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ABSTRACT 

Direct measurements of particle number fluxes by eddy covariance (EC) were carried out in 

the years 2001 and 2002 during the BEWA2000 field experiments. An EC system combining 

a sonic anemometer and two condensation particle counters was set up and successfully 

applied above a Norway spruce forest in NE Bavaria, Germany. Particle deposition clearly 

dominated over emission, with the strongest deposition fluxes occurring during particle 

formation events identified from submicron particle size distributions. Typical deposition 

velocities derived from these measurements ranged from - 37 to + 23 mm s-1. The ultrafine 

particle fraction (3 – 11 nm diameter) showed different concentration patterns and larger 

deposition velocities as compared to the particle fraction with larger diameters. Also, particle 

deposition occurring before noon could be attributed mainly to the ultrafine particle fraction, 

whereas larger particles contributed to turbulent deposition in the afternoon. 
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INTRODUCTION 

Vertical exchange of gases and particles between the surface and the boundary layer is mainly 

established through atmospheric turbulence. Quantitative knowledge about this turbulent 

exchange is a key prerequisite to understand ecosystem budgets of nutrients and pollutants. It 

is also fundamental for the dynamics of aerosol populations and their effect on atmospheric 

properties and processes. However, the quantification of turbulent exchange, especially of 

particles, is complex and still a challenging endeavor (Wesely and Hicks, 2000). Various 

approaches have been suggested to measure and estimate particulate fluxes between the 

atmosphere and the surface. One straightforward direct approach is sampling and analyzing 

particles on surrogate surfaces (e.g. Franz et al., 1998). In most cases, a large disadvantage of 

this method is the rather poor imitation of the real deposition surface and flow regime. 

Atmospheric deposition of gases and particles above forest stands is commonly determined by 

comparison of bulk precipitation and throughfall measurements (e.g. Matzner et al., 2004). 

This method is limited by unaccounted canopy processes affecting the measured fluxes. The 

“gradient” method (e.g. Fowler et al., 2001) is another widely used indirect technique. Here, 

the vertical flux is calculated as the product of the measured vertical concentration gradient 

and the so-called eddy diffusivity which is estimated from proxy measurements. However, in 

a well-developed turbulence regime, only small gradients are established, thus limiting the 

gradient method depending on the quality of the chemical analysis system. In the inferential 

approach, the deposition flux F is calculated as the product of the measured scalar 

concentration, c, and the so-called deposition velocity, vd, 

cvF d ⋅−=  .          [Eq. 1] 

The deposition velocity combines all micro-physical mechanisms contributing to the dry 

deposition in a single parameter. For this reason, the quality of the inferential approach 

depends mainly on the parameterization of the deposition velocity. 
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Direct micrometeorological approaches such as the “eddy covariance” (EC) or the “eddy 

accumulation” (EA) methods (e.g. Stull, 2000) yield promising results, however, in contrast 

to many gaseous species, the application of these techniques to particle flux measurements is 

still a field of research. Relaxed eddy accumulation (REA) has been applied to measure 

particle fluxes in a semi-arid environment (Schery et al., 1998), in an urban environment 

(Nemitz et al., 2001), and for size-resolved measurements (Gaman et al., 2004). 

The vertical particle number flux may be directly measured by eddy covariance. In this 

approach, particle number concentrations and the vertical wind velocity are measured with 

high time resolution in order to obtain the mean value and the turbulent fluctuations of these 

scalars. Thus, the turbulent flux may be calculated as the covariance of the particle 

concentration and the vertical wind velocity.  

Fluctuations of the vertical wind are routinely measured using sonic anemometers with time 

resolutions of 10 – 20 Hz. Atmospheric particles may be detected using electrical or optical 

counters. Flux experiments using electrical counting devices were limited to particle sizes > 

100 nm diameter (e.g. Lamaud et al., 1994). Early studies using optical particle counters in 

eddy covariance systems were limited by the slow response of the instruments (Katen and 

Hubbe, 1985; Duan et al., 1988). Nevertheless, recent work by Gallagher et al. (1997) and 

Nilsson et al. (2003) yielded interesting results for high particle concentrations. Optical 

counting of individual particles due to light scattering is also limited to particles > 100 nm 

diameter. Below this threshold, the scattering intensity becomes too small to be detected 

(Flagan, 1998).  

The BEWA joint project within the German atmospheric research programme AFO2000, 

however, aimed to study the role of biogenic volatile organic compounds and their reaction 

products in particle formation processes (Steinbrecher et al., 2004). When studying 

atmospheric particle formation it is essential to use particle counters with detection limits 

below 100 nm diameter. This led to the use of condensation particle counters in eddy 
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covariance systems (Buzorius et al., 1998). In this work, an eddy covariance system 

combining a sonic anemometer and two condensation particle counters was set up and applied 

above a Norway spruce forest. In particular, the turbulent vertical fluxes of aerosol particles 

during particle formation events were investigated. The identification and analysis of particle 

formation events from particle size distribution measurements are presented in Held et al. 

(2004). Here we describe the BEWA particle flux system, and present results of the particle 

flux measurements during the BEWA field campaigns. 

METHODS 

Site 

The BEWA field campaigns were carried out in July/August 2001 and 2002, respectively, at 

the “Waldstein” ecosystem research site of the Bayreuth Institute of Terrestrial Ecosystem 

Research (BITÖK) in the “Fichtelgebirge” mountain range. This forest site situated near the 

Czech/German border (50°09’N, 11°52’E) is dominated by Norway spruce (Picea abies (L.) 

Karst) surrounding a 30 m scaffolding tower at 776 m asl. In recent years, both eddy 

covariance (e.g., Klemm and Mangold, 2001; Burkard et al., 2002; Rebmann et al., 2004) as 

well as eddy accumulation techniques (e.g. Pryor and Klemm, 2004) were successfully 

applied over the heterogeneous terrain of the “Fichtelgebirge” mountains at this site. Footprint 

analyses indicate that source areas contributing to turbulent fluxes are covered with Norway 

spruce in most cases except for very stable conditions (Klemm and Mangold, 2001). Further 

details may be found in Klemm et al. (this issue) and Matzner (2004). 

Instrumentation 

An eddy covariance system (Fig. 1) for turbulent particle flux measurements was set up 

combining a Young Model 81000 sonic anemometer (R.M.Young, Traverse City, MI, USA) 

and two condensation particle counters, a CPC 3760A (CPC) and a UCPC 3025 (UCPC; both 

TSI Inc., St. Paul, MN, USA).  

 Fig. 1 



 5 

The sonic anemometer and the CPC were mounted on a swinging boom at 22 m agl 

approximately 3 m from the SE corner of a 30 m scaffolding tower surrounded by a Norway 

spruce stand. The UCPC, the data acquisition and control PC as well as auxiliary parts of the 

system (pumps, power supply, electronics) were located on the 21 m tower platform. 

In both the CPC and the UCPC, the aerosol sample passes a convectively heated saturation 

chamber with an oversaturated butanol atmosphere. The butanol vapor condenses onto the 

particles downstream in the condensation chamber. Subsequently, the grown particles are 

individually counted by optical detection of laser light scattering. The particle growth depends 

on the internal design of the counter, on the temperature difference between the saturator and 

the condenser and also on the flow rate through the counter. The temperature difference 

between the saturator and the condenser was maintained at 17 K in 2001 and 22 K in 2002 for 

the CPC and at 28 K for the UCPC, respectively. With an external pump (N815 KNE, KNF 

Neuberger, Freiburg, Germany) and a critical orifice a 1.5 l min-1 flow rate and sample flow 

through the CPC was set. The UCPC was operated at a flow rate of 1.5 l min-1, however, the 

sample flow through the UCPC was only 0.03 l min-1. 

The minimum detectable particle size of the counter is usually defined as the smallest 

diameter of particles detected with an efficiency of 50 %. In general, the 50 % detection 

efficiency decreases with increasing temperature differences and decreasing flow rates. The 

50 % detection limit of the CPC is around 11 nm, the 50 % detection limit of the UCPC 

around 3 nm (TSI, 1989; TSI, 1998). It is important to bear in mind that the variation of the 

temperature difference or the flow rate will not only change the 50 % detection limit of the 

counter but will rather change the functional relationship of the counter’s detection efficiency 

for different particle sizes (Mertes et al., 1995). 

Particles were sampled near the sonic anemometer’s measuring region and were transported 

to the particle counters through conductive tubing. The dimensions of the sampling lines can 

be found in Tab. 1. 
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 Tab. 1 

A standard PC was used for system control, data acquisition and data storage. The three-

dimensional wind vector and the sonic temperature data were acquired from the sonic 

anemometer via serial communication with a time resolution of 10 Hz. The CPC and UCPC 

data were fed into electronic counting boxes (elub 0661, Universität Bayreuth, Germany) 

counting the detection pulses of each individual particle with a fixed time resolution of 10 Hz. 

Analysis 

The above system yields horizontal and vertical wind velocity data, sonic temperature and 

particle number concentrations in the size range from 3 nm to > 3 µm ∅ (cUCPC) and from 11 

nm to > 3 µm ∅ (cCPC), respectively. The particle concentration for the ultrafine size fraction 

from 3 to 11 nm ∅ (cUF) may be easily determined as the difference of cUCPC and cCPC. 

However, the exact ultrafine size range depends on the specific 50 % detection efficiency of 

the used counters which has not been calibrated. Particle concentrations were corrected for 

coincidence using the correction as given by the manufacturer (TSI, 1998). Also, particle 

losses in the sampling lines due to gravitational settling and diffusive deposition were taken 

into account applying correction factors acc. Willeke and Baron (1996). This correction 

ranged from 4 to 12 % for the different sampling setups. 

Turbulent fluxes of buoyancy, momentum and particles were determined by the eddy 

covariance (EC) method. The vertical turbulent exchange corresponds to the covariance of the 

vertical wind velocity w and the studied scalar x, 

x'w'Fx = ,          [Eq. 2] 

with x being temperature T, horizontal wind speed u, or particle concentration c. Large eddies 

contributing to the turbulent flux were taken into account by using 30-min averaging 

intervals. An analysis of ogive functions (e.g. Friehe et al., 1991) showed that this was an 

adequate interval for the BEWA flux measurements. 
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Wind and particle concentration data were synchronized, i.e., they were corrected for the time 

lag introduced due to the particle sampling lines, by maximizing the covariance given by the 

cross correlation function of vertical wind and particle concentration. Using theoretically 

calculated travel times of the particles to the counter, the cross correlation procedure was 

limited to a plausible range of time lag values. 

The vertical orientation of the sonic anemometer was corrected by application of a planar-fit 

coordinate rotation (Wilczak et al., 2001). This procedure adapts the wind measurements to 

the mean streamlines over the terrain around the measuring tower.  

Also, before flux calculation the data were detrended by subtracting a 200-s moving average 

from the original time series. This procedure was used to separate the true turbulent signal 

from low frequency contributions that may be introduced, e.g., due to changing 

meteorological conditions. 

After synchronization, coordinate rotation and detrending, the buoyancy flux, the momentum 

flux and the turbulent particle fluxes for the CPC and the UCPC measurements were 

calculated. 

Finally, rigorous quality tests were carried out to identify and filter reliable flux data. The 

valid application of the eddy covariance method requires theoretical assumptions such as the 

stationarity of the time series. This was tested acc. Foken and Wichura (1996) by comparison 

of 30-min dispersions and the average of six 5-min dispersions of the same interval. 30-min 

intervals exhibiting differences smaller than 30 % were considered stationary in this study. 

After detrending of the time series as described above only 0.2 % of the data had to be 

excluded as not stationary. 

Two criteria for well-developed turbulence were investigated: If the friction velocity u* 

(calculated as the square root of the negative momentum flux, u'w'− ) was below a threshold 

value of 0.1 m s-1, the data were discarded. Also, the so-called integral turbulence 

characteristic (Thomas and Foken, 2002) of the vertical wind was evaluated and compared 
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with a theoretical model. Again, for differences between observation and model larger than 30 

%, data were assigned a low-quality status. Under northerly wind conditions, the wind field is 

distorted due to the measuring tower construction thus degrading the flux measurements. 

Therefore, only measurements in the wind sector from 120° to 300° were considered for data 

analysis. Overall, 852 of 1615 acquired 30-min intervals (53 %) passed all quality tests and 

were included in the data analysis. 

The general applicability of the setup for eddy covariance measurements was investigated by 

spectral analysis (Kaimal and Finnigan, 1994) of the vertical wind velocity and particle 

concentration time series. At high frequencies (> 1 Hz), deviations of the CPC particle power 

spectra from the ideal spectral model were observed. A slope of +1 indicated white noise at 

high frequencies, i.e., fluctuations faster than ~1 Hz could not be resolved with the CPC. This 

limitation is not only due to the slow response of the particle counter, but also due to the 

sampling line setup. In order to take into account the fluctuation damping, the time response 

of the CPC and the UCPC together with their respective sampling line configuration were 

experimentally determined and used in a simple spectral correction model (Horst, 1997). 

Particle concentration step changes were created using a magnetic valve switching between 

ambient air and filtered, particle-free air. The response of the CPC and the UCPC systems 

was recorded, respectively, and the time constants were determined by fitting a theoretical 

exponential function with the experimental data (Buzorius, 2001), 
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c0, true concentration signal [m-3], ci, measured concentration signal [m-3], t0, time of the 

concentration step [s], τ, response time [s]. 

 Fig. 2 

As an example, the averaged response (10 repetitions) of the CPC setups 2001 and 2002 and 

the corresponding theoretical response functions are displayed in Fig. 2. Evidently, the 
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theoretical function seems to be a proper representation of the actual CPC response, i.e., the 

corresponding response times τ = 0.96 s (2001) and τ = 0.77 s (2002) may be used to correct 

the system attenuation. Due to the longer sampling lines, a considerably slower response of 

the UCPC setup was determined, with τ = 1.82 s (2001) and τ = 0.91 s (2002), respectively. 

The corresponding spectral flux corrections acc. Horst (1997) were typically on the order of 

10 % to 20 %. In 2001, the UCPC flux corrections reached 40 % in some cases, however, in 

2002, less than 5 % of the measurements needed corrections greater than 20 %. 

RESULTS AND DISCUSSION 

Vertical turbulent fluxes of aerosol particles were measured above a Norway spruce forest 

using an eddy covariance system. The particle counters measured particle concentrations over 

a wide size range from a few nm to several µm. Thus, the resulting flux measurements yield 

integral number fluxes of the polydisperse particle population. 

 Fig. 3 

Fig. 3 shows six days of turbulent particle number fluxes as measured with the CPC and the 

UCPC systems, respectively. The CPC and UCPC flux patterns are quite similar to each 

other. Even small features of the flux pattern can be observed in both measurements. 

However, the absolute value of the UCPC flux is generally higher than that of the CPC flux. 

This is due to the different lower detection limits of the two counters. 

Both measurements exhibit a clear diurnal variation with negligible fluxes during night-time 

and stronger fluxes during the day. In most cases, the daytime fluxes are negative, i.e., the 

turbulent particle fluxes are directed towards the surface. These deposition fluxes dominate 

over emission fluxes which occurred only episodically during the field experiments (Fig. 4) 

 Fig. 4 

In the CPC measurements, small deposition fluxes up to -5 .106 particles m-2 s-1 were observed 

most frequently. About 85 % of the CPC fluxes were found in the range from -25 .106 to 

+5 .106 particles m-2 s-1. Emission fluxes could be observed in 122 intervals (14 %) whereas 
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deposition occurred during 730 intervals (86 %). The frequency distribution of the UCPC 

fluxes is clearly shifted towards negative fluxes with 788 deposition measurements (92 %) vs. 

64 emission measurements (8 %). About 81 % of the flux measurements were in the range 

from -35 .106 to +5 .106 particles m-2 s-1. 

The day-to-day variability of the particle fluxes becomes evident in a compilation of daily 

median and 90 % percentile values of all campaign days with more than 25 % of high quality 

data coverage in Fig. 5. 

 Fig. 5 

The fraction of deposition and emission fluxes, respectively, as well as the low quality data 

fraction is displayed in the upper panel of Fig. 5. Again, the dominance of particle deposition 

over emission (black vs. grey filling) becomes evident. The absolute daily median values of 

the CPC deposition flux are typically below 10 .106 particles m-2 s-1, and reach a maximum of 

39 .106 particles m-2 s-1
 on July 27, 2002. The 90 % percentile is a robust estimate of the 

maximum deposition flux and exceeds an absolute value of 30 .106 particles m-2 s-1 on eight 

days (marked “F“ in Fig. 5). These “deposition“ days also exhibit the highest UCPC fluxes 

(not shown) with more than 50 .106 particles m-2 s-1. Significant emission fluxes were only 

observed on four days. Neglecting particle deposition, the maximum median value of particle 

emission (not shown) was 125 .106 particles m-2 s-1 on July 30, 2002. 

The concentration and flux differences between the CPC and the UCPC system can be 

attributed to the particles that are measured with the UCPC but not with the CPC, i.e. the 

ultrafine particle fraction (UFP) from 3 nm to 11 nm diameter. In the case of particle 

concentration it is straightforward to calculate the difference to obtain the UFP concentration, 

however, for particle fluxes it is almost impossible to take into account all differences of the 

counter properties affecting the eddy covariance measurement (Buzorius et al., 2003). 

Nevertheless, it is an instructional effort to compare the differential flux (called UFP flux) 
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with the respective CPC and UCPC fluxes. Tab. 2 gives typical values of particle 

concentrations and particle deposition fluxes during the BEWA campaigns 2001 and 2002. 

 Tab. 2 

While the concentration difference yields an UFP fraction of typically much less than 25 %, 

the contribution of the ultrafine particles to the overall deposition flux is frequently on the 

order of 50 % or more. These results emphasize the large impact of ultrafine particles on the 

particle number flux, especially during so-called nucleation events when new particles are 

formed in the atmosphere through gas-to-particle conversion. In a coniferous forest, oxidation 

products of biogenic volatile organic compounds such as monoterpenes and sesquiterpenes 

contribute to particle growth through condensation and possibly also to new particle 

formation (e.g. Kavouras et al., 1998). These newly formed particles can be detected at sizes 

of several nanometers in diameter. In this size range, particle deposition models (e.g. Zhang et 

al., 2001) predict decreasing deposition velocities with increasing particle size, i.e. small 

particles should exhibit large deposition velocities. Thus, the large abundance of ultrafine 

particles is very likely to result in strong deposition fluxes during nucleation events. This 

assumption has been confirmed during the BEWA field campaigns. For example, six of the 

eight days with strong particle deposition (cf. Fig. 5) could be classified as particle nucleation 

event days (Held et al., 2004). If particles were formed within the forest stand, their emission 

was not detected by the flux system because particle growth was probably too slow to 

produce particles larger than 3 nm within the forest stand. 

A remarkable observation was made on July 12, 2002, when measurements showed strong 

particle exchange during a pronounced particle formation event. On this particular day, the 

CPC and UCPC measurements revealed opposite particle flux directions. As displayed in the 

upper panel of Fig. 6, particle emission was measured with the CPC system while the UCPC 

system showed particle deposition. 

 Fig. 6 
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In order to elucidate this special situation, the time evolution of the particle number 

concentrations is shown in the lower panel of Fig. 6. From the measurements, the 

concentration of three particle fractions, i.e. the UCPC size range, the CPC size range and the 

UFP fraction, were derived. The UFP fraction is the difference between UCPC and CPC, and 

thus, UCPC is the sum of CPC and UFP, i.e., the total particle concentration. As expected, the 

total concentration increases in the morning hours reaching a morning maximum of 23 000 

particles cm-3 between 09:30 and 10:00 CET and a second, less pronounced peak between 

12:00 and 13:00 CET. While the UFP fraction follows the UCPC concentration pattern over 

the whole day, the CPC concentration shows a somewhat different evolution. The CPC 

concentration increases slowly and continuously over the morning hours until it reaches its 

maximum between 12:00 and 13:00 CET. Thus, it is reasonable to attribute the steep 

concentration increase and the morning maximum of the total concentration to the UFP 

fraction. This fraction also dominates the UCPC flux measurements in the morning hours 

when the opposite direction of the CPC and UCPC fluxes is strongly pronounced. Therefore, 

the particle emission flux as measured with the CPC system is masked in the UCPC 

measurement due to the high deposition velocity and the large abundance of the UFP fraction, 

and the UFP dominance of the UCPC measurements results in a net deposition flux. Overall, 

the differing dynamics of the UFP and CPC fractions as apparent in the concentration patterns 

and their differing deposition mechanisms may lead to opposite flux directions of these 

fractions. 

The differing evolution of these particle size fractions was observed to be a general feature of 

the particle dynamics during the BEWA campaigns. This is demonstrated in Fig. 7 showing 

the median diurnal pattern of the deposition velocities of the UCPC, CPC and UFP size 

fractions.  

 Fig. 7 
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From the direct measurement of the particle concentrations c and the fluxes F, the integral 

deposition velocity, 

c
Fvd −= ,          [Eq. 4] 

was calculated for the three fractions. As expected from theoretical particle deposition 

models, the UFP deposition velocity is typically larger than the integral deposition velocities 

of the CPC and UCPC fractions. The contribution of larger particles with lower deposition 

velocities decreases the integral deposition velocities of both the CPC and the UCPC system. 

The UFP deposition velocity peaks in the morning around 11:00 CET, whereas the CPC 

deposition velocity shows a maximum later in the day around 15:00 CET. The UCPC 

deposition velocity, in contrast, exhibits two peaks, one before noon and one in the mid-

afternoon. Apparently, the UCPC pattern is a superposition of the complementing UFP and 

CPC fractions. The morning peak may be attributed to the ultrafine particles which are 

produced early in the morning during particle formation events. In contrast, the afternoon 

peak is mainly due to particles larger than 11 nm ∅ (CPC) when ultrafine particles have 

already grown to larger sizes. 

CONCLUSIONS 

In this work, an eddy covariance system was set up and successfully applied above a Norway 

spruce forest to directly measure the vertical turbulent exchange of aerosol particles between 

the vegetative surface and the atmospheric boundary layer. The resulting deposition velocities 

on the order of 10 mm s-1 are consistent with values found in other studies over comparable 

surfaces (Tab. 3). 

 Tab. 3 

Considerably lower deposition velocities have been measured above open sea and low 

vegetation such as crop or moorland. This is due to effective impaction and interception 
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processes taking place in a coniferous forest and also due to the different surface roughnesses, 

consequently resulting in a modified turbulence regime. 

While Buzorius et al. (2001) used two CPCs of the same type and Gaman et al. (2004) used a 

differential mobility particle sizer, here for the first time, the simultaneous use of a CPC and a 

UCPC allowed to derive a direct estimate of the turbulent flux of the ultrafine particle fraction 

(UFP) in the size range from ~ 3 to ~11 nm diameter. The measured UFP deposition velocity 

values were consistent with theoretical models. Therefore, the UFP estimates may be 

considered reliable, and thus, may be used in a comparison of the UFP vs. CPC particle 

dynamics. The differences in the diurnal behavior of these two particle fractions need to be 

considered when analyzing deposition processes and the evolution of an atmospheric particle 

population. For a better understanding of the atmospheric aerosol dynamics, size resolved 

particle fluxes are desirable. Therefore, a rigorous measurement of the turbulent particle flux 

would determine particle fluxes of various size ranges individually. However, the 

development of sufficiently fast instrumentation for this task and successful implementation 

in an eddy covariance system remains a future challenge in atmospheric research. Ultimately, 

the measurement of particle mass fluxes and the exchange of chemical species in the gas and 

particle phases need to be tackled. We consider the presented results of the BEWA particle 

flux measurements a valuable step towards this goal.  
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FIGURE CAPTIONS 
Fig. 1: Schematic representation of the eddy covariance particle flux system. Find details in 

the text. 

 

Fig. 2: Experimental response curves to concentration step changes and fitted response 

function acc. Buzorius (2001). a) CPC setup 2001 with a time constant τ = 0.96 s. b) CPC 

setup 2002 with a time constant τ = 0.77 s. 

 

Fig. 3: Particle number fluxes of the CPC (upper panel) and the UCPC (lower panel) system 

from July 9 through July 14, 2001. Black lines indicate high-quality flux data, grey lines 

indicate data that failed one or more quality criteria. 

 

Fig. 4: Cumulative distribution of the relative frequency of CPC (dashed) and UCPC (solid) 

particle number fluxes, respectively. Negative flux values represent particle deposition, 

positive flux values represent particle emission. 

 

Fig. 5: Fraction of high-quality emission (grey) and deposition (black) periods (upper panel), 

and the daily median and 90 % percentile value for various days of the BEWA campaigns. 

Days with strong deposition fluxes are marked “F“. 

 

Fig. 6: Time evolution of the a) CPC and UCPC particle fluxes and b) of the CPC, UCPC and 

UFP particle concentrations on July 12, 2002. Black symbols indicate high-quality flux data. 

 

Fig. 7: Diurnal pattern of the median integral deposition velocities of the CPC and UCPC size 

ranges, and of the ultrafine particle (UFP) fraction, 3 – 11 nm ∅ for all valid measurements in 

2001 and 2002. 
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Tab. 1: Configuration of the aerosol sampling lines for the CPC and UCPC setups in 2001 and 

2002, respectively.  

tubing 
OD / ID 

 conductive carbon 
12.7 / 7.9 mm 

stainless steel 
10 / 6 mm 

stainless steel 
3.18 / 2.1 mm 

CPC 0.95 m -- -- 2001 
UCPC 0.96 m 3.63 m -- 
CPC -- -- 0.94 m 2002 
UCPC -- -- 4.73 m 

 

Tab. 2: Characteristic values of CPC, UCPC and ultrafine particle (UFP, 3 – 11 nm ∅) 

concentrations and deposition fluxes in 2001 and 2002, respectively. 

 2001 2002 unit 

 median 5 % 95 % median 5 % 95 % 

CPC concentration 5473 3167 11379 4895 1994 9880 cm-3

UCPC 7336 4003 17293 6196 2973 11685 cm-3

UFP concentration 1887 542 5278 1275 365 2803 cm-3

CPC deposition -6.4 -0.5 -30.5 -9.4 -1.0 -60.9 106 m-2 s-1

UCPC deposition -13.9 -2.7 -69.2 -16.7 -4.0 -92.4 106 m-2 s-1

UFP deposition -6.8 -1.0 -37.5 -5.1 -0.7 -38.3 106 m-2 s-1
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Tab. 3: Experimentally derived particle deposition velocities vd for various particle size 

ranges and surfaces. Experimental methods include relaxed eddy accumulation (REA), eddy 

covariance using a condensation particle counter (EC / CPC), and eddy covariance using 

optical particle counters (EC / OPC). 

vd [mm s-1] size range surface method source 

50 … 350 ~ 1 nm semi-arid grassland REA Schery et al. (1998) 

4.3    50 nm coniferous forest REA Gaman et al. (2004) 

6 … 7 7 – 14 nm coniferous forest EC / CPC&CPC Buzorius et al. (2001) 

0.1 … 15 15 – 35 nm coniferous forest EC / 
CPC&model Rannik et al. (2000) 

-75 … -20 > 11 nm urban EC / CPC Dorsey et al. (2002) 

-35 … 10 > 11 nm coniferous forest EC / CPC Buzorius et al. (1998) 

5 … 40 > 11 nm coniferous forest EC / CPC Buzorius et al. (2000) 

1.9 > 11 nm open sea EC / CPC Nilsson and Rannik 
(2001) 

0.7 100 – 200 nm heathland EC / OPC Gallagher et al.  (2002)

1.4 100 – 200 nm arable crop EC / OPC Gallagher et al. (2002) 

2.1 100 – 200 nm coniferous forest EC / OPC Gallagher et al. (2002) 

10 300 – 500 nm coniferous forest EC / OPC Gallagher et al. (1997) 

     

-39 … 70 3 – 11 nm coniferous forest EC / 
CPC&UCPC this work 

-37 … 23 > 3 nm coniferous forest EC / UCPC this work 

-12 … 13 > 11 nm coniferous forest EC / CPC this work 



 22 

 

 

Fig. 1 

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

time [s]

 

 

no
rm

al
iz

ed
 p

ar
tic

le
 c

on
ce

nt
ra

tio
n 

[-] a) CPC 2001:
     τ = 0.96 s

b) CPC 2002:
     τ = 0.77 s

time [s]

norm
alized particle concentration [-]

 

 

Fig. 2



 23 

-150

-100

-50

0

50

09.07.2001 10.07.2001 11.07.2001 12.07.2001 13.07.2001 14.07.2001
-200

-150

-100

-50

0

C
P

C
 fl

ux
 [1

06  m
-2
 s

-1
]

 

U
C

P
C

 fl
ux

 [1
06  m

-2
 s

-1
]

 

Fig. 3 

-100 -50 0 50 100
0

25

50

75

100

 

 

cu
m

ul
at

iv
e 

re
l. 

fre
qu

en
cy

 [%
]

particle flux [106 m2 s-1]

   CPC
   UCPC

 

Fig. 4



 24 

09
.0

7.
01

10
.0

7.
01

11
.0

7.
01

12
.0

7.
01

13
.0

7.
01

14
.0

7.
01

18
.0

7.
01

19
.0

7.
01

21
.0

7.
01

22
.0

7.
01

30
.0

7.
01

31
.0

7.
01

02
.0

8.
01

03
.0

8.
01

08
.0

7.
02

09
.0

7.
02

11
.0

7.
02

12
.0

7.
02

13
.0

7.
02

20
.0

7.
02

21
.0

7.
02

22
.0

7.
02

23
.0

7.
02

24
.0

7.
02

27
.0

7.
02

28
.0

7.
02

30
.0

7.
02

31
.0

7.
02

-150

-100

-50

F F FF FFFF

 

 

 

C
P

C
 fl

ux
 [1

06  m
-2
s-1

]

 median
 90% percentile

 

 

 
100

50

0da
ta

 [%
]

 
Fig. 5 
 
 

-300

-200

-100

0

100

00:00 06:00 12:00 18:00 24:00
0

5000

10000

15000

20000

 CPC
 UCPC

 

pa
rti

cl
e 

flu
x 

[1
06  m

-2
s-1

] a)

CET

pa
rti

cl
e 

co
nc

en
tra

tio
n 

[c
m

-3
]

 UCPC
 UFP
 CPC

 

b)

 
Fig. 6



 25 

0 6 12 18 24
0

2

4

6

8

10
de

po
si

tio
n 

ve
lo

ci
ty

 [m
m

 s
-1
]

CET

 UFP
 UCPC
 CPC

 
Fig. 7 


