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The potential role of black carbon (BC) in climate change
in the Arctic has gained considerable attention. In particular, numerous model-based studies have indicated there may
be a link between observed rapid climate warming and BC
that is transported from lower latitudes and deposited in the
Arctic (Jacobson, 2010; Shindell, 2007; Shindell and Faluvegi, 2009; Shindell et al., 2008; Flanner, 2009; Flanner et
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2004). However, in situ measurements of aerosol absorption,
a proxy for BC, at several monitoring sites in the Arctic have
revealed a decreasing trendGeoscientific
over the past 15 to 30 yr (Sharma
et al., 2006; Quinn et al., 2007; Hirdman et al., 2010) implyModel
ing that radiative
forcing Development
due to BC should also be decreasing. Similarly, ice core analysis (McConnell et al., 2007)
shows a general decrease in mean winter BC concentrations
over the last half-century.
Repeat snow sample
Hydrology
and analyses indicate that BC concentrations in Arctic snow have not changed
System
significantly between theEarth
1980s and
present (Doherty et al.,
2010) To resolve these seemingly
opposed
trends of increasSciences
ing Arctic temperatures and decreasing BC concentrations,
the processes controlling black carbon transport, deposition
and absorption-driven warming must be well understood and
compared to other processes influencing Arctic warming.
Ocean Science
A particularly important process in the Arctic surface energy budget is the snow/ice albedo feedback whereby temperature increases lead to melting of snow and ice, and exposure of underlying dark surfaces. The resulting decrease in
surface albedo leads to further absorption of solar radiation
and surface warming (Køltzow,
2007;Earth
UNEP, 2011). Several
Solid
recent studies of pollutant transport to the Arctic indicate that
the deposition of BC on snow/ice surfaces may enhance the
snow/ice albedo feedback by increasing the darkening of the
surface and the absorption of solar radiation and subsequent
warming (Law and Stohl, 2007; Quinn et al., 2008). Currently, there are insufficient
measurements to evaluate black
The Cryosphere
carbon transport to the Arctic, the vertical distributions of BC
Open Access

Abstract. Atmospheric aerosol vertical distributions were
measured above Svalbard, Norway, in April 2011 during
the Cooperative Investigation of Climate-Cryosphere Interactions campaign (CICCI). Measurements were made of the
particle number concentration and the aerosol light absorption coefficient at three wavelengths. A filter sample was
collected on each flight at the altitude of maximum particle number concentration. The filters were analyzed for major anions and cations. The aerosol payload was flown in a
NOAA/PMEL MANTA Unmanned Aerial System (UAS).
A total of 18 flights were flown during the campaign totaling 38 flight hours. The data show frequent aerosol layers
aloft with high particle number concentration (1000 cm−3 )
and enhanced aerosol light absorption (1 Mm−1 ). Air mass
histories of these aerosol layers were assessed using FLEXPART particle dispersion modeling. The data contribute to an
assessment of sources of BC to the Arctic and potential climate impacts.
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over the Arctic, and the induced changes in surface albedo
resulting from the deposition of BC to snow/ice surfaces. To
date, all assessments of the impact of BC on surface albedo
and temperature are model based.
The NOAA/PMEL Soot Transport, Absorption, and Deposition Study (STADS) was conducted in Ny-Ålesund, Svalbard, Norway between 7 April and 6 May 2011. Coordination of the various international groups took place through
the Coordinated Investigation of Climate-Cryosphere Interactions (CICCI) initiative. The central goal of the initiative
was to improve the understanding of processes controlling
the distribution of black carbon (BC) in the Arctic atmosphere, the deposition of BC to snow and ice surfaces, and
the resulting climate impacts. Measurements of the vertical distribution of BC in the atmosphere over Ny-Ålesund
using a new unmanned aerial system (UAS) equipped with
an aerosol measurement package are described here. Measurements were made on Svalbard at the Holtadalfohna
Plateau; Kongsfjord fast ice; and the sea ice north of Spitsbergen. Flight activities were conducted cooperatively between
NOAA and the Northern Research Institute (NORUT) and
coordinated in conjunction with the field based activities of
the Norwegian Institute for Air Research (NILU) along with
other members of the CICCI initiative.

2

Methods

The MANTA C1 is a category II medium duration, fixed
wing, unmanned aircraft system (UAS) designed and built by
Advanced Ceramics Research (ACR, now owned by BAE)
(Fig. 1). The aircraft weighs 16.3 kg without payload and fuel
(27.7 kg maximum takeoff weight). The wingspan is 2.7 m,
height 0.62 m and length 1.92 m. The aircraft is powered
by a 3.8 kW, 56 cc, 2-stroke/2-cylinder gasoline engine that
powers a carbon 3-blade pusher propeller. Takeoff is accomplished with a catapult launcher or rolled takeoff. Landing is
automated using DGPS and requires < 300 m of runway. The
aircraft is capable of flight at a maximum service ceiling of
3660 m above mean sea level (a.m.s.l.), cruises at 26 m s−1
and has a total endurance of up to 4.5 h (takeoff to recovery) with a main and 2 wing fuel tanks (8.1 L fuel). The typical climb rate during research flights is 1.25 m s−1 . For data
collection averaged over 60 s (e.g., aerosol light absorption,
see below), the vertical resolution is 75 m and the horizontal
resolution is 1560 m. The aircraft is controlled with a Cloud
Cap (Piccolo) autopilot that can navigate between up to 99
geographic waypoints and land the plane on a runway within
a 1 m2 target box. The avionics allow for automatic loiter on
command and execute lost-link procedures to reacquire communication if needed. The Integrated Ground Control Station
(IGCS) provides command and control. During flight operations, communication with the MANTA is through an omnidirectional antenna using a 900 MHz radio frequency (RF)
Atmos. Meas. Tech., 6, 2115–2120, 2013
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Figure 1. Manta UAS on runway after first landing in Ny-Ålesund.
Fig.
1. Manta UAS on runway after first landing in Ny-Ålesund.

for primary communication. Beyond line of sight communication is through an Iridium SatCom link.
The UAS embedded payload computer was designed
around the Motorola 68332 system and programmed in C.
Although this 32-bit processor has the power to compute and
multi-task simultaneous functions, it was built to be energy
efficient to minimize battery usage during flights. The computer consists of 4 Mb of flash memory, a 12-bit A/D converter with 8 input channels, two RS232 channels, a hardware watchdog, a real-time clock, and 512 bytes of RAM.
The function of the payload computer is to implement and
regulate all of the primary functions of the science payload. The embedded computer stores the high resolution data
(1 Hz) from the payload and transmits a subset of data to the
ground station via RF or Iridium modems. During the flight,
the payload scientist has the ability to send commands to the
computer to change the data download feed and control each
12
payload instrument.
The UAS is equipped with a rugged temperature and relative humidity (RH) probe designed by the Rotronic Instrument Corporation (model HC2). Temperatures can measured
between −40 and 60 ◦ C with an accuracy of ±0.1 ◦ C. RH can
be measured between 0 to 100 % with an accuracy of ±0.8 %.
Data from the temperature and RH sensors are relayed in
real-time to the IGCS so that flight plans can be amended
to better target atmospheric layers and monitor for potential
icing conditions. The real-time temperature and RH data are
especially important in high latitude environments where ice
on the pitot tube could quickly bring the plane down.
The aerosol measurement package, designed and built by
Brechtel Manufacturing Inc. (BMI, Hayward, CA; ACCESS
Model 9400, http://www.brechtel.com/ACCESS brochure.
pdf), is modular in design and can be quickly installed and
removed from the MANTA payload bay (Fig. 2). The package is powered by one of two aircraft batteries (15 Ah, 12 V
each) for the duration of the flight (up to 4.5 h). The aerosol
package includes a passively pumped isokinetic inlet to bring
air and particles into the module. The instruments in the
module, which sub-sample off of the main inlet, include
a mixing condensation particle counter (MCPC, modified
BMI Model 1710, 12.7 cm cube), a three-wavelength absorption photometer (BMI ABS, 12.7 × 7.6 × 7.6 cm), and a
www.atmos-meas-tech.net/6/2115/2013/
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Figure 3. Ground bases comparison at Gruvabadet Laboratory in Ny-Ålesund of the MANTA

Fig.
3. Ground bases comparison at Gruvabadet Laboratory in Nyaerosol light absorption coefficient (ABS) and total particle measurements (MCPC) with the
Ålesund
of the MANTA aerosol light absorption coefficient (ABS)
Radiance Research Particle Soot Absorption Photometer (PSAP) and a TSI water based CN
and
total
particle measurements (MCPC) with the Radiance Recounter
(WCPC).
search Particle Soot Absorption Photometer (PSAP) and a TSI water based CN counter (WCPC).
14

Fig. 2. Aerosol measurement package in the MANTA showing 5
the inlet and exhaust lines, mixing condensation particle sampler (MCPC), 8-filter chemical sampler, and absorption photometer
Figure 2. Aerosol measurement package in the MANTA showing the inlet and exhaust lines,
(ABS) flown during STADS. The optical particle counter was not
available
the experiment. particle sampler (MCPC), 8-filter chemical sampler, and absorption
mixingforcondensation

filter and a reference filter. The filter transmission, Tr, is the

photometer (ABS) flown during STADS. The optical particle
counter
forThe light absorpratio of the
signalswas
fromnot
theavailable
two filters.
Multi-Channel
Chemical Filter Sampler. An optical particle
the experiment.
counter is also under development for the package but was
not ready for this field deployment.
The MCPC has a 180 ms response time, grows particles
in a butanol-saturated flow, and counts particles in the 5 to
3000 nm diameter size range. Modifications to the butanol
handling components of the commercial Model 1710 were
implemented to address the high-vibration environment of
the UAS. The MCPC concentration measurement was characterized by sampling size-selected 60 nm particles from a
differential mobility analyzer. An electrometer sampled the
same particles in parallel with the MCPC and provided a reference measurement of concentration over the range of 100
to 100 000 particles cm−3 . Agreement between the MCPC
and the electrometer (Ioner Model 5030) was within ±8 %
over the concentration range and was independent of concentration.
The ABS provides real-time measurements of the aerosol
light absorption coefficient at 450, 525, and 624 nm. The
ABS transmits light from a LED source through a sample

tion coefficient is proportional to the rate of decrease of light
transmittance divided by the flow rate of air through the filter (Bond et al., 1999). The temperature in the instrument
payload was on average 20 ◦ C warmer than ambient which
reduced the RH at the ABS filters to a very low level. The
raw data were averaged into 60 s values for calculations of
the rate of decrease of light transmittance. The minimum detectable level, MDL, defined as the peak-to-peak noise with
the instrument running particle free air, was 0.2 Mm−1 . The
error in the ABS measurement can be attributed to noise in
the measured Tr value, instrument drift in the measured Tr
value, uncertainty in the measured flow rate, and uncertainty
in the measured filter spot area (Anderson et al., 1999). The
data were not corrected for light scattering by particles that
could bias the values by up to 10 % (Bond et al., 1999). Data
from the optical particle counter (not flown during STADS)
would have provided a direct correction for light scattering.
A quadrature sum of these errors yielded a relative uncertainty of ±33 % for an absorption coefficient of 1.0 Mm−1 .

13
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Fig. 4. The NOAA Manta flight tracks during the 2011 NOAASTADS/CICCI campaigns. A Landsat ETM+ mosaic from 1999 is
used in the background. The flight with in which the aerosol layer
was identified on 26 April is highlighted with yellow dash.
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Figure 5. The first 45 minutes of flight 15 (26 April 2011) showing the initial assent from the
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The Multi-Channel Chemical Sampler uses eight, off-theshelf filter holders (13 mm dia.) and a magnetically driven,
rotary valve manifold to distribute the vacuum/flow from one
central pump to each of the separate sampling channels. Remote serial commands are used to move the rotary valve to a
new sampling channel at any desired time. The sampler fits
in a cylindrical volume 7.6 cm in diameter by 5.1 cm long.
The 2.5 L min−1 sample flow rate is measured by pressure
drop through a laminar flow element (LFE) and the flow is
actively controlled with an integrated pump. One of the 8
channels can be used to maintain flow through the device
when no sample is desired. Filters may be extracted with water or other solvents for off-line chemical analysis by ionchromatography or other techniques.
The flow rates through all the instruments were reduced
to standard temperature and pressure (0 ◦ C, 1013.25 mb).
An integrated micro-controller system manages the control
needs of each instrument and provides output data via a serial port at 1 Hz. Data are stored on the aircraft computer.

3

Results and discussion

In addition to the UAS operations, aerosol measurements
were made at the Gruvebadet Aerosol Laboratory located on
the outskirts of Ny-Ålesund. The UAS aerosol measurement
package was taken to the Gruvebadet Laboratory for a direct comparison with the ground-based measurements of total particle number measured with a TSI water-based condensation particle counter (WCPC) and aerosol light absorption
coefficient measured with a Particle Soot Absorption Photometer (PSAP, Radiance Research). All of the instruments
were configured to sample outside air from a common inlet mounted on the roof of the laboratory. The ground-based
Atmos. Meas. Tech., 6, 2115–2120, 2013
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WCPC and UAS MCPC were well correlated with a slope of
1.14 and an r 2 = 0.96 (Fig. 3). The difference in the absolute
concentration between the two instruments could be from the
different fluids used to grow the particles. The signal from the
ground-based aerosol light absorption measurement (PSAP)
had more noise than the UAS ABS resulting in a less robust
correlation (r 2 = 0.56).
The majority of the research flights were flown over the
Kongsfjorden (Fig. 4), immediately north of Ny-Ålesund.
The typical flight plan was to ascend to 2700 m, descend to
the altitude of maximum aerosol concentration, and then to
sample at that altitude for the remainder of the flight (typically 1 to 2 h). Vertical profiles of aerosol and meteorological
parameters from the initial assent from the airport to 2700 m
over Kongsfjorden on 26 April (flight 15) are shown in Fig. 5.
The boundary layer extended up to ≈ 1000 m and was capped
by a small temperature inversion. The lower layer was moist
with an RH between 70 and 80 %. The RH dropped above
the boundary layer to 15 % at 1500 m and then increased to
40 % at 2200 m. There was a small increase in total particle
number just below the top of the boundary layer but no increase in the aerosol light absorption coefficient from these
particles. The upper layer (> 1700 m) had the highest particle
number concentrations and the highest aerosol light absorption coefficients.
Layers of higher aerosol light absorption aloft have been
reported previously (de Villiers et al., 2010; Spackman et
al., 2010; Brock et al., 2011) and are generally thought to
be the result of meridional transport of pollution-laden air
masses from the mid-latitudes to the Arctic (e.g., Shaw, 1995;
www.atmos-meas-tech.net/6/2115/2013/
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the Arctic. Approximately 80 % of the 20 day emission sensitivity (trajectory) was over water, passing first over Iceland,
then northern Canada and finally back to northern Russia.
The absorbing particles measured aloft in Ny-Ålesund were
most likely aged Arctic Haze, but without chemical tracers it
is difficult to assign a source to the particles.
4
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Fig. 6. FLEXPART sensitivity showing the most probable origin of
the airmass sampled in Svalbard on 26 April. The gray circles show
Figure 6. FLEXPART sensitivity showing the most probable origin of the airmass sampled in
the daily location going back 20 days prior to 26 August. The shade
Svalbard
26 April. The
circles show
theairmass.
daily location going back 20 days prior to 26
of grayonindicates
thegrey
altitude
of the
August. The shade of grey indicates the altitude of the airmass.
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Quinn et al., 2007). The dominant sources include fossil
fuel and biofuel combustion in northern Europe and Asia
(Stohl, 2006). The impact of this filamentary transport phenomenon is poorly known. A better understanding of sources
and the components of these layers is critical to calculating
the warming aloft and deposition to the snow/ice surface. 17
These layers are often well above the Zepplin mountain top
observatory and thus can only be sampled by aircraft or balloons. The UAS is ideally suited for making regular measurements of these layers.
One filter sample was collected on each flight for ion analysis. Sulfate concentrations (the most abundant ion) ranged
from below detection limit (0.04 µg m−3 for a 100 min sample at 2.5 L min−1 ) to 0.51 µg m−3 . Daily average surface
sulfate concentrations measured at Gruvebadet Laboratory
during STADS ranged from 0.45–0.87 µg m−3 . The single filter sample of ion concentrations was not useful in assessing
aerosol sources. Future flights should explore a more sensitive technique that would include trace metal concentrations
(e.g., SEM/XRF). For example, the ratio of non-crustal (nc)
manganese (Mn) to nc vanadium (V) has been shown to be
a useful tracer of regional sources (Rahn, 1981). Recently,
Hegg et al. (2010) used tracer species and positive matrix factorization (PMF) to differentiate four different sources of BC
and non-BC light absorbing aerosols to the Arctic. Vanillin
and levoglucosan were used to identify and separate agricultural and biomass burning.
FLEXPART, a Lagrangian particle dispersion model
(Stohl et al., 2005), was used to investigate the origin of
aerosols sampled by the MANTA (Fig. 6). The weather pattern on 26 April showed a cyclonic flow circulating around
www.atmos-meas-tech.net/6/2115/2013/

Conclusions

UAS can provide high quality vertical distributions of aerosol
properties that can be used to better understand the transport and distributions of BC in the Arctic. The measurements
during STADS showed that the transport to Ny-Ålesund occurred above the boundary layer and hence were not sampled
by ground or mountain stations. Regular UAS measurements
in the Arctic could provide the vertical aerosol data needed
to test climate models and satellite retrievals.
Data from the experiment are available at http://saga.pmel.
noaa.gov/Field/CICCI/index.html.
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