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during polar winter), stable stratification that limits dry tur-
bulent deposition, and long residence time of air parcels that
become trapped within the polar doni€ch et al.(2009
evaluated Arctic atmospheric BC in AeroCom phase | 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 regioBGairfett
et al, 201Q Browse et al.2012 Lund and Berntser2012
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—10@rowse 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.Hard-
enberg et al(2012 reported a more realistic yearly averaged
simulated AOD in the Arctic compared to observations by us-
Fig. 8. Annual mean black carbon deposition fluxes for phase 11 ing the modified wet scavenging scheme suggesteiidoy-
models, plotted from 50N to 9C° N. geois and Bey2011). Together, these studies indicate that
deposition parametrizations are critical for determining both
the latitudinal profile of the modeled BC and the efficiency
diversity originates both from different emission inventories through which Arctic atmospheric BC is removed. Precise
and different chemical and physical parametrizations. Mostattribution of how physical parameterizations contribute to
AeroCom models do not have seasonality for fossil fuel andmodel diversity requires carefully designed perturbation ex-
biofuel emissions. In reality, however, high-latitude biofuel periments, such as those conducted by et al.(20133.
and fossil fuel emission sources tend to be stronger in winter, One consequence of our methodology for simulating BC-
indicating a potential bias in seasonality of deposition fluxesin-snow concentrations is that the meteorological conditions
simulated with seasonally constant emission inventories. used to drive CLM and CICE may be inconsistent with
Dividing the Arctic BC column burden by the Arctic de- those determining the model deposition amounts. We chose
position flux provides a proxy for Arctic BC residence time. to drive each simulation with the same 2005—-2009 reanalysis
This is imperfect because BC passing through the Arctic at-data because (1) these meteorological conditions are likely to
mosphere will contribute to mean burden but not deposition.be more compatible than model-generated fields with condi-
Nonetheless, the averages are taken over a sufficiently largions that prevailed during the measurement campaigns, and
area so that they should approximate actual Arctic residencéhus will produce more similar model snowpack conditions
time. Here, for simplification, we will call this term “Arc- to those from which measurements were drawn, and (2) us-
tic residence time” despite its potential bias. The Arctic resi-ing the same meteorological conditions for each simulation
dence time is an indicator of how effectively BC in the Arctic reduces the number of free variables and enables a more lu-
atmosphere deposits through wet and dry proce§segor  cid intercomparison of BC-in-snow concentrations resulting
et al. (2009 reported that global BC atmospheric residence from different BC deposition fields. To evaluate the potential
times for phase | models ranges from 5.2 to 15.0 days. Figimpact of this design choice, we conducted a sensitivity study
ure 10 shows the global and Arctic atmospheric residencewith CLM and CICE coupled interactively (online) with the
times of BC in phase Il models. The global BC residence Community Atmosphere Model (CAM), and the transport
time ranges from 3.9 to 11.9 days while the Arctic residenceand deposition of aerosols simulated prognostically in a self-
time ranges from 3.7 to 23.2 days. The Arctic residence timeconsistent way with model meteorology. We then used depo-
is longer on average by 4.0 days (median of 2.5 days) than thsition fields from this simulation to drive CLM and CICE of-
global residence time, although three models show shortefline in the same period, using the same reanalysis product as
Arctic than global residence times. Causes for high Arcticdescribed in Sect. 3. We found that the model-measurement
residence times include low precipitation rates (especiallybias averaged over the sampling domain-8.7 ngg? in
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25 w : Table 4. Arctic BC-in-snow radiative effects, averaged fronf 60
Arctic _2
[JGlobal to 9C° N (Wm )

20( 1 Phase | 18 E | Phasell 18 ES
§ DLR 0.18 0.15| CAM4-Oslo 0.16 0.13
Y GISS 0.10 0.09] CAM5.1 0.06 0.05
.gls’ ) LOA 0.17 0.14| GISS-MATRIX 0.12 0.10
2 LSCE 0.15 0.13| GISS-modelE 0.20 0.17
S — MATCH 0.14 0.12| GLOMAP 0.16 0.14
2 ok ] MPI-HAM 0.07 0.06| GMI 0.15 0.13
@ TM5 0.19 0.16| HadGEM2 0.28 0.24
Q UIO-CTM 0.13 0.11| ECHAM5-HAM2 0.11 0.09

o | 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

uml 0.18 0.15| IMPACT 0.17 0.15

o “\6& g\* (\e\?’ W O D @1\1 NFL o N e w(o PO( e GOCART 0.22 0.18
o (,\5 (ch\ ‘I\ N ee? 2|S indicates inefficient meltwater scavenging.

b ES indicates efficient meltwater scavenging.

Fig. 10. Global and Arctic atmospheric residence times for black

carbon in phase Il models. (Three models are excluded in this anal- .
ysis due to missing or incomplete data.) 4.4 The effect of meltwater scavenging

As insolation increases during spring in the Arctic, surface
the online simulation, while it is-0.1ngg?! for the of-  snow begins to melt. As the meltwater percolates into deeper
fline CLM/CICE simulation. The correlation coefficient be- snow, it collects some of the impurities, altering the verti-
tween model and observation is 0.16 for online simulationcal distribution of BC in snow and sea ice. We ran CLM
and 0.18 for offline simulation. This sensitivity study indi- and CICE with two sets of BC meltwater scavenging coeffi-
cates that choice of meteorology can have a significant im<ients in order to evaluate impacts of uncertainty in these pa-
pact on model-measurement comparison. The sign of impadameters. The inefficient scavenging (IS) scenario applies the
is also consistent with a preliminary study (Sarah Doherty,same scavenging coefficients usedrgnner et al(2007),
personal communication, 2013), suggesting that use of ineading to accumulation of BC near the snow surface as melt
consistent deposition and precipitation fluxes can produce @ccurs, whereas the ES sensitivity studies apply scavenging
high bias in surface layer BC concentrations. This could im-coefficients of 1.0 for both hydrophilic and hydrophobic BC.
ply that model deposition fluxes in the Arctic have more low Though the ES scenario is not supported with observations,
bias (or less high bias) than indicated by our study. Applyingit enables an assessment of the potential impact of this pa-
identical meteorological fields with all deposition fields also rameter on the model evaluations.
likely reduces inter-model diversity in simulated BC-in-snow  Figure 11 divides the model-measurement comparison
amounts. shown in Fig.1 into eight different regions. From Fid.1,

we can see that the scavenging sensitivity study has different
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Fig. 11.Same as Fidl, 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 does not coincide with strong melt, however, the melt scav-
which the regional sampling domains are affected by melt. Inenging coefficients have only a second-order impact on the
some regions, including the Canadian Arctic, Alaska, Cana-Arctic-wide model-measurement evaluation.

dian Sub-Arctic and Ny-Alesund, the differences between IS

and ES scenarios are very small. In Greenland, however, and . L

to a lesser extent Tromsg and the Arctic Ocean, there are n05— BC-in-snow radiative effect

ticeably highe? queled BC-in-snow concgntrations ipthe ISFigure 13 shows the annual mean surface radiative effects
scenario. To highlight the role of snowmeltin modglatmg the aused by BC in snow, as simulated with deposition fields
importance of these parameters, we plotted the histogram om the phase | and phase Il models. Regions with rela-
the months when the samples were collected andthe monthlﬁvely large radiative effects are northern Europe, Russia and
mean snowmelt rate averaged over grid cells matching th

b i in the diff t reai i), | ) that reenland. The two primary factors influencing annual-mean
opservations In Ine dirteren regions (Fig). In regions tha radiative effect in different regions are the amount of BC in
show no significant difference between IS and ES scenar

snow and the seasonal evolution of snow cover fraction. For

ios, there were few samples collected during times of Iargeexample, perennial snow cover in Greenland enables large

snowmelt. For example, the Ny-Alesund samples were COI'forc:ing in this region despite relatively small BC concen-

lected during March-May, before the July peak in mOdeI.trations. Persistence of cryospheric cover through summer is

snowmelt rate, meaning the sub-sampled model domain I%specially important because it maximizes the amount of in-
largely unaffected by melt. Most of the Greenland samples

: . solation incident on impurity-laden snow and ice. The rela-
were collectgd 'at Iower elevations during J'uly and Augli'St’tiver small BC-in-snow radiative effects in central Green-
however, 00|_nC|d_ent with peak Te“ rates in th_e matChmgland are caused by the small BC deposition fluxes in this
m(_)de_l dome_un (Figl2). About 43% of the sampling space area (Figs.7 and 8) as well as little surface BC accumu-
coincides with the top model snow layer, and over 70 % of

it coincid ith the top t del | h imulat dIation due to low snowmelt rate associated with high alti-
It coincides wi € top two model fayers, where simuiated, o 44 jow temperature. Arctic annual mean BC in snow

F:oncentrgtions are sensitive to the scavenging parqmeter durrédiative effects for both phases and both sets of meltwater
ing conditions of melt. Because much of the sampling Spacescavenging coefficients are shown in Tal&Vith inefficient
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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. 13. Annual mean BC-in-snow radiative effects averaged across phase | (left panel) and phase Il (right panel) models with inefficient
meltwater scavenging.

scavenging, the modeled Arctic radiative effects for phase tive effect, which is a reasonable assumption for small per-
models range from 0.07 Wns to 0.25Wn12, and range turbations about low BC concentrations (efjanner et al.
from 0.06 Wn1?2 to 0.28 W n7? for phase Il models. With 2007, such as those found in most of the Arctic. We divided
efficient scavenging, the radiative effects are slightly smallerthe Arctic into 6 regions (Europe, Russia, Alaska, Canada,
ranging from 0.06-0.21Wnf and 0.05-0.24 W 2, re- Greenland and the Arctic Ocean) and scaled the modeled
spectively, for phase | and phase Il models. radiative effects in each region by the ratio of observed-to-

The multi-model mean BC-in-snow radiative effect aver- modeled BC concentrations in the sampling domain within
aged over the Arctic (here, 60-98) is 0.15Wn12 and  each region. For each of the five land-based regions, the ra-
0.18 Wnt? for phase | and phase Il models, respectively, diative effect is simulated with CLM, whereas radiative ef-
with inefficient meltwater scavenging. Model biases in BC fect within the Arctic Ocean is simulated with CICE. Us-
concentrations in snow may also translate into biases iring this correction technique, we calculated an Arctic-mean
Arctic-mean radiative effect. Here we used the ratio be-BC-in-snow radiative effect of 0.17 W4 for the combined
tween simulated and observed BC concentrations in differenphase | and phase Il ensembles. This approach has the ad-
regions of the Arctic to derive observationally constrained vantage of accounting for model performance in different re-
forcings. In doing so, we assume a linear relationship be-gions of the Arctic, but is only useful to the extent that model
tween the near surface BC-in-snow concentration and radia-

Atmos. Chem. Phys., 14, 2392417, 2014 www.atmos-chem-phys.net/14/2399/2014/
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performance over the sampling domain is representative oP. Stier acknowledges support from the UK Natural Environment
model performance over each region as a whole. Research Council project AEROS [NE/G006148/1]. K. Zhang was
supported by funding from the Max Planck Society.

6 Conclusions Edited by: P. Quinn

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-
rcise h nabl xplore inter-model variability in
:r((::t?s B?.ltsdeepatl)t;;i?i(;nuSef/cfjsllﬁa?eon(:odgla Bcoggldsaaggingt a nert, M., Sofiev, M., Huijnen, V., and Krol, M. C.: The European
- . ! : . aerosol budget in 2006, Atmos. Chem. Phys., 11, 1117-1139,
comprehensive field survey of BC measurements in Arctic d0i:10.5194/acp-11-1117-2012011.
snow Doherty et al. 2010, and develop an observation- ackermann, 1. J., Hass, H. Memmesheimer, M., Ebel, A.,
ally constrained estimate of Arctic radiative effects from BC  gjnkowski, F. S., and Shankar, U.: Modal aerosol dynamics
in snow and sea ice. Though model mean BC concentra- model for Europe: development and first applications, Atmos.
tions in snow, averaged over the measurement domain, are Environ., 32, 2981-2999, ddi0.1016/S1352-2310(98)00006-5
generally close to the observational means, correlation co- 1998.
efficients between simulated and observed values are lowBarth, M. C., Rasch, P, Kiehl, J. T., Benkovitz, C. M., and
and variability among models is large. Models tend to un- Schwart;, S. E.: Sulfur chemistr.y in the National Center fpr At-
derestimate BC amounts in snow in the Russian Arctic and moslphtgnc fe?earch Cijommu_?lt_)t/ Ct:hmate MOdE': D_efC“thg“v
. N . evaluation, features, and sensitivity to aqueous chemistry, J. Geo-
northern Norway, while overestimating BC elsewhere in thg phys. Res., 105, 1387-1415, dm:{029/2999JD9007730)60.
Arctic. On average, however, phase | and phase Il multi-

del BC-i trati | 44Ti'g Bauer, S. E. and Koch, D.: Impact of heterogeneous sulfate
model mean -In-Show concentrations are only 4. 9 formation at mineral dust surfaces on aerosol loads and ra-

lower and 4.1ngg" higher, respectively, than the obser-  giative forcing in the Goddard Institute for Space Studies
vational mean of 19.2ngd. Analysis shows that model  general circulation model, J. Geophys. Res., 110, D17202,
aerosol transport and removal processes are the main factors doi:10.1029/2005JD005872005.
influencing model-measurement evaluations, rather than thBauer, S. E., Koch, D., Unger, N., Metzger, S. M., Shindell, D.
efficiency of particle removal with snowmelt water or vari- T., and Streets, D. G.. Nitrate aerosols today and in 2030: a
ability in emissions applied within the models. Model res-  global simulation including aerosols and tropospheric ozone, At-
idence times of BC in the Arctic atmosphere range from Mos. Chem. Phys., 7, 5043-5059, d6i5194/acp-7-5043-2007
3.7 to 23.2 days, much larger than the range in global res- 2007. ) .
idence times, indicating large model variability in local de- Bauer: S. E., Wright, D. L., Koch, D, Lewis, E. R., Mc-
position efficiency. Multi-model means (ranges) of Arctic Graw, R., Chang, L.-S., Schwartz, S. E., and Ruedy, R.; MA-

' L . TRIX (Multiconfiguration Aerosol TRacker of mIXing state): an
(60-90'N) annual-mean radiative effects from BC in _snow aerosol microphysical module for global atmospheric models,
are 0.15 (0.07-0.25) Wnt and 0.18 (0.06-0.28) Wit in Atmos. Chem. Phys., 8, 60036035, d6i:5194/acp-8-6003-
phase | and phase Il models, respectively. After correcting 2008 2008.
these estimates for biases in different regions of the Arctic,Bauer, S. E., Menon, S., Koch, D., Bond, T. C., and Tsigaridis, K.:
the mean Arctic radiative effects become 0.17 WArfor the A global modeling study on carbonaceous aerosol microphysi-
combined phase | and phase Il ensembles. cal characteristics and radiative effects, Atmos. Chem. Phys., 10,

7439-7456, doi:0.5194/acp-10-7439-20,12010.
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