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Abstract

The role of black carbon (BC) soot in the Arctic as an agent of climate warming through forcing/feedback of sea ice/

glacier albedo is an uncertainty in need of addressing. In-situ measurements of BC-aerosols and gas byproducts from

the FROSTFIRE experiment burn, 8–11 July 1999, are used with a coupled high-resolution wind field/empirical fall-out

model to assess transport/dispersion and estimate deposition. Results suggest that BC-aerosols (soot) are quickly

transported from central Alaska to the Arctic Ocean region of multi-year sea ice and to southern Alaska glaciers, where

up to 20% can be deposited. The estimate of BC soot concentration from Alaska boreal wildfires favorably compares to

in-situ sea ice observations made in 1998 and snow albedo observation on Gulkana Glacier in 2001. We hypothesize

that northern boreal wildfires are a possible contributor in the reduction of first/multi-year sea ice/glacier extent by

enhancing summer melting from albedo reduction. Should the occurrence and severity of northern boreal wildfires

continue as in summer 2004, during which more than 670 km2 burned and was the worst wildfire year on record, there

will be implications for Northern hemisphere climate warming.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The late 20th century has witnessed the continuing

effects of climate warming in the Northern Hemisphere

(Levitus et al., 2001; Hansen et al., 2002). With increased

air temperature over the North America boreal zone, the

summer growing season and conditions favorable for

wildfire have increased (Price and Rind, 1994; Grissom

et al., 2000; Murphy et al., 2000; Jaffe et al., 2004).

Stocks et al. (2000) predicted that the severity of boreal
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wildfire in Alaska and Canada would increase due to

climate warming. A 50-year record of Alaska boreal fires

shows an increase of fire occurrence and area burned

(French et al., 2002). Records from Canada show much

the same (Stocks et al., 2002). In the 1990s, the average

area burned in Alaska was about 4� 102 km2 (Murphy

et al., 2000). As of summer 2004, the total area burned in

Alaska is more than 6� 102 km2 (Alaska Fire Service,

http://fire.ak.blm.gov), clearly an extreme record. Jaffe

et al. (2004) reported that the 2003 Russian forest

burned area was 189� 104 km2, which was more than

twice the annual average for Russian fires between 1996

and 2003, comparing to, or more likely larger than,

144� 104 km2 in Chinese fires in 1987 (Cahoon et al.,
d.
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1991) and 179� 104 km2 in all boreal forest regions in

1998 (Kasischke and Bruhwiler, 2002).

Recent modeling indicates that soot is twice as

effective as CO2 in altering global surface air tempera-

ture and is capable of reducing sea ice and snow albedo

(Hansen and Nazarenko, 2004). This affect could be

contributing to trends toward early springs in the

Northern Hemisphere, thinning Arctic sea ice and

melting glaciers. Soot also plays a role in changes in

the atmosphere by way altering the radiation balance

through cloud formation. The implications suggest long-

term climate and cryosphere consequences. However, is

there a connection between northern boreal wildfires

and Arctic sea ice/Alaska glacier extent reductions?

In this study, we report the results of modeling the

FROSTFIRE experiment boreal forest control burn

(Hinzman et al., 2003) regarding BC-aerosol/carbon-

based gas transport/dispersion/deposition in the north-

ern hemisphere. The results suggest that boreal wildfires

are a major source of BC soot concentrations on Arctic

multi-year sea ice and Alaska glaciers. We hypothesize

that increased BC soot concentration is exacerbating

summer melting of first/multi-year sea ice. Reduction in

recruitment of first year into multi-year sea ice would

lead to a reduction of sea ice extent. Increased BC soot

concentrations on Alaska glaciers would increase

summer melting and lead to reduction of glacier extent.
2. Aerosol–wind trajectory model

2.1. Wind field datasets

The principal datasets used in this study are the fine

resolution European Center for Medium-Range Weath-

er Forecast Tropical Ocean and Global Atmosphere

(ECMWF/TOGA) objective analysis data (4 times per

day, 0.51� 0.51 horizontal resolution at 15 pressure

levels) during the period of 8–19 July 1999 (Fig. 1). The

aerosol dispersion trajectories are modeled using hor-

izontal wind and vertical p-velocity from the ECMWF

datasets. The time step for the modeling calculations is

20min. The three-dimensional wind fields are linearly

interpolated at 20min intervals from 6-h wind data. In

the horizontal plane, winds are linearly interpolated to

model particle locations, while the vertical winds are

interpolated by a cubic spline interpolation procedure.

2.2. BC particle fall out velocity

We assume that a modeled particle falls at terminal

velocity as a function of radius and density. Particle

fallout velocity (V f ) is modeled as

V f ¼ �b
mag

k
1þ 0:864

l
r
þ 0:29

l
r
exp �1:25

l
r

� �
,

which is a modified form of the fall velocity given by

Kasten (1968). Model parameters are k ¼ 6prZ, a ¼

ðr� roÞ=r and b, which accounts for non-spherical

shape and is set to 0.5 for this study. Particle variables

are density (r), radius (r) and mass (m). Atmosphere

variables are density (ro) and dynamic viscosity (Z). The
acceleration of gravity term is g. The particles are

assumed to consist of BC soot. ro is set to

1.65� 103 kgm�3. The dynamic viscosity coefficient Z
is given as

Z ¼ 0:046ðT � T0Þ þ 17:1
� �

� 10�6,

where T is air temperature and T0 ¼ 273:15K. l is the

mean free path given as

l ¼
kT

4
ffiffiffi
2

p
pr2P

,

where k is the Boltzman constant of 1.381� 10�23 JK�1

and P is air pressure in kPa.

Originally, the model was developed from an empiri-

cal function (Fuchs, 1964) which is based on Stokes

settling law modified by the Cunningham–Millikan

correction for calculating the fall speed of a spherical

particle in a gas of dynamic viscosity (Z as above) given
the particle radius and height above ground (Kasten,

1968). The coefficients in the expansion above, 0.86, 0.29

and 1.25, are dimensionless empirical constants deter-

mined by experiments and depend only on the mean free

path l. The acceleration of gravity has a small variation

depending on the height above mean sea level and on

geographic latitude. Using values of g, Z and l, Kasten
(1968) numerically evaluated V f for heights between 0

and 26 km in 1 km steps and for heights from 26 to

80 km in 2 km steps with particle radii of 0.003, 0.01,

0.03, 0.1, 0.3, and 10 mm and found the V f justified for

computing fall speed of aerosol particles in the atmo-

sphere.

2.3. BC particle deposition

When the distance between a model particle and the

ground becomes less than 10 hPa, we assume the particle

settles by dry deposition. However, wet deposition

(meteorological precipitation) obtained through VCR

(Video Cassette Recorder) observations at Poker Flat

Research Range of University of Alaska Fairbanks, and

by meteorological observation at the weather station at

Fairbanks Airport is incorporated by a simple proce-

dure. In the ECMWF data used in this study, precipita-

tion is itself not included. We first estimate the

cloudiness from relative humidity as a linear function.

Then the wet deposition rate is estimated from the

cloudiness. When the cloudiness is 100%, the prob-

ability of wet deposition is 50% per hour and when the

cloudiness is 50%, the probability is zero. Between

100% and 50% of cloudiness, the probability of wet
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Fig. 1. Horizontal wind fields (ECMWF data) at 700 hPa, 00 UTC on day 1 (8 July) through day 12 (19 July). Arrow bar is 20m s�1

wind velocity. Small black squares show the location of FROSTFIRE experiment site. (c) and (d) show a general flow path for particle

transport being influenced by cyclonic and anti-cyclonic weather systems.
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deposition is linearly interpolated. In the actual calcula-

tion, occurrence of wet deposition is determined using a

random number with the humidity-dependent probabil-

ity. Cloud scavenging/cycling is not directly modeled.

Clark et al. (1996) showed that for the Central Arctic the

annual cloud fraction ranges from about 55% to more

than 80% with the peak spread over May to October.

The peak of precipitation frequency occurs in Septem-

ber. The wet phase of precipitation peaks in July. This

indicates our wet deposition rational is justified.

2.4. Trajectory model design

Using the uncertainty of the wind data and prob-

ability characteristics of the wet deposition scheme, we
calculated a large number of trajectories of which

particles are initially set over an area of 0.51� 0.51 in

latitude and longitude, centered at the Little Poker

Creek FROSTFIRE experiment site (65.21N, 147.51W).

The lidar measurements, approximately 8 km from the

burn site, detected smoke aerosols up to heights of about

2.5 km (Cahill and Collins, 2003). Model release time of

gas/particle groups (gas with particles of 0.4, 1.0, 2, 5, 8,

10 and 20mm radii sizes) was at specific hPa levels based

on observed fire strength from about 23 UTC on 8 July

to about 03 UTC on 11 July. Precipitation events were

noted during VCR and ground observations at Poker

Flat (Fukuda and Hayasaka, 2003). The wind directions

as determined by in-situ observation were also recorded.

The wind and precipitation observations agree with the
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wind and relative humidity of the ECMWF objective

analysis data.

Model particles were released for strong, medium and

weak smoke cases (16,224, 11,494 and 6084; 295,412

total particles) at pressure levels of 700, 770 and

850 hPa, respectively, for eight times from 00 UTC 9

July to 00 UTC 11 July. Model runs were repeated for

particle size varying from 0.4 to 20mm in radius. An

aerosol sampler measurement in the Caribou-Poker

creek watershed revealed a size distribution that was

significantly narrower than the typical log-normal

distribution with a mean of about 0.4 mm.
Fig. 2. Monthly mean climatology (Va) and standard deviation

(Vd) for 4-time daily zonal and meridional wind field data from

1979 to 2001.
3. Discussion

3.1. Prevailing wind field patterns

Fig. 1 shows the temporal variation of the horizontal

wind field at 700 hPa over eastern Siberia–Alaska–Ca-

nada and the lower Arctic, from 501N to 801N and from

1801W to 1201W. Universal time is 00 UTC starting 9

July (a), day 1, through 19 July (f), day 11, 1999. In Fig.

1a (9 July), a westerly wind was dominant. In Fig. 1b (11

July), an easterly wind was dominant. During day 5

(Fig. 1c, 13 July) the wind was directed to the south. A

general flow line is shown indicating particle transport

being influenced by a cyclone passing west-to-east over

southern Alaska and the Gulf of Alaska region. After

that, a strong north-directed wind (Fig. 1d and e, 15–17,

July) prevailed with the passage of an anticyclone. A

general flow line shows transport north and over the

Beaufort Sea and Arctic Ocean. Following the passage

of the anticyclone, the wind direction changed back to

westerly (Fig. 1f, 19 July).

Factors in the transport of the BC-aerosols to the

Arctic and southern Alaska are northern and southern

wind fields. We examined the mean and standard

deviation of meridianal wind at 850 hPa with the

ECMWF and NCEP reanalysis data (NOAA-CIRES

CDC). Maps of the standard deviation were made for

each month. July and August show the greatest

probability of north and south directed winds

X6m s�1. Fig. 2 summarizes the monthly climatology

(Va) and standard deviation (Vd) for zonal and

meridional wind field at 700 hPa from 1979 to 2001.

This is done by averaging winds of 4-time daily data.

Eularian transport is to the north with positive Va+Vd.

This implies that boreal fire will occur during dry

conditions before the passage of an extratropical

cyclone. On average, 1 day out of a week during the

summer months will have strong north- or south-

directed winds. This suggests that the transport of

boreal wildfire BC-aerosols to the Arctic for deposition

on multi-year sea ice is likely. Equally suggested is the

transport and deposition of BC-aerosols to the glaciers
of southern Alaska and western Canada, which have

undergone rapid melt in the later half of the 20th century

and accelerated wasting from the 1990s to the present

(Arendt et al., 2002; Muskett et al., 2003).

3.2. BC-aerosol 10mm and gas distributions

Fig. 3 shows the area average density for gaseous

materials and 10mm particles in suspension and surface

deposition through 19 July (day 11) at 00 UTC. Colors

correspond to density in gm�2 based on the total BC-

aerosol released by FROSTFIRE and mean area

(0.51� 0.51 grid cell) between 601N and 801N. By day

11 the gas and particle distributions covered much of the

Arctic Ocean north of Alaska and Russia to as far west

as north of the Barents Sea between Svalbard and

Novaya Zemlya. Much of eastern Siberia, all of Alaska,

and the Yukon Territory in Canada are covered.

Portions of the gaseous distribution (Fig. 3a) reached

as far south as 301N off the west coast of North America

to as far eastward as the eastern shore of Hudson Bay in

Canada. The density of suspended (Fig. 3c) and

deposited (Fig. 3d) 10 mm BC-aerosols are widely

distributed in east Siberia, Alaska, and the Yukon, the

Bering, Chukchi and Beaufort seas, and the Arctic

Ocean. Moderate-to-high (green to orange) fall-out

density occurs in a band 601N to 851N by 1301W to

1801W covering the large glaciers of southern Alaska to

the Arctic Ocean where multi-year sea ice occurs.

In all cases of particle size from 0.4 to 10mm, the
deposition density is highest over central–southern

Alaska (especially Gulkana Glacier in Alaska Range)

and near the southern Yukon, where high-altitude snow

cover is prominent. The BC deposited on snow can

reduce the surface albedo and promote increased



ARTICLE IN PRESS

Fig. 3. Dispersion of carbon-based gas and BC aerosols on day 11 (19 July). Left/right plots show suspended and deposited gas/

aerosols respectively. Scale is in density (gm�2). Carbon-based gas is widely dispersed (a) but is restricted in deposition to Alaska (b).

BC-aerosols size 10mm are both widely dispersed (c) and deposited (d).
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melting compared with clean snow (Warren and

Wiscombe, 1980; Conway et al., 1996; Aoki et al.,

2000; Takeuchi, 2002). This suggests that wildfires in

Alaska may affect mountain snowpack and glacier ice

wastage through albedo reduction during the summer

ablation season (Hansen and Nazarenko, 2004).

3.3. BC-aerosol deposition in the northern hemisphere

Boreal wildfire BC-aerosols of moderate size can enter

into the Arctic (first year and multi-year sea ice areas)

and southern Alaska (largest connected glaciers and ice

fields in continental North America) as shown in Fig. 3c

and d for the 10 mm particles, and summarized in Fig. 4

for all particle sizes modeled. All particles with a radius

size of 20 mm completely fall out in North America

(south of 731N) before 14 July, Fig. 4b. For particles less

than 5 mm in size about 30% are deposited over much of

North America by 19 July. Passage of the anticyclone

over Alaska transports about 40% of the small particles
to the Arctic Ocean and Alaska glaciers. About 28–45%

of 8–0.4 mm and 7% of 10mm particles can be

transported to the Arctic Ocean (north) and Alaska

glaciers (south) for deposition (Fig. 4b–d).

The albedo of snow is reduced by contamination of

even a small amount of BC-aerosols, which subse-

quently increases melting (Conway et al., 1996; Hansen

and Nazarenko, 2004). In the wavelength range of

0.28–2.8mm, snow surfaces were treated with measured

concentrations of submicron sized BC and volcanic ash.

The initial snow surface (Blue Glacier, 47.81N, 123.71W,

course gained, wet snow facies, 2050m a.s.l., July

through August 1991) albedo of 0.61 was reduced by

0.18 to about 0.43. Initial enhanced melting flushed a

portion of the BC particles from the snowpack, leaving a

residual concentration of about 5� 10�7 gC g�1 that

persisted for several weeks. Compared to an untreated

snow surface, the total albedo reduction was about 30%.

This small amount of BC soot in the snowpack increased

melting by 50% over the course of the experiment.
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Fig. 4. Trajectory distributions, % of particles from release, 9 July through 19 July 1999. Panels (a, b) and (c, d) are divided

geographically as those floating/deposited from 731N to the equator and those floating/deposited from 731N to the pole, respectively.

The blue vertical bar, the difference in floating particles form air to 1 mm is mainly a function of precipitation, whereas the orange

vertical bar difference is mainly a function of gravity settling (dry deposition).
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Takeuchi (2002) reported on the surface albedo and

characteristics of cryoconite (surface dust on glaciers) on

the Gulkana Glacier in the Alaska Range. According to

his results, the mean surface albedo of the glacier was

0.32 lower than 0.71 of clean snow. Moreover, micro-

scopy results showed that cryoconite consisted of

mineral particles, snow algae, and dark colored organic

matter. The lowered surface albedo was by cryoconite

and black carbon (BC) (e.g. soot) which could only have

been transported to the glacier from long distance (see

Fig. 3d).

The amount of total carbon released by FROSTFIRE

was about 7� 103 tonC with a burned area of about

4 km2 (Alvarado and Sandberg, 2000). Hayasaka et al.

(2000) also estimated a similar value. On the other hand,

the average annual burned area in Alaska by wildfire in

the 1990s was about 4� 102 km2 (Murphy et al., 2000).

Therefore, the annual amount of total carbon released

by forest fires in Alaska is about 7� 105 tonC. The BC

emission factor, i.e. the ratio of BC to total carbon in

boreal forests is 1.2–1.5� 10�3 (Table 2 in Cooke and

Wilson, 1996). Therefore, the annual release of BC is

about 8.4–11� 102 tonC. Our modeling shows that up

to 7% of 0.4–8 mm and 20% of 10mm BC-aerosols are

deposited on the multi-year sea ice of the Arctic Ocean

and the glaciers of southern Alaska. The mean area
concentration of BC soot from Alaska sources on Arctic

multi-year sea ice (4.0� 1012m2 from Johannessen et al.,

1999) is then about 0.2–0.6� 10�4 gm�2. During the

Surface Heat Budget of the Arctic Ocean (SHEBA)

experiment, Arctic Ocean periphery observation (from

Barrow, Alaska) of BC concentrations typically ranged

from 4 to 5� 10�4 gm�2 (Grenfell et al., 2002).

Measurements on sea ice, April–March for background

levels and 15 May 1998, north of Barrow, Alaska,

�761N 1651W, averaged 473� 10�4 gm�2 within a

0.3m thick snow layer. The estimated concentration of

BC soot in this study is an order lower than those in

Barrow observations suggesting sources from Canada,

China, and Russia (see Fig. 1, Jaffe et al., 2004) in

addition to Alaska.

A study of Arctic sites (6 excluding Greenland)

conducted in 1983/4 showed an average of

30� 10�4 gm�2 (Clarke and Noone, 1985) of BC soot.

Monthly observations at Barrow, Alaska, conducted in

1989 (January to December) found BC soot in snow to

vary from 2 to above 12� 10�4 gm�2 with March

showing the highest concentration in that year (Bod-

haine, 1995). It has been suggested that the low BC soot

concentration measured during SHEBA, compared to

the 1983/1984 average, was attributable to the economic

collapse of the Former Soviet Union and a general
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decline in BC emissions from Eurasia in the 1990s,

suggesting a strong anthropogenic source in addition to

natural sources (Hansen and Nazarenko, 2004). How-

ever, Clark et al. (1996) showed that the SHEBA site in

the Beaufort Sea was not characteristic of the Central

Arctic which is cloudier, has higher frequency of

precipitation and has lower temperatures.
4. Conclusions

This study describes modeling and analysis of in-situ

BC-aerosol and soot observations of the FROSTFIRE

experiment control burn in central Alaska. We used a

high-resolution wind field, relative humidity and pres-

sure level data sets with a physical model of BC-aerosol

fall-out velocity. The modeling showed that BC-aerosol

and soot particles of 0.4–10 mm radius can be trans-

ported to the Arctic region and the whole of Alaska in a

very short time. There, deposition onto first and multi-

year sea ice/northern high latitude glaciers by gravity

fall-out and wet precipitation can occur. The modeled

FROSTFIRE BC soot deposition on multi-year sea ice

in the Arctic Ocean is up to 0.6� 10�4 gm�2. This

compares with an in-situ concentration of

473� 10�4 gm�2 observed during the SHEBA experi-

ment (Grenfell et al., 2002). The under-estimate of soot

concentration suggests additional sources from boreal

wildfires and human activities in the mid-to-high north

latitudes. We hypothesize that the transport and

deposition of boreal wildfire emitted BC-aerosols and

soot to the Arctic and sub-Arctic regions can be an

important natural contributor in the reduction of snow/

ice albedo by causing increased melting of sea ice or

glacier ice with the consequent reduction in sea ice extent

and accelerated melting of glaciers.

BC-aerosol particles up to 10 mm in radius can have a

long suspension time and thus potentially affect the

albedo of the atmosphere and change the radiative

balance (Campbell and Flannigan, 2000; Hansen and

Nazarenko, 2004). They can also act as condensation

nuclei to change normal precipitation patterns on a

seasonal/annual basis (Sato et al., 2003). By changing

the albedo and radiative balance of the Arctic cryo-

sphere, boreal wildfires can directly affect global climate.

Jaffe et al. (2004) pointed out that regional air quality

and health were linked to global processes, including

climate change, forest fires, and long-range transport of

pollutants. Additional study on the Alaska wildfires is

needed on the behavior of BC as well as trace gases

(CO2, CO, O3, CH4, and NMHCs) at a regional and

global scale.

We plan additional investigations using the GEOS-

CHEM global 3-D chemical transport model with the

Naval Research Laboratory Aerosol Analysis and

Prediction System combined with GOCART aerosol
depth model and AERONET aerosol measurements

(Martin et al., 2003; Jaffe et al., 2004). A final

component of these investigations is to address the

variability and influence of the North Pacific, Arctic and

North Atlantic decadal oscillations on the trends of

boreal wildfires. There is the suggestion that the large

fires in coastal California chaparral in 2003 were linked

to antecedent climate and meteorology conditions

(Westerling et al., 2004). The correlation of large boreal

wildfires with trends and shifts of climate regimes is yet

to be established.
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