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Abstract. Aerosol concentrations and 3-D winds were mea- mixing, chemical and physical processing, and deposition.
sured from 9 to 25 September 2007, above a pine foresAerosol removal via clouds and precipitation is known as wet
in California. The measurements were combined using theleposition while removal by cloud-free, turbulence related
eddy covariance (EC) technique to determine aerosol eddprocesses (including impaction, interception and diffusion)
fluxes as a function of particle diameter within the accu- and gravitational settling are termed dry deposition.
mulation mode size range (0.25 g, <1 um here). Mea- Dry deposition can contribute a substantial fraction (up to
sured heat and water vapor fluxes were utilized to correct th@ne-half) of the total chemical mass in atmospheric deposi-
aerosol eddy fluxes for aerosol hygroscopic growth. The hy+ion (Erisman et al., 1997; Hicks et al., 1991) and can result
groscopic growth correction was necessary despite the lovin potentially significant impacts on terrestrial and aquatic
RH and relatively hygrophobic nature of the particles. Un- ecosystems. However, rates and mechanisms for the removal
certainties associated with particle counting also were evalof accumulation mode particles by turbulence are not well
uated from the data. Aerosol deposition velociti&s£ EC  known nor is the dependence of particle deposition velocity
turbulent flux/mean particle concentration) during daytime (V) on diameter (Pryor et al., 2008; Seinfeld and Pandis,
were shown to vary from-0.2 to—1.0cms%; the magni-  1998). This study particularly addresses particle fluxes to a
tude of particleV, increases with friction velocity and parti- second growth forest which is typical of those that have been
cle diameter. planted across the western United States.

1 Introduction 2 Methods

Removal of aerosol particles to vegetation by atmospheric2.1 Site

turbulence is the focus of this experiment that addresses fac-

tors which control the magnitude of aerosol flux and key Aerosol concentrations and winds were measured from 9 to
uncertainties in its measurement using the eddy correlatio? September 2007, above a pine forest owned by Sierra Pa-
technique. These factors relate to aerosol microphysics¢ific Industries, adjacent to the University of California at

aerosol chemical Composmon and boundary |ayer dynamBerke|eyS Blodgett Forest Research Station as part of the
ics. Biosphere Effects on Aerosols and Photochemistry Experi-

The concentration and chemical composition of atmo-ment (BEARPEX). The site is located 75km NE of Sacra-
spheric, accumulation mode (0.1, <2.0um) aerosol ~Mento, CA (3859 N, 120° 58'W) at 1315m elevation on
are important influences on the Earth’s climate, air quality,the western slope of the Sierra Nevada mountains. The area
clouds, and precipitation (Charlson et al., 1992; Charlson e¥vas planted with Pinus ponderosa in 1990 with a few other
al., 1987). The composition, concentration, and spatial disSPecies present; average canopy height is 7.9m. The un-

tribution of aerosol are controlled by emission, transport andderstory is composed of manzanita and mountain whitehorn
shrubs up to 2m in height . The leaf area index for the full

canopy was 5.1 Aim?. A detailed description of the site is
Correspondence taR. J. Vong provided by Goldstein et al. (2000). The daytime fetch is ex-
BY (vong@coas.oregonstate.edu) cellent in that the upwind (winds from the SE to W) canopy
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is even aged and uniform over a distance of 2 km and the terthree dimensional winds and virtual temperature at 10 Hz us-
rain is gently sloped @. The night time fetch (winds from ing an ultrasonic anemometer (Model SWS-211-3K Appl.
the E and N) is not as good because of uneven upwind terraiffech. Inc., Boulder CO), and temperature and RH (Model
and advection of emissions from the site’s electrical generaHMP-45C Campbell Scientific, Logan UT) gradients were

tor (located~125 m to the N). measured at 30 min intervals (at 18.8 m/7.3ma.g.l.).
The EC technigue combined aerosol concentrations from
2.2 Instrumentation the FAST, water vapor density from the KH-20, and 3-D

winds from the sonic anemometer as calculated covariances;
Aerosol concentrations as a function of particle diametera|| of these measurements were performed from the top of
were measured by light scattering techniques. The FASTy scaffolding tower at 18.8ma.g.l. The EC instruments
aerosol spectrometer (Flux Aerosol Spectrometer Techniqueyere mounted on a boom that extended 2m upwind of the
Droplet Measurement Technologies, DMT Boulder CO) pro- Sw tower corner in order to minimize flow distortion from
vided particle concentration at 10Hz as a function of sizethe scaffolding. The instruments were periodically oriented
for the eddy covariance (EC) fluxes while two identical Opti- (genera"y 2 to 3 times per day) into the prevai”ng wind di-
cal particle counters (OPC, WELAS 1200, Palas, Karlsruhe rection by rotating the boom. When the boom was rotated,
Germany) measured the aerosol size spectra and hygroscopiflet nozzles of varying diameter matched the FAST aspira-
growth at 5 min. resolution. The FAST and OPCs providedtijon velocity to ambient wind speed (usually withif25%)
detailed resolution of the aerosol size spectrum for much achieve near isokinetic sampling. Inlet losses were calcu-
of the accumulation mode size range (0.25u),<1.0Um  |ated as 0.3% for &25% non-isokinetic match of velocities
here). for D, =1um, wind speed=2n1$ and T =25°C (Baron

The FAST illuminates the aspirated aerosol particles withand Willeke, 2005).

a 680nm laser and detects the scattered lightt¢o14°

forward collection angle) (Vong et al., 2004). The FAST 2.3 Data processing for aerosol EC fluxes

was size-calibrated using PSL particles and its counting effi-

ciency was determined as a function/®f by comparisonto  The eddy covariance (EC) fluxes for the FAST were deter-
a second instrument (UHSAS, DMT Boulder CO) in the lab- mined after combining the particle concentrations from its
oratory and to the OPCs in the field. The FAST particularly twenty aerosol size intervals into six broader size intervals
undercounted the smaller particles compared to the UHSAS0 obtain more total counts for each diameter interval within
and OPCs before correction; this counting correction was aach 30 min. flux period. These six aerosol sizes covered
factor of 3.3 atD, =0.30 ym and 1.7 ab, =0.49um. The the range 0.25umD,<1.0um. Thus, aerosol concentra-
FAST was operated continuously during daytime and somdions and fluxes were determined separately from the FAST
nights. for the diameters listed in Table 1.

The two WELAS white-light OPCs were operated regu- Ina0.1 sec. sampling interval, the FAST typically counted
larly but not continuously each day to quantify aerosol hy- 1 to 10 particles in the larger diameté? (>0.5 um) intervals
groscopic growth (Hegg et al., 2006, 2007, 2008) during thebut 5 to 40 particles for the smaller intervals (e.g., 0.3 pm).
morning, afternoon and early evening hours. Water vaporFor any 30 min eddy flux during BEARPEX, the total particle
was added to and removed from the sample air upstream afounts in any diameter interval varied fromi0* to 2x10°.
the two OPCs to achieve relative humidities (RH) that brack- Periods with at least 28 (of 30) min of valid data were re-
eted the ambient RH for that time period in order to deter-tained for further analysis. Data were deemed valid after
mine the hygroscopic growth parametei felevant for the  screening for periods with signal dropouts, activity on the
FAST measurement. The OPCs were located inside a santewer, sonic anemometer or hygrometer spikes during rain,
pling van at the base of the tower and drew air at 12 mhin  boom rotation, and poor upwind fetch. The screening identi-
through a common 1/2cm dia. conductive polyethylenefied periods with unusual data variance to screen out periods
tube from the 18.8 ma.g.l. tower level near the EC instru-with non-stationarity. To avoid these problems as well as
mentation. The OPCs were size calibrated with PSL parthe result of applying standard micrometeorological screen-
ticles of 250 to 900 nm. Their counting efficiency was de- ing of eddy flux data (Vickers and Mahrt, 1997, 2003), the
termined by comparison to condensation particle counterglata set was reduced to its most ideal periods: 316 total 30-
(Model 3010, TSI, St. Paul MN) using PSL selected by amin periods with valid aerosol eddy fluxes (most were day-
differential mobility analyzer (Model 3071, TSI). Particle time hours) with 67 of these periods also having aerosol hy-
losses for the OPC inlet and sampling line were less thargroscopic growth measurements (twice each day).

0.7% for (0.2 pr D, <1.0 pm) including gravitational, dif- After the above data screening steps, tilt and coordinate
fusional, and inertial mechanisms for a reasonable particlesystem rotations were investigated (Lee et al., 2004). The de-
density of 1.5g cm?® (Baron and Willeke, 2005). rived rotation (“attack”) angle (2mean) matched the slope

Water vapor was measured in situ at 10 Hz by ultravioletof the upwind terrain such that vertical fluxes were both
absorption (Model KH-20 Campbell Scientific, Logan UT), “surface normal” and streamline normal. This attack angle
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Table 1. FAST sensing diameter: ranges and mid-points.

— . I11z T T I: & L. I I il = I I_
FAST channel D, interval, pm  Mid-pointD,, pm 5 .. EE: 1:s 1 T o 5 T
= i = I
A 0.246 to 0.280 0.26 ! 1 Al 1
B 0-28 tO 0-31 0-30 d 50 1 lli |‘2 \lﬁ 2'0 24 0 -: BE \|2 \Iﬁ 2'0 24
C 0.31t00.34 0.33 Hour Hour
D 0.341t00.44 0.40 | RRRRT 7T ™" T A0 e lameter
E 0.44 to 0.54 0.49 "z 11 I I
F 0.54101.01 0.78 P =] % op=T%I —
;} -0.5 I I T - ;“ - T 4
1 I ] Ak I I I ]

T T T
0.26 u m Diameter

T T T T
0.30 ¢ m Diameter

1

1 1
4 8 12 15 20 24
Hour

0 4 8 12 18 20 24

Hout

derived from the daytime BEARPEX data resulted in simi- i R — T
lar EC fluxes whether rotations were derived from data for [ I 0. 4LEm OlamLAy I - I %108 Dienela] J
each 30 min. flux period or alternatively based on mean “at- -~ [t . 141 = JII ]
tack angle” as a function of wind direction (Kowalski et al., I ] I I T11 ]
1997). These different rotation criteria also produced similar = [ I I : ] i ]
values for friction velocity £*) indicating that the fluxes are e IS T P P | SRR ST SRS |
not sensitive to the rotation criteria at this site. S e Hour

The eddy covariance heat, water vapor, and momentum
fluxes that are reported here showed good agreement witkig. 1. Diurnal variation of aerosol deposition velocity for six parti-
those measured independently by Univ. of California col-cle diameters as measured during BEARPEX 2007 (negaljvis
laborators for the same time periods (regression slopes We@ownward). No corrections have been applied to these dgta. Bars
0.96 to 1_172 =0.77 t0 0.92) despite the fact that their fluxes indicate+ on_e datg standard_ error for values recorded during that
were measured from a second tower that was located 12 ffy'© nour period. Times are given as PST.
away (cross wind) and at a lower height (13ma.g.l. for U.C.

vs. 18.8m here). This type of consistency between fluxes . . .
measured at different heights and cross wind locations Suggoncentratlon) during BEARPEX. In this paper we use the

gests that these EC measurements are representative of tﬁ(%n vention _that negativig; and fluxes are dqwnward. Depo-
sition velocities are presented to characterize the aerosol tur-
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upwind fetch. bulent fluxes to remove both the dependence of flux on con-
centration and the counting efficiency correction. Aerosol
3 Results fluxes and the magnitude of the deposition velocities were
larger during mid-afternoon than mornings or evenings.
3.1 General Analysis of daytime sonic anemometer data indicates that

the turbulence at the measurement height is fully developed
The winds were predictable with upslope winds (S to W) (Stull, 1988; Foken et al., 2004) in that the expected rela-
over good fetch from late morning until sundown each daytionship exists among vertical and horizontal turbulent wind
but down slope winds (N to E) at night and early morning. components ¢, =1.33u* with r2=0.93, whereo,, is the
Concentrations were quite low except for a few periods whenstandard deviation of the vertical wind component ahds
forest fires elevated particle and gas concentrations (theste friction velocity, both over 30 min.).
fire periods were removed by the screening procedures; see
Sect. 2.3); Table 2 provides mean aerosol number concer3.3 Counting uncertainties
trations and deposition velocities for BEARPEX 2007. The
ambient relative humidity was in the range 15®H<40%  The uncertainty for single 30-min. EC aerosol fluxes
during most daytime periods. Very little to no generator due to the discrete nature of aerosol “counting” was cal-
influence on accumulation mode particle concentration wagulated aso,/\/N (Fairall, 1984; Nemitz et al., 2002;
detected during the steady upslope winds that characterizeong et al., 2004) where N is the number of particles

daytime periods based on subsequent measurements of ultrgounted in 30min for a particular particle size. Count-
fine particle concentrations. ing uncertainties, in terms of the particle deposition ve-

locity, were +0.14 to 0.21cmts! for the smaller parti-
cles (0.25 um D, <0.44 um) but weret0.55 cm s for the
larger particles (0.5 pmD,<1.0 um) for single 30-min. EC
Figure 1 presents the measured diurnal variation of aerosaherosol flux periods. These counting uncertainties are ac-
deposition velocity ¥; = EC turbulent flux / mean particle ceptable for the smalleiX, <0.5 pm) particles but are large

3.2 Eddy covariance fluxes
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Table 2. Mean daytime (10 a.m.—3 p.m.) aerosol properties during BEARPEX 2007.

D, um  Concentration cm®  Mean deposition velocity, cms™1  Regression of/; on binnedU*  Regressiom?
0.26 59 —-0.18 —V;=0.29 *)0-83 0.44
0.30 85 —0.29 —V;=0.42 U*)0-72 0.21
0.33 22 —0.46 —V;=0.99 U*)111 0.71
0.40 10 —0.63 —V;=1.63 U*)142 0.89
0.49 2 —-0.61 N.A. dna
0.78 1 —0.38 N.A. dna

N.A. =not appropriate due to higher counting errors.

enough to substantially reduce confidence in the results for
the larger P,>0.5 um) particles.

3.4 Spectra and co-spectra

ctra

Figure 2 presents BEARPEX aerosol frequency spectra from 2.
the FAST spectrometer, spectra of vertical velocity, water va- c:
por density, and sonic temperature (which is a close approxi-=  10' [
mation toT,), their co-spectra, and the-p/3] spectral slope i
that would be expected for an instrument with an ideal re- B e ' f . i
sponse. While vertical velocity, water vapor, and virtual tem- 1o 10°? 107 10" 1o 1o
perature 1) behave as expected, aerosol concentration for
all six particle diameters does not. The flattening of particle
concentration variance in the spectrum suggests that noise i: =
present and that the FAST did not fully resolve aerosol con- & 10" |-
centration at the higher frequencies. e o
There is no appreciable difference between the particle 3 I
spectra for six different diameters in that they begin to flat- =
ten out at frequencies in the range 0.05 to 0.2Hz (Fig. 2,
top panel). These spectra for heat, water vapor and verti-= | st . ., 1 . . 1 . . 1 . .4 o
cal wind speed follow the [-5/3] theoretical slope suggesting 1o 107 10 10" 1o’ 10!
that these quantities are well determined out to 5 Hz (Fig. 2, Frequancy (Hz)
middle panel). The effect of averaging time on the compu-
tation of EC fluxes was found to be minimal in that 10-min. _
or 30-min. mean removal made only 1-2% difference in the =

Part

10°

—— Virtual temperature
Vapor density
Verticle velocity

10? |

10 |

o
1=
[=]
=

30 min fluxes. R §
The bottom panel in Fig. 2 presents cospectra as the cumu ~
lative, normalized, covariance for heat, water vapor, particles s 0.4 | —— Wetet vapor lux

—— Acrosol flux for dia. = 0.3
—— Momentum flux

(D,=0.3um is displayed; other particle diameters behave S
similarly), and momentum. The particle flux occurs over 1 P I . ;
the same frequency ranges as heat, moisture, and momentui 1o 107 10°2 1o 1o 10!
fluxes for frequencies less than 0.5Hz. The heat and vapot Frequency (Hz)

turbulent fluxes have a 12 to 16% contribution to their total

fluxes above 0.2 Hz while the particle fluxes have a similarFig. 2. Spectra and co-spectra for the indicated variables from 70
contribution (15.6% of the measured covariance for 0.3 umdaytime 30 min periods (for the 25% of periods with the highest
D, particles). Above 0.5 Hz the particle cospectrum falls to aerosol concentrations during BEARPEX). The variances and co-

near zero whereas the heat and water vapor fluxes still convariances (and their normalized values) that are presented on the Y-

tribute 6-9% of the total covariance. axes were calculated using the multiresolution decomposition meth-
ods described by Howell and Mahrt (1997) and Vickers and Mahrt
(2003).
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For an assumption of cospectral similarity (Eugster andsured at a lower RH due to the hygroscopic growth-size shift
Senn, 1995) for water vapor, heat and particles, a compariin the distribution. The converse will occur with lower RH
son of the cospectra in the bottom panel of Figure 2 suggestparcels. Thus, a hygroscopic growth measurement and cor-
that the FAST missed 6-9% of the aerosol EC flux at therection is needed for this EC flux measurement. Hygroscopic
higher frequencies. This contrasts to estimates of flux losgrowth is determined by the chemical composition of the
from the particle spectrum which suggest greater losses iraerosol and does not vary rapidly in time under conditions
the range of 16 to 50% due to the signal appearing to bethat are required for flux measurements.
come increasingly “white noise” at frequencies in the range The hygroscopic aerosol growth parameter,was cal-
0.05to 0.2 Hz and higher. The smaller error estimate (6—9%Y)ulated twice daily from aerosol size spectra measured by
is based on the amount of vapor and heat flux above 0.5 HOPCs operating at different RH. Equation (1) (Kasten, 1969;
(where the particle covariance becomes small) whereas th¥ong et al., 2004; Massling et al., 2005) relates the measured
larger estimates from the spectrum (16-50%) assume thaliameters to yield the hygroscopic growth parameggras
the FAST lost all flux above 0.2 and 0.05Hz, respectively. . _ _

Since there is covariance captured between vertical wind and (Shig)/ D (Siow) =[(1= Shigh) /(1= Siow)] ’ (1)
the FAST particle concentrations above this range (0.05 tovhere: S is saturation ratio § = RH/100%), Siow and Shigh
0.2 Hz), the FAST cannot be completely white noise at theselescribe the high and low RH values during OPC scans,
frequencies because random variables do not display covaraerosol optical diameter at the given saturation ratio.
ance. Thus, the estimates of lost flux due to high frequency

noise in the FAST are taken from the cospectral estimates-6 Hygroscopic growth correction to aerosol deposition
rather than from the particle spectrum in Fig. 2. velocity

Most of the aerosol flux is transported over time scales of 2 . . .
f correction to aerosol EC fluxes, in terms of deposition ve-
o}

to 200 seconds while the heat, vapor and momentum fluxe beity. due 1o anv hvarescopic arowth of particles is aiven as
according to the cospectra, are transported by slightly large ity, du y nyg PIcY parti IS g

eddies with time scales of 2 to 500s. Although it is clear (Vong et al., 2004; Kowalski, 2001; Fairall, 1984):

that the FAST i'_s not an ideal EC_I scalgr sensor based on tha v,=— gyw'S’/(1—S) 2)
co-spectra, it did capture covariance in the same frequency

ranges that dominated the other turbulent fluxes. After apply- All the components of thig/; correction were measured
ing a low-pass noise filter with a cutoff frequency of 0.5 Hz during BEAREPX 2007: the slope of the aerosol number-
(half power of the filter) the spectra follow the §/3] slope  Size distribution §), the hygroscopic growth parameter)(

in the inertial sub-range. The scale dependence of the fluthe saturation ratio, and the saturation ratio flwky). This

is nearly the same for the unfiltered and filtered time series@PProach assumes that updrafts and downdrafts have similar
indicating that the high-frequency noise does not contributlygroscopic properties. In this presentatigip, AV, and
significantly to the eddy flux. WS have the same sign convention as vertical velocity (neg-

The particle fluxes would be attenuated at the higher fre-ative is downwards). .
quencies (Moore, 1986) due to the 0.9 meter lateral separa- Puring BEARPEX the hygroscopic growth parametey (

tion of the FAST from the sonic anemometer but these cor-¥as measured to be in the range;0<0.14 for 95% of the
rections are not important here because the aerosol spectrorfl€asurements based on 258 valid scans with a mean value of

eter does not resolve these frequencies (Fig. 2, top panel) arig=0-07 over the optical size range of 0.3 to 1.0um . There
very little of the observed particle flux occurs at these timeWas no difference in measurgdwith diameter and no trend

scales (Fig. 2, bottom panel). with time during BEARPEX. Fig. 3 displays the variation in
the exponent for Eq. (1) (presented-ag) and a Gaussian fit
3.5 Aerosol hygroscopic growth for comparison to its frequency distribution.

This small value ofy during BEARPEX compares to

The FAST, by necessity, operates at ambient RH. Since RH =0.25 for pure ammonium sulfate aerosol (Vong et al.,
can vary rapidly in time due to upward and downward trans-2004). Thus, the BEARPEX aerosol were much less hygro-
port of parcels from layers with higher or lower humidity, and scopic than sulfate or other inorganic, combustion-derived
because ambient aerosol is hygroscopic in varying degrees, Rarticulate chemistry. For humidity changes from low RH
given aerosol number-size distribution will vary with chang- (RH=30%) to 90% RH, the typical BEARPEX aerosol grew
ing RH and affect the EC fluxes from the FAST. Even if the by a factor of 1.15 in diameter while sulfate particles would
hygroscopic growth factor is small, the effect on EC fluxes 9row by a factor of 1.78. These results are consistent with
can be large if the slope of the size distribution is steep inPrevious measurements of hygroscopic growth of aerosol
the range covered by the FAST. For a typ|ca| accumu|ationin the California Sierra Nevada region where Carrico et
mode number-size distribution with a steep negative slopeal- (2005) measured particle growth by factors of 1.11 and
the FAST will report a larger concentration at a given size 1.29 for two observed modes of the aerosol (for 0.2m
increment within a higher RH parcel compared to that mea-at high RH).

www.atmos-chem-phys.net/10/5749/2010/ Atmos. Chem. Phys., 10, 57482010
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BEARPEX 2007 distribution of parameterized aerosol hygroscopic growth‘ BEARPEX 2007, Particle number-size distribution
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Fig. 3. Measured aerosol hygroscopic growth parameter, pIottedFig- 4. Mean aerosol size distribution from the OPC during
as the exponent{y) in Eq. (1), during BEARPEX 2007. The plot BEARPEX'07.
shows frequency of occurrence and a Gaussian fit to the distribution.

the fact that RH was 1 to 6% higher at the top of the tower

The aerosol size distribution during BEARPEX, character- (at 18.8ma.g.l.) than below (at 7.3ma.g.l.) during daytime

ized by the “Junge” (Junge, 1963) slopg @s defined from making satl_Jration ratio quxv’S_’ dowr!ward (negative). At
dNIdlogD =¢D~F) was calculated for every 30min. flux night or during the early morning periods when RH was 5 to

interval for each FAST diameter interval and shown to be 15% higher near the ground than at the top of the tower, the
“ery steep”.8 decreased with increasif, (8 = 10.1, 6.1 measured aerosol deposition velocities change by a smaller
and 3.9 forD, =0.35, 0.45, and 0.55 um,prespectively). Be- @mount £0.1¢cms™) and become more downward after a
cause of these steep slopes there were high concentrations BYQTOSCOp'F growth correction. The hygroscopic groyvth cor-
smaller particles that could grow into a given FAST diameter€ction during BEARPEX 2007 reduces the magnitude of
interval in higher RH air parcels arriving at the FAST dur- °0th upward and downward aerosol eddy fluxes and depo-
ing vertical transport. Similarly, there were few larger par- S|t|qn veIOC|t|§s compared to observed, uncorrecteq values.
ticles that could shrink into a given diameter interval when Figure 6 displays the measured_a_lnd hygr_oscoplc grqvvth-
RH decreased during vertical transport. Figure 4 presents thgorrected aerosol deposition velocities for six aerosol diam-
average aerosol size distribution from the OPCs. eters plotted against friction velocity () to demonstrate the
The saturation ratio flux is defined as (Kowalski 2001; magnitude of the correction. In these plots, the uncertain-

Fairall, 1983): ties representone data standard error of the measured val-
’ ' ues among the 316, 30-min observations that are included for
WS’ =w'q [gsa—w'T'(SLy)/ (R, T?) (3)  each diameter (negativie; is downward).

where:gsatis the saturation specific humidit, is the latent ~ 3-7  WPL corrections

heat of vaporization for wateR, is the gas law constant for

water, w'T’ is the sensible heat flux, and'q’ is the water Webb-Pearman-Leuning (WPL) corrections (Webb et al.,
1980) were performed to determine how the aerosol deposi-

vapor turbulent flux. tion velocity was affected by vertical variations in air densit
This saturation ratio flux was determined from measured y y y

10Hz heat and water vapor EC fluxes according to Eq. (3)(associated witl" and RH gradients) according to Eq. (4):

_and was similar to values observed over grass in Oregon durVd=1.61(w’szo’/pair) +(141.619)(W'T’/T) (4)

ing EFLAT by Vong et al. (2004). The positive values of _ .

w'S (upward fluxes) in Fig. 5 were observed at nightor early ~ The Welbb correction reached maximum values of 0.05 to

morning while negative values (i.e., downwards’) were ~ 0.15cms™ during the middle of each day (10a.m. until

observed during the middle of the day. 3p.m.) and was negligible (less that0.02cms1) in the
During the daytime, measured aerosol deposition ve-mornings and evenings. These corrections are incorporated

locities change by becoming less downward (usually 30-in the results presented in Figs. 6 and 7. However, the aerosol

minute AV, =0.1-0.4cms! with maximum AV, of 0.3- fluxes depended on moisture variations more through the hy-

0.9cms?, depending o ,; AV, decreases in magnitude groscopic growth corrections than on WPL corrections.

with increasingD,, due top) after a hygroscopic growth cor-

rection. This hygroscopic behavior of the particles reflected

Atmos. Chem. Phys., 10, 5749758 2010 www.atmos-chem-phys.net/10/5749/2010/
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served at night or early morning while negative values were ob-

served during the middle of the day. Negative valueswtf’ are
downward.
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Fig. 6. Aerosol deposition velocities (daytime measured values,
WPL corrected) versus friction velocity, both with (red) and with-
out (black) the hygroscopic growth correction. Bars indicatene
data standard error (negatiVg is downward).

3.8 Dependence on friction velocity

for hygroscopic growth and WPL). Bars indicate the average
counting error for single 30 min fluxes (negatiVg is downward).

As shown in Fig. 6, aerosol deposition velocity was larger
in magnitude for higher values of friction velocity*), i.e.

V,; becomes more negative. Negative fluxes and neg#tive
imply downward transfer here (towards the ground, consis-
tent with the sign of vertical velocityy). Table 2 provides
the regression relationships betweénandu* for the four
particle sizes that have acceptable counting errors.

3.9 Size-dependence of deposition velocity

Aerosol turbulent removal during BEARPEX was primarily
controlled by processes occurring near the canopy elements
(needles here) in that the aerodynamic resistance to particle
transfer is much smaller than the sum of resistances from
any quasi-laminar surface layer around the needle and for
surface uptake. This was examined by determining a “sur-
face deposition velocity”¥,;) that has the aerodynamic re-
sistance (determined here dsyu*z) subtracted frorrvd_1

to produceV,, (Gallagher et al, 1997). It was found that
all 30 min BEARPEX data had a result thE},>0.93 V.
SinceV;~V,;,, measurements of accumulation mode aerosol
V4 ought to display a diameter dependence that depends pri-
marily on impaction and interception processes that occur
near the needle surface (Pryor et al., 2008; Gallagher et al,
1997).

Particle inertial impaction ought to depend on aerosol
diameter because larger accumulation mode particles that
move at the fluid velocity (as assumed in EC) have more mo-
mentum than smaller particles in the same fluid parcel for a
constant particle density. Thus, the removal of accumulation
mode particles onto a forest canopy and the magnitude of
the resultingV,; ought to increase with botii* (the velocity

Both the transport of accumulation mode particles by turbu-scale for particles approaching the needles) BpdFigure 7
lence through the atmospheric surface layer and their subshows that the magnitude of aerod¢l (negative is down-
sequent removal by inertial impaction ought to depend onward) during BEARPEX did increase with particle size for

friction velocity (Pryor et al., 2008; Gallagher et al., 1997).

www.atmos-chem-phys.net/10/5749/2010/
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a coefficient that was larger (1.35) whereas Wesely’s was
smaller (0.2) for his measurements performed over grass.

Va=C(U*)D,[1+ (—=300/L)%/3 (5)

where: V, has units of cmst, U* has units of m 3, L has
units of m., andD,, has units of um.

Figure 8 indicates that this parameterization¥gris most
useful for “binned” data (bottom panel where the solid line
describes 86% of the variance in the plotted points) which
can be presumed to average out run-to-run 30-min. vari-
ation (top panel) that is common to observed EC fluxes.
BEARPEX V; results fall between those for Wesely (grass)
and Gallagher (forest) and are abédgutof values predicted
from eq.5 using Gallagher’s coefficient of 1.35.

4 Discussion

When the low daytime RH were first observed at the Blod-
gett Forest site, it was expected that the hygroscopic growth
correction might be small due to the combination of low day-
time RH and the expected hygrophobic nature of aerosol
composition in the area (Carrico et al.,, 2005). For the

BEARPEX 2007 data, the steepness of the Junge slope of
the number-size distribution offset the effect of small hy-
groscopic growth. The saturation ratio fluxS during
Fig. 8. Parameterization of aerosol deposition velocl#y) The  BEARPEX was similar to values reported for EFLAT (Vong
points represent the relationship between p_arametevl;eéﬂ axis- et al., 2004) and HAPEX (Kowalski, 2001). Saturation ra-
ﬁlgulzated from I|Eq. 5) and measu.rw (T axis) :.lomf’ EQRPEX' }io flux determined the sign of this hygroscopic growth cor-
pper panel compares 30min values while the bottom panef, i, 1yt the slope of the aerosol size distribution and the
compares bin averr_a\ged vaIL_Jes. The lines in Fhe 'bottom pgnel repr(?i . h I led i i
sent different coefficientsc) in the parameterization described by YgrOSCOF’!C grOWt parameter ge_nera y Co_ntro € 'tS_ mag
Eq. (5): the solid line has= 0.63 as the best fit to BEARPEX 2007 Nitude. It is likely that larger vertical velocity fluctuations
V,, observations; the dash line has 1.35 from Gallagherd, data  Over the “rougher” Blodgett Forest canopy compared to short
over forest; and the dot/dash line has0.2 from Wesely's/; data  grass in EFLAT resulted in better moisture vertical transport
that were collected over grass (bars desctmme data standard for a given RH gradient. Although the hygroscopic growth
error). correction was moderate compared to the earlier EFLAT ex-
periment in Oregon, it was important to the precise determi-
nation of aerosol deposition velocity at any diameter during
during both low and high friction velocity time periods; in BEARPEX.
this figure the plotted errors bars represent the average count- There were too few stable cases sampled with good fetch
ing error at thatD, for a single 30min flux. The appar- during BEARPEX 2007 to fully characterize the relationship
ent decrease in the magnitude of the measured valugg of of aerosolV; to atmospheric stability beyond the unstable to
for D,>0.5um is considered less reliable due to the largemeutral conditions that apply to Eq. (5); had its largest
counting uncertainties. magnitude during windy (high*) afternoon conditions.

Figure 8 presents a comparison of BEARPEX values for It is noteworthy that the FAST instrument captured con-
v, for the four smaller diameters (i.e., the smallest countingsiderable particle flux at some higher frequencies that appear
uncertainties) with those that are predicted by a parameterito be almost “white noise” in the top panel of Fig. 2. This
zation that include® ,, u*, and Obukov lengthz) for both strongly suggests that examination of spectra alone is not suf-
individual 30-min. particle fluxes (top panel) and for mean ficient to diagnose high frequency flux loss.
values (for data binned into ten equal increments of the RHS The apparent decrease in magnitude of aerdgofor
of eq.5; bottom panel). Gallagher et al. (1997) and Wesely et?»>0.44 um during BEARPEX likely reflects the fact that
al., (1985) previously fit this parameterization to their mea-these fluxes are especially noisy due to higher counting
sured aerosol,; for unstable to neutral conditions. While the errors.  We consider that the size dependence/offor
numerical coefficient) in Eq. (5) for BEARPEX daytime Dp=0.44um is correctly characterized here but that values
data was 0.63 (below), Gallagher's data for forest producedor the larger particles are more uncertain.

C u. Dp [1-(300/L)%%)
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