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Abstract

We used a coupled climate-chemistry model to gbathie impacts of aerosols on snow cover
north of 30°N both for the present-day and for thiedle of the 2% century. Black carbon (BC)
deposition over continents induces a reductionhzn Mean Number of Days With Snow at the
Surface (MNDWS) that ranges from 0 to 10 days ¢eye areas of Eurasia and Northern America
for the present-day relative to the pre-indusipdiod. This is mainly due to BC deposition during
the spring, a period of the year when the remaimhgnow accumulated during the winter is
exposed to both strong solar radiation and largeusrtnof aerosol deposition induced themselves
by a high level of transport of particles from podld areas. North of 30°N, this deposition flux
represents 222 Gg BC mofitbn average from April to June in our simulatioafge reduction in
BC emissions is expected in the future in all & Representative Concentration Pathway (RCP)
scenarios. In particular, considering the RCP8.6unsimulation leads to a decrease in the spring
BC deposition down to 110 Gg mofitin the 2050s. However, despite the reduction efaerosol
impact on snow, the MNDWS is strongly reduced b$®0vith a decrease ranging from 10 to 100
days from pre-industrial values over large partstha® Northern Hemisphere. This reduction is
essentially due to temperature increase, whichii® gtrong in the RCP8.5 scenario in the absence
of climate mitigation policies. Moreover, the prcied sea-ice retreat in the next decades will open
new routes for shipping in the Arctic. Howeveraeagke increase in shipping emissions in the Arctic
by the mid 21 century does not lead to significant changes ofd@Position over snow-covered
areas in our simulation. Therefore, the MNDWS isadly not affected through snow darkening
effects associated to these Arctic ship emissidnsan experiment without nudging toward

atmospheric reanalyses, we simulated however sdraeges of the MNDWS considering such
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aerosol ship emissions. These changes are geneatlbfatistically significant in boreal continents
except in the Quebec and in the West Siberian glautere they range between -5 and -10 days.
They are induced both by radiative forcings of #8aeosols when they are in the snow and in the
atmosphere, and by all the atmospheric feedbadiesel experiments do not take into account the
feedbacks induced by the interactions between oardratmosphere as they were conducted with
prescribed sea surface temperatures. Climate chbypgie mid 21 century could also cause
biomass burning activity (forest fires) to becomerenintense and occur earlier in the season. In an
idealized scenario in which forest fires are 5086rgger and occur 2 weeks earlier and later than at
present, we simulated an increase in spring BC sigpo of 21 Gg BC month over continents
located north of 30°N. This BC deposition does ingpact directly the snow cover through snow
darkening effects. However, in an experiment carang all the aerosol forcings and atmospheric
feedbacks, except those induced by the ocean-atramspnteractions, enhanced fire activity
induces a significant decrease of the MNDWS reaghimlozen of days in Quebec and in Eastern

Siberia.
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1 Introduction

The boreal regions have been characterized as@regry sensitive to climate change (Lemke et
al., IPCC, chapter 4, 2007). One reason for theliiogtion in Arctic and Subarctic surface
warming in response to increased greenhouse gazmipations is the snow and sea-ice albedo
feedback, which decreases surface albedo as sndwsem ice further melt and disappear in
response to the warming by greenhouse gases (8estest., 2006, Qu et al., 2007). Both sea-ice
and snow-cover extents have been observed to slowek the last decades in the Northern
Hemisphere (Serreze et al., 2007, Shi et al. 2@{)w-cover extent is expected to decrease further
during the 21st century (e.g. Hosaka et al., 2608, and Gong, 2005). However, it is quite difficul
to evaluate accurately this decrease using climaddels, because of both the complexity of the
interactions between the snow and the atmosphetethan uncertainties when predicting future
anthropogenic climate forcing (Qu and Hall, 2006 2007, Ghatak et al. 2010).

In contrast with the Antarctic, the Arctic atmosphés quite polluted. An ensemble of short-lived
species emitted in the industrialised mid-latitudsgions of the Northern Hemisphere are
transported towards the Arctic, where their lifetimncreases due to the weak intensity of removal
processes, in particular during the winter. Thedpert of pollutants into the Arctic atmosphere
occurs especially in spring, and has been refeilwechuse the "Arctic Haze" phenomenon (e.g.
Shaw, 1995, Stohl et al., 2006). Ozone and aeraselgshe main short-lived species transported
toward the Arctic that impact significantly the mhte of this region, modifying regionally the
radiative balance of the atmosphere (Law and St2007). Ozone is a strong greenhouse gas,
inducing a positive radiative forcing and causingegional increase of the surface temperature
(Shindell et al., 2006). Sulphate, Organic CarbOC) and nitrate aerosols are known to scatter
solar radiation, inducing a negative radiative ifogcat the top of the atmosphere and a cooling of
the Earth's surface (Penner et al., 2001, Kanaki@0Q5). Black Carbon (BC) strongly absorbs
solar radiation, inducing a positive forcing at tbp of the atmosphere and a negative instantaneous
forcing at the surface (Reddy et al., 2005). Thetihg of the atmosphere due to BC induces also an
increase in the downward longwave radiation. Oughlly reflective surfaces like snow covered
areas, this increase in the longwave flux can lgldri than the decrease of the shortwave flux
induced by atmospheric BC (Quinn et al., 2008) atldition to these direct radiative forcings,
aerosols affect clouds microphysics, processesreefdéo as the aerosol indirect effects. Although
uncertain, these effects are thought to inducegatne radiative forcing, both at the top and the
bottom of the troposphere (Lohmann et al., 200®)weler, it has been suggested that there is also

a longwave positive radiative forcing from aeroslolud interactions in the Arctic (Garrett and
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Zhao, 2006; Lubin and Vogelmann, 2006). In additimmce deposited to snow or ice, BC and OC
absorb radiation within the snowpack, and causeather snow disappearance or decrease the
snow mass, inducing a positive forcing at the sgfahrough decreased albedo (e.g. Warren and
Wiscombe, 1980, Clarke and Noone, 1985, Jacobs064,2Hadley and Kirchstetter, 2012).
Overall, Shindell and Faluvegi (2009) and Shin¢20i12) pointed out that the temperature response
to a radiative forcing is not necessarily corredateth the location of this radiative forcing. Thss
particularly true for the Arctic surface temperatuesponse, which can be of opposite sign to that
of the radiative forcing. This points to the nedyst® apply Global Circulation Models (GCM) to
guantify the surface temperature response to difteradiative forcings in a particular region.
Overall, Shindell (2007) and Shindell and Faluvgfl09) estimate that both anthropogenic well-
mixed greenhouses gases and short-lived specieschatributed to the Arctic warming.

The main source of aerosol in the Arctic atmospletke transport from polluted regions in North
America, Europe and Asia, while local aerosol emiss are very small (Shindell et al., 2008;
Browse et al., 2012). Future aerosol concentratiioise Arctic are therefore very dependent on the
evolution of the anthropogenic emissions from thesgions. According to the Representative
Concentration Pathway (RCP, Moss et al., 2008) €orisscenarios, aerosol emissions in Northern
America and Europe are estimated to have reachedmum values at different time periods
during the 28 century, depending on countries and on the chérsjmecies under consideration
(Bond et al. 2007, Smith et al., 2011). These mgjiwow experience a significant decrease in their
aerosol emissions. This is not the case of Asiailsgans, which are still increasing. Their decrease
is projected to take place in the next decaddsoadth the exact timing is quite difficult to estima

as the projections for energy demand, biofuel comion and the introduction of new technologies
are not set in stone (Ohara et al., 2007). In addtb anthropogenic emissions occurring in densely
populated and industrialized regions, it seems that local sources could affect the Arctic
atmosphere in the decades to come: first, shipstoms could increase significantly, as summer
sea-ice retreat will open new routes across thédA@cean (Corbett et al. 2011). In particular, the
possible increase of petroleum activities, extaactaind refining, could induce an enhancement of
ship traffic in some parts of the Arctic. Howevére atmospheric pollution associated to such
emissions in the Arctic should be limited by thecréase in emission factor as technology
progresses (Peters et al., 2011); second, biom&ssig emissions are expected to become stronger
and to occur earlier in the season. The earlieurwence of forest fires has recently been observed
in high latitudes, in particular during warmer add/er spring periods, in response to climate
warming (e.g. Warneke et al. 2009). Flannigan et(2009a; 2009b) projected for instance that
climate warming will induce an increase of firereity in temperate and boreal regions, mainly

from forest wildfires.
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The goal of this study is to estimate the snow-cogiations in the boreal and temperate regions
for the middle of the Zicentury using simulations with a global coupleth@pheric general

circulation and chemistry model prescribed witHet#nt aerosol local emission scenarios. As our
quite coarse model is not able to describe recdityi the seasonal snow cover over regions with
complex topography, we excluded from our analysistnof the mountain ranges of the Northern
Hemisphere. In particular, we excluded a large péartHimalaya, choosing a domain of study
extended from 30°N to the North Pole. Using a landace model enhanced for including the
effects of BC on snow albedo, we investigate hog deposition of absorbing aerosols on snow
affects snow cover dynamics and feedbacks on rapiolmate. We evaluate the snow-cover
changes in the 2050 decade for the intensive RCB&MBario (Representative Concentration
Pathway 8.5, Moss et al., 2008, 2010, Riahi, 20@rAy analyse thereafter the role of possible

enhanced aerosols local emissions in the Arctiomneg

2 Experimental set-up

2.1 Model description

We used the “LMDZ-INCA-ORCHIDEE” atmospheric Genlefairculation Model to study the
interactions between atmosphere, aerosols and soeered areas. This model consists of three
coupled modules: the LMDZ general circulation modegpresents the atmospheric component
(Hourdin et al., 2006). INCA (Interactions betwe€hemistry and Aerosols) describes gas- and
agueous-phase chemistry (Hauglustaine et al., 20Bducher et al., 2002), as well as aerosol
physical properties such as size and hygroscop{@tlkanski et al., 2010), which control the
amount of wet and dry deposition. The coupling leetwthe LMDZ and INCA models allow for an
interactive simulation of five aerosol chemical @ps, hamely sulphate, BC, OC, sea-salt and dust.
Direct aerosol forcing is taken into account for ,BOQC, seasalt and dust, and both direct and
indirect effect are taken into account for sulph&€ and OC aerosol, as described in Déandreis et
al. (2012). We used here LMDZ and INCA with a hontal resolution of 96 x 95 grid points in
longitude and latitude, and with a vertical disis&ion of 19 layers. Finally the ORCHIDEE land
surface model serves as the land surface boundaditon for LMDZ and describes exchanges of
energy and water between the atmosphere, the sdiltlee biosphere (Krinner et al., 2005),
including a dynamic snow module. The coupling betw&éMDz and ORCHIDEE is described by
Hourdin et al. (2006), and those between LMDz aw@A is detailed by Hauglustaine et al. (2004)
for chemistry and tracers and by Balkanski et 2007, 2010) and Déandreis et al. (2012) for the

computation of the aerosols radiative forcings.



146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180

For this work, we used the detailed representatiosnow-cover implemented in ORCHIDEE by
Krinner et al. (2006) who studied the interactitv@tween dust aerosol and ice-sheets in Northern
Asia during the last glacial maximum (21000 yeaP).Bin this scheme, snow albedo and snow
cover are described separately for forests andslgrads/deserts, with a subgrid-scale orographic
variability to compute accurately the energy batamt mountainous areas (Douville et al., 1995,
Roesch et al., 2001). The aerosol content of tbevsaand its albedo are computed with a two-layer
scheme, with a top layer of 8 mm (Snow Water EdaiMa SWE), and a bottom layer containing
the remaining snow. A detailed description of theatment of the snow/aerosol interactions in
ORCHIDEE can be found in Krinner et al. (2006). Hmer, only dry-deposited dust aerosol was
taken into account in this study. Here, we als@ tiato account BC, as its very absorbing property
makes it likely to impact significantly the snowganergy balance and the snow cover extent (e.g.
Jacobson, 2004). Unfortunately, OC deposition mwsis not taken into account in our simulation.
This aerosol also absorbs solar radiation, butettemain a lot of uncertainties concerning its
radiative properties and its behaviour within tiewpack. We hope to take these processes into
account in a further study. BC dry and wet deposgiare computed by the INCA atmospheric
chemistry module with a six-hourly time step. AKinnner et al (2006), dry deposition contributes
to increase the aerosol content in the top snowrlaiet deposition also supplies aerosol to the
surface layer, but it should be noted that thixcess is associated with an entry of fresh snow. If
snowfall brings more snow than the maximum heidghthe snowpack surface layer, then aerosols
in this previous surface layer are transferred ithi® bottom layer. Note that we considered a
constant snow density of 330 kg>min further studies, we hope to include a mordiséa
representation of snow density in our model. Ifvgfadl brings less than the maximum height of the
surface layer, the new aerosol concentration ofstiréace layer is computed with the proportional
contributions of the old aerosol concentrationhd surface layer and those of the snowfall which
reaches the surface layer (wet deposition). Dumiief or sublimation, snow mass is supposed to be
lost from the surface layer. This one is therefexéended downwards to attain 8 mm SWE (if
enough snow remains in the bottom layer). The aérmsss corresponding to the lost snow height
is added to those of the new surface layer. Thesiap used to compute the snow aerosol content is
the same as those applied to the whole surfacems;ie. 30 min. More details about this snow
scheme can be found in Krinner et al. (2006). Conefaal. (1996) observed that BC could be
flushed effectively trough the snow in melting cammhs, with velocities strongly dependent on the
particle size. However, the Conway et al. (1996)dgt was based upon experiments with
particularly high rates of snow melting since thegre performed during summer at altitudes
around 2000 meters over the Northern United St&fiese recent observations by Aamaas et al.
(2011) in Spitsbergen showed that BC aerosols terstay at the surface of the snowpack even
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during melting conditions. Building on this expeenal evidence, and in contrast with Krinner et
al. (2006), we will consider in this study that lbalust and BC do not flush through the snow, and
stay at the surface until a new snowfall occursiril the disappearance of the snow-cover. This

assumption could overestimate the magnitude of &0sal effects on the snow cover and climate.

Snow albedo is estimated using the parameterisatioiarren and Wiscombe (1980), which is
adapted for snow containing aerosols. As in Kringieal. (2006), the snow albedo of the bottom
snowpack layer is computed first for diffuse raidiatas a function of the underlying albedo, snow
grain size and aerosol content. Snow grain sizédvesgrognostically as a function of snow age
and temperature (Marshall and Oglesby, 1994), nlikei the aerosol content, it takes the same
value in both snow layers. The spherical albedthefbottom layer is then used as the underlying
albedo for computing the albedo of the surfacerlageth for diffuse and direct solar radiation.
Snow albedo is averaged separately in the visibtereear-infrared parts of the solar spectrum. We
adopt the same aerosol physical properties as us@&ahlkanski et al. (2010) to evaluate their
radiative forcings in the atmosphere. Within thevgnwe do not know the extent to which aerosols
are internally mixed, how they interact with snovaigs, and how their hygroscopic and radiative
properties evolve in time. Faced with all these eutainties, we decided to consider simpler
physical and radiative properties for aerosoldigngnow in comparison with atmospheric aerosols.
In futur model developments, we hope to includeaeraccurate representation of the interaction
between aerosols and snow grain. Flanner et all2{26howed that accounting for the internal
mixing of BC within snow grains increases its raidia forcing by 40 to 85% compared with
treatments of externally-mixed BC in snow. Therefdhe simplification applied in our study may
potentially underestimate the BC effect on snovedth The size and radiative parameters for dust
are the same as used by Krinner et al (2006),vimtig Guelle et al. (2000) and Balkanski et al.
(2007). Black carbon is assumed to follow a logamar size distribution with a median number
radius of 11.8 nm, characteristic of freshly enditsoot (Dentener et al., 2006, Jacobson et al.,
2004). In the real world, this diameter increasegldy, as BC undergoes ageing and coagulation
and can be coated by other aerosols in the atmospHewever, as we do not consider internal
mixtures for BC in snow, we consider that BC ael®segain their initial size when incorporated in
the snowpack. We considered a BC density of 1 §,@nd the refractive index for BC is taken to
be m=1.75-0.45i. Refractive indices for ice arectakrom the GEISA database (Jacquinet-Husson
et al., 1999). The corresponding mass absorptiossesection (MAC) of BC resulting from these
assumptions of size distribution, density, andaafve index reaches a value of 7.6 Mz 545

nm (mid-visible, see the MAC definition of Bond aBérgrstrom, 2006, and Boucher, 2011). This
value is comparable to 751.2 m2g', a value found by Flanner et al (2007) and Bond an

Bergrstrom (2006). Such value could however be akeeed in further study, as Flanner et al.



216 (2012) found larger values considering internaling¥or snow and aerosol.

217 2.2 Description of smulations

218 Table 1 describes the eight 11-year global simutatihat we performed to characterize the impact
219 of BC deposition on snow cover both for the pregmtod and for the middle of the 2&entury.
220 We exclude from our analysis the first year of dation, considered as a spin-up period. The two
221 first experiments - designated as S1 and S1B -ritbesthe present-day atmospheric state (1998-
222 2008), using prescribed observed Sea Surface Temoper(SST, see Rayner et al., 2003) with
223 winds nudged toward ERA-40 reanalysis from the paam Centre for Medium-range Weather
224  Forecasts (ECMWEF). Note that pressure, temperatadehumidity are computed with the LMDZ
225 model without nudging in these experiments. Thegmglis applied only for horizontal winds as
226 described in Coindreau et al. (2006). Such protasobery useful to reproduce the observed
227 atmospheric state (Douville, 2010), letting howetlee model partially free to react to external
228 forcings. We only applied the nudging to winds tmid possible inconsistencies between winds
229 and other meteorological variables (pressure, teatypes, and moisture). These experiments were
230 conducted with the present-day global aerosol eamssventory described in Lamarque et al.
231 (2010), an inventory made for the Coupled Modekmtomparison Project Phase 5 (CMIP5,
232 CLIVAR special issue, 2011). In S1B, the BC contanthe snow is set to zero, whereas it is
233 computed from aerosol deposition in all the othepegiments. The six other experiments were
234 conducted over the period 2050-2060. They are bagmuh the aerosol and gases intensive
235 emission scenario RCP8.5 (Representative Conciemir®athway 8.5, Moss et al., 2008, 2010,
236 Riahi, 2007), characteristic of a scenario withchmate mitigation policies to limit greenhouse gas
237 emissions. This scenario corresponds to a tothrapbgenic forcing in 2100 of approximately 8.5
238 W m™ All six experiments were conducted with presaiilgST for the 2050s decade as produced
239 from a previous coupled ocean-atmosphere simulati€ing IPSL-CM5A configuration in the
240 context of the CMIP5 exercise (Dufresne et al.,20As for the two present-day simulations, using
241 prescribed SST for these experiments cancel coaliplatl the possible feedbacks involving the
242 atmosphere ocean interactions. The first one detlséx experiments — designated as S2 — has been
243 performed with the aerosol emission inventory cgpomnding to that defined for the RCP8.5
244  scenario (Lamarque et al., 2009). Importantly, noidgne RCP emission inventories used in CMIP5
245 simulations over the 21century considers variations of “local” emissidnsthe Arctic, which
246 could be associated to a significant increase ip shffic in the Arctic or to an intensificatiorf o
247 biomass burning in boreal and temperate regionstH®reason, we performed another simulation
248 — S3 — similar to S2 but replacing the baselineti&rship emissions in the RCP8.5 2050 by a
249 scenario that includes important ship traffic oectic routes. These larger ship emissions are
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based on the “high-growth” scenario of Corbett le{2010), considering a high increase in ship
traffic over the current Arctic routes. This sceoaiakes also into account the diversion routes
opened during the summer following the seasonatatbf sea-ice expected in the next decades.
Finally an S4 simulation was also performed, simita S2, but with enhanced biomass burning
activity. Following Flannigan (2009a; 2009b), wensmler an increase of 50% of BC and other
aerosols emitted by fire during all the year. ldifidn, we consider also a 1-month extension of the
fire season in the Northern hemisphere (startingldys prior and extending 15 days after the fire
season of the present-day): From January to Juwesp.(from August to December), monthly
emissions are computed as the average betweemiksi@n of the current month and those of the
following (resp. previous) month. S3 and S4 emissiariations are applied to sulphate, BC and
OC. S2, S3 and S4 experiments consist of a pairlefears simulations, with initial conditions
slightly modified in one of them, to be able to lgma 20 years of model output, as 10 years would
clearly be insufficient to make comparisons statidty robust. In addition, to evaluate in more
details the impact of the future aerosol emissichanges without considering atmospheric
feedbacks, we realized three more experiments mudlyeard our first 2050-2060 simulation:
S2 N, S3 N and S4 N all have winds nudged towarde&2h of them using the same aerosol
emissions as respectively S2, S3 and S4. NoteSthalN has been nudged toward itself (S2). This
has been done to analyze the difference betweeanlaions induced by the aerosol emissions
change and not by the nudging itself.

Current BC emissions are particularly intense dliermain industrialized regions of the Northern
Hemisphere (Figure 1a) with 2878 Gg yeaff BC emitted north of 30°N in the CMIP5 emission
inventory (Lamarque et al., 2010) that we useddor S1 simulation. Regarding the difference
between S2 and S1 (Figure 1b), we diagnose thatdiog to the CMIP5 inventory, BC emissions
are expected to significantly decrease over thenpgrts of industrialized areas in RCP8.5 (-1588
Gg yeal'), except in some regions of Central Asia. Noté this emission decrease is significant in
all the RCP scenarios. These decreased aerosatienssare projected by integrated assessment
models under the hypothesis that increases in atigdsl wealth are accompanied with the
introduction of new technologies to reduce emissidfote that all the different RCP consider the
same evolution for these technologies evolutiois Being said, the RCP8.5 projections indicate
an increase of emissions over the oceans, assbd¢@tan increase in ship and air traffic, which
appears inevitable (Eyring et al., 2005, Sgvdel.et2807). Figure 1c shows the increase in BC
emissions estimated by Corbett et al. (2010) cars®igto the evolution of ship traffic over the
Arctic Ocean which could take place in additionthe RCP8.5 emissions for 2050. Note that we
consider a diminution of shipping emissions forreat routes, as Arctic new routes would partially

replace current ones (Corbett et al., 2010). Ferréason, the total difference in emissions whih t
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S2 simulation is very small (only +3.9 Gg yéarFinally we show in Figure 1d the increase in BC
emissions associated to the idealized lengthening5(days before and between the fire season)
and intensification (+50%) of biomass burning seaapplied on top of the RCP8.5 emission
scenario (+ 236 Gg yeamorth of 30°N). Note that biomass burning emissiare assumed to be

constant during all of the #Tentury in the RCP8.5 scenario.

3 Results

We computed the Mean Number of Days per year WiibwSat the surface (MNDWS) in all of our
simulations as an indicator of the effects of agloemissions on snow cover. We considered the
surface to be snow covered when the snow massgeei@er one day exceeds 0.01 Kg.(ne.
0.01 mm. snow water equivalent). Note that dusssions were constant for all the simulations. In
the following, we will not discuss the dust effeots snow. Figure 2a and 2b represent the MNDWS
as observed (NSIDC, 2008) and modelled in our pteday control simulation S1, respectively.
The MNDWS ranges from several days at 30°N to alrmaamplete year north of 75°N. The goal
of our study is not to analyse in detail the apitit our GCM to describe the snow cover, as we will
focus more on the analysis of sensitivity experiteemth this GCM. Nevertheless, looking at the
Root Mean Square Error (RMSE) between modelled absgrved MNDWS (Figure 2c), we see
that our model describes quite well the snow caleation over flat areas (RMS varying between 5
and 20). This is not the case in mountainous dileathe Himalayas, the Altay Mountains, the Alps
and the Rocky mountains where the RMSE generaltgeds values of 40 and can reach values of
300 days. As a consequence, we have to be veryutavBen we draw conclusions from the
analysis of our simulation in these regions. Suafpeherrors are clearly due to the coarse resolution
of our model, which does not allow a correct repnéation of the complex topography of these
mountain ranges. Note that we did not considemtimaber of days with snow at the ground over
glaciers, icecaps or sea ice in our study. We digthas well snow cover variations modelled in
grid-cells located just next to icecaps (Greenlasidye the representation of these icecaps is also

not accurate due to the coarse spatial resolufionromodel.

In the following, we discuss the difference of MN®\between our different simulations. The
statistical significance was estimated using a $ample t-test. This statistical test is applied to
validate the hypothesis that the mean of two sitrarla are different at the 95% significance level.
All areas with statistically significant differere@re shaded in grey on Figures 3 to 7. Regarding
present-day conditions, considering the influen€eBG deposition on snow albedo induces a
decrease of the MNDWS that is statistically sigmaifit over a major part of the continents of the

Northern hemisphere (Figure 3a, difference S1-STBjs decrease lies within a range of 1 to 10



318 days over large areas of Eurasia and Northern AimeRegarding future conditions, there is a
319 significant decrease of the MNDWS in the S2 simakafor 2050 (Figure 3b). This reduction is
320 statistically significant, and ranges from 10 t® Ifays in most parts of northern continental areas.
321 Due to global warming forced by greenhouse gakesheginning of the snow-accumulating season
322 (respectively, the beginning of the snow-meltingssm) is modelled with ORCHIDEE coupled to
323 LMDZ to occur later in autumn (resp. earlier inieg) in most snow-covered northern regions. A
324 negative trend of MNDWS has already been obserwethgl the last decades (e.g. Déry et al.,
325 2007, Roesch et al., 2006, Mote et al., 2005). lhoee Hosaka al. (2005) and Brutel-Vuilmet et al.
326 (2012) expect an acceleration of this phenomeném the 2% century. Similar to the results
327 reported by Hosaka et al. (2005), we found thastiev cover changes are also driven in the model
328 Dby snowfall variations. As an example, the snowetaluration is less reduced in Eastern Siberia
329 than in Scandinavia, because snowfall is modetieddrease in Eastern Siberia in the middle of the
330 21% century. We found also a slight increase of theDMXS compared to present-day over some
331 northern parts of China and over the USA, also eeduby a local increase in snowfall for the
332 modelled LMDZ climate in 2050. However, we haveb® very careful with this last result, as it
333 concerns mountainous areas, where the GCM coasstutien cannot provide accurate results as

334 explained above.

335 Considering an increase in aerosol emissions fraotiAships or from biomass burning in our
336 2050-2060 nudged experiment induce MNDWS variatignasi equal to zero (see Figure 3c and
337 3d, showing respectively MNDWS differences S3_N4$2and S4 N-S2_N). It clearly means that
338 the snow albedo changes associated with this gedsitrease in aerosol emission is negligible in
339 comparison with the snow albedo changes induceaytby the current aerosol emissions in the
340 Northern Hemisphere. We have to keep in mind thate future sensitivity experiments were
341 nudged, a process that limits atmospheric feedbatliese experiments allow to quantify the
342 changes of snow cover duration induced by the aksffects on snow albedo, strongly minimizing
343 both the effect of aerosols when they are in th@aphere and the temperature changes induced by
344 the snow cover variations. The nudging was appidg to the horizontal wind, but temperature is
345 also indirectly nudged as these two variables aite glependent in a hydrostatic approximation
346 model (e.g. Holton, 2004). Hence, the variationgemfperature induced by atmospheric aerosols
347 changes are partially cancelled in these nudgedlatians. Nevertheless, the effect of atmospheric
348 aerosol was not completely inactivated in thesegeddsimulations, as it induces also a
349 modification of the radiative flux reaching the fauwe and a residual atmospheric warming. The
350 complete effect of aerosols can be evaluated thraimgulations performed without nudging, as it
351 was done for experiments S3 (with an increase cticaship traffic) and S4 (with an increase in
352 biomass burning emissions). Nevertheless, we havk&eep in mind that all of these future
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experiments used the same prescribed SST, whiaektre feedbacks which could be generated
through interactions with the ocean. Since our \stigtuses on the continental response to a
continental forcing, the analysis presented heoailshnot be too much affected. Figures 4a and 4b
show that without nudging the variations in MNDW&haenhanced ship and fire emissions can be
positive or negative depending upon the region.yTaee spatially variable, and reach values
ranging from -10 to +10 days per year in comparigdth our 2050-2060 simulation performed
with the standard RCP aerosol emissions (S2). Nudé these variations of MNDWS are not
statistically significant according to our two-sdmp-test over the major part of the Northern
hemisphere. In other words, it means that the sigdaced by the changes of aerosol emissions is
too low to affect the highly variable coupled laatthosphere system. Nevertheless, we obtained a
statistically significant decrease of MNDWS in Qeeland in Siberia, both in simulation S3 and
S4. These MNDWS local decreases reach 10 daysgaceraver the decade-long simulation of the
2050s.

4 Discussion

From the analysis of our nudged and not nudgedrerpats, we estimate that the possible increase
in aerosol emissions from ships or boreal fire$ molt affect significantly the snow cover directly
from snow darkening effects. However, this condaosinay not hold if we had also accounted for
the atmospheric effects of aerosols. These effmeshowever very difficult to quantify: Shindell
and Faluvegi (2009) showed that the patterns op&sature response and aerosol radiative forcing
do not correspond on a regional basis. The difficub answer these complex questions is
reinforced by the fact that ships emit differentcael species (Balkanski et al., 2010), which have
differentiated impacts on the climate system: Tleyit BC, an aerosol which absorbs solar
radiation, warming its environment, but they alsoitdarge amount of sulphate, an aerosol which
strongly scatter solar radiation, cooling locallyetatmosphere via direct end indirect effects
(Lohmann, 2005). The sign of the radiative forcinduced by biomass burning, which also emits
both BC, OC and sulphate depends also on the haighltich the particles are transported (Abel et
al., 2005). In front of all these complex questions discuss in the following when and how the

MNDWS can be affected by increased ship and biofassng aerosol emissions.

Both the scenario with enhanced biomass burning®aris and those with increased Arctic ship
traffic emissions produce very low emissions in tefn In summer, the Northern Hemisphere
experiences a reduced snow cover. During fall, whelar radiation is considerably reduced
compared to summer, both atmospheric aerosols aera$as deposited on snow surface have a

weak impact on snow cover (Flanner et al., 200pjing is the season when the Arctic atmosphere
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experiences the most pollution (e.g. Shaw et &951 Ménégoz et al., 2012). For all of these
reasons, although summer is the period when aecoswentrations from ship traffic and biomass
burning are the largest, it is during the springt tive find the largest significant MNDWS changes
associated to aerosol emissions considered in iexpets S3 and S4 (Note that the MNDWS
changes are very low in our simulation during theeo seasons, not shown). The significant spring
aerosol emissions are simultaneous with large wasishow cover over continental regions of the
Northern Hemisphere, and thus have the potentia@melify regional warming. This is why we
focus the following analysis on the interactionsasen snow and aerosols during the spring season

(April-May-June).

4.1 BC deposition on snow

Present-day modelled BC spring deposition reacllesn§ m* month® in Europe and Northern
America, and exceeds 100 mg’mnonth* over South-east Asia (Figure 5a). Typical depasitio
values modelled in the pan-Arctic continental gidarth of 60°N) range between 0.1 and 10 nig m
2 month®. In simulation S2, a drastic decrease in BC déjoosis obtained over the whole Northern
hemisphere for 2050 (Figure 5b), with the exceptibreentral Asia and Alaska. In these regions,
the anthropogenic emissions are increasing in B85 scenario compared to current level (see
Figure 1b). On average over all the continentalases of the Northern hemisphere, this decrease
represents half of the present-day spring depositiecrease of 110 Gg mofitfor a present-day
total of 222 Gg month north of 30°N). The simulation performed with exhigh ship emissions

in the Arctic (S3) does not induce significant ofpas of BC deposition in spring (Figure 5c) in
comparison to the S2 2050 simulation. This is duehe fact that the additional Arctic ship
emissions are mainly enhanced in summer, when gspsalternate Arctic routes. Yet, these
enhanced ship emissions modify the atmosphericleition and precipitation via the atmospheric
aerosol radiative forcings in our sensitivity expent. These changes are certainly responsible for
the modelled spatial variations of aerosol depmsitiuring springtime. Note that this very weak
signal is not statistically significant, indicatirigat the increase of ships emissions only gengrate
“noise” in the aerosol spring deposition signabaf sensitivity experiment S3. Such response can
be therefore mainly explained by natural variapilBy contrast with S3, the earlier fire season
considered in simulation S4 causes a significatrtemse in BC spring deposition over both North
America and North Asia (Figure 5d). The total irage of BC continental deposition in the S4
simulation represents 21 Gg montRegarding spring aerosol deposition, we can cmtecthat the
MNDWS changes modelled in the S3 experiment isriglewt induced by snow darkening effects
by aerosols. They are more due to aerosols whenatteein the atmosphere, and to all the possible
associated atmospheric feedbacks. Regarding Sdgsperosol deposition, it is possible that snow
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darkening effect of BC have impacted the MNDWSatimospheric feedbacks.

4.2 Spring Snow Water Equivalent (SWE)

During the spring, the present-day SWE ranges #6Mhto 2000 mm in mountainous areas such as
the Rocky Mountains, the Scandinavian mountairesital Mountains or over Kamchatka (Figure
6a). Elsewhere, over high latitudes continentabsyret takes values on the order of 100 mm.
Considering BC deposition on snow in the presegtataditions (S1 — S1B) induces only a small
SWE decrease over large part of Eurasia an NortAerarica ranging from 0 to 10 mm (Figure
6b). However, in a few locations of Western Amerggadl Scandinavia, this decrease takes larger
values, exceeding 100 mm. The strongest BC indulesiease in present-day SWE appears in
regions where the SWE is generally elevated imgp®verall, spring SWE is modelled to be much
lower in the RCP8.5 2050 scenario than under ptatsn conditions, and the modelled SWE
decrease reaches up to 50% over the major partosi-sovered areas (Figure 6c). There are very
few regions where spring SWE is modelled to inaaasS2 compared to S1, and these exceptions
are North Eastern Canadian Islands, the Himalaggiom and small parts of Northern Eurasia. An
enhancement of ship traffic in the Arctic is preditto induce an extra decrease of the SWE in
Alaska, in the Canadian shield, and in large pafrfdorthern Eurasia, ranging from 10 to 100 mm
(Figure 6d), and in the Baffin Island, reaching rifn. In the scenario S4 with an earlier spring
biomass burning activity, spring SWE is modellediézrease in many parts of the continental pan-
Arctic areas, by up to 50 mm, except in Baffin tglaand in very small regions of Northern Eurasia
(Figure 6e). However, these modelled extra SWE gbann simulations S3 and S4 are not
statistically significant according to a two-sampeest, indicating that the signal of the local
aerosol emissions taken into account is difficoltbe characterized given the large amount of
natural climate variability, and the fact that Ibeenissions play a second order role (S3-S2 and S4-
S2) compared to the fist order effect of GHG fortgdre warming effects on SWE (S2-S1).

The present-day SWE decrease induced by aerosokitiep is quite smaller than the decrease
modelled in 2050 under the RCP8.5 scenario (searésg6b and 6c¢). The decrease of SWE
expected in 2050 is due to the temperature incraaseciated with the greenhouse gas radiative
forcing. This result clearly shows that the draseduction of BC deposition in the Northern

Hemisphere in 2050 (Figure 5b) is clearly not sigft to counteract the decrease of SWE induced
by greenhouse gas radiative forcing and its aswstitemperature increase (Figure 6c). As
explained previously, there are almost no changegriosol spring deposition in the simulation S3
with enhanced ship emissions. The modelled chamy8N\NDWS and SWE are therefore due to

atmospheric aerosol effects, which can experiemc®spheric feedbacks. For the S4 simulation
with enhanced biomass burning in spring, theresgaificant increase of aerosol deposition, which



454
455
456
457
458
459

460

461
462
463
464
465
466
467
468
469
470

471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487

may explain a part of the MNDWS and SWE diminutionsome regions of Northern Eurasia and
Northern America. This assumption appears veryllikehere the MNDWS variations are
statistically significant, in North-eastern Ameriaa in central and eastern Siberia. However, the
SWE variations are generally not statistically ffigant, and there is no clear correlation between
BC deposition and snow cover variations. Therefibig,likely that part of the SWE changes is also

consecutive to surface energy balance changessmotefall variations in our simulations.

4.3 Spring snowfalls

Present-day spring snowfalls are widespread ovdarge part of the Northern hemisphere
continents (Figure 7a). In our present-day simaigtithe snow albedo decrease induced by BC
aerosol deposition leads to a slight but statiByicgignificant snowfall reduction (Figure 7b). A
large part of the spring decrease in SWE betwe®&0 20d present-day simulations (Figure 6c¢) can
be explained by this snowfall feedback (Figure fit)nost part of the spring snow-covered area of
the Northern hemisphere, snowfall decreases by 6@8% Figure 7a and 7c) in S2 compared to S1.
This is mainly due to temperature rise, which tfamas snowfall into rainfall. We find only few
and small areas, like North Eastern Canadian Islgoats of the Himalayan region and very small
parts of Northern Eurasia where snowfall increasiesvever, these increases may explain the SWE

increases modelled in the same regions.

Based upon the sensitivity experiments S2, S3 ahdv@ are able to evaluate the impact of an
aerosol emission change in a 2050 scenario. Inlatians S3, the spring SWE change exhibits a
pattern similar to snowfall change in many contiaémreas of the Northern hemisphere, with a
general decrease in the pan-arctic area, exceyphahl areas like Baffin Islands and other Northern
Canadian islands (Figure 7d). Therefore, we caasasthat the atmospheric perturbations induced
by enhanced ship traffic BC emissions in the Aratituce a small decrease of snowfall over large
area of the boreal continents. Even if these viariatare not statistically significant accordingato
two-sample t-test, they partly contribute to therdase of SWE modelled in the same region.
However, it is very difficult to estimate which phgal processes link snowfall variations to BC
aerosol emissions change, since aerosols from shipsin both absorbing and reflective species
which have complex interactions with the atmosphl@&akanski et al., 2010). Regarding the S4
simulation, we can also assess that the snowfalledees which take place in the major part of
Northern America, in North-Eastern Europe and inthNeast Asia (Figure 7e) are responsible for
part of the modelled decrease of both MNDWS and SWEhese regions. However, this
assumption is not verified in Northern Central Signewhere we modelled an increase of snowfall
but a decrease of the SWE and the MNDWS. In tlggore the SWE decline is certainly induced
by an aerosol forcing. It may be due both to aemse of the snow albedo via aerosol deposition,



488 and to a warming of the atmosphere associated iocaease in the atmospheric concentration of
489 BC.
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5 Conclusion

The snow-cover changes induced by aerosol emisgieres evaluated in the boreal continental area
both for the present-day and for the middle of 248 century. The following eight experiments

were carried out: two present-day simulations, waitle of them not considering the snow albedo
variations induced by aerosol deposition, and €i%022060 simulations based upon the RCP8.5

gas and aerosol anthropogenic emission inventory.

We estimate that current aerosol emissions direcdlyse a decrease of the MNDWS ranging
between 0 and 10 days in large areas of the boegabn. This “snow darkening effect” is
essentially due to the BC deposition during thengpra period of the year when the remaining of
snow accumulated during the winter is exposed th btvong solar radiation and large amount of
aerosol deposition. This deposition over continespsesents 222 Gg mofitief BC north of 30°N.
Recent papers have shown that the “snow darkerfagt'eaffect as much the present-day snow
cover as the warming induced by anthropogenic Gld@. (Flanner et al., 2007, 2009, 2012,
Jacobson et al.2004).

The projected drastic decrease of the anthropogeasol emissions from the RCP scenarios for
the middle of the Z1century in the Northern hemisphere may limit tleerdase of snow albedo
due to absorbing aerosol deposition. But this nespas very much dependent on the quality of the
emission scenarios, as no inflexion in BC emissiomsr Asia has been observed in the past
decades. Nonetheless, a major part of snow-covénarNorthern hemisphere will experience a
significant reduction under the GHG forced warmiBg.comparison with present-day conditions,
the MNDWS was found to be reduced by 10 to 100 deaes the major part of the continental
regions of the Northern Hemisphere by the middlehaf 2f'century. The main cause for this
decrease is a temperature rise that substitutes smgain over several regions and accelerates
melting. The relative contribution of the snow daring effect to the total snow cover reduction
will clearly decrease in the next decades, as tldsthe GHG forcing is expected to strongly
increase. These conclusions have been reacheaithire scenario that considers strong increases
in greenhouse gases concentrations. The decreake akrosol impact on snow-cover should be

relatively more important for a scenario with lovggeenhouse gases concentrations.

Considering a significant additional increase iipsaffic in the Arctic by the mid Z1century
does not lead to significant changes of the aerdspbsition over snow-covered areas in the most
sensitive period for a positive climate feedbagkjrgytime. Therefore, the MNDWS is clearly not
affected by snow darkening effects associated eéseltrctic ship emissions. This result has been

demonstrated using a simulation nudged toward bserwed atmosphere, to quantify how aerosol
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deposition could affect directly the snow cover. Wave to keep in mind that applying nudging
techniques in these sensitivity experiments striptiglits all the possible atmospheric feedbacks,
but does not cancel completely the diming happemrgurface and the atmospheric warming due
to atmospheric aerosols. As a consequence, atmis@@ aerosols associated to these Arctic
ships traffic have also no direct impact on thewsmover. In an experiment considering such an
increase of ship emissions without nudging towardoapheric reanalyses, we simulated some
changes of the MNDWS. Ships emit absorbing aerdd@sBC and to a lesser extent OC, but in
comparison a lot more sulphur dioxide, which stigngcatters the incoming solar radiation,
thereby cooling the atmosphere. Modifying the afphesic energy balance by accounting for these
aerosols affects the atmospheric circulation amdptecipitation pattern. In this experiment, the
MNDWS changes are generally not statistically gigant in boreal continents, except in the

Quebec and in the West Siberian plains, where tN®OWS decrease from 5 to 10 days.

Biomass burning activity proportionally emits m@€ and OC aerosol and much less sulphate
compared with ship traffic. We modelled a signifitancrease in BC spring deposition that exceeds
1 mg m? month* over large parts of America and Eurasia in a 20660 simulation that take into
account forest fires that are 50% stronger angbanjected to occur 2 weeks earlier and later than a
present. This increase of BC spring depositionasgmts 21 Gg moritton continents located north
of 30°N. However, with such emissions, we do notudate a reduction of the MNDWS in an
experiment performed with winds nudged toward aphesc reanalyses. This demonstrates that
our biomass burning emission scenario does notcmausignificant reduction of the snow cover,
either via “snow darkening effects”, either via fesol diming”, and either via “atmospheric
warming due to absorbing aerosols”. However, carsig all the aerosol forcings and atmospheric
feedbacks in an experiment performed without nuglggmhanced fire activity induces a significant

decrease of the MNDWS reaching a dozen of daysigb@c and in Eastern Siberia.

Due to the snow-albedo feedback, the Arctic is giore very sensitive to climate change. As a
consequence of this feedback, Flanner et al. (260®wed that absorbing aerosol emissions
reduced the springtime snow cover as much as gubemic greenhouse gases since the pre-
industrial period. Consequently, limiting aerosahigsions appears as essential as limiting
greenhouse gases emissions to slowdown the snoer amcline observed over the Northern
Hemisphere. Foreseeing the possible emissions soena the 21 century, one can envisage for
strong aerosol reductions in most industrializegiaie over the Northern Hemisphere with the
introduction of advanced technologies in contrglleamissions. However, increases in the emissions
and concentrations of greenhouse gases that ajeci@mw in most scenarios are expected to

significantly reduce the snow cover in the middiehe 2f' century. It appears very challenging to
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estimate accurately the snow cover changes indogdige possible changes in aerosol emissions in
the Arctic and in the boreal region because of cbmplex processes linking aerosol forcing,
atmosphere response and snow cover dynamics. Thatiks comparison between our nudged and
not nudged simulations, we can maintain that theredesse of MNDWS that we simulated in our
scenario with increased ships traffic or enhanced émissions is more explained by the
atmospheric feedbacks than by the forcing diregéyerated by these aerosols, either in the
atmosphere, either deposited on the snow. The @efosing is the initiator of the modelled
changes, but several feedbacks can be involve@dnAsxample, a warming induced by absorbing
aerosols located in the snow or in the atmosphdiegenerate a diminution of snow cover. This
one will induces a diminution of the surface albetieerefore an increase of the solar energy
absorbed by the surface, and finally an increaseermperature, itself impacting the atmospheric
circulation and the precipitation pattern and phdseparticular, we found in our simulation a
diminution of both snowfall and SWE in the area rehee modelled a decrease of MNDWS. Such
variations are associated to a warming of the layeis of the atmosphere in these regions (not
shown). Further simulations could be performed to diagnaseurately the aerosol direct and
indirect effects generated by the aerosol emisssmesarios that we suggest in this paper. Such
protocol has yet been applied to estimate the tigdidorcing of the present-day aerosol emissions
(IPCC, 2007). However, if it is quite easy to apfiys protocol for the aerosol direct effect (e.g.
Balkanski et al., 2010), it appears to be a motieate exercise for indirect effects (e.g. Déansirei
et al., 2012). Besides, the snow albedo variatiodaced by absorbing aerosol deposition is quite
dependent on the chemical composition of thesesabr@¢Wang et al., 2012), their evolution within
the snow cover (Aamas et al., 2011, Conway etl8P6), and their mixing state with snow grains
(Flanner et al., 2012). Further experiments dealuitty these processes could provide a realistic
spread about the existing knowledge concerning BCits interactions with snow albedo. Anyway,
we predict that the likely future aerosol emissidmsn ships traffic over the Arctic region or an
increase in biomass burning will play a minor rimieéhe reduction of continental snow cover area
trough snow darkening direct effects at high Namhlatitudes. We have not attempted to predict

future changes in sea ice due to these effecthbsé may be significant.
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Table 1. Period, aerosol emissions and description ofrilngging protocol for our 8 simulations.

(x2) in the period means that the simulation wasopmed a second time with a slightly modified

initial conditions to get 20 years of simulation H3¥ years would clearly be insufficient to make

comparisons statistically robust. Note that all detions were made with prescribed Sea Surface

Temperature (SST, observed for present-day sinoulstior simulated from a previous coupled

ocean-atmosphere model simulation for future pejiod

ard

ard
je

Simulation| Period Emissions Description
S1 1998-2008 Current Horizontal wind nudged tow
ECMWF
S1B 1998-2008 Current Horizontal wind nudged tow
ECMWE - No snow albedo chang
with aerosol deposition
S2 2049-2060 (x2)| IPCC - 2050 No nudging
S3 2049-2060 (x2)| IPCC — 2050 + increasétb nudging
Arctic ships
S4 2049-2060 (x2)| IPCC — 2050 + increasétb nudging
biomass burning
S2 N 2049-2060 IPCC - 2050 Horizontal wind nudgedard S2
S3 N 2049-2060 IPCC — 2050 + increasétbrizontal wind nudged toward S
Arctic ships
S4 N 2049-2060 IPCC — 2050 + increasétbrizontal wind nudged toward S

biomass burning
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Figure captions:

Figure 1: Annual mean of BC emissions (mg”month'); (a): Current emissions (S1, total=2878

Gglyr); (b): difference between 2050 RCP8.5 scenand current emissions (S2-S1; difference= -
1588 Gglyr); (c): difference in 2050 ships emissiama scenario with a large ship traffic over the

Arctic region (Corbett et al.; 2010) with the 20B@P8.5 projected ship traffic scenario (S3-S2,
difference=+3.9 Ggl/yr); (d): difference in 2050efiemission between a scenario with lengthened
biomass burning season (constructed after Flanniegal. ; 2009a, 2009b) and the 2050 RCP8.5
scenario projected fire emissions (S4-S2, diffeeerr@35.9 Gg/yr).

Figure 2. Mean number of days per year with snow at théasar(MNDWS); (a): present-day
(1997-2008) observation from NSIDC; (b): preseng-danulation with BC effects on snow albedo
(S1); (c): RMSE between model and observationtfiernthole period 1998-2008.

Figure 3: Mean number of days per year with snow at théasar (MNDWS); (a):Present-day
MNDWS difference induced by BC deposition on sn@4;S1B. (b): MNDWS difference between
2050 climate with RCP8.5 emission scenario andgmteday simulation (S2_N-S1); (c): MNDWS
difference between a 2050 scenario with higher #aiffic in the Arctic in comparison with 2050
RCP8.5 scenario (S3_N-S2_N); (d): MNDWS differehetween a 2050 scenario with increased
biomass burning activity in comparison with 205085 scenario (S4_N-S2_N). Note that future
simulations are nudged toward the S2_N future satan. Areas with statistically significant
differences, according to a two-sample t-testshiaed in grey. Note that the changes shown in (a)

and (b) are statistically significant over the nmgjart of the domain.

Figure 4: Mean number of days per year with snow at thdéasar (MNDWS); (a): MNDWS
difference between a 2050 scenario with higher #aiffic in the Arctic in comparison with 2050
RCP8.5 scenario (S3-S2); (d): MNDWS difference leetwa 2050 scenario with increased biomass
burning activity in comparison with 2050 RCP8.5mam0 (S4-S2). Simulations S2, S3 and S4 are
not nudged. Areas with statistically significantfeliences, according to a two-sample t-test, are
shaded in grey and contoured.

Figure 5: Spring (April-May-June) BC continental deposititmg m?® month?) ; (a): Present-day
deposition (S1, total=222 Gg moith (b): difference in deposition between RCP8.5nscie for
2050 and present-day simulation (S2-S1, differerice®Gg montH): (c): difference in deposition
between a 2050 scenario with enhanced ship traffer the Arctic and an RCP8.5 scenario for
2050 (S3-S2, difference=-0.8 Gg month(d): difference in deposition between a scenavith
increased biomass burning activity for 2050 and WREP8.5 scenario for 2050 (S4-S3,

difference=+21 Gg month. Areas with statistically significant differengesccording to a two-
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sample t-test, appear in grey shading. Note thatcttanges shown in (b) and (c) are statistically

significant over the major part of the domain.

Figure 6: Spring (April-May-June) average of snow depth (S§Whm): (a) Present-day SWE, S1,
(b): Present-day SWE difference induced by BC diéposon snow (S1-S1B), (c): Difference
between 2050 RCP8.5 scenario and present-day SWESIE (d): SWE difference in a 2050
scenario with high-level ships traffic in the Accin comparison with 2050 RCP8.5 scenario (S3-
S2); (e): SWE difference in a 2050 scenario wittréased biomass burning activity in comparison
with 2050 RCP8.5 scenario (S4-S2). Simulationgtiermiddle of the Zlcentury are not nudged.
Areas with statistically significant differences;carding to a two-sample t-test, appear in grey
shading. Note that the changes shown in (b) andrgc)ktatistically significant over the major part
of the domain.

Figure 7: Spring (April-May-June) snowfall (SWE, mm moit)h; (a) Current snowfall ; (b):
Present-day snowfall difference induced by BC d#joos on snow (S1-S1B), (c): difference
between 2050 RCP8.5 scenario and present snoai5(Q); (d): snowfall difference in a 2050
scenario with high-level ships traffic in the Accin comparison with 2050 RCP8.5 scenario (S3-
S2); (e): snowfall difference in a 2050 scenaridhwincreased biomass burning activity in
comparison with 2050 RCP8.5 scenario (S4-S2). Sitianls for the middle of the Zkentury are
not nudged. Areas with statistically significanffeliences, according a two-sample t-test, appear in
grey shading. Note that the changes shown in (B)(@nare statistically significant over the major

part of the domain.
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Figure 1: Annual mean of BC emissions (mg”month?); (a): Current emissions (S1, total=2878

Gglyr); (b): difference between 2050 RCP8.5 scenand current emissions (S2-S1; difference= -
1588 Gglyr); (c): difference in 2050 ships emissiama scenario with a large ship traffic over the

Arctic region (Corbett et al.; 2010) with the 20BECP8.5 projected ship traffic scenario (S3-S2,
difference=+3.9 Ggl/yr); (d): difference in 2050efiemission between a scenario with lengthened
biomass burning season (constructed after Flanniegal. ; 2009a, 2009b) and the 2050 RCP8.5
scenario projected fire emissions (S4-S2, diffeeert@35.9 Gglyr).
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926
927 Figure 2. Mean number of days per year with snow at théasar(MNDWS); (a): present-day
928 (1997-2008) observation from NSIDC; (b): preseng-dienulation with BC effects on snow albedo
929 (S1); (c): RMSE between model and observationtfernthole period 1998-2008.
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Figure 3: Mean number of days per year with snow at théasar(MNDWS); (a):Present-day
MNDWS difference induced by BC deposition on sn®@4;S1B. (b): MNDWS difference between
2050 climate with RCP8.5 emission scenario andgmteday simulation (S2_N-S1); (c): MNDWS
difference between a 2050 scenario with higher #faiffic in the Arctic in comparison with 2050
RCP8.5 scenario (S3_N-S2_N); (d): MNDWS differehedween a 2050 scenario with increased
biomass burning activity in comparison with 205085 scenario (S4_N-S2_N). Note that future
simulations are nudged toward the S2_N future satian. Areas with statistically significant
differences, according to a two-sample t-testshiaed in grey. Note that the changes shown in (a)

and (b) are statistically significant over the nmgjart of the domain.
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Figure 4. Mean number of days per year with snow at thdasar (MNDWS); (a): MNDWS
difference between a 2050 scenario with higher #aiffic in the Arctic in comparison with 2050
RCP8.5 scenario (S3-S2); (d): MNDWS difference lestiva 2050 scenario with increased biomass
burning activity in comparison with 2050 RCP8.5mam0 (S4-S2). Simulations S2, S3 and S4 are
not nudged. Areas with statistically significantfeliences, according to a two-sample t-test, are

shaded in grey and contoured.
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Figure 5: Spring (April-May-June) BC continental deposititmg m? month?) ; (a): Present-day
deposition (S1, total=222 Gg mofiih (b): difference in deposition between RCP8.5nacie for
2050 and present-day simulation (S2-S1, differerice3Gg montH); (c): difference in deposition
between a 2050 scenario with enhanced ship traffer the Arctic and an RCP8.5 scenario for
2050 (S3-S2, difference=-0.8 Gg month(d): difference in deposition between a scenavith
increased biomass burning activity for 2050 and REP8.5 scenario for 2050 (S4-S3,
difference=+21 Gg month. Areas with statistically significant differencesccording to a two-
sample t-test, appear in grey shading. Note thatcttanges shown in (b) and (c) are statistically

significant over the major part of the domain.
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Figure 6: Spring (April-May-June) average of snow depth (SWhm): (a) Present-day SWE, S1,
(b): Present-day SWE difference induced by BC diéposon snow (S1-S1B), (c): Difference
between 2050 RCP8.5 scenario and present-day SWEIE (d): SWE difference in a 2050
scenario with high-level ships traffic in the Acin comparison with 2050 RCP8.5 scenario (S3-
S2); (e): SWE difference in a 2050 scenario witréased biomass burning activity in comparison
with 2050 RCP8.5 scenario (S4-S2). Simulationgtiermiddle of the Zlcentury are not nudged.
Areas with statistically significant differences;carding to a two-sample t-test, appear in grey
shading. Note that the changes shown in (b) andréktatistically significant over the major part

of the domain.
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Figure 7: Spring (April-May-June) snowfall (SWE, mm mot)h; (a) Current snowfall ; (b):
Present-day snowfall difference induced by BC d#joos on snow (S1-S1B), (c): difference
between 2050 RCP8.5 scenario and present snow2i5(Q); (d): snowfall difference in a 2050
scenario with high-level ships traffic in the Acin comparison with 2050 RCP8.5 scenario (S3-
S2); (e): snowfall difference in a 2050 scenaridhwincreased biomass burning activity in
comparison with 2050 RCP8.5 scenario (S4-S2). Sitiars for the middle of the Zkentury are
not nudged. Areas with statistically significanffeliences, according a two-sample t-test, appear in
grey shading. Note that the changes shown in (B)(@nare statistically significant over the major

part of the domain.



