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Abstract. We used a coupled climate-chemistry model to in our simulation. Therefore, the MNDWS is clearly not af-
quantify the impacts of aerosols on snow cover north offected through snow darkening effects associated with these
30° N both for the present-day and for the middle of the Arctic ship emissions. In an experiment without nudging to-
21st century. Black carbon (BC) deposition over continentsward atmospheric reanalyses, we simulated however some
induces a reduction in the mean number of days with snowchanges of the MNDWS considering such aerosol ship emis-
at the surface (MNDWS) that ranges from 0 to 10 days oversions. These changes are generally not statistically signifi-
large areas of Eurasia and Northern America for the presenteant in boreal continents, except in Quebec and in the West
day relative to the pre-industrial period. This is mainly due Siberian plains, where they range betwedhand—10 days.

to BC deposition during the spring, a period of the year whenThey are induced both by radiative forcings of the aerosols
the remaining of snow accumulated during the winter is ex-when they are in the snow and in the atmosphere, and by all
posed to both strong solar radiation and a large amount ofhe atmospheric feedbacks. These experiments do not take
aerosol deposition induced themselves by a high level ofinto account the feedbacks induced by the interactions be-
transport of particles from polluted areas. North of BQ tween ocean and atmosphere as they were conducted with
this deposition flux represents 222 Gg BC moritbn aver-  prescribed sea surface temperatures. Climate change by the
age from April to June in our simulation. A large reduction mid-21st century could also cause biomass burning activ-
in BC emissions is expected in the future in all of the Repre-ity (forest fires) to become more intense and occur earlier
sentative Concentration Pathway (RCP) scenarios. In particin the season. In an idealised scenario in which forest fires
ular, considering the RCP8.5 in our simulation leads to a de-are 50 % stronger and occur 2 weeks earlier and later than
crease in the spring BC deposition down to 110 Gg mohth  at present, we simulated an increase in spring BC deposition
in the 2050s. However, despite the reduction of the aerosobf 21 Gg BC month? over continents located north of 38.
impact on snow, the MNDWS is strongly reduced by 2050, This BC deposition does not impact directly the snow cover
with a decrease ranging from 10 to 100 days from presentthrough snow darkening effects. However, in an experiment
day values over large parts of the Northern Hemisphere. Thigonsidering all the aerosol forcings and atmospheric feed-
reduction is essentially due to temperature increase, whiclbacks, except those induced by the ocean—atmosphere inter-
is quite strong in the RCP8.5 scenario in the absence of cliactions, enhanced fire activity induces a significant decrease
mate mitigation policies. Moreover, the projected sea-ice re-of the MNDWS reaching a dozen of days in Quebec and in
treat in the next decades will open new routes for shipping inEastern Siberia.

the Arctic. However, a large increase in shipping emissions

in the Arctic by the mid- 21st century does not lead to sig-

nificant changes of BC deposition over snow-covered areas
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1 Introduction addition, once deposited to snow or ice, BC and OC absorb
radiation within the snowpack, and cause an earlier snow dis-

The boreal regions have been characterised as a region vepppearance or decrease the snow mass, inducing a positive
sensitive to climate change (Lemke et al., IPCC, chapter 4forcing at the surface, through decreased albedo (e.g. War-
2007). One reason for the amplification in arctic and sub-ren and Wiscombe, 1980; Clarke and Noone, 1985; Jacob-
arctic surface warming in response to increased greenhousson, 2004; Hadley and Kirchstetter, 2012). Overall, Shindell
gas concentrations is the snow and sea-ice albedo feedbacind Faluvegi (2009) and Shindell (2012) pointed out that the
which decreases surface albedo as snow and sea ice furthesmperature response to a radiative forcing is not necessarily
melt and disappear in response to warming by greenhouseorrelated with the location of this radiative forcing. This is
gases (Serreze et al., 2006; Qu and Hall, 2007). Both sea-icparticularly true for the Arctic surface temperature response,
and snow-cover extents have been observed to shrink ovexhich can be of opposite sign to that of the radiative forc-
the last decades in the Northern Hemisphere (Serreze et aing. This points to the necessity to apply global circulation
2007; Shi et al., 2011). Snow-cover extent is expected to demodels (GCM) to quantify the surface temperature response
crease further during the 21st century (e.g. Hosaka et alto different radiative forcings in a particular region. Overall,
2005; Frei and Gong, 2005). However, it is quite difficult to Shindell (2007) and Shindell and Faluvegi (2009) estimate
evaluate accurately this decrease using climate models, behat both anthropogenic well-mixed greenhouses gases and
cause of both the complexity of the interactions between theshort-lived species have contributed to the Arctic warming.
snow and the atmosphere and the uncertainties when predict- The main source of aerosol in the Arctic atmosphere is
ing future anthropogenic climate forcing (Qu and Hall, 2006, the transport from polluted regions in North America, Eu-
2007; Ghatak et al., 2010). rope and Asia, while local aerosol emissions are very small

In contrast with the Antarctic, the Arctic atmosphere is (Shindell et al., 2008; Browse et al., 2012). Future aerosol
quite polluted. An ensemble of short-lived species emitted inconcentrations in the Arctic are therefore very much depen-
the industrialised mid-latitude regions of the Northern Hemi- dent on the evolution of the anthropogenic emissions from
sphere are transported towards the Arctic, where their lifethese regions. According to the Representative Concentra-
time increases due to the weak intensity of removal pro-tion Pathway (RCP, Moss et al., 2008) emission scenarios,
cesses, in particular during the winter. The transport of pollu-aerosol emissions in Northern America and Europe are es-
tants into the Arctic atmosphere occurs especially in springtimated to have reached maximum values at different time
and has been referred to cause the “Arctic haze” phenomenoperiods during the 20th century, depending on countries and
(e.g. Shaw, 1995; Stohl et al., 2006). Ozone and aerosols aren the chemical species under consideration (Bond et al.,
the main short-lived species transported toward the Arctic2007; Smith et al., 2011). These regions now experience a
that impact significantly the climate of this region, modify- significant decrease in their aerosol emissions; although this
ing regionally the radiative balance of the atmosphere (Lawis not the case for Asian emissions, which are still increas-
and Stohl, 2007). Ozone is a strong greenhouse gas, inducinigg. Their decrease is projected to take place in the next
a positive radiative forcing and causing a regional increasalecades, although the exact timing is quite difficult to es-
of the surface temperature (Shindell et al., 2006). Sulphatetimate, as the projections for energy demand, biofuel con-
Organic Carbon (OC) and nitrate aerosols are known to scatsumption and the introduction of new technologies are not
ter solar radiation, inducing a negative radiative forcing atsetin stone (Ohara et al., 2007). In addition to anthropogenic
the top of the atmosphere and a cooling of earth’s surfaceemissions occurring in densely populated and industrialised
(Penner et al., 2001; Kanakidouet al., 2005). Black Carborregions, it seems that two local sources could affect the Arc-
(BC) strongly absorbs solar radiation, inducing a positivetic atmosphere in the decades to come: first, ship emissions
forcing at the top of the atmosphere and a negative instaneould increase significantly, as summer sea-ice retreat will
taneous forcing at the surface (Reddy et al., 2005). The heabpen new routes across the Arctic Ocean (Corbett et al.,
ing of the atmosphere due to BC also induces an increas2010). In particular, the possible increase of petroleum ac-
in the downward longwave radiation. Over highly reflective tivities, extraction and refining, could induce an escalation of
surfaces like snow covered areas, this increase in the longship traffic in some parts of the Arctic. However, the atmo-
wave flux can be higher than the decrease of the shortwavepheric pollution associated with such emissions in the Arc-
flux induced by atmospheric BC (Quinn et al., 2008). In ad-tic should be limited by the decrease in emission factor as
dition to these direct radiative forcings, aerosols affect cloudtechnology progresses (Peters et al., 2011); second, biomass
microphysics, processes referred to as the aerosol indirediurning emissions are expected to become stronger and to
effects. Although uncertain, these effects are thought to in-occur earlier in the season. The earlier occurrence of forest
duce a negative radiative forcing, both at the top and the botfires has recently been observed in high latitudes, in partic-
tom of the troposphere (Lohmann et al., 2005). However, itular during warmer and dryer spring periods, in response to
has been suggested that there is also a longwave positive ralimate warming (e.g. Warneke et al., 2009). Flannigan et
diative forcing from aerosol—cloud interactions in the Arctic al. (2009a, b) projected, for instance, that climate warming
(Garrett and Zhao, 2006; Lubin and Vogelmann, 2006). In
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will induce an increase of fire activity in temperate and bo- Déandreis et al. (2012) for the computation of the aerosols
real regions, mainly from forest wildfires. radiative forcings.

The goal of this study is to estimate the snow-cover vari- For this work, we used the detailed representation of snow-
ations in the boreal and temperate regions for the middlecover implemented in ORCHIDEE by Krinner et al. (2006)
of the 21st century using simulations with a global coupledwho studied the interactions between dust aerosol and ice
atmospheric general circulation and chemistry model presheets in Northern Asia during the Last Glacial Maximum
scribed with different aerosol local emission scenarios. As(21 000 yr BP). In this scheme, snow albedo and snow cover
our quite coarse model is not able to describe realistically theare described separately for forests and grasslands/deserts,
seasonal snow cover over regions with complex topographyvith a subgrid-scale orographic variability to compute accu-
we excluded from our analysis most of the mountain rangegately the energy balance in mountainous areas (Douville et
of the Northern Hemisphere. In particular, we excluded aal., 1995; Roesch et al., 2001). The aerosol content of the
large part of Himalaya, choosing a domain of study extendedsnow and its albedo are computed with a two-layer scheme,
from 30 N to the North Pole. Using a land surface model with a top layer of 8 mm (snow water equivalent, SWE),
enhanced for including the effects of BC on snow albedo,and a bottom layer containing the remaining snow. A de-
we investigate how the deposition of absorbing aerosols orailed description of the treatment of the snow—aerosol inter-
snow affects snow cover dynamics and feedbacks on regionaictions in ORCHIDEE can be found in Krinner et al. (2006).
climate. We evaluate the snow-cover changes in the 205 owever, only dry-deposited dust aerosol was taken into ac-
decade for the intensive RCP8.5 scenario (Representativeount in this study. Here, we also take into account BC, as
Concentration Pathway 8.5, Moss et al., 2008, 2010; Riahijts very absorbing property makes it likely to impact signifi-
2007), and analyse thereafter the role of possible enhancechntly the snowpack energy balance and the snow cover ex-
aerosols local emissions in the Arctic region. tent (e.g. Jacobson, 2004). Unfortunately, OC deposition on

snow is not taken into account in our simulation. This aerosol
also absorbs solar radiation, but there remain a lot of uncer-
tainties concerning its radiative properties and its behaviour

2 Experimental set-up within the snowpack. We hope to take these processes into
account in a further study. BC dry and wet depositions are
2.1 Model description computed by the INCA atmospheric chemistry module with

a six-hourly time step. As in Krinner et al. (2006), dry de-

We used the “LMDZ-INCA-ORCHIDEE" atmospheric gen- position contributes to increase the aerosol content in the top
eral circulation model to study the interactions between at-snow layer. Wet deposition also supplies aerosol to the sur-
mosphere, aerosols and snow-covered areas. This model coface layer, but it should be noted that this process is asso-
sists of three coupled modules: the LMDZ general circulationciated with an entry of fresh snow. If snowfall brings more
model represents the atmospheric component (Hourdin et alsnow than the maximum height of the snowpack surface
2006). INCA (interactions between chemistry and aerosols)ayer, then aerosols in this previous surface layer are trans-
describes gas- and aqueous-phase chemistry (Hauglustaiferred into the bottom layer. Note that we considered a con-
et al., 2004; Boucher et al., 2002), as well as aerosol physistant snow density of 330 kgm. In further studies, we hope
cal properties such as size and hygroscopicity (Balkanski eto include a more realistic representation of snow density in
al., 2010), which control the amount of wet and dry depo- our model. If snowfall brings less than the maximum height
sition. The coupling between the LMDZ and INCA models of the surface layer, the new aerosol concentration of the sur-
allow for an interactive simulation of five aerosol chemical face layer is computed with the proportional contributions of
species, namely sulphate, BC, OC, sea salt and dust. Dire¢he old aerosol concentration of the surface layer and those
aerosol forcing is taken into account for BC, OC, sea salt andf the snowfall which reaches the surface layer (wet depo-
dust, and both direct and indirect effect are taken into accounsition). During melt or sublimation, snow mass is supposed
for sulphate, BC and OC aerosol, as describedé&aimreis to be lost from the surface layer. This one is therefore ex-
et al. (2012). We used here LMDZ and INCA with a hori- tended downwards to attain 8 mm SWE (if enough snow re-
zontal resolution of 9& 95 grid points in longitude and lat- mains in the bottom layer). The aerosol mass corresponding
itude, and with a vertical discretisation of 19 layers. Finally, to the lost snow height is added to those of the new sur-
the ORCHIDEE land surface model serves as the land surface layer. The timestep used to compute the snow aerosol
face boundary condition for LMDZ and describes exchangescontent is the same as those applied to the whole surface
of energy and water between the atmosphere, the soil and thecheme, i.e. 30 min. More details about this snow scheme can
biosphere (Krinner et al., 2005), including a dynamic snowbe found in Krinner et al. (2006). Conway et al. (1996) ob-
module. The coupling between LMDz and ORCHIDEE is served that BC could be flushed effectively trough the snow
described by Hourdin et al. (2006), and those between LMDzn melting conditions, with velocities strongly dependent on
and INCA is detailed by Hauglustaine et al. (2004) for chem-the particle size. However, the Conway et al. (1996) study
istry and tracers and by Balkanski et al. (2007, 2010) andwas based upon experiments with particularly high rates of
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snow melting since they were performed during summer ation (MAC) of BC resulting from these assumptions of size
altitudes around 2000 m in the Northern United States. Moredistribution, density, and refractive index reaches a value of
recent observations by Aamaas et al. (2011) in Spitsber7.6 n? g1 at 545 nm (mid-visible, see the MAC definition of
gen showed that BC aerosols tend to stay at the surface dond and Bergrstrom, 2006, and Boucher, 2011). This value
the snowpack even during melting conditions. Building on is comparable to 7.% 1.2 g~1, a value found by Flanner
this experimental evidence, and in contrast with Krinner etet al. (2007) and Bond and Bergrstrom (2006). Such value
al. (2006), we will consider in this study that both dust and could however be reevaluated in further study, as Flanner et
BC do not flush through the snow, and stay at the surface until. (2012) found larger values considering internal mixing for
a new snowfall occurs or until the disappearance of the snovsnow and aerosol.
cover. This assumption could overestimate the magnitude of
BC aerosol effects on the snow cover and climate. 2.2 Description of simulations

Snow albedo is estimated using the parameterisation of
Warren and Wiscombe (1980), which is adapted for snowTable 1 describes the eight 11-yr global simulations that we
containing aerosols. As in Krinner et al. (2006), the snowperformed to characterise the impact of BC deposition on
albedo of the bottom snowpack layer is computed first forsnow cover both for the present period and for the middle
diffuse radiation as a function of the underlying albedo, snowof the 21st century. We exclude from our analysis the first
grain size and aerosol content. Snow grain size evolves progyear of simulation, considered as a spin-up period. The two
nostically as a function of snow age and temperature (Marfirst experiments — designated as S1 and S1B — describe
shall and Oglesby, 1994), but unlike the aerosol contentthe present-day atmospheric state (1998-2008), using pre-
it takes the same value in both snow layers. The sphericascribed observed sea surface temperature (SST, see Rayner
albedo of the bottom layer is then used as the underlyinget al., 2003) with winds nudged toward ERA-40 reanalysis
albedo for computing the albedo of the surface layer, bothfrom the European Centre for Medium-range Weather Fore-
for diffuse and direct solar radiation. Snow albedo is aver-casts (ECMWF). Note that pressure, temperature and humid-
aged separately in the visible and near-infrared parts of théty are computed with the LMDZ model without nudging in
solar spectrum. We adopt the same aerosol physical propethese experiments. The nudging is applied only for horizon-
ties as used in Balkanski et al. (2010) to evaluate their ratal winds as described in Coindreau et al. (2006). Such pro-
diative forcings in the atmosphere. Within the snow, we dotocol is very useful to reproduce the observed atmospheric
not know the extent to which aerosols are internally mixed,state (Douville, 2010), letting however the model partially
how they interact with snow grains, and how their hygro- free to react to external forcings. We only applied the nudg-
scopic and radiative properties evolve in time. Faced withing to winds to avoid possible inconsistencies between winds
all these uncertainties, we decided to consider simpler physand other meteorological variables (pressure, temperature,
ical and radiative properties for aerosols in the snow in com-and moisture). These experiments were conducted with the
parison with atmospheric aerosols. In future model developpresent-day global aerosol emission inventory described in
ments, we hope to include a more accurate representatiohamarque et al. (2010), an inventory made for the Coupled
of the interaction between aerosols and snow grain. FlannekModel Inter-comparison Project Phase 5 (CMIP5, CLIVAR
et al. (2012) showed that accounting for the internal mix- special issue, 2011). In S1B, the BC content in the snow is set
ing of BC within snow grains increases its radiative forc- to zero, whereas it is computed from aerosol deposition in all
ing by 40 to 85% compared with treatments of externally the other experiments. The six other experiments were con-
mixed BC in snow. Therefore, the simplification applied in ducted over the period 2050-2060. They are based upon the
our study may potentially underestimate the BC effect onaerosol and gases intensive emission scenario RCP8.5 (Rep-
show albedo. The size and radiative parameters for dust areesentative Concentration Pathway 8.5, Moss et al., 2008,
the same as used by Krinner et al. (2006), following Guelle2010; Riahi, 2007), characteristic of a scenario with no cli-
et al. (2000) and Balkanski et al. (2007). Black carbon is as-mate mitigation policies to limit greenhouse gas emissions.
sumed to follow a log-normal size distribution with a median This scenario corresponds to a total anthropogenic forcing in
number radius of 11.8 nm, characteristic of freshly emitted2100 of approximately 8.5 W nf. All six experiments were
soot (Dentener et al., 2006; Jacobson et al., 2004). In theonducted with prescribed SST for the 2050s decade as pro-
real world, this diameter increases quickly, as BC undergoesiuced from a previous coupled ocean—atmosphere simulation
ageing and coagulation and can be coated by other aerosoissing IPSL-CM5A configuration in the context of the CMIP5
in the atmosphere. However, as we do not consider internaéxercise (Dufresne et al., 2012). As for the two present-day
mixtures for BC in snow, we consider that BC aerosols re-simulations, using prescribed SST for these experiments can-
gain their initial size when incorporated in the snowpack. Wecel completely all the possible feedbacks involving the at-
considered a BC density of 1 g cify and the refractive index mosphere ocean interactions. The first one of these six ex-
for BC is taken to ben =1.75-0.45i. Refractive indices for periments — designated as S2 — has been performed with the
ice are taken from the GEISA database (Jacquinet-Hussomerosol emission inventory corresponding to that defined for
et al., 1999). The corresponding mass absorption cross sethe RCP8.5 scenario (Lamarque et al., 2009). Importantly,
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Table 1.Period, aerosol emissions and description of the nudging protocol for our 8 simulations. (x2) in the period means that the simulation
was performed a second time with a slightly modified initial conditions to get 20 yr of simulation as 10yr would clearly be insufficient

to make comparisons statistically robust. Note that all simulations were made with prescribed sea surface temperature (SST, observed fol
present-day simulations, or simulated from a previous coupled ocean—atmosphere model simulation for future periods).

Simulation  Period Emissions Description

S1 1998-2008 Current Horizontal wind nudged toward ECMWF

S1B 1998-2008 Current Horizontal wind nudged toward ECMWF —
No snow albedo change with aerosol deposition

S2 2049-2060 (x2) IPCC—2050 No nudging

S3 2049-2060 (x2) IPCC — 2050@increased Arctic ships No nudging

S4 2049-2060 (x2) IPCC - 205@increased biomass burning  No nudging

S2N 2049-2060 IPCC - 2050 Horizontal wind nudged toward S2

S3N 2049-2060 IPCC — 2050 increased Arctic ships Horizontal wind nudged toward S2

S4AN 2049-2060 IPCC - 2050 increased biomass burning  Horizontal wind nudged toward S2

none of the RCP emission inventories used in CMIP5 simu-simulations induced by the aerosol emissions change and not
lations over the 21st century considers variations of “local” by the nudging itself.

emissions in the Arctic, which could be associated with a Current BC emissions are particularly intense over the
significant increase in ship traffic in the Arctic or to an in- main industrialised regions of the Northern Hemisphere
tensification of biomass burning in boreal and temperate re{Fig. 1a) with 2878 Gg yr! of BC emitted north of 30N in
gions. For this reason, we performed another simulation -the CMIP5 emission inventory (Lamarque et al., 2010) that
S3 —similar to S2 but replacing the baseline Arctic ship emis-we used for our S1 simulation. Regarding the difference be-
sions in the RCP8.5 2050 by a scenario that includes importween S2 and S1 (Fig. 1b), we diagnose that according to
tant ship traffic over Arctic routes. These larger ship emis-the CMIP5 inventory, BC emissions are expected to signifi-
sions are based on the “high-growth” scenario of Corbett etcantly decrease over the major parts of industrialised areas in
al. (2010), considering a high increase in ship traffic over theRCP8.5 (1588 Ggyr 1), except in some regions of Central
current Arctic routes. This scenario takes also into accountsia. Note that this emission decrease is significant in all the
the diversion routes opened during the summer following theRCP scenarios. These decreased aerosol emissions are pro-
seasonal retreat of sea ice expected in the next decades. Fected by integrated assessment models under the hypothesis
nally, an S4 simulation was also performed, similar to S2,that increases in a country’s wealth are accompanied with the
but with enhanced biomass burning activity. Following Flan- introduction of new technologies to reduce emissions. Note
nigan (2009a, b), we consider an increase of 50 % of BC andhat all the different RCPs consider the same evolution for
other aerosols emitted by fire during all the year. In addition,these technologies evolutions. This being said, the RCP8.5
we consider also a 1-month extension of the fire season in thprojections indicate an increase of emissions over the oceans,
Northern Hemisphere (starting 15 days prior and extendingassociated with an increase in ship and air traffic, which ap-
15 days after the fire season of the present-day): from Januamyears inevitable (Eyring et al., 2005; Sgvde et al., 2007). Fig-
to June (resp. from August to December), monthly emissionaire 1c shows the increase in BC emissions estimated by Cor-
are computed as the average between the emission of the curett et al. (2010) consequent to the evolution of ship traf-
rent month and those of the following (resp. previous) month.fic over the Arctic Ocean which could take place in addition
S3 and S4 emission variations are applied to sulphate, BGo the RCP8.5 emissions for 2050. Note that we consider a
and OC. S2, S3 and S4 experiments consist of a pair of 11 ydiminution of shipping emissions for current routes, as Arc-
simulations, with initial conditions slightly modified in one tic new routes would partially replace current ones (Corbett
of them, to be able to analyze 20 yr of model output, as 10 yret al., 2010). For this reason, the total difference in emissions
would clearly be insufficient to make comparisons statisti-with the S2 simulation is very small (only3.9 Ggyr1).

cally robust. In addition, to evaluate in more details the im- Finally, we show in Fig. 1d the increase in BC emissions
pact of the future aerosol emissions changes without considassociated with the idealised lengthenirglb days before
ering atmospheric feedbacks, we realised three more experand between the fire season) and intensificati®b0(%)
ments nudged toward our first 2050—2060 simulationN$2  of biomass burning season applied on top of the RCP8.5
S3N and S4N all have winds nudged toward S2, each of emission scenariof236 Ggyr* north of 30 N). Note that
them using the same aerosol emissions as, respectively, SBjomass burning emissions are assumed to be constant dur-
S3 and S4. Note that S8 has been nudged toward itself ing all of the 21st century in the RCP8.5 scenario.

(S2). This has been done to analyze the difference between
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Fig. 1. Annual mean of BC emissions (mg‘rﬁmonth‘l); (a) current emissions (S1, total2878 Gg yr_l); (b) difference between 2050
RCP8.5 scenario and current emissions (S2—S1; differene&588 GgyrL); (c) difference in 2050 ships emissions in a scenario with

a large ship traffic over the Arctic region (Corbett et al., 2010) with the 2050 RCP8.5 projected ship traffic scenario (S3-S2, differ-
ence=+3.9Gg yr_l); (d) difference in 2050 fire emission between a scenario with lengthened biomass burning season (constructed after
Flanningan et al., 2009a, b) and the 2050 RCP8.5 scenario projected fire emissions (S4-S2, diffe286® Gg yr1).

3 Results we have to be very careful when we draw conclusions from
the analysis of our simulation in these regions. Such huge

We computed the mean number of days per year with snovETrors are clearly due to the coarse resolution of our model,
at the surface (MNDWS) in all of our simulations as an in- which does not allow a correct representation of the complex

dicator of the effects of aerosols emissions on snow cover:Pography of these mountain ranges. Note that we did not

We considered the surface to be snow covered when thgonsider the number of days with snow at the ground over

snow mass averaged over one day exceeds 0.0TRgm glaciers, icecaps or sea ice in our study. We discarded as well
(i.e. 0.01mm. snow water equivalent). Note that d.ust emis.SnNow cover variations modelled in grid-cells located just next

sions were constant for all the simulations. In the following, to icecaps (Greenland) since the representation of these ice-
we will not discuss the dust effects on snow. Figure 2a and geaps is also not accurate due to the coarse spatial resolution

represent the MNDWS as observed (NSIDC, 2008) and mod®' |°“"hm?0|'f" . i i MNDWS b
elled in our present-day control simulation S1, respectively. nthe fo owing, we |scu§st € difference of MINDVV S be-
The MNDWS ranges from several days af 80to almost a tween our d|fferer_1t simulations. The statl_sncal _S|gn|f|cance
complete year north of P3N. The goal of our study is notto V&S es_tlmated using a tvvo-samplte_st. This statistical test
analyse in detail the ability of our GCM to describe the snow'S appllgd to vahdate the hypothesis t_ha'; .the mean of two
cover, as we will focus more on the analysis of sensitivity ex. Simulations are different at the 95% significance level. Re-

periments with this GCM. Nevertheless, looking at the root 9ading prg;ent—day conditions, qonsidering the influence of
mean square error (RMSE) between modelled and observeﬁC deposmor_l on snow albe_do_ !nduces a decr_ease of the
MNDWS (Fig. 2c), we see that our model describes quiteMNDWS_ that is statistically S'gn'f'caf“ over a major part of
well the snow cover duration over flat areas (RMS varyingthe continents of :]hedNorthern llﬂem@ahere (Fig. 3a, differ-
between 5 and 20). This is not the case in mountainous area:}nce S1-S1B). This decrease lies within a range Of.l to 10
like the Himalayas, the Altay Mountains, the Alps and the ays over large areas of Eura5|a_and Nor_thern America. Re-
Rocky mountains where the RMSE generally exceeds valuegardlng future; condltlong, therg IS a 5|gn|f|cant decrease; of
of 40 and can reach values of 300 days. As a consequencélﬁ,Ie MNDWS in the S2 simulation for 2050 (Fig. 3b). This
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Fig. 2. Mean number of days per year with snow at the surface (MNDW&)present-day (1997—2008) observation from NSIDC;
(b) present-day simulation with BC effects on snow albedo (&) RMSE between model and observation for the whole period 1998—-2008.

reduction is statistically significant, and ranges from 10 tothe GCM coarse resolution cannot provide accurate results
100 days in most parts of northern continental areas. Due t@s explained above.
global warming forced by greenhouse gases, the beginning of Considering an increase in aerosol emissions from Arc-
the snow-accumulating season (respectively, the beginningic ships or from biomass burning in our 2050-2060 nudged
of the snow-melting season) is modelled with ORCHIDEE experiment induce MNDWS variations quasi equal to zero
coupled to LMDZ to occur later in autumn (resp. earlier in (see Fig. 3c and d, showing MNDWS differences_I$3
spring) in most snow-covered northern regions. A negativeS2 N and S4N-S2N, respectively). It clearly means that the
trend of MNDWS has already been observed during the lassnow albedo changes associated with this possible increase in
decades (e.g. 8y et al., 2007; Roesch et al., 2006; Mote et aerosol emission is negligible in comparison with the snow
al., 2005). Moreover, Hosaka al. (2005) and Brutel-Vuilmet albedo changes induced today by the current aerosol emis-
et al. (2013) expect an acceleration of this phenomenon int@ions in the Northern Hemisphere. We have to keep in mind
the 21st century. Similar to the results reported by Hosakahat these future sensitivity experiments were nudged, a pro-
et al. (2005), we found that the snow cover changes are alsoess that limits atmospheric feedbacks: these experiments al-
driven in the model by snowfall variations. As an example, low to quantify the changes of snow cover duration induced
the snow cover duration is less reduced in Eastern Siberidy the aerosol effects on snow albedo, strongly minimizing
than in Scandinavia, because snowfall is modelled to increasboth the effect of aerosols when they are in the atmosphere
in Eastern Siberia in the middle of the 21st century. We foundand the temperature changes induced by the snow cover vari-
also a slight increase of the MNDWS compared to presentations. The nudging was applied only to the horizontal wind,
day over some northern parts of China and over the USAput temperature is also indirectly nudged as these two vari-
also induced by a local increase in snowfall for the modelledables are quite dependent in a hydrostatic approximation
LMDZ climate in 2050. However, we have to be very careful model (e.g. Holton, 2004). Hence, the variations of tem-
with this last result, as it concerns mountainous areas, wherperature induced by atmospheric aerosols changes are par-
tially cancelled in these nudged simulations. Nevertheless,
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Fig. 3. Mean number of days per year with snow at the surface (MNDW&S present-day MNDWS difference induced by BC deposition

on snow; S1-S1Bb) MNDWS difference between 2050 climate with RCP8.5 emission scenario and present-day simulafibr5(§2

(c) MNDWS difference between a 2050 scenario with higher ship traffic in the Arctic in comparison with 2050 RCP8.5 scenhlfio (S3
S2N); (d) MNDWS difference between a 2050 scenario with increased biomass burning activity in comparison with 2050 RCP8.5 scenario
(S4N-S2N). Note that future simulations are nudged toward theNSRture simulation. The differences shown(a) and(b) are statisti-

cally significant according to a two-sampléest over the whole domain.

the effect of atmospheric aerosol was not completely inacti-decrease of MNDWS in Quebec and in Siberia, both in sim-
vated in these nudged simulations, as it also induces a modifilation S3 and S4. These MNDWS local decreases reach
cation of the radiative flux reaching the surface and aresidualO days averaged over the decade-long simulation of the
atmospheric warming. The complete effect of aerosols carR050s.

be evaluated through simulations performed without nudg-

ing, as it was done for experiments S3 (with an increase

in arctic ship traffic) and S4 (with an increase in biomass4 Discussion

burning emissions). Nevertheless, we have to keep in mind

that all of these future experiments used the same prescribedrom the analysis of our nudged and not nudged exper-
SST, which cancel the feedbacks which could be generateiments, we estimate that the possible increase in aerosol
through interactions with the ocean. Since our study focusegmissions from ships or boreal fires will not affect signifi-
on the continental response to a continental forcing, the analeantly the snow cover directly from snow darkening effects.
ysis presented here should not be too much affected. FigHowever, this conclusion may not hold if we had also ac-
ure 4a and b show that without nudging the variations incounted for the atmospheric effects of aerosols. These effects
MNDWS with enhanced ship and fire emissions can be posi-are however very difficult to quantify: Shindell and Faluvegi
tive or negative depending upon the region. They are spatially2009) showed that the patterns of temperature response and
variable, and reach values ranging freriO to +10 days  aerosol radiative forcing do not correspond on a regional ba-
per year in comparison with our 2050-2060 simulation per-sis. The difficulty to answer these complex questions is re-
formed with the standard RCP aerosol emissions (S2). Noténforced by the fact that ships emit different aerosol species
that these variations of MNDWS are not statistically signifi- (Balkanski et al., 2010), which have differentiated impacts on
cant according to our two-sampléest over the major part of the climate system: they emit BC, an aerosol which absorbs
the Northern Hemisphere. In other words, it means that thesolar radiation, warming its environment, but they also emit
signal induced by the changes of aerosol emissions is toa large amount of sulphate, an aerosol which strongly scatter
low to affect the highly variable coupled land-atmospheresolar radiation, cooling locally the atmosphere via direct end
system. Nevertheless, we obtained a statistically significanindirect effects (Lohmann, 2005). The sign of the radiative
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Fig. 4. Mean number of days per year with snow at the surface (MNDWB)MNDWS difference between a 2050 scenario with higher

ship traffic in the Arctic in comparison with 2050 RCP8.5 scenario (S3—®2)MNDWS difference between a 2050 scenario with in-
creased biomass burning activity in comparison with 2050 RCP8.5 scenario (S4-S2). Simulations S2, S3 and S4 are not nudged. Areas witl
statistically significant differences, according to a two-sampsst, are shaded in grey and contoured.

forcing induced by biomass burning, which also emits bothproduce very low emissions in winter. In summer, the North-
BC, OC and sulphate depends also on the height at whiclern Hemisphere experiences a reduced snow cover. During
the particles are transported (Abel et al., 2005). In front of allfall, when solar radiation is considerably reduced compared
these complex questions, we discuss in the following whernto summer, both atmospheric aerosols and aerosols deposited
and how the MNDWS can be affected by increased ship andn snow surface have a weak impact on snow cover (Flan-
biomass burning aerosol emissions. ner et al., 2009). Spring is the season when the Arctic atmo-
Both the scenario with enhanced biomass burning emissphere experiences the most pollution (e.g. Shaw et al., 1995;
sions and those with increased Arctic ship traffic emissionsMénégoz et al., 2012). For all of these reasons, although
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Fig. 5. Spring (Spring (Apri—-May-June) BC continental deposition (nmcfmonttrl); (a) present-day deposition (S1, to-
tal=222 Ggmonthr1); (b) difference in deposition between RCP8.5 scenario for 2050 and present-day simulation (S2-S1, differ-
ence= —110 Gg monthr1); (c) difference in deposition between a 2050 scenario with enhanced ship traffic over the Arctic and an
RCP8.5 scenario for 2050 (S3-S2, difference 0.8 Gg montitL); (d) difference in deposition between a scenario with increased biomass
burning activity for 2050 and the RCP8.5 scenario for 2050 (S4-S3, diffecere2d Gg montiTL). The differences shown ifb) and(d)

are statistically significant according to a two-sanypiest over the whole domain, whereas it is not the case for the difference sh¢g)n in

summer is the period when aerosol concentrations from shipent level (see Fig. 1b). On average over all the continental
traffic and biomass burning are the largest, it is during thesurfaces of the Northern Hemisphere, this decrease repre-
spring that we find the largest significant MNDWS changessents half of the present-day spring deposition (decrease of
associated with aerosol emissions considered in experiments10 Gg month? for a present-day total of 222 Gg month

S3 and S4 (Note that the MNDWS changes are very low innorth of 3G N). The simulation performed with extra high
our simulation during the other seasons, not shown). The sigship emissions in the Arctic (S3) does not induce significant
nificant spring aerosol emissions are simultaneous with largehanges of BC deposition in spring (Fig. 5¢) in comparison
residual snow cover over continental regions of the Northerrto the S2 2050 simulation. This is due to the fact that the
Hemisphere, and thus have the potential to amplify regionakdditional Arctic ship emissions are mainly enhanced in
warming. This is why we focus the following analysis on summer, when ships use alternate Arctic routes. Yet, these
the interactions between snow and aerosols during the springnhanced ship emissions modify the atmospheric circulation

season (Apri-May—-June). and precipitation via the atmospheric aerosol radiative
forcings in our sensitivity experiment. These changes are
4.1 BC deposition on snow certainly responsible for the modelled spatial variations of

aerosol deposition during springtime. Note that this very

Present-day modelled BC spring deposition reachegveak signal is not statistically significant, indicating that
50 mg n2monttr? in Europe and Northern America, and the increase of ships emissions only generated “noise”
exceeds 100 mgn? monttr? over Southeast Asia (Fig. 5a). N the aerosol spring deposition signal of our sensitivity
Typical deposition values modelled in the pan-Arctic €xperiment S3. Such response can be therefore mainly
continental area (north of 6M) range between 0.1 and explained by natural variability. By contrast with S3, the
10 mg nT2monthL. In simulation S2, a drastic decrease in €arlier fire season considered in simulation S4 causes a
BC deposition is obtained over the whole Northern Hemi- Significant increase in BC spring deposition over both North
sphere for 2050 (Fig. 5b), with the exception of central AsiaAmerica and North Asia (Fig. 5d). The total increase of
and Alaska. In these regions, the anthropogenic emission8C continental deposition in the S4 simulation represents
are increasing in the RCP8.5 scenario compared to the cu”l Ggmonth™. Regarding spring aerosol deposition, we
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Fig. 6. Spring (April-May—June) average of snow depth (SWE, m@)present-day SWE, S1b) present-day SWE difference induced

by BC deposition on snow (S1-S1H}) difference between 2050 RCP8.5 scenario and present-day SWE (SPHSIWE difference

in a 2050 scenario with high-level ships traffic in the Arctic in comparison with 2050 RCP8.5 scenario (S&}SRYWE difference in a

2050 scenario with increased biomass burning activity in comparison with 2050 RCP8.5 scenario (S4-S2). Simulations for the middle of the
21st century are not nudged. The differences showh)iand(c) are statistically significant according to a two-samgtest over the whole

domain, whereas it is not the case for the difference showd)iand(e).

can conclude that the MNDWS changes modelled in the4.2 Spring Snow Water Equivalent (SWE)
S3 experiment is clearly not induced by snow darkening

effects by aerosols. They are more due to aerosols whepyring the spring, the present-day SWE ranges from 500 to
they are in the atmosphere, and to all the possible associateZhpo mm in mountainous areas such as the Rocky Moun-
atmospheric feedbacks. Regarding S4 spring aerosol deposiains, the Scandinavian mountains, the Ural Mountains or
tion, it is possible that the snow darkening effect of BC hasover Kamchatka (Fig. 6a). Elsewhere, over high latitude con-
impacted the MNDWS via atmospheric feedbacks. tinental areas, it takes values on the order of 100 mm. Con-
sidering BC deposition on snow in the present-day conditions
(S1-S1B) induces only a small SWE decrease over large part
of Eurasia an Northern America ranging from 0 to 10 mm
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Fig. 7. Spring (Apri—May—June) snowfall (SWE, mm month); (a) current snowfall{b) present-day snowfall difference induced by BC
deposition on snow (S1-S1B(;) difference between 2050 RCP8.5 scenario and present snowfall (SZdp&howfall difference in a

2050 scenario with high-level ships traffic in the Arctic in comparison with 2050 RCP8.5 scenario (S@)S2pwfall difference in a

2050 scenario with increased biomass burning activity in comparison with 2050 RCP8.5 scenario (S4-S2). Simulations for the middle of the
21st century are not nudged. The differences showh)iand(c) are statistically significant according to a two-samyqtlest over the whole

domain, whereas it is not the case for the difference showud)iand(e).

(Fig. 6b). However, in a few locations of Western America Eastern Canadian Islands, the Himalayan region and small
and Scandinavia, this decrease takes larger values, exceedipgrts of Northern Eurasia. An enhancement of ship traffic in
100 mm. The strongest BC induced decrease in present-dane Arctic is predicted to induce an extra decrease of the SWE
SWE appears in regions where the SWE is generally elevateth Alaska, in the Canadian shield, and in large parts of North-
in spring. Overall, spring SWE is modelled to be much lower ern Eurasia, ranging from 10 to 100 mm (Fig. 6d), and in the
in the RCP8.5 2050 scenario than under present-day condBaffin Island, reaching 10 mm. In the scenario S4 with an
tions, and the modelled SWE decrease reaches up to 50 %arlier spring biomass burning activity, spring SWE is mod-
over the major part of snow-covered areas (Fig. 6¢). Thereelled to decrease in many parts of the continental pan-Arctic
are very few regions where spring SWE is modelled to in-areas, by up to 50 mm, except in Baffin Island and in very
crease in S2 compared to S1, and these exceptions are Norimall regions of Northern Eurasia (Fig. 6e). However, these
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modelled extra SWE changes in simulations S3 and S4 aré a 2050 scenario. In simulations S3, the spring SWE change
not statistically significant according to a two-samplest,  exhibits a pattern similar to snowfall change in many conti-
indicating that the signal of the local aerosol emissions takemental areas of the Northern Hemisphere, with a general de-
into account is difficult to be characterised given the largecrease in the pan-Arctic area, except in small areas like Baf-
amount of natural climate variability, and the fact that local fin Islands and other Northern Canadian islands (Fig. 7d).
emissions play a second order role (S3—-S2 and S4-S2) conTherefore, we can assess that the atmospheric perturbations
pared to the fist order effect of GHG forced future warming induced by enhanced ship traffic BC emissions in the Arc-
effects on SWE (S2-S1). tic induce a small decrease of snowfall over large area of
The present-day SWE decrease induced by aerosol depdhe boreal continents. Even if these variations are not statisti-
sition is quite smaller than the decrease modelled in 205Qally significant according to a two-sampléest, they partly
under the RCP8.5 scenario (see Fig. 6b and c). The deeontribute to the decrease of SWE modelled in the same re-
crease of SWE expected in 2050 is due to the temperaturgion. However, it is very difficult to estimate which phys-
increase associated with the greenhouse gas radiative foréeal processes link snowfall variations to BC aerosol emis-
ing. This result clearly shows that the drastic reduction ofsions change, since aerosols from ships contain both absorb-
BC deposition in the Northern Hemisphere in 2050 (Fig. 5b)ing and reflective species which have complex interactions
is clearly not sufficient to counteract the decrease of SWEwith the atmosphere (Balkanski et al., 2010). Regarding the
induced by greenhouse gas radiative forcing and its assoS4 simulation, we can also assess that the snowfall decreases
ciated temperature increase (Fig. 6¢). As explained previwhich take place in the major part of Northern America, in
ously, there are almost no changes in aerosol spring depaiortheastern Europe and in Northeast Asia (Fig. 7e) are re-
sition in the simulation S3 with enhanced ship emissions.sponsible for part of the modelled decrease of both MNDWS
The modelled changes in MNDWS and SWE are thereforeand SWE in these regions. However, this assumption is not
due to atmospheric aerosol effects, which can experience atrerified in Northern Central Siberia, where we modelled an
mospheric feedbacks. For the S4 simulation with enhancednhcrease of snowfall but a decrease of the SWE and the
biomass burning in spring, there is a significant increase ofMNDWS. In this region, the SWE decline is certainly in-
aerosol deposition, which may explain a part of the MNDWS duced by an aerosol forcing. It may be due both to a decrease
and SWE diminutions in some regions of Northern Eurasiaof the snow albedo via aerosol deposition, and to a warming
and Northern America. This assumption appears very likelyof the atmosphere associated with an increase in the atmo-
where the MNDWS variations are statistically significant, in spheric concentration of BC.
northeastern America as in central and eastern Siberia. How-
ever, the SWE variations are generally not statistically signif-
icant, and there is no clear correlation between BC depositios Conclusion
and snow cover variations. Therefore, it is likely that part of
the SWE changes are also consecutive to surface energy balhe snow-cover changes induced by aerosol emissions were
ance changes or to snowfall variations in our simulations. evaluated in the boreal continental area both for the present-
day and for the middle of the 21st century. The following
4.3 Spring snowfalls eight experiments were carried out: two present-day simu-
lations, with one of them not considering the snow albedo
Present-day spring snowfalls are widespread over a large pavariations induced by aerosol deposition, and six 2050-2060
of the continents in the Northern Hemisphere (Fig. 7a). In oursimulations based upon the RCP8.5 gas and aerosol anthro-
present-day simulation, the snow albedo decrease inducegogenic emission inventory.
by BC aerosol deposition leads to a slight but statistically We estimate that current aerosol emissions directly cause
significant snowfall reduction (Fig. 7b). A large part of the a decrease of the MNDWS ranging between 0 and 10 days in
spring decrease in SWE between 2050 and present-day sinfarge areas of the boreal region. This “snow darkening effect”
ulations (Fig. 6¢) can be explained by this snowfall feedbackis essentially due to the BC deposition during the spring, a
(Fig. 7c). In most part of the spring snow-covered area ofperiod of the year when the remaining of snow accumulated
the Northern Hemisphere, snowfall decreases by 50 % (seduring the winter is exposed to both strong solar radiation
Fig. 7a and c) in S2 compared to S1. This is mainly due toand large amount of aerosol deposition. This deposition over
temperature rise, which transforms snowfall into rainfall. We continents represents 222 Gg montiof BC north of 30 N.
find only few and small areas, like North Eastern CanadianRecent papers have shown that the “snow darkening effect”
Islands, parts of the Himalayan region and very small parts ofaffects as much the present-day snow cover as the warming
Northern Eurasia where snowfall increases. However, theseénduced by anthropogenic GHG (e.g. Flanner et al., 2007,
increases may explain the SWE increases modelled in th€009, 2012; Jacobson, 2004).
same regions. The projected drastic decrease of the anthropogenic
Based upon the sensitivity experiments S2, S3 and S4, waerosol emissions from the RCP scenarios for the middle of
are able to evaluate the impact of an aerosol emission changbe 21st century in the Northern Hemisphere may limit the
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decrease of snow albedo due to absorbing aerosol deposincrease of BC spring deposition represents 21 Gg mdnth
tion. But this response is very much dependent on the qualityon continents located north of 38. However, with such
of the emission scenarios, as no inflexion in BC emissionsemissions, we do not simulate a reduction of the MNDWS in
over Asia have been observed in the past decades. Nonethan experiment performed with winds nudged toward atmo-
less, a major part of snow-cover in the Northern Hemispherespheric reanalyses. This demonstrates that our biomass burn-
will experience a significant reduction under the GHG forceding emission scenario does not induce a significant reduction
warming. By comparison with present-day conditions, theof the snow cover, either via “snow darkening effects”, via
MNDWS was found to be reduced by 10 to 100 days over“aerosol diming”, or via “atmospheric warming due to ab-
the major part of the continental regions of the Northernsorbing aerosols”. However, considering all the aerosol forc-
Hemisphere by the middle of the 21st century. The mainings and atmospheric feedbacks in an experiment performed
cause for this decrease is a temperature rise that substitut@gthout nudging, enhanced fire activity induces a significant
snow to rain over several regions and accelerates meltingdecrease of the MNDWS reaching a dozen of days in Quebec
The relative contribution of the snow darkening effect to the and in Eastern Siberia.
total snow cover reduction will clearly decrease in the next Due to the snow-albedo feedback, the Arctic is a region
decades, as those of the GHG forcing is expected to stronglyery sensitive to climate change. As a consequence of this
increase. These conclusions have been reached with a futufeedback, Flanner et al. (2009) showed that absorbing aerosol
scenario that considers strong increases in greenhouse gamissions reduced the springtime snow cover as much as
concentrations. The decrease of the aerosol impact on snovanthropogenic greenhouse gases since the pre-industrial pe-
cover should be relatively more important for a scenario withriod. Consequently, limiting aerosol emissions appears as es-
lower greenhouse gases concentrations. sential as limiting greenhouse gases emissions to slowdown
Considering a significant additional increase in ship trafficthe snow cover decline observed over the Northern Hemi-
in the Arctic by the mid-21st century does not lead to sig- sphere. Foreseeing the possible emissions scenarios in the
nificant changes of the aerosol deposition over snow-covere@1st century, one can envisage for strong aerosol reductions
areas in the most sensitive period for a positive climate feedin most industrialised regions over the Northern Hemisphere
back, springtime. Therefore, the MNDWS is clearly not af- with the introduction of advanced technologies in controlling
fected by snow darkening effects associated with these Arcemissions. However, increases in the emissions and concen-
tic ship emissions. This result has been demonstrated udrations of greenhouse gases that are projected in most sce-
ing a simulation nudged toward the observed atmospherenarios are expected to significantly reduce the snow cover
to quantify how aerosol deposition could directly affect the in the middle of the 21st century. It appears very challeng-
snhow cover. We have to keep in mind that applying nudg-ing to estimate accurately the snow cover changes induced
ing techniques in these sensitivity experiments strongly lim-by the possible changes in aerosol emissions in the Arctic
its all the possible atmospheric feedbacks, but does not carend in the boreal region because of the complex processes
cel completely the dimming happening in surface and the atinking aerosol forcing, atmosphere response and snow cover
mospheric warming due to atmospheric aerosols. As a consaedtynamics. Thanks to the comparison between our nudged
quence, atmospheric BC aerosols associated with Arctic shipnd not nudged simulations, we can maintain that the de-
traffic have also no direct impact on the snow cover. In ancrease of MNDWS that we simulated in our scenario with
experiment considering such an increase of ship emissiongicreased ships traffic or enhanced fire emissions is more ex-
without nudging toward atmospheric reanalyses, we simu-plained by the atmospheric feedbacks than by the forcing di-
lated some changes of the MNDWS. Ships emit absorbingectly generated by these aerosols, either in the atmosphere,
aerosols like BC and to a lesser extent OC, but in compari-either deposited on the snow. The aerosol forcing is the ini-
son a lot more sulphur dioxide, which strongly scatters thetiator of the modelled changes, but several feedbacks can be
incoming solar radiation, thereby cooling the atmosphereinvolved: as an example, a warming induced by absorbing
Modifying the atmospheric energy balance by accounting foraerosols located in the snow or in the atmosphere will gen-
these aerosols affects the atmospheric circulation and the prerate a diminution of snow cover. This one will induces a
cipitation pattern. In this experiment, the MNDWS changesdiminution of the surface albedo, therefore an increase of
are generally not statistically significant in boreal continents,the solar energy absorbed by the surface, and finally an in-
except in Quebec and in the West Siberian plains, where therease of temperature, itself impacting the atmospheric cir-
MNDWS decrease from 5 to 10 days. culation and the precipitation pattern and phase. In particular,
Biomass burning activity proportionally emits more BC we found in our simulation a diminution of both snowfall and
and OC aerosol and much less sulphate compared with shiSWE in the area where we modelled a decrease of MNDWS.
traffic. We modelled a significant increase in BC spring de- Such variations are associated with a warming of the low lay-
position that exceeds 1 mgrAmonth® over large parts of  ers of the atmosphere in these regions (not shown). Further
America and Eurasia in a 2050-2060 simulation that takesimulations could be performed to diagnose accurately the
into account forest fires that are 50 % stronger and are proaerosol direct and indirect effects generated by the aerosol
jected to occur 2 weeks earlier and later than at present. Thiemissions scenarios that we suggest in this paper. Such pro-
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tocol has yet been applied to estimate the radiative forcing of over southern Africa, Atmos. Chem. Phys., 5, 1999-2018,
the present-day aerosol emissions (IPCC, 2007). However, if doi:10._5194/acp-5-1999-2005905. _

it is quite easy to apply this protocol for the aerosol direct Balkanski, Y., Schulz, M., Claquin, T., and Guibert, S.: Reevalua-
effect (e.g. Balkanski et al., 2010), it appears to be a more tion of Mineral aerosol radiative forcings suggests a better agree-

delicate exercise for indirect effects (e.gédhdreis et al.,
2012). Besides, the snow albedo variations induced by ab

sorbing aerosol deposition is quite dependent on the chemica
composition of these aerosols (Wang et al., 2012), their evo-

lution within the snow cover (Aamas et al., 2011; Conway et
al., 1996), and their mixing state with snow grains (Flanner et

ment with satellite and AERONET data, Atmos. Chem. Phys., 7,
81-95,doi:10.5194/acp-7-81-2002007.

alkanski, Y., Myhre, G., Gauss, M.,&el, G., Highwood, E. J.,
and Shine, K. P.: Direct radiative effect of aerosols emitted by
transport: from road, shipping and aviation, Atmos. Chem. Phys.,
10, 4477-4489%0i:10.5194/acp-10-4477-2012010.

Bond, T. C. and Bergstrom, R. W.: Light Absorption by Carbona-

al., 2012). Further experiments dealing with these processes ceous Particles: An Investigative Review, Aerosol Sci. Tech., 40,

could provide a realistic spread about the existing knowl-

27-67, 2006.

edge concerning BC and its interactions with snow albedoBond, T. C., Bhardwaj, E., Dong, R., Jogani, R., Jung, S., Ro-

Nevertheless, we predict that the likely future aerosol emis-

sions from ship traffic over the Arctic region or an increase
in biomass burning will play a minor role in the reduction of

continental snow cover area through snow darkening direcE3
effects at high northern latitudes. We have not attempted to

predict future changes in sea ice due to these effects but the
may be significant.
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