SML and800m a.g.l.
DRCL observed during the REG scenario at $1234 m
and 1769 314m a.g.l., respectively. Nevertheless, un-
der ATL the meanpfsgo (0.51+0.44 Mt 1sr 1), Bgoo overlying African air masses, which changed the temperature
(0.78+0.72MnTtsrt), PM; (9.8+1.1ugnt3), AOD  profile thus lowering the inversion. Alastuey et al. (2005) re-
(0.03+0.02), and the Angstrom exponent (#&®.3) are  ported a significant decrease in the marine boundary layer at
lower by respectively 20, 24, 40, 60 and 14 % compared withlzafia (South of Spain) during an intense Saharan dust out-
REG (Table 1). The lower PMconcentrations and AOD dur- break with the overlying African air masses lowering the
ing ATL were due to the cleansing effect of the Atlantic ad- marine PBL up to 400 m. Similarly, in Barcelon&iez et
vections that reduced the concentration of fine aerosol in thal. (2004) reported a case study of low SML height, rang-
atmosphere. At the same time, the accumulation of pollutantsng between about 300 m and 440 m during an intense Sa-
was favoured by the REG episode, when the concentrationBaran dust outbreak. The compression of the SML under
of PM; reached 16.3-5.3ugn13. The low concentrations NAF air masses favoured the transport of the Saharan dust
of PM; for the ATL scenario led té coefficients higher than down towards the surface layers by dry deposition, resulting
those for REG, indicating larger concentrations of coarse parin the increase oBsoo and Bsoo. Indeed, the NAF scenario
ticles (> 1 pm) during ATL. The low relative humidity mea- registered the highest meaagg (0.77+ 0.57 MnT1sr 1)
sured during ATL (Table 1) also contributed to the 1840 andpBgoo(1.14+ 0.72 MnT L sr-1) measured during the cam-
and Bgoo during this scenario. Figure 1 in the Supplement paign (Table 1). The calculate@soo and Bgoo under NAF
shows that the mean RH during ATL is the lowest during were, respectively, 20 and 15% higher than under REG,
SAPUSS at all altitudes, being about 20 % lower in the firstand 50 and 46 %, respectively, higher when compared with
one kilometre of height with respect to REG. ATL. Moreover, as shown in Table 1, the highest mean col-
By contrast, the lowest mean daily SML and DRCL were umn integrated AOD (0.24 0.17) and the lowest meai
detected during the NAF scenario at altitudes of 383 (0.7+0.6) were observed during the NAF scenario, sug-
and 1573t 428 m a.g.l., respectively (Table 1). The SML gesting transport of coarser aerosols from the North Africa
and DRCL heights during NAF are respectively 25% andregion. Figure 2 in the Supplement highlights the relation-
16 % lower than for the ATL scenario. The mean daily SML ship between AOD and simultaneofsog and Bsoo by lev-
during NAF ranged between 6@9128 m on 8 October 2010 els of,&ngstrbm exponents, showing that the lowéstvere
and 798+ 106 m on 7 October 2010, whereas the minimum observed during NAF. These were especially low0(12)
and maximum mean daily SML heights during ATL were during a dust transport event detected on 7 October 2010,
895+ 209 m (on 26 September 2010) and 182205m (on  leading to the highest AOD>(0.3) during SAPUSS. Nev-
28 September 2010), respectively. The shallow SML dur-ertheless, thgsoo and Bsop were relatively low during the
ing NAF was also measured by radiosoundings, which de-event, suggesting transport of dust at higher altitudes over
tected mean SML heights at 953138 m, 925+ 183 m, and  Barcelona. After excluding the data collected on 7 Octo-
800+ 206 m for ATL, REG and NAF, respectively. Thus, ber 2010, the mean AOD&, Bsoo and Bggo during NAF
significant differences are observed between the NAF scewere, respectively, 0.1+ 0.04, 1.0+0.3, 0.80+0.59 and
nario and the ATL and REG scenarios in terms of the SML 1.09+ 0.71 MnT1sr1, strongly suggesting coarse aerosols
and DRCL heights. The low SML and DRCL under NAF within the PBL during the whole NAF scenario. Addition-
may have been caused by a pushing-down effect of the warnally, the presence of dust transported from Africa under NAF
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is also evidenced in Supplement Fig. 1, which shows theand NAFE scenarios. The mean ws within the first kilome-
multiple-peak structure of the mean aerosol backscatter vertre during NAFE doubled the mean wind velocity under
tical profile. NAF_W, REG (3.2£1.2ms 1) and ATL (3.8+1.5ms?)
Moreover, the low SML and the high RH observed under days, probably preventing the development of the SML.
NAF (around 75 % at ground, cf. Table 1) may also have con- The mean diurnal cycles gfso0 and Bgog during ATL,
tributed to the high backscatter observed under NAF. IndeedREG and NAF are fairly similar (Fig. 1a), showing higher
Supplement Fig. 1 shows that the mean RH during NAF isvalues at night and minima during daytime. However, the di-
the highest during SAPUSS at all altitudes, being on averageirnal cycles of backscatter under NAF also show the pres-
47 % higher in the first one kilometre when compared with ence of multiple peaks due to transported dust from Africa.

ATL. Finally, the importance of RH variation in determining
the scattering properties of aerosols can be assessed here by
3.2.1 Mean diurnal cycles according to different looking at the diurnal cycles i#s500, Bso0, PM1 and RH un-
atmospheric scenarios (ATL, REG and NAF) der ATL (Fig. 1a, b). During ATL bottB500 and Bgoo0 Show

clear diurnal cycles whereas the PMoncentrations show

Large differences among the three scenarios in terms of diurno diurnal cycle, being fairly constant throughout the 24 h.
nal cycles were observed for SMBsop and Sgoo (Fig. 1a). Conversely, under the NAF and REG scenarios, variations in
Figure 1a shows that the mean SML during NAF has a flatthe diurnal cycles in P concentrations anflsoo and Bsoo
structure between approximately 11:00 and 16:00 UTC com-are observed. Figure 1a shows that the ground wind velocity
pared with the ATL and REG scenarios, which by contrastduring ATL was fairly high and constant throughout the day.
show clear SML maxima around midday. The flat SML struc- This is probably the most important variable determining the
ture under NAF is present despite the high surface temiow daily variability in PMy concentrations. Conversely, the
peratures at midday under NAF with respect to REG andRH, for which a clear diurnal cycle is observed under ATL,
ATL (cf. Fig. 1b). The mean SML heights between 11:00 is the main parameter driving the diurnal cycles of aerosol
and 16:00UTC were 1138354 m, 1104313 m, and backscatter (cf. Fig. 1b).
916+ 168 m for ATL, REG and NAF, respectively, with the
lowest standard deviation (18 %) observed for the NAF sce-3.3 Comparison of SML height: ceilometer
nario compared with ATL (31%) or REG (28 %). The flat vs radiosonde
structure observed for SML around midday during NAF is
probably due to the increase in the mean wind velocitiesFigure 4 shows the relationship between the SML heights
within the SML preventing the vertical development of the estimated from radiosoundings and ceilometer data at
SML. When differentiating NAF into NAEE and NAEW, 12:00 UTC for the whole SAPUSS campaign and for each
two different sub scenarios were found. The NAF days werescenario. Such comparison is important given that both lidars
divided into two main categories; namely, NA&=(7, 8, and  and radiosoundes are widely used techniques for the deter-
9 October 2010, NAF air masses arriving from the east) andmination of the SML height. A good correlatio®?=0.80;
NAF_W (22—-23 September and 3 October 2010, NAF air p value <0.05) is observed between the retrieved SML
masses arriving from the west, Dall'Osto et al., 2012). Fig- heights during the whole SAPUSS campaign (ALL). On av-
ure 3 shows the SML and DRCL diurnal cycles from the erage, the SML heights from radiosoundings were lower than
ceilometer and the SML heights from the radiosoundings athose from the ceilometer by around 1345 m (error cal-
12:00 UTC for the NAEW days (Fig. 3a) and the NAE culated as one standard deviation of the data). Recently, Ha-
days (Fig. 3b). effelin et al. (2012) showed that lidar/ceilometers tend to

During the NAEW days the SML shows a certain convec- overestimate the mixing heights compared with radiosound-
tive growth around midday. Nevertheless, the SML growthings. The deviations we observed in this study were of the
under NAEW was not as strong as during the ATL and same sign and range of the deviations reported by Haeffe-
REG scenarios because of the overlying African air massedin et al. (2012). Good correlations are also observed specif-
Conversely, a flat SML structure throughout the 24 h wasically for each scenario, with coefficients of determination
observed under the NAE days. This is likely due to the R? ranging from 0.75 (REGp value < 0.1) to 0.96 (NAF;
strong winds blowing continuously from the Mediterranean p value < 0.4). On average, the highest differences are de-
Sea preventing the vertical development of the SML. Fig-tected for the REG and ATL scenarios with values around
ure 3 shows that the mean wind direction (wd) and speedl66+ 125m and 24% 43 m, respectively, whereas during
(ws) within the first kilometre a.g.l. during NA®/ are  the NAF scenario the difference is small and slightly nega-
around 214+ 39 degrees (southwest) and 38.7 ms™1, re- tive (—42+41m). The reason for the good agreement ob-
spectively, whereas during NAE the mean wd and ws are served between radiosondes and ceilometer in estimating the
73+ 17 degrees (east) and 6.9 ms 1, respectively. The  SML heights during NAF could be the differential advection
low standard deviations indicated relatively constant verti-of air masses at different heights observed under the NAF
cal profiles of wind speed and direction during both NAF  scenario. The 5-day back-trajectories ending in Barcelona at
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Fig. 3. Mean SML (black dotted line) and DRCL (grey dotted line) diurnal cycles from ceilometer and SML heights from radiosoundings
retrieved at 12:00 UTC (red dot) averaged during the NAFlays (Fig. 3a) and the NAE days (Fig. 3b). Error bars represent one standard
deviation of the meansc ws> 1 km and< wd> 1 km Stand for mean wind speed and direction, respectively, averaged within the first kilometre
of height from radiosoundings.

DAY (12:00 UTC) scenario where the air masses had the same origin at the alti-
2000 ALL: P tudes considered (cf. Supplement Fig. 4) and the largest dif-
—_ N=22 ference between the SML heights can be observed.
|§| 1600 - R%= 080 0
o 3.4 Relationship between aerosol backscatter vertical
= profile and thermodynamic states of the atmosphere
2 1200
3 Figure 4 shows that the changes in the thermodynamic state
g 800 1 of the atmosphere at the top of the SML are closely corre-
£ ] lated with the variations in the aerosol load. The correla-
g tion is studied in greater depth here by comparing the po-
L 400 - tential temperature and the aerosol backscatter vertical pro-
= files from 500 m up to 3000 m a.g.l. This analysis seeks to
0 | | | show how the unstable, stable or neutral atmospheric con-

ditions of the atmosphere alter the distribution of aerosol
backscatter with height. Fourteen vertical profiles of aerosol
backscatter integrated between 12:00 and 12:30UTC (no
clouds included) were selected and compared with the po-
Fig. 4. Correlation between SML heights retrieved from ceilometer tential temperature profiles from radiosondes launched at
and radiosoundings at 12:00 UTC for the whole SAPUSS campaigril2:00 UTC. The 14 profile pairs were interpolated to a verti-
(open circles) and separately for the Regional (Rft€en circles),  cal resolution of 30 m and were averaged to obtain one pair
African (NAF; red circles), and Atlantic (ATL; blue circles) sce- of mean aerosol backscatter and potential temperature ver-
narios.N: number of azerosol_bgckscatter and potential temperaturgica| profiles. Figure 5a shows the relationship between the
vertical profile pairsk“: coefficient of determination. first derivatives with height of the mean aerosol backscatter
and potential temperature profiles, ranging between 500 m
and 3000 m a.g.l. witthz =30 m. Figure 5b is calculated by
12:00 UTC and calculated for the NAF days (two examplesaveraging the first derivatives every 200 mz(=200) and
are shown in Fig. S3 in the Supplement) display the differ-error bars in Fig. 5b indicatet 1 standard deviation of the
ential advection with the air mass ending at 1000 m a.g..means. Figure 5c and d are similar to Fig. 5a and b, re-
clearly coming from Africa and those at lower altitudes hav- spectively, and were obtained by using a subset of 4 profile
ing different origins. This differential advection may have pairs that showed different characteristics as described be-
caused an abrupt change in physical (aerosol) and thermdew. The NAF days were excluded from this analysis because
dynamic (potential temperature) properties at the top of thehe gradients of the backscatter coefficient in the presence
SML, thus minimizing the differences typically observed be- of aerosol layers of different origin were strong enough to
tween ceilometer and radiosondes in estimating the SMLimpair the backscatter—temperature relationship. The mean
height. By contrast, the opposite trend is seen for the ATLvertical profiles of backscatter, potential temperature and

0 400 800 1200 1600 2000

SML ceilometer [m]
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Fig. 5. Relationship between the first derivatives as a function of the height of aerosol backscatter (Beta) and potential terijpeeatioa (
profiles:(a) by using the points from 500 m to 3000 m a.g.l. (30 m vertical resolution) of one pair of Betaantcal profiles obtained by
averaging 14 available profile paird) by averaging the points ¢&) every 200 m with the error bars indicatidgl standard deviation of
the means(c) by using the points from 500 m to 3000 m a.g.l. (30 m vertical resolution) of one pair of Betaartical profiles obtained
by averaging a subset of 4 profile paifd) by averaging the points @€) every 200 m with the error bars indicating 1 standard deviation
of the means. Yellow and blue coloured areagbhinand(d) indicate the SME-DRCL and the free troposphere, respectively.

relative humidity calculated by averaging the 14 profiles are The anticorrelation/correlation reported in Fig. 5 changes
shown in Fig. 5 in the Supplement. Figure 5a and b show thatvith height, allowing for the identification of SML, resid-
the backscatter coefficient increases with heigldtatiz ual layer (RL), DRCL, and free troposphere (FT). Figure 5c
> 0) at altitudes (between about 500 and 900 m) witeie  and d were obtained by using a subset of 4 profile pairs
fairly constant or increases slightly with height)(/dz ~0). when the lower atmosphere showed a certain degree of in-
This first altitude range represents the mean SML height. Instability (@6/dz< 0) up to about 600 m a.g.l. Nevertheless,
this range, convection rapidly mixes the atmosphere with thehe backscatter behaves in the same way as it does under
result that is fairly constant with height and the atmosphere neutral conditions and increases with heigtBétat/z > 0).

is characterised by neutral stability. Abovd 000 m and up  The observed increase of aerosol backscatter within the SML
to ~1700 m the backscatter coefficient decreases with heighat midday irrespective of the thermodynamic states of the
(dBetatiz > 0), showing a slightly negative slope around atmosphere is probably due to the increase with height in
900-1100 m, which becomes steeper with increasing heightelative humidity within the SML. Figure 6a and b show
up to 1500-1700 m. This altitude range represents the atmahe relationship between the first derivatives of backscatter
spheric region between the top of SML and the DRCL. Con-coefficient and relative humidity profiles as a function of
versely, the potential temperature increases with height fromheight. Figures 6a and 6b show that both backscatter and
1000 m up to 1700 md/dz> 0), showing steeper positive relative humidity increase with height between 500 m and
slopes with increasing altitudes. These conditions give rise t®00 m (within the SML) and decrease with height starting
stable stratified conditions with suppressed vertical motionsfrom 900 m. In the free troposphere (blue coloured area) the
The increasing and decreasing trend of aerosol backscattdérackscatter decreases only slightly with height, with the RH
coefficient as a function of the potential temperature be-showing steeper slopes with respect to backscatter.

tween 500 m and 1700 m is highlighted by the yellow area

in Fig. 5b. From~1700 m up to 3000 m the backscatter co-

efficient shows a very small negative derivative, indicating 4 piscussion and conclusion

a gentle decrease in aerosol backscatter with height in the

free troposphere. By contrast, at these heights the potentighyring the SAPUSS (Solving Aerosol Problems by Us-
temperature increases showing steeper slopes with altitudgg Synergistic Strategies) project a vertical-pointing 1064-
(dﬁ/dZ> 0) The behaviour of both variables in the free tro- nm Wave|ength CHM15K ceilometer was dep|0yed with the
posphere is highlighted by the blue area in Fig. 5b. aim of determining the boundary layer structure, evolution
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Fig. 6. Relationship between the first derivatives as a function of
the height of aerosol backscatter (Beta) and relative humidity (RH)
vertical profilesia) by using the points from 500 m to 3000 m a.g.l.
(averaged every 200 m) of one pair of Beta and RH vertical profiles
obtained by averaging 14 available profile paits); by using the
points from 500 m to 3000 m a.g.l. (averaged every 200 m) of one
pair of Beta and RH vertical profiles obtained by averaging a subset
of 4 profile pairs. Error bars indicaté: 1 standard deviation of the
means. Yellow and blue coloured areas indicate the $MRCL

and the free troposphere, respectively.

and optical properties over the coastal area of Barcelona.
Ceilometer data has been thoroughly analysed in order to
provide valuable insights on (1) the impact that three typ-
ical atmospheric scenarios (African dust outbreak, Atlantic
advection, Regional recirculation) have on the PBL over a
coastal Mediterranean urban area in the WMB, and (2) the
possible explanations for the observed increase of aerosol

backscatter with height within the SML irrespective of the 3.

thermodynamic states of the atmosphere. Our findings can
be summarized as follows:

1. PBL maximum height (H) and daily variations (DV)
were strongly dependent on air mass types, ranging
from the highest H — strongest DV during the ATL to
the lowest H — weakest DV during the NAF. The ob-
served differences in the PBL structure over Barcelona
were due to the concomitance of different factors. The
presence of warm African air masses above colder lo-

cal air changed the temperature profile thus lowering the 4.

height of the inversion. As a result the mean SML height
during NAF was 25 % lower than the ATL scenario. Pre-
vious studies conducted in Barcelona have related the
lack of a clear PBL-height annual cycle to the typical
summer conditions of the WMB characterised by weak
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pressure gradients and the development of breeze cir-
culation patterns (Sicard et al., 2011). Even though the
breeze patternis a recognized phenomenon affecting the
growth of PBL at coastal sites, the higher occurrence
and the intensity of African dust episodes in the WMB
in summer (10-20 % of the days, Pey et al., 2010b) may
also contribute to prevent the development of the PBL.
The current result will be a motivation to further investi-
gate the possible relationship between PBL height, PBL
temperature profiles and African dust episodes.

. The analysis of the relationship between the SML

heights estimated by the ceilometer (SMtéil) and
radiosoundings (SMLiiad) at 12:00 UTC revealed an-
other interesting characteristic of PBL under NAF. On
average the SMLiiad were lower than the SMLbeil

by around 166 m and 249 m during REG and ATL, re-
spectively, whereas during the NAF scenario the dif-
ference was smaller{42 m). We argue that a possible
reason for the good agreement between SMEh and
SMLh_rad during NAF may be the presence of abrupt
changes in the vertical profiles of backscatter and po-
tential temperature at the SML top caused by the differ-
ential advection of air masses above Barcelona during
NAF. These abrupt changes could reduce the uncertain-
ties in SML top retrieval from the two techniques. The
mean slopes of the lidar backscatter and potential tem-
perature profiles at the top of the SML during NAF were
—384+7x10Mm~2sr ! and +18+ 7 x 10-3°Km~?,
respectively, at 12:00 UTC. By comparing these values
with Fig. 5, we can observe that the potential tempera-
ture’s and the backscatter’s first derivatives during NAF
were out of the range of values reported in Fig. 5. These
values corroborate with the hypothesis that the differ-
ential advection caused abrupt physical and thermody-
namic changes at the SML top, which accounted for
the good agreement between SMtéil and SMLhrad
during NAF.

Aerosol backscattering coefficients (BSC) were highly
variable, with the highest values influenced by both
African dust intrusions (NAF) and regional anthro-
pogenic pollution (REG). The lower SML under NAF
favoured the transport of the Saharan dust down towards
the surface layers by dry deposition. As a consequence,
the NAF scenario registered the highest mgegy and
Bsoo measured during the campaign, which were 20 %
and 15 %, respectively higher than under REG and 50 %
and 46 %, respectively, higher compared with ATL.

In the portion of the atmosphere characterised by neu-
tral thermodynamic stability conditiongd/dz ~0) at
midday, the BSC increased in parallel with RH with
altitude. By contrast, under the stable stratified con-
ditions @6/dz > 0) above the SML, BSC decreased
with falling RH with height. The increase in BSC with
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altitude was also detected under unstable atmospheri€dited by: R. Vecchi
conditions ¢6/dz<0). This analysis revealed that at

midday the aerosol backscatter over the coastal site of
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