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Abstract

The eddy covariance technique is the most direct of the methods that have been used
to measure the flux of sea-spray aerosol between the ocean and atmosphere, but has
been applied in only a handful of studies. However, unless the aerosol is dried before
the eddy covariance measurements are made, the hygroscopic nature of sea-spray5

may combine with a relative humidity flux to result in a bias in the calculated aerosol
flux. “Bulk” methods have been presented to account for this bias, however they rely
on assumptions of the shape of the aerosol spectra which may not be valid for near-
surface measurements of sea-spray.

Here we describe a method of correcting aerosol spectra for relative humidity in-10

duced size variations at the high frequency (10 Hz) measurement timescale, where
counting statistics are poor and the spectral shape cannot be well represented by a
simple power law. Such a correction allows the effects of hygroscopicity and relative
humidity flux on the aerosol flux to be explicitly evaluated and compared to the bulk
corrections, both in their original form and once reformulated to better represent the15

measured mean aerosol spectra. In general, the bulk corrections – particularly when
reformulated for the measured mean aerosol spectra – perform relatively well, produc-
ing flux corrections of the right sign and approximate magnitude. However, there are
times when the bulk methods either significantly over- or underestimate the required
flux correction. We thus conclude that, where possible, relative humidity corrections20

should be made at the measurement frequency.

1 Introduction

Sea-spray aerosol, generated in the open ocean through bubble bursting in whitecaps,
or as droplets are physically ripped from the crests of waves by the wind, is the second
largest natural source of aerosol into the atmosphere after dust (Hoppel et al., 2002).25

As such, sea spray is expected to have a major impact on global climate, both through
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direct (Doss-Hammel et al., 2002) and indirect (Haywood et al., 1999) effects. An un-
derstanding of production rates and transport of sea-spray is thus a prerequsite for an
understanding of the climate system as a whole. Sea-spray is also a potentially impor-
tant mediator of air-sea fluxes of heat, moisture and momentum at high wind speeds
(> 25 ms−1) (Andreas, 1992), where large volumes of re-enterant sea-spray may be5

produced.
Calculation of a sea-spray source function requires the quantification the flux of sea-

spray aerosol into the atmosphere. Traditionally this is done through one of two meth-
ods. Firstly, under the assumption that the local production and deposition are equal,
the flux of sea-spray aerosol into the atmosphere may be inferred through a model de-10

scribing the dry deposition (i.e. the sink) of aerosol – the “equilibrium method” (Fairall
et al., 1983; Fairall and Larsen, 1984; Smith et al., 1993; Hoppel et al., 2002). The sec-
ond method relies on the assumption that spray production can be inferred from the
fraction of the sea surface that is covered by whitecaps. The amount of spray ejected
into the atmosphere per unit area whitecap is empirically derived through studies in the15

laboratory (Mårtensson et al., 2003), or at field sites generally located in the surf zone
(Clarke et al., 2006). The fractional area of the ocean covered by whitecaps can then
– again empirically – be related to the wind speed and sea-state, allowing a wind de-
pendent sea-spray source function to be derived (Monahan et al., 1982, 1986). Other
methods used to calculate the surface source function, albeit less frequently, include20

the gradient method (Petelski and Piskozub, 2006); inverse modelling (Vignati et al.,
2001; de Leeuw et al., 2003) and concentration increase with fetch (Reid et al., 2001).

Although the equilibrium and whitecap methods discussed above have both been
widely used, they are both indirect, and source functions spanning up to six orders
of magnitude have been reported (Andreas, 1998, 2002). More recent studies show25

source functions agreeing to within approximately one order of magnitude for parti-
cles with radii smaller than around 1 µm (de Leeuw et al., 2011), although the equilib-
rium method is strictly only applicable to particles larger than about 3 µm (Petelski and
Piskozub, 2006; Andreas et al., 2010). A more direct method to measure the sea-spray
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source function is through the eddy covariance technique, whereby turbulent fluctua-
tions in the vertical component of the wind are correlated with fluctuations in the aerosol
spectrum, to produce a net vertical transport of aerosol particles (Nilsson et al., 2001;
Geever et al., 2005; de Leeuw et al., 2007; Norris et al., 2008, 2012). The derivation
of a sea-spray source function using the eddy covariance method still, however, relies5

on some assumptions. Most importantly, what the eddy covariance technique actually
measures is the net aerosol flux (production–deposition), therefore it is only an ade-
quate approximation to the true sea-spray source function when production is much
greater than deposition. Note that this assumption is in direct contradiction of the con-
ditions for which the equilibrium method is applicable, which relies on the assumption10

of zero net flux. In the limiting conditions of no deposition, or deposition equal to pro-
duction, the eddy covariance or equilibrium methods respectively will give the correct
surface source flux. In practice, however, where deposition generally is non-zero but
smaller than production, both methods will result in an underestimation of the true sur-
face source flux. It is also possible for deposition to exceed the surface source, in which15

case the equilibrium method will overestimate the source flux and the measured net
eddy covariance flux will be of the wrong sign. In either case, eddy covariance mea-
surement of the net flux corrected for deposition is the most direct method to determine
the surface source flux.

The calculation of an eddy covariance sea-spray source function requires the col-20

location of high-frequency aerosol and vertical wind measurements. This requires the
use of a small, weatherproof aerosol spectrometer or a long sample line from the point
of measurement back to the aerosol instrument. The use of such a sample line intro-
duces a number of issues: a lag between wind and aerosol measurements; a damping
of the aerosol fluctuations at high frequencies and a loss of particles to the walls of the25

sample line. Corrections for these effects exist, but may rely on unproven assumptions
or become significant for larger particle sizes (r > 1 µm). Using a compact in-situ instru-
ment with a short sample line, however, makes drying the aerosol prior to measurement
extremely difficult, thus aerosol spectra will generally be recorded at ambient humidity.
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Sea-spray aerosol is extremely hygroscopic, and particles will rapidly grow or shrink
in response to changes in the local relative humidity. In the presence of an upward
relative humidity flux (which is almost ubiquitous in the marine environment), upward
moving parcels of air (w ′ > 0) will, on average, have a higher relative humidity than
downward moving parcels. As sea-spray responds rapidly to RH fluctuations, a parti-5

cle in an upward moving parcel may be larger than that in a downward moving parcel,
even when these particles have equal dry radius. When measuring these aerosol in
discrete size bins, this effect may cause the segregation of particles of equal dry ra-
dius into different bins, depending on the sign of w ′. When using the eddy covariance
technique to determine aerosol flux, this will be interpreted as a net flux of aerosol,10

even if none exists. Fairall (1984), hereafter F84, and Kowalski (2001), hereafter K01,
have both presented “bulk” methods of correcting for this apparent flux, based on mean
meteorological conditions and assumptions of the shape of aerosol spectra within the
marine boundary layer. Here, we describe a method of accounting for the humidity
flux at the measurement timescale (a frequency of 10 Hz) and compare these to the15

bulk corrections of both F84 and K01 for measurements from the SEASAW cruise in
in North Atlantic during March–April 2007. In the next section we discuss the theory
behind the bulk correction methods and describe the high-rate method we have used
to account for humidity variance in the SEASAW data, give a brief overview of the SEA-
SAW cruise, and processing that the data has undergone. In Sect. 3 we evaluate the20

validity of the assumptions of spectral shape with regard to the SEASAW data, and
present some alternative functional forms which better represent the aerosol spectra
for these data. In Sects. 4 and 5 we compare the biases calculated through the high-
rate method with those from the bulk methods, both in their original forms, and having
been reformulated to use the functional forms which better represent the mean spectra25

recorded during SEASAW.
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2 Theory

The hygroscopic nature of sea-spray aerosol means that the size of these particles
changes rapidly in response to changes in the ambient saturation ratio, S, defined
as the ratio of ambient to saturation vapour pressure. In situations where there exists
a vertical flux of the saturation ratio (i.e. S ′w ′ 6= 0), the number of deliquescent particles5

in a certain particle size interval is a non-conservative scalar, and thus size-segregated
eddy correlation measurements of the number flux, N ′w ′, may be biased, and net par-
ticle fluxes can be measured even where non is present.

2.1 Bulk corrections

Both F84 and K01 address the issue of apparent particle fluxes, both through an appar-10

ent transfer velocity, ∆vd, which is the transfer/deposition velocity induced through the
vertical flux of saturation ratio. Both give the dependence of aerosol radius on humidity
as

r(S) = r0

[
1+

γ
1−S

] 1
3

, (1)

where r0 is the dry aerosol radius, and γ is a parameter related to the aerosol chemistry,15

taken as unity by F84 for clean marine air. Taking the derivative w.r.t. S, we have

∂r

∂S
=

γr

3
(

1−S
)2

+ 3γ
(

1−S
) . (2)

Note: we have substituted r0 = r
[
1+γ/

(
1−S

)]−1/3
in the above.

Under a fluctuation in saturation ratio, S ′, the change in the ambient concentration
at a fixed radius is a combination of the translation of the particle distribution in radial20
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space and a “renormalisation” which occurs due to the change in the size intervals over
which the distribution is defined. These two effects result in an induced change in the
particle distribution which can be written, following K01, as

N ′ = r ′
[
∂N

∂r
+
N

r

]
. (3)

Both K01 and F84 make the assumption that the aerosol spectrum can be approxi-5

mated through a Junge power law (Junge, 1963) of the form

N = αr
−(β+1)

,

where β is typically about 3, and thus

N ′

N
= −βr ′

r
. (4)

Combining Eqs. (2) and (4) with the definition of the deposition velocity and taking10

∂r
∂S

≡ r ′

S ′ , we arrive at K01’s expression for the bias velocity due to humidity fluctuations

and hygroscopicity:

∆vd =
−γβ

3(1−S)2 +3γ(1−S)
w ′S ′. (5)

K01 reformulates Eq. (5) in terms of temperature and moisture fluxes, however this is
not required here. F84 makes the further approximation that, in the surface layer,15

w ′S ′ = c
1
2

du∗(1−S), (6)

resulting in F84’s expression for the bias velocity:

∆vd =
γβ

3
(

1+γ −S
)c 1

2

du∗. (7)
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Here, cd is the drag coefficient which can be calculated from turbulent data or approxi-
mated through empirical relationships (Large and Pond, 1981; Yelland et al., 1998) and
u∗ is the friction velocity.

Both of these methods provide a bulk means of estimating the bias velocity due to
hygroscopicity, but both rely on the assumption that aerosol spectra can be well repre-5

sented with the use of a Junge power law, and F84’s equation relies on the accuracy
of the approximation of w ′S ′.

2.2 High-rate corrections

The collocation of high frequency measurements of humidity and size-resolved aerosol
spectra during SEASAW allows the effect of hygroscopicity to be explicitly calculated. In10

order to do this, the 10 Hz CLASP spectra must be individually corrected to a reference
humidity, typically the run-mean relative humidity, following Zhang et al. (2006) and
Lewis and Schwartz (2003).

Such a correction is relatively simple in the mean sense, where a long averaging
period means that all size channels will have adequate counting statistics and a simple15

functional form (for example a Junge power law) can be fitted to the mean spectrum.
Under a humidity correction, channel boundaries will change, but the number of parti-
cles, N, in each channel will be unchanged. Using the new channel boundaries, dN/dr
and a new mean radius for each channel can easily be calculated. If the spectrum is re-
quired over specific channel boundaries or at a specific radius, this can easily achieved20

by using the fit to the adjusted spectrum as an interpolant.
However, when adjusting spectra measured over much shorter time periods (here

measurements are at 10 Hz), things are not so simple. Following an adjustment for rel-
ative humidity, each individual spectrum will be defined over a different set of channel
limits. Additionally, the counting statistics for a spectrum measured over such a short25

period of time will be much more noisy than for a mean spectrum, and indeed may
show little or no resemblence to the mean case. This makes it both difficult and inap-
propriate to use a functional fit to the spectra to redefine them over a consistent set
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of channel boundaries, and we must find an alternative means of evaluating these ad-
justed spectra over consistent limits. This is achieved as follows. For each channel i in
the (adjusted) aerosol spectrum, a fit Ni through the channel of the form Ni = ai r

bi is
calculated based on the values of dN

dr in channels i −1, i , i +1. This fit then provides an
estimate of the particle distribution within each channel, and the integral

∫
ri

Nidr gives5

the total number of particles, Ni , in channel i . Note that this approximation will result in
a gain or loss of particles in each channel. We define this error as εi =Ni −Ni , where
Ni is the CLASP measured number count in the (humidity adjusted) channel i . Then,
for each (adjusted) channel i and (original) channel j , we find the interval [ai ,j ,bi ,j ], if
any, where channels i and j overlap. The number of particles that must be moved from10

channel i to channel j , ∆Ni ,j , is thus

∆Ni ,j =
(

1+
εi

Ni

) bi ,j∫
ai ,j

Nidr , (8)

where the factor of εi/Ni is introduced to account for the error introduced in assuming
a log-linear aerosol distribution through each CLASP channel. Note that this gives
identical results to solving for ai and bi so that

∫
ri

Nidr = Ni , however it is significantly15

cheaper computationally.
An example of using this high-rate humidity correction method is shown in Fig. 1.

The 12 000 individual aerosol spectra from a 20-min data record are shown in pink.
These spectra are very variable, particularly in the larger CLASP size channels, and
most have a spectral shape very different to that of the mean spectrum, shown by20

the solid red line. This is due to the discrete nature of aerosol measurements and the
relatively small volume (5 ml) of each 10 Hz measurement. The black line shows this
mean spectrum once it has been corrected from the run-mean relative humidity (60 %)
to a reference humidity of 80 %. The blue line in Fig. 1 shows the mean of the 12 000
10 Hz spectra once they have been individually corrected to 80 % relative humidity via25
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a 10 Hz humidity measurement collocated with the CLASP instrument. Note that after
this procedure, each of these spectra is defined over a different set of channel limits, de-
pending on the sign and magnitude of the individual relative humidity adjustment. This
mean spectrum is thus defined over the mean channel limits of the high-rate aerosol
spectra. While this isn’t useful for any analysis, it does show that, before re-binning,5

correcting for humidity before time-averaging produces an almost identical spectrum to
that produced by humidity correcting a run-mean aerosol spectrum. The dashed red
line in Fig. 1 shows the mean of the high-rate spectra after they have been both cor-
rected for relative humidity fluctuations and re-binned back to the original CLASP size
channels at 10 Hz. This mean spectrum is almost identical to the other two adjusted10

mean spectra, showing that our re-binning technique works well at 10 Hz, where spec-
tral shapes are very variable, and many spectra include isolated channels in which
no aerosol particles are recorded. The only difference between this spectrum and the
other two adjusted mean spectra is that the local maximum in channel 13 has been
smoothed out during the re-binning, and channel 1 has a significantly smaller particle15

count than either of the other adjusted mean spectra. This latter effect is due to the
nature of the re-binning, where individual particles are moved from one channel into
another. When correcting from a low relative humidity to a higher humidity, as in this
case, particles will generally be moved from smaller bins to larger (as particle size in-
creases with increasing relative humidity), however we have no information about the20

aerosol spectra for particle sizes smaller than the lower limit of CLASP channel 1. This
means that particles will move out of this channel into channel 2, but none will move
into it. The number of particles in channel 1 after adjustment will thus be erroneously
small, and we must reject this channel from any further analysis. Equally, when adjust-
ing from a higher relative humidity to a lower, we cannot ascertain the number of large25

particles which would move into the largest measurement bin, thus under such an ad-
justment the largest measurement bin would have to be dropped. Note that adjusting
relative humidity to a reference value of 80 % is a rather stringent test of the humidity
correction algorithm. In practice, if the particle flux in each channel is the same sign,
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the 10 Hz spectra need only be adjusted to the the run-mean relative humidity for the
purposes of evaluating the flux bias for a single record. The mean flux spectra may
then later be adjusted to 80 % humidity (or any other reference value) using standard
approaches. In this case, measurements will be corrected to both lower and higher
relative humidities, and both the smallest and largest measurement bins must be dis-5

regarded. If the particle flux changes sign between size bins, adjustment of the flux
spectrum may be inappropriate, and a high-rate correction to the reference humidity
required. In this case, channels must be rejected depending on the largest RH adjust-
ment required in this process. Two examples of our high-rate re-binning method for
noisy 10 Hz aerosol spectra are shown in Fig. 2.10

2.3 SEASAW data

The data which are used to test the high rate humidity corrections are from cruise D317
(21 March–12 April 2007) of the RRS Discovery made as part of the SEASAW project,
a UK contribution to the international SOLAS programme (Brooks et al., 2009; Norris
et al., 2012). Three dimensional winds and sonic temperature are available at 20 Hz15

from a Gill sonic anemometer, pressure and water vapour density are available, also at
20 Hz, from a LI-COR LI-7500 open path gas analyzer. Size resolved aerosol spectra
are recorded at 10 Hz in 16 unequally spaced channels ranging between radii of 0.18
and 8.88 µm by a CLASP instrument (Hill et al., 2008).

Aerosol, turbulent winds and humidity are time-matched at 10 Hz and split into “runs”20

of 20 min. These runs are checked to ensure that sonic temperature and momentum
flux ogives and relative humidity flux ogives are suitably well behaved, with a character-
istic flattening of the curve at low and high frequencies and a minimal distortion at the
wave scale (Fairall et al., 1997). Any runs where this was not the case were rejected
from the analysis. The run-mean 10 Hz relative humidity timeseries were also required25

to lie within ±10 % of the low-frequency relative humidity from a Vaisala HMP45 humid-
ity probe (part of the ship’s permanent surface meteorology instrumentation), and all
runs where this was the case were visually examined to ensure that the LI-COR and
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low-frequency relative humidity timeseries showed a similar signal. Once this quality
control had been carried out, run-mean CLASP aerosol spectra were then visually ex-
amined to remove any spectra that were clearly contaminated. This quality control left
a total of 124 20-min runs with which to perform the analysis.

3 Functional fits to SEASAW data5

Both F84 and K01 assume that, in the mean, an aerosol spectrum can be well de-
scribed by a Junge relation of the form N = αr−(β+1), with β typically around 3. How-
ever, it is not clear that such a relationship is appropriate for the SEASAW measured
aerosol spectra, which tend to have a smaller change in dN/dr (in log space) with ra-
dius at smaller values of r , with a distinct change in gradient at around r = 1.5–2 µm10

(between CLASP channels 4 and 5). Figure 3 shows Junge fits to the mean CLASP
aerosol spectra in four randomly selected SEASAW runs, with the fit error minimised
in different ways. The fits shown by the blue lines are generated by finding values of α

and β which minimise the L2 norm
(∑(

N i −αr−(β+1)
i

)2
) 1

2

. The goodness of this fit is

clearly dominated by the error in the approximation to the two or three smallest CLASP15

channels, this results in a fit whose gradient is far too shallow, and thus the value of
N in the larger CLASP channels is overestimated by many orders of magnitude. The
value of β for these fits is typically less than 0.2.

The green lines in Fig. 3 show Junge fits which are calulated by substituting N∗ =
log(dN/dr) and r∗ = log(r) and finding a linear least-squares fit to N∗ and r∗. This leaves20

us with N∗ = ar∗ +b and thus

dN
dr

= exp(a log(r)+b) (9)

= ebra,
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which is a Junge fit with α = eb and β = −(a+1). This results in a clearly improved fit
over the length of the CLASP spectra, with a mean value of β over the SEASAW runs
of 3.15. However, due to the characteristic shape of the SEASAW spectra, this may
still result in an overestimation of N by over an order of magnitude for small and large
values of r , with an order of magnitude or more underestimation of N for values of r in5

the middle of the spectrum. Clearly this in not an ideal situation.
Also shown in Fig. 3 are two further functional fits for dN/dr which offer an improve-

ment over the simple log-linear Junge fits. The red line shows a quadratic fit of the
form dN/dr = exp{ar2 +br +c}, while the magenta line shows a piecewise continuous
Junge-type fit, with different values of β for channels 1–4 and 4–16. Both of these fits10

offer a significant improvement over a simple Junge fit. The piecewise Junge fit has the
advantage that it can be used directly with the F84 and K01 adjustment methods, and
will result in different bias velocities for channels 1–4 and 4–16. The log-quadratic fit
has the benefit that it is continuously differentiable and so will result in a unique bias
velocity for each CLASP channel, however it is strictly only valid within the radius range15

of the CLASP channels, and will diverge quickly from the CLASP recorded spectra out-
side this range. Using this functional form also complicates the expression for the K01
and F84 bias velocities due to the more complicated derivative w.r.t. r .

Figure 4 shows the mean error for each CLASP channel resulting from the four
functional fits described above. The left panel shows the absolute error, |Ni −Fi |, where20

F is the fit to N, and the right panel shows this error normalised by the channel mean
number count, |Ni−Fi |/N i . The Junge power law (following F84 and K01) which is fitted
through linear error minimisation is clearly a very poor fit for CLASP channels greater
than 3, as one would expect given the fit examples shown in Fig. 3. The Junge function
fitted in log space performs much better, but still introduces a considerable error at25

the small and large ends of the CLASP spectrum. This Junge fit does perform better
than either of the more complicated functional forms for particle sizes of around 2 µm,
but this is simply where the function changes from underestimating to overestimating
the particle count (with increasing r). The piecewise-linear and log-quadratic fits both
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perform similarly, and it is not immediately obvious from Fig. 4 which provides the
best fit. We can calculate this more objectively by summing the relative errors over the
CLASP channels. This gives a value of 10.9 for the piecewise-linear Junge fit and 9.2
for the log-quadratic fit, suggesting that the latter provides, on average, a superior fit to
the CLASP spectra than does the piecewise-Junge fit. However, as the error metric for5

both of these fits are similar (especially when compared to the simple Junge fits), we
will consider both of these later.

4 Bulk methods for calculating bias velocity

Figure 5a shows a run-by-run comparison of the K01 (blue) and F84 (black) bias veloc-
ities, ∆vd, given by Eqs. (5) and (7), respectively. Both give similar, physically reason-10

able, values for the bias velocity, however K01’s method (mean= 0.010, σ = 0.0069)
is generally more variable and very slightly smaller than F84’s method (mean= 0.011,
σ = 0.0040). Given that the only difference between the K01 and F84 methods is F84’s

approximation of w ′S ′ as c1/2
d u∗(1−S), the discrepancy between these methods sug-

gests a significant error in the estimation of the saturation ratio flux. This can be seen15

more explicitly in Fig. 5b where we have directly compared the saturation ratio flux and
F84’s approximation to it. Where there is a significant saturation flux, F84’s method
tends to underestimate the saturation ratio flux by up to 50 %. Where the saturation
ratio is smaller, however, the F84 approximation may overestimate by a similar margin.

5 Comparison of bulk and high-rate bias estimates20

A comparison of the apparent deposition velocity, ∆vd, between the K01 and F84 meth-
ods and the high-rate method is shown in Fig. 6 for CLASP channels 2–9. Note that
in the K01 and F84 methods, ∆vd does not depend on particle radius, so only the
high-rate ∆vd is changing in each of these plots. In channels 2 and 3 the bias velocity
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from the bulk methods is comparable to that from the high-rate corrections, however
in general they are biased significantly high. This is unsurprising given the assumption
that the aerosol spectrum follows a single Junge law (with β ≈ 3), whereas, as we saw
in Fig. 3, the SEASAW spectra generally have a much shallower gradient than this
in channels 1–4, and a steeper gradient for channels 4–16. Using β = 3 for the bulk5

approximations will thus inevitably lead to an overestimation of the bias velocity.
In CLASP channel 4, the bulk ∆vd, particularly from the K01 method, matches ex-

tremely closely with that derived from the high-rate method. Generally, it is around
channel 4 where the CLASP aerosol spectrum steepens from a gradient of around
1.5 to around 5 (Table 1). Thus the mean gradient across channel 4 is only slightly10

larger than 3 so the bulk methods would be expected to perform well here, providing
other assumptions and approximations on which these rely are met. Note that the K01
method makes fewer approximations than the F84 method does – namely the use of
w ′S ′ rather than an estimate of it – explaining why it generally performs better. This is
particularly pronounced in channel 4.15

In channels 5–16 the β-value in the CLASP aerosol spectra increases to typically
around 5, so the assumption that β ≈ 3 again fails, this time resulting in the bulk meth-
ods underestimating ∆vd. This is most pronounced in CLASP channel 5, although the
tendency for the bulk methods to underestimate the bias flux persists through to the
larger CLASP channels. As we move to the larger CLASP channels, however, the bias20

velocity calculated through the high rate method becomes increasingly noisy, making
a direct comparison with the unchanging bulk methods less useful (this is likely due to
a decreasing signal–noise ratio as fewer and fewer particles are recorded in the larger
CLASP channels).

The bias velocity, ∆vd, is not a true deposition velocity, but an artefact of measuring25

size-resolved hygroscopic particle concentration in the presence of a humidity flux.
However, this apparent deposition will lead to an error in the calculation of the particle
flux w ′N ′, by an amount equal to ∆vdNRH, where the RH indicates that N has been
evaluated at the run mean relative humidity. This bias flux may be comparable to, or

6299

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/6285/2012/amtd-5-6285-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/6285/2012/amtd-5-6285-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 6285–6321, 2012

The effect of
hygroscopicity on
sea-spray aerosol

fluxes

D. A. J. Sproson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

larger than, the true particle flux when conditions are close to equilibrium (F84) and
thus correcting for relative humidity may lead to a change of sign of the particle flux
(generally from +ve to −ve when the relative humidity flux is upwards). The flux biases
calculated from the high-rate and K01/F84 methods are shown in Fig. 8. In general the
bias fluxes from the bulk method, particularly from the K01 method, match the high-rate5

method well. Where they are in error, they are generally biased high; this is particularly
clear in CLASP channel 2 from around run 85 onwards, roughly corresponding to where
the saturation ratio flux becomes small. There are also times when the high-rate flux
bias is negative, which the bulk methods cannot reproduce (as by definition both ∆vd

and N are either positive or zero in the presence of an upwards humidity flux). Note10

that a negative flux bias may occur in a positive humidity flux as a result of the shape
of the aerosol spectrum. If the spectrum is relatively flat for small values of r , then
the expansion of the channel limits under increasing humidity may cause a loss of
particles for certain size channels, even when adjusting to higher relative humidities.
A negative bias flux may also result if the spectral shape or mean number concentration15

is correlated with relative humidity. This may occur as fresh plumes of sea-spray (with
N ′ > 0) increase the local ambient relative humidity through droplet evaporation. Such
a situation would also invalidate the assumption of F84 and K01 that the dry aerosol
distribution is well mixed and uncorrelated with relative humidity.

5.1 Bulk methods based on improved functional forms20

5.1.1 A piecewise linear Junge power law

Given the characteristic shape of the aerosol spectra in the SEASAW dataset, the use
of a single Junge power law to approximate the spectra, as suggested by F84 and K01
is not particularly appropriate. An obvious improvement that can be made to this is to
use two Junge-type fits: one between channels 1 and 4 where the CLASP spectra are25

generally quite shallow, and another between channels 4 and 16 where the spectra
steepen, modified so these fits produce one piecewise-continuous fit. This gives us
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different values for β for channels 1–3 and 5–16 which can then be used in the F84
and K01 expressions for the bias velocity. Due to the change of gradient at channel
4, β is undefined here, so we must use a mean of the two β values on either side.
Generally this will give a value of β ≈ 3 at channel 4. Examples of this type of fit are
shown over-lying CLASP spectra in Fig. 3.5

5.1.2 Quadratic fit in log(dN/dr ),r

Another approach to dealing with the non-constant (in log space) gradient of the
CLASP aerosol spectra is to fit a function which is continuously dependent on parti-
cle radius. For example, if we fit a quadratic in log(dN/dr),r space, then we end up
with a funtional representation of the aerosol spectrum of the form10

dN
dr

= exp
{
ar

2
+br +c

}
.

Again, examples of this fit are shown along with CLASP measured spectra in Fig. 3.
Following K01 we may then derive a bias velocity which is continuously dependent on
particle radius, r . This gives us

∆vd =
γ
(

2ar
2
+br +1

)
3(1−S)(1−S +γ)

w ′S ′. (10)15

5.2 Do these adjusted methods offer an improvement?

Timeseries and scatter-plots showing the relationship between the high-rate correc-
tions and the piecewise-Junge F84 and K01 methods are shown in Figs. 9 and 10,
respectively. Using the piecewise continuous Junge fits in place of a single Junge fit
is essentially equivalent to multiplying ∆vd from the standard F84 and K01 methods20

by 0.5 in channels 1–3 (as the β value for a Junge fit over channels 1–4 is typically
around 1.5) and by around 5/3 in channels 5–16 (where the typical β value is around
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5). Channel 4, where we must use the mean of the β values on each side, generally
remains largely unchanged from the standard F84 and K01 estimations of ∆vd, using
β ≈ 3. This scaling has the effect of tempering the usual overestimation of ∆vd in chan-
nels 1–3 and the underestimation in channels 5–16. However, despite the piecewise
continuous Junge fits producing a generally very good approximation of the SEASAW5

aerosol spectra, there are still times when there are significant differences between the
bulk and high-rate methods, suggesting that variables not considered within the bulk
methods may be important.

Using K01’s method, modified to use a quadratic fit to the CLASP aerosol spectra
(Figs. 11 and 12), offers a similar improvement to the estimation of the bias velocity10

over the standard K01 and F84 bulk methods, particularly at the smaller end of the
spectra where the quadratic fit can represent the complete flattening of the spectra
which is sometimes observed in the SEASAW aerosol data.

Although both the piecewise-Junge and quadratic forms of the K01 correction gener-
ally allow an improved bulk representation of the bias velocity (and resulting bias flux)15

it is clear that no one method is superior under all circumstances seen in the SEASAW
data; indeed there are times when the simple Junge fit presented by K01 offers the
best approximation to the “true” bias velocity calculated through our high-rate method.
Furthermore there are times when none of the bulk methods considered here provide
a suitable approximation of the hygroscopicity-induced bias suggested by the high-rate20

method. This can be seen clearly in Figs. 13 and 14, where the particle number fluxes,
N ′w ′, are shown for CLASP channels 2–15 uncorrected for RH variations, corrected
using our high-rate method, and corrected using the various bulk methods discussed
here.

6 Conclusions25

The use of the eddy covariance technique to measure the size-segregated flux of sea-
spray aerosol (or other hygroscopic aerosol) in the presence of a relative humidity flux
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may lead to a significant systematic bias in the recorded flux. “Bulk” methods (F84 and
K01) have been presented to account for this bias using mean meterological conditions
(F84) or turbulent measurements (K01) and an assumed mean shape of the aerosol
spectra, in the form of a Junge power law.

In this paper we have developed a method for correcting aerosol spectra for varia-5

tions in relative humidity at the high temporal resolution required for the calculation of
eddy correctaion fluxes, allowing the flux bias caused by the relative humidity flux to
be explicitly calculated. We have also reformulated the corrections given by F84 and
K01 to use a more representative shape of the mean aerosol spectra. In situations
where turbulent (high-rate) measurements of humidity are not available and aerosol10

spectra have not been dried, the bulk correction described by F84 (1984) provides
a reasonable estimation of the flux correction which must be applied to account for
the effects of hygroscopicity. If turbulent measurements of humidity are available, then
the bulk correction of K01 (2001) offers an improvement, particularly when modified
to better model the shape of the mean aerosol spectra. However, these bulk meth-15

ods are far from infallible and may, at times, significantly under or overestimate the
required flux correction. In situations where collocated turbulent aerosol and humidity
measurements are available, the high-rate correction method is recommended, despite
the relatively high computational cost.

References20

Andreas, E. L.: Sea spray and the turbulent air-sea heat fluxes, J. Geophys. Res., 97, 11429–
11441, 1992. 6287

Andreas, E. L.: A new sea spray generation function for wind speeds up to 32 m/s, J. Phys.
Oceanogr., 28, 2175–2184, 1998. 6287

Andreas, E. L.: A review of the sea spray generation function for the open ocean, in:25

Atmosphere–Ocean Interactions, edited by: Perrie, W., WIT Press, Boston, Mass., 1–46,
2002. 6287

6303

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/6285/2012/amtd-5-6285-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/6285/2012/amtd-5-6285-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 6285–6321, 2012

The effect of
hygroscopicity on
sea-spray aerosol

fluxes

D. A. J. Sproson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Andreas, E. L., Jones, K. F., and Fairall, C. W.: Production velocity of sea spray droplets, J.
Geophys. Res., 115, C12065, doi:10.1029/2010JC006458, 2010. 6287

Brooks, I. M., Yelland, M. J., Upstill-Goddard, R. C., Nightingale, P. D., Archer, S., d’Asaro, E.,
Beale, R., Beatty, C., Blomquist, B., Bloom, A. A., Brooks, B. J., Cluderay, J., Coles, D.,
Dacey, J., DeGrandpre, M., Dixon, J., Drennan, W. M., Gabriele, J., Goldson, L., Hardman-5

Mountford, N., Hill, M. K., Horn, M., Hsueh, P.-C., Huebert, B., de Leeuw, G., Leighton, T. G.,
Liddicoat, M., Lingard, J. J. N., McNeil, C., McQuaid, J. B., Moat, B. I., Moore, G., Neill, C.,
Norris, S. J., O’Doherty, S., Pascal, R. W., Prytherch, J., Rebozo, M., Sahlee, E., Salter, M.,
Schuster, U., Skjelvan, I., Slagter, H., Smith, M. H., Smith, P. D., Srokosz, M., Stephens, J. A.,
Taylor, P. K., Telszewski, M., Walsh, R., Ward, B., Woolf, D. K., Young, D., and Zemmelink, H.:10

Physical exchanges at the air-sea interface: field measurements from UK-SOLAS, B. Am.
Meteorol. Soc., 90, 629–644, 2009. 6295

Clarke, A. D., Owens, S. R., and Zhou, J.: An ultra fine sea-salt flux from breaking waves:
implications for cloud condensation nuclei in the remote marine atmosphere, J. Geophys
Res., 111, D06202, doi:10.1029/2005JD006565, 2006. 628715

de Leeuw, D., Andreas, E. L., Anguelova, M. D., Fairall, C. W., Lewis, E. R., O’Down, C.,
Schulz, M., and Schwartz, S. E.: Production flux of sea spray aerosol, Rev. Geophys., 49,
RG2001, doi:10.1029/2010RG000349, 2011. 6287

de Leeuw, G., Moerman, M., Cohen, L., Brooks, B., Smith, M., and Vignati, E.: Aerosols, bub-
bles and sea spray production studies during the RED experiments, in: AMS Conference,20

Long Beach, CA, 2003. 6287
de Leeuw, G., Moerman, M., Zappa, C. J., McGillis, W. R., Norris, S. J., and Smith, M. H.: Eddy

correlation measurements of sea spray aerosol fluxes, in: Transport at the Air Sea Interface,
edited by: Garbe, C. S., Handler, R. A., and Jähne, B., Springer-Verlag, 2007. 6288

Doss-Hammel, S. M., Zeisse, C. R., Barrios, A. E., de Leeuw, G., Moerman, M., de Jong, A. N.,25

Frederickson, P. A., and Davidson, K. L.: Low-altitude infrared propagation in a coastal zone:
refraction and scattering, Appl. Optics, 41, 3706–3724, 2002. 6287

Fairall, C. W.: Interpretation of eddy-correlation measurements of particulate deposition and
aerosol flux, Atmos. Environ., 18, 1329–1337, 1984. 6289

Fairall, C. W. and Larsen, S. E.: Dry deposition, surface production and dynamics of aerosols30

in the marine boundary layer, Atmos. Environ., 18, 69–77, 1984. 6287
Fairall, C. W., Davidson, K. L., and Schaucher, G. E.: An analysis of the surface production of

sea-salt aerosol, Tellus B, 35, 31–39, 1983. 6287

6304

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/6285/2012/amtd-5-6285-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/6285/2012/amtd-5-6285-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2010JC006458
http://dx.doi.org/10.1029/2005JD006565
http://dx.doi.org/10.1029/2010RG000349


AMTD
5, 6285–6321, 2012

The effect of
hygroscopicity on
sea-spray aerosol

fluxes

D. A. J. Sproson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fairall, C. W., White, A. B., Edson, J. B., and Hare, J. E.: Integrated shipboard measurements
of the marine boundary layer, Atmos. Ocean. Technol., 14, 338–359, 1997. 6295

Geever, M. C., O’Dowd, D., van Ekeren, S., Flanagan, R., Nilsson, E. D., de Leeuw, G.,
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Table 1. Characterisitcs of β values of different Junge-type fits to the SEASAW data.

Mean Min Max σ

Junge β (linspace) 0.266 −0.662 5.401 0.911
Junge β (logspace) 2.708 1.756 5.188 0.440
PW-Junge β1 1.056 −1.698 2.730 0.709
PW-Junge β2 5.042 3.341 6.743 0.672
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(1) Mean spectrum at ambient RH
(2) Mean spectrum corrected to RH=80%
(3) Mean of 10 Hz spectra corrected to RH=80%
(4) As (3), but rebinned to original CLASP size channels

Figure 1: An example of using the high-rate relative humidity correction
technique described here. The pale red lines show the 12000 indivdual spectra
which were measured at 10 Hz by the CLASP unit. The solid red line show
the mean of these spectra at the mean ambient relative humidity. The black
line shows the mean spectra corrected from the mean relative humidity (60%)
to a reference humidity of 80%. The blue line shows the mean of the 12000
individual spectra after each has been adjusted to 80% relative humidity
(note that this spectrum is then defined over the mean channel boundaries
of these individual adjusted spectra). The dashed red line shows the mean of
the 12000 spectra once they have been both adjusted to 80% and rebinned
back to the original CLASP channel limits.

Fig. 1. An example of using the high-rate relative humidity correction technique described here.
The pale red lines show the 12 000 indivdual spectra which were measured at 10 Hz by the
CLASP unit. The solid red line show the mean of these spectra at the mean ambient relative
humidity. The black line shows the mean spectra corrected from the mean relative humidity
(60 %) to a reference humidity of 80 %. The blue line shows the mean of the 12 000 individual
spectra after each has been adjusted to 80 % relative humidity (note that this spectrum is then
defined over the mean channel boundaries of these individual adjusted spectra). The dashed
red line shows the mean of the 12 000 spectra once they have been both adjusted to 80 % and
rebinned back to the original CLASP channel limits.
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Figure 2: Two examples of a relative humidity correction applied to sea-spray
aerosol spectra recorded at 10 Hz. The black lines show the original spectra at
ambient humidity, the red lines show these spectra corrected to 80% relative
humidity, and the green lines these corrected spectra after re-binning to the
original instrument channels.
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Figure 3: Four different fits encompassing three different functional forms to
aerosol spectra from four randomly chosen 20-minute SEASAW runs.

Fig. 2. Two examples of a relative humidity correction applied to sea-spray aerosol spectra
recorded at 10 Hz. The black lines show the original spectra at ambient humidity, the red lines
show these spectra corrected to 80 % relative humidity, and the green lines these corrected
spectra after re-binning to the original instrument channels.
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Figure 2: Two examples of a relative humidity correction applied to sea-spray
aerosol spectra recorded at 10 Hz. The black lines show the original spectra at
ambient humidity, the red lines show these spectra corrected to 80% relative
humidity, and the green lines these corrected spectra after re-binning to the
original instrument channels.
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Figure 3: Four different fits encompassing three different functional forms to
aerosol spectra from four randomly chosen 20-minute SEASAW runs.

Fig. 3. Four different fits encompassing three different functional forms to aerosol spectra from
four randomly chosen 20-min SEASAW runs.
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Figure 4: Mean absolute (a) and relative (b) errors for the fits shown in
Figure 1. The relative errors are simply the absolute error normalised by
the mean particle count, N . The triangles in (a) indicate whether the mean
error is positive or negative.
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Figure 5: (a) Run-by-run comparison of K01 and F84 methods for calculating
bias velocity, ∆vd; (b) Run-by-run comparison of saturation ratio flux and
the F84 approximation to it.

Fig. 4. Mean absolute (a) and relative (b) errors for the fits shown in Fig. 1. The relative errors
are simply the absolute error normalised by the mean particle count, N. The triangles in (a)
indicate whether the mean error is positive or negative.
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Fig. 5. (a) Run-by-run comparison of K01 and F84 methods for calculating bias velocity, ∆vd;
(b) run-by-run comparison of saturation ratio flux and the F84 approximation to it.
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Figure 6: Apparent deposition velocity due to hygroscopicity, ∆vd, calculated
through K01’s and F84’s methods, and the difference in the high-rate depo-
sition velocity between ambient and RH-corrected (to run mean) spectra.
CLASP channels 2–9 are shown.

Fig. 6. Apparent deposition velocity due to hygroscopicity, ∆vd, calculated through K01’s and
F84’s methods, and the difference in the high-rate deposition velocity between ambient and
RH-corrected (to run mean) spectra. CLASP channels 2–9 are shown.
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Figure 7: Scatterplots showing the relationships between CLASP ∆vd and
K01/F84 ∆vd in Figure 6

Fig. 7. Scatterplots showing the relationships between CLASP ∆vd and K01/F84 ∆vd in Fig. 6.
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Figure 8: Flux bias due to hygroscopicity, (= ∆vdN |RH), calculated through
K01’s and F84’s methods, and the difference in the high-rate number flux,
N ′w′, between raw and RH-corrected (to run mean) spectra. CLASP chan-
nels 2–9 are shown.

Fig. 8. Flux bias due to hygroscopicity, (= ∆vdN |RH), calculated through K01’s and F84’s meth-

ods, and the difference in the high-rate number flux, N ′w ′, between raw and RH-corrected (to
run mean) spectra. CLASP channels 2–9 are shown.
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Figure 9: Apparent deposition velocity due to hygroscopicity, ∆vd, calculated
through K01’s and F84’s methods, modified to use a piecewise (log-)linear
Junge form, and the difference in high-rate deposition velocity between raw
and RH-corrected (to run mean) spectra. CLASP channels 2–9 are shown.

Fig. 9. Apparent deposition velocity due to hygroscopicity, ∆vd, calculated through K01’s and
F84’s methods, modified to use a piecewise (log-)linear Junge form, and the difference in high-
rate deposition velocity between raw and RH-corrected (to run mean) spectra. CLASP channels
2–9 are shown.
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Figure 10: Scatterplots showing the relationships between the high-rate ∆vd

and modified K01/F84 ∆vd in Figure 9

Fig. 10. Scatterplots showing the relationships between the high-rate ∆vd and modified
K01/F84 ∆vd in Fig. 9.
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Figure 11: Apparent deposition velocity due to hygroscopicity, ∆vd, calcu-
lated through K01’s method, modified to use a log-linear quadratic functional
form, and the difference in high-rate deposition velocity between raw and
RH-corrected (to run mean) spectra. CLASP channels 2–9 are shown.

Fig. 11. Apparent deposition velocity due to hygroscopicity, ∆vd, calculated through K01’s
method, modified to use a log-linear quadratic functional form, and the difference in high-rate
deposition velocity between raw and RH-corrected (to run mean) spectra. CLASP channels 2–9
are shown.
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Figure 12: Scatterplots showing the relationships between high-rate ∆vd and
K01 (modified to use a log-linear quadratic fit) ∆vd in Figure 11
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Figure 13: CLASP number flux, N ′w′, (grey line) corrected with high-rate
(black), K01 (red), F84 (blue), log-linear quadratic (green), and piecewise
(log-)linear (cyan) methods. CLASP channels 2–9 are shown.

Fig. 12. Scatterplots showing the relationships between high-rate ∆vd and K01 (modified to use
a log-linear quadratic fit) ∆vd in Fig. 11.

6319

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/5/6285/2012/amtd-5-6285-2012-print.pdf
http://www.atmos-meas-tech-discuss.net/5/6285/2012/amtd-5-6285-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
5, 6285–6321, 2012

The effect of
hygroscopicity on
sea-spray aerosol

fluxes

D. A. J. Sproson et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

10
−3

10
−2

10
−3

10
−2

High−rate ∆V
d

Q
ua

dr
at

ic
 K

01
 ∆

V
d

Ch. 2

10
−3

10
−2

10
−3

10
−2

High−rate ∆V
d

Q
ua

dr
at

ic
 K

01
 ∆

V
d

Ch. 3

10
−3

10
−2

10
−3

10
−2

High−rate ∆V
d

Q
ua

dr
at

ic
 K

01
 ∆

V
d

Ch. 4

10
−2

10
−3

10
−2

10
−1

High−rate ∆V
d

Q
ua

dr
at

ic
 K

01
 ∆

V
d

Ch. 5

10
−2

10
−3

10
−2

10
−1

High−rate ∆V
d

Q
ua

dr
at

ic
 K

01
 ∆

V
d

Ch. 6

10
−3

10
−2

10
−3

10
−2

High−rate ∆V
d

Q
ua

dr
at

ic
 K

01
 ∆

V
d

Ch. 7

10
−2

10
−3

10
−2

10
−1

High−rate ∆V
d

Q
ua

dr
at

ic
 K

01
 ∆

V
d

Ch. 8

10
−2

10
−3

10
−2

10
−1

High−rate ∆V
d

Q
ua

dr
at

ic
 K

01
 ∆

V
d

Ch. 9

Figure 12: Scatterplots showing the relationships between high-rate ∆vd and
K01 (modified to use a log-linear quadratic fit) ∆vd in Figure 11
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Figure 13: CLASP number flux, N ′w′, (grey line) corrected with high-rate
(black), K01 (red), F84 (blue), log-linear quadratic (green), and piecewise
(log-)linear (cyan) methods. CLASP channels 2–9 are shown.

Fig. 13. CLASP number flux, N ′w ′, (grey line) corrected with high-rate (black), K01 (red), F84
(blue), log-linear quadratic (green), and piecewise (log-)linear (cyan) methods. CLASP chan-
nels 2–9 are shown.
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Figure 14: CLASP number flux, N ′w′, (grey line) corrected with high-rate
(black), K01 (red), F84 (blue), log-linear quadratic (green), and piecewise
(log-)linear (cyan) methods. CLASP channels 10–15 are shown.

Fig. 14. CLASP number flux, N ′w ′, (grey line) corrected with high-rate (black), K01 (red), F84
(blue), log-linear quadratic (green), and piecewise (log-)linear (cyan) methods. CLASP chan-
nels 10–15 are shown.
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