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Abstract. We apply our SNow, ICe, and Aerosol Radiative (SNICAR) modelupled to

a GCM with prognostic carbon aerosol transport to improvdeustanding of climate forc-

ing and response from black carbon (BC) in snow. Building wo previous studies, we ac-
count for interannually-varying biomass burning BC enaasi snow aging, and aerosol scav-
enging by snow meltwater. We assess uncertainty in forcgignates from these factors, as
well as BC optical properties and snow cover fraction. BCssions are the largest source
of uncertainty, followed by snow aging. The rate of snow ggitetermines snowpack effec-
tive radius ¢.), which directly controls snow reflectance and the magueitafl albedo change
caused by BC. For a reasonabierange, reflectance reduction from BC varies three-fold. In-
efficient meltwater scavenging keeps hydrophobic impesitiear the surface during melt and
enhances forcing. Applying biomass burning BC emissiorriwries for a strong (1998) and
weak (2001) boreal fire year, we estimate global annual meafsri®dw surface radiative forc-
ing from all sources (fossil fuel, biofuel, and biomass lgh of +0.054 (0.007—0.13) and
+0.049 (0.007—0.12) Wm~2, respectively. Snow forcing from only fossil fuel+biofusburces
is +0.043Wm~2 (forcing from only fossil fuels is+0.033 Wm~2), suggesting the anthro-
pogenic contribution to total forcing is at lea&%. 1998 global land and sea-ice snowpack
absorbed).60 and 0.23 W m~2, respectively, because of direct BC/snow forcing. Theifgc

is maximum coincidentally with snowmelt onset, triggeristygong snow-albedo feedback in
local springtime. Consequently, the “efficacy” of BC/snowrding is more thars times greater
than forcing by CQ. 1998 and 2001 land snowmelt rates north560fN are 28% and 19%
greater in the month preceding maximum melt of control satiohs without BC in snow. With
climate feedbacks, global annual mean 2-meter air temyeratarms0.15 and 0.10°C, when
BC is included in snow, whereas annual arctic warming.&l and 0.50°C. Stronger high-
latitude climate response in 1998 than 2001 is at leastghlgritaused by boreal fires, which
account for nearly all of th&5% biomass burning contribution to 1998 arctic forcing. Effi-
cacy was anomalously large in this experiment, however, rante research is required to elu-
cidate the role of boreal fires, which we suggest have maxiratstic BC/snow forcing po-
tential during April-June. Model BC concentrations in snagree reasonably well & 0.78)
with a set of 23 observations from various locations, spammiearly 4 orders of magnitude.
We predict concentrations in excess 16000 ngg~! for snow in northeast China, enough to
lower snow albedo by more than13. The greatest instantaneous forcing is over the Tibetan
Plateau, exceeding0 Wm~=2 in some places during spring. These results indicate thaw sn
darkening is an important component of carbon aerosol ¢iinfi@rcing.

1. Introduction mixing ratio is greater in snow with larget [?]. Third, spring
and summer melting can concentrate hydrophobic and large impu-

Very small quantities of black carbon (BC, the strongly absorlsities near the snow surfac@][ Fourth, the stable atmosphere of
ing component of carbonaceous aerosols) reduce snow reflectanigh latitudes prevents rapid heat exchange with the upper tropo-
because of multiple scattering in the snowpack and huge dispasghere, resulting in strong surface temperature response to surface
between mass absorption coefficients of BC and ice [@]gRe- radiative forcings ?]. We represent all of these feedbacks with a
flectance reduction caused by BC and other absorbing impurité@upled snow-aerosol-climate model. , ,
is of concern because slight changes in solar absorption can altef_'aised awareness of BC/snow forcing by assuming spatially-
snowmelt timing, and snow spatial coverage is tightly coupled ﬁplfo_rm snow albedo reductions over arctic sea-ice and northern
climate through snow-albedo feedback [e3., emisphere land. They estimate global adjusted BC/snow radiative

" ; : i f+0.15Wm~=, and global warming 06.24°C, yielding
Several other positive feedbacks amplify the first-order warni2fc!ng o1 2. 1o W : miny
ing effect of BC in snow. Warmer snow temperatures can accel forcing "efficacy” [2], or change in equilibrium global mean tem-

. X : erature per unit power of radiative forcing, double that ohb,C®
ate snow effective radius-() growth [e.g.,?], which darkens the ¢q7jeq the BC/snow forcing based on deposition fields and revised
snow itself. Second, the radiative perturbation of a given BC maggi, original estimate te-0.05 W m~ 2 (corrected value published
in Appendix A.5 of?), with a warming of0.065°C. ? predicts
snow and ice reflectance with a radiative transfer solution that in-
teractively depends on BC deposition in an aerosol/chemical trans-
Copyright 2009 by the American Geophysical Union. port GCM. He predicts warming df.06°C from snow darkening
0148-0227/09/$9.00 by fossil fuel and biofuel BC.
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We attempt to build upon these studies by accounting for, asdlution approaches an indeterminate case with direct-beam inci-
assessing uncertainty from interannually-varying biomass burnidgnt flux [?] so we adjust the sun angle by a few degrees to achieve
BC emissions, snow aging and spatially-varying grain size, metleasonable predictions.
water scavenging of BC in the snowpack, BC optical properties, Multiple aerosol species are accounted for by summing extinc-
and snow cover fraction. We discuss some features of our SNaiwn optical depths of each component, weighting individual single-
ICe, and Aerosol Radiative (SNICAR) model, including the influscatter albedos by optical depths, and weighting asymmetry param-
ence of snowr. on reflectance and vertical heating perturbatiogters by the product of optical depths and single-scatter albedos.
from BC. Next we compare global predictions of BC in snow withydrophilic and hydrophobic BC species are treated separately.
observations. Then we estimate the global climate response aKkolute error in albedo predicted with 5 bands for snow with BC
efficacy of BC/snow forcing, finding three-fold greater global temis 150 < 0.5%, although albedo reduction from typical BC con-
perature response than expected from equal forcing by. @0 copyrations is consistently— 6% (relative) less with 5 bands than
nally, we look at spatial and temporal patterns of the forcing anhh 470, As we will show, this bias is much smaller than other
climate response with the goal of understanding this large eﬁ'caﬁxcertainties. '

in the context of snowmelt timing and snow-albedo feedback. We couple SNICAR to the CAM3 GCM with a slab ocean model
that has spatially-varying mixed layer depth with fixed monthly-
2. Methods mean ocean heat transport. We include prognostic transport and

] o ) ) wet and dry deposition of hydrophobic and hydrophilic BC and or-
We simulate radiative transfer in the snowpack with SNICARanic carbon (OC)7], using a single size bin for each of these
[?], which utilizes theory fron® and the two-stream, multi-layer four components. Wet deposition tendencies consist of both first-
radiative approximation of. The multi-layer model allows for order loss from below-cloud scavenging by precipitation and in-
vertically-heterogeneous snow properties and heating, and infliio, g scavenging that assumes a fixed fraction of aerosol resides
ence of surfaces underlying snowpack. We couple this SNOW tgihin the cloud water. BC and OC dry deposition velocities are
diative model to the National Center for Atmospheric Resear¢fyaq at1 mm s* [e.g.,7]. Carbon aerosols are emitted into the at-
gNCA.;E) Cofmmet‘.'W %tmos_ghzrg 'Y'Odel' version 3 (CAMS3) [€.9-mosphere as hydrophobic and then transform to hydrophilic com-
?], with configuration described below. . onents with an e-folding time df2 days. Transformation ceases
Hemispheric radiative fluxes may be accurately estimated fﬁ(g)on deposition to the snowpack
media composed of aspherical ice particles by assuming collec- . T .
tions of spheres that conserve the total surface area and volum?cgmg‘)”[:g 'aa?d\,v'ﬁhrzpéﬁigtre%ég;Pgaggyon%u?ﬁ% :ﬁggumgdel
the real media???]. For this reasony., or surface area-weighted AN - o
. f : : : vertically-resolved snow thermal processes, densification, and
mean radius, is the most appropriate snow grain metric for optid3f twator t)r/ansport. Show on sea-i?:e 's ropresented with & sin-

considerations. We compute Mie parameters offline at fine spec . )
P P P e layer in the Community Sea Ice Model (CSIM) component of

resolution for lognormal distributions of absorbing aerosols and TiE h .
wide range of i(?e"e. Coupled to a GCM SNICAgR uses only 5 AM3. Radiative layers in SNICAR match thermal layers in these

spectral bandso(3 — 0.7, 0.7 — 1.0, 1.0 — 1.2, 1.2 — 1.5, and models. GCM gridcell area is approximately000 km? near the

1.5 — 5.0 um) for computational efficiency. Following the Chan-eduator and7600km” ats0°N. _

drasekhar Mean approach, optical properties are weighted intoWWe calculate instantaneous radiative forcmg_of carbon a_erosols
broad bands according to incident solar fl®. [We use surface in both snow and the atmosphere at each radiative transfer timestep
incident flux typical of mid-latitude winter for clear- and cloudy-as the difference in absorbed radiation with all aerosols and all
sky conditions, generated with the atmospheric ShortWave Narro@grosols except carbon aerosols. Radiative transfer estimates with
Band Model (SWNB) P?]. In addition to weighting by solar flux, carbon aerosols feed back into the model climate. Reported atmo-
we also weight single-scatter albedo) (for ice grains by hemi- spheric forcings are from BC+OC, whereas snow forcings are from

spheric albedo of an optically-thick snowpack: only BC (discussed below).
Forcing is sensitive to cloud treatment, which strongly affects
both surface-incident and outgoing top-of-atmosphere radiative
f)\f w(A) SEHA) a(A) da fluxes. Cloud fraction is diagnosed based on relative humidity,

1)

w(A)

J32 SEHO) a(n) dA

x10°
— Fossil+Biofuel \

[ |- =-1998 Biomass 5
|| 2001 Biomass| ;

where S} is the downwelling surface incident flux (unique for
diffuse and direct cases), ardis the hemispheric albedo of an
optically-thick snowpack of homogeneous

This weighting scheme produces relative error in albedo pr <
dicted using 5 bands of less thars%, relative to 470-band solu- %
tions. Over a wide range of zenith angles, effective radii, and in %
purity concentrations, we found this technique to be significant
more accurate (factor of five difference in mean relative erro
in predicting spectrally-averaged albedo than wheis weighted
only by S}. However, we stress that it is only an empirical ap
proach and provides undesirable results in more general cashs (s
as the case of weighting the limits = 0 andw = 1). It also re-
quiresa priori narrowband albedo values of the bulk medium. Er
rors in sub2 cm absorption with this approach are4%, slightly
greater than errors without the albedo weightinguofBroadband - o S\
Mie parameters fo50 < r. < 1000 um are compiled into a lookup o RO PP
tab\l/s for online retrieval in the host GCM. _ —%O _40“‘_‘36 20-10 0 10 20 30 ;0 50 60 70

e partition online surface-incident visible and near-infrare Latitude

(NIR), diffuse and direct flux into the 5 bands used by SNICAKk
using the same offline estimates of narrowband mid-latitude winter

fluxes. We apply the delta-Eddingtod] [and delta-Hemispheric Figure 1. Zonal annual mean black carbon emissions from fos-

Mean [?] approximations in the visible and NIR spectra, respec- . : X . - .
tively. In very rare situations (aboutin 10° cases), the multi-layer ig;gﬂ;g'ggg;{ombusnon'ﬂ and biomass burning during
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Table 1. Configurations for 1998 and 2001 Low, Central, and High Eixpents
Low Estimate Central Estimate High Estimate

FF+BF BC Emissions [Tg yr'] (Global/N of 30°N) 1.6/1.0 4.7/2.7 16.2/9.3
1998 BB BC Emissions [Tg yr'] (Global/N of 30°N) 2.1/04 4.1/0.8 6.5/1.6
2001 BB BC Emissions [Tg yr'] (Global/N of 30°N) 1.1/0.1 2.0/0.2 3.0/0.4
BC MAC (fresh, hydrophobic)r%ﬁ]g‘lat%o nm] 6.3 7.5 8.7
BC MAC (aged, hydrophilic) [g~tat550 nm] 9.5 11.3 13.1
Snow Aging Scaling Factor 0.5 1.0 2.0
Snow Cover Fraction ) . ? ? ?
Hydrophilic Meltwater Scavenging Rati(x;) 2.0 0.2 0.02
Hydrophobic Meltwater Scavenging Ratib,.) 0.3 0.03 0.003

atmospheric stability, and convective mass fluxgs [The cloud from diesel engines and traffic tunnels. Particle density, refractive
vertical overlap parameterization is described?in Liquid and index, size distribution, coatings, and morphology all affect the op-
ice cloud optical properties are parameterized accordirgy amd tical properties. But current understanding of these physical pa-
?, respectively. Thus mixed-phase bulk cloud radiative propefameters, combined with Mie or Raleigh-Debye-Gans theory, un-
ties depend on prognosed cloud water path [€lgtemperature- derpredict observed MAC by 30% [?]. Commonly used optical
dependent drop effective radius, and ice fraction. Liquid and iggoperties P] are in the correct observational range of BC MAC,
hydrometeors are each represented with a single size categbif.are derived by applying Mie theory to a highly unrealistic com-
Finally, the atmospheric multi-layer radiative transfer approximdination of physical properties. Scattering magnitude and direc-
tion [?] utilizes the delta-Eddington approximation ah@ spec- tion by realistic BC concentrations have negligible effect on bulk
tral bands in the solar spectrum. Atmospheric and snow radiati§¥Bowpack radiative transfer because scattering is dominated by the
transfer are solved separately for practical reasons, as the ati§8-crystals. Therefore, realistic BC MAC, even if derived with
spheric radiation model is engineered to utilize pre-determined sgsumptions that produce unrealisti@nd scattering phase func-
face albedo. tion, predicts realistic snowpack absorption enhancement. (This
To estimate present-day global forcing of BC in snow, we cor$ Not necessarily true for absorbing aerosols in the atmosphere,

sider combinations of low, central, and high estimates of the fol!nere scattering optical depth is much lower). For hydrophobic
lowing factors: C, we use indices of refraction fro number-median radius

of 0.05 um (a central value among many studies publishe@)jn

- and lognormal size distribution with geometric standard deviation

2.1. BC and OC Emissions of 1.5.g We use particle density as g tuning parameter to obtain
We use low, central, and high fossil fuel (FF) and biofuel (BF)MAC = 7.5m? g~ * (& one standard deviation frofhfor low and

BC and OC emission estimateslatx 1° resolution fron?. These high estimates) at = 550 nm.

annual mean estimates are derived from 1996 fuel-use data and ag=oagulation between BC particles and collapse of the aggregate

sumptions about local combustion technology and practice. We w®igucture tend to occur as the particles age and obtain moisture [e.g.,

monthly biomass burning (BB) estimates of BC and OC from thd, contributing to a reduction in MAC with atmospheric lifetime.

Global Fire Emissions Database, version 2 (GFED®2)\which ~ But particle coating from condensation of weakly-absorbing mate-

are derived from satellite-monitored burned area, modeled fuél increases MAC (specific to the original BC mass) [€7).,?

load and combustion completeness, and aerosol emission fac#tggest that the net effect of these competing processes increases

from ?, personal communication. We also apply regional satellitdAC by a factor of~ 1.5 with aging. With this information, we

derived carbon monoxide inversion factoPsgsad Kasibhatla, un-  treat aged, hydrophilic BC as sulfate-coated. We apply Mie the-

published data, 2006), which constrain the forward emission esti-O"y, Using the same core properties as hydrophobic BC and a sul-

mates. Boreal forest fires exhibit strong interannual variability arf@t€ coating with outer radius.67 times that of the uncoated BC,

are likely the dominant source of arctic BC during moderate fifd€!ding an absorption enhancementlo$ at A = 550 nm. Opti-

seasonsy. In this 1997-2004 BB emissions timeseries, 1998 wekd! properties are applied consistently to these two aerosols in the
%mosphere and snow. Uncertainty remains about BC/ice mixing
S

the strongest boreal fire year, and we select 2001 as represent i Wi " | mixt f ted and ted BC
of a weak year. Boreal emissions were weaker in 1997, but globfi€S: VVe assume exiérnal mixtures or coateéd and uncoate '

i ; ; . t BC coating by sulfate mimics that by ice, since both coatings
emissions were greatest this year. We estimate high and low ez weakly ab%or){aing Furthermore forysméll core diameters ?n-
sions at each gridcell and month for these two years by comblnlﬁg ) ’ !

standard error, in quadrature, of regional CO inversion factors, aﬁ asing coating thickness only slightly increases the absorption

S e “amplification [?].
CO and BC emission factors,[personal communication]. ASSUM- * \ye 205 OPAC optical propertieg][for water-soluble aerosol
ing a broad range of emissions may compensate for some variafil

- 4 . ; ‘atmospheric OC%?], but do not treat OC in the snowpack. A
ity in atmospheric transport mechanisms, which we do not addreg$, 1+ Gcm sensitivity study with active OC in snowpack showed
here. Zonal-mean, annual FF+BF and BB emissions are show i

; . Lo . - bal forcing200 x smaller than BC/snow forcing using these op-
Figure 1, where a large difference in high-latitude BB emissio | properties. However, several recent studies [€277] show-

between 1998 and 2001 can be seen. Table 1 lists global and bofﬁ&a]carbon aerosol absorption features with Angstrom coefficients
annual FF+BF and BB emission estimates, and all other expejfeater thari, and other chemical analyses, leado state “there
mental configurations. is clearly a substantial fraction of organic matter in fine atmo-
All emissions enter the lowest model atmosphere layer. Partigyheric aerosol, which is light-absorbing, but has properties and
ulate matter from strong fires can be injected above the bound@jygins very much different from soot and is definitely not black.”
layer however, and assumptions about injection height may affeiis “brown carbon” is characterized with Angstrom coefficients
model high-latitude upper troposphere heatitig Lacking associ- from 2 — 6, and is emitted in greater quantity from biomass burn-
ated injection height information for our emission inventories, wiag and low-temperature combustion. Future research constraining

do not assess forcing sensitivity to this factor. OC emissions, atmospheric processes, optical properties, and snow
concentrations may show that OC is a non-negligible absorber in
2.2. Optical Properties snowpack.

? comprehensively review current understanding of optic .
properties of freshly-combusted light absorbing aerosols. Th?)'/& Snow Aging
suggest a mass absorption cross section (MAQ)®f1.2m? g~ * As discussed later, the change in absorbed energy caused by BC

at A = 550 nm for uncoated particles, based mostly on sampleepends strongly on snow, implying that forcing is sensitive
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to snow aging. We apply an empirical representation of the nik likely too small, because nearly all of the hydrophilic BC re-
crophysical model developed #) which predicts the evolution of tained in the to0 cm was in the tof2 cm and? note that particles
snow specific surface area with dependence on snow temperatlaeyer than~ 5 um are relatively immobile during melt. Therefore,
temperature gradient, and density. In our model, large temperatuoeéention of hydrophilic particles near the snow surface is likely
gradients can reduce pure snow, spectrally-averaged albedo bybepause of size rather than particle affinity for water. This is con-
to 0.12 within 14 days, but the influence of temperature gradiergistent with observations of mineral dust particles (typically larger
is marginalized by cold temperature and high snow density. Thigan BC by 2-3 orders of magnitude) remaining near the surface
predictive aging equation used here is the time derivative of Equduring snowmelt Tom Painter, personal communication, 2006]. ?

tion 16 in?: offers unique observations of aerosol transport with snow meltwa-
ter, but the spatial and temporal resolution of observations are too
coarse, and uncertainty about the role of particle size too large, to
estimate scavenging ratios with much confidence. Here, we assume
kpno = 0.03, derived from observations in the t@xm, and ap-
whereS is the snow specific surface areh, is the fresh snow spe- Ply the kpno/kpni ratio obtained from analysis of observations in
cific surface area (assumed to &@m? kg~'), ¢ is the time since the top50cm of snow to obtairk,,; = 0.20. For high and low
snowfall (Where snowfall o0 mm ||qu|d water equi\/a|ent com- €stimates, we assume an order of magnltud_e uncertalnty (Table 1).
pletely resets snow age and SSA), andndr are best-fit param- _ In the absence of melt, fresh snowfall in CLM continuously
eters to predictions from the microphysical model, retrieved frofivides the model surface snow layer and prevents excessive BC
a lookup table depending on local snow temperature, temperat@geumulation. In CSIM, BC accumulates excessively in snow on
gradient, and density. Finally, since effective radius is a surfaggrennial sea-ice because of the single layer representation and be-
area-weighted radius, = 3/(S p;), wherep; is bulk ice density. C2use snow remains perennially on the sea-ice (an issue discussed
Model temperature gradient is taken as the mean gradient at fr). Consequently, we impose empirical BC removal with an
center of each snow layer in CLM, and for snow on sea-ice as tRgo!ding time of1.44 years, resulting in steady-state interannual
temperature difference between surface air and the mean of Seagegc_entratlons. Future versions of this sea-ice model will have
and snow temperatures, divided by the snow layer thickness. WAtH!Itiple snow layers.

a single snow layer, CSIM cannot resolve the strong temperature .

gradient that often exists in near-surface snow, and hence likely #n®- Snow Cover Fraction

derestimates aging. We also add a wet snow grain growth function,Snow cover fraction (SCF) controls the area over which
based on laboratory measurements, that is parameterized as a fBGfsnow forcing operates. SCF is generally parameterized as a
tion of liquid water contentq]. Grain growth from liquid water simple function of snow depth, but also depends on orographic vari-
transfer is still very poorly understood, and this function likely apability, vegetation cover, and melt/accumulation phage_[ang-

plies only to a limited set of snow condition. To enable wet snowang, personal communication, 2006]. We found seven widely-
aging in CSIM, we added diagnostic prediction of liquid water convarying SCF representations in the literature and choose the fol-
tent based on net energy balance of snow at the freezing tempés@aring, based solely on their relative scales, for low, central, and
ture. Our aging parameterization does not treat effects of windigh SCF relationships to snow depth:

melt-freeze cycles, and sintering. Large uncertainties remain abouls |ow: SCF = d/(10 z + d). [?] (CLM)

snow aging because of the complexity of governing processes and . — 5
because few quality observational datasets exist to help understand C.ent.raI.SCF = min[1.0, log (1,?00[ +1)/3.33] [7]
those processes. Hence, we consider half and double the rate of High: SCF = tanh[d/(2.52)] [?]
re evolution predicted by SNICAR for our low and high estimates,

respectively.

a9

1o 1/k —1/K—1
_ = = 2
" p Som '™ (t+T) 2

Here, d is snow depth (m) and is surface roughness length
(fixed at0.01 m for all soil types and glacier surfaces in CLM).

2.4. Meltwater Scavenging and Aerosol Removal

Very few studies have examined meltwater scavenging of in
purities in snow. CLM accounts for meltwater drainage by addin @
excess water to the layer beneath when liquid content exceeds g gt ..
layer’s holding capacity, defined by snow porosity and irreducibl i
water saturation. We assume BC inclusion in meltwater propc  0.8f
tional to its mass mixing ratio multiplied by a scavenging factol S

O Measured, Grenfell et al., 1994
—— SNICAR, pure snow
---SNICAR, 500 ng g"* BC

-

Thus, the BC mass rate of change in each laysr 2 0.7r
< 0.6f
dm; < 0.5F
=k (qi+1 Ci+1 — q; Ci) +D (3) g '
dt 3 0.4f
wherem is the absolute mass of BC in each layeis the scaveng- % 03l
I .

ing ratio, ¢; is the mass flux of water out of layérc; is the mass
mixing ratio of BC in layer: (BC mass divided by liquid+solid 0.2
H>0O mass), andD is the sum of wet and dry atmospheric depo
sition, added only to the surface layer. This equation has simil  0-1f
form to Equation 2 of? but is generalized for multiple snow lay- ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
ers and treats removal as a function of meltwater scavenging rat 8_3 05 07 09 11 13 15 1.7 19 21 23 25
than with an empirical fall speed. After deposition, BC is instantl Wavelength (um)

mixed uniformly in the model surface layer, which never exceeds

2 cm thickness.

? applied BC to the surface of melting snow and observedgigyre 2. Measured diffuse incident radiation snow albedo at
that 99% of hydrophilic BC, ands0% of hydrophobic BC were e gquth Pole fron? and modeled albedo from SNICAR as-
removed from the tof50cm of snow afterl0 days. Applying & g ming a0.25mm thick surface layer composed & pm 7.
simple e-folding model with total meltwater production obs(_ervedSnOW and a deep underlying layer o0 um r, snow. The
during this period, and initial and final BC mass observed in thethin surface layer controls reflectance in the highly-absorptive

top 2 cm, we estimate hydrophilic and hydrophobic scavenging ra- - .
ti0S of kpni = 0.037 andkpno = 0.031. This estimate ofy; NIR portion of the spectrum. Also shown is modeled snow re-

flectance witt500 ng g~! of hydrophilic (coated) BC.
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Snow depth ofl0 cm predicts SCF 06.47, 0.69, and0.99 for surface radiative heating to varying BC concentrations and snow
these three representations, respectivélyis the current imple- . . . . )
mentation in CLM.? relates snow depth, as measured by statio@éfective radii. Next, we analyze GCM experiments with BC in

in the U.S. and Canada, to SCF observed by satellite. Their derived ' . . . . .
relationship is valid for snow depths less tHincm over prairies show, first comparing predicted BC concentrations in snow with

and lightly-forested regions? propose SCF from analysis of six ; i ; ] i
years of station data from six sites in the Former Soviet Uniorc])pservatlons, then assessing global forcing, and finally examining

Improving SCF representation to account for variables other thgfimate feedbacks.
snow depth is beyond the scope of this study.

Lacking a radiative transfer approximation for BC inclusion in
sea-ice, we assume snow forcing acts homogeneously over snow-
covered and snow-free ice. This crude assumption probably und  1¢°

estimates forcing, because surface sea-ice is very coarse-grai O Greenland
[e.g.?], and forcing increasing with increasing. O Arctic
i ¢ Continental I R 'Y
3. Results and Discussion 3102 | A Antarctica L B
c g
In this section we first compare spectral albedo from SNICAI 5 L& i
with observations and examine sensitivity of snow albedo and st 2 f T
1 -
2 10 L E) E] f\‘/ T 3 r'!” \{ 4
0 oo | 0o l
[aa] - 1
0.85 ] 3 P T
—~ B 10°} .
E o0.8f ] s] .
= =
P o5, 1 A
=S 10 ‘ ‘ ‘ 3
g % 10" 10° 10" 107 10°
2 065 1 Observed BC in Snow (ng g%)
o
£ 06 1
é’ Figure 4. Model vs. observed BC concentrations in near-
g 0.55 b surface snow for data from Table 2, grouped by region (pre-
_r_=1000pm cipitation measurements excluded). Model data are from the
0.5 ° : : : ‘ ‘ : ‘ l top 2 cm of snowpack. The center model point on this plot is
0 100 200 300 400 500 600 700 800 900 1000 the mean of 1998 and 2001 central experiments. The upper ex-
BC concentration (ng ™) tent of the model error bar represents the maximum of 1998 and
06 2001 high experiments, whereas the lower extent is the mini-
’ mum of both low experiments. The correlation coefficient of
-------------------------- the log of these data &78.
0.5F R e o :
0.4F :

FF+BF Annual Mean BC/Snow Conc.

Fraction of Absorption Beneath 2 cm

00 100 200 300 400 500 600 700 800 900 1000
BC concentration (ng g~ )

8ON 1
70N 1
Figure 3. (top) Spectrally-averaged snow albedo as a function 60N {5
of BC mass concentration for various snow effective radi).( 30\ ]
Note that BC perturbs albedo more in larger-grained snow. (bot- 3on -
tom) Fraction of total snowpack absorption occurring more than ZON:
2 cm beneath the surface as a function of BC concentrations for gq : ‘ : : ‘
the samer. as the top panel. Absorption occurs deeper in the 180 1200 Gow 0 60E 1208 180
snow with homogeneously-mixed BC because more of the to- —— R T T TH—
tal absorption isgfrom visil))lle radiation, which tends to absorb Tozos 10 ;46 100 205 ek 1000 o/
deeper than NIR, even with large BC concentrations. In both
experiments, the snowpack is optically semi-infinite and homo-
geneous. Incident flux is direct-beam fra6° zenith angle. Figure 5. Annual mean predicted BC concentrations in snow
For comparison of these BC concentrations with global obser- (g BC per g of ice) using central estimate (top) fossil fuel and
vations and model predictions see Table 2 and Figures 4 andbiofuel sources only, and (bottom) fossil fuel, biofuel, and 1998
5. biomass burning emission sources.
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Table 2. Comparison of Modeled and Measured BC in Snow, Sea-Ice, auidRation

Measurement Measured BC 1998 Model BC 2001 Model BC

Site Reference Period [ngg]® central (low—high)  central (low—high)
Summit, Greenland (7226, 38.5° W) ? 1994-1996 14.6(4.2 — 30.1)  5.2(1.7 — 64.1) 3.5(1.5 — 34.5)

? 1991-1995 2.0 — 19.0°

? 1989-1990 2.0(1.5 —2.7)

? 1988-1989 1.0 — 4.0°
Camp Century, Gr. (77°N, 61.1°W) ? ~ 1985 2.4(21-2.6 13.3(1.2 —26.9)  6.2(0.9 — 19.6)
Dye 3, Greeniand (65N, 43.8W) ? May 1983 6.4(4.3 — 8.5 11.8(3.6 — 131)  8.2(3.0 — 29.1)
Alert, N. Canada (833N, 62.5W) ? Nov.-Dec. 1983 56.9(0 — 127) 2.2(0.9 — 5.9) 2.5(1.0 — 6.0)
Greenland Sea (798!, 4.2°W) ? Jul. 1983 38.7(5.4 — 75.5)  23.9(3.0 —104)  20.4(3.5 — 93.9)
Spitzbergen (79N, 12°E) ? May 1983 30.9(6.7 — 52) 12.7(3.7 —37.0) 7.2(4.6 — 34.4)
Barrow (71.3N, 156.6W) ? Apr. 1983, Mar. 1984 22.9(7.3 — 60.4)  9.7(4.1 —26.4)"  8.4(3.2 — 25.4)
Abisko (68.3N, 18.5°E) ? Mar.-Apr. 1984 33.0(8.8 — 77) 80.7(15.3 — 332)  96.4(19.4 — 279)
Hurricane Hill (48.0N, 123.8W) ? Mar. 1984 14.7(10.1 — 18.5) 29.5(7.1 — 101) 35.2(7.1 — 125)
Arctic Ocean (76N, 165°E) ? Mar.-Apr. 1998 4.4(1-9) 8.4(4.2 — 21.8) 5.8(2.4 — 16.7)
Cascades, Wash-@47°N, 121°W) ? Mar. 1980 22 - 59 36.8(6.3 — 86.3) 35.1(6.7 — 85.9)
Halifax, Nova Scotia (45N, 64°W) ? Nov. 1995-Mar. '96  11(4.3 — 32) 84.0(22.0 — 244) 84.9(18.9 — 270
French Alps (45.2N, 5.3°E) ? winters 1989-'91 161(80 — 280 165(50.5 — 226) 136(37.7 — 287)

? winters~1992-'97 123(34 — 247

? Apr. 1992 482(235 — 826)  394(92.2—)° 69.4(32.7 — 498)°

? Dec. 1992 115(22 — 302) 29.0(37.4 — 349) 43.5(17.6 — 51.5)
West Texas/New Mexico (3N, 10686W) ? 1982-'85 10.6(2.2 — 25.4)  31.6(8.4 — 89.6 15.5(6.4 — 73.0
Vostok (78.5S, 106.9E) ? Dec. 1990-Feb. 91 0.6 1.08(0.07 — 2.1 0.50(0.07 — 1.8
Siple Dome, Ant. (81.9S, 148.8W) ? 1982-'85(?) 2.5(2.3 — 2.9) 0.08(0.04 — 0.68)  0.09(0.04 — 0.51)
South Pole (98S) ? Jan.-Feb. 1986 0.23(0.10 — 0.34) 0.20(0.07 — 1.23) 0.21(0.06 — 1.2)

BC in Precipitation

Rural Michigan (45.5N, 84.7W) 7d Dec.-Apr 1984-'85  72(28 — 210) 50(22 — 108) 46(21 — 98)
Urban Michigan (42.5N, 83°W) 2d Jan.-Apr 1984-'85  160(17 — 5700)  57(26 — 132 53(23 — 113
Lithuania (55.8N, 21°E) ?¢ Dec. 1986-Jun. '90  100(8 — 530) 61(22 — 177 56(20 — 179

% When mean values are not reported in the original literatueereport means of all published values from each location

b as reported ir? ) i ] i
¢ model results from March used in place of April; no March snow 998 high experiment

4 snow precipitation
© snow-+rain precipitation

3.1. BC Influence on Snow Albedo and Radiative by impurities. But visible radiation penetrates deeper in snow with
Heating largerr. because it has a smaller extinction coefficient and, less im-
) ) ) portantly, scatters more strongly in the forward direction. The snow
We first apply offline, single-column, 470-band SNICAR tajepth where mean radiative intensity diminishes te of its sur-
demonstrate model fidelity in reproducing observed snow resce value isl7 cm forr. = 50 um and78 cm forre = 1000 um
flectance. Figure 2 shows measured snow albedo for diffuse - — 550 nm, snow density 250kgm—=, zenith angle =60°).

cident radiation at the South Pole [Figure 4fdata provided g\ travelin ; ; o
! : g through a greater optical depth of impurities, photons
by Steve Waren] and modeled reficciance using SNICAR Wi ave a greate probabitty o absorpton by (homogeneousy-
' ¢ interspersed) impurities in snow with larger. Sensitivity to grain

gggkkgur?,ld_%;l_y'g gf(ii)r/%r t;:]c&)l;ng %?ri(ijla?ﬁqugryne: T.n(gggmvﬂfhnzﬁf;cesize highlights the importance of snow aging treatment and realistic

re = 30pm) also matched observed reflectance in both the vidie: Which can vary significantly on small spatial scalé [
ble and absorptive NIR. Because they did not measure snow grainNearly all albedo reduction from BC is due to increased ab-
size at the very high vertical resolution needed for model testiggrption in the visible spectrum. NIR albedo decreases by only
with fully-known snow conditions? point out that many arbitrary 0.02 — 0.06 with 1000ngg™" BC, whereas visible albedo is re-
layer thickness angl. model combinations can produce a good fitduced by0.07 — 0.28 (not shown). This produces another sur-
Also shown in this figure is modeled albedo of the same snowpagkijsing result: with homogeneously mixed BC, the fraction of total
but with 500ng g~* of hydrophilic (coated) BC. The BC strongly absorption occurring more th&tm beneath the snow surfaice
reduces visible reflectance, but has negligible influence at wawgeaseswith increasing BC amount, up to a limit. Figure 3 (bottom)
lengths beyond pum. ) ) shows this fraction increasing by up @ol1 with ro = 1000 pm.
Next, we identify how varying concentrations of BC affeciyhile BC shifts the visible absorption to nearer the surface, a much
spectrally-averaged)(3 — 5.0 um) hemispheric snow albedo andgreater portion of total absorption is in the visible spectrum. Even
subsurface heating with different. We assume an optically thick, with Jarge BC concentrations, visible absorption tends to occur
hom?lgenelousﬁsgovgpack W'Lh dlrec_:t-beﬁm |n((:j|d|ent flux .?t @ SOfkeper than NIR absorption. Most NIR absorption occurs in the top
zenith angle 060°. ? report that, using the model 6f a uniform 1 mm of snow P?]. With sufficiently high BC concentrations how-

distribution of15 ng g~* BC reduces albedo by at 500 nm with : - ; :
an effective grain ?a%ius a0 um. In our moc?(}a}f,ohydrophobic and &ver absorption shifts to higher in the snowpack, as can be seen by

o ; e the slight downward trend in subem absorption for, = 50 um

hydrophilic BC reduce 500 nm albedo in snow with= 100 um X i)
by 0.0079 and 0.0108, respectively. The experiments discussed 3id BC concentrations greater th&Ongg™ . The BC concen-
low apply hydrophobic BC optical properties. tration of maximum sulz-cm absorption depends @n because of

Figure 3 (top) shows spectrally-averaged snow albedo for Be Visible depth-penetration dependence-anif aerosol is more
concentrations ranging from — 1000ng g~ !, and four different concentrated at the snow surface, however, due to dry deposition or
r.. Qualitatively, these curves agree well with Figures 1 and 2 @ccumulation of impurities near the snow surface during melt, total
?. As originally noted by?, the presence of absorbing impuritiesabsorption shifts towards the surface. By influencing sub-surface
reduces albedo more in snow with larger Albedo reduction for melt [?], changes to the vertical distribution of heating can have
1000ngg ' BC is 0.17 and0.045 for snow withr, = 1000 and  important influence on snow climatolog®][
50 pm, respectively. Both the absolute perturbation from BC and
gisparity in perturbation between grain sizes grow as zenith angde2. GCM Experiments

ecreases.

The grain size effect is somewhat counterintuitive, as one nat- We conducted six GCM experiments with BC in snow, using

urally expects brighter media to be more susceptible to darkeniognfigurations presented in Table 1, designated from here on as
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YYYY low, central, or high experiment, where YYYY is 1998 ortwo years. EC concentration spike in the fall of 1994, although
2001. To assess climate response and efficacy, we also compléte@l analysis shows a predominantly fossil fuel-derived source. At
paired control simulations for the central and high experimentSummit, monthly-mean BC concentrations vary fram- 10 and
(YYYY central and high control), identical to the experiments ex? — 330 ng g~ in our 1998 central and high estimate experiments,
cept without BC in snow. Forcing in the low experiments was incespectively, peaking in August and July.

sufficient to perturb climate. To help constrain efficacy, we also None of the measurements overlap our two years of emission
conducted experiment and control simulations viithk 1998 BC scenarios. Because of interannual variability in biomass burn-
and OC emission inventories (1998x experiment and control), Ing and trends in regional fossil fuel use, validity of this model-
with otherwise central model configurations (Table 1). Finally, tfeasurement comparison is therefore reduced. For example, our
help discern the relative forcing contributions from FF, BF, and BBredictions are lower than four arctic measureme@}sriade in
sources, we conducted experiments emitting only FF+BF and fhie early 1980's, when BC emissions from the Former Soviet Union
central estimate sources (FF+BF and FF experiments). All ruére much greater than todeg] | _

apply annually-repeating emissions. Conversely, predictions exceed measurements at Abisko (Swe-

The wide range of climate perturbation in these experiments ri€n); Hﬁ_rﬁicane Ei” (Washingtony], ??d Halifax [7]. While ng'
quired different spinup periods for equilibrium. In the discussiof¢an€ Hill may be representative of long-range transport because
that follows, we report results from the final 15 years of 16-ye prevailing westerlies, it is in the same model gridcell as Seat-
simulations (1998 and 2001 low, FF+BF, and FF experiment), 25¢ and has a large local source. Measurements east of Seattle by
year simulations (1998 and 2001 central experiments and Control.ﬁ?show double the concentrations from Hurricane Hill, in accord

; . . : th central model predictions. Halifax has a smaller, but still sig-
and 35-year simulations (1998. and 2001 high experiments and “Riticant local source? specifically measure urban areas, however,
trols). For the 19980x experiment and control, we analyze th

’ X : X d o our model may have a high-bias in this region. Low predictions
final 20 years of S0-year simulations. Tgé.% confidence inter- are in range of measurements at Halifax and Abisko. In the French
val of linear trend in global mean 2-meter air temperatlite) of  A|hg near Grenoble, central model estimates agree well ithd

these 15- and 20-year timeseries included zero for all experimenty, + are Jower thar?. Central estimates of BC concentrations in
and controls except 2001 central and high experiments, which b?@cipitation are within range of measurements in rural Michigan
?]

o —1 .
had trends oft 0.01°Cyr . Because the corresponding control3o) anq Lithuania ], although are lower than measurements made
had no trend, it is possible we underestimated the climate respolg@y petroit p].

for these scenarios. Global mean top-of-model (TOM, aBanb The |argest predicted BC concentrations in snow are in north-
pressure) radiative energy flux, averaged over the analysis periaghst China (Figure 5), near strong industrial sources. There, con-
was within 1 W m = of equilibrium for all model runs. centrations in excess dfd00ngg ! can lower snow albedo by

more than0.13. Annual mean concentrations in the eastern U.S.
3.3. Measured and Modeled BC Concentrations in and Europe exceeth0ngg ', enough to lower snow albedo by
Snow > 0.03, depending om.. While fossil fuel-derived BC is the dom-
Table 2 summarizes measurements of present-day BC in sn inant source of mid-latitude BC in snow, the effect of strong 1998
. Mdfires can be seen across the Arctic and Greenland (Figure 5).
pack from all stu_d|es k”O‘.’VF‘ to ;he authors. When mean valu nual mean BC concentrations in snow averaged over Greenland
are not reported in the original literature, we report means of allq 4409, greater in 1998 than 2001. Comparing with the FF+BF
published measurements from each location. Measurement teghs j1ation. we estimate tha8% and24% of the annual mean BC
niques and uncertainties vary considerably between studies andiargctic snow 66.5 — 90°N) is from biomass sources in 1998 and
discussed to varying degrees in each reference. Most studies 801, respectively. During summer (June, July, August) these BB
lize optical or thermal/optical techniques, althoughapplies an ggoyrce fractions rise ©0% and36%.
acid-base/thermal method. Table 2 also shows CAM/SNICAR pre- Summer atmospheric conditions favor enhanced wet and dry
dictions of BC concentrations in the surface snow Iayer. Data in tﬁ@c“c BC deposition rate§I, |mp|y|ng greater summer BC con-
lower portion of the table show BC concentrations in precipitatiogentrations in snow regardiess of temporal variability in emissions.
with model estimates derived from wet deposition and precipitationpredict that south Asia is the largest source of tropospheric arctic
rates. When the measurements correspond to a particular timeBa, but? contests this and predicts that biomass sources domi-
year, we report model predictions from the same months. Otherate summer arctic BC using a mean 1980’s burning inven@jry [
wise, model results are annual mean estimates. Central estimategso suggests that Siberian fires, and northern Eurasia sources in
for 1998 and 2001 are reported with low—high range in parenthgeneral, can reach the Arctic more easily than emissions from other
ses. A log-log whisker plot of these data is shown in Figure 4egions of similar latitude. Future studies should use re-analysis
The center model point on this plot is the mean of 1998 and 200dnds to study the impact of individual fire events.
central experiments, and vertical error bar represents the greatest
minimum—maximum range from both 1998 and 2001 low and high4. Global Mean Forcing and Response
experiments. Global distributions of model annual mean BC con-
centrations in surface snow, averaged only when snow is presen
are shown in Figure 5 for FF+BF and 1998 (FF+BF+BB) centr
estimates, plotted on a log-scale.
Figure 4 shows that central estimate BC/snow predictions ca§1§

i Table 3 lists for all experiments (from left to right) the global
éan instantaneous surface forcing from BC in snBy\fow), the
raction of F snow acting over land (where the remaining fraction
erates over sea-icely,snow averaged temporally and spatially
ly over snow-covered land surfadg, <n.w averaged only over
a-ice, the change in global annual mé&ap, (A T> ) relative
control simulations without BC in snow, forcing “efficacy,” and

ture the nearly 4 orders of magnitude range in observations w
no apparent systematic bias. The correlation coefficient of the I%;
of cent_ral model estimates and mean observatiofds’&s Further- finally top-of-model (TOM) forcings from atmospheric BC+OC
more, in nearly all cases there is some overlap between the rar@gwte o). Efficacy is defined a<?[:
of measurements and low—high model predictions. A v
Central model predictions are within the range of observations
on Greenland and Antarctica, indicating reasonable model long- AT,/F,
range BC transport. An exception is Siple Dome, wheree- = AT.(CO,)/F.(CO)
port measurements an order of magnitude greater than more re-
cent Antarctic observationg?]. Measurements in Table 2 are notwhere F, is the forcing at the tropopause after stratospheric ad-
time-resolved, except fdt, who reports elemental carbon (EC, of-justment [e.g.?] and A T} is the change in global mean surface
ten considered synonymous with BC) concentrations with quarteir temperature. The denominator is the response-to-forcing ratio
annual resolution, varying frort — 30ngg~! over the course of from CQO,. ? use forcing and temperature response frbix

E

4
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Table 3. Summary of Model Experiment Results

Fismow®  Landfrac® Fignow LAND®  Figow ICE?  ATop© Fy atm?
Model Scenario  [Wm?] of Fi cnow Wm™?] Wm~—2] [°C] Efficacy/  [Wm™?]
1998 low +0.007+8%  0.73 +0.08 +0.04 - - +0.07 + 14%
1998 central  +0.054+7%  0.82 +0.60 +0.23  +0.1540.03 4.5270%%  10.37+2%
1998 high +0.131+£6%  0.83 +1.56 +0.79  +0.234+0.02 283703 +1.31+1%
2001 low +0.007+9%  0.74 +0.07 +0.04 - - +0.05 + 11%
2001 central  +0.049+7%  0.83 +0.55 +0.20  +0.10+£0.03 3.29%112 4028 + 2%
2001 high +0.1224+6%  0.83 +1.42 +0.75 +0.16 £0.03 2117057 +1.09 +£1%
FF+BF +0.043+5%  0.85 +0.48 +0.15 - - 40.19 + 5%
FF +0.033+£6%  0.85 +0.26 +0.12 - - +0.10 + 4%
199810x +0.277 £ 3% 0.77 +2.90 +1.11 +0.5440.02 3.117315  +4.96 +1%

¢ Global annual mean of BC/snow instantaneous surface forcing

® Fraction ofF. «now acting over land

¢ Fys snow averaged spatially and temporally only over land snowpack

4 F, wnow averaged spatially and temporally only over snow on sea-ice

¢ Equilibrium change in global annual me@h,, relative to control simulations without BC in snow
¥ (See Equation 4)

9 Global annual mean top-of-model (TOM) forcing from atmosphe@+BC

pre-industrial CQ levels. We apply CAM3 slab ocean model resophisticated ir?, however. Size-resolved BC and hydrometeors
sults from?, who reportF, (CO>) = 3.58 Wm™2 and equilibrium  (including graupel) interact in clouds and precipitation through nu-
AT,(COz) = 2.47°C from a doubling of CQ (355 — 710 ppm).  cleation and coagulation, and both first and second aerosol/cloud
In deriving I, from F; <now, We assume that instantaneous forcinghdirect effects are treated. These processes enable prediction of
at the tropopauseff) is 0.91 Fi snow, and thatF., is equal toFi  more realistic size distribution and mixing state of BC deposited
(e.g., there is negligible immediate stratospheric radiative adjugly snow, Because BC ages rapidly in our model relative to the
ment to the surface forcing). The first assumption is derived frofh o1t time from source to remote snow surfad@p of the BC
e e SN e XIS 1 eposted on o is via wetdepositon (rovding a minim s-
imate of the hydrophilic BC fraction in snow). This is less than

(Fi/ Fy) for slight reductions in visible surface albedo of a typica] o :
snow surface (initial visible and NIR albedos @b7 and 0.60). Ihe 98% BC wet deposition fraction on snow reported Bybut

With zenith angle varying fror20 — 70°, cloud extinction optical likely greater tharP, who report that dry deposition is responsible

depthraq varying fromo — 50, and visible albedo reduction vary- for the majority of BC landing on Greenland. Model differences

ing from0 — 0.10, the ratioF} / F, varies only from0.94 — 0.96. could be due to several reasons, including more explicit treatment

While F; is substantially reduced under cloudy skié$/Fs re- of size-resolved in-cloud scavenging processe8,ljifferent dry

mains large and constant. However, absorbing aerosol significardgposition velocities, and different spatial pattern of emissions rel-

reduced/ Fy, particularly when it resides beneath a cloud, as mutive to model snow cover.

tiple scattering between snow and cloud enhances absorption by the

aerosol. Absorption optical depth = 0.05 (A = 550nm) can

reduceF;/F; to 0.44. But assuming global mean, = 0.0096

inferred from AERONET scaling of aerosol climatologie®?],

Taa = 5, and zenith angle of0°, we estimateli/F; = 0.91, Gridcell Annual Mean BC/Snow Forcing

which we apply to derive efficacy. The ranges reported in Table 30N

represent standard deviation in the annual-mean timeseries. ngﬁ

reported range ol 7> ,, assumes unpaired pools (of global meanggy

temperature from each year of equilibrium simulation) with equakoN

variance. Efficacy standard error combines, in quadrature, stindaioy

deviations ofF snow andA Ts . Support for our second assump- 5oy

tion (that ', equalsF;) comes fronf?, who reportF, for BC/snow wgg ' k

forcing within 2% of F;. ‘ ‘ ‘ i ; ‘ !
Table 3 shows that global BC/snow forcing is small relative to 1% 120 oon ° °0¢ 1208 1%

forcing from atmospheric BC+OC (columns’a’ and 'g’ in Table 3).

WhenF; snow is averaged spatially and temporally only over snow, Snow Column Annual Mean BC/Snow Forcing

however, central estimates suggest thats — 0.60 additiongll 90N

W m~? are absorbed by snowpack on land arh —0.23 Wm™ 80N
by sea-ice because of the immediate presence of BC in snowpa T’j
Our central estimates dfs snow = +0.054 and +0.049Wm~2 2
predict~ 10% greater forcing in 1998 than 2001. Comparison with 40N
the FF+BF run suggests that ab@os of the total forcing can be 30N
attributed to biomass burning in 1998 a6 in 2001. Estimates 20
from ? of F,, = +0.16 Wm~2 were downgraded te-0.05 Wm~2 Q4
[?, corrected result published in Appendix A.5%f The latter es- 180
timate is derived from spatially-varying BC deposition, but without
a detailed radiative transfer solution for snow with BC.
An estimate of F, from FF+BF BC in snow and ice from

? is +0.06 Wm~2 [Mark Jacobson, personal communication,

2006], greater than our estimate of0.039Wm~? (0.91 X  Fjgure 6. Central estimates of 1998 surface forcing (Wi

0.043Wm~*). ? treats BC in snow with a radiative transfer ap- {om BCin snow: (top) annual mean gridcell forcing, represent-

proximation, but prescribes spatially and temporally uniform snowj 4he trye climate forcing; (bottom) forcing averaged spatially
grain size and an empirical fall-speed for BC removal from snow-

pack. Atmospheric aerosol and cloud physical processes are high d tempc_)rally over only snow-cove_red surface, representing
e mean increase in energy absorption by snowpack.
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While Fisnow is small globally, its efficacy is very large. depicts large annual mean BC concentrations. The largest forc-
Mean efficacy from the 5 experiment/control pairs in Table 3 ig is over the Tibetan PlateaB((— 40°N, 80 — 100°E), averag-
3.17(2.1—4.5). Because the temperature signal/noise ratio is sméig 1.5 W m~> over all-land. Forcing over northeastern China and
for realistic (e.g., central estimate) BC/snow forcing, the 18@8  much of Eurasia becomes larger when considering snow-only forc-
experiment and control provide a more constrained efficacy edfig, as expected from large BC/snow concentrations (Figure 5) but
mate. (More years of analysis also improve statistical constraffodest snow cover fraction. Durlr;g some spring months, snow-
of the temperature response). Tight agreement between11898 Only forcing exceeds0 and20 Wm™* over parts of eastern China
efficacy and the mean of the other experiments is also encourﬁ%‘sj the Tibetan Plateau, respectively. Even though BC mixing ra-
ing. We caution, however, that efficacy does not necessarily sc and albedo reductions are greater in northeastern China, forc-
linearly with forcing magnitude for a given agent [Figure 257f
Global mearil: , cooled several degrees before achieving steady-
state in both 19980 experiment and control runs because of ex ) >
treme atmospheric aerosol optical depth, in spite of a positive TO 1998 Central BC Snow Forcing (W m ©)

aerosol forcing.

? report similarly large BC/snow efficacy @f7 (corrected re- 80
sultin Appendix A.5 of?), the largest efficacy of all forcings stud- 70
ied. Conversely, mean efficacy of atmospheric BC((69) is less
than CQ [?]. Possible reasons for even greater BC/snow efficac = 60
in our study include 1) greater albedo change sensitivity to tempe & 50
ature change in the IPCC AR4 NCAR model relative to the GIS. &
model [?], 2) representation in our model of impurity accumulatior 2 40
near the surface during spring melt, which enhances the forcii © 30
precisely when it can have the largest impact on snowmelt and th —
snow-albedo feedback, and 3) representation in our model of d 20
namic snow grain growth, which is enhanced by excess snowpa 10
heating from BC. Better constraint on efficacy will require large
ensembles of GCM simulations with varying initial conditions, anc OJ EMAMZJJ ASON

is beyond the scope of this study. Month
Forcing from atmospheric BC+OCF( .¢m) is about5 — 6x
greater than BC in snow (Table 3). However, if forcings are scale 2001 Central BC Snow Forcing (W m—2)
by their respective efficacies, & suggest, the resulting atmo- . ‘ @ ‘ .
= 1

spheric BC+OC and BC/snow “effective” forcings are of similar
magnitude. Much of the forcing from atmospheric BC is offse
by OC, which is emitted simultaneously as BC in greater propo
tion, and which strongly scatters solar radiation. The net effe
of atmospheric BC+OC forcing depends on aerosol optical proj
erties, relative aerosol quantities, and reflectance of the underlyi
surface [e.g.?]. The OC/BC emission ratio is smaller in FF com-
bustion than BB [e.g.?]. Hence, net radiative forcing from FF

BC+OC is positive [e.g.7], whereas the sign of net forcing from

BB BC+OC could be positive [e.@] or negative [e.q.7], depend-

~N
o O

Latitude (°N)
)
o O

w
o

ing especially on whether aerosol is lofted above clouds, where 201 i
is much more likely to have positive forcing. However, many othe 10t 1
scattering aerosols are emitted in significant quantity from bioma e
burning, leading? to suggest a global net surface cooling effec OJ EFMAMUJJASTOTND
from all biomass burning aerosols. In our study, biomass burnir Month

contributes a much greater portionfip.tm (49% and32% in 1998

and 2001 central estimates, respectively) thafia..w (Table 3). 1998 Central BB BC Snow Forcing (W m™?)
Atmospheric aerosol forcing is not the focus of this study though — —

so we refrain from a detailed analysis. 80} v

3.5. Spatial/Temporal Climate Response Patterns 707 e

)]
o

The primary reason why BC/snow forcing is so efficacious is its
ability to trigger snow-albedo feedback. Here, we look at spatie
and temporal distributions of forcing, snowmelt, albedo change
and temperature response to assess this feedback.

Figure 6 depicts the northern hemisphere distribution of annu:
mean surface forcing from BC in snow for 1998. The top pane
shows mean gridcell forcing, which depends on snow cover frac
tion. The bottom panel shows forcing averaged only over sno
covered surface within each gridcell, irrespective of SCF, and ave S
aged only when snow is present. This metric describes the quanti J FMAMUJJIASOTNTD
of energy added specifically to snowpack, providing some insigt Month
into how local snowpack evolution may be affected. However, be-
cause model snow depth is very low in regions of low snow spa-

tial coverage, and because forcing is reduced with shallow SnOWFigure 7. Zonal mean surface forcing from BC in snow as a

pack because of the radiative influence of the underlying groundfunction of month and latitude for (top) 1998 and (middle) 2001

the snow-only forcing is significantly underestimated in unresolvedCentral estimates, and (bottom) 1998 biomass burning only. The

mountainous terrain that should have deep snowpack. This defBiomass burning forcing contribution is estimated as the differ-

ciency can also be gleaned by noting very low snow-only forcing
in the southern-most regions of model snow cover, where Figure mréce between 1998 central (FF+BF+BB) and FF+BF only forc-

Latitude (°N)
w b U
e 9

o
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ing is greater over the Tibetan Plateau because of greater grouhigth-latitudes, even though BC concentrations are lower, because
incident solar flux (because of closer proximity to the equator aredgreater portion of the surface is snow-covered. Arctic forcing is
less vegetation cover). More th88% of the global forcing oper- 17% greater in 1998 than 2001, and we attrib8#é6 of the total

ates in the northern hemisphere. arctic forcing to biomass burning in 1998.

Maximum BC/snow forcing occurs with the combination of Strong evidence for BC influence on snowmelt timing is seen in
high BC concentrations in snow, surface-incident solar flux, arlgure 8, which shows change in zonal mean snowmelt rate (av-
snow cover. This pattern is manifested in Figure 7, which shovesaged over land only), resulting from inclusion of BC in snow.
northern hemisphere zonal, monthly mean surface forcing froAmtching shows statistically significant change at th@l level.

BC in snow for 1998 and 2001 central estimates and derived édigh latitude melt rate clearly increases during the early snowmelt
timates of the 1998 biomass burning contribution. The latitude phase and decreases during the late melt phase, as there is less snow
maximum forcing moves north as the spring progresses, followirgailable. Quantified one way, zonal mean melt rate increases in the
regions with large amounts of snow and incident sunlight. Whilexperiments by —54% in the month prior to maximum melt of the
BC emissions are consistent or stronger in fall than spring (1988ntrols at latitudes north G0°N. Area-weighted, this increase is
boreal fire intensity peaked in August and September), seasopgds and19% for 1998 and 2001, respectively. Figure 8 shows that
snowpack does not generally form before incident sunlight signigtatistically significant melt changes are more widespread in 1998
icantly diminishes, thus greatly reducing forcing during the accihan 2001.
mulation phase. 1998 arctic BC concentrations in snow peak in Surface snowmelt on Greenland has been shown to increase the
August, as opposed to July in 2001, attributable to boreal firagte of ice-sheet flow?. Summer mean melt rate averaged over
But 80 - 90°N surface-incident solar flux drops to on and Greenland is3% and13% greater in 1998 and 2001 central ex-
26 Wm™~ in August and September, reducing the radiative forcingeriments than their respective controls, but these changes are not
potential. Thus April-June boreal fires have the greatest potenié@nificant at thed.05 level. Summeil ., warming over Green-
for strong BC/snow forcing. A second reason for greater forcingind is0.44 °C in both central experiments. Corresponding warm-
during the snow melt phase is accumulation of impurities near tmg in both 1998 and 2001 high experimentsi$5°C, and melt
surface. This effect is controlled by the scavenging ratio (Table ¥hte changes are both significant at@h@5 level. Central and high
which is largely unconstrained. o o estimates of BC in Antarctic snow are too low to have significant
_The forcing space-time pattern in Figure 7 coincides close|pfluence on snow albedo, but we wonder if strong Australian wild-
with that of snowmelt onset. Thus, BC/snow forcing, while genres could have a noticeable effect.
erally small, is maximum precisely when it can have the great- ajong with snowmelt changes are highly significant reductions
est influence on snowmelt rate. Zonal-mean forcing is large @tzonal mean surface albedo. Figure 9 shows these changes, aver-
aged over land and ocean, with hatching agaih@t significance.
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Figure 8. Difference in zonal monthly mean land snowmelt
rate between central eXperimentS and their respeCtiVe COﬂtrOlS.Figure 9. Difference in zonal month|y mean surface albedo
Experiment and control are identical except that BC only af- petween central BC/snow experiments and their respective con-

fects snow reflectance and heating in the experiment. Hatching trols. Hatching shows statistically significant change atitbe
shows statistically significant change at thel level. level.
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Annual mean albedo (weighted by surface insolation) of all arctic Excess snowpack heating and climate feedback in the model
surface is reduced b§.047 and0.017 in 1998 and 2001 central also appear to accelerate snow grain growth, which darkens the
experiments, respectively. The late-summer (August-Septembsmpw itself and enhances the perturbation from BC (Figure 3). The
0.10 — 0.18 reduction in80 — 90°N 1998 albedo happens becausencrease in80 — 90°N June and July. relative to 1998 central
summer snow depth on sea-ice is reduced’2ib, exposing the control is 289 um. The forcing responsible for this feedback is
darker bare sea-ice. This large reduction follows thigWm largely from biomass burning and is clearly damped in the 2001
June—July BC/snow forcing (Figure 7). R __central experiment (Figure 7), whes@ —90°N June and July. is
Observations spanning 1954-1991 from Soviet drifting statio ly 52 um greater than 2001 central control, summer snow depth

indicate that snow on top of perennial sea-ice is generally neal X :
. sea-ice reduced by only3%, and late-summer albedo reduced
gone by July or August]. SHEBA observations from 1998 show y 0.05. Note that these results are sensitive to the CSIM snow

snow ablation by early July?], whereas model snow depth reaches” . : - > - -
August minimur¥1s ofz)g) an{illi?. cm in 1998 and 2001 cgntral con-Neight/SCF relationshif?], which determines the proportion of ex-
trol simulations, respectively, aridand 11 cm in 1998 and 2001 Posed bare sea-ice. Slight changes to snow depths less(tcam

central experiments. These observations indicate a model tendeh@ye large impact on SCF and therefore albedo. In spite of large
of excessive snow cover on late-summer sea-ice. Perhaps encalifedo reduction, sea-ice area changes are small. July—September
agingly, the inclusion of BC in snow reduces model snow depth. mean arctic6.5 — 90°N) sea-ice coverage is reduced 3 and

1% in these two experiments relative to their respective control sim-

ulations.
Finally, Figure 10 shows significant surface air warming from
1998 Central BC Snow — Control, 2m T (° C) BC in snow, especially fron60 — 90°N during June—November,

1998. Annual mearf,.,, warming averaged over the Arctic is
+1.61 and +0.50°C for 1998 and 2001. The late-summer polar
warming pattern in 1998 is logically coupled with the forcing and
albedo change patterns described above. 1998 winter and spring
warming may be a consequence of thermal inertia from fall warm-
ing, or could be dynamical in nature. We note that our 1998 central
experiment showed the highest efficacy of all experiments, so we
urge caution in assuming that the large responses discussed are due
entirely to biomass burning emissions, which cause only a modest
increase in forcing (Figure 7c).

These changes provide evidence that significant snow-albedo
feedback occurs from BC in snow, even though its forcing is small.
Reasons why BC and other aerosols can provoke disproportionately

o N ®
S o O

Latitude (°N)

o large responses include their ability to warm snow, either directly

J FMAMJJASOND melting it or priming it for earlier melt, enhanced snow grain meta-
Month morphism, which darkens the snow itself and increases the radia-

2001 Central BC Snow — Control, 2m T (° C) tive perturbation by impurities, and amassing of impurities at the

surface during melt. Changes in the timing of snow ablation, how-

80 / \) & % !; 3.5 ever, have the greatest influence on the surface energy balance be-
27 cause of the huge contrast in surface reflectance between snow and
70 (> 1 1o most other surfaces. Hence, the subtler effects of snow impurities
— 60 ‘ < | : come into play when they combine to influence snowmelt timing,
=z O 1.2 as they apparently do in both 1998 and 2001 central experiments.
PR R QO || s
S % | 3.6. Individual Uncertainties
= 40 -0.4
= 30! 12 Finally, we examine the influence, to first order, that each of the
- ’ five uncertainties discussed in Methods have individually on global
20¢ ] -1.9  snow/BC forcing. This offers insight into the relative importance
-2.7  of constraining uncertainty in each factor.
10 35 To derive estimates of variability in global annual méanow,
0 U R ' we performed the following experiments: For the role of BC emis-
J F M AM I\}I]ongh A S O N D sion scenarios, we conducted two 6-year simulations using 1998

central configuration (Table 1), but with low and high emissions

estimates. For optical properties, we conducted offline 470-band
) ) ) ~ SNICAR experiments, estimating hypothetical forcing assuming
Figure 10. Difference in zonal monthly mean 2-meter air |ess-absorptive and more-absorptive BC, given annual-mean BC
temperature between central BC/snow experiments and thegoncentration and. at each gridcell of the 1998 central experi-

respective controls. Hatching shows statistically significantment. For snow aging, we also used offline SNICAR to estimate
change at the.01 level. forcing at each gridcell, assuming annual mean BC concentration
from the 1998 central experiment, but using the corresponding

Table 4. Estimated Range of Change in Global Mean BC/Snow Radia_annqal-meam from t.he 1.998 low anq high expeﬁments, repre-
tive FOrcing (s snow), Represented as a Scalar, Resulting from Varia- S€Nting slow and rapid aging. (If a gridcell contained snow in the

tion of Individual Factors. The Range is Relative to 1098 @#rEsti-  central experiment, but not in the high or low, we assumed the
mates, Using Low and High Estimates of Each Factor in Table 1. global-mean high or low-.). For the role of meltwater scaveng-
ing, we conducted another pair of 6-year CAM3 experiments with
Low High 1998 central configuration, but with meltwater scavenging factor
— ranging by two orders of magnitude (Table 1). Finally, we assess
gﬁol\;vrr/lal\aﬁl%ns 8?% %gg the role of SCF by scaling the BC/snow forcing at each gridcell
Melt Scavenging 0.69 1.08 of monthly output according to hypothetical SCF (calculated from
Optical Properties  0.88 1.12 snow depth), using the high and low representations discussed in

Snow Cover Fraction0.83 1.08 Methods. Note that it would be more appropriate to estimate optical
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property and aging uncertainty at monthly resolution, as with SC&pncentrations in snow capture the nearly 4 orders of magnitude
but this would require an excessive number of offline SNICARange in observations with no apparent systematic bias, lending
runs. some confidence to our central forcing estimates. However, un-
The range in meat} snow €Stimated with these approaches igertainty in BC emissions and snow aging can individually account
shown in Table 4. Uncertainty in emissions has the largest beésr a nearly two-fold range in forward-modeled global forcing. Un-
ing on BC/snow forcing, closely followed by snow aging. Thesertainty arising from the other factors is of or@efs.
low-high range of FF+BF emissions frofh is greater than the  Global annual mean equilibrium warming resulting from the in-
range we derive for BB emissions (Table 1). Some of this diffeelusion of BC in snow i0.15 and 0.10°C for 1998 and 2001
ence is because we derive uncertainty using an observational inv@ntral experiments, respectively. Annual arc66.5 — 90°N)
sion constraint, whereas uncertainty fr@ris derived from com- warming, however, i4.61 and0.50°C. Arctic annual mean sur-
pounding forward uncertainties. Global mean snqwaried from face albedo for these two experiments is reduced) g7 and
91 — 812 um between 1998 low and high experiments. While ous.017, relative to their control simulations without BC in snow.
choice of scaling snow aging by a factor of 2 was purely subjeg998 and 2001 land snowmelt rates north56fN are 28% and
tive, the_re are no observations of all _rele\_/ant parameters required tpy, greater in the month preceding maximum melt of control sim-
constrain aging processe.[Uncertainty in scavenging factor canyations. These statistically significant climate signals all indicate
significantly decrease the global forcing estimate, but raise it onliyat snow-albedo feedback is triggered by present-day BC/snow
slightly. This happens because scavenging, even for hydrophilicing. Greater climate response in 1998 might be attributable to
impurities, is relatively inefficient in the central estimates. Thusyrong boreal fires, which increase arctic BC/snow forcing T
decreasing the scavenging ratio increases the forcing only Mikative to 2001. Climate response in our 1998 central experiment
mally in the high experiment, as impurities tend to reside near thg,s ynysually strong, however, and more simulations are needed to
surface during melt in the central experiment. Increasing the scq¥s; this hypothesis. 1998 boreal fire strength peaked in August and
enging efficiency, however, significantly lowers the global forcingentemper, whereas fires occurring in April-June have the greatest
estimates, as impurities efficiently flush through the snowpack dt/snow forcing potential because of strong high-latitude insola-

ing the melt phase.? report relatively uniform vertical profiles (jon ang large snow areal coverage. Even in the strong boreal fire
of BC in the Snow on sea-ice during .the SHEBA campaign in la ar, we attribut&0% of the global BC/snow forcing to fossil fuel
March and April 1998. More observations of BC profiles during th nd biofuel sources.

melt phase will help constrain scavenging ratios. Additional offline Mean efficacy ] of our 5 experiments i8.17(2.1 — 4.5). This

SNICAR experiments showed _that _the range of effect of VanyiN@ean closely matches efficacy obtained from a long experiment
.BC optlcal properties was relatlvgly Insensitive to Snow grain Sizg, 10x present-day BC emissions, likely providing a more re-
in spite of the sensitivity of forcing to grain size (Figure 3), bu listic efficacy estimate because of large temperature response rel-

the range narrowed slightly with increasing BC concentrations. Fi;. s . . .
nally, the range of effect of SCF representation is small but sligh‘féj‘/e to natural variability. BC in snowpack can provoke dispro

asymmetrical. This can be explained by the probability densi rtionately Ia_rge springtime climate response because the forcing
function of snow depth where and when BC forcing operates. Sn (_Jls to c0|n0|de_W|th the onset of snowmelt, thus triggering more
depths greater tha?0 cm predict SCF close tb with both central rapid snow ablation and snow-albedo fe_edback. The model and
and high estimates, but much lower SCF with low estimates methods we develgp her_e COL.”d be applied to sf[udy snow forcing
’ ’ by other aerosols, including mineral dust, volcanic ash, brown car-
bon, and marine sediment in sea-i@ [Sparseness of snow im-
4. Conclusions purity measurements and uncertainty in snow effective radius vari-
ability suggest that more ground measurements need to be made

We incorporate our SNICAR model into the NCAR CAM3and remote-sensing techniques refined to constrain understanding
GCM to improve quantification of present-day forcing, climate regf this pnenomenon on a global scale.
sponse, and associated uncertainties from black carbon (BC) in
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