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Abstract. First long-term observations of South American 150+94 cnt 3 and 015+0.26 Mm1. A decrease of particle

biomass burning aerosol within the tropical lower free tropo- concentrations during the dry seasons from 2007-2009 could

sphere are presented. The observations were conducted biee connected to a decrease in fire activity in the wider re-

tween 2007 and 2009 at a high altitude station (4765 m a.s.l.jion of Venezuela using MODIS satellite observations. The

on the Pico Espejo, Venezuela. Sub-micron particle volumeyariability of biomass burning is most likely linked to the

number concentrations of primary particles and particle ab-El Nifio—Southern Oscillation (ENSO). Low biomass burn-

sorption were observed. Orographic lifting and shallow con-ing activity in the Venezuelan savannah was observed to fol-

vection leads to a distinct diurnal cycle at the station. It en-low La Nifia conditions, high biomass burning activity fol-

ables measurements within the lower free troposphere dutowed EI Nifio conditions.

ing night-time and observations of boundary layer air masses

during daytime and at their transitional regions. The seasonal

cycle is defined by a wet rainy season and a dry biomass

burning season. The particle load of biomass burning aerosdl Introduction

is dominated by fires in the Venezuelan savannah. Increases

of aerosol concentrations could not be linked to long-rangeAtmospheric aerosol particles directly scatter and absorb

transport of biomass burning plumes from the Amazon basirsunlight (e.g.Haywood and Boucher2000 or indirectly

or Africa due to effective wet scavenging of particles. High- perturb the solar radiation by changing the formation and

est particle concentrations were observed within boundanyfife cycle of clouds (e.gLohmann and Feichter2005.

layer air masses during the dry season. Ambient sub-micror hus, knowledge on their physical and chemical proper-

particle volume reached4 + 1.3 unPcm=3, refractory par-  ties and temporal and spatial variability is of major im-

ticle number concentrations (at 300) 510+ 420 cn1 3 and portance when investigating the earth-climate system. Rel-

the absorption coefficient.@1+ 1.2 Mm~1. The respective  ative to greenhouse gases, particles in the atmosphere can be

concentrations were lowest within the lower free troposphereconsidered as a rather short-lived radiatively active species.

during the wet season and averaged 298 0.25 pn? cm 3, Their properties feature a high variability in space and time.
This makes the quantitative estimate of their climatic effects
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highly uncertain Andreae et a).2005. Recent and ongo- gin, for example, to control weeds and pest, to prevent lit-
ing work helps to reduce these uncertainties (&grster  ter accumulation, or to accelerate nutrient cycliSgithueza
et al, 2007, Myhre, 2009 Shindell et al. 2009 and refer- et al, 1999. In situ observations in the savannah region of
ences therein). the Venezuelan low lands proved a substantial contribution
Within the present work we focus on observations of of biomass burning to the particle load at remote sifemnf
light absorbing aerosol particles within the tropical plane- hueza et a).1987 Morales et al. 1990. Biomass burning
tary boundary layer and lower free troposphere. Absorbingplumes originating from this area were observed at high alti-
particles, as aerosol particles in general, reduce the incomtudes during several airborne field campaigns (Argireae
ing solar radiation on the surface and thus lead to a surfacet al, 2001). However, to the best of our knowledge, there ex-
cooling. In addition, the absorbing particles heat the air atist no long-term in situ data of air masses effected by biomass
upper levels due to absorption of solar radiation. Hence, theyourning in northern South America.
alter the vertical temperature profile, latent heat fluxes, at- In this paper we provide the analysis of in situ ob-
mospheric stability and large-scale convectibtefion et al, servations which were conducted at a high altitude sta-
2002. Absorbing aerosol particles may also decrease lowtion (4765 ma.s.l.) downwind from the savannah plains of
level cumulus cloud cover by heating the upper boundaryVenezuela. The observations were conducted between 2007—
layer which reduces the ambient relative humidifycker- 2009 and comprise two rainy seasons and three dry seasons.
man et al.2000. Thus, we provide the first long-term in situ observations of
The main absorbing aerosol particle in the atmosphere isoot particles from biomass burning mixing into the lower
black carbon (BC). Its contribution to global warming may free tropical troposphere above South America.
be substantialihameides and Bergi@002). BC is the main
absorbing component of soot next to several other absorb-
ing condensed organic componersidreae and Gelencsér 2 Methods
2006 Ramanathan and Carmicha2008. Soot is produced
through incomplete combustion of biomass, coal, and diesep.1 Measurement site
fuel. The radiative and chemical properties of soot and its
content of BC crucially depend on the source of the fuel The Pico Espejo Atmospheric Research Station Alexander
(Chameides and Bergif002 and the efficiency of the com- von Humboldt is located at°81' N, 71°3' W at an altitude
bustion procesdNovakov et al.2003. The resulting proper- of 4765 ma.s.l. Calderén et a).2008 Schmeissner et al.
ties of the soot particles are defined by the mainly unknown2011) close to Venezuela’s highest mountain, Pico Bolivar
shape ¥an Poppel et al2005. In addition to their radiative (4981 ma.s.l.). The mountain is part of the north-eastern
impacts, soot particles also play a large role in air quality andbranch of the Andes. The mountain range has a width of
human health issueSkindell et al.2012. ~100km at the location of the observation site. The mea-
One of the dominating sources of soot is biomass burn-surement station was rebuilt in 2001 by the Universidad de
ing, that is, open burning of forest, savannah and agriculturalos Andes (ULA) in collaboration with the University of
areas. Biomass burning producesl0 % of the global BC Karlsruhe and the Research Centre Karlsruhe (FZK), Ger-
emissions Bond et al, 2004. Model simulations using in  many, which in the meantime have merged into the Karlsruhe
situ observations of brown clouds which result from biomassinstitute of Technology (KIT). The station can be reached by
burning in Asia showed that these clouds may contribute ashe Mérida Cable Car which was closed to public use in 2008.
much as the recent increase of anthropogenic greenhouskhe city of Mérida (1630 ma.s.l.) is located approximately
gases to regional lower atmospheric warming trerifla-( 10 km north-west of the Pico Espejo and is the largest popu-
manathan et gl.2007. Large radiative impacts were ob- lated area in the closer vicinity with a population reaching al-
served above land in the biomass burning areas of Africamost 200 000 inhabitants. The next densely populated urban
and South America and over the ocean downwind from theareas and possible source regions of urban aerosol are the
biomass burning regionsBéllouin et al, 2005. Biomass cities of San Cristébal~ 600 000), 860 ma.s.l., Venezuela,
burning in South America itself contributes 30% to the and Cucuta+{ 1.1 mio), 320 ma.s.l., Colombia, both located
global total biomass burning activitieRigsler et al.2006 150 km to the south-west. The metropolitan area of Mara-
and 20-25% to global BC emissionkach et al, 2007 caibo (~2.1mio), 6ma.s.l.,, Venezuela, is located 250 km
Bond et al, 2004). to the north (Fig.1). A vast tropical grassland plain_¢s
Next to biomass burning in the Amazon region, which is Llanog, which is mostly of agricultural use, extends to the
a major source of pollution in the tropical Southern Hemi- south and south-east of the mountain range. This Venezue-
sphere $treets et al.2004 Edwards et a).2006, biomass lan savannah is located between the Amazon forest in the
burning in the savannah region of northern South Americasouth and the Caribbean Sea in the north. The climatologi-
contributes to a considerable amount to the pollution levelcal seasons in the region are defined by a rainy season from
in the tropical Northern Hemispherélgo and Liy 1994). May to November and a dry season from December to April
Most fires in the savannah region are of anthropogenic ori{Morales et al. 1990. Frequent biomass burning occurs in
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. ; . ; — — were evaporated before the sampled probe reached the sec-
A PicoEspejo ¢ Wi ond CPC. The thermodenuder was installed behind the Dif-
R ferential Mobility Analyser (DMA) of the DMPS. Hence, the
upper cut-off diameter of the residual particles was limited by
the diameter range of the DMPS.
The residual particles include primary aerosol as well
as very low-volatile secondary organic compound&liner
et al, 2005 Hakkinen et al.2012. The primary particles
most commonly consist of dust, sea spray and soot. However,
BC from combustion processes is the most abundant primary
particle species in the observed size range from 10-470 nm.
Previous observations showed that particle size distributions
Y resulting from vegetation fires have a mean geometric diam-
e ' A ' pe ' o ' pa eter of 120-230 nm. Particles on the larger end of the di-
ameter range are associated with rather aged biomass burn-
Fig. 1.Map of the northern part of South America. The triangle indi- iNg plumes (days) and smaller diameters with fresh plumes
cates the position of the Pico Espejo Atmospheric Research Statiofhours) Janhall et al.2010. The size range of biomass burn-
Alexander von Humboldt (4765 ma.s.l.) in Venezuela. ing particles falls into the size range of the observations pre-
sented here. However, the appearance of larger primary parti-
cles in the super-micrometre diameter range, such as sea salt
the end of the dry season mainly between March and Mayor mineral dust, cannot be completely neglected due to long
The fires are located in the savannah region which reachegnge transport (e.¢/anCuren et a).2005 Ben-Ami et al,
from the mountain ridge of the Andes in the west and fol- 2010 Hallar et al, 20113.
lows the Orinoco river basin to the eaRqndéon and San-  The aerosol absorption coefficiebdps was measured by
hueza 1990. The prevailing wind direction is governed by a filter based technique using a custom-build Particle Soot
the northern hemispheric Trade winds; most of the time theAbsorption Photometer (PSAP). The PSAP measures the
wind blows from ENE Sanhueza et al1987. Hence, the light extinction of aerosol particles at a wavelengthiof
Venezuelan savannah serves as an important source regi@25nm. The particle filters were mounted in a revolver like
of biomass burning aerosol upwind the measurement sitesystem allowing for automatic filter change. A transmission
Source regions of marine aerosol are rather distant, with thealue of Tr=0.5 was set as threshold for each filter change.
Pacific 800 km to the west, the Caribbean 400 km to the north An automatic weather station detected standard meteoro-
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and the Atlantic more than 1000 km to the east. logical parameters including pressure, temperature, relative
humidity, wind speed and wind direction, and direct and dif-
2.2 Instrumentation fuse radiation. In addition, two webcams were installed at

the research station facing the northern and southern slopes
The aerosol instrumentation was provided by the Departmenbf the Pico Espejo. The webcams saved pictures in 15 min in-
of Applied Environmental Science (ITM), Stockholm Uni- tervals. A Photometric Ozone Analyser completed the instru-
versity (se€schmeissner et aR011 for details). The aerosol mentation set-up. Results of the Ozone measurements can be
was sampled through a 6 m long vertical inlet which wasfound inCalderén et al(2008.
heated to 18C. The air reached the aerosol instrumentation The observations were carried out from March 2007 un-
at a relative humidity between 10-20%. The aerosol inlettil May 2009. A routine check was performed every 5th
has a transmission efficiency close to 100 % for submicronday on average. All concentrations are given at ambient
aerosol. The 50 % cut-off diameter %0, ~ 5—7 pm. conditions. To convert from ambient to standard tempera-

Ambient aerosol number size distributions were ob-ture and pressurel{y, = 27315K, pstp= 101325 hPa) use

served with a mobility particle size spectrometer type stp=1.77 (+0.01) amb.
DMPS (custom-built Differential Mobility Particle Sizer).
The DMPS was set to a size spectrum for particle diameter2.3 Data analysis
between 10nm and 470 nm. The DMPS system was oper-
ated with one Condensation Particle Counter (CPC) modeBreak-up of cloud droplets on the aerosol inlet and subse-
3010, TSI Inc. The analysis of the observed ambient aerosofjuent sampling of the droplet particles can only be strong
number concentrations at the Pico Espejo was realized bpias to the observations. Therefore, in-cloud data had to be
Schmeissner et a{2011) and can be found in the respec- removed. In-cloud sequences were determined using the we-
tive publication. A second CPC was used in combinationbcam images and a cloud detection algorithm. The webcam
with a Thermodenuder which heated the sampled aerosol tased for cloud detection was facing towards the south-east.
300°C. The volatile and semi-volatile aerosol compounds The horizon split the webcam images at approximately 40 %

www.atmos-chem-phys.net/13/9837/2013/ Atmos. Chem. Phys., 13, 98853 2013



9840 T. Hamburger et al.: Observations of biomass burning particles at a high altitude site in the Tropics

from the bottom. The upper 60 % of the images showed the We resign to convelizpsto the mass concentration of BC,
sky. The Python Imaging Library (PIL) was used to detectthough BC dominates the absorption of light on the filter.
the relative fraction of blue, grey, black or other pixels. Clear The conversion obpsto BC mass relies on the mass ab-
sky was defined if the upper 50 % of the picture consistedsorption coefficient (MAC) which undergoes large variabili-
of more than 75 % blue pixels and the total amount of blueties depending on the optical properties of the sampled soot
pixels was less than 60 % to avoid incorrect imagery. If grey(Mertes et al. 2004 Bond and Bergstrom2006 Schwarz
could be assigned to more than 90 % of the total pixels theet al, 2008 Naoe et al.2009 Yang et al, 2009. However,
image was defined as an in-cloud image. Night-time was dethe lack of chemical information present does not allow for
fined if more than 50 % of the total pixels were black. The an accurate definition of MAC.

assigned in-cloud sequences had a median relative humidity Applying the correction and the elimination of errors of
of RH~ 97 %. When no suitable webcam image was avail-the DMPS and PSAP raw data in combination with the ex-
able — or during the night — all observations with RH5 % clusion of cloud data a total of 20 % of the original PSAP raw
were marked as in-cloud sequences and the respective datkata could be used for the following analysis. Nevertheless,

were excluded for the subsequent analysis. the PSAP data covers all rainy and dry seasons which were
The data inversion method of the DMPS measurement®bserved.
is described irSchmeissner et a{2011) and Wiedensohler The observations were divided into two distinct air masses

et al. (2012. Schmeissner et a(2011) note that 13% of that possibly reach the high altitude station: air masses of
the DMPS observations had to be excluded due to erroneouthe lower free troposphere (LFT) and air masses from the
data. The particle volume concentration was calculated fronboundary layer (BL). The separation was defined by using
the particle number size distributions assuming spherical parthe typical diurnal cycle which could be observed at the site.
ticles. One has to keep in mind that the number size distribudt is described in SecB.4. Measurements were assigned to
tion was inverted using the mobility diameter (volume equiv- the BL if they were observed between 10:00 and 23:00 local
alent diameter in case of spherical particles). Depending oime (LT) and if the relative humidity (RH) did not reach
the real morphology of the observed patrticles, the assumpbelow 65 %. All night-time data, along with daytime data at
tion of a spherical shape might slightly overestimate the vol-RH < 65 % were considered as observations within the LFT.
ume concentration. In the atmosphere, particles such as soot

agglomerates are relatively compact if they have been in con2.4  Air mass transport analysis and satellite

tact with water and the shape factor might be only slightly observations

larger. One can assume that most biomass burning plumes

reaching the observation site have been aged for several daydle used the well-known HYSPLIT trajectory model
Additionally, condensation of secondary particulate matter(Draxler, 1999 to analyse the history of the air masses that
on soot particles leads to an even more compact fatmflg  reach the high altitude station. The calculations were based
et al, 2008 Fu et al, 2012 which reduces the error created on the meteorological fields from the National Centers for

by the assumption of spherical particles. Environmental Prediction (NCEP). The meteorological fields
The PSAP measurements were corrected following thenad a spatial resolution of & 1° and a temporal resolution
correction schemes bBond et al.(1999, Virkkula et al. of 3h.

(2009, andVirkkula (2010. The ambient DMPS size dis- Two altitude ranges were set as starting positions for the
tribution was used to estimate the scattering coefficient forHYSPLIT back trajectories according to the separation of
the scattering correction. The refractive index of Ammonium the air masses into BL and LFT. One starting point was set to
sulfate (142+ 0.006) was applied. However, the upper cut- the given altitude of the research station (4765 m a.s.l.) which
off diameter of the DMPS lies well below the upper cut-off lies above the altitude of the model mixing layer. Hence, the
diameter of the aerosol inlet. This may cause an underestiback trajectories starting from the top of the mountain rep-
mation of the scattering coefficient and therefore may resultresent the air mass transport in the lower free troposphere.
in an overestimation of the absorption coefficientl(0 %). The second starting point is variable and was set to half the
A distinctive decrease in the changing rate of the transmisimodel mixing layer depth above the model surface altitude
sion was observed for & 0.7 during the processing of the at the given date and time. This assures that the second start-
raw data. The reduced changing rate resulted in an underesting point lies within the boundary layer. The back trajecto-
mation of the calculated absorption coefficient at<T0.7. ries starting from the second lower position account for air
Thus, the threshold value of the transmission was set tanasses originating from the planetary boundary layer. The
Tr=0.7 to avoid bias induced by strongly polluted filters. air masses reach the station due to nearby shallow convec-
In addition, 30 % { 155 out of 510 days) of the PSAP data tion or small-scale orographic lifting. None of these regional
had to be excluded due to malfunction of the filter changeeffects are represented by the global meteorological fields
procedure or malfunction of the recording of the sampled airwhich served as input data.
flow through the PSAP instrument. The trajectories were calculated backwards for 240h
starting in 3h intervals. They contain information on
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meteorological parameters along the transport pathway like8 Results of in situ observations
relative humidity or surface precipitation. We included satel-
lite observations into the trajectory analysis to extend the in-3.1 Meteorological conditions
formation of the air mass history by biomass burning — one
of the main aerosol sources in the tropiBed et al, 2013. The meteorological conditions at the Pico Espejo and their

We used the Global Monthly Fire Location Product seasonal variations are controlled by the north—south shift
(MCD14ML, Giglio et al, 2003 2006 Giglio, 2010 and  of the Intertropical Convergence Zone (ITCZ). It is charac-
Burned Area Product (MCD45ATRoy et al, 2005 2008 terised by deep convection and subsequent strong precipita-
which are retrieved from the Moderate Resolution Imagingtion events. The ITCZ is located south of the Pico Espejo
Spectroradiometer (MODIS) observations on the Terra andduring northern hemispheric winter. Decreased convective
Aqua satellites. The Global Monthly Fire Location Product activity and enhanced subsidence of air masses lead to rather
was used in combination with the computed back trajecto-dry conditions within the lower troposphere. The trade winds
ries to retrieve the respective information on air mass historytransport air masses from ENE to Venezuela. The influence
Precipitation data given by the HYSPLIT model was used toof the ITCZ gets more prominent during the northern hemi-
reduce possible impact of precipitation on the particle loadspheric summer when it migrates towards the north. It forces
along the transport pathway. It is based on the NCEP datadeep convection and precipitation in the region and leads to
Fires along the transport pathway were only considered if naa change of the air mass origin as trade winds from ESE
precipitation occurred between the fire event and the observadominate the air mass transport. The effect of the migrating
tion at the measurement site and if the trajectory was locatedlTCZ and the subsequent change in ambient humidity can
within the boundary layer when passing over a biomass burnbe clearly seen in the seasonal variation of the relative hu-
ing area. The Global Monthly Fire Location Product was ex- midity RH in the LFT (Figs.2 and 3). Typical for tropical
trapolated to a @° x 0.1° grid for the combination with the regions, the seasonal cycle of the meteorological conditions
trajectories. In addition, fires that were detected up to threeat Pico Espejo can be divided into a dry and wet season. The
days prior to the trajectory overpass were considered. Thary season peaks from January till March and the wet season
result is the number of fire events since the last precipitateaches its maximum between July and September.
tion event (Sectd). Fire pixels were considered if their es-  The orography causes a pronounced diurnal cycle besides
timated detection confidence was nominal or high, that is,the seasonal cycle. Due to the high altitude of the research
greater then 30 % (seeiglio, 2010. station measurements are mostly performed within the lower

The MODIS Burned Area Product was used to estimatefree troposphere during the night. However, during daytime
the burned area per month in the Venezuelan savannabh for theurface heating and subsequent convection lead to an oro-
period between 2000-2013. We considered a region betweegraphically driven upslope flow as air masses originating
6-11° N and 62-72.5W (~ 640x 10°km?) which covers from the planetary boundary layer are lifted upwards and
most of the savannah upwind the observation site. The fireeach the station (Figt).
pixels have a horizontal resolution of 500 m. Multiple counts
of the same fire pixel per month were omitted. We use the3.2 Seasonal cycle
burned area to discuss the three observed biomass burning
seasons within a wider climatological context (S&c®). Tablel summarises the mean values of each season observed

Observations from the Cloud-Aerosol Lidar and In- within the LFT and the BL.
frared Pathfinder Satellite Observation (CALIPSO) satellite The relative humidity (RH) shows a high variability in the
(Winker et al, 2009 were used to investigate the average LFT for both, dry and wet season with a standard deviation
expansion of lifted aerosol layers downwind from the obser-between 25-27 % (see also time series in BjgHowever,
vation site. We used the Lidar Level 2 5km Aerosol Layer RH increases from 45 % to 67 % from the dry to the wet sea-
Product. The top layer altitude and the surface elevation fronson. The temperature remains constant-at0°C. The av-
GTOPO30 digital elevation map (DEM), both provided by erage particle number and volume concentrations within the
the Aerosol Layer Product, were used to calculate the alti-LFT during the wet season can be considered as mean back-
tude above the surface of the upper most aerosol layer. In adground values which are rather stable throughout the year.
dition, we applied the Feature Classification Flaggé{onen  The particle volumé’ reaches an average of 0.193om—3
et al, 2009 Omar et al. 2009 to estimate the most frequent and the average absorption coefficiggisis 0.15 MnT L.
aerosol type of the upper most aerosol layer at the respec- The relative humidity and ambient temperature re-
tive location. Data for the months February—April, that is, main constant throughout the seasons for BL air masses
the months of the main biomass burning period in VenezueldRH = 82-86 %, ~ 2°C). The meteorological seasonal cy-
(Morales et al.1990, were averaged over the years of the in cle has a large impact on all observed aerosol parameters
situ observations 2007—2009 (Sextl). within the BL. The particle volumé’ reaches an average

of 0.49 un¥cm=2 in the wet and 1.4 pAtm—2 during the
dry season. The absorption coefficignts increases from
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Table 1.Arithmetic mean and standard deviation of observed parameters at Pico Espejo for different seasons and air masses; relative humidity
RH (%), temperature (°C), number of fire events since the last precipitation event according to the trajectory analysis (#), ambient particle
volume concentratiorV (Dp = 10-470nm) (un?\cm—S), ambient aerosol number concentratiNn(cm—3), refractory particle number
concentrationVaggec (cm—3), ratio of refractory and ambient particle number concentraigggec/N (0—1), and absorption coefficient
babs(Mm™1). To convert the ambient concentrations @ggsto standard temperature and pressure please uselstF(+0.01)amb.

Season RH t Fire events Vv N N3ooec N3p0ec/N babs
(%) (C) 6] wntem™3)  (em™3)  (em™3) (0-1) (Mm1)

Boundary layer

dry 82+8.7 1819 4.8t11 1.4:1.3 736:470 5106:420 0.64£0.19 0.9%1.2
wet 86+7.9 1421 0.6:2.4 0.49:0.41 48260 230130 0.46:0.14 0.32:0.38

Lower free troposphere

dry 45427 0.76t2.2 0.10.9 0.4A0.70 48@:310 260290 0.5@:0.20 0.36:-0.59
wet 6425 —-0.02£1.9 0.0t0.3 0.19t0.25 39@270 15@:94  0.39:0.16  0.1%0.26

0.32Mn1 ! to 0.91 MnT? (factor 2.8) from the wet to the ing which is induced by the mountain range. Thus, pri-
dry season. However, both parameter show a standard devinary particles such as soot are mixed into the LFT. How-
ation of~ 100 %. Recent studies showed an increaseygf  ever, the total concentration is diluted by the rather clean
from the wet to the dry season from 0.5 M#nto 2.8 M7t and dry free tropospheric air. The particle volume con-
(factor 5.6) in the Amazon rain forest at 110 m a.Riz¢o centrations in the BL (Fig3) reach their respective max-
et al, 2013. This is twice the increase @fpscompared to  ima in mid-March 2007, end of March 2008 and mid-
our observations of biomass burning in the savannah. Thé\pril 2009. The dry season maxima decrease continuously
trajectory analysis shows the highest average number of firérom 2007 to 2009 (2.9/2.6/2.1 ;fom~23). A similar trend
events since the last precipitation event of 3 for the dry BL.can be observed for the ambient particle number concen-
This is consistent with the increased particle load during thetrations N (1500/1200/750 cm?) and the refractory par-

biomass burning season. ticle number concentration&3pg-c (1300/720/470 cm3).
baps also shows its maximum in the dry season of 2007
3.3 Interannual variability (3.8 Mm™1). However,baps features an increase from 2008

to 2009 from 2.0 Mm* to 2.6 MnT %, that is, an overall de-
crease of biomass burning aerosol was observed from 2007—-
20009.

The interannual variability will be further discussed using
satellite observations in Seé&t.2

Figures2 and 3 show the respective time series of relative
humidity (RH), ambient particle volume concentration for
particles smaller 470 nni/), refractory particle number con-
centration V3po-c), and the absorption coefficieritag for
the LFT and BL. Each time series shows the single data

(15min average) and the adjacent average over one montg4 Diurnal cycle

as well as its standard deviation.

In the LFT the average RH increases from the dry to theThe mixing of the two air masses, BL and LFT, can be ob-
wet season from 30-80 %. However, it features a high dailyserved by examining the diurnal cycles in Fig.The whole
variability throughout the observation period. The wet sea-dataset combing BL and LFT data was used for the calcu-
sons of 2007 and 2008 show no significant difference inlation of the diurnal cycles. However, the data were split
the maximum relative humidity. However, the dry season ofinto wet (blue) and dry (red) season. The relative humid-
2008 (RHnin ~ 30 %) features drier air masses on averageity shows a clear diurnal cycle particularly during the dry
than the dry season of 2009 (RiH ~ 40 %). Both dry sea- season. During the night, which may be considered as free
sons also show different months of lowest RH with the begin-tropospheric air, the minimum of the hourly average drops
ning of February in 2008 and the end of December 2008 forto RH=55% at 06:00LT (local time). The average rela-
the dry season of 2009. The minimum RH in 2007 cannot betive humidity increases during daytime to a maximum of
assigned. RH was 45 % at the beginning of the observation®RH =81 % at 16:00 LT when boundary layer air masses are
in March 2007. The RH in the BL features a relatively small lifted to the station.
interannual variability. Its average lies between 80-90 %. During the dry season the ambient particle number con-

The enhancement of particulate matter during the dry seaeentration reaches its plateau of maximum concentrations
son within the BL is also reflected in the LFT. The air between 12:00-17:00LT. The ambient particle volume con-
masses mix due to (dry) convection and orographic lift- centration and the refractory particle number concentration
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Fig. 2. Time series of data observed in the LFT comprising relative humidity RH (%), ambient particle volume concemtr@iige= 10—

470 nm) (urd cm~3), ambient aerosol number concentratin(cm™3), refractory particle number concentratidfyggec (cm™3), and
absorption coefficienbaps (Mm~1). The small dots in dark grey indicate 15min averages, the black squares the one monthly adjacent
average and its standard deviation in light grey. Horizontal lines show the maxima of the one monthly adjacent average for each dry season.

continuously increase until they reach their maxima betweer2011h. However, a detailed analysis of new particle forma-
14:00-16:00 LT. The early increase in ambient particle num-tion observed at the Pico Espejo would be beyond the scope
ber requires additional sources next to the advection of exof this paper and has to be accomplished in further work.
isting particulate matter. The results 8Ehmeissner et al. The rather high mean values bfys in the early after-
(201)) indicate the possible presence of new particle forma-noon hours compared to its median values result from single
tion. New particle formation was also observed during prior events bapsreaches up to 8—10 Mt during those episodes
studies at high altitude observation sites and aircraft studef high absorption.

ies within different climatic regions (e.gVeingartner et al.

1999 Venzac et a].2008 Kivekas et al.2009 Hallar et al,
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Fig. 3. Same as Fig2 but for data observed in the BL.

In general, minimum aerosol concentrations could be obthough the sunshine intensity is slightly stronger during the
served during the night-time till the early morning hours. The wet season a considerable amount of solar radiation is scat-
mixing of boundary layer air into free tropospheric air begins tered by clouds or required to evaporate water in the morn-
between 09:00-10:00LT. Interestingly, the observed aerosahng hours from the moist surface during the wet season. This
concentrations reach their maxima during the wet season besnergy is already available during the morning hours in the
tween 16:00-17:00LT and during the dry season betweemry season to produce sensible heat on the dry surface and to
14:00-16:00LT. However, due to the location close to thedrive convection on the mountain slope. Thus, the boundary
equator there is only little time shift in sunrise (less than onelayer reaches the mountain station about two hours earlier
hour) within the year with earlier sunrise during the wet sea-during the dry season than during the wet season.
son. This would even trigger rather earlier than late convec-
tion during the wet season. Increased cloud cover and latent
heat production delays the rise of the boundary layer. Al-
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before. Further, the Amazon region may serve as a possi-
ble source region of biomass burning aerosol. Approximately
40 % of the total particulate mass which is released by de-
forestation activities in the Tropics originates from biomass
burning in the Amazon region_fngo et al, 2009. In ad-
dition, long-range transport of biomass burning aerosol and
dust from northern and tropical Africa to South America via
the Atlantic was observed by foregoing studiésifards

et al, 2006 Ansmann et a).2009 Adams et al.2012 Rizzo
etal, 2013.

We used HYSPLIT trajectories in combination with the
MODIS Global Monthly Fire Location Product to detect pos-
sible source regions during the dry and wet season. Figaure
and b show fire events within the last 10 days that possi-
bly effected the air masses reaching the Pico Espejo. The
analysis is divided into two subsets; one not considering the
precipitation during the air mass transport (Fsg) and one
considering precipitation between the source and the obser-
vation site (Fig.5b). In both cases the main source region
is the Venezuelan savannah during the dry season. A non-
negligible amount of fire events are located in the Amazon
basin. However, with the observation site located north of
the equator and the Amazon basin in the Southern Hemi-
sphere, the biomass burning season in the Amazon basin co-
incides with the wet season in Venezuela. Hence, particu-
late matter from Amazonian biomass burning is very likely
to be scavenged by precipitation during the transport towards
Venezuela.

Long-range transport from West Africa seems possible
when considering the trajectory analysis. Additional analy-
sis not shown here using the FLEXPART dispersion model
(Stohl et al, 2005 indicates possible impact from African
biomass burning, too. However, no signal in the particle
properties could be significantly connected to those events.
The particle observations are dominated by the regional
biomass burning. Thus, the signal of long-range transport
may be masked by regional biomass burning during the dry
season. During the rainy season most particulate matter is re-
moved by wet scavenging. Long-lived trace gases like CO are
left in the atmosphere as possible tracers of biomass burning
but were not observed at the station.

We compared relative humidity, the particle volume con-
centration, the number concentration of ambient and refrac-
tory particles, and the absorption coefficient to the number
of fire events along the transport pathway since the last pre-

centile, the squares represent the arithmetic mean. Red colour ind€iPitation event (Fig6). The concentrations are binned into
cates observations during the dry season, blue colour during the wdfitervals of 5 fire events, each. Averages were calculated for

season. The time is local time (UTC-4.5h).

4 |dentification of source regions

each bin if the number of observations (each observation
being a 15 min average) exceeded 20. Most back trajecto-
ries which could be associated with biomass burning events
started within the model boundary layer. The relative humid-
ity indicates this feature with a constant relative humidity

One possible source region of South American biomass burngreater than 80% for 5 and more biomass burning events.
ing plumes reaching the research station are the savanndtess biomass burning events (0-5) indicate drier air masses
regions of VenezuelaS@nhueza et al1987, as explained which can be partly associated with the free troposphere.
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since last precipitation event (#)

The aerosol volume concentrati®hshows an increase from

0.5unfcm3 at 0-5 fire events to 2.7 jfom~2 at 55-60  Fig. 6. Relative humidity RH (%), ambient particle volume concen-
fire events. The average number concentration of refractoryrationV (Dp = 10-470 nm) (urhcm™23), ambient aerosol number
particlesN3go-c increases from 270 cn? at 0-5 fire events  concentrationV (cm—3), refractory particle number concentration
to a maximum of 1 200 cr? at 5055 fire events. Only few  Nzggec (cm™3), and absorption coefficientys(Mm 1) versus the
bins of fire events could be connectedhtgsmeasurements. number of fire events detected since the last precipitation event ac-
However, an increase of the averabgs with increasing  cording to the trajectory analysis-(0 days).

number of fire events can be observed, too, from 0.4¥m

at 0-5 fire events to a maximum of 1.8 Mat 10-15 fire

events.
The average ambient particle number concentration injectory analysis indicates that biomass burning contributes to
creases from 500 cnf at 05 fire eventsto 1700 crhat 45—  a significant amount to the increase in number concentration.

50 fire events. The increase in number can most frequentlsecondary biomass burning products such as sulfate or or-
be associated with new particle formation, which must notganic species are released by fires next to primary particles
necessarily be linked to biomass burning. However, the tra{Reid et al, 2005 Pratt et al, 2011) and might contribute to
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an increase in particle number concentration and certainly irocean. Along with the trade winds the transport of the ele-
particle volume concentration. vated aerosol layers can be observed with the satellite data
The high variability of the trajectory analysis, which is for more than 1500 km. The aerosol layers almost reach the
caused by the uncertainty of the trajectories amongst othersGalapagos Islands.
does not allow for a significant correlation throughout the  The transport pathway is supported by 10 day forward tra-
whole number spectrum of fire events. Nevertheless, the trajectory calculations which are indicated by dashed lines in
jectory analysis shows that biomass burning from the nearbyFig. 7a and b. The trajectories were started from the top of
Venezuelan savannah region is the main source of absorbinthe model boundary layer at the location of the Pico Espejo
primary particulate matter at the Pico Espejo. to simulate the possible transport of the residual layers. The
dashed lines represent the average area that can be reached
between February and May by the biomass burning layers ac-
5 Analysis of satellite observations cording to the trajectory calculations. The area extends dom-
inantly towards the WSW of the Pico Espejo as expected by
In the following section we will identify the regions that are the prevailing wind conditions.
possibly affected by the uplifted biomass burning plumes The Aerosol Feature Classification product shows that the
using CALIPSO satellite observations. In addition we ex- elevated aerosol layer downwind from the northern hemi-
amine the biomass burning intensity in the wider region ofspheric part of South America are mostly classified as
Venezuela of the last 12 yr (end of 2000 until beginning of “smoke” (Fig. 7b). Those “smoke” layers originate from
2013) with the help of MODIS satellite products to put the biomass burning fires and contain to a great extend light ab-
presented in situ observations into a climatological context. sorbing soot.

5.1 Transport of smoke plumes downwind from the 5.2 12 years of satellite observations — the in situ
source region measurements in a climatological context

The soot particles emitted by the biomass burning fires carThe interannual variability discussed in S&:8shows a de-
directly affect the radiative transfer above a region by absorbcrease in concentrations of primary absorbing aerosol parti-
ing light and heating the ambient air which possibly leads tocles from the dry season in 2007 to the dry season in 2009.
a reduction of the cloud cover or can change regional cloudThis decrease in aerosol concentrations indicates a decrease
properties by providing additional cloud condensation nucleiin biomass burning activity in the main source region of the
(Ten Hoeve et al.2012. Plumes containing soot particles Venezuelan savannah plains. Fig8rehows the burned area
also change the local atmospheric stability due to the abilper month for the years 2000 to 2013. The area of interest
ity to heat the ambient air by absorbing the solar radiation.spans a rectangle of 640x 10°km? which comprises the
Hence, elevated bhiomass burning layers have the potentiakgion of the Venezuelan savannah. The maximum burned
of additional lifting, increasing persistence and thus longerarea per month decreases from the dry season 2007 to the
lifetimes in the free tropospher8dgers et al.2010. At the  dry season 2009 from 9300 Krto 720 kn?. This decline of
top of the atmosphere semi-direct radiative effects can dif-biomass burning area is consistent with the observed particle
fer in sign depending on the location of the biomass burn-concentrations and explains most of the decrease.
ing plumes and their underlying surface, that is, if they are Several reasons can lead to a change in biomass burning
located above land (positive semi direct radiative effect) oractivity — the most prominent being the prevailing meteoro-
ocean (negative semi direct radiative effe@pakaeda et gl.  logical conditions. But also legal regulations due to environ-
2011). mental pressures and weakening demand for new agricultural
We use the CALIPSO Level 2 5km Aerosol Layer prod- land are causes to reduce regional biomass buriStrgdts
uct to estimate the region which can be affected by biomast al, 2004. For exampleKoren et al.(2007) found a re-
burning plumes downwind Venezuela. The satellite data wasersal trend from formerly increasing biomass burning in-
averaged for the months from February to April and the yeargensity in the Amazon Basin to a sharp decrease in 2006.
2007 to 2009. Figur@a shows the altitude above the surface They speculated that the decrease might result from a tri-
of the upper most aerosol layer. Maximum altitudes reach-national policy shift which was implemented in 2006 in the
ing more than 7 km can be observed above the Amazon reAmazon areaHrown et al, 2006. However,Koren et al.
gion where the ITCZ is located at that time. The altitude is (2007 mention that this abrupt decrease of fires may have
generally lower in the northern hemispheric South Americaalso been the effect of a positive precipitation anomaly in the
during the dry season. The altitude above surface increasaminy season of the same year. Furthfienres et al(2010
from the Venezuelan savannah plains towards the mountaineported a huge increase of biomass burning activity in 2007
range of the Andes from 2—3 km to 4-5 km. Downwind, that followed by a decline of fires in 2008 and 2009. Although
is, WSW of the Andes, the uplifted aerosol layers maintainthe study comprises whole South America with a focus on
an altitude between 3-5km above the surface of the Pacifithe Amazon Basin the results match with our observations.
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Torres et al(2010 suggest, that the strong decline in 2008 South America. El Nifio and La Nifia typically recur every 2
might be influenced by non-meteorological factors. to 7 yr McPhaden et al2006. Rainfall amounts higher than
Since 2008, the Venezuelan State changed legal regulazormal occur west of the Andes and lower precipitation can
tions related to forest fired ¢y de Bosques y Gestidn Fore- be observed in the Amazon Baskdffmann 2003. Largest
stal 2008. Modifications on the legal definition of fire pro- changes in the frequency of extreme precipitation events oc-
tected areas as well as the creation of several types of fireeur in the rainy season preceding the following dry biomass
fighter leagues, including the forest ranger brigade and thdsurning season. Reduced frequency of heavy rainfall appears
communal brigades, could explain the decline of biomassduring El Nifio episodes in north-western South America in
burning. However, the regulations may only have an impactAugust and vice versa during La Nifi@ignnini et al, 200Q
from the 2009 biomass burning season on. So far, the timé&rimm and Tedesch2009.
series of the burned area per month does not show a contin- We added information on sea surface temperature (SST)
uous trend within the years 2000 to 2013. Thus, the analysisnomalies in the Pacific region to the time series in Big.
does not show an indication for a successful implementatiorto indicate warm and dry episodes (El Nifio) and cold and
of the legal regulations, yet. wet episodes (La Nifia). The data was retrieved from the
Seasonal and inter-annual variations in the meteorologiNational Oceanic and Atmospheric Administration (NOAA)
cal conditions can also affect the degree of biomass burnindNational Weather Service Climate Prediction Center. Posi-
— next to legal regulations to control forest fires. One ma-tive SST anomalies greater than 0 (red) are associated
jor meteorological driver for the intensities of biomass burn- with El Nifio. Negative SST anomalies smaller tha.5°C
ing seasons in the tropics is the El Nifio—Southern Oscilla{(blue) are associated with La Nifia. Fig@8shows, that the
tion (ENSO). Increases in fire emissions seem to be linkedntense biomass burning seasons in 2003, 2007, and 2010 fol-
with El Nifio induced drought and could be observed in cen-lowed preceding El Nifio conditions. A continuous decrease
tral and northern South Americagn der Werf et a).2004). in burned area appeared in the years 2008-2009 and 2011-
The ENSO episodes vary between a warm and dry episod2012. Both can be associated with La Nifia conditions in the
(El Nifio) and a cold and wet episode (La Nifia) in tropical same years. Interestingly, a decrease in burned area can be
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seen for consecutive warm and dry El Nifio episodes. Af-end of the dry season between December and April. The
ter the intense biomass burning season in 2003, the burnedenezuelan savannah was found to be the main source re-
area decreases from 2004 to 2005 — all three years featuregion of biomass burning aerosol during the dry season. Fires
El Nifio conditions. This indicates that a lack of burning in the Amazon basin, one of the major sources of southern
fuel and less demand on agricultural biomass burning carmemispheric biomass burning emissioSsréets et a| 2004

also result in less burned area. On the other hand, all intensEdwards et a).2006, coincide with the wet season of the
biomass burning seasons feature El Nifio conditions, whiciNorthern Hemisphere. Hence, wet scavenging of particles
follow years of cold and wet La Nifia conditions (e.g. 2007 during the transport of air masses from the Amazon basin
and 2010), that is, less biomass burning but more intense reowards the northern part of South America significantly re-
growth of grass and scrubs was possible before the warm anduced the aerosol concentrations. No evidence of long-range
dry El Nifio period began. This means that more burning fueltransport of biomass burning emissions from Africa in the
was available in a biomass burning season during a warm antdFT or BL could be found in the observed particle prop-
dry El Nifio episode, if it followed a cold and wet La Nifia erties. However, long-lived trace species like CO were not
episode. observed.

The overall trend of the years 2000 to 2012 and especially Particle concentrations in the LFT were found to be
the link between the intense biomass burning season in 200/ather low and stable. During the wet season the am-
with El Nifio and the weak biomass burning seasons in 200&ient sub-micron particle volume V averaged afl %t
and 2009 with La Nifia indicate that the decrease of observe®.25 pn? cm~3, refractory particle number concentrations at
fire events and thus particle concentrations are dominated bysgg-c at 1504 94 cnt 2 and the absorption coefficiebips
ENSO related meteorological conditions and might mask lo-at 0.15+0.26 Mm~1. Maximum particle concentrations were
cal legal regulations. found during the dry biomass burning season in BL air

masses. They reachdd= 1.4+ 1.3 unfcm2, Naggec =

510+ 420cnT3 and baps= 0.91+ 1.2 Mm~1, respectively.
6 Summary and conclusion The signal of the dry biomass burning season in the LFT is

rather low compared to the BL although the seasonal varia-
We presented the first long-term in situ observations oftjon of particle concentrations can be seen in the LFT. This
biomass burning aerosol in the tropical lower free tropo-ingicates that on large scale the particle removal processes
sphere (LFT). The special location of the observation site aljke wet scavenging in clouds work very effectively and limit
the Pico Espejo at an altitude of 4765ma.s.|. allows for ob-the vertical transport of particles into the free troposphere.
servations of free tropospheric air masses as well as boundary caLIPSO satellite observations showed that layers of
layer (BL) air masses. BL air masses reach the station duringiomass burning aerosol were lifted on the upwind side of
daytime through orographic lifting and shallow convection. the northern end of the Andes. Those elevated “smoke” lay-

The Pico Espejo is located downwind from the Venezuelaners were transported downwind from the Andes westward
savannah where frequent biomass burning occurs during the
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