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Abstract. Atmospheric aerosol measurements were con-
ducted near Danum Valley, in the Malaysian state of Sabah,
North-East Borneo, as part of the OP3 and ACES projects, in
April and June/July 2008. Here, aerosol fluxes and diurnal
variability in and above the rainforest canopy were examined
in order to gain an understanding of their behaviour in the
surface layer of the South-East Asian rainforest. Aerosol
fluxes were calculated by eddy covariance from measure-
ments above the rainforest canopy on the Global Atmosphere
Watch (GAW) tower. Upward fluxes were seen on most
mornings between 09:00 and 11:00 local time and this could
be attributed to venting of the nocturnal boundary layer as
it broke up in the morning. Measurements were also con-
ducted within the canopy and trunk space at a nearby site.
Profiles in aerosol number concentrations were investigated
using GRIMM Optical Particle Counters (OPCs) at various
levels within the rainforest canopy and trunk space, as well
as a single OPC on a vertically moving platform. These
showed an overnight increase in larger particles (1–20 µm)
at all levels, but much more prominently near the top of
the canopy, which could be attributed to fog formation. At
ground level, number concentrations in this size range cor-
related with enhancements in biological aerosol concentra-
tions, measured using a Wide Issue Bioaerosol Spectrometer
(WIBS) located near the forest floor, suggesting that coarse
particle number concentrations were dominated by biolog-
ical aerosols. A comparison of particle number concentra-
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tions (in the size range 0.5–1.0 µm) between above canopy
and the trunk space showed correlations, despite turbulence
data suggesting persistent decoupling between the two mea-
surement sites. These correlations often relied on a shift of
the particle time-series against each other, implying a time
delay in observations between the sites, which varied accord-
ing to time of day. This lag time was shortest during the mid-
dle of the day by a significant margin. This was not observed
for aerosols larger than 1.0 µm. Further evidence of daytime
coupling between above canopy and the trunk space in terms
of aerosol measurements is implied by comparison of mea-
surements from an Aerosol Mass Spectrometer (AMS) at the
GAW tower and simultaneous bag sampling at the in-canopy
site, subsequently analysed with the AMS. Transport of parti-
cles through the canopy seems to occur through large-scale,
sporadic turbulent events, suggesting that the coupling be-
tween the canopy space and the air above is due to these ven-
tilation events.

1 Introduction

Atmospheric aerosol particles are important due to their im-
pact on climate, visibility and human health. Aerosols in-
fluence the Earth’s radiative balance either directly, by scat-
tering incoming solar radiation, or indirectly, by modifying
the radiative properties of clouds, and their lifetime (IPCC,
2007). It is therefore important to understand the processes
by which aerosols are produced or lost from the atmosphere.

Forests can act as both sources and sinks of atmospheric
aerosol particles. Aerosol formation and growth has been
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observed in forests at a number of locations (e.g.Kavouras et
al., 1998; Kulmala et al., 1998), likely resulting from the ox-
idation of volatile organic compounds (VOCs). On the other
hand, aerosol deposition to forest canopies has been exten-
sively observed and quantified (seePryor et al., 2008, for a
review), and represents an important aerosol removal mech-
anism from the atmosphere. Forest-atmosphere exchange is
further complicated by the various layers of the forest, par-
ticularly in tropical rainforests, where a dense upper canopy
often results in a decoupling between the space beneath it
and the atmosphere above canopy (e.g.Kruijt et al., 2000).
Exchange between these layers usually relies on large-scale
turbulence events (e.g.Fitzjarrald et al., 1990). Understand-
ing these mechanisms is important in explaining not only
how atmospheric constituents may penetrate down through
the canopy, but also how particles formed or emitted in the
trunk space below the canopy might escape. This is also of
particular interest in describing how biological particles such
as fungal spores can distribute over a wider area.

Many studies have been conducted in temperate and bo-
real forests at various locations, while most of the mea-
surements in tropical forests (which make up over half the
world’s forests) have largely focussed on the Amazon (e.g.
Artaxo et al., 1990, 1994, 2002; Andreae et al., 2002; Zhou
et al., 2002; Guyon et al., 2003; Rissler et al., 2006; Farmer
et al., 2008; Ahlm et al., 2009). The work from the Ama-
zon has found a sharp contrast in aerosol composition and
concentration between wet and dry seasons with biomass
burning emissions dominating in the dry season (Artaxo et
al., 1994, 2002). The rainforest is also a significant source
of biogenic aerosols, which are detected all year round and
dominate in the wet season (Artaxo et al., 2002). This bio-
genic aerosol is likely made up of primary biological parti-
cles (e.g. pollen, spores, bacteria, plant fragments) and sec-
ondary aerosols from the oxidation of gases emitted by the
forest (Andreae et al., 2002), howeverZhou et al.(2002) and
Rissler et al.(2006) found no evidence of new particle pro-
duction in the rainforest. Locally produced biological parti-
cles have also been found to contribute to ice nucleation in
the Amazon basin (Prenni et al., 2009).

Aerosol deposition may be a significant source of nutrients
to the rainforest ecosystem, or part of the internal recycling
(Artaxo et al., 2002). Deposition may occur as dry or wet
(including fog, which is known to form frequently in tropical
rainforests). Dry deposition can be quantified by flux mea-
surements, however there have been very few direct measure-
ments of aerosol fluxes above a tropical rainforest (Ahlm et
al., 2009). Such measurements are necessary to help quan-
tify the exchange of aerosols between the forest and the at-
mosphere.

To the authors’ knowledge, there have been no published
measurements of aerosol fluxes and dynamics in the Mar-
itime Continent region of South-East Asia (so named for its
unique mixture of land masses and seas distributed over a
very large area). In this region, the patchwork layout of

islands and seas is likely to result in different atmospheric
chemistry, and more of a marine influence over the rain-
forests compared to the continental landmass of the Ama-
zon rainforest. Both regions, however, are undergoing rapid
land-use changes, potentially resulting in significant changes
to regional atmospheric composition and climate (Andreae
et al., 2002). This paper presents the first measurements of
aerosol fluxes and vertical transport in a South-East Asian
rainforest. The study sought to examine the behaviour of
aerosols throughout and above the rainforest canopy in order
to determine: (1) the processes by which particles may be
transported through the rainforest canopy; (2) how represen-
tative in-canopy aerosols are of those above the canopy; and
(3) the behaviour of aerosols above the canopy.

Following a description of the methodology (Sect.2), the
Results and Discussion section first considers the difference
between the micrometeorology above canopy and that of the
trunk space (i.e. below canopy) (Sect.3.1). Sections3.2
and3.3 study the measurements above the canopy, includ-
ing the fluxes, while Sect.3.4 looks at the measurements
in the canopy and the trunk space. Section3.5 examines
the coupling across the rainforest canopy in terms of size-
segregated aerosol number concentrations, and the results are
summarised together in the final section to describe a picture
of the behaviour of aerosols in the surface layer of a South-
East Asian rainforest.

While this work discusses the fluxes, dynamics and vari-
ability of aerosols in the rainforest, aerosol chemistry will
be considered in separate papers (e.g.Phillips et al., 2010).
These measurements were conducted as part of the NERC
funded OP3 (Oxidant and Particle Photochemical Processes)
and ACES (Aerosol Coupling in the Earth System) projects.

2 Measurements

2.1 Measurement sites

Measurements took place in tropical rainforest near the
Danum Valley Conservation Area in the Sabah Federal State
of Malaysia in North-East Borneo. The forest in and around
Danum Valley is categorised as a tropical lowland evergreen
rainforest with a height varying between 25–45 m and an esti-
mated average height of 35 m within the footprint of the mea-
surements. Tree species in this region consist mainly of pri-
mary lowlanddipterocarp(Newbery et al., 1999). The area
around the measurement locations was selectively logged in
1988 and has since been managed by the Innoprise-FACE
Foundation Rainforest Rehabilitation Project (INFAPRO),
which has replanted withdipterocarpspecies. Nevertheless,
the forest is patchy with areas dominated by secondary pio-
neer species. The topography is hilly, with steep sided val-
leys approximately 200 m deep. Figure1 displays the eleva-
tion variation of the area and the location of the measure-
ment sites. The area receives an annual mean rainfall of
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Fig. 1. Relief map of the area showing site locations. Original data
of ASTER GDEM is the property of METI and NASA.

2778 mm (L. S. Fook, Malaysia Meteorological Dept., per-
sonal communication, 2008) with January and October being
the wettest months receiving 311 and 290 mm respectively.
April is typically the driest month (159 mm).

Measurements were made at two locations. The above-
canopy measurements were made on the 100 m tall Global
Atmosphere Watch (GAW) tower, situated in a wide clearing
at the top of the Bukit Atur ridge (4◦58′49′′ N 117◦50′39′′ E,
elevation 426 m). The trunk space and canopy measurements
were made 1.2 km to the east (4◦58′49′′ N 117◦51′19′′ E, el-
evation 200 m) of Bukit Atur, near the INFRAPRO nursery.
At these locations, sunrise and sunset occurred around 06:00
and 18:20 respectively (±6 min over the period of measure-
ments) local time (=GMT+8). The measurements were made
over two separate periods in 2008: the first in April, and the
second in June and July. More detail regarding the measure-
ment sites may be found inHewitt et al.(2010).

2.2 Above canopy micrometeorology

Flux measurements were made at a height of 47 m on the
GAW tower. The sides of the Bukit Atur ridge are steep and
the tree height at the top is smaller than further down, so
measurements on the GAW tower are representative of above
canopy air within a footprint that covers a large area of for-
est. Instruments consisted of an ultrasonic anemometer (RM
Young, model 81000), a temperature and humidity probe
(Vaisala, model HMP-100), a Krypton hygrometer (KH2O;
Campbell Scientific Ltd.), two fast-response ozone sensors
(a GFAS, model OS-G-2 and a Rapid Ozone Flux Instru-
ment, ROFI, CEH), and two ultrafine Condensation Particle
Counters (CPCs; TSI, models 3010 and 3025A). The CPCs
were calibrated and serviced prior to deployment in Borneo.
These models have stated lower size cut-offs of 10 nm (3010)
and 3 nm (3025A) (see, e.g.Mertes et al., 1995; Quant et al.,

1992). While the absolute lower size cut-offs of the instru-
ments used here have not been verified, they have previously
been used side-by-side to measure nucleation mode aerosols
through the difference in lower size cut-off, both in an ur-
ban environment in conjunction with a DMPS (unpublished
data) and at a coastal location (Whitehead et al., 2010). Both
instruments had a common inlet, the mouth of which was
positioned close to the anemometer array and sampled via a
1/4 inch diameter stainless steel tube with a length of 1.8 m.

Particle and ozone fluxes were calculated using the eddy-
covariance (EC) technique. This is the simplest, most di-
rect method for measuring vertical exchange fluxes of atmo-
spheric trace gases. It is based on the Reynolds decomposi-
tion of a turbulent quantity such as concentration (χ ) into its
time-averaged component (χ ), and its instantaneous pertur-
bation (χ ′):

χ =χ+χ ′ (1)

The vertical flux ofχ is then defined as the covariance be-
tweenχ and the vertical component of wind speed,w (e.g.
Foken and Wichura, 1996):

Fχ =w′χ ′ =wχ−w χ (2)

Sonic anemometer data were sampled at 20 Hz. The ozone
fluxes will be reported in an associated paper, (Muller et al.,
2010). The high frequency data were first subjected to a spike
removal algorithm, using the method described byVickers
and Mahrt(1997). Online fluxes of particles were calculated
for 30 min averaging periods. A study conducted at 75 m on
the GAW tower found that sensible heat fluxes averaged over
two hours were 8% greater than those averaged over 30 min
(Helfter et al., 2010; Langford et al., 2010). A similar result
was seen at the 47 m level suggesting that larger eddies were
missed by the shorter averaging period. Particle number con-
centrations were recorded from the CPCs once per second,
similar to the internal time response of these counters (e.g.
Heim et al., 2004). The attenuation of the eddy covariance
fluxes due to this limited sampling frequency was checked
using the method ofHorst(1997):

Fm

F
=

1

1+(2πnmτcu/z)α
(3)

whereτc is the characteristic time constant of the sensor re-
sponse (1 s in this case),u is the mean wind speed andz is the
measurement height. For unstable and neutral stratification,
z/L≤ 0,

α= 7/8; nm= 0.085 (4)

while for stable stratification,z/L>0,

α= 1; nm= 2.0−
1.915

1+0.5 z
L

(5)

From this method, particle fluxes were underestimated by 6%
on average over the whole campaign, due to the limited sam-
pling frequency of the CPC. This flux loss is modest due to
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the large average eddy size associated with the high measure-
ment height.

Particle number concentration time series data were
treated automatically for lag times induced by sampling
down the inlets and checked using autocorrelation calcula-
tions. Standard two-dimensional geometric coordinate ro-
tations were performed on the anemometer data to correct
for any deviations in the alignment of the sonic anemometer
(see, e.g.,Foken, 2006). During post-processing, the CPC
data was also detrended using a running mean window filter
with a width of 200 s, in order to reduce the number of non-
stationarities in the particle number concentration time series
data (McMillen, 1988). Following this, fluxes were checked
for stationarity using the criterion described byFoken and
Wichura(1996), whereby the covariance,w′χ ′, over the flux
averaging interval was compared to the mean covariance of
5 min sub-intervals. The percentage difference indicates the
degree of non-stationarity. For a difference of 30%, 77% of
the fluxes were found to be non-stationary, while for a dif-
ference of 60%, (as used byJärvi et al., 2009, for particle
fluxes in an urban environment) 58% of the fluxes were non-
stationary. These high rates of non-stationarities were likely
due to constant rapidly changing conditions at the measure-
ment site. These fluxes were flagged but not rejected, and the
implications on the results are discussed briefly in Sect.3.2.

It should be noted that this flux measurement, carried out
well above the forest canopy, represents the local vertical
flux at the measurement height and that effects due to stor-
age, chemistry and advection are not quantified here. The
measurements are interpreted accordingly. The effects of
chemistry are discussed in more detail in the interpretation
of the chemically resolved flux measurements byPhillips et
al. (2010).

2.3 Other above canopy measurements

The above-canopy aerosol size distributions reported here
were measured with an Aerodynamic Particle Sizer (APS;
TSI, model 3321) and a Differential Mobility Particle Sizer
(DMPS;Williams et al., 2000). The APS monitored particles
in the aerodynamic size range 0.5–20 µm, with 52 logarith-
mic size channels, while the DMPS measured in the mobility
size range 22–670 nm over 29 channels. For these concentra-
tion measurements, ambient air was sampled from a height
of 33 m at 1500 l min−1 (turbulent flow) down a 30 m inlet
of diameter 150 mm. The inlet was insulated to mitigate the
effects of solar radiative heating. By sampling rapidly, the ef-
fect of the temperature differential along its length was min-
imised. Air was sub-sampled isokinetically at ground level
at 40 l min−1 (laminar flow) from the main inlet by a 16 mm
diameter tube. It was then passed through a Nafion drier be-
fore entering the laboratory via a 44 mm diameter tube, from
which all laboratory instruments sampled. The median rel-
ative humidity of the sampled air in the container was 76%
and varied between 63 and 83% (5th and 95th percentiles).

The transmission efficiency of the inlet was tested using two
GRIMM optical particle counters (OPCs): one situated at the
top, and one sampling off the inlet. The OPCs had been inter-
calibrated with each other as described in Sect.2.4. This test
showed that the aerosol transmission efficiency of the inlet
was around 70% for the submicron range of the OPC (0.3–
1.0 µm), but reduced to around 30% for supermicron particles
(up to 20 µm). The transmission efficiency for smaller size
range particles was tested by comparison of the total concen-
tration from the DMPS (at the bottom of the inlet) and the
CPC 3010 (at 47 m on the tower). This showed a strong cor-
relation (r2=0.86) with a slope of 0.96 suggesting losses in
the small size range were 4% or less.

A Particle Volume Monitor (PVM-100) was located at ap-
proximately 32 m on the GAW tower in order to measure the
Liquid Water Content (LWC;Gerber, 1991). Situated near to
this was a second ultrasonic anemometer (RM Young, model
81000). These latter two instruments operated during the first
measurement phase only.

2.4 In-canopy micrometeorology

At the canopy site three-dimensional wind speed, heat
flux and turbulence data were recorded at 50 Hz using a
sonic anemometer (Gill R3-50, response time 50 Hz but
logged at 10 Hz, velocity range 0 to 45 m s−1, resolution
0.01 m s−1, accuracy±1.0% RMS, speed of sound resolution
<0.01 m s−1 and equivalent temperature resolution<±0.5%
at 20◦C) mounted on a 2 m mast secured to the rainforest
floor. Spikes were removed from the high frequency data
using the method described byVickers and Mahrt(1997).
Fluxes and micrometeorological parameters were calculated
using the same techniques as were used on the GAW tower.
Temperature and relative humidity (RH) were measured by a
Vaisala HMT337 heated sensor consisting of a PT100 RTD
sensor, (range−70 to +180◦C, accuracy±0.2◦C at 20◦C)
and a HUMICAP©180R sensor for humidity (range 0 to
100% RH, accuracy±1.0% from 0 to 90% and±1.7% from
90 to 100%) for improved performance in a near condens-
ing environment. This was mounted on the same mast, along
with a pyrgeometer (Kipp & Zonen, model CNR1) to mea-
sure upward and downward short and long-wave radiation at
1 Hz.

2.5 In-canopy aerosol number size distributions

GRIMM Dust Monitor Optical Particle Counters (OPCs;
model 1.108; size range 0.3–20 µm, with 15 size channels)
were installed on platforms mounted on a tree (sp.Canarium
decumanum burseraceae, approximately 40 m tall) at heights
8 m, 16 m and 32 m, and on the mast at the forest floor (fixed
OPCs). The four OPCs were used to provide near continu-
ous ambient aerosol size distribution measurements through-
out the project. Inter-calibration with each other at the start
and end of the measurements showed one of the units (at 8 m)
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Table 1. Correction factors for each OPC when calibrated against OPC 1 (situated on the mast on the forest floor). The text in brackets next
to the OPC number describes its position in the canopy.

Channel (lower cut in µm)
OPC number 0.3 0.4 0.5 0.65 0.8 1.0 1.6 2.0 3.0 4.0 5.0 7.5 10 15 20

2 (8 m) 0.39 0.40 0.40 0.64 0.97 0.45 0.27 0.12 0.02 0.02 0.09 0.09 0.07 0.03 0.04
3 (16 m / winch) 0.95 0.85 0.84 0.96 0.82 0.51 0.39 0.52 0.54 0.61 0.54 0.37 0.49 0.37 0.78
4 (32 m) 0.64 0.82 0.76 0.82 0.69 0.67 0.45 0.75 0.44 0.58 0.58 0.46 0.38 0.13 0.32

underperformed compared to a pre-calibrated reference anal-
yser (forest floor). The slopes of this and the other OPCs
when plotted against the reference OPC are shown in Ta-
ble 1. Therefore, the data from the 8 m OPC has been dis-
carded, and only the data from the other levels, calibrated
accordingly, will be presented here. Towards the end of the
measurement period one of the OPCs (taken from 16 m) was
mounted on an automatic winch system, which continuously
raised and lowered it next to the measurement tree from the
12th until the 19 July (seeRyder et al., 2010). This system
had a height range between 2 m and 24 m above ground level,
and took just under 4 min to span this range. From these
measurements, an accurate profile of size segregated parti-
cle number counts for the lower to mid-canopy was obtained
whereas the fixed monitors were used to provide longer term
diurnal variation.

2.6 Biological particle measurements

Biological aerosol concentration size distributions were mea-
sured using a Wide Issue Bioaerosol Spectrometer (WIBS,
Model 3, University of Hertfordshire). This is a real-time,
single particle, dual-wavelength UV fluorescence spectrom-
eter (Kaye et al., 2005; Foot et al., 2008), that detects parti-
cles in the range 0.5–20 µm. This instrument was located on
the mast at ground level (close to the OPC inlet) and 14 full
days of data were collected from it. Further details of this
instrument and measurements may be found inGabey et al.
(2010).

2.7 Aerosol composition

Aerosol composition profiles were measured through a num-
ber of bag sampling experiments that were conducted during
the second experimental phase. Ambient air was sampled si-
multaneously from the heights of each platform on the mea-
surement tree through 40 m 1/4 inch OD stainless steel tub-
ing. The air was sampled into 100 l Teflon bags by evacuat-
ing the airtight housing in which they were contained, negat-
ing aerosol loss through the vacuum pump. Bags were in-
flated over a period of approximately 10 min before being
sealed and transported to a High Resolution Time of Flight
Aerodyne Aerosol Mass Spectrometer (HR-ToF-AMS;De-
Carlo et al., 2006), located at the base of the GAW tower.
The HR-ToF-AMS provides quantitative, chemically speci-

ated aerosol loadings as well as additional mass spectral in-
formation of non-refractory aerosol particles in the size range
60–700 nm. The bags were sampled sequentially in a ran-
dom order with the HR-ToF-AMS until aerosol levels had
decreased to low levels due to impaction on the bag, a period
of around two hours. This allowed 2–3 10 min samples from
each bag. The HR-ToF-AMS has a low flow rate of around
1.3 cc min−1 and did not adversely affect the fill level of the
bag. The decay of organic and sulphate aerosols, the two
most abundant aerosol species, were fitted exponentially for
each bag. The fits were extrapolated back to the time of sam-
pling (around 40 min before measurement on the HR-ToF-
AMS), allowing an estimate of speciated aerosols loadings
as a function of height within the canopy and trunk space.

Theoretical calculations (seeBrockman, 2001) suggested
that the aerosol losses in the inlet were small (<1%) in the
size range of the HR-ToF-AMS. In any case, the difference
in residence times of the inlet (4 s) compared to the bags
(40 min to 2 h) means that it is the bags that are important
in terms of aerosol losses.

2.8 Boundary layer wind and turbulence

Profiles of three-dimensional wind speed, turbulence statis-
tics, aerosol and cloud backscatter were measured using a
portable near IR pulsed Doppler lidar (a Halo-Photonics sys-
tem). This was located approximately 200 m from, and
20 m below, the in-canopy site, and continuous measure-
ments were available during the first phase only. The lidar
was operated with 100 range gates at a resolution of 30 m.
Raw velocity and return power data were integrated every
30 min to derive signal to noise, backscatter coefficient and
cloud and fog layer presence. Typical velocity resolutions are
quoted as several cm s−1 depending on signal to noise levels.
A full description of the lidar measurements and results is
given byPearson et al.(2010).

3 Results and discussion

3.1 Energy budget above and below canopy

Figure2 shows the diurnal variation in sensible heat flux both
above the canopy (as measured from the GAW tower) and
in the trunk space. Above the canopy, the pattern was as
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Fig. 2. Diurnal variation of sensible heat flux above the canopy
(at the GAW tower) and in the trunk space. Shown are the median
values at given times of day (black line), inter-quartile ranges (green
shaded region) and 10th and 90th percentiles (dashed lines).

expected, with higher upward fluxes during the day, reducing
to around zero overnight, although it is likely that at night-
time the GAW tower became decoupled from the canopy and
that heat fluxes at the canopy top were actually more neg-
ative during night than is reflected in these measurements.
This is consistent with the analysis of the heat flux measured
within the canopy, close to canopy top (Helfter et al., 2010).
The day-to-day variability was due to differences in cloud
and rainfall conditions. Below the canopy, fluxes were much
smaller and the largest positive fluxes were observed at night
(due to radiative cooling in the upper canopy), with daytime
fluxes around zero or negative in the middle of the day. This
is consistent with measurements made in other tropical rain-
forests (Allen et al., 1972; Pinker and Holland, 1988; Kruijt
et al., 2000). Kruijt et al. (2000) observed that the space
within the canopy was largely stable during the day and only
weakly unstable at night in the lower parts of the trunk space.
Similarly, the canopy and trunk space in Borneo was mainly
unstable at night and neutral or stable during the day. Above
the canopy, the opposite was true in both studies, indicating
persistent decoupling between above canopy and the trunk
space in terms of turbulent parameters. This would have
had the effect of suppressing transport into, and out of, the
rainforest canopy, and so has implications for the exchange
of gases and particles out of the canopy. During measure-
ments in the Amazon,Fitzjarrald et al.(1990) found that the
canopy removed high frequency turbulent fluctuations, while
passing lower frequencies. This is consistent with the ob-
servation that turbulence within plant canopies scales with
canopy height, which is large for tropical vegetation (e.g.
Finnigan, 2000). Therefore, transport through the canopy
will depend on large scale events. Nocturnal exchange has
also been shown to occur under certain conditions (Fitzjar-
rald and Moore, 1990).

3.2 Above canopy particle concentrations and fluxes

A comparison between the ambient data obtained by the CPC
models 3010 and 3025A showed no difference other than a
systematic offset, implying that particles with diameters less
than 10 nm were not observed. Measurements in the Amazon
also did not observe particles in this size range, suggesting a
lack of local nucleation (Zhou et al., 2002). Therefore the
analysis will concentrate on data from the CPC 3010. Fig-
ure3 shows the diurnal cycle of particle number concentra-
tion and flux at the GAW tower. Local fluxes at the tower
were generally small overnight, with larger fluxes, both up
and down, during the day. Of particular note are the apparent
upward fluxes seen during the morning on some days, peak-
ing to median values of around 400 particles cm−2 s−1 be-
tween 09:00 and 10:00 local time. These occurred on around
80% of the days during the campaign.Ahlm et al. (2009)
observed a similar morning peak in particle number fluxes in
the Amazon rainforest in Brazil. The peak in particle fluxes
observed here occurred as the mixed layer was growing in
the morning, and the fluxes reduced again once the mixing
height reached its maximum (see Fig.3). These fluxes may
be attributed to venting of the nocturnal boundary layer as it
breaks up in the morning below the height of the measure-
ments on the GAW tower, and as the mixed layer grows.
Rejection of non-stationary fluxes (see Sect.2.2) did not
fully remove the upward fluxes, however the peak appears
slightly earlier (between 08:30 and 09:00 local time). This
may be because after this time, the conditions are changing
too rapidly to be considered stationary. It must be noted that
the lidar measurements were made down in a valley, near the
in-canopy site, about 1.2 km away from, and approximately
270 m lower than the CPC fluxes (see Fig.1). While rep-
resentative of the larger area which governs the exchange
between the canopy and the air above, the mixing heights
derived from the lidar data may therefore not be exactly ac-
curate of the structure above Bukit Atur itself, particularly at
night (Pearson et al., 2010).

Figure4 shows the size distribution recorded by the DMPS
above the canopy over the second measurement phase. A
dominant mode was consistently seen at 50 nm, with evi-
dence of another mode around 150 nm. The size distribu-
tion did not vary significantly during the upward flux events,
even when an increase of particle number concentration was
seen. This suggests either that the particles emitted from be-
low were similar in size to those into which they were being
mixed, or the upward fluxes were not large enough to sig-
nificantly impact on the properties or concentration of the
aerosol population. At around the same time as the observed
upward fluxes, there is an apparent increase in the particle
number concentration. However this was not found to be
significant, even when only considering days on which the
upward fluxes were seen. This is because the upward fluxes
were not always associated with an increase in particle num-
ber concentration.
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Fig. 3. Diurnal variation of particle number concentration (top) and
flux (bottom) measured at the GAW tower plotted as median val-
ues at given times of day (black line) and the inter-quartile ranges
(red shaded region). Also shown is the diurnal average mixed layer
height derived from the lidars aerosol backscatter data (blue trace).
The zero line on the particle number flux axis also marks the height
of the flux measurements on the GAW tower above the lidar mea-
surements on the mixed layer height axis. Error bars are standard
error.

3.3 Fog deposition

The PVM-100 at 32 m on the tower was not located suffi-
ciently close to the anemometer for reliable eddy covariance
measurements. However, an estimate of the fog water depo-
sition may be derived under the assumption that the laminar
boundary layer resistance and canopy uptake resistance are
small compared with the resistance for turbulent transport,
by dividing LWC by the aerodynamic resistance,ra :

FLWC = LWC/ra (6)

where

ra(z−d)=
u(z−d)

u2
∗

−
ψH (z/L)−ψM(z/L)

κu∗

(7)

at a given heightz−d, wherez is the measurement height,
d the zero-plane displacement height,u is the wind speed,
u∗ is the friction velocity,L is the Obukhov length (a mea-
sure of stability),κ is the von Ḱarmán constant (0.41), and
ψH andψM are the integrated stability functions for heat and
momentum, respectively, which may be approximated by the
analytical solutions derived byPaulson(1970) (seeGarland,
1977). Using this method, it was estimated that a total of
1.6 mm of fog was deposited to the rainforest over the period
from 14 April until 3 May. This is much lower than the to-
tal rainfall during the same period of 277 mm (although the
rainfall was significantly higher than usual for that time of
year;Hewitt et al., 2010).

Fig. 4. Particle size distribution as measured with the DMPS at the
GAW tower. The graph shows median (solid line) and inter-quartile
range (dashed line) for the period 21st June to 24th July 2008.

This is likely to be a lower limit as the estimate only in-
cludes turbulent flux, and also because of its position at 32 m
on the GAW tower. There was less fog at this height on the
Bukit Atur ridge than at canopy height in the surrounding
valleys. Lidar measurements (Pearson et al., 2010) show that
the frequency of fog occurrence is around 60% in the val-
ley between the hours of 02:00 a.m. to 06:00 a.m. local time,
while the PVM-100 measurements suggest that fog reaches
the height of the GAW tower only 11% of the time during
the same early morning period (based on a threshold LWC of
20 mg m−3). Therefore the actual deposition rate is likely to
be higher. This warrants further investigation as fog has been
found to be a significant pathway for the deposition of nu-
trients and other atmospheric constituents to forests in other
parts of the world (Fowler et al., 1989; Liu et al., 2004).

3.4 In-canopy aerosol profiles

The OPC data from the winch system was separated into
2 m height bins and averaged up to give hourly profiles of
size-segregated aerosol number concentrations to a height of
24 m in the canopy. These were then separated further into
submicron (0.3–1 µm;NDp<1) and supermicron (1–20 µm;
NDp>1) size ranges as these were seen to exhibit different
behaviour. Both are plotted as diurnal averages in Fig.5,
showing a significant diurnal variation in the supermicron
aerosol profile. Number concentrations in this size range be-
gan to increase with height shortly after sunset. This gradi-
ent increased throughout the night until about sunrise, when
concentrations at all heights dropped to less than 103 L−1 for
the rest of the morning. Fog formation frequently occurs at
the top of, and above, rainforest canopies at night and in the
early morning due to high relative humidity at these times
(typically more than 80% both above and below canopy in
this case). Lidar measurements show high backscatter values
in the early morning, indicative of thick fog up to a height of
around 200 m (Pearson et al., 2010). The diurnal variation in
supermicron particles observed towards the top of the canopy
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Fig. 5. Diurnally averaged hourly profiles of aerosol number concentration within the canopy and trunk space. These are separated into sub-
micron (0.3–1 µm; red lines) and supermicron (1–20 µm; blue lines) within the range of the GRIMM aerosol spectrometer. Local (GMT+8)
start time of each hourly period is shown. Error bars represent one standard error.

therefore appear to be due to late-night/early-morning fog
formation at the canopy top, penetrating some way into the
canopy itself.

Figure 6a shows this process occurring on a daily basis
from the fixed OPC at a height of 16 m on the measurement
tree. In this period, the nocturnal increase inNDp>1 coin-
cided with a decrease inNDp<1. The diurnal pattern in sub-
micron particles in the canopy (shown in Fig.7a) also shows
an overnight decrease, particularly from around midnight on-
wards. This suggests growth of these particles to the larger
sizes and hence activation as fog droplets. The lower size
limit of the OPC is 300 nm and it is likely that large numbers
of particles below this size also become activated and grow.
This would account for the imbalance between the increase
in NDp>1 and the decrease inNDp<1 due to activation. The
source of these submicron particles is uncertain, however as
discussed in the next section, they are likely representative of
regional scale aerosols.

Supermicron particles at ground level showed similar en-
hanced concentrations overnight, but to a lesser extent than
higher up in the canopy, and this can be seen more clearly in
Fig. 7b. It can also be seen from this figure, however, that the
highest concentrations were observed during the afternoon,
increasing from about 13:00 to a peak at around sunset of
around 5×103 L−1. This pattern is consistent with the WIBS
data, which also showed that Fluorescent Primary Biologi-
cal Aerosol Particles (FBAP) account for, on average, 55%
of particles in the size range 0.8–20 µm at the forest floor
(Gabey et al., 2010). Figure8 shows the size distribution
of FBAP and non-FBAP number concentrations as measured
with the WIBS, and illustrates how FBAP dominates the su-

permicron aerosol population in the trunk space. Both instru-
ments report an aerosol size distribution in the supermicron
range at the forest floor with a consistent mode between 2–
3 µm. The nature of these particles is discussed in more de-
tail by Gabey et al.(2010). The OPC profile measurements
in Fig. 5 suggest that the afternoon increase in these parti-
cles only extended to a height of about 10 m and that it was
greatest at ground level. This may imply that, during day-
time at least, FBAP activity only occurred in the lowest part
of the trunk space, although it could also be due to the fact
that the turbulence is lowest close to the ground, resulting in
the build up of concentrations. It is not clear how high this
extended during night time due to the increased cloud droplet
number concentrations in the upper parts of the canopy, but
also because the reduced stability of the air below the canopy
at night would have led to greater mixing (see above). WIBS
measurements above canopy showed that the FBAP contribu-
tion to total particle number concentrations in the size range
0.8–20 µm was only around 28%.NDp>1 (measured with the
OPC) decreased exponentially from just before sunrise, co-
inciding with the cessation of the FBAP emission processes
(Gabey et al., 2010). The supermicron particles are most
likely removed from the canopy space by sedimentation and
impaction (e.g.Pryor et al., 2008), and the mean e-folding
time for this decay was calculated to be approximately 1.5 h.
Assuming a ceiling for FBAP activity of 10 m, this implies a
mean deposition velocity of around 2 mm s−1. If the FBAP
activity extends to greater heights overnight, say 25 m (the
minimum height of the canopy top), the mean deposition ve-
locity is around 4.5 mm s−1.
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(a)

(b)

Fig. 6. (a)Time-series of size distributions measured with the GRIMM OPC on the 16 m platform within the canopy.(b) The size distribu-
tions averaged over this time-series for periods of fog (blue) and no fog (red).

No significant gradient in submicron particles was ob-
served inside the canopy at any time of day and strong cor-
relations were found between the number concentrations at
various heights. This implies that submicron particles were
uniformly dispersed throughout the canopy and trunk space
at all times. Guyon et al.(2003) also found fine particles
(Dp < 2.0 µm) to be well mixed throughout the canopy and
trunk space in the Amazon (although they observe different
behaviours for different trace elements, depending on their
source). In this work, however, a diurnal pattern was seen in
which number concentrations were higher in the middle of
the day (Fig.7a), rising from around 08:00 to a late morning
peak. These concentrations remained relatively steady over
the afternoon and evening before decreasing from about mid-
night until sunrise. This pattern occurred at all measurement
heights, however the daytime increase was not observed ev-
ery day. Processes governing the submicron particle number
concentrations within the canopy and trunk space are dis-
cussed in the next section.

3.5 Interpretation of particle concentrations above and
below canopy

Comparisons were made between the APS measuring at 33 m
on the GAW tower and the OPC on the mast on the forest
floor. No relationship could be found between the two sites
for the supermicron particle size range. However, through-
out the experiment, certain features in the submicron (0.5–

1.0 µm) particle time-series were present at both sites. This
can be seen in Fig.9, which also reveals that while these
features were sometimes seen at both sites simultaneously,
there was also often a delay time between detection at the
GAW tower and detection in the trunk space (with the above
canopy measurement always preceding). A cross-correlation
was performed on the two one-minute time-series in order to
determine what the delay time (1t) was at any given time.
This was found to range from zero (simultaneous measure-
ments) to as much as three hours. Figure10 shows how1t
varies as a function of time of day by showing the median
diurnal variation (as well as the interquartile range) of1t

over the measurement period. It suggests that, generally,1t

was lowest during the middle of the day, between 11:00 and
15:00, when it was mostly less than 30 min.

During this daytime period of relatively low1t , a strong
correlation is seen between particle number concentrations
above canopy and in the trunk space (r2=0.64). Thus it
seems that the morning rise in submicron particle concen-
tration seen at the forest floor in Fig.7a (which, due to the
lack of gradient observed from the OPC on the winch, can
be considered representative of the trunk space) is due to an
influx of particles from above the canopy. When this influx
becomes less efficient at night, there is little or no correla-
tion, and on average the trunk space concentration begins to
decrease while it increases above canopy (see Fig.3).
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Fig. 7. Diurnal variation of(a) submicron (0.3–1 µm), and(b) su-
permicron (1–20 µm) particle number concentration as measured by
the OPC on the mast near the forest floor. The black markers and
lines show the means, while the boxes represent the inter-quartile
range and the whiskers represent the 10% to 90% range.

Fig. 8. Mean number size distributions of FBAP and non-FBAP in
the range 0.8–20 µm, as measured with the WIBS (seeGabey et al.,
2010).

Further evidence of particle transfer from above canopy to
the trunk space can be seen in the results of the in-canopy bag
samples (Fig.11). As there were only a few of these sam-
ples made, it is impossible to make firm conclusions about
the aerosol mass loadings of the individual chemical com-
pounds and their profiles within the rainforest canopy and
trunk space. Nevertheless, the ratios of sulphate to organics
are generally consistent with the AMS measurements made
above the canopy at the GAW site, as seen in the figure.

Fig. 9. Time-series of submicron particle concentrations above
canopy from the APS (red trace) and in the trunk space from the
OPC (blue trace) illustrating a relationship between the measure-
ments at the two sites and the variation in delay time (1t).

Fig. 10. Diurnal variation in delay time calculated from the cor-
relation between above canopy and trunk space submicron particle
measurements. Solid lines represent the median values, while the
dashed lines and shaded area show the inter-quartile ranges.

When the ratios do not seem to match so well, on the 27
June, correlations between above canopy and the trunk space
were very poor with large1t .

This would seem at first to contradict the conclusion of
Sect.3.1 that the region above the canopy is decoupled from
the trunk space based on the different behaviour of the sen-
sible heat fluxes. However, as already discussed, trans-
fer of atmospheric constituents through the canopy can oc-
cur due to large-scale, intermittent turbulent events on time-
scales of a few minutes (Gao et al., 1989; Fitzjarrald et al.,
1990; Rummel et al., 2002), whereas sensible heat flux is
dominated by high frequency turbulence. Figure12 shows
the quadrant plots (joint probability distributions ofw′ and
u′; see, e.g.Finnigan, 2000) and spectra from two differ-
ent episodes: (a) when there was no correlation between
above canopy and trunk space particle measurements; and
(b) when the correlation was strong and1t was short (a few
minutes). When particle measurements do not correlate, the
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Fig. 11. Speciated aerosol concentration profiles within the canopy
and trunk space from bag samples, analysed with the AMS. Values
measured concurrently by the AMS above canopy at Bukit Atur are
marked as diamonds and labelled “BA” on the left axis. Times are
approximate local times at the start of sampling.

quadrant analysis shows no significant features, and no par-
ticular quadrant is favoured. The power spectra forw (Sw)
and the co-spectra forw and temperature (CowT ) follow the
theoretical power laws in the inertial subrange (Kaimal et al.,
1972). On the other hand, when particle transfer is clearly
occurring, the quadrant plots show a weak correlation be-
tweenw′ and u′, concentrating in the top left and bottom
right quadrants, which represent “ejections” (upward mov-
ing air) and “sweeps” (fast, downward gusts), respectively
(Finnigan, 2000). The spectra and co-spectra show a reduc-
tion of power in the inertial subrange, with additional energy
apparently being created at higher frequencies. This may be
due to wake effects of the canopy elements transferring en-
ergy from the larger eddies directly to the higher frequen-
cies (Finnigan, 2000). This process is evident to some ex-
tent in Fig. 12a, but is most prominent in Fig.12b, when
the particle measurements correlate. A time-series of the
power spectra forw (Fig. 13) shows that these spectra var-
ied with a very regular diurnal pattern. The pattern seen in
Fig. 13 occurred on every day of measurement without ex-
ception. The spectrum (Sw) shown in Fig.12a is typical of
night-time conditions, while the additional energy at higher
frequencies, as seen in the spectrum (Sw) in Fig. 12b, is seen
more during the daytime, between around 08:00 and 19:00.
These times are approximately coincident with the reduction
in 1t seen in Fig.10 (although the reduction may begin a
little later in the morning), supporting the idea that particle
transfer through the canopy is dependent on large scale pro-
cesses. Similar patterns in spectra were observed byKruijt et
al. (2000), however their quadrant analysis does not show
much correlation betweenw′ and u′ at the bottom of the
canopy. It is not clear why these results differ from theirs.

Fig. 12. Quadrant plots of normalisedu andw fluctuations (top
panels), frequency weighted power spectra ofw (middle panels)
and co-spectra ofw and temperature (bottom panels) for ground-
level trunk space data taken at(a) 07:00 on the 16th July, and(b)
14:00 on the 15th July 2008. The solid black lines on the spectra
and co-spectra represent the theoretical inertial subrange slopes of
n−2/3 andn−4/3 respectively (Kaimal et al., 1972).

Fig. 13. A time-series of the frequency weighted power spectra of
w.

The in-canopy transport mechanisms during this study are
considered in more detail byRyder et al.(2010) andHelfter
et al.(2010) and will also be the subject of further study.

It should be noted that while common features in the
submicron particle time-series were always seen above the
canopy before or at the same time as they were seen in the
trunk space, this does not imply that particle transfer only
occurs down into the canopy. Due to the distance between
the measurement sites, any changes in particle concentra-
tions that were seen at both sites must have been a large
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Fig. 14.A summary of the processes governing the particle number
concentrations above and within the rainforest canopy. The yellow
dashed line depicts the top of the stable nocturnal boundary layer,
while the red dashed line marks the daytime mixed layer. The num-
bers mark the important processes observed here, which are dis-
cussed in the main text of Sect.4.

scale event. Any particle emissions from the canopy space
into the mixed layer would have therefore occurred on small
scales, been quickly diluted into the larger mixed layer above
canopy, and would therefore not have been registered by
measurements at the GAW tower. Similarly, this analysis
does not rule out the possibility of exchange of supermicron
particles between above canopy and the trunk space. Such
exchange is discussed in more detail byGabey et al.(2010).

4 Summary and conclusions

Aerosol concentrations and fluxes were measured above and
below a rainforest canopy in North-East Borneo. These
measurements showed significant diurnal patterns at all lev-
els that were consistent throughout the measurement period.
These are summarised in Fig.14. Overnight, a persistent
decoupling between the canopy space and the overlying at-
mosphere resulted from a shallow nocturnal boundary layer.
This also gave rise to the frequent appearance of fog at the
canopy level (marked 1 in Fig.14), as evident in the obser-
vation of the overnight increase in supermicron particles in
the upper parts of the canopy. After sunrise, as the noctur-
nal boundary layer breaks up, the fog is rapidly burned off,
resulting in a sharp drop in these supermicron particle num-
ber concentrations. Shortly afterwards, an upward flux of
aerosols was seen above the canopy (2). It is likely that this
flux is due to venting of aerosols from the nocturnal bound-
ary layer as it breaks up.

Throughout the day, the stronger turbulence results in
greater mixing, and coupling through the dense foliage of the
canopy is able to occur through large-scale sporadic turbu-
lent events (3). As a result, particles in the submicron range
correlate strongest during these times. Therefore submicron
aerosols throughout the canopy (which show no significant

variation with height) may be considered representative of
above canopy aerosols, at least during the day. This conclu-
sion is further supported by aerosol composition measure-
ments, which indicate that aerosols in the trunk space have
similar composition to those above canopy. In this study,
this process was seen in the submicron range of particles but
can not be ruled out for larger particles. At ground level, be-
low the canopy, number concentrations of supermicron parti-
cles correlate with co-located PBAP measurements, showing
that biological aerosols dominate at this level. These aerosols
peak in number concentration during the late afternoon and
early evening, and remain high overnight (consistent with
fungal spore release; 4).
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