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ABSTRACT
This paper presents airborne measurements of ice nuclei (IN) number concentration and elemental composition from
the mixed-phase Arctic cloud experiment (M-PACE) in northern Alaska during October 2004. Although the project
average IN concentration was low, less than 1 L~' STP, there was significant spatial and temporal variability, with local
maximum concentrations of nearly 60 L~! STP. Immersion and/or condensation freezing appear to be the dominant
freezing mechanisms, whereas mechanisms that occur below water saturation played a smaller role. The dominant
particle types identified as IN were metal oxides/dust (39%), carbonaceous particles (35%) and mixtures of metal
oxides/dust with either carbonaceous components or salts/sulphates (25%), although there was significant variability
in elemental composition. Trajectory analysis suggests both local and remote sources, including biomass burning and
volcanic ash. Seasonal variability of IN number concentrations based on this study and data from SHEBA/FIRE-
ACE indicates that fall concentrations are depleted relative to spring by about a factor of five. Average IN number
concentrations from both studies compare favorably with cloud ice number concentrations of cloud particles larger than
125 pm, for temperatures less than —10°C. Cloud ice number concentrations also were enhanced in spring, by a factor

of ~2, but only over a limited temperature range.

1. Introduction

With growing evidence for a warming climate, a particular focus
has been on the Arctic (ACIA, 2004; http://www.ipy.org/), where
temperatures have risen at nearly twice the rate of the global av-
erage over the past few decades (MacBean, 2004). Greenhouse
warming is amplified in the Arctic due to feedbacks involving
snow and sea ice extent, the stability of the lower troposphere
and thawing of permafrost (Serreze et al., 2000). Clouds also
play an important role, regulating incoming solar radiation and
impacting the net long-wave radiation at the surface. Although
liquid water often dominates mass in Arctic stratus, the parti-
tioning of ice and liquid water affects cloud optical depth and
radiative forcing (McFarquhar and Cober, 2004; Zuidema et al.,
2005; McFarquhar et al., 2007b). Cloud liquid water and ice
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mass content are further tied to cloud-scale dynamics, sea ice
coverage and thickness and climate (Curry et al., 1996; Jiang
etal., 2000; Harrington and Olsson, 2001a; Vavrus, 2004). There
are also aerosol effects on Arctic clouds and climate. The first
aerosol indirect effect has been shown to be of climatological
importance for Arctic boundary layer clouds (Garrett and Zhao,
2006; Lubin and Vogelmann, 2006), and variations in ice nu-
clei (IN) concentrations have been shown to influence the liquid
water content and persistence of Arctic mixed phase clouds in
mesoscale model simulations (Harrington et al., 1999; Jiang
et al., 2000; Prenni et al., 2007b). Thus, to quantify the ex-
tent that clouds impact Arctic climate requires knowledge of
both their microphysical properties (Vavrus, 2004; Lubin and
Vogelmann, 2006) and the aerosol on which they nucleate (Pinto,
1998; Harrington and Olsson, 2001b).

Low-level boundary layer clouds are prevalent in the
Arctic (Curry et al., 1996; Intrieri et al., 2002; Vavrus,
2004), with liquid clouds dominating in summer, ice in win-
ter and mixed phase in spring and autumn (Curry et al., 1997;

Tellus 61B (2009), 2



IN CHARACTERISTICS FROM M-PACE 437

Pinto et al., 1997; Pinto, 1998; Intrieri et al., 2002; Shupe
et al., 2006). Of interest in this study are mixed phase clouds
that form in spring and autumn. Arctic mixed phase clouds
tend to be long lived due to a balance between cloud top ra-
diative cooling, latent heat release, ice sedimentation and ad-
vection of moist air (Pinto, 1998; Zuidema et al., 2005). A
relative scarcity of IN also favors the persistence of mixed
phase clouds (Jiang et al., 2000). Arctic mixed phase clouds are
characterized by liquid water content that increases with height
and ice water content that decreases with height (Pinto, 1998;
McFarquhar et al., 2007b). However, it is unclear if ice is gen-
erated near cloud top or cloud base (McFarquhar et al., 2007b).
In some cases, entrainment of the overlying air has been corre-
lated with increased ice production in clouds (Zuidema et al.,
2005), whereas in others boundary-layer clouds appear to be
more affected by aerosol from below cloud base (Hobbs and
Rangno, 1998). A recent paper (Fridlind et al., 2007) suggests
that on the cloud resolving model scale, it may be necessary to
invoke unidentified ice formation processes to explain ice water
properties.

The temperatures at which ice crystals have been observed to
form (Curry et al., 1996) cover a relatively large range in lower
tropospheric Arctic clouds, with liquid water sometimes re-
ported at temperatures of —30°C and colder (Hobbs and Rangno,
1998; Intrieri et al., 2002; Verlinde et al., 2007). Primary nu-
cleation by specific aerosol particles known as IN is thought
to be responsible for initial ice formation in mixed-phase stra-
tus clouds. Arctic IN concentrations have been measured in a
number of previous studies (Bigg and Stevenson, 1970; Hobbs
etal., 1971; Isonoetal., 1971; Flygeretal., 1973; Jayaweera and
Ohtake, 1973; Flyger et al., 1976; Radke et al., 1976; Schnell and
Delany, 1976; Fountain and Ohtake, 1985; Borys, 1989; Bigg,
1996; Bigg and Leck, 2001; Rogers et al., 2001a). Although
there is considerable scatter in the data among these studies,
which may be due to differences in aerosol transport, instrument
methods or sampling location, a key point is that most of these
studies report IN concentrations of fewer than 1 L', much lower
than found at lower latitudes (Meyers et al., 1992). Some of the
measurements suggest that IN concentrations can be affected by
local weather (Radke et al., 1976) and local sources (Fountain
and Ohtake, 1985). This may result from the persistent temper-
ature and humidity inversions in this region, which effectively
decouple the surface from the lower troposphere (Curry et al.,
1996) and isolate the boundary layer from air transported higher
in the atmosphere. However, several high IN episodes have been
reported which correlate with long-range transport from Eurasia
(Hobbs et al., 1971; Isono et al., 1971; Fountain and Ohtake,
1985; Rogers et al., 2001a).

Here, we present IN measurements from the Mixed-Phase
Arctic Cloud Experiment (M-PACE) during autumn 2004. We
attempt to determine possible sources for the IN measured, based
on analysis of backtrajectories and IN chemical composition
and number concentration. We then compare these measure-
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ments with previous measurements from this region, including
measurements made during a springtime study with the same
instrument used in this study. Finally, we compare average mea-
sured IN number concentrations with average measured cloud
ice number concentrations using aircraft cloud particle instru-
ments.

2. Experiment

M-PACE was conducted from late September to October 2004
in the vicinity of the DOE ARM Climate Research Facility on
the North Slope of Alaska (NSA; Verlinde et al., 2007). The
overall objective of the project was to collect a focused set of
observations needed to advance understanding of the dynamic
and microphysical processes that lead to long-lived mixed-phase
Arctic clouds in fall. Measurements of cloud and aerosol proper-
ties were made by aircraft and a suite of remote sensing devices.
Ice nuclei measurements were made using a Continuous Flow
ice thermal Diffusion Chamber (CFDC) aboard the University
of North Dakota Citation II aircraft. CFDC data were collected
on>s,6,8,9, 10, 16, 18, 20 and 21 October 2004.

The CFDC permits observation of ice formation on a continu-
ous stream of aerosols at controlled temperatures and humidities
(Rogers et al., 2001b). The processing section of the CFDC con-
sists of an annular gap between two vertical, ice-coated cylin-
ders. A laminar flow of aerosol passes through this annular space
between two flows of dry, particle-free sheath air for a period
of 5-10 s. The sheath flow (80%-90% of total) constrains the
aerosol to a region of well-defined temperature and humidity,
which is determined by the temperatures of the ice-covered walls
and the location of the aerosol sample (Rogers, 1988). Particles
that form ice grow preferentially due to the high supersaturations
experienced by ice crystals compared with liquid particles. This
size differential between ice crystals and inactivated particles is
amplified prior to measuring size distributions at the outlet of
the CFDC using an optical particle counter (OPC), which serves
as the basis for determining IN concentrations. Amplification
is due to the reduction to ice saturated conditions in the lower
third of the chamber. This method allows for operation of the
CFDC above water saturation, in that activated water droplets
evaporate prior to reaching the OPC (Rogers, 1994). An inlet
impactor upstream of the CFDC ensures that aerosol particles
larger than ~1.5 um (aerodynamic diameter) are removed prior
to entering the instrument (Rogers et al., 2001b), so that large
aerosol particles are not erroneously identified as ice. An inertial
impactor immediately downstream of the CFDC is used to cap-
ture ice crystals on Transmission Electron Microscope (TEM)
grids, allowing for subsequent identification of the elemental
composition of the particles on which ice forms (Kreidenweis
et al., 1998). The CFDC is sensitive in real time to all nucleation
modes, except contact freezing, since the residence time is fairly
short.
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Project average IN number concentrations from M-PACE
have been reported previously (Prenni et al., 2007b). Those data
were limited to observations made out-of-cloud (FSSP LWC <
0.001 g m™3), as data collected while the aircraft is in-cloud may
be susceptible to artefacts. Artefacts may result from large ice
crystals impacting on the inlet surface, thereby shattering into
fragments, generating particles from abrading the inlet and re-
suspending previously deposited particles (Murphy et al., 2004).
Upon further analysis, we found no clear evidence for in-cloud
artefacts (e.g. no spikes in concentration or concentration gradi-
ents upon entering or exiting clouds) and no significant differ-
ences in temperature-dependent project average concentrations
for in-cloud versus out-of-cloud data (95% confidence). There-
fore, here we present all data collected during the study. We
infer that activated IN are not excluded during cloud sampling
because, they enter the inlet and then evaporate prior to repro-
cessing in the CFDC.

Ice nuclei number concentrations are processed and presented
as 60-s running averages, and data are corrected to standard
temperature and pressure (STP, 0 °C, 1 atm). Approximately 1 L
of air is sampled per 60 s. Data have been processed to correct for
particle losses within the CFDC (~10%), based on laboratory
tests and background counts generated through frost particle
ejection from surfaces in the chamber. Filtered, particle-free air
was used to establish time-dependent background concentrations
throughout each flight (variable, but typically 0-2 L™'). Based
on these data, a simple linear regression was applied as well as
time-dependent prediction intervals for background counts (at
95% confidence level). Time-dependent background corrections
based on the 95% prediction interval are used throughout the
paper to determine IN concentrations. For cases in which the
background counts were equal to or greater than the measured
IN counts, concentrations of 0 L~! are reported. We note that
for the low concentrations of IN measured during M-PACE,
background values were often comparable to or greater than
measured IN concentrations, so that 88% of the measurements
were either measured as zero (~49% of the measurements) or
were less than the background concentrations (~39% of the
measurements). This means that the true IN concentrations, if
very low, were not resolvable in those cases.

Atmospheric ice particle concentrations are inferred from the
cloud particle instruments on the Citation for M-PACE, based
on the analysis of McFarquhar et al. (2007b). These data include
measurements for ice and mixed phase clouds. The primary
instruments used to determine ice concentrations for this study
included a particle measuring system (PMS) two-dimensional
cloud particle probe (2DC; 0.03 < D < 0.96 mm) and a high
volume precipitation sampler (HVPS; 0.4 <D < 40 mm). FIRE-
ACE/SHEBA data are taken from Gultepe et al. (2001), with
ice concentrations derived from the 2DC probe. McFarquhar
et al. (2007b) and Gultepe et al. (2001) also utilized data from
a Rosemount icing detector to assist in distinguishing liquid
versus ice cloud regions.
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Fig. 1. Top panel: measured IN concentrations (60 s running average,
STP) during the flight on 16 October 2004. Bottom panel: altitude
(dashed line, left-hand axis), processing supersaturation with respect to
water (SSw; thick grey line, left-hand axis) and processing temperature
(thin black line, right axis) in the instrument.

3. Results and discussion

3.1. IN number concentrations

Project average IN number concentrations versus temperature
were found to be low compared with lower latitudes (e.g. Meyers
etal., 1992; Rogers et al., 1998; Prenni et al., 2007a; Richardson
et al., 2007), in agreement with earlier studies of Arctic IN.
Figure 1 shows sample data from the flight on 16 October
2004. All measurements were collected in clear air, with am-
bient temperatures above 0 °C for part of the flight. For most of
the flight, the CFDC instrument was operated well above wa-
ter saturation, so that contributions from all nucleation modes
(except contact) were measured. Near the end of the flight, the
humidity was dropped below water saturation to explore con-
tributions from deposition nucleation (discussed further below).
Maximum IN concentrations reached ~20 L~!, although no IN
were detected for extended time intervals of the flight. This spa-
tial inhomogeneity resulted in flight average IN concentrations
of only ~0.8 L~'. This flight typified the concentrations and
spatial distribution of IN during the entire project, with average
values for each day shown in Fig. 2. Namely, although measured
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Fig. 2. Average IN concentration (STP, large squares) for each flight
day, including one standard deviation of the measurement shown as
error bars. Maximum IN concentrations on each day are shown as
small squares.

IN concentrations reached nearly 60 L™! in selected 1-min pe-
riods, project average number concentrations for all measure-
ments were ~0.7 L' due to the abundance of time periods for
which no IN were present above the detection limit. We reiter-
ate the point here, though, that aerosol particles >1.5 um are
removed prior to entering the CFDC, and so any particle larger
than this cut-off size which serve as IN is not quantified in this
study.

Such low IN concentrations over broad regions can impact
Arctic cloud properties. For example, detailed mesoscale model
simulations for a case study during M-PACE for the time pe-
riod of 9-11 October showed that cloud particle phase, lifetime
and radiative properties were all strongly dependent on IN con-
centration (Prenni et al., 2007b). Further, Prenni et al. (2007b)
simulated extensive decks of liquid clouds containing smaller
amounts of ice (on average) using the CFDC measurements, in
reasonable agreement with observations. However, some of the
high ice water contents that were observed, were not captured
by the simulations. In a second study using the average mea-
sured IN number concentrations to constrain ice formation, the
inability to predict the observed ice concentrations was explored
(Fridlind et al., 2007). This study found that IN number concen-
trations would need to be more than two orders of magnitude
greater than those measured to represent accurately concentra-
tions of ice crystals larger than 53 um that were observed in
the cloud. Such high IN concentrations have only ever been ob-
served directly in dust plumes (DeMott et al., 2003b), and so, it
was hypothesized that other freezing mechanisms which cannot
be captured by the CFDC or validated by any present techniques
may be at play in ice-phase formation in Arctic mixed-phase
stratus clouds. We provide some further elucidation of this issue
in this paper.
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We showed previously that IN concentration measurements
during M-PACE were not a strong function of processing tem-
perature or processing supersaturation with respect to ice (Prenni
et al., 2007b). However, the data do show a dependence on pro-
cessing supersaturation with respect to water (SSw; fig. 3 in
Prenni et al. 2007b for the complete data set; correlation coeffi-
cient, R = 0.83). These data give some insight into the nucleation
mechanism of the particles in the CFDC and potentially also in
Arctic clouds. Observed ice nucleation in the instrument for
processing conditions below water saturation is expected to oc-
cur from deposition nucleation or possibly from deliquescence
freezing of haze droplets containing insoluble core particles un-
der certain conditions (Khvorostyanov and Curry, 2005; Zobrist
etal., 2008), for the temperatures explored in this study (warmer
than —30 °C). Ice nucleation above water saturation occurs more
readily via immersion or condensation freezing, as haze parti-
cles rapidly dilute and activate as droplets. As IN are expected
to be insoluble, significant supersaturations may be needed to
activate some particles as droplets and stimulate these freez-
ing processes. At room temperature, ~1% supersaturation is
required for a 200 nm insoluble, wettable particle to activate as
a droplet, as predicted from the Kelvin equation. We set 1% su-
persaturation with respect to water as a limit to crudely delineate
where condensation/immersion freezing is expected to occur for
most IN. Given the uncertainty in supersaturation in the CFDC,
it was common to operate at a higher value than this. Thus, most
data (~75%) were collected above 1% water supersaturation.
Ice nuclei concentrations were more than eight times greater
above this supersaturation than they were below water satura-
tion; these means were determined to be statistically different,
despite the broad variability of the measurements (¢-test, 95%
confidence). From these data, it does not appear that deposition
nucleation, or any other mechanism that can occur below water
saturation, played a major role in ice formation warmer than
—30°C during M-PACE, and ice nucleation was dominated by
condensation/immersion freezing.

Figure 3 shows project average IN data for the area covered
during M-PACE. The bulk of the measurements were collected
along the corridor between Barrow and Oliktok Point. The con-
tour area approximates all areas covered throughout the study
period, which in some cases is for a single flight. Most of the
study area has IN concentrations of the order <1 L~!, compa-
rable to the project average, with several localized areas having
IN concentrations >1 L~'. One area, in particular, over the
Beaufort Sea, north of Nuigsut, stands out as having the highest
IN concentrations. Positive temporal and spatial anomalies in
IN concentrations have been observed previously (Pruppacher
and Klett, 1997). Localized maxima may result if IN sources,
such as Asian desert dust, are injected into the atmosphere and
are exposed to intermittent vertical mixing and deposition, re-
sulting in short-lived pockets of high IN concentrations far from
the source (Pruppacher and Klett, 1997). Alternatively, a local-
ized region of enhanced IN may result if there is local source.
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Fig. 3. Project average IN concentrations (L ™! STP) for the M-PACE study area, with all temperatures represented. Average IN concentrations are

generally <1 L', witha region of enhanced IN concentrations over the Beaufort Sea, centred near 70.6° N and 151.3° W. The contour area

approximates the area covered during the flights.

Indeed, the location of this maximum is consistent with a possi-
ble oceanic source of IN (Bigg, 1996; Bigg and Leck, 2001;
Rogers et al., 2001a). These sources are expected to come
from areas free of ice, with emissions from biogenic activity
(Schnell, 1977). To explore this second possibility further, we
focus on the area 70.5°=71° N and 150°-152° W and consider
the spatial and temporal variability of IN concentrations in this
region.

During the study period, sea ice coverage expanded over
the Beaufort Sea (Fetterer and Knowles, 2002, updated 2006;
Verlinde et al., 2007), thus closing off potential local IN sources.
As such, we consider data from the first part of the study
(5-10 Oct) and the latter half (16-21 Oct) separately.
Figure 4 shows average IN concentrations from this region as
a function of altitude. The figure is limited to altitudes below
3200 m, where more than 85% of the data were collected. If
the ocean were the source of the measured IN, we would expect
an increase in IN concentrations near the surface, and we might
expect a measurable decrease in IN concentrations for the lat-
ter half of the study, as sea ice coverage increased. Neither of
these trends was observed. Further, for cases in which clouds
were present in this region, maximum IN concentrations were
observed either above cloud or within the cloud. Thus, at least
during this time of the year, the measurements are not consistent
with an oceanic source. This is consistent with a recent study,
which suggests that Arctic marine bacteria and viruses may not
be important for heterogeneous ice nucleation in the atmosphere
(Junge and Swanson, 2008). However, we note that Rogers
et al. (2001a) observed evidence for an oceanic IN source dur-
ing spring when flying at very low altitudes over open water
leads. The lack of evidence for an oceanic source from the data
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Fig. 4. IN concentration as a function of altitude. Project average data
are shown for measurements near the region of maximum IN
concentration shown in Fig. 3 (70.5°N-71°N and 150°W-152°W) for
the first half of the project (5—10 October; thin solid line) and the
second half (16-21 October; thin dashed line). The profiles represent
22-45 min of data for altitudes <1600 m and for 1600-3200 m for
each time period. Project average data also are shown for the entire
study area (thick solid line).

here may have occurred because we sampled regions influenced
more by long-range transport from Asia (discussed below), be-
cause there may have been decreased biological activity during
the colder autumnal months or because oceanic sources did not
reach the altitudes sampled. Another confounding factor is that
particles >1.5 um must be removed prior to sampling in the
CFDC, potentially removing IN-active bacteria.
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For comparison, project average IN concentrations are shown
for the entire study area in Fig. 4. Again, data collected below
3200 m represent more than 85% of the measurements. Project
average IN values show a maximum above ~1500 m, and en-
hanced concentrations were often observed above the boundary
layer. Enhanced concentrations above the boundary layer were
likely influenced by long-range transport. However, in some
cases, IN concentrations were enhanced within the boundary
layer; on these occasions, local and regional sources likely con-
tributed to the measured IN.

A closer look at IN concentrations over this region shows
that there were especially high values, more than 50 L', on
2 d of the study: 6 October and 21 October. To explore possible
sources of IN on these days, we use the hybrid single-particle
Lagrangian integrated trajectory (HY SPLIT) model to calculate
backtrajectories of the air masses that were sampled (Draxler and
Rolph, 2003; Rolph, 2003). Five-day backtrajectories (FNL Me-
teorological data, available at http://www.arl.noaa.gov/fnl.php;
Vertical motion: Model vertical velocity) were determined for
each flight. This poses some difficulty for aircraft measurements
since a range of latitudes, longitudes and altitudes are explored.
Here, we select the point in the flight where maximum IN con-
centrations were measured as our starting point. For example, in
Fig. 1, the maximum IN concentration was observed at 1:44:52,

which corresponds to latitude 70.43°N, longitude 149.34°W and
altitude 854 m. We note that running the HYSLPIT model for
the range of latitudes, longitudes and altitudes encountered dur-
ing the flight showed some variations, but the backtrajectories at
the IN,,,.x are generally representative of the airmasses sampled
over most of the flight.

Results are shown in Fig. 5 and suggest that the airmass on
21 October was transported from Asia and that the airmass stayed
above 2200 m for the previous 5 d (Fig. 6). We also note that there
was a weak temperature inversion on this day, with maximum IN
concentrations being observed well above the inversion. These
observations suggest that if the IN remained aloft for more than
5 d, long-range transport was the likely source of IN on
21 October. In contrast, the airmass on 6 October (not shown)
moved north through western Canada, before veering west into
the Beaufort Sea. In this case, there was a stronger inversion,
with maximum IN concentrations being measured very near the
inversion. Further, HYSPLIT results suggest that the airmass
came near the surface (~300 m). In this case, long-range trans-
port appears to be a less likely explanation for the enhanced
concentrations; rather, boundary layer air likely provided the
source of IN on 6 October. Considering data from all of the
flights, the data suggest contributions from multiple sources,
both local and long range, discussed further below.

75°N

90°E 105°E 120°E 135°E

150°E

165°E 180°E 165°W 150°W

Fig. 5. Five-day backtrajectories from the sample area during five flights for which elemental composition of IN was determined from TEM
analysis: 16 Oct (solid line); 17 Oct (dashed line); 18 Oct (©); 20 Oct () and 21 Oct (#). Symbol increments are 5 h. Also shown are fire
detections based on MODIS satellite images. Except for 18 October, data are limited to hotspots observed east of 150°E for clarity. Fire detections
are shown as filled symbols, with shapes corresponding to backtrajectories by date. Data are shown for fires that were detected at least 2 d prior to
reaching the observation area and extending for a week beyond those 2 d. No fires were detected along the calculated backtrajectory on 16 and 17
October, numerous Asian fires and a possible contribution from an active volcano (%) were detected for the measurements on 18 October, and one
fire was detected in Kamchatka for the data from 20 October. On 21 October, the calculated backtrajectory suggests that the airmass passed directly

over the active Shiveluch volcano () in northern Kamchatka.

Tellus 61B (2009), 2



442 A.J. PRENNI ET AL.

9000

8000 /
7000 - /

6000 - 4

Altitude (m)
RS
(=} (=1
S S
S 3

5 45 4 35 -3 25 -2 -15 -1 -05 0
Backtrajectory time (days)

Fig. 6. Vertical component of 5 d HYSPLIT backtrajectories from

Fig. 5: 16 Oct (solid line); 17 Oct (dashed line); 18 Oct (©); 20 Oct

(&) and 21 Oct (&).

3.2. IN chemical composition

After processing in the CFDC, ice crystals were separated from
aerosol particles at the outlet of the CFDC using an impactor
and collected on a carbon-coated Formvar film supported by a
TEM grid (Chen et al., 1998). The elemental compositions of the
sampled residual nuclei were characterized using transmission
electron microscopy (TEM), with energy dispersive X-ray spec-
troscopy (EDS). Particles were examined for IN composition on
five flights: 16, 17, 18, 20 and 21 October. Data are categorized
as the number fraction of analysed particles, which contain the
following components: sulphates and salts; metal oxides/dust,
which includes metal, metal oxide and crustal dust particles;
carbonaceous particles (determined by background subtraction
of carbon-coated Formvar), including soot and organic species,
and mixtures of these components.

The chemical composition for the five flights includes data
from ~50 particles per flight. The size of the analysed particles,
defined here as the square root of the length times the width for
non-spherical particles, ranged from 30 nm to 1.29 um, with a
mean size of 0.47 um. The dominant particle types were metal
oxides/dust (39%) and carbonaceous particles (35%). Another
25% of the particles were mixtures of metal oxides/dust with ei-
ther carbonaceous particles or salts/sulphates, and only 1% of the
particles were pure salts/sulphates. The preponderance of metal
oxides/dust as heterogeneous IN has been observed previously
using the CFDC (Rogers et al., 2001a; DeMott et al., 2003a, b;
Prenni et al., 2007a; Richardson et al., 2007), and early studies of
the composition of Arctic IN suggested that they consist mainly
of clays and related minerals (Kumai and Francis, 1962). Further,
the dominant compounds observed in this category were silicon
oxides (77% of metal oxide category), consistent with previous
measurements of IN composition in the Arctic spring (Rogers

et al., 2001a). The lack of pure salts/sulphates is expected, as
homogeneous freezing was not explored in this study. There was
significant day-to-day variability in chemical composition, and
a variety of elements were detected: Al, Ba, C, Ca, Cl, Cr, F,
Fe, K, Mg, Mn, Na, Ni, O, P, Pb, S, Se, Si, Sn, Ti and Zn. Next
we explore this variability to infer potential sources of the mea-
sured IN.

HYSPLIT backtrajectories are shown for the 5 d when TEM
data were collected, in Fig. 5, with the vertical component shown
in Fig. 6. We reiterate the point here that the backtrajectories are
for the location of the IN maximum measured on the flight.
However, on each flight, the particles were collected for TEM
analysis over a range of altitudes, and so, IN from both local and
long-range transport sources were likely collected on the TEM
grid. Therefore, for the following discussion, we consider all
potential sources. Also shown in Fig. 5 are ‘hotspot’ detections
(presumed to be fires) from MODIS during this time (Justice
et al., 2002; Giglio et al., 2003; data courtesy of MODIS Rapid
Response Project at NASA/GSFC and the University of Mary-
land). Fire emissions can be a significant source of carbonaceous
particles over affected regions. Although the presence of organic
compounds has been shown to be anticorrelated with ice for-
mation in atmospheric cloud regions presumably influenced by
solely heterogeneous (Targino et al., 2006) and solely homoge-
neous (Cziczo et al., 2004) ice nucleation, recent lidar measure-
ments (Sassen and Khvorostyanov, 2008) and laboratory studies
(M. Petters, Personal Communication, 2008) suggest that
biomass burning emissions from specific types of fuel may serve
effectively as heterogeneous IN. Asian biomass burning emis-
sions can be transported from Asia to the Arctic throughout the
year, with contributions from northern (>40°N) biomass burn-
ing to the Arctic reaching a maximum during summer and fall
(Koch and Hansen, 2005). Except for 18 October, for clarity we
have limited Asian fire detection data to fires that were observed
east of 150°E. In all cases, air parcels originating from Asia
took at least 3 d to reach the sampling site. Therefore, data are
shown for fires that were detected at least 2 d prior to reaching
the observation area and extending for a week beyond those 2 d.
No fires were detected over Alaska during this time.

TEM data for each date are summarized in Table 1. On
16 October, the air that reached the sampling location came out
of the south, passing through Alaska at relatively low altitudes
and so was likely influenced by surface sources in the region.
Metal oxides/dust and coated metal oxides and dust account for
more than 80% of the particles analysed in the TEM grid. Of the
metal oxides/dust, more than 95% of these particles contained
silicon, consistent with an Alaskan source of wind-blown soils
(Polissar et al., 1998).

The backtrajectory for the 17 October sample suggests that
the air came from over the open ocean, and again particle com-
position was dominated by metal oxides/dust, and in partic-
ular, silicon-containing particles. Also on this date, the high-
est fraction of zinc-containing particles was observed (13%). A
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Table 1. Summary of chemical composition of IN from five flights during M-PACE, given as the fraction of particles, by number, containing the

components listed

Average IN Metal oxides/dust Metal oxides/dust
Date concentration (L~! STP) Metal oxides/dust + sulphates/salts + carbonaceous Carbonaceous Sulphates/Salts
16 October 0.76 0.65 0.02 0.15 0.19 0
17 October 0.45 0.44 0.11 0.18 0.27 0
18 October 0.14 0.22 0.08 0.20 0.50 0
20 October 0.71 0.07 0.15 0.11 0.63 0.04
21 October 1.59 0.58 0.04 0.22 0.16 0

closer look at the backtrajectory reveals that the air mass passed
near to the Red Dog mining area in northwest Alaska, which
is rich in surficial zinc and lead (Kelley and Hudson, 2007).
Radiosonde data (http://raob.fsl.noaa.gov/) show strong surface
winds at Kotzebue, ~100 km south of Red Dog, blowing in
the direction from Red Dog to the M-PACE measurement area,
again suggesting a possible regional source from wind-blown
soils. Of the coated metal oxides/dust particles, one contained
barium and sulphur, potentially from barite, which is found in
abundance naturally in the Brooks Range (Kelley and Jennings,
2004) and also is used as a weighting agent in drilling new oil
wells. Additional particles containing barium and sulphur were
observed on 20 and 21 October.

The backtrajectory for the 18 October sample suggests that
the air passed through much of Asia, transecting regions having
a large number of fires detected by MODIS. Throughout, the air
parcel remained at altitudes greater than 3 km, and so, the maxi-
mum IN concentrations were likely dominated from sources due
to long-range transport. The most striking changes in the data are
the decrease in IN number concentration and the increase in the
fraction of carbonaceous particles, with 50% of the IN contain-
ing only carbonaceous components, and another 20% mixtures
of metal oxides/dust and carbonaceous components. Although
fire emissions may not reach the altitudes necessary for such
long-range transport, the correspondence between a sampling
time in which the IN had unusually high contributions of car-
bonaceous material and the detection of forest fires along the
backtrajectory suggest that biomass burning emissions impacted
the IN measurements, and these emissions deserve further atten-
tion as potential IN. The backtrajectory also passed just west of
the active Shiveluch volcano in Kamchatka. During the previ-
ous weeks, the US Geological Survey (Smithsonian Institution,
2004) reported multiple ash-and-gas explosions from Shiveluch,
with ash plumes reaching several kilometres in altitude. How-
ever, the US Geological Survey (Smithsonian Institution, 2004)
reported the previous week that the ash plume moved southeast
of the volcano, and HYSPLIT forward trajectories indicate that
the airmass originating at Shiveluch on 15 October, when the air-
mass passed over this region, did not transect the backtrajectory.
Therefore, volcanic ash did not likely impact IN concentration
or the corresponding TEM analysis on this date.

Tellus 61B (2009), 2

The backtrajectory for the 20 October sample again shows that
the airmass passed over a fire region, this time in Kamchatka,
at much lower altitudes, and again the TEM data are dominated
by carbonaceous material. One of the carbonaceous particles
also contained selenium, potentially from soil lofted during a
convective fire.

Finally, the backtrajectory for the 21 October sample again
remained at high altitudes, so that the maximum IN concentra-
tions were likely influenced by Asian sources. In this case, the
backtrajectory suggests that the air parcel passed directly over
the active Shiveluch volcano in Kamchatka. On this day, the IN
composition was dominated by metal oxides/dust (nearly 85%).
All of these particles contained some fraction of silicon, and
several contained aluminum, potassium, calcium, magnesium
and/or iron, consistent with volcanic ash composition. These
elements also are found in Asian dusts (Fan et al., 1996). Volca-
noes previously have been identified as potential sources of IN
(Isono et al., 1959a; Langer et al., 1974; Durant et al., 2008), and
both maximum and average IN concentrations were enhanced
on this day. These data support the notion that ash from ac-
tive volcanoes can serve as a source of IN, and that long-range
transport from Asia can affect IN concentrations in the Arctic.

3.3. Seasonal dependence of aerosol

An additional consideration for the Arctic is the seasonal cycle
of aerosol concentration, resulting from seasonal variations in
transport of aerosol from the mid-latitudes (Shaw, 1995). In-
deed, previous work has shown seasonal differences in Arctic
IN concentrations (Fountain and Ohtake, 1985; Bigg, 1996). En-
hanced transport from mid-latitudes from about mid-December
to April results in polluted ‘Arctic haze’, which may deacti-
vate the ice nucleating ability of aerosol particles (Borys, 1989).
However, increased aerosol transport from Asia also results in
greater transport of Asian desert dusts, which serve as potential
IN (Isono et al., 1959b; Sassen, 2005). Oceanic sources also are
likely to have a seasonal dependence, related to variations in
open water leads and biogenic activity.

Aircraft CFDC measurements of IN were made in the spring
as part of FIRE-ACE/SHEBA (Rogers et al., 2001a). Here we
compare M-PACE measurements with this springtime data set
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Table 2. Project average composition of IN from M-PACE and SHEBA/FIRE-ACE, given as the fraction of particles, by number, containing the

components listed

Project Metal oxides/dust Metal oxides/dust 4 sulphates/salts Metal oxides/dust + carbonaceous Carbonaceous Sulphates/ Salts
M-PACE 0.39 0.08 0.17 0.35 0.01
SHEBA/FIRE-ACE 0.58 0.06 n/a 0.17 0.19

to determine if there are measurable seasonal differences. The
springtime IN data have been re-analysed, limiting processing
temperatures (—5.7 > T > —28.5 °C) and humidities (5.2 >
SSw > —3.2) so that they are directly comparable with the op-
erating conditions used during M-PACE. Data are processed as
60 s running averages at STP, using identical background cor-
rections for equivalence with present analyses of M-PACE data.
In doing this, we find that springtime IN number concentrations
are enhanced relative to the measurements taken during fall by
about a factor of five. The means are statistically different (z-test,
95% confidence), despite the broad variability of the measure-
ments. These data suggest a seasonal dependence of IN number
concentrations, which may affect cloud processes. However, it
should be noted that measurements taken during M-PACE fo-
cused on the area between Prudhoe Bay and Barrow, Alaska,
with most measurements occurring over land or near the coast,
whereas much of the springtime data was collected over the
Arctic Ocean. As such, the springtime data may have been af-
fected by ocean sources not observed during M-PACE.

Elemental compositions of IN were determined for five
flights during SHEBA/FIRE-ACE (Rogers et al., 2001a). Data
are presented in Table 2 as the average elemental composi-
tion, determined from 193 particles. The TEM analysis from
SHEBA/FIRE-ACE did not characterize particles that contained
metal oxides/dust plus carbonaceous material. Rather, these par-
ticles are binned with the ‘metal oxides/dust’ category. The re-
sults are generally consistent with the trends observed during
M-PACE, also shown in Table 2. Notably, the most dominant par-
ticle type was metal oxides/dust, with many of the particles con-
taining silicon. Further, 17% of the SHEBA/FIRE-ACE IN were
carbonaceous, although this value was lower than that observed
during M-PACE. One difference is the enhanced fraction of par-
ticles, which contained sulphates/salts during SHEBA/FIRE-
ACE. These high numbers were dominated by one TEM grid
(20 May 1998), with 75% of those particles containing sul-
phates/salts; the reason for the enhanced values on this day is not
known. Nevertheless, based on composition alone, IN sources
for the spring and fall appear to be similar.

3.4. IN concentrations versus measured ice number
concentrations in clouds

A composite analysis comparing measured IN concentrations to
cloud-ice concentrations based on the cloud probes described
above for both FIRE-ACE/SHEBA and M-PACE is shown in
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Fig. 7. Comparison between project average binned IN number
concentrations (open symbols) and cloud ice number concentrations
(filled symbols) from the FIRE-ACE/SHEBA project (circles; Gultepe
et al., 2001) and M-PACE (squares; McFarquhar et al., 2007b) as a
function of temperature, with ice crystal concentrations restricted to
crystals larger than 125 pm. For comparison to the ice data, the
M-PACE and FIRE-ACE/SHEBA data are not corrected to STP. The
variability in the M-PACE IN measurements (one standard deviation) is
shown at —15°C for this temperature, and the variability in the
FIRE-ACE/SHEBA IN measurements (one standard deviation) is
shown at —18°C for this temperature.

Fig. 7. Average IN data are shown as a function of processing
temperature in the CFDC, whereas measured cloud-ice concen-
trations (Gultepe et al., 2001; McFarquhar et al., 2007b) are
shown as a function of ambient temperature. For this figure,
IN concentrations are not corrected to STP because we do not
have the data necessary to do the same for the SHEBA/FIRE-
ACE ice concentration data. Ice number concentrations from ice
and mixed phase clouds are compared only for particles larger
than 125 pum because optical probes have difficulty detecting
smaller particles due to a lack of sensitivity (Strapp et al., 2001),
and because even though shattering of crystals on probe inlets
may produce some artefacts with D > 125 pum (Field et al.,
2006), the majority of artefacts that are produced from shat-
tering most likely correspond to crystals with D < 125 pum
(Korolev and Isaac, 2005; McFarquhar et al., 2007a). For both
studies, there is apparent overlap between the measured ice and
measured IN number concentrations when focusing on these
larger particles (correlation coefficient, R = 0.51 for M-PACE
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for T = —10 to —22 °C; R = 0.20 for SHEBA/FIRE-ACE for
T = —14 to —26 °C.). Whereas Fridland et al. (2007) suggest
that the measured IN from M-PACE are insufficient to predict
the total ice number concentrations observed in cloud, these
data suggest that ice formation processes not measured directly
by the CFDC in this study (e.g. contact nucleation inside-out;
Durant and Shaw, 2005) are likely linked to the measured IN
concentrations.

In contrast, measured IN concentrations are two orders of
magnitude lower than ice concentrations inferred from the FSSP
for smaller crystals when the Rosemount icing probe indicated
no measurable liquid water in clouds (Gultepe et al., 2001). We
do not believe that contact freezing can explain the discrepancies
because contact freezing does not likely result from a source of
IN that is independent of the source of condensation/immersion
freezing nuclei (Durant and Shaw, 2005). However, there is po-
tential to overestimate particle concentrations with the FSSP and
similar probes in the presence of ice (Gardiner and Hallett, 1985;
Field et al., 2003; Field et al., 2006; McFarquhar et al., 2007a).
Additional measurements and modelling studies are needed to
fully explain the discrepancies between IN and ice number con-
centrations for these smaller cloud particles. It is also interesting
to note that cloud ice number concentrations are enhanced in
spring by about a factor of two compared with autumn for tem-
peratures less than —10 °C, in qualitative agreement with the IN
measurements. At higher temperatures (> —10 °C), ice number
concentrations in cloud are enhanced relative to the measured
IN. The enhanced ice number concentrations correlate with a
decrease in the liquid mass fraction in these clouds over this
temperature range (McFarquhar et al., 2007b) and may result
from ice multiplication processes (Hobbs and Rangno, 1998;
Rangno and Hobbs, 2001).

4. Summary and conclusions

The M-PACE field study was conducted in the fall of 2004 near
the DOE North Slope of Alaska field site. Airborne measure-
ments of IN were obtained using the CFDC method. The IN data
are presented as measured number concentrations and chemical
compositions of IN. Measured IN concentrations were variable,
with concentrations ranging from 0-60 L~! at STP. However,
due to the abundance of measurements for which IN concentra-
tions fell below the detection limit of the instrument, the project
average number concentration was less than 1 L~! STP for the
broad range of temperatures (—6 to —28 °C) and humidities
explored. Such low concentrations of IN are in agreement with
previous studies and are qualitatively consistent with the exis-
tence of large regions of liquid and mixed phase clouds in the
Arctic in autumn. Of the IN measured, immersion and conden-
sation freezing appear to be the dominant freezing mechanisms,
whereas deposition freezing, or any other mechanism that may
occur below water saturation, played a much smaller role. Con-
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tact freezing could not be assessed, but assuming that contact
freezing nuclei come from the same particles types as condensa-
tion freezing nuclei, contact freezing nuclei concentrations also
are likely to be quite low.

These data were compared with CFDC measurements made
in spring during SHEBA/FIRE-ACE. Springtime IN concentra-
tions were enhanced relative to the measurements taken during
fall by about a factor of five. Such seasonal variability of IN
may be expected due to differences in transport of aerosol from
the mid-latitudes during spring and fall and due to the fact that
local sources may be suppressed when the surface is snow and
ice covered. Seasonal differences in IN concentration may affect
cloud processes. Indeed, measurements of ice in clouds from the
two studies show cloud ice number concentrations enhanced in
spring compared with autumn.

Ice nuclei sources have been inferred from elemental analysis
of measured IN, spatial distribution of IN concentrations and
HYSPLIT backtrajectory analysis of the airmasses that were
encountered during the flights. These measurements include air
from both within and above the boundary layer, and the data sug-
gest multiple sources of IN to this region, including aerosol from
local and long-range transport. Dominant particle types were
metal oxides/dust, carbonaceous particles and mixtures of metal
oxides/dust with either carbonaceous particles or salts/sulphates,
with significant day-to-day variability. Variability in composi-
tion was related to potential local sources and the backtrajecto-
ries of the particles. In particular, measurements of IN residuals
from samples, which were thought to have passed over regions
of Asian biomass burning, showed that a large fraction of the
IN were carbonaceous, whereas compositions indicative of vol-
canic ash correlated with a backtrajectory that passed very near
an active volcano. Elemental compositions from M-PACE were
consistent with elemental IN composition determined in spring
during SHEBA/FIRE-ACE.

For both M-PACE and SHEBA/FIRE-ACE, project average
IN number concentrations showed good agreement with cloud
ice number concentrations for cloud particles with maximum di-
mensions larger than 125 pum and for temperatures colder than
about —10 °C. We note that although IN and ice concentra-
tion data were not cosampled, it provides anecdotal evidence
that should stimulate future modelling and observational stud-
ies. This agreement also suggests that these larger ice particles
likely formed from primary nucleation. At warmer temperatures,
cloud ice number concentrations exceeded measured IN, indica-
tive of secondary ice formation processes active in this tem-
perature range. Measured IN concentrations were significantly
lower than cloud ice, when smaller ice crystals were included
in the analysis. This is consistent with previous comparisons of
IN measured using the CFDC and cloud ice measured using the
FSSP (Prenni et al., 2007a) and may be tied to the observation
that particle concentrations may be overestimated with the FSSP
in the presence of ice (Gardiner and Hallett, 1985; Field et al.,
2003, 2006; McFarquhar et al., 2007a).
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