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Fig. 8. Annual mean black carbon deposition fluxes for phase II
models, plotted from 50◦ N to 90◦ N.

diversity originates both from different emission inventories
and different chemical and physical parametrizations. Most
AeroCom models do not have seasonality for fossil fuel and
biofuel emissions. In reality, however, high-latitude biofuel
and fossil fuel emission sources tend to be stronger in winter,
indicating a potential bias in seasonality of deposition fluxes
simulated with seasonally constant emission inventories.

Dividing the Arctic BC column burden by the Arctic de-
position flux provides a proxy for Arctic BC residence time.
This is imperfect because BC passing through the Arctic at-
mosphere will contribute to mean burden but not deposition.
Nonetheless, the averages are taken over a sufficiently large
area so that they should approximate actual Arctic residence
time. Here, for simplification, we will call this term “Arc-
tic residence time” despite its potential bias. The Arctic resi-
dence time is an indicator of how effectively BC in the Arctic
atmosphere deposits through wet and dry processes.Textor
et al. (2006) reported that global BC atmospheric residence
times for phase I models ranges from 5.2 to 15.0 days. Fig-
ure 10 shows the global and Arctic atmospheric residence
times of BC in phase II models. The global BC residence
time ranges from 3.9 to 11.9 days while the Arctic residence
time ranges from 3.7 to 23.2 days. The Arctic residence time
is longer on average by 4.0 days (median of 2.5 days) than the
global residence time, although three models show shorter
Arctic than global residence times. Causes for high Arctic
residence times include low precipitation rates (especially

during polar winter), stable stratification that limits dry tur-
bulent deposition, and long residence time of air parcels that
become trapped within the polar dome.Koch et al.(2009)
evaluated Arctic atmospheric BC in AeroCom phase I mod-
els and found that increasing BC lifetime, which is accom-
plished by decreasing the aging rate or by reducing removal
by ice clouds, has a large impact on BC surface concentra-
tions in remote regions. Analysis of surface measurements
at Barrow, Alaska, indicates that the seasonal cycle of “Arc-
tic haze” is dominated by wet scavenging rather than effi-
ciency of transport pathways from source regions (Garrett
et al., 2010; Browse et al., 2012; Lund and Berntsen, 2012;
Wang et al., 2013). Liu et al.(2011) concluded that the simu-
lation of BC in the Arctic is significantly improved by using
a parameterization of BC aging rate that is proportional to
the OH radical concentration, reducing dry deposition veloc-
ities over ice and snow, and decreasing ice cloud wet removal
efficiency. These changes increased wintertime BC concen-
trations by a factor of 50–100.Browse et al.(2012) improved
the simulated seasonal cycle of Arctic aerosols by including
more realistic treatment of the transition in scavenging effi-
ciency associated with changes in cloud phases.von Hard-
enberg et al.(2012) reported a more realistic yearly averaged
simulated AOD in the Arctic compared to observations by us-
ing the modified wet scavenging scheme suggested byBour-
geois and Bey(2011). Together, these studies indicate that
deposition parametrizations are critical for determining both
the latitudinal profile of the modeled BC and the efficiency
through which Arctic atmospheric BC is removed. Precise
attribution of how physical parameterizations contribute to
model diversity requires carefully designed perturbation ex-
periments, such as those conducted byLee et al.(2013a).

One consequence of our methodology for simulating BC-
in-snow concentrations is that the meteorological conditions
used to drive CLM and CICE may be inconsistent with
those determining the model deposition amounts. We chose
to drive each simulation with the same 2005–2009 reanalysis
data because (1) these meteorological conditions are likely to
be more compatible than model-generated fields with condi-
tions that prevailed during the measurement campaigns, and
thus will produce more similar model snowpack conditions
to those from which measurements were drawn, and (2) us-
ing the same meteorological conditions for each simulation
reduces the number of free variables and enables a more lu-
cid intercomparison of BC-in-snow concentrations resulting
from different BC deposition fields. To evaluate the potential
impact of this design choice, we conducted a sensitivity study
with CLM and CICE coupled interactively (online) with the
Community Atmosphere Model (CAM), and the transport
and deposition of aerosols simulated prognostically in a self-
consistent way with model meteorology. We then used depo-
sition fields from this simulation to drive CLM and CICE of-
fline in the same period, using the same reanalysis product as
described in Sect. 3. We found that the model–measurement
bias averaged over the sampling domain is−9.7 ng g−1 in

www.atmos-chem-phys.net/14/2399/2014/ Atmos. Chem. Phys., 14, 2399–2417, 2014
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Fig. 10. Global and Arctic atmospheric residence times for black
carbon in phase II models. (Three models are excluded in this anal-
ysis due to missing or incomplete data.)

the online simulation, while it is−0.1 ng g−1 for the of-
fline CLM/CICE simulation. The correlation coefficient be-
tween model and observation is 0.16 for online simulation
and 0.18 for offline simulation. This sensitivity study indi-
cates that choice of meteorology can have a significant im-
pact on model–measurement comparison. The sign of impact
is also consistent with a preliminary study (Sarah Doherty,
personal communication, 2013), suggesting that use of in-
consistent deposition and precipitation fluxes can produce a
high bias in surface layer BC concentrations. This could im-
ply that model deposition fluxes in the Arctic have more low
bias (or less high bias) than indicated by our study. Applying
identical meteorological fields with all deposition fields also
likely reduces inter-model diversity in simulated BC-in-snow
amounts.

Table 4.Arctic BC-in-snow radiative effects, averaged from 60◦ N
to 90◦ N (W m−2).

Phase I ISa ESb Phase II ISa ESb

DLR 0.18 0.15 CAM4-Oslo 0.16 0.13
GISS 0.10 0.09 CAM5.1 0.06 0.05
LOA 0.17 0.14 GISS-MATRIX 0.12 0.10
LSCE 0.15 0.13 GISS-modelE 0.20 0.17
MATCH 0.14 0.12 GLOMAP 0.16 0.14
MPI-HAM 0.07 0.06 GMI 0.15 0.13
TM5 0.19 0.16 HadGEM2 0.28 0.24
UIO-CTM 0.13 0.11 ECHAM5-HAM2 0.11 0.09
UIO-GCM 0.10 0.08 OsloCTM2 0.27 0.23
UIO-GCM-V2 0.10 0.08 SPRINTARS 0.18 0.15
ULAQ 0.25 0.21 TM5 0.23 0.20
UMI 0.18 0.15 IMPACT 0.17 0.15

GOCART 0.22 0.18

a IS indicates inefficient meltwater scavenging.
b ES indicates efficient meltwater scavenging.

4.4 The effect of meltwater scavenging

As insolation increases during spring in the Arctic, surface
snow begins to melt. As the meltwater percolates into deeper
snow, it collects some of the impurities, altering the verti-
cal distribution of BC in snow and sea ice. We ran CLM
and CICE with two sets of BC meltwater scavenging coeffi-
cients in order to evaluate impacts of uncertainty in these pa-
rameters. The inefficient scavenging (IS) scenario applies the
same scavenging coefficients used byFlanner et al.(2007),
leading to accumulation of BC near the snow surface as melt
occurs, whereas the ES sensitivity studies apply scavenging
coefficients of 1.0 for both hydrophilic and hydrophobic BC.
Though the ES scenario is not supported with observations,
it enables an assessment of the potential impact of this pa-
rameter on the model evaluations.

Figure 11 divides the model–measurement comparison
shown in Fig.1 into eight different regions. From Fig.11,
we can see that the scavenging sensitivity study has different

Atmos. Chem. Phys., 14, 2399–2417, 2014 www.atmos-chem-phys.net/14/2399/2014/



C. Jiao et al.: Black carbon in Arctic snow assessment 2411

Obs. Ph I(IS) Ph I(ES) Ph II(IS) Ph II(ES)
0

10

20

30

40
Arctic Ocean, Number of Obs. = 64

B
la

ck
 C

ar
bo

n 
C

on
ce

nt
ra

tio
n 

(n
g/

g)

Obs. Ph I(IS) Ph I(ES) Ph II(IS) Ph II(ES)
0

10

20

30

40
Canadian Arctic, Number of Obs. = 118

B
la

ck
 C

ar
bo

n 
C

on
ce

nt
ra

tio
n 

(n
g/

g)

Obs. Ph I(IS) Ph I(ES) Ph II(IS) Ph II(ES)
0

50

100

150

200
Alaska, Number of Obs. = 3

B
la

ck
 C

ar
bo

n 
C

on
ce

nt
ra

tio
n 

(n
g/

g)

Obs. Ph I(IS) Ph I(ES) Ph II(IS) Ph II(ES)
0

30

60

90

120
Canada Sub−Arctic, Number of Obs. = 30

B
la

ck
 C

ar
bo

n 
C

on
ce

nt
ra

tio
n 

(n
g/

g)

Obs. Ph I(IS) Ph I(ES) Ph II(IS) Ph II(ES)
0

5

10

15

20

25

30
Greenland, Number of Obs. = 84

B
la

ck
 C

ar
bo

n 
C

on
ce

nt
ra

tio
n 

(n
g/

g)

Obs. Ph I(IS) Ph I(ES) Ph II(IS) Ph II(ES)
0

10

20

30

40
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Fig. 11.Same as Fig.1, but plotted for 8 individual regions. The number of observations within each region is listed in the figure titles.

impacts in different regions, reflecting differing degrees to
which the regional sampling domains are affected by melt. In
some regions, including the Canadian Arctic, Alaska, Cana-
dian Sub-Arctic and Ny-Ålesund, the differences between IS
and ES scenarios are very small. In Greenland, however, and
to a lesser extent Tromsø and the Arctic Ocean, there are no-
ticeably higher modeled BC-in-snow concentrations in the IS
scenario. To highlight the role of snowmelt in modulating the
importance of these parameters, we plotted the histogram of
the months when the samples were collected and the monthly
mean snowmelt rate averaged over grid cells matching the
observations in the different regions (Fig.12). In regions that
show no significant difference between IS and ES scenar-
ios, there were few samples collected during times of large
snowmelt. For example, the Ny-Ålesund samples were col-
lected during March–May, before the July peak in model
snowmelt rate, meaning the sub-sampled model domain is
largely unaffected by melt. Most of the Greenland samples
were collected at lower elevations during July and August,
however, coincident with peak melt rates in the matching
model domain (Fig.12). About 43 % of the sampling space
coincides with the top model snow layer, and over 70 % of
it coincides with the top two model layers, where simulated
concentrations are sensitive to the scavenging parameter dur-
ing conditions of melt. Because much of the sampling space

does not coincide with strong melt, however, the melt scav-
enging coefficients have only a second-order impact on the
Arctic-wide model–measurement evaluation.

5 BC-in-snow radiative effect

Figure 13 shows the annual mean surface radiative effects
caused by BC in snow, as simulated with deposition fields
from the phase I and phase II models. Regions with rela-
tively large radiative effects are northern Europe, Russia and
Greenland. The two primary factors influencing annual-mean
radiative effect in different regions are the amount of BC in
snow and the seasonal evolution of snow cover fraction. For
example, perennial snow cover in Greenland enables large
forcing in this region despite relatively small BC concen-
trations. Persistence of cryospheric cover through summer is
especially important because it maximizes the amount of in-
solation incident on impurity-laden snow and ice. The rela-
tively small BC-in-snow radiative effects in central Green-
land are caused by the small BC deposition fluxes in this
area (Figs.7 and 8) as well as little surface BC accumu-
lation due to low snowmelt rate associated with high alti-
tude and low temperature. Arctic annual mean BC in snow
radiative effects for both phases and both sets of meltwater
scavenging coefficients are shown in Table4. With inefficient

www.atmos-chem-phys.net/14/2399/2014/ Atmos. Chem. Phys., 14, 2399–2417, 2014
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Fig. 12. Histogram of the months when the samples are collected in each regions (plotted against left axis) and

seasonal cycle of snow and ice melt rates (plotted against right axis). The melt rates are averaged only over grid

cells containing observations within each region.

Fig. 13. Annual mean BC-in-snow radiative effects averaged across PhaseI (left) and Phase II (right) models

with inefficient meltwater scavenging.
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Fig. 12.Histogram of the months when the samples are collected in each region (plotted against left axis) and seasonal cycle of snow and ice
melt rates (plotted against right axis). The melt rates are averaged only over grid cells containing observations within each region.
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Fig. 12. Histogram of the months when the samples are collected in each regions (plotted against left axis) and

seasonal cycle of snow and ice melt rates (plotted against right axis). The melt rates are averaged only over grid

cells containing observations within each region.

Fig. 13. Annual mean BC-in-snow radiative effects averaged across PhaseI (left) and Phase II (right) models

with inefficient meltwater scavenging.
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Fig. 13. Annual mean BC-in-snow radiative effects averaged across phase I (left panel) and phase II (right panel) models with inefficient
meltwater scavenging.

scavenging, the modeled Arctic radiative effects for phase I
models range from 0.07 W m−2 to 0.25 W m−2, and range
from 0.06 W m−2 to 0.28 W m−2 for phase II models. With
efficient scavenging, the radiative effects are slightly smaller,
ranging from 0.06–0.21 W m−2 and 0.05–0.24 W m−2, re-
spectively, for phase I and phase II models.

The multi-model mean BC-in-snow radiative effect aver-
aged over the Arctic (here, 60–90◦ N) is 0.15 W m−2 and
0.18 W m−2 for phase I and phase II models, respectively,
with inefficient meltwater scavenging. Model biases in BC
concentrations in snow may also translate into biases in
Arctic-mean radiative effect. Here we used the ratio be-
tween simulated and observed BC concentrations in different
regions of the Arctic to derive observationally constrained
forcings. In doing so, we assume a linear relationship be-
tween the near surface BC-in-snow concentration and radia-

tive effect, which is a reasonable assumption for small per-
turbations about low BC concentrations (e.g.,Flanner et al.,
2007), such as those found in most of the Arctic. We divided
the Arctic into 6 regions (Europe, Russia, Alaska, Canada,
Greenland and the Arctic Ocean) and scaled the modeled
radiative effects in each region by the ratio of observed-to-
modeled BC concentrations in the sampling domain within
each region. For each of the five land-based regions, the ra-
diative effect is simulated with CLM, whereas radiative ef-
fect within the Arctic Ocean is simulated with CICE. Us-
ing this correction technique, we calculated an Arctic-mean
BC-in-snow radiative effect of 0.17 W m−2 for the combined
phase I and phase II ensembles. This approach has the ad-
vantage of accounting for model performance in different re-
gions of the Arctic, but is only useful to the extent that model

Atmos. Chem. Phys., 14, 2399–2417, 2014 www.atmos-chem-phys.net/14/2399/2014/
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performance over the sampling domain is representative of
model performance over each region as a whole.

6 Conclusions

We have used black carbon (BC) deposition fields produced
from 25 global aerosol models to simulate vertically resolved
BC concentrations in snow and sea ice with offline com-
ponents of the Community Earth System Model. This ex-
ercise has enabled us to explore inter-model variability in
Arctic BC deposition, evaluate model BC fields against a
comprehensive field survey of BC measurements in Arctic
snow (Doherty et al., 2010), and develop an observation-
ally constrained estimate of Arctic radiative effects from BC
in snow and sea ice. Though model mean BC concentra-
tions in snow, averaged over the measurement domain, are
generally close to the observational means, correlation co-
efficients between simulated and observed values are low,
and variability among models is large. Models tend to un-
derestimate BC amounts in snow in the Russian Arctic and
northern Norway, while overestimating BC elsewhere in the
Arctic. On average, however, phase I and phase II multi-
model mean BC-in-snow concentrations are only 4.4 ng g−1

lower and 4.1 ng g−1 higher, respectively, than the obser-
vational mean of 19.2 ng g−1. Analysis shows that model
aerosol transport and removal processes are the main factors
influencing model–measurement evaluations, rather than the
efficiency of particle removal with snowmelt water or vari-
ability in emissions applied within the models. Model res-
idence times of BC in the Arctic atmosphere range from
3.7 to 23.2 days, much larger than the range in global res-
idence times, indicating large model variability in local de-
position efficiency. Multi-model means (ranges) of Arctic
(60–90◦ N) annual-mean radiative effects from BC in snow
are 0.15 (0.07–0.25) W m−2 and 0.18 (0.06–0.28) W m−2 in
phase I and phase II models, respectively. After correcting
these estimates for biases in different regions of the Arctic,
the mean Arctic radiative effects become 0.17 W m−2 for the
combined phase I and phase II ensembles.
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