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Abstract. Long-term eddy covariance particle number flux cated, and where a large number of people are exposed to
measurements for the diameter range 6 nm tarbwere  these pollutants. Aerosol particles also affect global cli-
performed at the SMEAR |II station over an urban area inmate directly by either cooling or warming the atmosphere
Helsinki, Finland. The heterogeneity of the urban mea-depending on the particle composition, or indirectly acting
surement location allowed us to study the effect of differentas cloud condensation nuclei and further affecting the atmo-
land-use classes in different wind directions on the measuredpheric radiation balance (Intergovernmental Panel on Cli-
fluxes. The particle number fluxes were highest in the di-mate Change, 2007). In urbanized areas, road traffic has
rection of a local road on weekdays, with a daytime medianbeen identified as the main source especially for ultra-fine
flux of 0.8x10° m~2s~L. The particle fluxes showed a clear particles, which can either be directly emitted or formed in
dependence on traffic rates and on the mixing conditions ofecondary reactions from exhaust gases (e.g. Thomas and
the boundary layer. The measurement footprint was estiMorawska, 2002; Young and Keeler, 200&r\ et al., 2009).
mated by the use of both numerical and analytical modelsBesides road traffic, other combustion sources are relevant
Using the crosswind integrated form of the footprint func- for particle emissions (e.g. Pakkanen et al., 2001; Young
tion, we estimated the emission factor for the mixed vehicleand Keeler, 2007), with wood burning in cold regions caus-
fleet, yielding a median particle number emission factor pering high particle emissions during winter (e.g. Glasius et al.,
vehicle of 3.0¢10 #km~1. Particle fluxes from the vege- 2006). Although many of the particle sources have been
tated area were the lowest with daytime median fluxes belowdentified, there is still much uncertainty in the emission
0.2x10°m~2s~1. During weekends and nights, the particle strength of different sources and their contribution to particle
fluxes were low from all land use sectors being in the orderconcentrations, especially on the scale of micrometeorologi-
of 0.02-0.%x10°m=2s~1. On an annual scale the highest cal flux measurements.
fluxes were measured in Winter, when emissions from sta- In natural ecosystemsy much work related to partic'e ex-
tionary combustion sources are also h|ghest Particle numchange between the Surface and atmosphere has been per_
ber fluxes were compared with the simultaneously measure¢hrmed, whereas in cities, the number of studies is limited
CO; fluxes and similarity in their sources was distinguish- (as reviewed by Pryor et al., 2008). A few studies have con-
able. For CQ, the median emission factor of vehicles was centrated on modelling the particle emissions in urban areas
estimated to be 370 g km. using different methods (e.g. Palmgren et al., 1999; Kumar et
al., 2008), while direct particle flux measurements have been
made in a few cities during shorter campaigns (Nemitz et al.,
1 Introduction 2000, 2008; Dorsey et al., 2002; Longley et al., 2004a, b;
Donateo et al., 2006; &ftensson et al., 2006; Martin et al.,
Atmospheric aerosol particles are known to have advers€008; Schmidt and Klemm, 2008). Particle exchange mea-

health effects especially in urban areas (Curtis et al., 2006surements provide important information on the previously
Keeler et al., 2005), where many pollution sources are lo-mentioned emission strengths and distributions of sources,

and in addition yield input parameters for air quality and cli-
mate models. Recently, Schmidt and Klemm (2008) were

Correspondence td-. Jarvi the first to report size-resolved particle number fluxes from
BY (leena.jarvi@helsinki.fi) an urban area (from Nhster, Germany), whereas Nemitz et
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al. (2008) reported the first results on the fluxes of chemical
species of particulate matter (from Boulder, Colorado).

In Helsinki, Finland, continuous measurements of parti-
cle number fluxes using the eddy covariance (EC) technique
were started at the SMEAR I1l urban measurement station in
July 2007. The EC technique provides the most direct mea-
sure of the vertical exchange of particles, and the measure:
ment system was able to detect particles ranging from 6 nm
to 5um in aerodynamic diameter. The main particle sources
in Helsinki are identified as energy production, road traffic
and wood burning accounting for 32, 28 and 29 percent of
the total particle mass (P)d) emissions, which were esti-
mated to be 1042 tonsyt in 2007 (Niemi et al., 2008). The S
complex measurement site provides an opportunity to study
the effect of different types of land use on particle exchange,
while the northern measurement location enables us to anal
yse the fluxes in varying meteorological conditions with dis- 0 oo 200
tinguishable seasons. The main purpose of this study is to

analyse the effect of different land uses on the exchange pro-'d: 1. Aerial photograph of the measurement location. Topogra-
hy of the measurement site (relative to sea level) is denoted by

cess and the temporal behaVIou_r of the flux, up to a s_easqn%llue contours. The green contours show the flux footprint function
f[lme scale. Th_e influence of traffic rate and atmospherlg MiX-(scale 10°6, the unit of flux footprint is 2) when the wind direc-
ing on the particle number fluxes as well as the correlation of;q, is perpendicular to the road (1%7 geostrophic wind speed is
the particle number and carbon dioxide (g@uxes are also 10 ms1 and the boundary layer is neutrally stratified. The location
studied. of the measurement tower is marked by a green star, and its distance
Emission velocity, defined by negative flux to concentra- to the edge of the road is around 150 m.
tion ratio, is a frequently used variable employed in the anal-
ysis and characterisation of particle exchange over urban ar-
eas (e.g. Dorsey et al., 2002). It is well known that flux tion was heterogeneous, consisting of buildings, paved areas
and concentration have very different source weight func-and vegetation (Fig. 1), and was divided into three land use
tions called footprint functions (e.g. Schmid, 2002), the con-sectors according to the typical land use in the area. The
centration footprint function giving more weight to distant urban sector, which is mainly covered with buildings (mean
sources. In addition, the aerosol particle concentration conheight of 20 m), roads and parking lots, is located in the range
tains a significant background component, which is deter-320—-40. The road sector is in direction 40-X8@nd one of
mined by sources other than those inducing the flux. Morethe main roads leading to Helsinki city centre with a traf-
over, concentrations are more affected by atmospheric mixfic rate of 47 000 vehicles per workday (Lilleberg and Hell-
ing and the observation height, whereas flux is more invariantman, 2009) passes this sector at a distance of 150 m from the
with respect to the chosen observation height and turbulenctower. The vegetation sector in direction 180-3R0mainly
conditions. To avoid such complications and to have a morecovered with vegetation at both the University Botanical gar-
general description of local particle sources and sinks, weden and an allotment garden. A more detailed description of
chose to analyse only the particle fluxes instead of the emisthe measurement site can be found in Vesala et al. (2008) and
sion velocities. Jarvi et al. (2009).

2.2 Measurements
2 Measurements and methods

The EC measurement setup consisted of a Metek ultrasonic
2.1 The site description anemometer (USA-1, Metek GmbH, Germany) to measure

all three wind velocity components and sonic temperature,
The measurements of aerosol particle number fluxes usingnd a water-based condensation particle counter (WCPC,
the EC technique were carried out at the SMEAR Il urbanTSI-3781, TSI Incorporated, USA) to measure the aerosol
measurement statioS{ation for Measuring Ecosystem — At- particle number concentration. The 50% cut-off size of the
mosphere Relationships; Helsinki, Finland, between July WCPC is 6 nm, but it is slightly dependent on the parti-
2007 and July 2008. The measurements were made on thede composition as reported by Hering et al. (2005). More-
top boom of a 31 m tall triangular lattice tower situated on aover, particle losses occur in the sampling line mainly due
hill (60°12 N, 24°57 E, 26 m above sea level) around 5km to Brownian diffusion and impaction mechanisms prevailing
north-east from Helsinki city centre. The measurement loca-at small and large particle sizes, respectively. However, the

Atmos. Chem. Phys., 9, 7847856 2009 www.atmos-chem-phys.net/9/7847/2009/
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Southeast of the measurement station. The traffic patterns
tr — on the lavayla road and the road next to the measurement
a station are similar, except traffic rates are 25% higher on the
08 I ,/ Itavayla road (Lilleberg and Hellman, 2009). This difference
§ / was taken into account when analysing the traffic data. Traf-
s067T ! fic data were logged every hour except during rush hours,
g / when it was logged four times per hour. Due to limited traffic
® o4 / data coverage, data analysis including traffic counts covered
———Tube t f 7
0zl /I only the period from July 2007 to May 2008.
/I 2.4 Data processing
0 ‘ ‘ ‘
0,001 0,01 0,1 1 10

With the EC technique, turbulent fluk; is calculated as a
covariance between vertical wind speedand scalas ac-
cording to the equation

Diameter (um)

Fig. 2. Transfer efficiency of the EC system as a function of particle
size. In penetration calculations (according to Ba.ron and WiIIeke;FS — s 1)
2001), the tube was assumed to consist of 10 different segments
including bends. Particle density was assumed to be 1.5—g°’cm In our cases was either the aerosol particle number con-
centration or the mixing ratio of C£ Before the flux cal-
culation, data were linearly de-trended and a 2-dimensional
measurements at small particle sizes were limited by the abilsoordinate rotation was applied. To improve the quality of
ity of the WCPC to detect small particles and not by lossesihe flux data, observation periods with clear spikes in parti-
caused by the sampling line as can be seen from the particlgie concentration and GQmixing ratio records as detected
size transfer function of the EC system shown in Fig. 2.y visual inspection were excluded. A stationary test accord-
CO; mixing ratios used to calculate G@luxes were mea-  ing to Foken and Wichura (1996) was performed on both the
sured with a closed-path infrared gas analyser (LI-7000, LI-particle and C@ flux data. The measurement period used
COR Biosciences, USA). Both the aerosol particle numbertg calculate each flux value was divided into 5-min intervals
and CQ analysers used the same air inlet situated 13 cmand if the difference between the flux value and the mean
below the anemometer. The inlet was covered with a 6 MMcovariance of the sub-intervals was larger than 60% the flux
diameter filter (mesh 0.1 mm) and rain cover. The main tubeyajue was omitted. Even after the stationary test, uncertain-
connected to the CPanalyser was a 40m long steel tube ties caused by the effect of the hill and the heterogeneous
with an inner diameter of 8 mm. The side flow to the WCPC emjssion area are likely to remain. However, various tests
was drawn through a 0.1 m long tube from the main tube at &o check the suitability of the EC technique have been found
distance of 3.6 m from the inlet. The airflow in the main tube to be approximately valid at the measurement site (Vesala et
was 161 mirm* and it was heated with a power of AW g1, 2008). Analysed data was also selected according to the
to avoid water condensation on the walls. Inlet time Iags andcondition of friction Ve|0city being greater than 0.1 rril-g:o
fluxes of aerosol particles and G@ere determined with a  zyoid low turbulence conditions.
maximum covariance technique (e.g. McMillen, 1988). The  Co-spectral corrections were applied to the particle and

EC measurements were recorded at a rate of 10Hz. DataQ, fluxes, and the attenuation factors were calculated nu-
were recorded and will be presented in Eastern Europeagerically by integrating

Time (EET) without summer time correction.

The'measgrement period from July 2007 to Jyly 2008 70TFHigh(f)TFLow(f)Cws(f)df
was divided into three seasons: summer, fall/winter andF; §
spring. Winter was not separated from fall since no thermal 7 — 00
winter (daily average temperatures belo#COover 5 days) J Cus(f)df
was observed during the measurement period. The sum- 0
mer period covered July—August 2007 and June—July 2008where F; and F are the measured and un-attenuated fluxes,
the fall/winter period September 2007-March 2008 and therespectively, f is the natural frequencyTFuigh(f) and

: )

spring period April-May 2008. TFLow(f) are the transfer functions in the high and low fre-
qguency regions respectively, aidd,; () is the co-spectral
2.3 Traffic monitoring density describing the frequency behaviour of the turbulent

flux (Moore, 1986; Horst, 1997). On the grounds of scalar
Traffic rates in the Helsinki area are monitored by the similarity, the co-spectral models of Kaimal et al. (1972)
Helsinki City Planning Department. The nearest on-line traf-for sensible heat were used &g, (f), and the normalized
fic monitoring point is on the &vayla road about 2.5km frequencyn,, at which the frequency weighted co-spectrum

www.atmos-chem-phys.net/9/7847/2009/ Atmos. Chem. Phys., 9, 7888-2009
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1 : : : on the measured flux is through the use of numerical calcu-

lations. The footprint simulations were performed using the
numerical atmospheric boundary-layer model SCADIS (So-
gachev and Lloyd, 2004; Sogachev et al., 2004; Sogachev
and Panferov, 2006). The model is based on a one-and-
a-half-order turbulence closure applying &w scheme,
wherekE is the turbulent kinetic energy anmglis the specific
dissipation ofE (Sogachev et al., 2002; Sogachev, 2009).
The model does not take the heterogeneity of urban heat
fluxes into account. In simulations, land use was classified
into nine different types including roads, parking areas, soil,
and trees with two different height classes, and buildings
with four different height classes. Buildings were consid-
ered to be impenetrable. The footprint calculation was made
for the road sector with the surface wind from a direction
of 117, representing the direction perpendicular to the road,
and a geostrophic wind speed of 10n}s Neutral stratifi-
cation of the atmosphere was assumed. The cell size used in
the simulation was 2020 n?.

m

Peak frequency n

{=@-dL"

Fig. 3. The normalized peak frequenay, of the co-spectra of
sensible heat flux as a function of atmospheric stabjlifgr stable
stratification in April-August 2007. The circles show the half hour
data points and the black solid line is the fit corresponding to Eq. (3).

of sensible heat flux attains its maximum value was deter3 Results
mined experimentally as a function of atmospheric stability

¢ = %, whereL is the Obukhov length; is the measure- In urban conditions, particle fluxes are expected to follow

ment height and is the displacement height (Horst, 1997, sever'al drivers. The fluxes depend on wind d|rec'F|on due tp
the different surface types, while seasonal and diurnal vari-

Rannik et al., 2004)d was defined separately for each land .~ ™ . T

use sector (13, 8 and 6 m for urban, road and vegetation refimon is also likely to exist in the measured fluxes. In the
. ' . ' . . ' following, these dependencies are studied in more detail.

spectively) as two-third the mean canopy height (Grimmond

and Oke, 1999). In unstable caseg, was found to be con-

stant with a value of 040.04 (SD), and in stable cases a

least-square fit was made yielding Eq. (3) (plotted in Fig. 3).The highest particle number fluxes were observed when the
B 017 wind direction was between east and south, the direction cor-
nm=0.1 (1 +1.6¢ ) : C) responding to the road sector (Fig. 4). In winter, the largest

For the low frequency l0s§,FLow(f) associated with the particle fluxes were measured from the south, in spring in the
linear de-trending was used (Rannik and Vesala, 1999), whilgPutheast, and in summer the fluxes were more evenly dis-

for TFhign(f) the following co-spectral transfer function was tr|buted_betweer_1 eastgrn and .southern directions. In winter
employed and spring, relatively high particle fluxes were also observed

in the north, where a parking lot close to the measurement
1 ’ () point is located. Automotive emissions from the parking lot
1+ 2nz. f)? could also explain the seasonality of this local directional
where the first order response timewas determined exper- maximum, since activity at the parking lot is lower in sum-
imentally from the ratio of normalized co-spectral density Mer than in other seasons due to the summer vacations. A
of respective scalar and sensible heat (Rannik et al., 2004%€sidential area with single family homes is also located to
Mammarella et al., 2009). The experimental transfer func-the north, where wood burning for heating could contribute

tion for aerosol particle number fluxes was calculated fromt0 the observed dependence during the colder months.
270 half hourly data runs measured in March-June 2008 Differences between the seasons were also observed in

yielding a value ofr.=0.5s. other directions. In winter, the fluxes in the south and in
For aerosol particle number flux, the median correctionthe sector 60-90were relatively high compared to spring
factor F,/F was found to be 0.9, and the 5 and 95 percentilesand summer. These directions correspond to the location of

3.1 Particle number flux dependence on wind direction

T Frigh(f) =

were 0.85 and 0.93, respectively. the road. We note that the seasonal influence of atmospheric
stability on flux footprints is likely to affect the observed sea-
2.5 Footprint analysis sonal patterns.

Over complex topography and heterogeneous terrain, the
only possible way to estimate the influence of surface sources

Atmos. Chem. Phys., 9, 7847856 2009 www.atmos-chem-phys.net/9/7847/2009/
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Table 1. Median aerosol particle number fluxes (inf16~2s~1) in different seasons, land use sectors and times of day. The respective
quartile deviations are also listed.

Spring/Summer Winter/Fall
Urb Road Veg Urb Road Veg
Weekday daytime (10:00-15:00) 18049 663t271 11979 324277 837348 232:132
Weekend daytime (10:00-15:00) $33 309:127 44+26 91457 511224 85t46

+Weekend night-time (23:00-04:00) %4 3H26 169 40+20 109t62  35k19

a) Summer b) Fall/Winter 1200 Weekdays Weekends
0 0
o O 0° 330° 0 0° 000 a) Summer — Utban
- R . " - - = Road
\60' 600 Saest Ty Veg
. 300 ! B N
! N <~ RS
“loo® 0 -—,—'//\V/\V\“\\:’ -»:.._.A—JAM/ —_— .\:L-
_. 1200 o) Fall
f Al Fal 1
. (o] | 1
20 & 900 Winter s \
1 n 1 Y \ 4 \
0 £ I 1\ ’
210 5 150 < 600 s \ , ‘.
180 8 7 . - ’ vy
. 300 , ; R L cus
Ty olaals T Ll s s e
1200 -
c) Spring
900 <
I' N ll\\l A
600 % AN
\ -~
300 I/'—/\/\\ o Lt . ‘e
0|t oy | pmn L ~— O 2 s
0 6 12 18 24 6 12 18 24
Time Time

Fig. 5. The median diurnal cycle of aerosol particle number fluxes

(Fp) in different seasons and land use sectors and for weekdays and

Fig. 4. The wind direction dependence of aerosol particle numberWeekends separately. The dotted lines show the quartile deviations.

fluxes (Fp) for: (a) summer,(b) fall/winter and(c) spring. Values

were calculated for 10wind sectors as medians from the 30-min

average fluxes. The units are10~2s™*. summer and spring. This could result from increased parti-
cle emissions from stationary combustion sources, changes
in the measurement footprint, or an increased proportion of

3.2 Temporal variation of particle number fluxes bus and heavy-duty traffic in fall/winter compared to other

seasons. Particle sources dominated the deposition sink in

As particle emissions in urban areas are mainly driven by2ll land use sectors, as shown in Fig. 5. However, the up-
traffic and household activity, particle fluxes are expected tovard particle fluxes were systematically lower in the vege-
show diurnal variation with differences between weekdaystation sector indicating weaker emissions from the footprint
and weekends. The diurnal variation should also be affecte@réa. Part of these lower fluxes could also be explained by
by the atmospheric mixing conditions, with source-sink re- particle deposition to tree foliage. The effect of traffic activ-
lationships between the areas of emission and the measurdly on particle exchange was only observed on weekdays in
ment point affected by atmospheric stability. Fig. 5 showsthe vegetated and urban sectors, whereas on weekends, the
the diurnal variation of particle number fluxes separated intofluXes had no diurnal pattern.

the three distinct surface types. The fluxes were systemat- The particle number flux statistics for the different land
ically higher in the road sector, reaching®2s1 and use types and seasons are summarised in Table 1. Ac-
lower in the vegetation sector, where the fluxes remain be<cording to the observed similarity in number fluxes, data
low 300x10°m~2s~1. Seasonal differences in the diurnal for day and night times, and weekends and weekdays were
patterns were not distinguishable except in fall/winter, whenaggregated. In all land use sectors, the highest parti-
the particle fluxes in the road direction were higher than incle number fluxes were measured in fall/winter indicating

www.atmos-chem-phys.net/9/7847/2009/ Atmos. Chem. Phys., 9, 78882009



7852 L. &rvi et al.: Annual particle flux observations over a heterogeneous urban area

Table 2. Correlation statistics of the linear regression made between aerosol particlé,f(akvided by 18 m=2s~1) and carbon dioxide
flux Fe (in wmol m—2 s_l). Correlations were determined for 30-min average flux values.

Urb Road Veg

Summer  F,=8F. +54R>=013 F,=25F. +89,R°=043 F,=1F.+65R?=0.00
FallWinter ~F,=46F; — 14 R>=0.34 F,=41F. +94R?>=061 F,=42F.—21,R?=0.60

Spring Fp=30F+52R>=020  F,=36F;+15R?>=0.71 F),=16F, + 64,R*>=0.24
4000 2000 i i "
a) Weekdays b) Weekends —— Summer Measured data .
<4 3000 X = = = Winter/fall - = =F =5903 e3_3Tr (Cm_z S_l) ll
‘_E Spring p .
:a; 1500F| ' ='=" Dorsey et al. (2002) ’ i
© 2000 s ©  Bin average 4
) ’ N Ea ’
T Y 'n
= 1000 4 \ o
= £ 1000f .
0 ©
0 6 12 18 24 0 6 12 18 24 g
Time Time =
w

500
Fig. 6. Diurnal variation of traffic rate on(a) weekdays andb)
weekends measured by the Helsinki City Planning Department at
Itavayla road (adjusted to the road next to the measurement station) ol MR BT L e
between July 2007 and May 2008. 0 500 1000 1500 2000 2500 3000 3500 4000

Traffic rate (hr 1)

higher emissions from stationary combustion sources dur'Fig. 7. Hourly correlation between particle number fluk,) and

ing the colder months. As was evident from the diur- ya¢ic rate in July 2007-May 2008. The grey crosses show the
nal plots in Fig. 5, the h_'QhGSt fluxes were measured Om,gly particle fluxes, the dashed line shows our exponential fitting
weekdays, when the median fluxes ranged between 120 ar\tj:p =59023377 cm~2s~1), and the thick dash-dot line is the fit

840x10°m~2s71. The highest fluxes were systematically F,=13000-87" cm~2s~1) obtained by Dorsey et al. (2002) for
measured in the road sector, and the lowest in the vegetatiofme City of Edinburgh. The circles are the median values calculated
sector. The particle fluxes were low at night, ranging from 20for bins of 500 vehicles hrl, and the dash-dotted lines are the re-
to 110x10°m—2s~1. These observed differences between spective quartile deviations.

different types of land use are similar to those reported by

Martensson et al. (2006) for Stockholm, Sweden.

. The _observed_ particle_: fluxes are similar to those rgporteqn particle fluxes (see also Fig. 5). This missing double peak
in previous studies, which h%ve 1reported fluxes varying beo 5 iour has also been observed by Dorsey et al. (2002),
tvv:aen 200 and I120010(.5m S (Dolrsey et aI.,_ 2002 \1artensson et al. (2006) and Martin et al. (2009), and this
Ma_rtensson etal., 2006; .N-em|tz etal, 2008)'. Direct Co_m'may result from the stronger turbulent mixing around mid-
parisons are, however, difficult since the particle detectlonday, or differences in footprints during different times of day.

size' limits vary betvyeen the different studies, and becauseAlSO' a greater proportion of heavy duty vehicles (HDV) at
particle fluxes are highly dependent on the measurement Ior"nid-day than during rush hours could explain the mid-day

cation, height and the intensity of traffic, which vary strongly flux peak, as was reported for Stockholm byaensson et
between different studies. al (2006)'

3.3 Traffic rate dependence We correlated the particle fluxes with the traffic counts
in the road sector (Fig. 7), and approximated the depen-
The traffic flow rate showed a strong dependence on thalence with an exponential curve similar to that in Dorsey
time of day, but only a slight difference between the season®t al. (2002), despite the distinction between linear and ex-
(Fig. 6). An hourly shift in traffic rates in winter results from ponential dependence not being clear in our measurements.
the change to local summer time in spring and summer. Evi-A non-linear relationship between traffic counts and particle
dently, the variation in traffic rate correlated with the diurnal emission may result from the dependence of particle emis-
pattern of particle fluxes, but the double peaked pattern obsion rate on vehicle speed. During congested conditions,
served in traffic rates due to the rush hours was not observedriving speeds commonly decrease and it has been observed

Atmos. Chem. Phys., 9, 7847856 2009 www.atmos-chem-phys.net/9/7847/2009/
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Fig. 8. The particle number fluxes normalised with traffic rate ~
(Fp Tr~1) as a function of atmospheric stabiligy Data was plot- E of
ted for wind direction 40-180between July 2007 and May 2008. %
The circles are the median values, and the dotted lines are quartile o : : Veg
deviations. x 10
10 "
) Spring
that below 50 km hi! the particle emissions from road traffic 5}
increase (Ristovski et al., 2005; Morawska et al., 2007). The
traffic counts do not separate heavy-duty and light-duty vehi-
cles (HDV and LDV, respectively), increasing non-linearity
between the particle emissions and traffic counts as particle

emissions are an order of magnitude larger from HDV than 0 6 12 18 24
LDV (e.g. Jones and Harrison, 2006; Ban-Weiss et al., 2009). Time

In addition, this non-linearity is probably affected by the 9. The di | behavi fth o 0 (ER) of th
dependence of fluxes on atmospheric mixing conditions ad'9: 9 The diurnal behaviour of the emission ratio (ER) of the
. A . . . particle number and COfluxes separated by surface cover type
is shown in Fig. 8, where traffic normalized particle fluxes ;. . .

. . N for: (a) summer(b) fall/winter, (c) spring.

are plotted as a function of atmospheric stability in the road
sector. The results indicate that unstable conditions favour

stronger dependence between the traffic emissions and thgmissions from traffic and/or from other sources. For urban

measured flux. and vegetation sectors, correlations were below 0.43 except
in the vegetation sector in winter/fall, wh&* reached 0.60.

3.4 Correlation between the particle number and car- To gain more information about the relationship between

bon dioxide fluxes the two fluxes, the diurnal behaviour of their emission ra-

tio (ER) as a function of season and land use sectors was

Correlation analysis between the particle number and carboexamined in Fig. 9. In the road sector, emissions originate

dioxide (CQ) fluxes indicated similarity in their sources (Ta- mainly from traffic, and ER did not exhibit a distinguish-

ble 2). During the growing season, vegetation acts as a caable diurnal behaviour in fall/winter being arouns 500 #

bon sink during the daytime, lowering the overall EC flux. (;;mol CO,)~1. ER remained around the same level in spring

This yielded lower correlation between the two fluxes, sinceand summer in the daytime, but the nocturnal ER decreased

the particle fluxes are less affected by vegetation uptake. 1fo 1x10' # (umol COy)~1, probably due to the respiration

the vegetation sector especially, the £@ptake exceeded of vegetation. Surprisingly, photosynthetic uptake by vegeta-

CO; emissions resulting in negative fluxes and vanishing cortion was not seen as a lowered daytime ER in summer in the

relation between the GOand particle number fluxes. Ne- road sector despite the vegetation cover between the road and

mitz et al. (2008) also found a low dependence between parthe measurement tower. In other land use sectors the effect of

ticle and CQ fluxes in Boulder (Colorado) in summer. In vegetation was evident in summer, resulting in negative ER.

fall/winter, the fluxes showed a similar dependence in all\egetation uptake was probably also responsible for the high

land use sectors, i.e. the particle emission was proportional tgR (reaching & 10° # (umol CO,)~1) in the urban sector

CO; emission. In the road sector, the correlation between then spring as the overall C{flux decreased.

fluxes was the strongest witk?® varying from 0.43 in sum-

mer to 0.71 during spring. The offset was always positive in

the road sector indicating higher particle emissions thap CO

www.atmos-chem-phys.net/9/7847/2009/ Atmos. Chem. Phys., 9, 78882009
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wind direction 11425° and non-geostrophic wind speed 7—
9ms1) and due to these constraints only 15 suitable data
points could be identified. By using these data points and
an approximate footprint valug, (150 m)=103m=1 from
Fig. 10, the median source strength of the road was esti-
mated to be 0.£10?m~1s1 and 0.15gm's? for par-
ticle number and Cg respectively. If we use the measured
traffic rates, previous results yield median particle ang CO
emission factors per vehicle of (3:Q.1)x 10%# km~1 and
(368+46) gknil, respectively. The error bounds represent
standard errors. These emission factors are representative of
the mixed vehicle fleet, and due to the small number of data
points and uncertainties in footprint estimation, the obtained
emission factors are only estimates, and should be treated
with caution. However, despite our novel approach to cal-
culating the emission factors, the values obtained correspond
well with those reported in previous studies (Gramotnev et
al., 2003; Ketzel et al., 2003; Ristovski et al., 2005; Jones

and Harrison, 2006; Ban-Weiss et al., 2009; Birmili et al.,

Fig. 10. Cross-wind integrated flux footprint as estimated for sur-
face sources in the road direction with the analytical model of Horst
and Weil (1994; dashed line) and the numerical model (solid line).
Neutral stratification, a geostrophic wind speed of 10h per- i : X
pendicular to the road, and a measurement height of 31 m were aflarticle flux measurements using the footprint approach, or
from roadside concentration measurements using dispersion

modelling as in e.g. Gramotnev et al. (2003) and Birmili et

al. (2009), is the generality of the result in terms of emission
per vehicle per km of road. As discussed and summarised by

Martin et al. (2008), particle flux measurements in different

2009).
The advantage of estimating the emission factors from

sumed.

3.5 Footprint and road source analysis
Figure 1 shows the isolines of the calculated flux footprint cities can be related directly to traffic rate and friction veloc-

function, i.e. the function relating the contribution of surface ity, however, such relationships would include site specific
sources to the measured flux (e.g. Schmid, 2002). The flovproportionality coefficients related to location and height of

pattern was strongly affected by buildings, and therefore thehe flux measurement system.

footprint function of the surface fluxes showed a complex

pattern, unlike the smooth pattern characteristic of horizon- _
tally homogeneous conditions. In fact, the function had two4 Conclusions
The temporal behaviour of aerosol particle number fluxes

local maxima, one close to the measurement tower and an-
together with the dependencies on land use and traffic rate

other at a distance further upwind. Model simulations also
were studied in Helsinki, Finland between July 2007 and

indicated that the footprint function was highly sensitive to
July 2008. The effect of mixing conditions, and correlation
between particle number and g@®uxes and their emission

ratios were also analysed.
The highest particle number fluxes were observed in
inter/fall, when the medians ranged between 110 and
40x10°m—2s~1 in daytime on weekdays. This is prob-
ably due to enhanced emissions from stationary emission
sources during the colder months. However, the dependence

wind direction.

Figure 10 shows the flux footprint function in a crosswind
integrated form as estimated by the numerical (SCADIS
model) and analytical (Horst and Weil, 1994) models. Ap-
plication of the analytical model to such a complex environ-
ment can only be indicative and is used only as a compariso

of how the footprint function could look like under horizon-
tally homogeneous conditions. The footprint maximum of
the numerical simulation is shifted due to topography when
compared to the analytical simulation.

From the measured fluX, and cross-wind integrated foot-
print function valueF) (x) at a distancer upwind from the
measurement location, the line source strengtiof sub-
stance (inm~1s1) can be estimated d(x) = F, Fy (x) L.

The estimated. can be used to approximate emission fac-

tors from road traffic for both particle number and £0

The calculations were only made for atmospheric condition

representative for the footprint function-0.01<¢ <0.01,

Atmos. Chem. Phys., 9, 7847856 2009

of source footprints on boundary layer stability might also af-
fect the observed seasonal variations. The particle fluxes had
a distinct dependence on land use, with the highest values
in the road sector reaching 84Q0° m—2s~1 during week-
days, and the lowest values in the vegetation sector, where
the fluxes remained below 23a0°m=2s~1. The lower
fluxes in the vegetation sector are due to the low density of
Santhropogenic sources in the area, and particle deposition on
vegetation.

www.atmos-chem-phys.net/9/7847/2009/
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The diurnal pattern of particle number fluxes followed the Gramotnev, G., Gramotneva, G., Brown, R., Ristovski, Z., Hitchins,
measured traffic patterns closely, except the double peaked J., and Morawska, L.: Determination of average emission factors
rush hour pattern was not observed in the particle number for vehicles on a busy road, Atmos. Environ., 37, 465-474, 2003.
fluxes. This may result from the stronger atmospheric mix-Grimmond, C. S. B. and Oke, T.: Aerodynamic properties of urban
ing at mid-day, as particle fluxes normalized with traffic rate 2r8eiszg§n\l/;ngrolrgg%nalyss of surface form, J. Appl. Meteorol.,
were found to increase with increasing instability. The corre- ’ e i .

. . Foken, T. and Wichura, B.: Tools for quality assessment of surface-
lation between the particle number and £flixes was good,

. . S AR . based flux measurements, Agric. For. Meteorol., 78, 83-105,
especially in the road sector, indicating similarity in their  1gqg°

sources. However, during the growing season their COIMeHering, S. V., Stolzenburg, M. R., Quant, . R., Oberreit, D. R., and
lation diminished as C@exchange is more strongly affected  keady, P. B.: A laminar-flow, water-based condensation particle
by vegetation cover than particle exchange. A numerical at- counter (WCPC), Aerosol Sci. Technol., 39, 659—672, 2005.
mospheric boundary-layer model with sophisticated topog-Horst, T. W. and Weil, J. C.: How far is far enough? The fetch
raphy and land use description was used for airflow and flux requirements for micrometeorological measurement of surface
footprint modeling. By using the footprint function, the me-  fluxes, J. Atmos. Ocean. Technol., 11, 1018-1025, 1994.

dian emission factors of particle number and 3@r vehicle Horst T. W.: A simple formula for attenuation of eddy fluxes mea-

were estimated to be 30%# km~! and 370g kil re- sured with first-order-response scalar sensors, Bound.-Lay. Me-
spectively ' teorol., 82, 219-233, 1997.
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