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Abstract. Size-resolved vertical aerosol number fluxes of 1  Introduction
particles in the diameter range 0.25-2.5 um were measured

with the eddy covariance method from a 53 m high tower |n the Amazon Basin, organic components typically consti-
over the Amazon rain forest, 60 km NNW of Manaus, Brazil. tute 70 to 90% of the aerosol mass in both the fine and coarse
This study focuses on data measured during the relativelynode (Andreae and Crutzen, 1997; Graham et al., 2003a;
clean wet season, but a shorter measurement period from theyzzi et al., 2007). Biomass burning is known to be a large
more polluted dry season is used as a comparison. source of organic particles (Reid et al., 2005), thereby ex-
Size-resolved net particle fluxes of the five lowest sizeplaining the high organic fraction in the dry season. In the
bins, representing 0.25-0.45 um in diameter, were in generajet season, however, the high organic fraction must be at-
dominated by deposition in more or less all wind sectors intributed to biogenic sources (Guyon et al., 2003a, b), but
the wet season. This is an indication that the source of prithere are still large uncertainties in the relative importance of
mary biogenic aerosol particles may be small in this particledifferent sources and production mechanisms of these bio-
size range. Transfer velocities within this particle size rangegenic aerosol particles. Measurements of mass concentra-
were observed to increase linearly with increasing frictiontions of different aerosol compounds and their diurnal vari-
velocity and increasing particle diameter. ations in the Amazon boundary layer have provided impor-
In the diameter range 0.5-2.5 pm, vertical particle fluxestant knowledge of biogenic aerosol sources in the Amazon
were highly dependent on wind direction. In wind sectors Basin (e.g. Artaxo and Maenhaut, 1990; Artaxo and Hans-
where anthropogenic influence was low, net upward fluxesson, 1995; Graham et al., 2003a, 2003b, Chen et al., 2009).
were observed. However, in wind sectors associated wittHowever, diurnal variations in concentration of particularly
higher anthropogenic influence, deposition fluxes dominatedthose compounds that have their source at the surface are
The net upward fluxes were interpreted as a result of primaryto a large extent driven by diurnal variations in boundary
biogenic aerosol emission, but deposition of anthropogenigayer dynamics. Therefore it is necessary to measure ver-
particles seems to have masked this emission in wind secical fluxes to gain more detailed knowledge of diurnal varia-

tors with higher anthropogenic influence. The net emissiontions in surface emission and also for quantifying the source
fluxes were at maximum in the afternoon when the mixedstrength of individual components.

layer is well developed, and were best correlated with hori-

' ! - Vertical fluxes of different volatile organic compounds like
zontal wind speed according to the equation

isoprene and monoterpenes have been measured over the
log;oF =0.48-U +2.21 Amazon rain forest in a number of studies (e.g. Zimmerman
etal., 1988; Karl et al., 2007; Kuhn et al., 2007) with the pri-
mary goal of improving the knowledge of secondary organic
aerosol production. However, fewer studies have focused
on the source mechanisms behind primary biogenic aerosol
emission, and extremely few studies have done so by mea-

Correspondence td:. Ahim suring vertical fluxes of aerosol particles. Ahim et al. (2009)
BY (lars.ahim@itm.su.se) investigated surface-atmosphere exchange of particles with

whereF is the net emission number flux of 0.5-2.5 pm parti-
cles [nmT2s71] and Uis the horizontal wind speed [mé] at
the top of the tower.
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diameter larger than 10 nm over the Amazon rain forest inNNW of Manaus, Brazil. The tower K34 is a research fa-
the wet season. In that study, it was found that depositiorcility operated by INPA (The Brazilian National Institute for
dominated the net particle number flux even in the cleanesResearch in Amazonia). The canopy height in the Cuieiras
prevailing conditions in the wet season. That was an indica-Reserve is between 30 and 35 m (Kruijt et al., 2000). South-
tion that the source of primary biogenic aerosol emission, ineasterly winds are associated with air transport from Manaus
terms of number concentrations, may be low when considerand thereby some anthropogenic influence. The centre of the
ing the total size range of particles. Also in the dry seasonfesearch station is located approximately 2 km NNW of K34.
deposition fluxes dominated most of the time (Ahlm et al., A diesel generator at the centre of the station provides the
2010). However, upward particle fluxes often appeared inresearch station with electrical power. A more detailed de-
the morning. Rizzo et al. (2010) also observed upward parscription of the site can be found in Ahlm et al. (2009).
ticle number fluxes in the morning simultaneously with in-
creasing particle number concentration, during aerosol flux2-2 Eddy covariance measurements
measurements in the dry season at another tower at the same ]
site. These early morning upward fluxes may have been reln€ €ddy covariance method was used to measure the mean
lated to primary biogenic aerosol emission of particles thatvertical turbulent aerosol number flux'w’, whereN" and
have been stored in the canopy throughout the night, similatw  represent fluctuations in aerosol number concentration
to CO, (Goulden et al., 2006; Afgo et al., 2008; Bta et ~ and vertical wind speed from the temporal means of these
al., 2008), and the fact that these upward fluxes were someParameters, and the cross bar represents a temporal mean of
times correlated with increasing number concentrations sugthe product of the two fluctuationa/’w’ was calculated over
gest that they cannot be explained only as a result of dilutiorperiods of 30 minutes. The fluctuations andw’ were sep-
caused by entrainment during mixed layer growth. arated from the mean by linear de-trending, which also re-
In this study, results from measurements of size-resolvednoves the influence of low frequency trends. The aerosol
fluxes of accumulation mode particles over the Amazon raindata were shifted in relation to the wind data to correct for
forest are presented. The measured particles have diametetle time lag in the sampling line (calculated from the maxi-
between 0.25 and 2.5 um. Particles larger than 0.25 um onlynum correlation).
makes up a minor fraction of the total aerosol number pop- The eddy covariance method requires stationary condi-
ulation in the Amazon boundary layer, but their size maketions. In this study, the instationarity test by Foken and
them efficient as cloud condensation nuclei (CCN). The pri-Wichura (1996) was applied to the particle fluxes in order
mary goal of this study is to investigate the number sourceto filter out fluxes measured in non-stationary conditions.
of primary biogenic aerosol particles in different particle di- The averaging period 30 min was divided into sub-periods
ameter intervals. In addition, triggering mechanisms of bio-of 5min. If the difference between the flux calculated over
genic aerosol emission and diurnal variations in both flux and30 min and the mean of the covariances calculated over the
concentration are investigated. Finally, dry deposition is an-5 min intervals was larger than 60%&@i et al., 2009), the
alyzed for those particle size ranges that are dominated b§lux was rejected. In total, 22% of the particle fluxes were
deposition fluxes. rejected.
Most data to be presented have been measured during the Data collected when the friction velocity .4 is lower
wet season when biogenic sources are expected to domthan 0.1 ms? have been rejected in figures that focus on the
nate the aerosol population within the atmospheric bound-sign of the flux, in order to reduce the uncertainty of the flux.
ary layer. Additionally, data from measurements during aHowever,u.-filtering may result in an overestimation of the
shorter period in the dry season is used as a comparison to tiéverage flux. Therefore,.-filtering has not been applied in
wet season data. This Brazilian-Swedish project AMAFLUX figures with focus on the magnitude of the flux.
(Amazonian Biosphere-Atmosphere Aerosol Fluxes in view All aerosol data collected during rainfall have been ex-
of their potential control of cloud properties and climate) cluded from the results in order to simplify interpretation
was carried out as a part of the larger international projecof the flux. Technical problems due to instrumental failure,

LBA (The Large Scale Biosphere Atmosphere Experimentcomputer software problems and electrical power breaks re-
in Amazonia). sulted in some loss of data. The removal of data due to

rainfall together with data losses due to technical problems
resulted in a total data removal of 43% in the wet season
2  Method period. In the short dry season period, the corresponding re-
moval was only 14%.
2.1 Site description

The measurements were carried out at the top of the 53 meter

high tower K34 at the rain forest site Reserva Bgita do
Cuieiras (2 35.37S, 60 06.92 W), approximately 60km
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2.3 Instrumentation Aerosol number concentrations decreased rapidly with in-
creasing particle size within the OPC size range. In the chan-
2.3.1 Flux measurements nels representing the larger diameters, average number con-

. centrations were lower than 0.1 cf) which is the resolution
The 3-D wind components and temperature were measuregs the Grimm 1.109. Therefore, size resolved fluxes have
with a Gill Windmaster Pro 1561 ultrasonic anemometer, and

] ’ only been calculated for the first five OPC channels, where
logged at 20 Hz. An Optical Particle Counter (OPC), model b mper concentrations are at least one order of magnitude

Grimm 1.109, was used to measure the aerosol number COrkigher than the resolution of the OPC. The first five chan-
centration in 15 size classes from 0.25um to 2.5 ym at 1 Hz 5o represent a size interval B, = 0.25-0.45 um, where

using a separate/4-inch stainless steel 2.5 m long sampling D, represents particle diameter. However, by summing up
line with a flow rate of 1.2 Lmint (laminar flow). The par-  geyera| of the size bins that contain larger particle in order to
ticle measurements were performed inside a weather hougpcrease the number of particles, also fluxes of the larger par-
ing that contained one OPC and a drying system. The samg.jas could be calculated. These fluxes were calculated over
pled air was dried by 1:1 diffusion of particle free air with 4 interval D, = 0.5-2.5um, representing the nine high-

zero humidity. This method minimizes the risk of unwanted gt OpC sjze bins. Additionally, particle fluxes covering the
losses of semi-volatile compounds, compared to when the, ,1e OPC size range have been calculated.

air is heated to dry it. The drying procedure before sam-

pling removed 50% of the water vapor in the atmosphere,2 32  Additional measurements used during data

thereby lowering the relative humidity to 50% of its atmo- analysis

spheric value (since the partial pressure of water vapor is di-

rectly proportional to the number of moles of water). Rissler Mass concentration of equivalent black carbon {B@as

et al. (2006) has investigated hygroscopic properties of theyrovided by $io Paulo University using a Thermo Scientific
aerosol in the Amazon and found no step-like deliquescenMulti-Angle Absorption Photometer (MAAP), model 5012.
behavior of the aerosol in the dry or wet period. The particle This measurement derives the concentration of Ba@mn the
growth factor could in that study be described by following determination of light absorption at a wavelength of 637 nm.

relation: The BG measurements were performed close to the centre
RH/100 1/3 of the research station, about 2 km from K34.
Gf = [1+A- <TH/100>} (1) Additionally, mass concentrations of trace elements were

provided by S0 Paulo University using particle-induced X-
where RH represents relative humidity ardis a factor ~ ray emission analysis (PIXE). The sampling for the PIXE
with a value of~0.1 for the most hygroscopic particles trace element analysis was also performed at the centre of
(D, >250 nm). At a relative humidity of 90%f is ~1.24,  the research station.

but at a relative humidity of 50%Gf is only ~1.03. Since Meteorological parameters (rain amounts and photosyn-
the drying procedure in this study will keep the relative hu- thetic active radiation) were measured at the K34 tower and
midity below 50%, the maximum hygroscopic growth for the provided by INPA. These were logged on a Campbell CR-10
most hygroscopic particles in the most humid conditions will (Campbell Scientific UK) data logger with a sampling inter-
not exceed 3%. In daytime, when the average atmospheriwal of 30's and stored as either 10 or 30 min averages.
relative humidity was 70-80% in this study, the hygroscopic

growth of the most hygroscopic particles will be only 1-2%. 2.4 Flux corrections

The error due to hygroscopic growth (Fairall, 1984; Kowal- )

ski, 2001; Vong et al., 2004) can be estimated by calculat-2-4-1 Corrections

ing the saturation ratio flux (Fairall, 1984) and by assuming . . .
. . g Particle fluxes measured with the eddy covariance method
a particle size distribution in the Junge form (Junge, 1963)'are underestimated due to the limited time response of the

-tl)—StIi)ﬁrirsogt(;r;).bﬁéivrg\?evr%eunetﬂj etsfgfyggg?olirgsg iilit:ril QPC and a}ttenuation of turbult_ant fluctuqtions in the sampling
study, the error due to hygroscopic growth was estimated t ine. TheT time response of a first-order mstrument_for a step
be below 10%. In addition to water vapor, semi-volatile or- change n concentration from to cz can be described as
ganic and inorganic vapors may result in particle growth and(Doebelm’ 1990)
shrinkage, leading to spurious number fluxes for fixed size-.
bins, as pointed out by Nemitz and Sutton (2004) and Nemitz
et al. (2009). Due to the very large uncertainty in particle wherer represents times is the first-order time constant of
growth rates in the Amazon Basin (Martin et al., 2010), thesethe instrument, and,, (¢) is the measured particle concentra-
potential errors are harder to quantify, though. tion by the instrument. The first-order time constant of the
Grimm 1.109 was determined using a zero-filter and by esti-
mating the time response for a step decrease in concentration

n(t) =c2+(c1—ca)e /" (2
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1 . . . . . . very close to vertical so losses due to settling were negligi-

= - ble. However, the inlet of the tubing was bent downwards to
2 08 1:0.2 i prevent rainwater entering the sampling line. The sampling
sl w03 line was also slightly bent at two other points. For laminar
T tfg: flow, the inertial deposition of particles due to tube bends is
c 0Br il By given by the equation (Crane and Evans, 1977)
o
8 0.4F - B ¢
B end loss= Stk~§ 3)
[\
% ozl 4 whereStkis Stokes number and is the bend angle in radi-
= ans. All size resolved concentrations and fluxes in this study
0 , : , . have been corrected according to Eq. (3) for the three bends.
I 0s 1 15 2 25 3 35 The relative losses due to these bends were less than 0.05%
Time (s) for the first OPC channel (0.25D, <0.28 um), gradually
1 - - increasing with increasing, within the OPC size range,
to reach 1.6% for the last OPC channel .0, <2.5um).
oal § The reason for the small inertial loss is the laminar flow.
5 Losses due to diffusion were estimated using relations for
S el | diffusion in laminar flow in Hinds et al. (1999). The aver-
= age diffusional loss was 0.4% for the first OPC channel and
& 0.07% for the last OPC channel. Since these values are small,
c 047 Topc{t=0.3s) I the impact of diffusional losses within the sampling line has
= Ttube been neglected.
02t Tope(t=0.3s) Ttube . No Webb correction (Webb et al., 1980) has been applied
~ Tr=06% to the fluxes. Temperature fluctuations are dampened in a
0 . . tubing of several meters (Rannik et al., 1997) and therefore
107 107 10" 10" 100 the particle fluxes were not corrected with regard to sensi-

Frequency [Hz) ble heat fluxes. Nor were the fluxes corrected with regard
to latent heat fluxes, since the sampled air was dried before
Fig. 1. (a) Time response of the Grimm 1.109 for a step decrease inentering the OPC.
particle concentration (blue) and time response curves for different
values orr (Doebelin, 1990). —bf(b) Cospectral transfer functions 2.4.2 Error treatment
for the OPC (Horst et al., 1997) (blue), tube (Lenschow and Rau-
pach, 1991) (green) and in total (red) compared with a cospectralThe uncertainty in number concentration due to discrete

transfer function (Horst et al. 1997) for=0.6 (cyan). counting was calculated from the equation (Hinds et al.,
1999)

to zero. The result can be seen in Fig. 1a, whete0.3 B(N):i (4)

gives the best fit to the data points. The experiment was re- vn

peated several times, with similar results, so the estimation o heres (N) is the relative error in number concentration for
7 seems reliable. The total time constant for both OPC an alf-hourly averaged data ands the number of counts per
;amplmg line was estlmated using cospectrgl tra}nsfer'funchalf hour. The median relative uncertainty in particle concen-
tions (Fig. 1b) for damping of particle fluctuations in laminar i of the first OPC channel was 0.14% and 0.07% in the
flow (L.enschow a_nd Raupach, 1991) and in a sensor (Hors\tlvet and dry season, respectively. The corresponding relative
et al.,.1997). Multiplying these two transfer functions gave 8uncertainties for the last OPC channel, where the number of
total time constant of = 0.6. articles is much lower, were 2.3% and 1.8%.

The aerosol fluxes in this study have been corrected The yncertainty in flux due to discrete counting can be ex-
for these fluctuation attenuations according to Horst atpressed as

al. (1997). The median increase in flux due to this correc-

tion was 5% in the wet season. The 25 and 75 percentiles—— owN

were 3 and 14%, respectively. The increase in flux in the dry‘S(N w) = ﬁ ®)
season was also 5%, and the 25 and 75 percentiles were 3

and 22%. whereo,, is the standard deviation of the vertical wirndis

In addition, aerosol fluxes and concentrations were corthe aerosol number concentration averaged over the sampling
rected for losses in the sampling line. The sampling line wasperiod At and Q is the sampling volume flow rate through

Atmos. Chem. Phys., 10, 1023@253 2010 www.atmos-chem-phys.net/10/10237/2010/
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° Fig. 3. Averaged frequency weighted variance specsiaof parti-
Fig. 2. Median relative counting error (bars) in particle flux for the Cl.e r}umber. concenqauon within the total OPC size rafzjeand
2 . within the diameter interval 0.5-2.5 piin), and averaged frequency
five first OPC channels during the wet (blue) and dry (red) season, . : - . .

. : . weighted covariance spectr@)between vertical wind and particle
Error bars represent 25 and 75 percentiles of the counting error in . o : -
the wet (blue) and dry (black) season number concentration within the total OPC size rafgyand within

the diameter interval 0.5-2.5 p¢d). Variance spectra are normal-

ized with the variance of particle concentration, whereas cospec-
tra are normalized with the covariance of vertical wind and parti-
“cle concentration. All spectra are frequency weighted and plotted
against dimensionless frequenc)( Data were collected between

12:00 and 12:30 local time on 23 March.

the particle counter (Fairall, 1984). Thus, the relative uncer
tainty ¢ in flux due to discrete counting becomes

e(Nw)=—2_. ! 6
W)= 7om Few (6)
where representing time periods of 30 minutes. Variance spectra for
_ horizontal and vertical wind have been presented in Ahim et
; N'w' @ al. (2009) for data measured from the same tower during the
=

same measurement campaign. That study also included spec-
tra of the covariance between horizontal and vertical wind.

This means that the relative flux uncertainty in many cases In this section, some examples of turbulence spectra incor-

becomes larger when the aerosol number concentration dé:’—(r)ra;'ng r\rlwvez?/sur:err?ents ustlrngft?e OrtIT(I: z;ren?tr)efentr?d.nglg-
creases. Figure 2 shows the median relative counting ung'€ © Shows variance spectra for particle humber concentra

certainty in flux for the first five OPC channels. The wet _t|0n within the total OPC size range and for the diameter

season uncertainty (blue bars) are slightly higher than thénterval 0.5—2.5um, and correspondln_g co-spectra betyveen
dry season uncertainty (red bars). The flux uncertainty inparticle concentrations and vertical wind. The normalized

creases with increasing particle size, and thereby decreasinf eguency welght.ed §pectra have been averaged over loga-
hmically changing intervals. The data were collected be-

particle numbers, in both seasons. However, the median un- ’ ) . : ;
certainty in flux is lower than 50% for all the five size bins. tween 12:00 and 12:30 local ime on 23 March. This period

Median counting errors for fluxes calculated over the whole"VS characterized by slightly unstable conditions and an av-

OPC size range, with interquartile ranges within brackets,erag_]e friction veI(?C|ty of 0.14 TS .

were 17% (8%, 32%) in the wet season, and 16% (9%, 29%) Flgur.e 3 a_Iso |_ncludes curves representmg the expe_cted
in the dry season. The flux of 0.5-2.5 um particles was onIy?'OPeS in the inertial subrangg according to Kolmogorov sim-
calculated for the wet season data and the flux was there adarity theory, —2/3 for the variance spectra and/3 for the
sociated with a median uncertainty of 41% (23%, 82%) dueC0-Spectra (e.g. Kaimal et al., 1972). The spectra in Fig. 3

N
is the particle transfer velocity.

to discrete counting. follow the expected slopes relatively well. The +1 slope at
higher frequencies in the variance spectra (Fig. 3a—b) is anin-
2.5 Turbulence spectra dication of random noise. The noise level is clearly higher for

particles within the diameter interval 0.5-2.5 pm than for par-
Turbulence spectra were calculated in order to investigateicles within the total OPC size range that represent a larger
the performance of the eddy covariance system. The speaumber of particles. However, even though the noise level
tra were obtained using fast Fourier transform (FFT) for datain some variance spectra in this study were higher than in

www.atmos-chem-phys.net/10/10237/2010/ Atmos. Chem. Phys., 10, 102373-2010
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@

Fig. 3b, the co-spectra were not significantly influenced by
this noise. This is an indication that that the noise is not cor- .
related with the vertical wind speed, and therefore not adding

any false flux. &

o

dhfdlogDp

dvidiagDp fun® e

3 Results and discussion !
025 0a 07 1 15 2 025 05 07 1 15 2
D, () D {um)

"l

The wet season OPC measurements started at 11 March an
lasted until 27 May 2008. The shorter dry season OPC mea-
surements were performed between 1 and 12 August 2008 _.
During the wet season period, there were two clear episodes - -
of higher concentrations of mineral dust, likely transported
from the Sahara as been observed in several other studies i
the Amazon (e.g. Talbot et al., 1990; Swap et al., 1992; For-
menti et al., 2001). The enhanced amounts of atmospheric L e
mineral dust were observed as significantly higher concen- D, ()
trations of the trace elements Al, Fe and Mn from the PIXE
analysis. However, the OPC measurements were not runningig. 4. Median size distribution in the wet season (blue) and in the
during these two episodes due to technical problems. Infludry season (red) ¢&) numbers of particlegb) particle volume, and
ence of mineral dust is therefore expected to be low in the(c) vertical flux of the first five OPC channels from data collected
results to be shown in the following sections. when the friction velocity is above 0.1 m&. The vertical bars are

All fluxes, concentrations and meteorological parameters?S and 75 percentiles.
have been averaged over 30 min long intervals in the results
that will be presented. Where it is stated that a figure rep-
resent median values, medians have been calculated of the&ger in the wet season than in the dry season. This is consis-

s

dFfdlogDp (m

30 min-averaged data. tent with observations by for instance Reid and Hobbs (1998)
that biomass burning is a large source primarily of accumu-
3.1 Aerosol size distributions lation mode particles. The median vertical flux of the first

five OPC size bins (Fig. 4c) points downward (negative sign)

Earlier studies of the aerosol number size distribution overin both seasons. In these flux medians, half hours with fric-
the Amazon rain forest have shown that the two dominatingtion velocities lower than 0.1 mé have been excluded to
modes occur at diameters 60—90 nm and 130—190 nm (Zhoteduce the uncertainty in the eddy covariance flux. The flux
et al., 2002; Rissler et al., 2006pschl et al., 2010). This is clearly larger in magnitude in the dry season than in the
means that only a small fraction of the total aerosol num-wet season. In general, the flux decreases in magnitude with
ber population is analyzed in this study, since the Grimmincreasing particle diameter and thereby decreasing number
1.109 OPC starts at 250nm. The median aerosol numbe®f particles.
concentration within the OPC size range in this study was
33cnT 2 in the wet season, and 122 chin the dry season. 3.2 Diurnal cycles
This can be compared with the total aerosol number con-
centration measured with a condensational particle counte8.2.1 Total OPC size range
CPC (D, >10nm) that was 682 cnt and 1513 cm? in the
wet season and dry season, respectively (Ahlm et al., 2010)n this section, diurnal cycles of total concentration and
Hence, the number of particles measured with the Grimmflux of aerosol particles over the whole OPC size range
1.109 in this study represents roughly 5% and 8% of the tota(0.25 umx D, <2.5um) are investigated. Figure 5 shows
number of particles in the wet and dry season, respectively. median diurnal cycles of aerosol number concentration (a)

Figure 4 shows median size distributions in the wet andand vertical flux (b) in the wet and dry season. The aerosol
dry season of particle number (a), and volume (b) for eachhumber concentrations within the OPC size range are rela-
of the 15 OPC channels. Figure 4c shows vertical flux oftively stable throughout the day, both in the wet and in the
particles in the first five OPC size bins. The rapid decreasdlry season (Fig. 5a).
in concentration with increasing particle size is obvious in  Downward fluxes clearly dominate in the dry season and,
Fig. 4a. In the volume distribution (Fig. 4b), the concentra- as a matter of fact, also in the clean wet season (Fig. 5b).
tion increased with increasing diameter fbr,>1pum, and  However, the downward flux is considerably larger in mag-
a coarse mode appears. The ratio of the coarse mode vohitude in the dry season. Note that these fluxes include
ume to the total volume within the OPC size range is clearlythe whole OPC size range, which are likely dominated by

Atmos. Chem. Phys., 10, 1023253 2010 www.atmos-chem-phys.net/10/10237/2010/
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Fig. 5. Median diurnal cycles of aerosol number concentrafan 1o
aerosol number flugb), transfer velocity(c), and atmospheric sta- = 07
bility (d). Blue curves represent wet season data and red curvesrep =
resent dry season data. (a)—(c) represents the total OPC size ran¢ ~™ g5

and dashed lines are 25 and 75 percentiles.

03

the lowest OPC channels, where number concentrations are a5

highest (Fig. 4a). The net downward flux in the wet season

implies that sources of primary biogenic aerosol particle are

smal! In gomparlson il _total dry deposition sink, when Fig. 6. Median diurnal cycles of the particle concentration within all

Cons'qe“ng .the Wh0|e OPC size range. Hovyever,. when S€P8pe 15 OPC size bins in 30 min time resolution. For each size bin, all

rately investigating the flux of the larger particles in the OPC egian concentrations are normalized with the maximum median

size range in Sects. 3.3.3 and 3.4, it will be shown that thezoncentration during the day within the certain size bin. Therefore,

role of primary aerosol emission is more important for larger the figure gives no information of absolute particle concentrations

particles. but instead the diurnal trends in concentration for each size@n.
The particle transfer velocity in the total OPC size rangerepresents wet season afi) represents dry season. Every half

(Fig. 5¢) has a very clear diurnal trend with maximum val- hour represents a median of at least 41 half hours in the wet season

ues of 4mms? in both seasons in daytime but considerably @nd atleast 11.5h in the dry season.

lower values at nighttime when turbulence is suppressed by

the stable stratification. Particularly stable conditions prevail ) ) o

at nighttime during the dry season (Fig. 5d), whereas unstabumber concentrations of particles with diameters between

3 5 9 12 15 18 21 24
Localtime

ble conditions dominate in daytime in both seasons. 0.25pm and 0.65pum are decreasing when the mixed layer
grows in the morning. However, in the size bins representing
3.2.2 Size-resolved concentrations larger particles, concentrations increase at the same time.

For the two largest channel®{ = 1.6—2.5 ym), wet sea-

Figure 6 shows median diurnal cycles of the aerosol numbeson concentrations are highest between 23:00 and 02:00 LT
concentration for each of the 15 OPC size bins. For eactat night. Itis not likely that this nocturnal concentration max-
size bin, all median concentrations are normalized with theimum is a result of any anthropogenic activity, because the
maximum median concentration during the day within the maximum is not apparent in the lower OPC size bins. Since
certain size bin. The median particle concentration of eactthese particles are large, primary biogenic aerosol emission is
size bin is shown in Table 1. the most likely explanation. The particle concentrations for

In the wet season (Fig. 6a), aerosol number concentrationthese two size bins start to increase already in the evening to
of the five lowest size bins, representing diameters of 0.25-feach maximum at night. Higher night time concentrations
0.45um, are high between 09:00 and 12:00LT. In contrastpf coarse mode particles 2D, <10 um) were observed by
particles with diameters of 0.5-2.0 um have relatively low Graham et al. (2003a) at the rain forest site at Balbina. Ele-
concentrations in the morning but maximum concentrationsvated coarse mode aerosol concentrations at night have been
around 15:00LT. Hence, it seems that particles of differentobserved in the Amazon also by Artaxo et al. (2002) and
size have different diurnal trends. In the dry season (Fig. 6b)Guyon et al. (2003b). In the study by Graham et al. (2003a),
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Table 1. Median aerosol number concentration for each of the 15

OPC size bins in the wet and dry season. %S
Channel  Size bin (um) Median wet Median dry
season concentration  season concentration 1.0
—3 —3
(cm™2) (cm™2) = 0.7
1 0.25-0.28 13.8 52.5 =1
2 0.28-0.30 8.7 33.4 T
3 0.30-0.35 5.1 19.4 O 05
4 0.35-0.40 2.3 8.6
5 0.40-0.45 0.93 3.2
6 0.45-0.50 0.32 0.97 03
7 0.50-0.58 0.30 0.86
8 0.58-0.65 0.21 0.68 028
9 0.65-0.70 0.10 0.33 0 B0 120 180 240 300 36O
10 0.70-0.80 0.11 0.35 Wind direction {deg)
11 0.8-1.0 0.07 0.21
12 1.0-1.3 0.07 0.20
13 1.3-16 0.04 0.12 140 ; ; ; ;
14 1.6-2.0 0.06 0.15 120 b T N S L]
15 2.0-2.5 0.05 0.09 e 5 : 1 :
o 1DD T B R e Ll IR T T U
£
- BD ........................................................
8 ] 1 : :
a ED F ........... ........ 4
the higher night time concentrations could be directly linked g a0 : ; ' '
to fungal spores. This is a likely explanation also for the el- =
evated night time concentrations of 1.6—2.5um particles in A
this study. Fungal spores are typically 2-20 um in diameter g e T E— =50
(Elbert et al., 2007). Wind direction [deg)

However, it cannot be stated from this study whether pri-
mary aerosol emission of 1.6-2.5um particles is actuallyFig. 7. (a)Wet season median OPC number concentrations as func-
higher at night or if the elevated night time concentration tions of wind direction for each size bin of the OPC. Each median
is only a result of the variation in boundary layer depth be-concentration has been normalized with the maximum median con-
tween day and night. The nocturnal boundary layer in thecentration of the certain bin. Hence, the colours in the colour bar
Amazon Basin is typically 80-180 m (Garstang et al., 1990),represent numbers between 0 and 1 where 1 represents the maxi-
while the well developed mixed layer often reaches a deptimum median concentration of the certain size H). Wet season
of ~1000m (Fisch et al., 2004). Therefore, the source 0fblack carbon concentration medians in constant wind sector inter-
primary aerosol emission would not necessarily have to bevals' Error bars represent 25 and 75 percentiles.
stronger at night time just because the concentration maxi-
mum occurs at that time. However, as Graham et al. (2003a2 ) _ ) )
pointed out, it is widely believed that the active discharge of E'g' 7b) are asso|0|at|eth|th the same ww;}d sector. IThUS'
several spore types is favored by humid conditions, and th e city Manaus clearly has an impact on the aerosol num-

relative humidity frequently reaches 100% at night time over er population when the wind is bIOW'r,‘g from t,hat direction.
the Amazon rain forest. The lowest concentrations are found in the wind sectors as-

sociated with wind directions between 240 and 360 degrees.
3.3 Pristine versus polluted conditions in the wet season  These sectors include the direction that is associated with air

transport from the research station (approximately 340 de-
Even though the wet season in the Cuieiras Reserve repr@rees). In fact, the minimum concentration is found in the
sents one of the cleanest conditions that can be found ohorth-westerly wind sector, the specific direction to the diesel
Earth, with aerosol concentrations close to those over remot@enerator at the research station. Therefore, it seems that the
oceans (Andreae et al., 2009), there is occasionally influencéfluence of the research station on aerosol concentration at
from anthropogenic sources. Figure 7a illustrates how théhe top of K34 is negligible for particles within the OPC size
aerosol number concentration depends on wind direction fofrange.
each of the 15 size bins in the wet season. The highest par- In Sects. 3.3.1-3.3.2, particle number fluxes in the diam-
ticle concentrations are found in the wind sector associateter range 0.25-0.45um are investigated. The correspond-
with wind directions between 150 and 180 degrees for alling analysis for particles in the diameter range 0.5-2.5 pym is
of the 15 size bins. This wind sector represents air transpresented in Sect. 3.3.3. Flux dependence on wind direction,
port from Manaus. Maximum BgCconcentrations at K34 differences between pristine and anthropogenic conditions,

Atmos. Chem. Phys., 10, 1023253 2010 www.atmos-chem-phys.net/10/10237/2010/



L. Ahlm et al.: Emission and dry deposition of accumulation mode particles in the Amazon Basin 10245

o
=1
=1

10 ——
TN T B -

S

g0 120 180 240 300 360

ek | | Rl

&
&0 12.0 wéu 2;10 aﬁu 360 50 120 180 240 300 380 L L ; L L L

Wind direction (deg) Wind direction (deg) <35 40 50 60 70 aad =l 100 110 =115
BCe concentration (ng m'a)

o
=]

MNumber of accasions
8

3
Particle flux (1 o® m‘zs‘w)

==

Transferwelocity (mm s !

S = I -1

Particle transfer velocity (mm é1)

o

Fig. 8. (a)Histogram of particle p, = 0.25-0.45 pm) flux(b) Me-
dian wet season particléX, = 0.25-0.45 pm) number flux within - Fig. 9. Median values of transfer velocity for particles wih, =
75 percentiles. (c) Median transfer velocities of particles with  represent 25 and 75 percentiles. Every median is calculated over

Dp =0.25-0.45um. (d) Median wet season size resolved num- at |east 38 half hours. Particle fluxes obtained when the friction
ber fluxes within constant wind sector intervals. The color in ev- ve|ocity is lower than 0.1 ms! have been excluded.

ery square represents a ratio of the median flux within the certain
size bin and wind sector to the absolute value of the largest nega-

tive median flux within the same size bin but for any wind sector. giso for these size bins. The fact that the flux medians for all
Hence, colors below zero in the color bar (blue and green) repreyp, o five lowest OPC channels are somewhat less negative in

sent downward fluxes, and colors above zero (red) represent upwarg, o \ e sterly sector, a sector that is associated with low an-
fluxes. Particle fluxes obtained when the friction velocity is lower e - -
than 0.1 ms? have been excluded. Every bin represents a medianthr()p“j_g_enIC influence (Flg'_ "), Iegds to the question Whether
of at least 15.5 h. deposition of anthropogenic particles may mask a potential
primary aerosol source. An efficient way to investigate this
is to explore whether the particle transfer velocity changes
and particle transfer velocities will be discussed. All focus Sign when going from more polluted conditions to extremely
will from now on be on the wet season period, since it is clean conditions. Figure 9 shows how the transfer velocity
hard to find even close to pristine conditions in the dry sea-for particles within the diameter size range 0.25-0.45 pm de-
son, and because the amount of dry season data in this stud@gnds on mass concentration of B®ositive transfer veloc-

is too small to reliably represent all wind sectors. ities represent downward fluxes according to Eq. 7. Clearly,
the transfer velocities are positive even in the cleanest at-
3.3.1 Flux of particles with D, = 0.25-0.45 ym mospheric conditions. This means that downward fluxes of

particles with diameter between 0.25 and 0.45 pm dominate
Figure 8a shows a histogram of particle fluxes with even in the absolute cleanest atmospheric conditions, again
D, =0.25-0.45um. Obviously, there is a very large domi- indicating that the source of primary biogenic aerosol parti-
nance of deposition fluxes. Figure 8b illustrates how the fluxcles in this diameter range is small.
of particles within the same size range depends on wind di- _ " ) _
rection. Downward fluxes clearly dominate in all wind sec- 3.3.2 $|ze—resolved transfer velocities for particles in the
tors, indicating that the downward fluxes are not only results size rangeD , =0.25-0.45um

of anthropogenic sources. Therefore, it seems that the Iocalgigure 10 shows median diurnal cyclessgfor the five low-

source of primary aerosol particles within the particle diam- . . . :
eter range 0.25-0.45um is small. The median transfer Ve(_astOPC size bins, representing diameters 0.25-0.45 um. The

locities (Eq. 7) vary between 1.5 and 4 mmts(Fig. 8c). median transfer \_/elqcn@s are positive throughout the wh_ole
. ; . ) . cycle, also here indicating a large dominance of deposition

Figure 8d illustrates how the particle flux varies with par- - A

. . . NSV . . fluxes. At nighttime, the stratification is stable and turbu-

ticle size and wind direction in the same particle diameter

. . ; . lence is thereby suppressed, resulting in small particle fluxes
range. Downward (negative) particle fluxes dominate in all o . )
. and low transfer velocities at nighttime (as was observed in
wind sectors for the three lowest OPC channels. For the_.

) . Fig. 5¢c—d as well). Throughout the morning, when turbu-

fourth and fifth channel, upward fluxes are more frequent in . o .
: . lence gradually increases, transfer velocities also increase.
the westerly sector but otherwise downward fluxes dominate
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Fig. 10. Median diurnal cycles of particle transfer velocity in each 3 _
of the five size bins in the diameter range 0.25-0.45 um. The verti- @ §
cal bars represent 25 and 75 percentiles. = 5
= §
L] :
. o . . o) :
In daytime,v; for all the five size bins show maximumval- : : ;
ues between 3.5 and 5.5 mms These peak values are con- B i i i i i
siderably higher than the median peakjrat ~1-2mms?t 0 0.1 0_-2. 0-3. Of 05 06
observed for the total particle size range,(>10nm) in Friction velocity {(ms ™)

Ahlm et al. (2010). Most studies of aerosol dry deposition _ ) . o
show minimum deposition velocities at diameters around_F'tg' 11|' S‘) Meduag_partncge tranfert\I/eloi'tl'iS |nS(3|ffereutk-
0.1-0.3um (Zhang and Vet, 2006), a diameter range wher& o - EVETY median 1S based on at feas hstars repre-

h . fficient drv d i hani B . __Sent median particle transfer velocities in differeptintervals, and
€re IS no eificient dry deposition mechanism. Brownian .. e ical bars are the 25 and 75 percentiles. The linear curves rep-

qiﬁUSion_ becqmes gfa‘?'ua”y mqre impor-tant Wi_th decreas‘resent deposition velocity as a functionf, andu, according to
ing particle size, and interception and impaction becomegq (g).

gradually more important for increasing particle sizes (Slinn,
1982; Zhang et al., 2001). This minimum, in which par-
ticles tend to be accumulated, is one of the key processes
behind the formation of the accumulation mode. The factcurves are based on median values,oh different friction
that the transfer velocities obtained in this study (for particlesvelocity intervals. The transfer velocity of each particle size
with D, >0.25um) are considerably larger than the trans-interval increases close to linearly with increasing friction
fer velocities for the total particle size rangg(>0.01pm)  velocity until the friction velocity reaches 0.6 ms Above
in Ahlm et al. (2010) indicates that for conditions observed this “threshold”, the transfer velocity of all five size bins in-
over the rain forest, the minimum deposition velocity (as astead decreases with further increasing friction velocity, and
function of particle size) is located at lower diameters thaneven becomes negative for all but the bin representing the
0.25um. The higher transfer velocities in this study cansmallest particles. Negative transfer velocities mean that up-
thereby be interpreted as higher efficiency of interceptionward fluxes dominate, possibly indicating that particle emis-
and impaction of particles with, >0.25 um compared with  sion from the rain forest dominates over the dry deposition
the corresponding average efficiencies of these processes gink in very turbulent conditions. However, for friction ve-
the total particle size range, which is dominated by particleslocities lower than 0.6 ms', 67—76% of the half hour net
smaller than 0.25 um in diameter (Zhou et al., 2002; Risslerfluxes were negative (pointing downward) for the five size
et al., 2006). In general; increases with increasing par- bins. These percentages of net deposition fluxes are high
ticle size for the five size bins in Fig. 10. This means thateven compared to aerosol deposition studies at boreal for-
the increased efficiency of interception and impaction with est sites. Rannik et al. (2003) observed 68% net deposition
increasing particle size can also be observed within the relafluxes at a boreal forest site in Finland, and Pryor et al. (2008)
tively small particle diameter range of 0.25-0.45 um. observed less than 60% net deposition fluxes over a forest in
Figure 11a shows how the particle transfer velocity, within Denmark. Hence, due to the high percentage of net particle
each of the five size bins, depends on friction velocity. Thedeposition fluxes in this study, together with the the results
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in Sect. 3.3.1, it seems reasonable to assume that local prii o015 . , . ‘ . ‘ 80
mary aerosol emission made a very minor contribution to the _ 3 ' 3
observed net particle flux for particles in the diameter range » .|
0.25-0.45 um when the friction velocity was below 0.6Ths
This means that the transfer velocity may be expected to be
close to equal to the deposition velocity below this thresh-
old friction velocity. It also seems reasonable to assume that
dry deposition velocities continue to increase linearly with
increasing friction velocity also at higher friction velocities
than 0.6 ms®. Therefore, it has been assumed that linear
fits to the median points in Fig. 11a describes the deposi-
tion velocity as a function of friction velocity for each size : . :
bin. By combining these linear fits, it is possible to make a 0% e 1§0W_ Ji@ ,260d 240 280 320 360
parameterization of deposition velocity as a function of par- i recton (deg)

ticle size and friction velocity for the particle diameter range Fig. 12. Median values of vertical flux of particles with, — 0.5-

0.25-0.45pum. The dry deposition velocity can then be de'2.5 pm within constant wind sector intervals. The error bars repre-

scribed as a function of friction velocity and particle size in gent 25 and 75 percentiles. The black curve represents median BC
the form ofvy = (aD) +b)u., wherev,is the deposition ve-  concentrations within the same wind sectors. Every bar is a me-
locity, u. is the friction velocity, and: andb are constants. dian over at least 16.5h. Particle fluxes obtained when the friction
By using the least-square fitting method, the following re- velocity is lower than 0.1 ms! have been excluded.

lation was found for particles in the size ranfg = 0.25-

0.45 pm:
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ilar diurnal cycles of particle concentrations in the wet sea-
vg = (2212D, +2.75)u, (8) son, with a well defined maximum in concentration during
the afternoon (at least for particles with, <1.5um). This
afternoon peak in concentration is not apparent in the diurnal
cycles of the smallest particles within the OPC size range.
tion velocity, according to Eq. (8) is shown in Fig. 11b, to- _Smce t.he_dlurnal cycle of the total OPC size range flux
X . . . T (Fig. 5b) is likely dominated by fluxes of small and thereby
gether with the median points from Fig. 11a. It is impor- : o : .
. numerous particles, it is necessary to investigate the fluxes of
tant to remember that both half hours representing net down; . :
the larger particles separately. However, as was stated earlier,
ward fluxes and half hours of net upward fluxes have been

. . S o .~ Itis not possible to calculate size-resolved fluxes of each size
included in the parameterization of the deposition velocity in bin of the laraer particles separately. since the numbers of
Eq. (8). The reason for this is that the majority of the net ger p P Y,

upward fluxes (obtained when the friction velocity is lower particles in these bins are too low compared to the resolution
P y of the OPC. Therefore, we have calculated fluxes over one

1
than 0.6 ms") have been assumed to be caused by randomsingle large diameter interval),, = 0.5-2.5 um, to increase

errors, rather than emission. Furthermore, the relative ﬂu}ihe number of particles to at least an order of maanitude
error increases with increasing particle size (and thereby de; P 9

: . : higher than the resolution of the OPC. However, the concen-
creasing numbers of particles). If only half hours with a net_ =, o . . . N
) X . : . tration decreases with increasing particle size also within this
downward flux are included in the calculation, there is arisk _._ . . ) : :
" o . ., Size interval. Approximately 50% of particles in the diameter
that the calculated deposition velocities would increase with
range 0.5-2.5 um are located between 0.5 and 0.65 um.

increasing particle size, only as a result of enhanced uncer-""_ .
o . L " Figure 12 shows how the net aerosol number flux of parti-
tainty in flux. These higher deposition velocities could then P o ; . . S
cles within this large size interval varies with wind direction.

be incorrectly interpreted as a result of increased |mpact|onA black curve showing the BCdependence on wind direc-

and interception with increasing particle size. Therefore we,. . : :
think it is better to include also half hours with a net upward tion (from Fig. 7b) has been added to the figure. Interestingly,

flux in the parameterization of the deposition velocity, even downward fluxes dominate in the southerly to north-easterly

. . wind sector where concentrations of B@re higher, while
though there is a risk that a few of the upward fluxes actuallyupward fluxes dominate in most other wind Sectors where

could represent real emission also at friction velocities below X . .
0.6ms1 concentrations of BCare lower. Hence, it seems that in

wind sectors where the influence of anthropogenic sources is
low, local primary aerosol emission dominates over the dry
deposition sink. On the other hand, in wind sectors where
the influence of anthropogenic sources is larger, it seems as

Figure 6a revealed that the OPC size bins representing partfeposition of anthropogenic particles masks the local source
cles with diameters between 0.5 and 2.5 um have rather sinPf primary aerosol particles.

whereuvy is given in [mms7], D, is in [um], andu, is in
[ms~1].
Deposition velocity as a function of particle size and fric-

3.3.3 Dependence on wind direction and BLCfor
particles with D, =0.5-2.5um
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25

related to the potential emission observed as upward particle
fluxes during early morning in Ahlm et al. (2010). However,
that study focused on the total aerosol nhumber population
(Dp>10nm) whereas the fluxes discussed here only include
particles in the diameter range 0.5-2.5 um. The contribution
I R R R Tl in number concentration from this interval makes a negligi-
e e ble contribution to the total number concentration studied in
Ahlm et al. (2010). Therefore, there is no contradiction be-
tween the observed net emission fluxes here, peaking in the
afternoon, and the early morning net upward fluxes observed
in Ahlm et al. (2010). An implication, however, is that the
observed early morning upward fluxes in Ahlm et al. (2010)
must be associated with smaller particles than 0.25 um, since
no peak in upward flux is observed in the morning for parti-

Fig. 13. (a)Wet season median diurnal cycles of (a) particle con- Cle: Wt:[hm the O.PC size Lange |n_ this stuay. d fi
centration (blue) and flux (red) of 0.5-2.5 um particles with all wind t the same time as the maximum net upward flux ap-

sectors includedpb) particle concentration (blue) and flux (red) of P€ars, the particle concentration is at its maximum (Fig. 13b).
0.5-2.5 um particles with the wind sector 60-200 degrees excluded! hroughout the later part of the afternoon and early evening,
and (c) flux of 0.5-2.5 um particles (solid line) and 0.25-0.45um the net emission flux decreases in parallel with decreas-
particles (dashed line). Every median is taken over a one hour timéng particle concentrations. Thus, an interesting question is
interval and represent at least 62 values in (a) and at least 14 valuaghether emission can explain the increase in aerosol number
in (b and c). concentration during the day and the peak in concentration at
15:00LT. By using values of the median net emission flux in
Fig. 13b, it is possible to make a rough estimation of the ex-
The fact that local primary aerosol emission seems to bepected increase in mixed layer particle concentration result-
important in the 0.5-2.5 pm interval, in terms of number con-ing from the flux. A net source 6£4000 particles m?s~1
centrations, is not a contradiction to the observations by Chefvould need roughly seven hours to increase the particle num-
et al. (2009) who found that the aerosol mass of particlesher concentration by-0.1 cn3 in an assumed 1000 m thick
(Dp <1um) at the same site during the wet season was dommixed layer. Here it has been assumed that the emitted par-
inated by secondary aerosol. The particle diameter intervalicles are evenly distributed in this 1000 m deep layer. In
0.5-1.0pm is in a range where the aerosol volume has veryeality, a particle source at the surface will build up a particle
low values in the volume distribution in Fig. 4b. Therefore, gradient that is largest close to the source but decrease with
the aerosol mass in this interval is a very small fraction of theneight within the surface layer. This means that an emission
submicron aerosol mass measured by Chen et al. (2009). from the surface will have a somewhat higher influence on
the particle concentration at the top of K34 than higher up in
3.4 Diurnal cycles of fluxes of particles with diameters the mixed layer. However, even when considering this, the
of 0.5-2.5um increase in particle number concentration witg.5 cm 3
between 08:00 and 15:00 LT seems too high to be explained
Figure 13a shows the wet season median diurnal cycles obnly by the observed net emission flux. Hence, even though
flux and concentration of particles with, = 0.5-2.5um  emission contribute to the median number concentration in-
when all wind sectors are included. The diurnal cycle of thecrease during the day, it seems that some additional source
net flux is somewhat dominated by deposition fluxes evenmechanisms are necessary to explain the diurnal cycle of the
though there is a peak in upward flux around 15:00 LT. How- particle number concentration within the 0.5-2.5 um diame-
ever, when the wind sector 60—-200 degrees (associated witter range. One of these additional mechanisms could be in-
higher anthropogenic influence in Fig. 12) is excluded, thecloud processing by Aitken or smaller accumulation mode
diurnal cycle is clearly dominated by upward patrticle fluxes particles (Zhou et al., 2002).
(Fig. 13b). These appear after sunrise at 06:00LT and in- Figure 13c shows a comparison between the median diur-
crease in magnitude throughout most of the day to reach aal cycle of the net vertical flux of particles with, = 0.5-
maximum also here around 15:00 LT. The fact that the largesf.5 um (from Fig. 13b) and the corresponding diurnal cycle
net upward fluxes appear in the afternoon means that the sigfor particles withD,, = 0.25-0.45 ym. In both these median
of the flux cannot be a result of entrainment. At 15:00 LT, thediurnal cycles, the anthropogenic sector has been excluded.
mixed layer is well developed (Fisch et al., 2004). The netTo exclude the anthropogenic sector does not change the sign
upward fluxes are instead most likely a result of primary bio- of the flux of 0.25-0.45 um particles. At night time, fluxes
genic aerosol emission, and the fact that they peak duringf particles within both diameter intervals are low. How-
afternoon also suggests that the source here cannot likely bever, when turbulence increases in the morning, net upward
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28 ‘ , ‘ , , , ‘ 04 The net emission flux of 0.5-2.5um particles increases
. : : : : 08 with increasing wind speed in Fig. 15a. Linear regression
of the logarithm of the net flux versus horizontal wind speed
e 24T 03 yielded the following equation:
£ W
§ 22 - log;oF =0.48-U +2.21 9)
T 3l 02 2 . L ;
z z where Fis the net emission flux of 0.5-2.5um particles
g 1o e1E s [m~2s~1] and Uis the horizontal wind speed [m¥] at the
S48 o top of K34. R? between Eq. (9) and the binned data (Fig. 12)
ol lous is 0.98.
: . . An important point is that the net emission flux described
12 L L R e by Eq. (9) also includes contribution from dry deposition.
Local tme Therefore, Eq. (9) is likely to somewhat underestimate the

actual emission. Dry deposition velocities are often esti-
Fig. 14. Median diurnal cycles of horizontal wind speed (solid line) mated by using a dry deposition model as e.g. Slinn (1982)
and friction velocity (dashed line). Data collected when wind direc- o Zhang et al. (2001). The reason why no attempt has been
tions between 60 and 200 degrees prevail have been excluded. made to correct Eq. (9) for deposition by using a model is
that dry deposition models are very sensitive to parameters as
e.g. roughness length, displacement height, drag coefficients
and collector properties. All these parameters are associated
with very large uncertainties for this site, why an attempt to
correct for deposition would likely result in further increased
uncertainty. Another important point associated with Eq. (9)
is that it cannot be stated whether the wind is only responsi-
ble for transporting particles out of the canopy layer, or if the
wind (and the turbulence it creates) has any direct impact on
Fig. 15. (a)Wet season median vertical flux of 0.5-2.5 um parti- the actual emission from the specific source.
cles within constant wind speed intervals. The wind sector 60200 Rainfall is another potential triggering mechanism of
degrees have been excludgd) Stars represent the median values aerosol emission. Many fungal spore types have been ob-
from (a) and the curve is a log-linear fit to the median values. Everyserved to increase in concentration during and after rainfall
bar represents a median over at least 16.5 h. (Elbert at al., 2007). Even though particle fluxes measured

during rainfall have been excluded in the data presented in

this study, rainfall could still have an impact on the data be-

fluxes of the 0.5-2.5 um population and net downward fluxes;gse of differences in wetness of the surface one half hour
of the 0.25-0.45 um population appear. We will now 100k a pefore and after the rainfall. One argument for rainfall being

bit closer at the net emission flux of the 0.5-2.5 um particlesiyportant for the observed net emission fluxes in this study

In next section. is that wet season rainfall on average was at maximum at
15:00 LT (Fig. 16a), just like the net emission flux. However,
the period between 06:00 and 12:00 was the period with least
occurrence of rainfall. This period includes the first maxi-

The median diurnal cycles of horizontal wind speed and fric-MUM in net emission flux at 11:00LT, and in this period the
tion velocity in the wet season (when the anthropogenic windVind speed increases rather simultaneously with the increase
sector is excluded) can be seen in Fig. 14. When comparin%f] net emission flux.. Thisis an argument against rainfall ,be'
the diurnal cycles of these two parameters with the corre"d the main triggering mechanism of the observed daytime
sponding diurnal cycle of the net flux of the 0.5-2.5 um par-€Mission of 0.5-2.5um particles. Actually, when including
ticles (Fig. 13b—c), it appears as the net emission flux migh[part!cle fluxes measured dunng_ralnfa!l and comparing the
be more related to wind speed than friction velocity. Ac- pamclg flgx before and after. ralr_lfall, it turns out that_ the
tually, both peaks in flux (at 11:00 and 15:00LT) appear atNet emission f!u>§ on average is slightly Iarggr befqre ralnfgll
exactly the same time as the peaks in wind speed, indicatinggan qftgr. This is a second .argument agamst. ra!nfalll belpg
that the net emission flux is correlated with horizontal wind 1€ driving mechanism of primary aerosol emission in this
speed. Linking the net emission flux to wind speed instead®tudy: NOr does solar radiation seem to generate the emission
of friction velocity is also preferable since wind speed is eas-diréctly. since the photosynthetic radiation is at maximum at

ier to measure and is a parameter that is more often availablB°N: Of €ven an hour before, as aresult of increasing cloudi-
than friction velocity. ness in the afternoon (Fig. 16b).

Particle flux (10

“o 1 2 3 1 0 1 2 3 4
Harizontal wind speed (ms’ﬂ) Harizontal wind speed (ms’ﬂ)

3.5 Source mechanism of primary biogenic particles
with diameter 0.5-2.5 um
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T w0 o0 To further investigate the actual emission process, par-
o1 ke o ticle number fluxes should be measured simultaneously in
I . 200 gi %0 m% and above the canopy, similar to the study by&rolm et
5o o 52 o & al. (2009). This type of measurements could reveal whether

) ‘ . . ‘ the wind actually triggers the emission, or if the correlation

T e O between net upward particle fluxes and wind speed results

from storage and ventilation processes. Additional aerosol
Fig. 16. (a)Mean diurnal cycle of rain amounts (blue) and median chemistry measurements inside the canopy would increase
diurnal cycle of latent heat flux (red) during the wet seas@).  the possibility to determine what types of particles that are

Median diurnal cycles of relative humidity (blue) and PAR (red) in emitted and what sources are responsible for the emission.
the wet season.

Another potential mechanism for generating particle emis-4 Summary and conclusions

S||on IS ;[ransplraKtlos fSror; pl_antsl. ?everal b|ogetn!c :ﬁladeize resolved aerosol number fluxes within the particle size
elements (9.9._ » P, S, Zn) in plants are present in the u'range 0.25-2.5 pum diameter were measured with the eddy co-
ids circulating in plants and can be released from the plan

during t ration (N K 1970). The latent heat i R/ariance method from the top of a 53 m high tower over the
. uring ra_nsplra ion (Nemeruyk, : ). The latent hea UX Amazon rain forest in the Cuieiras Reserve, Brazil. The mea-
is at maximum at 12:00 LT and is much lower at 15:00 LT

Fia. 16 hen th t emission flux is at . indi surements included a longer period in the relatively clean wet
( '9. a) when the net emission Hux 1S at maximum, iNl- g0 5544 and a shorter period in the more polluted dry season.
cating that the net emission flux is not well correlated with . : L

. The median aerosol number concentration within the OPC
the latent heat flux. However, the latent heat flux includes_. ) ST

. S .~ size range (0.25-2.5 um diameter) in this study was 3¥cm

both evaporation and transpiration. Therefore, the possibil- : .
. o ; o in the wet season and 122 cfin the dry season, which rep-
ity that transpiration contributes to the emission cannot be ;
ruled out resents roughly 5% and 8% of the total number of particles

Gabey et al. (2009) observed that the aerosol number con'p the wet and dry season, respectively. Aerosol number con-

; . . . centration within the two largest size bins, representing par-
centration of particles in the size range €8, < 20 um . : ;
. L ._ticle diameters between 1.6 and 2.5 um, were at maximum
below the canopy at a rain forest site in Borneo, Malaysia,

. night in the wi n. This night time maximum w
on average peaked at 15:00 LT. The concentration above thalt ght in the wet s€aso s nig t time ma 'mu as
. . ikely as a result of primary biogenic aerosol emission and
canopy, however, did not show the same behavior. The pea :
may be related to fungal spores as has been observed in pre-

in concentration below the canopy in that study was thoughtvious studies in the Amazon Basin.

t_o be argsult of fungal spore release triggered by raised rela- The vertical aerosol number flux of the total OPC size
tive humidity during the afternoon. It cannot be excluded that : .

- [ange on average pointed downward in both the wet season
and dry season. The net deposition flux, however, was con-
siderably larger in the dry season, probably to a large extent
due to the much higher number of particles in the dry season.

net emission of 0.5-2.5 um patrticles in this study in the Ama-
zon rain forest. The relative humidity during the wet season
was observed to be at minimum around noon followed by in- . L . 2
creasing relative humidity in the afternoon (Fig. 16b) when The _|nvest|gat|0n of the size re_solved fluxes .W'th'n the
the net emission flux is at maximum. However, since net up—opC Siz€ range shpwed that the sign of the verucgl particle
ward fluxes of 0.5-2.5 um particles are observed also beforéqu may differ for different particle sizes. For the five low-

noon (Fig. 13b), when the relative humidity decreases (AhlmeSt OPC channels, representirjg part.icle diameters of 0.'25_
et al., 2010), increasing relative humidity is at least not theo'45 Hm, do_wr_1ward_flu_xes_dommated N more or Ie_ss all W'.nd
only source mechanism present in this study. sectors. This is an indication that the source of primary bio-

Thus, the observed fluxes of particles in the diameter rang enlcfaeroslol .[tJ.arn_cIeti.ls lOV\t'. Iln th.'s particle size wg)terval.d
0.5-2.5 um indicate a source of biogenic particles in the rain ranster velocities in this particle size range were observe

forest, but a more specific source mechanism cannot be qdo increase with increasing friction velocity and particle di-

fined from this study. However, the fact that the net emis—amEter' ) ) )
sion flux is correlated with horizontal wind speed makes it To be able to investigate the vertical flux also of the larger

possible to describe the emission in models. Even thougf‘l)art'(:leS within the_OPC_ size range, nine size bins were
- summed up to obtain a higher number of counts. In the re-

number concentrations in this diameter range are low, typi- i icle di ; | 0525 H
cally 1 particle cn3, these particles could potentially play su t:ng pabrt|C(fa| Ia:ijterdlnéeL\{ar;I e ”dmé_t € .net vler-
an important role as giant nuclei in warm clouds. Primarytlca humber fiux depended highly on wind direction.  In

biogenic aerosol emission has also been observed to be élﬁlnd sectors with higher anthropogenic influence, deposi-

important source of ice nuclei in the Amazon Basin (Prennit'on ﬂl_JxeS dommateq. In the cleaner W'_”d sectors, hoyvever,
etal., 2009). emission fluxes dominated. The net emission flux within the

clean sectors is likely explained by primary biogenic aerosol
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emission. The net deposition flux in wind sectors associatedirtaxo, P., Martins, J. V., Yamasoe, M. A., Pomio, A. S.,

with higher anthropogenic influence is probably due to de-
position of anthropogenic particles, masking the biogenic
aerosol emission.

The net emission number flux of the 0.5-2.5 um particles
peaked at 15:00LT in the afternoon and was well correlate
with horizontal wind speed through the equation

logoF =0.48-U +2.21

whereF is the net emission humber flux of 0.5-2.5 um par-
ticles [m2s~1] and U is the horizontal wind speed [m¥]
at the top of K34.

Pauliquevis, T. M., Andreae, M. O., Guyon, P., Gatti, L. V., and
Leal, A. M. C.: Physical and chemical properties of aerosols in
the wet and dry season in Rdimda, Amazonia, J. Geophys. Res.,

107(D20), 8081, d0i:10.1029/2001JD000666, 2002.

then, Q., Farmer, D. K., Schneider, J., Zorn, S. R., Heald, C.

L., Karl, T. G., Guenther, A., Allan, J. D., Robinson, N., Coe,
H., Kimmel, J. R., Pauliquevis, T., Borrmann, Sgsehl, U.,
Andreae, M. O., Artaxo, P., Jimenez, J. L., and Matrtin, S. T.:
Mass spectral characterization of submicron biogenic organic
particles in the Amazon basin, Geophys. Res. Lett., 36, L20806,
doi:10.1029/2009GL039880, 2009.

Crane, R. I. and Evans, R. L.: Inertial deposition of particles in a

bent pipe, J. Aerosol. Sci., 8, 161-170, 1977.

ACknOWledgement§Ne would like to thank the National Institute Doebe"n’ E. O.: Measurement SystemS, McGraw-Hill Pub||sh|ng

for Research in the Amazon (INPA) and the LBA infrastructure

Company, New York, USA, 104-194, 1990.

team for all help and support during this campaign. Paulo Artaxog|pert, W., Taylor, P. E., Andreae, M. O., andsehl, U.: Contribu-

acknowledges financial support from the CNPg/MCT Millennium
Institute Program and FAPESP. We thank Paulo Henrique Oliveira
(in memoriam) for support during the whole sampling campaign.

Swedish participation was provided by Swedish International

tion of fungi to primary biogenic aerosols in the atmosphere: wet
and dry discharged spores, carbohydrates, and inorganic ions, At-
mos. Chem. Phys., 7, 4569-4588, doi:10.5194/acp-7-4569-2007,
2007.

Development Cooperation Agency (Sida/SAREC), the SwedishFairall, C. W.: Interpretation of eddy-correlation measurements

Research Council (VR) and from the 50th birthday of King Carl
XVI Gustav Foundation for Science Technology and Environment.
We also acknowledge Leif &klin and Kai Rosman for technical
assistance, and FORMAS and the Bert Bolin centre for Climate
Research for financial support. Finally, we would like to thank
Ullar Rannik for good advices.

of particulate deposition and aerosol flux, Atmos. Environ., 18,
1329-1337, 1984.

Fisch, G., Tota, J., Machado, L. A. T., Dias, M., Lyra, R. F. D.,

Nobre, C. A., Dolman, A. J., and Gash, J. H. C.: The convective
boundary layer over pasture and forest in Amazonia, Theo. Appl.
Clim., 78, 47-59, 2004.

Foken, T. and Wichura, B.: Tools for quality assessment of surface-

Edited by: I. Trebs

based flux measurements, Agr. Forest Meteorol., 78, 83-105,
1996.

Formenti, P., Andreae, M. O., Lange, L., Roberts, G., Cafmeyer,

References

Ahlm, L., Nilsson, E. D., Krejci, R., Nrtensson, E. M., Vogt, M.,
and Artaxo, P.: Aerosol Number Fluxes over the Amazon Rain
Forest during the Wet Season, Atmos. Chem. Phys., 9, 17335
17383, doi:10.5194/acp-9-17335-2009, 2009.

AhIm, L., Nilsson, E. D., Krejci, R., NMirtensson, E. M., Vogt, M.,
and Artaxo, P.: A Comparison of Dry and Wet Season Aerosol
Number Fluxes over the Amazon Rain Forest, Atmos. Chem.
Phys., 10, 3063-3079, doi:10.5194/acp-10-3063-2010, 2010.

Andreae, M. O. and Crutzen, P. J.: Atmospheric aerosols: Bio-
geochemical sources and role in atmospheric chemistry, Science,
276, 1052-1058, 1997.

Andreae, M. O.: Correlation between cloud condensation nu-
clei concentration and aerosol optical thickness in remote
and polluted regions, Atmos. Chem. Phys., 9, 543-556,
doi:10.5194/acp-9-543-2009, 2009.

Araljo, A. C., Kruijt, B., Nobre, A. D., Dolman, A. J., Maarten,
J. W., Moors, E.J., and Souza, J. S.: Nocturnal accumulation of
CO, underneath a tropical forest canopy along a topographical
gradient, Ecological Applications, 187), 1406-1419, 2008.

J., Rajta, I., Maenhaut, W., Holben, B. N., Artaxo, P., and
Lelieveld, J.: Saharan dust in Brazil and Suriname during
the Large-Scale Biosphere-Atmosphere Experiment in Amazo-
nia (LBA)-Cooperative LBA Regional Experiment (CLAIRE)
in March 1998, J. Geophys. Res., 106, 14919-14934,
doi:10.1029/2000JD900827, 2001.

Fuzzi, S., Decesari, S., Facchini, M. C., Cavalli, F., Emblico, L.,

Mircea, M., Andreae, M. O., Trebs, I., Hoffer, A., Guyon, P., Ar-
taxo, P., Rizzo, L. V., Lara, L. L., Pauliquevis, T., Maenhaut, W.,
Raes, N., Chi, X. G., Mayol-Bracero, O. L., Soto-Garcia, L. L.,
Claeys, M., Kourtchey, I., Rissler, J., Swietlicki, E., Tagliavini,
E., Schkolnik, G., Falkovich, A. H., Rudich, Y., Fisch, G., and
Gatti, L. V.: Overview of the inorganic and organic composition
of size segregated aerosol in Rénéh, Brazil, from the biomass-
burning period to the onset of the wet season, J. Geophys. Res.,
112, D01201, doi:10.1029/2005JD006741, 2007.

Gabey, A. M., Gallagher, M. W., Whitehead, J., and Dorsey, J.,

Kaye P. H., and Stanley, W. R.: Measurements and compari-
son of primary biological aerosol above and below a tropical

forest canopy using a dual channel fluorescence spectrometer,
Atmos. Chem. Phys., 10, 4453-4466, doi:10.5194/acp-10-4453-

Artaxo, P. and Maenhaut, W.: Trace element concentrations and size 2010, 2010.
distribution of biogenic aerosols from the Amazon Basin dur- Garstang, M., Ulanski, S., Greco, S., Scala, J., Swap, R., Fitzjar-

ing the wet season, Nucl. Instr. Meth. Phys. Res., B49, 366-371,
1990.

Artaxo, P. and Hansson H. C., Size distribution of biogenic aerosol-
particles from the Amazon Basin, Atmos. Environ., 29, 393-402,
1995.

www.atmos-chem-phys.net/10/10237/2010/

rald, D., Browell, E., Shipman, M., Connors, V., Harriss, R., and
Talbot, R.: The Amazon Boundary-Layer Experiment (ABLE
2B): a meteorological perspective, Bull. Amer. Meteor. Soc., 71,
19-31, 1990.

Atmos. Chem. Phys., 10, 102343-2010



10252 L. Ahlm et al.: Emission and dry deposition of accumulation mode patrticles in the Amazon Basin

Goulden, M. L., Miller, S. D., and da Rocha, H. R.: Nocturnal cold Kuhn, U., Andreae, M. O., Ammann, C., Ai@, A. C., Branca-
air drainage and pooling in a tropical rain forest, J. Geophys. leoni, E., Ciccioli, P., Dindorf, T., Frattoni, M., Gatti, L. V.,
Res., 111, D08S04, doi:10.1029/2005JD006037, 2006. Ganzeveld, L., Kruijt, B., Lelieveld, J., Lloyd, J., Meixner, F.

Graham, B., Guyon, P., Maenhaut, W., Taylor, P. E., Ebert, M., X., Nobre, A. D., B®schl, U., Spirig, C., Stefani, P., Thielmann,
Matthias-Maser, S., Mayol-Bracero, O. L., Godoi, R., Artaxo, A., Valentini, R., and Kesselmeier, J.: Isoprene and monoterpene
P., Meixner, F. X., Moura, M. A., Rocha, C. H., Grieken, R. V., fluxes from Central Amazonian rainforest inferred from tower-
Glovsky, M., Flagan, R., and Andreae, M. O.: Composition and based and airborne measurements, and implications on the at-
diurnal variability of the natural Amazonian aerosol., J. Geophys. mospheric chemistry and the local carbon budget, Atmos. Chem.
Res., 108(D24), 4765, doi: 10.1029/2003JD004049, 2003a. Phys., 7, 2855-2879, doi:10.5194/acp-7-2855-2007, 2007.

Graham, B., Guyon, P., Taylor, P. E., Artaxo, P., Maenhaut, W.,Lenshow, D. H. and Raupach, M. R.: The attenuation of fluctua-
Glovsky, M. M., Flagan, R. C., and Andreae, M. O.: Organic tions in scalar concentrations through sampling tubes, J. Geo-
compounds present in the natural Amazonian aerosol: Character- phys. Res., 96, 5259-5268, 1991.
ization by gas chromatography-mass spectrometry, J. Geophyartin S. T., Andreae, M. O., Artaxo, P., Baumgardner, D., Chen,
Res., 108(D24), 4766, doi:10.1029/2003JD003990, 2003h. Q., Goldstein, A. H., Guenther, A., Heald, C. L., Mayol-Bracero,

Gronholm, T., Launiainen, S., Ahlm, L., 8tensson, E. M., Kul- O. L., McMurry, P. H., Pauliquevis, T.,dchl, U., Prather, K.
mala, M., Vesala, T., and Nilsson, E. D.: Aerosol particle dry de- A., Roberts, G. C., Saleska, S. R., Silva Dias, M. A., Spracklen,
position to canopy and forest floor measured by two-layer eddy D. V., Swietlicki, E., and Trebs, I.: Sources and properties of
covariance system, 114, D04202, doi:10.1029/2008JD010663, Amazonian aerosol particles, Rev. Geophys., 48, 1-42, 2010.
2009. Nemeruyk G. E.: Migration of salts into the atmosphere during tran-

Guyon, P., Graham, B., Beck, J., Boucher, O., Gerasopoulos., E., spiration, Soviet Plant Physiol. 17, 560-566, 1970.
Mayol-Bracero, O. L., Roberts, G. C., Artaxo, P. and Andreae, Nemitz, E. and Sutton, M. A.: Gas-particle interactions above
M. O.: Physical properties and concentration of aerosol par- a Dutch heathland: Ill. Modelling the influence of the BH
ticles over the Amazon tropical forest during background and HNO3-NH4NO3 equilibrium on size-segregated particle fluxes,
biomass burning conditions, Atmos. Chem. Phys., 3, 951-967, Atmos. Chem. Phys., 4, 1025-1045, doi:10.5194/acp-4-1025-
doi:10.5194/acp-3-951-2003, 2003a. 2004, 2004.

Guyon, P., Graham, B., Roberts, G. C., Mayol-Bracero, O. L., Nemitz, E., Dorsey, J. R., Flynn, M. J., Gallagher, M. W., Hensen,
Maenhaut, W., Artaxo, P., and Andreae, M. O.: In-canopy gra- A., Erisman, J.-W., Owen, S. M.,anmgen, U., and Sutton M.
dients, composition, sources, and optical properties of aerosol A.: Aerosol fluxes and particle growth above managed grass-
over the Amazon forest, J. Geophys. Res., 108(D18), 4591, land, Biogeosciences, 6, 1627-1645, doi:10.5194/bg-6-1627-
doi:10.1029/2003JD003465, 2003b. 2009, 2009.

Hinds, W. C.: Aerosol Technology. Properties, Behavior, and Mea-Prenni, A. J., Petters, M. D., Kreidenweis, S. M., Heald, C. L.,
surement of Airborne Particles, 2nd edition, John Wiley & Sons  Martin, S. T., Artaxo, P., Garland, R. M., Wollny, A. G., and
Inc., 1999. Poschl, U.: Relative roles of biogenic emissions and Saharan

Horst, T. W.: A simple formula for attenuation of eddy fluxes mea-  dust as ice nuclei in the Amazon basin, Nature Geosci., 2, 402—
sured with first-order response calculations, Bound. Layer Me- 405, doi:10.1038/ngeo517, 2009.

terorol., 82, 219-233, 1997. Pryor, S., Barthelemie, R. J., Sﬁrens__en, L.L., Larsen, S. E., Sempre-
Junge, C. E.: Air chemistry and Radioactivity, Academic Press, viva, A. M., Gronholm, T., RanniklJ., Kulmala, M., and Vesala,
New York, USA, 4, 114-123, 1963. T.: Upward fluxes of particles over forests: When, where, why?,

Jarvi, L., Rannik,U., Mammarella, |., Sogachev, A., Aalto, P. P., Tellus B, 60, 372-380, 2008.
Keronen, P., Siivola, E., Kulmala, M., and Vesala, T.: Annual Poschl, U., Martin, S. T., Sinha, B., Chen, Q., Gunthe, S. S,,
particle flux observations over a heterogeneous urban area, At- Huffman, J. A., Borrmann, S., Farmer, D. K., Garland, R. M.,
mos. Chem. Phys., 9, 7847-7856, doi:10.5194/acp-9-7847-2009, Helas, G., Jimenez, J. L., King, S. M., Manzi, A., Mikhailov, E.,

2009. Pauliquevis, T., Petters, M. D., Prenni, A. J., Roldin, P., Rose,
Kaimal, J. C., Wyngaard, J. C., Izumi, Y., and @©. R.: Spectral D., Schneider, J., Su, H., Zorn, S. R., Artaxo, P., and Andreae,
characteristics of surface-layer turbulence, Q. J. Roy. Meteorol. M. O.: Rainforest Aerosols as Biogenic Nuclei of Clouds and
Soc., 98, 563-589, 1972. Precipitation in the Amazon, Science, 329, 1513-1516, 2010.

Karl, T., Guenther, A., Yokelson, R. J., Greenberg, J., Poto-Rannik, U., Vesala, T., and Keskinen, R.: On the damping of
snak, M., Blake, D. R., and Artaxo, P.: The tropical for- temperature fluctuations in a circular tube relevant to eddy co-
est and fire emissions experiment: Emission, chemistry, and variance measurement technique, J. Geophys. Res. 102(D11),
transport of biogenic volatile organic compounds in the lower 12789-12794, 1997.
atmosphere over Amazonia, J. Geophys. Res., 112, D18302Rannik, U ., Aalto, P., Keronen, P., Vesala, T., and Kulmala,
doi:10.1029/2007JD008539, 2007. M.: Interpretation of aerosol particle fluxes over a pine forest:

Kowalski, A. S.: Deliquescence induces eddy covariance and es- dry deposition and random errors, J. Geophys. Res, 108, 4544,
timable dry deposition errors, Atmos. Environ., 35, 4843-4851, doi:10.1029/2003JD003542, 2003.

2001. Reid, J. S. and Hobbs, P. V.: Physical and optical properties of

Kruijt, B., Malhi, Y., Lloyd, J., Nobre, A. D., Miranda, A. C., young smoke from individual biomass fires in Brazil, J. Geo-
Pereira, M. G. P., Culf, A., and Grace, J.: Turbulence above and phys. Res., 103(D24), 32013-32030, 1998.
within two Amazon rainforest canopies, Bound. Lay. Meteorol., Reid, J. S., Koppmann, R., Eck, T. F., and Eleuterio D. P.: A review
94, 297-311, 2000. of biomass burning emissions part: intensive physical properties

Atmos. Chem. Phys., 10, 1023253 2010 www.atmos-chem-phys.net/10/10237/2010/



L. Ahlm et al.: Emission and dry deposition of accumulation mode particles in the Amazon Basin 10253

of biomass burning particles, Atmos. Chem. Phys., 5, 799-825\ong, R., Vickers, D., and Covert, D.: Eddy correlation measure-

doi:10.5194/acp-5-799-2005, 2005. ments of aerosol deposition to grass, Tellus, 56B, 105-117, 2004.
Rissler, J., Vestin, A., Swietlicki, E., Fisch, G., Zhou, J., Artaxo, Webb, E. K., Pearman, G. I., and Leuning, R.: Correction of flux

P., and Andreae, M.O.: Size distribution and hygroscopic prop- measurements for density effects due to heat and water vapour

erties of aerosol particles from dry season biomass burning in transfer, Q. J. R. Meteorol. Soc., 106, 85-100, 1980.

Amazonia, Atmos. Chem. Phys., 6, 471-491, doi:10.5194/acp-6-Zhang, L., Gong, S., Padro, J., and Barrie, L.: A size-segregated

471-2006, 2006. particle dry deposition scheme for an atmospheric aerosol model,
Rizzo, L. V., Artaxo, P., Karl, T., Guenther, A. B., and Greenberg, = Atmos. Environ., 35, 549-560, 2001.

J.: Aerosol properties, in-canopy gradients, turbulent fluxes andZhang, L. and Vet, R.: A review of current knowledge concerning

VOC concentrations at a pristine forest site in Amazonia, Atmos. size-dependent aerosol removal, China Particuol., 4, 272-282,

Environ., 44, 503-511, 2010. 2006.

Slinn, W. G. N.: Predictions for particle deposition to vegetative Zhou, J. C., Swietlicki, E., Hansson, H. C., and Artaxo, P.: Sub-
canopies, Atmos. Environ., 16, 1785-1794, 1982. micrometer aerosol particle size distribution and hygroscopic
Swap, R., Garstang, M., Greco, S., Talbot, R., aridiberg, P.: growth measured in the Amazon rain forest during the wet sea-
Saharan dust in the Amazon Basin, Tellus, 44B, 133-149, 1992. son, J. Geophys. Res., 107, doi:10.1029/2000JD000203, 2002.
Talbot, R. W., Andreae, M. O., Berresheim, H., Artaxo, P., Zimmerman, P. R., Greenberg, J. P., and Westberg, C. E.: Measure-

Garstang, M., Hatriss, R. C., Beether, K. M., and Li, S. M.:  ments of atmospheric hydrocarbons and biogenic emission fluxes
Aerosol chemistry during the wet season in central Amazo- inthe Amazon boundary layer, J. Geophys. Res., 93, 1407-1416,
nia: The influence of Long-Range transport, J. Geophys. Res., 1988.
95(D10), 16955-16969, 1990.
Tota, J., Fitzjarrald, D. R., Staebler, R. M., Sakai, R. K., Moraes,
O. M. M., Acevedo, O. C., Wofsy, S. C., and Manzi, A.
O.: Amazon rain forest subcanopy flow and the carbon bud-
get: Santa&m LBA-ECO site, J. Geophys. Res., 113, GO0B02,
doi:10.1029/2007JG000597, 2008.

www.atmos-chem-phys.net/10/10237/2010/ Atmos. Chem. Phys., 10, 102343-2010



