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ABSTRACT

Simultaneous aerosol measurements with particle counters and a multiwavelength integrating
nephelometer have been made at Ny-Alesund, Svalbard (12° E, 79° N). The measured integral
aerosol properties were used in an inversion procedure to derive a consistent model of the
particle size distribution of Arctic haze. The obtained size distribution is compared to the global
background aerosol size distribution. Both the light scattering coefficients and the total
suspended volume of particles were found to be on the level of the global background.

1. Introduction

The Arctic is one of the few areas where only
very limited knowledge exists about the regional
aerosol. Several reasons can be given for this fact.
Judging from the global distribution of aerosol
sources and the residence times of the particles due
to the combination of all the removal processes in
the atmosphere, the Arctic should be a very remote
area without a strong aerosol burden. The ex-
tremely low turbidities and particle concentrations
observed in polar air masses that had been
transported rapidly to midlatitudes seemed to
support the hypothesis of a very clean Arctic air.
Data from Antarctica that were extrapolated to the
Arctic superficially tended to support this picture.
The first exploratory Arctic aerosol measurements
about two decades ago gave rather qualitative
results (Fenn et al., 1959; Fenn, 1960). However,
they also indicated a nearly particle-free Arctic
region. Particle concentrations both in the fine
particle range under 0.1 um radius and in the
accumulation range of 0.1 um to 1 um radius (see
Whitby, 1978, for definitions) were found to be
close to or below the detection limits of ca 20
cm~? and 0.02 cm™’ in the respective size ranges.
After the Arctic winter night during March only
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about 1/100 of the concentrations found during
August were measured.

On the other hand later trace gas measurements
on the Greenland ice cap showed occasional high
CO concentrations in Northern Greenland, which
could be correlated with trajectories from the
urbanized Great Lakes and New England areas of
the U.S. A strong change in composition of the
aerosol of Canada’s Northwest Territories between
summer and winter was observed by Rahn (1971).
The winter aerosol was found much more polluted
than during summertime. Fiyger et al. (1973) found
a mean value of total nuclei concentration of the
Greenland ice cap around 300 cm~? in summer,
which is 15 times higher than the concentrations
reported by Fenn et al. (1959). Subsequent aerosol
analysis of Rahn et al. (1977) in Northern Alaska
supported his earlier findings and an Arctic air-
sampling network was installed to document the
area-wide distribution of this “imported” aerosol,
its sources and its flow patterns into the Arctic
(Rahn, 1978). All these results are quite contra-
dictory to those of earlier investigations and justify
further and more detailed studies of the Arctic
aerosol.

Our knowledge of the optical properties of the
Arctic haze is even more sparse and the results just
as inconsistent. While the first in siftu measurements
of the light scattering coefficient of Arctic aerosol
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particles at Point Barrow, Alaska yielded a value of
1.1.107* m~! at 0.55 um wavelength (Porch et al.,
1970), Shaw (1975) reported results of solar
extinction measurements at the same location with
the aerosol particles having 10 times higher
extinction coefficients. Obviously more information
on the optical properties of Arctic haze from other
locations, based on sensitive and well-calibrated
methods, is needed.

In an attempt to gather new and reliable
information on both particle size distribution and
optical properties of the Arctic aerosol, the author
conducted a field experiment near Ny-Alesund,
Svalbard, in April-May 1979. Using several
particle counters and a multiwavelength integrating
nephelometer, a 19-day continuous record of 12 in
situ aerosol properties was recorded. In the
following sections the experiment is described and
the results are evaluated and compared to aerosol
measurements from other remote locations.

2. Location

When choosing a measuring site for the study of
the Arctic aerosol, one faces the usual probiems
connected with aerosol or trace gas measurements
in remote areas. The location should be

(a) representative of a large region

(b) free from local aerosol sources

(c) equipped with sufficient electric power and
laboratory space

(d) easily accessible.

There is no such ideal background measuring
station and compromises had to be made when
choosing Ny-Alesund, Svalbard, as the measuring
site.

The geographical coordinates of Ny-Alesund are
12° E, 79° N. Thus, it is one of the two northern-
most stations of the Arctic air-sampling network
allowing the extension of in situ aerosol measure-
ments into the deep Arctic. The local emissions are
(in their order of importance) the central power and
heating plant, ground and air traffic. Because of the
absence of significant natural fine particle sources,
the local emissions could be identified very clearly.
Increases by factors of 10'-10? in the total particle
concentration were recorded when local emissions
reached the measuring site which was located in an
unused telemetry station about 1.5 km away from
the settlement. All water and land areas depicted in
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Fig. 1. Map showing measurement location near Ny-
Alesund, Svalbard.

Fig. 1 were covered with snow and ice throughout
the experiment, with the exception of a small open
water area west of Kongsfjorden during the last
days of the campaign.

3 Instrumentation

All analysis of particle size distribution and light
scattering properties of the aerosol were done with
in situ methods, ie. through maintaining the
airborne state of the particles during the measure-
ment. The instruments, however, had to be located
in a heated laboratory. By making use of a 20 x 20
cm former air conditioning channel and a large
centrifugal biower (main fan in Fig. 2), the air was
rapidly brought from the roof top level into the
laboratory. The residence time in the air intake
system was under 4 sec. The flow connections
between the main stream and the instruments were
kept to a minimum length and sharp bends were
avoided minimizing by this arrangement the par-
ticle losses in the intake. For particles between 0.1
and 5 um radius no losses were taken into account
(Strom, 1972). The loss of Aitken nuclei, however,
could not be neglected. It was corrected for by
independent measurements with an absolute con-
densation nuclei counter outside the building, see
Section 4.

Tellus 32 (1980), 3
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Fig. 2. Schematic air intake and instrument arrangement for the Arctic haze experiment at Ny-Alesund, Svalbard.

A list of the instruments together with the
measured aerosol parameters and the particle size
range for each instrument channel are given in
Table 1. The technical description of the neph-
elometer can be found in Charlson et al. (1974).
Here is stressed only that the instrument is
self-calibrating at both ends of its sensitivity range.
An additional absolute calibration with a cali-
brating gas is performed at regular intervals. An
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analysis of the systematic errors inherent with
nephelometer data has been given by Heintzenberg
et al. (1972) and Heintzenberg (1978). The
principle of the recording condensation nuclei
counter (CNC) is described by Skala (1963) while
its size range has been analysed by Haaf et al.
(1977). However, through changes in the elec-
tronic circuit and improvements in the optical
system, the detection limit could be lowered to less
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Table 1. Instrumentation in the Arctic haze study Ny-Alesund 1979, channel
identifications, (I1D) measured aerosol parameters and particle size ranges

Instrument ID Measured aerosol parameter Radius range
k78 TS1 0.45 um Light All particles
backscatter TS2 0.55 um scattering dominated by
total scatter TS3 0.70 um integrals 0.1-0.5 um
integrating BS1 0.45 um inm™!
nephelometer BS2 0.55 um
BS3 0.70 ym
G.E. CNC Particle concentration per cm? 0.002-0.1 um
condensation
nuclei counter
Royco-225 OPC1 Particle concentration per cm® 0.20-0.25 ym
optical OPC2 0.25-0.70 ym
particle OPC3 0.70-1.30 um
counter OPC4 1.50-2.50 um
OPC5 >2.50 um

than 10 cm~3. Because of the above-named intake
losses and its basic construction as a relative
instrument, it was calibrated with a Scholz-counter
(Scholz, 1932) constructed at the Institute for
Meteorology, Mainz. A Royco-225 optical particle
counter with a S5-channel size discriminator was
used to count particles between 0.2 and about 5um
radius. Liu et al. (1974) have analysed the
sensitivity and particle size resolution of the
counter. Fig. 2 shows a schematic arrangement of
all instruments around the air intake channel. The
clean air fan-filter combination is an integral part of
the self-calibration circuit of the nephelometer.
With the combination of these three instruments
information on physical and optical characteristics
of the airborne aerosol was gathered continuously
in 12 different channels. The results of the obtained
time series are presented in the following section.

4. Primary results

It was the intention of the experiment to
determine general characteristics of the Arctic
aerosol without the analysis of short term fluc-
tuations and even diurnal variations. Besides this
the different instruments required integration times
varying between 5 min and 2 h, depending on the
level of particle concentrations in the atmosphere.
Therefore only hourly averages of the raw data
have been evaluated and the results presented here
are grand averages over 443 h of operation.

The grand averages as well as positive and
negative deviations thereof are summarized in
Table 2. The formation of arithmetic grand
averages and corresponding relative standard
deviations is straightforward and needs no further
discussion. When calculating deviations from the
averages, it had to be taken into account that the
nephelometer channels and particle counter chan-
nels are not independent of each other. There is a
complicated non-linear relationship between the
particle size distribution and the measured spectral
light scattering parameters. Therefore the total
scattering integral TS2 at 0.55um wavelength was
chosen as reference parameter when calculating the
extremes. The row X, — 5, means that only those
readings occurring at times when channel TS2 had
values X, — s, or below, were averaged. Through
this parametric averaging physical meaningful high
and low level light scattering spectra and particle
counts were derived which could be used in the
subsequent data inversior.

Besides the absolute values of the grand averages
which will be discussed below, the most remarkable
feature of the averaged primary data is their
stability with time. Disregarding the channels CNC
and OPC 4/5 the standard deviations lie between
30 and 50% compared to one or several orders of
magnitude observed in less remote areas. (See for
instance Heintzenberg et al. (1979).) The stronger
fluctuations in the large particle channels are partly
due to the very low particle concentrations recor-
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Fig. 3. Spectra of the total light scattering coefficient b,
measured at Ny-Alesund, Svalbard, according to Table 1
(full circles and error bars). Extreme nephelometer
spectra measured at Velen, S. Sweden (open
circles), Tsumeb, Namibia (triangles), Barrow, Alaska
(square), and Mauna Loa, Hawaii (crosses).

ded in these channels. Another source of fluc-
tuation was snow crystals that were counted
occasionally when strong winds caused drifting
snow.

The CNC values in Table 2 are corrected for
duct losses and background readings with the help
of independent measurements with a Scholz coun-
ter outside the air intake. The losses were about
50% of the outside concentrations. CN-readings
above the most sensitive range of the CN-counter
of 300 cm™ were rejected as being locally
influenced. However, aged “clouds” of local
aerosols drifting over the station probably contri-
buted (besides natural fluctuations) to the high
standard deviation in channel CNC.

In Fig. 3 the Svalbard results are compared with
spectral nephelometer measurements at other
remote locations. The first obvious results of the
comparison are:

(a) the light scattering coefficients of the Arctic
haze particles lie within the 1-5.10"% m™!

J. HEINTZENBERG

range which compares well with the results
from other remote sea-level locations (Velen,
Sweden and Barrow, Alaska);

(b) the Svalbard results agree very well with the
only other existing nephelometer measure-
ments in Arctic haze at Barrow, Alaska, and

(c) the Arctic air is not as clean as the high
tropospheric background at Mauna Loa but it
is not as polluted, either, as a continental
background station (Tsumeb, Namibia).

The next step in the evaluation of the data is to
combine the information from the light scattering
and particle counting instruments to derive a
consistent model for the particle size distribution
and the optical properties of Arctic haze.

5. The method of data inversion

Inverting atmospheric light scattering data
usually means recovering the particle size distri-
bution that caused the observed light scattering.
This corresponds to the mathematical problem of
finding a solution to the integral equation

S =l K(x)N*(x)dx n

The subscript j refers to the particular measured
integral optical properties S,,.K;(x) is the corres-
ponding kernel of the integral equation and
describes the optical effect j of a particle with size
coordinate x. An inversion algorithm returns the
solution N*(x) of eq. (1). The number size
distribution of the particles N*(x) is the number of
particles with the size x within interval (x, x + dx).

In the case of §,; representing nephelometric
measurements the kernels are calculated by apply-
ing Mie theory (Mie, 1908) to the actual scattering
geometry of the integrating nephelometer. This
means the integration of the scattering functions for
each particle with size x after weighting with the
angular sensitivity function of the actual instru-
ment. Using these integrals (and not the scattering
efficients which would assume an ideal integrating
nephelometer) one avoids the systematic truncation
error that otherwise would spread through the data
inversion. However, spherical homogeneous par-
ticles of a certain refractive index have to be
assumed.

The information of the particle counters is
utilized by considering these signals as integral
properties S,,; in eq. (1). The kernels K,(x) are zero
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outside the size discriminating range of channel j
and unity, or a measured counting efficiency, inside
the window j of the size discriminator.

The numerical method used here is an improved
version of the iterative least square algorithm
developed by Heintzenberg (1976) which already
has been successfully applied to a number of
atmospheric inversion problems. A physically
meaningful solution of the integral eq. (1) is
constructed as histogram model of the number size
distribution of the aerosol particles. Ambiguities in
the relation between the size distribution and the
measured integral optical properties or particle
counts, systematic and statistical errors in the
measured quantities have an influence on the
goodness of the inversion results. By allowing the
values of the measured properties to vary at
random within the given range of measuring errors
in the course of the inversion, and by repeating the
inversion many times over, as an ‘‘average
solution”, an arithmetic mean of the individual
solutions to the inversion problem is constructed.
One expresses the goodness of a solution in terms
of its 2

Scj—_ Smi :
p=y L
J ( Smj )

S, being the calculated optical properties or
particle counts for the aerosol particle histogram
which has been found as solution. It can be shown
(H. Schollmayer, private communication) that the
x* of the “average solution” is as least as good as
the average of the y’s of the individual solutions
that form the average. The statistical character of
the total inversion procedure allows the statement
of error bars on the derived particle histograms
which contain the uncertainties due to measuring
errors and the above-named ambiguity. Details
about the accuracy of the inversion process alone
will be presented in a subsequent paper, Heintzen-
berg et al. (1980)

In the following part the information of the 12
measured integral aerosol properties will be used
in the inversion algorithm to derive a model for the
number size distribution of the Arctic haze that
exhibits all the physical properties measured on
Svalbard.

()

6. Inversion results

Three averaged sets of light scattering spectra

Tellus 32 (1980}, 3

257

plus integral particle counts were inverted. Besides
the grand averages the data associated with TS2
+2 and —1 standard deviation were evaluated. A
data set associated with TS2 — 2 standard
deviations was not used because there were only
two cases available for the calculation of averages.
The inverted number size distributions are
collected in Fig. 4. Only the solution for the grand
average data set is drawn. The extreme variations
in the different histogram columns resulting from
the inversion of the other two data sets are
contained in the error bars marked at the center
of each column. Arrows on certain error bars mean
that solutions to the data inversion occur that do
not contain any particles in the fine particle
columns. To prevent any misinterpretation this
effect needs some further explanation. Below about
0.1ym radius the sensitivity of the nephelometer
signals to changes in particle concentration de-
creases with the sixth power of the particle size.
Basically, many very small particles can cause the

107
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Fig. 4. Number size distribution of arctic haze inverted
from integral aerosol properties measured at Ny-Ale-
sund, Svalbard. The global background number size
distribution after Jaenicke (1979) is drawn as a dotted
line.

16*
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same scattering spectrum as a smaller number of
larger particles. However, the additional infor-
mation for the CN-counter sets upper and lower
limits for the total number of Aitken particles to be
built up in the inversion. Therefore no histogram
will be found with zero particles in a/l Aitken nuclei
columns and the averaging over many independent
solutions creates the size distribution plotted in Fig.
4. The error bars contain the variations in the
inverted size distribution due to three different
sources:

(a) real variations in the measured data

(b) statistical errors in the measured data

(c) ambiguities in the relationship between integral
aerosol properties and differential particle size
distribution.

Since there are no other data available on the
size distribution of arctic haze, the Svalbard results
are compared to the global background size
distribution given by Jaenicke {1979) (plotted as a
dotted line in Figs. 4—6). Within about one order of
magnitude the Arctic haze distribution agrees with
the global background. However, in the range 0.05
to 0.2um radius there is an excess concentration of
about one order of magnitude in Arctic haze. Since
these particles are aiready small compared to
visible wavelengths, they can be the cause of the
remarkably bluish visual appearance of the turbid
air on Spitsbergen. It should be noted that this blue
haze-color was quite different from the dark
“Rayleigh blue” skies observed in extremely clean
air, e.g. at high altitudes. On the other hand there is
a very sharp decrease in concentration with particle
size from about 0.3um radius and up to the largest
sizes investigated. In this range the Arctic haze
distribution remains about an order of magnitude
below the global average.

The hypothesis of Arctic haze being well aged
continental aerosol gives an explanation for this
peculiar size distribution. The aerosol reaches the
Arctic on long-distance transport paths (see for
instance Rahn et al. (1979), Fig. 8). Applying the
picture of particle residence times versus size given
by Jaenicke (1978), this process should lead to an
aerosol in the sink region (Arctic) which has peak
concentrations in the 0.1 to 1.0 gm radius range.
The total number of 300 particles per cm? agrees
well with our knowledge about the large scale
distribution of condensation nuclei. It can be
explained by the small removal rates for Aitken
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Fig. 5. Surface size distribution of Arctic haze derived
from the number size distribution inverted from integral
aerosol properties measured at Ny-Alesund, Svalbard.
The giobal background surface size distribution after
Jaenicke (1979) is drawn as a dotted line.

nuclei when the concentration decreases to a few
hundred per cm® (Junge, 1963).

The two higher moments of the size distribution
(surface and volume) have been calculated from
the inversion results. They are plotted on
logarithmic/linear scales in Figs. 5 and 6. With this
form of presentation the size ranges primarily
contributing to integral aerosol properties like light
scattering coefficients or total suspended mass can
be identified directly. The comparison with the
global background drawn as dotted lines in Figs. 5
and 6 is also made easier.

The peak of the surface size distribution of
Arctic haze lies about one octave lower in particle
size than for the global background and the grand
average of the total surface is about a factor of two
larger than for the global background. Taking into
account the relation of scattering efficiencies versus
size, the light scattering coefficients of Arctic haze
particles lie on the level of the global background.
However, the wavelength dependence is more

Tellus 32 (1980), 3
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Fig. 6. Volume size distribution of Arctic haze derived
from the number size distribution inverted from integral
aerosol properties measured at Ny-Alesund, Svalbard.

blue-dominated than that for the global back-
ground, model given by Jaenicke (1979).

The total suspended volume in Arctic haze is
also dominated by smaller particles compared to
the global background and the coarse particle
mode (though not encompassed completely by the
present study) is weaker in Arctic haze than in
the global background, see Fig. 6. Assuming a
particle density of 2 g cm™3 the total suspended
mass at Ny-Alesund was between 2 and 12 ug m™?
which compares well with the 7 ug m™ for the
global background. One of the reviewers verified
the unusually large fraction of mass in the
accumulation mode predicted by the inversion
results using chemical data from Spitsbergen. Fig. 6
predicts five to six times more mass in the
accumulation mode than in the coarse mode,
assuming equal densities in each mode. He predicts
approximately four times more mass in the ac-
cumulation mode than in the coarse mode, which is
in very good agreement when all of the attendant
uncertainties are considered. It becomes even better
agreement when greater density is given to the
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coarse mode (because of the silicate. particles) than
to the accumulation mode.

7. Conclusions

The results of the present study at Ny-Alesund,
Svalbard, present the first consistent picture of
optical properties and particle size distribution of
Arctic haze. The number size distribution can be
explained by a well-aged continental aerosol that
has reached the Arctic sink region on long distance
transport paths. Light scattering coefficients and
total suspended particle volume lie on the levels of
the global background. This means that the order
of magnitude discrepancy between in situ neph-
clometric measurements and aerosol optical
depths from solar extinction measurements in
Arctic haze (Shaw, 1975), could not be resolved by
the Svalbard experiment. It is clear that further
Arctic studies are needed that cover both summer
and winter seasons and also contain continuous
solar and stellar extinction measurements in com-
plement to the nephelometer recordings. The
Swedish icebreaker expedition Ymer-80 will supply
the next possibility for an extended Arctic aerosol
experiment.
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PACNPEJEJNEHHE YACTHUL IO PASMEPAM 1 OINITUYECKUE CBOYICTBA
APKTUYECKOHU AbIMKH

B paiione Haii-Anecynga, Ceanbbapn (Mcnaunus),
NpOBEJCHB OAHOBPEMEHHbIE a2PO30JILHBIC H3MEPEHHA
C MCOONB30BAHHEM CYETYHKOB YacTHI H MHOro-
BONTHOBOrO MHTErpHpyiolero Hedenomerpa. Mame-
peHHble HHTerpajbHble XapaKTEPUCTHKH a’3po30.sd
HCMONbIOBANMUCH ANA pelueHHA oOpaTHOW 3amavyu
onpeneneHus COracCOBaHHOM MOJIENIN pacnpeae/IeHHA

no pa3MepaM YacTHLl ApKTHYeCKOH abiMKH, [TonyyeH-
HOe pacnpefeneHune DO pa3MepaM CONOCTaBJAETCH C
rnobanbHBIM PAcTIpeaeIeHHEM 110 pa3MepaM HacTHII
(oHoBoro asposzons. OOHapyxeHO, YTO Kak Ko3(-
(ULMEHTBI paccessiHUa cBeTa, TaK M oOwmHii o6bveM
B3BELUEHHBIX YACTHLl COOTBETCTBYET YPOBHIO Tioba-
nbHOTO oHAa.

Tellus 32 (1980), 3



