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Abstract

To study the environmental fate of nanoparticles,
reliable measurements of particle fluxes in the at-
mosphere are of importance. The eddy-covariance
(EC) technique can be used to calculate surface
fluxes. In this study, the EC technique has been
applied to calculate particle fluxes in Helsinki (Fin-
land) and Cabauw (the Netherlands). For reli-
able estimations for the surface fluxes, particle flux
measurements need to be corrected for attenuation
of the highest frequencies. This attenuation is
caused by the relatively long response time of first
order scalar sensors. The attenuation can be estim-
ated using a theoretical or an empirical approach.
Horst [1997] developed a simple formula to estimate
the attenuation, based on the empirical approach.
The empirical approach relies on the assumption of
spectral similarity. In this paper the effect of the
assumption of spectral similarity is investigated. It
is shown that in order to apply the Horst [1997]
formula a reliable estimate of the sensor response
time is required. Furthermore, it is shown that in
order to apply the empirical method, a fast sensor
response is required. The assumption of spectral
similarity seems reasonable for particle fluxes and
heat fluxes. An altered assumption of spectral sim-
ilarity has been applied, where similarity is assumed
only after the peak frequency in the cospectrum.
This assumption leads to a better estimate for the
attenuation, when applied to the Helsinki data.

1 Introduction

The environmental fate of nanoparticles has be-
come an area of extensive research over the past
years. This increased interest is caused mainly by
an intensified engineered nanoparticle production.
Hence, increased effort in research on the inter-

action of nanoparticles with their environment is
of vital importance. One pathway that has to be
studied, is the release and fate of nanoparticles into
the atmosphere [John et al., 2017]. Information on
emission- and deposition areas, particle fluxes and
their deposition velocities is of importance for mod-
elling of the behaviour and fate of nanoparticles in
the atmosphere.

The eddy covariance (EC) technique is a well-known
technique, used to calculate surface fluxes of vary-
ing scalars. It has been widely used to calculate
e.g. fluxes of water vapour, carbon dioxide, meth-
ane and ozone [Clifton et al., 2017] [Mammarella
et al., 2016] [Aubinet et al., 2012]. The EC tech-
nique has also been applied for calculating particle
fluxes [Pryor et al., 2008] [Buzorius et al., 1998]
[Buzorius et al., 2000] [Fairall, 1984] [Suni et al.,
2003] [Nilsson et al., 2001]. The post-processing of
particle concentration measurements for calculating
fluxes has been reported on by Aubinet et al. [1999]
and Lee et al. [2006]. Special care has to be taken
when applying the EC method to particle fluxes.
For example, particle concentrations are rarely sta-
tionary [Buzorius et al., 1998], making the applica-
tion of the EC method more complicated.

The eddy covariance method has also been ap-
plied to calculate size-resolved particle fluxes, as de-
scribed in e.g. Nemitz et al. [2002], Buzorius et al.
[2000]. Also slightly adapted methods to calculate
size resolved particle fluxes have been applied, by
Buzorius et al. [2003], Schmidt and Klemm [2008].

Due to the relatively slow response time of particle
counters, especially in measuring particle concen-
trations high-frequency attenuation may be signi-
ficant. The resulting underestimation can be cor-
rected using spectral corrections [Buzorius et al.,
2000]. In general there are two approaches for these
corrections: a theoretical approach and an empir-
ical approach, which are both described in detail in
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Aubinet et al. [2012]. In the theoretical approach,
the spectral corrections are based on knowledge of
the effects of the measurement system and for each
effect the correction is calculated separately [Moore,
1986]. In the empirical approach, the spectral cor-
rections are based on knowledge of what an ideal
measured spectrum should look like and the differ-
ence between the measurement and this ideal spec-
trum is corrected.

In this paper the empirical approach is investigated.
The empirical approach is based on knowledge on
the shape of the power spectra and cospectra of the
scalars at interest. Based on meteorological theor-
ies, they should follow a specific slope, as shown by
Kaimal et al. [1972]. The reference spectrum, to
which the measured spectrum is compared, can be
either a theoretical one or another measured spec-
trum. When assuming spectral similarity between
sensible heat flux and particle flux, one could use
the unattenuated sensible heat flux cospectrum as
the reference spectrum, in order to design a transfer
function for correcting the high frequencies of the
particle flux cospectrum.

Spectral similarity between particle fluxes and
fluxes of other scalars is based on the scalar sim-
ilarity theory, according to which scalar quant-
ities are transported within eddies of different
sizes and shapes, with similar efficiency [Ruppert
et al., 2006][Kaimal et al., 1972]. Scalar similarity
between temperature, water vapour, carbon diox-
ide and ozone are generally assumed, and this as-
sumption has been studied extensively [De Ligne
et al., 2010], [Pearson et al., 1998], [Ruppert et al.,
2006], showing that for water vapour in particular
the assumption of scalar similarity should be made
with some caution. Scalar similarity for particle
concentrations has not been undisputedly proven.
Ruppert et al. [2006] shows that the assumption
of spectral similarity might be questionable, espe-
cially for the lower frequency part, due to the differ-
ences in sources and sinks. Even if scalar similarity
between particles and other scalars can be assumed,
the measured spectra might be far from the ideal
spectra presented in Kaimal et al. [1972], yielding
it uncertain whether the frequently-applied spec-
tral corrections by Horst [1997] could be applied to
particle flux measurements.

Spectral corrections are necessary to obtain reliable
flux estimates with the eddy covariance method. In
this paper we investigate the effect of the assump-
tion of spectral similarity on the high-frequency

spectral corrections that can be applied to particle
fluxes. The transfer function based on compar-
ison with measurements of other scalars will be
compared to the transfer function of Horst [1997],
which is based on a theoretical approach. Section
2 explains the theory of spectral corrections based
on empirical methods, and Section 3 describes the
measurement set-ups and post-processing steps. In
Section 4, the results are presented for two meas-
urement sites. The main conclusions and discussion
follow in the last section.

2 Theory

The co-spectral transfer function for spectral cor-
rections can be determined as [Aubinet et al., 2012]

TF (f) =
NT
Ns

Cws(f)

CwT (f)
, (1)

where f is the frequency, NT andNs are the normal-
ization factors for the sensible heat flux cospectrum
and the cospectrum of another scalar, and Cws and
CwT are the scalar flux cospectrum and heat flux
cospectrum. In our analysis, the scalar of interest
is the particle flux.
The normalization factors NT and Ns of the cospec-
tra can be determined by integrating the cospectra
over a suitable frequency range:

NT
Ns

=

∫ f2
f1
CwT (f)df∫ f2

f1
Cws(f)df

, (2)

where f2 and f1 have to be determined. The in-
tegration should be performed only on the part of
the spectrum where spectral similarity can be as-
sumed. Regions where differences between the heat
flux spectrum and particle flux spectrum are ex-
pected should be excluded from the normalisation.
Because there is attenuation at the high frequency
end of the particle spectrum, one should not nor-
malize with the total flux, as this would include that
the attenuated part. Therefore, the spectrum is in-
tegrated up to a certain frequency f2, below which
negligible attenuation is assumed, as explained in
more detail in Aubinet et al. [2012].
In general, it is assumed that f1 = 0, i.e. the low-
frequency part is suitable for normalisaton. How-
ever, comparing the temperature cospectrum with
the particle cospectrum can only be done under the
assumption of spectral similarity. If this cannot be
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assumed, the ratio of the spectra cannot be used
to determine the transfer function. Following the
conclusions of Ruppert et al. [2006], it is suspec-
ted that poor scalar similarity might be found at
low frequencies. Therefore, when spectral similar-
ity is not assumed, the normalisation of the spectra
is based on an interval between f1 = fm and f2,
where fm is the frequency at which the cospectrum
is at its maximum. The cospectra figures in this pa-
per are shown versus normalised frequency, defined
as

n =
z

u
f, (3)

where z is the height above the canopy of the meas-
urement and u is the mean wind speed. There-
fore, the integration of the spectra is done using
nm = z

ufm and n2 = z
uf2, which are the norm-

alised frequency at which the cospectrum is at its
maximum and normalised upper bound frequency
respectively.
The approximate position of the peak has been
determined based on theoretical considerations
[Horst, 1997]. It can be expressed in normalised
frequency n, as

nm =

{
0.085 if z/L ≤ 0

2 − 1.915/(1 + 0.5z/L) if z/L > 0
, (4)

where nm is the normalised frequency at which the
(co)spectrum is at its maximum and L is the Ob-

hukov length, approximated by L = −u3
∗T
kgQ , where

Q is the temperature flux, T is the temperature in
Kelvin, k is the von Kármán constant, g is the grav-

itational acceleration and u∗ = (u′v′
2

+ v′w′
2
)1/4 is

the friction velocity. The position of the peak in the
idealised model in Horst [1997] is the best a priori
estimate of the position of the peak and is there-
fore used to determine the integration limit f2 in
Eq. 2, even though the position of the peak in the
measured, non-ideal spectrum might be positioned
differently.
The value of n2 can be estimated using the transfer
function from Horst [1997],

TF (f) =
1

1 + (2πfτ)2
, (5)

where τ is the characteric time of the sensor re-
sponse. This is an estimate of the attenuation based
only on the time constant. Therefore, it should be

used with caution, because the Horst transfer func-
tion will be compared to the empirically determ-
ined transfer function. The empirically determined
transfer function also takes into account attenu-
ation caused by other parts of the measurement set-
up, e.g. the tube. Finding large differences between
the empirical transfer function and Horst transfer
function would form a basis for questioning the re-
liability of n2. To determine n2, it is required to
define a threshold A, which is the amount of sig-
nal that should be retained. E.g., when A = 0.9,
this means that only frequencies for which there is
a maximum loss by attenuation of 10% are included
in the normalisation. Using A, one can determine
n2 as

n2 =
z

u
ft =

z

u

√
1/A− 1

2πτ
. (6)

The attenuation factor a can be determined as

a =

∫
TF (f)Cws(f)df∫

Cws(f)df
. (7)

Horst [1997] proposes a formula to determine the
attenuation without integrating the cospectrum:

a =
1

1 + (2πfmτ)α
, (8)

where a is proposed to be either 1 or 7/8.

3 Method

3.1 Measurement setup

Flux measurements in this study are performed at
two different sites. The SMEARIII (Station for
Measuring Ecosystem-Atmosphere Relations) satel-
lite site Hotel Torni (60.1678E, 24.9387N) is located
in densely built Helsinki city centre with built-up
fraction of 78% [Karsisto et al., 2015]. The meas-
urements are made on top of a tower of a build-
ing where 2.3 meters high mast has been installed
resulting a total height of 60 m above the ground
level. The mean building height of the surround-
ings is 24.1 meters and thus the measurements are
conducted at sufficient height above the blending
height. The current measurement setup consists of
a 3D ultrasonic anemometer (Metek USA-1, Metek
GmbH) and a TSI Condensation Particle Counter
(CPC model 3010). The inlet of the tube leading
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to the CPC is located 0.3 m below the anemometer
centre and the tube consists of two parts: 7.6 m
long stainless steel tube and 1.0 m long PVS tube
with inner diameters of 8 and 4 mm, respectively.
The flow rate in the tube is 12 l min−1 and the flow
rate within the CPC is 1 l min−1. The measure-
ment period between 1 and 14 November 2015 is
used in this study.

The Cabauw Experimental Site for Atmospheric
Research (CESAR) Observatory1 is located in
the western part of the Netherlands (51.971◦N,
4.927◦E) in a polder 0.7 m below average sea level.
The nearby area is dominated by flat agricultural
grasslands with relatively little industry and house-
holds. In contrast, in the wider surrounding area
at distances of 15 - 50 kilometers away, more than
10 million people live and work in one of the most
densely populated areas in Europe. The CESAR
Observatory includes a 212 meter tall tower spe-
cifically built for meteorological research and air
pollution studies.

The eddy covariance system that measures turbu-
lent fluxes of aerosol is placed in the tower at 68
meter above ground. The system consists of a
Gill Instruments 3D ultrasonic anemometer (Wind-
Master Part 1590-PK-020) and a TSI Condensation
Particle Counter (CPC 3775). The first instrument
measures the three wind speed components u, v and
w along x, y, z axes, the wind direction and the
sonic temperature. Aerosol particle number con-
centration is measured with a CPC that detects
particles larger than 4 nm in diameter. The d air,
drawn 15 cm away from the anemometer measure-
ment volume, is transported to the CPC in a stain-
less steel inlet tube of 2.10 m length and 0.25 inch
outer diameter. The delay time between entering
the tube and final counting was determined exper-
imentally at 10.5 ± 0.5s by single pulse exposure to
aerosol spray. CPC and anemometer were connec-
ted to the same computer with a data acquisition
frequency fixed at 10 Hz. Measurements are per-
formed between April 29, 2016 and February 24,
2017.

The delay time between entering the inlet tube and
final recording was determined theoretically and ex-
perimentally. The laboratory experiment consisted
of multiple repetitions of instantaneously removing
a High Efficiency Particulate Air (HEPA) filter after
being attached to the CPC via the sampling line for

1http://www.cesar-observatory.nl

sufficiently long time. Doing so, after some death
time, with still zero concentration, the CPC starts
to record increasing concentrations until the lab-air
concentrations are reached. The timeseries of all
repetitions were aligned so that the exact time of
removal of the HEPA were synchronized at t = 0s.
The time constants of the CPC has been determined
by c(t) = e

t−t0
τ , where t0 marks the first response

to lab-air and tau is the exponential time scale
of growth. For our instrumental set-up, we found
t0 = 9.7 and τ = 2 ± 0.1s. Removal of the HEPA
is sensitive to systematic errors by human action
and possibly biases t0 low. To calculate the travel
time between inlet and optical sensing, we meas-
ured length and internal diameter of all individual
external and internal parts, such as e.g. connecting
tubes, saturator wick and condenser. For a lam-
inar flow profile the average travel time was determ-
ined at 10.1s. When this value is to be compared
with the experiments an additional 1.3 second is to
be added since this is the time between detection
and final recording, i.e. when manufacturer soft-
ware is used instead of pulse counting. Moreover,
the calculations are based on the average velocity of
the parabolic-shaped laminar flow. Centrally trans-
ported particles therefore reach the detector space
much quicker. Matching the theoretical and experi-
ment time constants is not our goal, hence we adopt
another technique to determine the relevant time
constants, described in the post-processing section,
and used the range of values hereabove for sanity
check.
The time constants of both CPCs have also been
determined by fitting c(t) = e

t−t0
τ to the concen-

tration response curves in their respective manu-
als. This yields a time constant for the TSI775
of τ ≈ 0.65 and a time constant for the TSI3010
of τ ≈ 0.85. This compares well to the time con-
stant of TSI3010 as determined by Buzorius [2001]
of τ = 0.83. However, the time constant of the
TSI3010 that has been used in the Helsinki set-up
has been tested in the lab by [Enroth et al., 2017],
which yielded τ = 0.73. In this study we will use
τ = 0.65 for the Cabauw data set and τ = 0.73 for
the Helsinki data set.

3.2 Post-processing

To apply the eddy covariance method, post-
processing of the concentration and wind measure-
ments is necessary. To the wind speed vector a co-
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ordinate rotation is applied along two axes, using
the method first described by Tanner and Thurtell
[1969]. Lag time corrections have been applied to
the concentration measurement data. This is done
using a prescribed time-lag that has been determ-
ined by maximizing the correlation between the ver-
tical wind speed and the concentration measure-
ments, averaged over a longer period of time. This
lag time was confirmed experimentally. The vertical
wind speed and particle concentration measure-
ments have been linearly detrended per 30-minute
block and the corresponding high-pass filter spec-
tral correction was applied. [Rannik and Vesala,
1999] After applying this detrending method a sta-
tionarity test is applied, as described in Aubinet
et al. [1999]. In this test the flux of a 30-minute
block is calculated for six 5-minute blocks. The
average of these fluxes should not deviate more
than a preset percentage from the 30-minute block
flux value. The threshold for discarding the data
samples has been set to 30%. Also wind-direction
filtering has been applied. For the Helsinki data set
all data between 50 and 185 degrees has been dis-
carded, for the Cabauw data set all data between
90 and 270 degrees has been discarded. The trans-
fer function should be determined by averaging a
significant amount of spectra. For this purpose, a
suitable period is to be selected, with sunny, sta-
tionary conditions [Aubinet et al., 2012]. Before
calculating the average, the spectra are translated -
in frequency space - in such a way that their max-
ima nm overlap. The stationary data is selected and
logarithmically averaged. The scaling of the spec-
tra is done by integrating the area below the curve,
using the factors NT and Ns. This is done over the
entire normalised frequency range, using an upper
bound given by Equation 6 and using both an up-
per bound and lower bound, given by Eqs. 4 and 6,
where A = 0.98 was chosen.

4 Results

The effect of the assumption on spectral similarity
on the empirical method for attenuation has been
investigated, with the aim to determine whether
spectral similarity should be assumed when determ-
ining the transfer function, and to compare the em-
pirical method with the Horst attenuation formula.
Using the different scalings Ns and NT , the aver-
aged cospectra of the sensible heat flux and particle

Figure 1: Heat flux cospectrum and particle flux co-
spectrum of Helsinki dataset, scaled with the total
area under the curve.

flux have been normalised with respect to one an-
other. The results are visualised in Figures 1, 2 and
3. The maximum of both the heat flux cospectrum
and the particle flux cospectrum is not positioned
at nm - the theoretical position of the maximum
- but is shifted towards higher frequencies. This
shows that the theoretical peak position might not
be a good estimate of the true peak position. In
other studies, a site-dependent formula for the peak
is determined from the measurement data, show-
ing that indeed the position of the peak depends
on site-dependent circumstances.[Järvi et al., 2009]
[Rannik et al., 2004]

Figure 3 reveals more overlap in the area between
nm and n2 in comparison to Figures 1 and 2. When
the low-frequency domain is also included in the
normalisation, the particle flux cospectrum is larger
than the heat flux cospectrum near the peak. Hence
the particle flux would be underestimated if the low-
frequency domain is included in the normalisation.

Using the different scalings as applied in Figures 1,
2 and 3, the transfer function for the high frequency
corrections has been determined. The resulting em-
pirical transfer function is shown in Figure 4, to-
gether with the transfer function of Horst [1997].
Figure 4 displays both the τ value of the CPC and
the τ value resulting from fitting the Horst function
to the empirical transfer function. Excluding the
high-frequency part of the domain does not yield
a different transfer function in comparison to when
all frequencies are included. An explanation for this
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Figure 2: Heat flux cospectrum and particle flux
cospectrum of Helsinki dataset, scaled with the area
under the curve up to n2 (vertical line).

Figure 3: Heat flux cospectrum and particle flux
cospectrum of Helsinki dataset, scaled with the area
under the curve between nm (left vertical line) and
n2 (right vertical line).

Figure 4: Transfer function of Helsinki dataset, em-
pirically determined after scaling with the total area
under the curve (blue), the area under the curve up
to n2 (right vertical line) (green), and the area un-
der the curve between nm (left vertical line) and n2
(red). Transfer function according to Horst [Horst,
1997] using τ = 0.73 and fitted to the red curve,
yielding τ = 0.71.

is that the position of the peak is shifted towards
higher frequencies. Figure 2 reveals that the under-
estimation of the highest frequencies of the particle
flux cospectrum is compensated by an overestima-
tion at the peak. Note that the peak is also excluded
when excluding frequencies above n2.

Excluding the low-frequency part and the high-
frequency part of the domain decreases the transfer
function. The shape is similar to the transfer func-
tion of Horst [1997], except for the low- and high-
frequency range. Fitting the Horst [1997] transfer
function to the empirical transfer function using the
smallest scaling area yields τ = 0.71, which is a
slightly faster response time than that of the CPC,
which was τ ≈ 0.73. We would expect a slower re-
sponse time of the set-up in total, as compared to
the response time of the CPC alone. An explana-
tion for this could be a strong attenuation of the
heat flux itself, which would lead to an underestim-
ation of the particle flux attenuation. Correcting
the heat flux for attenuation, using the theoretical
approach as described in Aubinet et al. [1999] to es-
timate the attenuation, yields a value of τ = 0.80,
which is higher than the CPC response time.

The same procedure has been applied to the
Cabauw data. The results are shown in Figures 5,
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6, 7 and 8. These figures portray that the peak of
the heat flux cospectrum is positioned at nm, as op-
posed to the peak of the heat flux cospectrum of the
Helsinki dataset, which was shifted towards higher
frequencies. Inspecting the shape of the particle
flux cospectrum reveals a shift in the position of
its peak. This shift may be caused by the much
stronger attenuation. Because frequencies around
nm are attenuated quite strongly for the particle
flux cospectrum, the peak itself is attenuated, shift-
ing the observed peak towards lower frequencies.
Consequently, n2 is not a suitable estimate for the
upper bound of the normalisation area. The upper
bound should be lower, even lower than nm.

When the high frequency part of the domain is ex-
cluded in the scaling, this results in lower values
for the transfer function. However, when excluding
both the low-frequency part and the high-frequency
part, the opposite occurs and the transfer function
has higher values. This is supported by the consid-
erable overlap of the cospectra, as shown in Figure
6. This result can be explained by the attenuation
of the particle flux peak, making the area between
nm and n2 unrealiable for normalisation.

Fitting the Horst [1997] transfer function to the em-
pirical transfer function using the smallest scaling
area yields τ = 1.78, which is a longer response time
than that of the CPC. However, from Figures 5, 6
and 7 can be concluded that the actual value of τ
should be even higher. This supports earlier find-
ings in this research, concerning the strong attenu-
ation present at the peak frequency of the particle
flux spectrum. An explanation for this is the addi-
tional attenuation that is present in the tube-system
towards the CPC. The determined lag-time is ap-
proximately 10 seconds, which means that before
the air enters the CPC there might also be a signi-
ficant amount of mixing and additional attenuation.
Especially as the flow-rate is 0.3 lpm, yielding a
Reynolds number within the laminar flow region.
The Helsinki data set did not show this effect and
has a lag time of approximately 5 seconds and a
Reynolds number in the turbulent flow region.

Table 1 lists the attenuation factors as determ-
ined by all methods described in this paper. The
strongest attenuation corresponds to a = 0.81,
which is a loss of 19% of the flux. This means
none of our results yield an attenuation of high mag-
nitude. However, the different methods yield quite
different results. The different estimates of τ for
the Cabauw data influence the estimated attenu-

Figure 5: Heat flux cospectrum and particle flux co-
spectrum of Cabauw dataset, scaled with the total
area under the curve.

Figure 6: Heat flux cospectrum and particle flux
cospectrum of Cabauw dataset, scaled with the area
under the curve up to n2 (vertical line).
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Figure 7: Heat flux cospectrum and particle flux
cospectrum of Cabauw dataset, scaled with the area
under the curve between nm (left vertical line) and
n2 (right vertical line).

Figure 8: Transfer function of Cabauw dataset, em-
pirically determined after scaling with the total area
under the curve (blue), the area under the curve up
to n2 (right vertical line) (green), and the area un-
der the curve between nm (left vertical line) and n2
(red). Transfer function according to Horst [Horst,
1997] using τ = 0.65 and fitted to the red curve,
yielding τ = 1.78.

Helsinki Cabauw
Empirical TF
All frequencies 0.98 0.97
Freq. up to f2 0.97 0.90
Freq. between f1 and f2 0.92 0.96
Horst TF
Theoretical τ 0.95 0.99
Fitted τ 0.95 0.97
Horst attenuation
Theoretical τ , α = 1 0.95 0.94
Fitted τ , α = 1 0.95 0.87
Theoretical τ , α = 7/8 0.93 0.93
Fitted τ , α = 7/8 0.93 0.86

Table 1: Attenuation factors a for the Helsinki
and Cabauw data set, as determined by applying
the empirically determined transfer function in Eq.
7 (Empirical TF), by applying the Horst transfer
function, using the theoretical and fitted τ -value in
Eq. 7 (Horst TF) and by using the Horst atten-
uation formula (Eq. 8), using the theoretical and
fitted τ -value and the α-values proposed by Horst.
(Horst attenuation)

ation considerably. Looking at the Cabauw results,
applying the Horst transfer function in Eq. 7 to de-
termine the attenuation yields considerably higher
values for a than applying the Horst attenation for-
mula of Eq. 8.

5 Discussion

The effect of the assumption of spectral similar-
ity on the estimation of the attenuation of particle
fluxes has been investigated, and the empirical
method to estimate the attenuated loss was com-
pared against the Horst attenuation formula. The
attenuation at the Cabauw site is much stronger
than at the Helsinki site, even though the CPC used
at the Cabauw site has a slightly smaller response
time. This effect could be caused by a difference
in measurement set-up. The lag times of the set-
ups differ significantly and the flow is laminar for
the Cabauw set-up and turbulent for the Helsinki
set-up.

A fast response time is essential for applying the em-
pirical method. When the response time is too low,
the area viable for normalisation of the particle flux
cospectrum with respect to the heat flux cospec-

8



trum is too small to yield a reliable result. There-
fore, a fast particle counter is a requirement to ap-
ply the empirical method.
The shape of the empirical transfer function and
Horst transfer function are in accordance. The
Horst transfer function is therefore a good approx-
imation, but only if the τ -value is reliable. When
the estimate of τ deviates too strongly from the real
value, the resulting attenuation factor will deviate
too strongly for reliable results. A reliable estimate
of τ is therefore a requirement to apply the Horst
attenuation formula.
The Horst attenuation formula is more straight-
forward to apply, in comparison to the Horst trans-
fer function. It seems that applying the Horst trans-
fer function to the actual spectra does not yield
better results than using the Horst attenuation for-
mula, based on our findings. Therefore using the
Horst attenuation factor seems preferable over the
Horst transfer function.
It is difficult to draw final conclusions on whether
to apply the empirical method or the Horst attenu-
ation formula. The applicability of the methods de-
pends on the estimate of τ and the estimate of the
integration bounds f1 and f2, and the use of a fast
particle counter. Also it is essential to have a good
estimate of the attenuation of the heat flux itself.
Both methods depend on spectral similarity. Con-
sidering the heat flux cospectra and particle flux
cospectra of the Helsinki and Cabauw data, the as-
sumption of spectral similarity between heat fluxes
and particle fluxes seems reasonable.
In order to determine definitely which method to es-
timate the attenuation yields the best results when
applied to particle fluxes, further research is ne-
cessary. The conclusion that the attenuation is
stronger at the Cabauw site than at the Helsinki
site, even though CPC that has been used has a
faster response time, shows the need for a turbu-
lent flow in the measurement-system.
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