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Abstract. Emissions of short-lived climate forcers (SLCF) sage NSIDC, 2007. This unlocking of the Arctic ocean

in the Arctic region are expected to increase, notably fromwill leave it increasingly open to human activity, particularly
shipping and petroleum extraction. We here discuss changgsetroleum production and shipping. The response of the at-
in atmospheric SLCF concentrations and resulting radiativenosphere and climate to these activities is not well studied.
forcing (RF) from present day shipping and petroleum activi- - petroleum and shipping activities emit a broad mix of
tieS in the AI‘CtiC. The three'dimensional Chemistry transportgases and aeroso|s: |Ong_|ived greenhouse gases (GHGs),
OSlOCTMZ and a state of the art radiative fOl‘Cing mOde| areprimary partic'eS, SUCh as organic- and black Carbon (OC
used, based on a coherent dataset of present day Arctic emigng BC), sulphur dioxide (S£), and the ozone (§) pre-
sions. We find that the net RF of SLCF of shipping in the cyrsors nitrogen oxides (N@) carbon monoxide (CO) and
Arctic region is negative, mainly due to the direct and indi- non-methane hydrocarbons (NMHCs). The emissions affect
rect RF effects of sulphate emissions, while the net RF ofthe chemistry and climate of the atmosphere through sev-
SLCF of petroleum extraction is positive, mainly due to the era] mechanisms: by direct global warming from the GHGs,
effects of black carbon aerosols in the air and deposited ORjirect- and indirect effects from aerosols, and by formation of
snow. Strong seasonal variations of the sensitivities to emisradiatively active @. These emissions also alters the oxida-
sions are found. In terms of annual mean values we find thafion capacity of the atmosphere, and will thereby also modify
the Arctic sensitivities to SLCF is similar to global average the |ifetime of several compounds, including methane, con-

sensitivities. One exception to this is the stronger snow/iceyriputing indirectly to radiative forcing (e.gsaksen et aJ.
albedo effect from BC emissions. 2009.

The Arctic is a region characterized by high solar angle,
high surface albedo, low temperatures and long periods of
1 Introduction darkness in the winter and sunlight in summer. These fac-
tors result in a different sensitivity to emissions compared to

The Arctic is now experiencing some of the most rapid lower latitudes. Haywood and Shin¢1997 show that the
climate changes on earth: on average, temperature hasfrongest direct aerosol effect from scattering aerosols occur
risen approximately twice the rate of the rest of the world When the solar zenith angle is 70-3despite the decrease in
(ACIA, 2005. Repercussions of a warmer Arctic are melting the incident solar radiation as the solar zenith angle increases.
glaciers, reduction in extent and thickness of sea ice, thaw- From previous studies, we know that climate impacts of
ing permafrost and rising sea levelSefreze et al.2007, emissions of some short-lived species are strongly depen-
Stroeve et a).2011). Warming also leads to an earlier on- dent on their geographical location. By short-lived com-
set of spring melt, lengthening the melting season. Duringponents we mean components, or secondary products, that
the 2007 melt season, Arctic sea ice receded to the lowedtave lifetimes shorter than the longest timescale for mix-
level observed since satellite measurements began, leadirigg in the troposphere, i.e. that is 1-2 yr for interhemispheric
to the first recorded complete opening of the Northwest Pasmixing. For instancefFuglestvedt et al(1999 showed that
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1980 K. @ddemark et al.: Climate forcing from current shipping and petroleum activities

NOy emissions in South East Asia caused anRF up to  the OsloCTM2 model was run in T42 resolution§2 2.8°)
8 times higher than the same emission in Eurdperwent  with 60 vertical layers using meteorological data from the
et al. (2001, Wild et al. (2001 andNaik et al.(2005 mod- Integrated forecast system (IFS) model from the European
elled the indirect forcing (via @and CH;) from NOx emis-  Centre for Medium-Range Weather Forecasts (ECMWF) for
sions and found large dependencies on the region where th2006 as explained in mentioned references. A tropospheric
emissions occur. Using several CTMs and GCBsrntsen  version of the model containing 85 chemical species was
et al. (2005 studied the effect of emission changes on con-used. The applied chemistry scheme calculates the evolu-
centrations, RF and temperature and found higher chemicaion of hydrogen, oxygen, nitrogen, and carbon containing
and radiative sensitivity to emissions in Asia than for emis-gases and also sulphate, primary organic, nitrate and sea salt
sions in Europe, while forcings at higher latitudes were moreaerosols. SeBlyhre et al.(2009 for a description and eval-
effective in increasing global temperatures (i.e. higher cli- uation of the aerosol module.
mate sensitivity) due to feed-backs occurring at these high Modelled distributions of ozone and ozone precursors
latitudes.Berntsen et al2006 compared the effects ofiden- were evaluated and compared to observations for ship
tical magnitude emission reductions in different regions andimpacted air in previous studie€ifdresen et gl.2003
found large differences in the total forcing and temperatureDalsgren et al2007, 2010. Based on comparisomalsgren
change, mainly due to the role of aerosols. Global and Arc-et al.(2010 suggest increasing ship emissions as an impor-
tic climate is highly sensitive to perturbations in Arctic con- tant contributor to increasing background surface ozone in
centrations of light absorbing particles like BC. BC leads to some coastal areas. The black carbon (BC) distribution in
a decrease in surface albedo when deposited on snow artle model was compared to measurements and models in
ice, and can contribute to a shift of the melting season to arkKoch et al.(2009, which included a thorough discussion of
earlier onsetlansen and Nazarenkd004 Flanner et al.  model performance in the Arctic. Since then the model was
2007. This will decrease the albedo in the Arctic, expos- updated with a more advanced BC scheme better reproduc-
ing a larger part of the Arctic surface for absorption of solaring BC measurements at high latitud&k¢ie et al. 2011
radiation. Lund and Berntser2011). The revised BC scheme includes
For hygroscopic aerosols the indirect aerosol effect of e.gseasonal and latitudinal variability in the aging time (con-
sulphate is very dependent on geographical location of emisversion from hydrophobic to hydrophilic form) based on de-
sions (auer et al, 2007, this is also the case for the climate tailed simulation with a version of the model that includes
response of a given sulfate forcin§Hindell and Faluvegi  the M7 aerosol microphysics module. In the M7 module the
2009. Due to the high sulphur content in marine fuels the conversion from externally mixed BC (freshly emitted hy-
impact of sulphur emissions from shipping on climate aredrophobic particles) to internally mixed BC particles (coat-
potentially large Corbett et al.2007 Dalsgren et a].2009 ing by sulphate only in M7) is explicitly calculated.(nd
Eyring et al, 201Q Fuglestvedt et al2008. and Berntsen2011). Based on this study, a simplified ver-
Granier et al(2008 studied future potential increases in Sion using look-up tables for the aging time was developed
shipping in the Arctic and found that the summer concentra<to limit CPU time needed)Skeie et al.2011). The effect of
tions of surface ozone may be enhanced by a factor of 2—-3the revised BC scheme used here is particularly pronounced
making the Q levels comparable to those seen in industrial- at high latitudes where the production of sulphate is limited
ized regions of the Northern Hemisphere. during winter by slow oxidation of S© This slows down
Recently studies have presented more detailed ship emighe aging and thus the removal of BC leading to enhanced
sion inventories including polar routeB4xian et al.201Q wintertime concentrations of BC in the Arctic in accordance
Corbett et al.201Q Peters et a]2011), but few have inves-  With observations. In each grid cell the budget of BC in ten
tigated the effects from these emissions. Here, we use th8now layers is calculated over the snow season. The scheme
inventories inPeters et al(2011) to quantify the impact of  includes deposition of BC during snowfall events, dry depo-
current emissions from shipping and petroleum activity in thesition, melting and sublimation (dRypdal et al.2009 Skeie
Arctic, in terms of concentration changes and radiative forc-et al, 2011for details). The change in the surface albedo and

ing. A global chemistry-transport model, OsloCTM2, and a the implication for radiative forcing of the BC in the snow
radiative transfer model have been used. is calculated with a radiative a transfer code as described in

Stamnes et a(1988 andMyhre et al.(2009.
For this study the model was run for 1yr, in addition to

2 Experimental method 3 months spin-up. Several runs are performed; basis sim-
ulations without emissions from Arctic ship and petroleum
2.1 Model description activity, and model runs with these emissions included. By

comparing these runs, the contribution from the various
OsloCTM2 is a global three-dimensional chemistry transportemissions was found.
model for the troposphere and stratosphaéerftsen and
Isaksen1997 Berglen et al.2004 Sgvde et a) 2008. Here,
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2.2 RF calculations Table 1. Emissions from shipping and petroleum activity in the

. ) o Arctic in 2004 (values are in kt-NMVOC, kt-SQkt-NO,, kt-CO,
The RF calculations are performed using a radiative transyi.pwm, kt-BC, kt-OC, Mt-CQ, kt-CHy, 0g t-N,O. Values are from
fer model Myhre et al, 2009 developed from the DISORT  peters et a]2011).

code-baseStamnes et g1.1988, with four short-wave ra-

diation bands and eight angular multiple scattering streams. Component  Shipping 2004  Petroleum 2004
The temporal and spatial resolutions are the same as for
NMVOC (kt) 21 124
OsloCTM2.
. . SO, (kt) 389 153
To calculate the total aerosol RF, we find the difference NOx (kt) 679 163
in top-of-atmosphere shortwave fluxes induced by adding alll CO (kt) 65 38.4
estimated emissions to a standard background aerosol dis- PM (kt) 67 46.9
tribution. We then remove single emission components and BC (kt) 1.6 14.7
run separate calculations to find the individual component OC (kt) 5.4 16
forcings. BC is considered as a combination of external and CO, (Mt) 28 82.8
internally mixed. For more details on size distributions, op- CHy (kt) 0.43 612
tical properties, sedlyhre et al.(2007). The scheme for N20 (1) 686 434

calculating RFs from BC deposition on snoRy(pdal et al.

2009 is similar to that for the aerosol components. Far O

changes the DISORT code is used for shortwave calculationdlon Arctic petroleum and global emissions from other sec-
and a broadband scheme is used for thermal infrared radiaors are taken from the Edgar 3.2 inventoylivier et al,
tion (Myhre et al, 2011). Stratospheric temperature adjust- 2005. For natural emissions the RETRO data sthultz
ment is included in the RF calculations fog.O et al, 2007 is used.

Calculation of the first indirect aerosol effect (cloud albedo  From the start of Arctic oil and gas exploration in the
effect) is performed through a parameterization of cloud1950s, the production had a rapid growth until the fall of
droplet number concentration versus aerosol optical depththe Soviet Union in 1990. By mid-1990 the production had
following a method outlined iQuaas et al2006 andQuaas  dropped to 80 % of peak levels. Now the production is back
and Boucher(2005. We assume a relationship between at 1990-levelsReters et al.2011). West Russia dominates
aerosol mass«ae) and droplet concentrationVg) expressed ~ Arctic petroleum production (83 % of cumulative produc-

as tion) followed by Alaska with 15 % Feters et al.2011).
Around one-half of cumulative production is gas and the re-
Ny = explag+ai1ln(maer) 1) mainder oil and condensates.

Tourism, fishing and community re-supply dominate Arc-
and chose parametersaf=4.3,a; =0.3. The dropletradii  tic shipping Peters et al.2011 and references therein).
are constrained to lie between 2.0 and 25.0 um. The indirecTourism mainly takes place along the coasts of northern Nor-
aerosol effect is only estimated for water clouds (no mixedway, Southwest Greenland and Svalbard. Fishing largely oc-
phase or ice clouds), nor do we attempt to include other indi-curs on the ice-free water around Iceland and in the Bering,
rect aerosol effects. While recent studiBsiiner et al2017) Barents and Norwegian Seas. Community re-supply is lo-
have indicated that this type of estimation may underestimate&ated along the Northern Sea Route (NSR) and the North
the total aerosol first indirect effect over the industrial era, it West Passage. The bulk cargo is dominated by ship traffic
is probably better suited to minor perturbations in a clean re-along the coast of Norway and around Iceland, followed by
gion as simulated in the present worhupe(2011) found export from a few large mining operations in Alaska and Rus-
that cloud liquid water is most prevalent and most persistensia. Oil and gas transported from the Arctic by ship is limited
during the warm summer months, but still occurs at least 10-and for the most part located on the Eurasian side. The NSR

20 % of the time during winter. was opened to foreign ships in 1991, and commercial transit
traffic, except tourism, has taken place only along this route.
2.3 Emission inventory After 1993 the traffic has been in steady decline, however

2009 and 2010 saw renewed interest from Western compa-
Arctic petroleum and global shipping emissions used in thisnies to transit the NSR (reducing the journey between Uslan
study are developed [Reters et al(2011). The gridded set (Korea) and Rotterdam by 4000 nautical miles — 7400 km).
of emissions consists of NOCO, NMVOC, BC, OC and 9281Kt, or 4.3% of the global shipping fuel consumption
SO, used as input. Long-lived greenhouse gases;, @by is located within the AMAP (Arctic Monitoring and Assess-
and NO, are also in the data set, but not used as input in oument Programme) region (for definition of the region, see
model here (emission of CHs used in simplified RF calcu- Peters et al2011).
lations). The emissions are given in Tatland the emission
inventory is described in more detail Peters et al(2011).
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0.12 the production rate of ®is limited by the amount of NQ
present. Figure shows the NQ increase in the lowest
1.5km resulting from Arctic shipping and petroleum activ-
ity. The largest enhancement is spatially associated with the
locations of oil and gas extraction sites, the largest ports in
008 the Arctic area and in the vicinity of shipping lanes. In these
areas Fig2 shows concentrations changes up to 0.6 ppb.
Seasonal surface ozone change, seasonal tropospheric
0.06 ozone column and seasonal RF is shown in F&jand 4,
for shipping and petroleum, respectively. Shipping produces
the largest surface ozone enhancement with seasonal mean
change in summer up to 3 ppb (12 %) situated along the Nor-
wegian coast, and west coast of Greenland.
002 Petroleum activity imposes a seasonal mean ozone change
of 2 ppb (5 %) in summer in the vicinity of exploration sites
in Alaska and West Russia. Close to the production loca-
tions, a negative ozone change of abetit.5 ppb (3%) is
found in winter, due to ozone titration. Wintertime titra-
tion occurs when NO reacts withzO Shipping contributes
Fig. 1. Shipping emissions within AMAP per month, relative to {0 @n enhancement of 0.4 DU (tropospherig €@Ilumn) in
total shipping emissions within AMAP in 2004. summer, whereas the concentration change is up to 0.25 DU
from petroleum activity. The @perturbation is largest dur-
ing summer, for both emission sectors, due to active photo-
The seasonal cycle of the shipping emissions can be seeghemistry.
in Fig. 1. In summer, more ships reach further north due to The annual direct RF of £from shipping is 4.2 mW m?2
increased open waters, compared to wintertime. This leadi the band 60—90N and from petroleum 1.3 mW i, also
to enhanced emissions in summer, with a peak in July. Emis60-90 N, see Tabl& (Table2 also shows global mean RF).
sions from petroleum activity are taken to be constant overThe relative difference in forcing is related to the difference
the year. For more detail on the emissions from Arctic ship-in NOx emissions from the two sources. Even if there are
ping and petroleum activities, s@eters et al(2011). differences in temporal and spatial distributions of emissions,
Figurez shows the annual mean concentration Change iras well as non-linear chemical effects, the responses are of
NOy due to shipping and petroleum activity in the Arctic. similar magnitude per unit emission of NO
Since NQ has a relatively short atmospheric lifetime (or-
der of days) the change in concentration from shipping and3-2 Methane and associated ozone and stratospheric

0.1

0.04

Emission per month relative to total 2004

1 2 3 4 65 6 7 8 9 10 11 12
Month

petroleum emissions is located in the vicinity of the emis- water vapor changes
sion source. Thus, the spatial distribution of the emissionsis )
apparent from this figure. Emissions of short-lived components (CO, NGnd

NMVOCSs) influence the chemical loss of methane. Even

if methane is not a short-lived climate forcer a significant
3 Results proportion of the methane perturbation could stem from

changes of short-lived components. In this section we have
The impact of emissions related to ship and petroleum activiherefore included simplified estimates of methane RF. We
ity in the Arctic was found by comparison between a simu- Used the approach describedBerntsen et al(2005 and
lation without these emissions in the Arctic and model runsMyhre et al.(2011) to calculate the global RF from methane
where they were included. For the emissions the AMAP def-and associated ozone and stratospheric water vapor changes.
inition was used to set borderline for the Arctic region, for The RF values from this method apply from when the pertur-
further description sePeters et al(2011). For the results  bations have reached equilibrium conditions.

the borderlines for the Arctic was placed af 60 Below we Due to the relatively high N@JCO emission ratio both the

present the results by component for the two sectors. Arctic shipping and petroleum activity leads to increases in
OH and thereby decreases in methane lifetifag(estvedt

3.1 Tropospheric ozone et al, 2008. However, the changes in OH are rather small

due to inactive photochemistry in winter. The effect on
Tropospheric ozone is photochemically produced in the presmethane loss is further limited by low temperatures prevail-
ence of nitrogen oxides (NG= NO+NOy), carbon monox-  ing for most of the year in the Arctic. Due to this it is mainly
ide (CO) and hydrocarbons. In the pristine Arctic region the ship emissions that have a significant impact on methane
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a) b)
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Fig. 2. Yearly average contribution to NQppb] in the lowest 1.5 km of the troposphere fr¢a) shipping activity andb) petroleum activity
in 2004.
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Fig. 3. O3 effects from Arctic shipping emissions. Top parellf, c andd) are responses from shipping activity in January-February-March,
while lower panel ¢, f, g andh) are responses for July-August-September memande) Seasonal mean contribution to surfacg[Ppb].

(b andf) Seasonal mean impact on tropospheric@@lumn [DU]. (¢ andg) Seasonal zonal meang@ppb]. (d andh) Radiative forcing
[MW m~2] due to the ozone changes.

lifetime since the traffic and effect on ozone (Fi§sand4) forcings due to changes in methane lifetime are very small
peak during summer. We find the resulting indirect methaneamounting to—0.03 mW n1?2 for methane—~0.01 mW n1?2

RF (at steady state, i.e. corresponding to sustaineg RO for ozone and-0.005 mW nt? for stratospheric k.

and VOC emissions) from shipping to be0.59 mW nt2

(global mean). This further results in a methane-induced 1Ne ship emissions of methane (TatiJeare small com-
ozone RF of—0.18 mW nT2 and stratospheric water vapor pared to the total global methane emissions from all anthro-

RF of —0.09 mW nT2. For the Arctic petroleum activity the pogenic and natu_ral_sources. We f_ind that.the_RF dug Fo di-
rect methane emissions from Arctic shipping is negligible.
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Fig. 4. O3 effects from Arctic petroleum emissions. Top parellf, c andd) are responses from petroleum activity in January-February-
March, while lower panelg, f, g andh) are responses for July-August-Septembeear(de) Seasonal mean contribution to surfacg[@pb].

(b andf) Seasonal mean impact on tropospheric@@lumn [DU]. (€ andg) Seasonal zonal meang@ppb]. (d andh) Radiative forcing
[MW m~—2] due to the ozone changes.

Table 2. Global annual mean atmospheric column [u@%h(for O3: [DU]) and radiative forcing [mW rﬁz] from ship and petroleum
activity in 2004.

Burden (ug n1?) Radiative Forcing (mW m?)

Shipping Petroleum Shipping Petroleum
Component Global 60-90 Global 60-90 Global 60-90 Global 60-90
Sulphate 14 20 1.0 9.2 —0.45 -5.8 —0.24 -1.9
Nitrate 0.30 0.75 0.003 —0.024 —0.06 —-0.13 —-0.0003 0.0033
BC air 0.04 0.38 0.48 41 0.08 0.60 0.86 6.5
BC snow 0.03 0.47 15 20
ocC 0.17 14 0.49 4.6 —-0.02 -0.13 —0.06 —-0.42
Aerosol Indirect Effect —-2.0 -19 —0.18 —-2.0
Ozone 0.026 0.17  0.008 0.046 0.57 4.2 0.23 13
Methane Indirect —0.86 —0.045

The methane emissions from the petroleum activity are morerder of days, the perturbations occur near emission loca-
than a factor 1000 larger than for Arctic shipping (Tabje  tions, for shipping along the coast of Norway, west coast of
The resulting change in methane concentration at equilib-Greenland and along the Alaska Peninsula, and petroleum

rium leads to RF of 1.1 mW r? for methane, 0.33 mW nf in west Russia and east Alaska. Column changes in BC

for ozone and 0.17 mW i for stratospheric bO. have a much larger amplitude from petroleum than shipping,
with an annual mean burden of 4.1 ug#(60-90 N) com-

3.3 Black carbon pared to 0.38 ug m? (60-90 N) due to shipping (Tablé).

_ _ The higher BC emissions from petroleum and the limited
The impacts on the tropospheric column of black carbonemission area, leads to a higher black carbon burden, and

from Arctic shipping and petroleum are shown in Fi&  a high maximum value~ 80 ugnt2). RF from petroleum
and b. Because of the lifetime of BC, which is on the
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emissio_ns .in the Arctic iszalso higher (abogt 10 times) thanTable 3. Global Radiative Forcing normalized to annual, global
from shipping, 6.5 mWm= and 0.60 mWm= (60-90'N),  change in atmospheric burden [WY and [mw n2DU—1] for

respectively. O3 from ship and petroleum activity in 2004.
Balkanski et al.(2010 calculated direct aerosol RF for
global transport emissions in year 2000. In the following sec- Normalized RF [W g 1]
tions we compare with those values obtained using the same —
CTM and RF model as in this study. The global mean RF for Component Shipping  Petroleum
BC in air from Arctic shipping (this study) is 3.6 % of total Sulphate -320 -232
shipping global mean RF for BC in air found Balkanski Nitrate —206 —102
etal.(2010 (2.2mw nt?). BC air 1630 1790
Black carbon deposited on snow and ice alters the albedo, ~ ©C -118 —-121
which accelerates the melting process in spriftargner Ozone (mWnT2DU~Y) 22 27

et al, 2007, and can warm the surface. The RF from BC on

snow is 20 mW m? (60-90 N) for petroleum activity, and

0.47 mW n12 (60-90 N) due to shipping (Fig5, c and d).  both oxidant levels and SOemissions lead to net burden

The large difference stems from different magnitude of emis-changes that are close to zero. However, the RFs may still

sions, but also in the fact that shipping occur mainly duringbe non-negligible due to vertical changes in sulfate, which

months where snow and ice-extension is at it lowest, whileleads to high ratios between RF and burden charBekka-

emissions from petroleum occur throughout the year. Theraski et al.(2010 found the direct mean global RF for O

is no sunlight in winter and thus no effect on RF from black from total shipping to be-29.2 mW n12, which makes the

carbon on snow, however BC accumulates in the snow oveArctic shipping contribution found here (global mean) 1.5 %

the winter. In spring, when the snow starts to melt, BC reap-of total shipping.

pears and absorbs sunlight, affecting the radiative budget. The Arctic emission of S@from petroleum extraction
(Table 1) results in RF from S@ direct aerosol effect of

3.4 Organic carbon —1.9mW nT2 (60-90 N) (Table2), and the indirect aerosol
effectis—2.0 mw n12,

For concentration changes in organic carbon (OC), the spa-

tial extent is similar to black carbon (not shown here). 3.6 Nitrate

However, the two carbonaceous compounds have different . o

optical properties. Whereas BC is an absorbing aerosolEffects on nitrate are calculated, but are negligible in mag-

OC scatters sunlight. The OC values are however weakhitude. Shipping global mean RF is 0.26 % of total anthro-

~0.13mWn12 from shipping and—0.42mwnt2 (60—  Pogenic RF found iMyhre et al.(2009), and petroleum RF

90° N) from petroleum. This is in part because of the low 9lobal mean is<1 %o of total anthropogenic RF.

emission volume, in part because scattering aerosols are less

eﬁicient over bright surfaces. Glob.al mean OC RF here4 Discussion

yields 1.5 % of the OC RF for total shipping foundBalka-

nski et al.(2010. In terms of forcing, the difference in the amount of com-
ponents emitted results in different responses. Shipping has
3.5 Sulphur larger NG and SQ emissions, while petroleum has larger

o . ) ) emissions of black carbon. Negative RF from sulphate (di-
Shipping contributes a much higher share of the Arctie SO (gt and indirect) dominates the response from shipping,
emissions than petroleum activity. This is shown in Fig. e positive RF from black carbon, both in air through the

which shows column change of $@h January-February-  gjrect aerosol effect and deposited on snow, gives the largest
March and July-August-September. 5@ formed by the  effect from petroleum emission (Figand Table?). Inequal-

oxidation of SQ and is the dominant aerosol component ji in |ocation and seasonality of the emissions also play a
from shipping emissions. Itis also one of the mostimportant,g|e in a region characterized by large seasonal differences.
contributors to RF from shl_pplng, together with the indirect Thus, when only short-lived climate forcers, SLCF, are con-
effect where sulphur contributes greatly (F). The SQ  gigered (i.e. not Cg), shipping emissions exert a net nega-

direct aerosol effect has a negative forcing because it reflectg, e RE while the net effect from petroleum is positive.
incoming solar radiation. The RF from shipping in the Arc-

tic is —5.8 mW n12 (60—-90 N) and the first indirect aerosol 4.1 Normalized forcing

effect—19 mW n1 2, see Table. SO, emissions from ship-

ping are high because of the high average sulphur conterRadiative forcing per unit of burden change, i.e. normalized
in marine heavy fuels used by most ocean-going sHips ( forcing (NRF) is a useful diagnostic to analyze the processes
dresen et a].2005. For some summer months, changes in that governs the radiative forcing. Normalized forcing with
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Fig. 5. BC effects from Arctic shipping and petroleum emissiog&. Contribution to tropospheric column of black carbon [ug#hfrom
Arctic shipping activity in 2004(b) Contribution to tropospheric column of black carbon [ug7hfrom Arctic petroleum activity in 2004.
(c) Radiative Forcing from black carbon on snow [mWﬁ}from Arctic shipping activity in 2004(d) Radiative Forcing from black carbon
on snow [mW n12] from Arctic petroleum activity in 2004.

respect to change in atmospheric burden is shown in Table  Likewise the enhanced NRF for ozone during winter, espe-
and in Figs.8 and9. Figure8 shows seasonal variations of cially for petroleum, is due to reduced ozone at low altitudes
RF from aerosols and ozone, for shipping and petroleumnear the sources.
The leftmost plots show major contributors to the total RF, The NRF of direct aerosol effect of BC has its peak earlier
the rightmost plots show weaker effects. Ozone is a spethan for the direct aerosol effect of sulphate due to higher sur-
cial case, in that the dashed blue line for NRF is shown inface albedo with more snow and sea ice in early summer than
Wm~2DU~! rather than Wg!. The insets show the two late summer. We also note that the indirect effect systemat-
strongest effects separately, i.e. the indirect aerosol effedially peaks later in the summer than aerosol direct forcing,
for shipping (panel a), and the effect from BC on show for likely due to higher fraction of water clouds.
petroleum (panel d). Figure 9 indicates the regional and seasonal variations
Most RF from SLCF peak during the summer months, in normalized RF for BC (a, b), OC (c, d) andz @e, f)
when the Arctic receives the most sunlight. This is also ap-from shipping emissions. The left hand panels show winter
parent from the normalized forcing curves (dashed). A fewmonths (JFM) with little sunlight in the Arctic region, while
notable points should be mentioned. The periods of high raright hand panels show subsequent months with more sun-
tio between S@RF and burden in the summer months, due light (AMJ). For BC, an absorbing aerosol, we note how the
to changes in oxidant levels as discussed in Sect. 3.5, can M¢RF vanishes when there is little sunlight but then becomes
seen in the strong sulphate normalized forcing. very strong in areas with snow cover when the sun comes
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Fig. 6. Contribution to tropospheric column of sulphate [pg#hfrom (a) shipping andb) petroleum in winter (January-February-March)
and (c) shipping and(d) petroleum activity in summer (July-September-August) (note that the figures for shipping and petroleum have

different color scales).

Table 4. GWP values for shipping and petroleum emissions (global mean) for 20, 100 and 500 yr time horizons. Sulphate is calculated on

SO, basis (not S-basis) .

0. 15. 30. 45 B0. 75 80. 105

GWP

Petroleum

H=20 H=100 H =500

Shipping
Component H=20 H =100 H =500
Sulphate —47 -13
Indirect* —205 —58
BC air 2037 579
BC snow 764 217
ocC —151 —43

—4 —64 —18 -5
—18
176 2369 673 205
66 4104 1166 354
-13 —152 —43 -13

* For shipping, the GWP calculations for indirect aerosol effect are attribut&®Dscemissions. Note that the indirect aerosol effect is calculated including all the aerosols, but
sulphate is the dominating contributer. Due to significant contributions from BC and OC, in addit tave do not attribute the indirect effect to one single component for

emissions from petroleum activity.
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Fig. 7. Global and annual radiative forcing [mWTH] for the different short lived components from shipping and petroleum emissions. The
error-bars imply uncertainties in the estimated RF.

back. Surrounding, non-snow aeras also strengthen, but ng2009 (—227 W g-1), the normalized RF for Arctic shipping

to the same degree. For OC, a scattering aerosol, the san@missions are somewhat stronger.

trend of NRF strengthening with sunlight holds, but the spe- The main reason for the stronger NRF is again that we
cific effect of snow cover is not seen. Actually a weakening have short periods with a low sulphate burden change but
of NRF of OC is seen over snow and ice. Fog, @vhich negligible RF (see Sect. 3.5), which dominate the global
has a general dominant longwave effect, there is a strengtimean value. In addition, factors such as water uptake of
ening in the summer from a shortwave contribution as wellaerosols due to high relative humidity, low albedo of sea wa-
as enhanced longwave effect. ter, and the fact that a large fraction of the emissions occurs
during summer, also strengthen the sulphate NRF for Arctic
shipping.

Sulphate NRF from petroleum is closer to tighre et al.
(2009 value. NRFs for black carbon found here (TaBjare
comparable with 1693 W found in Myhre et al.(2009.

In the present work, global means of 1630 and 1790W g
@&e found from Arctic shipping and petroleum, respectively.

e find OC NRFs to be weaker-118 W ¢! (shipping)

and —121W g1 (petroleum) compared te273W g in

Comparing with other studie$fyhre et al.(2011) found
ozone NRF from shipping to be 30 mWThDU~! (range
from 29 to 32). The global mean value simulated for shipping
activity is weaker, namely 22 mwm3 DU~L. For emissions
from petroleum the NRF value is 27 mWthDU~! (global
mean).Berntsen et a200§ compared the potential climate
effects of mitigation measures applied to various regions an
found O; NRFs to be 35, 40, 38, 37 mWTA DU for Eu-

rope, China, South Asia and Soth Amenca, resF)eCtNPTIy'Myhre et al.(2009. Nitrate NRFs are comparable for ship-
The lower NRF for ozone from shipping and petroleum in ing: —208W gL (Myhre et al, 2009 and —206W gt
the Arctic than for emissions of ozone precursors in other reP\NY, g y . g

gions is expected because of the low longwave part of NRI:(global mean) here, while petroleum is weaker, with a value

; ; f —102Wgl. The BC NRF for Arctic emissions is simi-
of ozone in the Arctic due to low surface temperatures an . o
. . ar to global emissions due to the low annual solar radiation
relatively small difference between the surface temperature ) . )
compensating for high surface albedo. High surface albedo
and the tropopause temperature. . . o
and lower solar irradiance reduces the NRF for emissions
Berntsen et al(2006 found sulphate NRFs for the same of scattering aerosol in the Arctic compared to global emis-
regions to be-213, —186, —224 and—268Wg . Nor- sions, as seen for OC. For nitrate and sulphate, which are
malized sulphate from Arctic shipping is somewhat strongermore hygroscopic than OC, the generally high relative hu-
than for all of these regions-320, see Tabl8), while Arc- midity in the Arctic strengthens the NRF.
tic petroleum NRF (global mean:232) is stronger than all
the regions except South America. Compared with numbers

for total anthropogenic emissions of sulphatd/iphre et al.
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Fig. 8. Seasonal variations of RF (solid lines) and NRF (dashed lines) from sulphate, BC in air, BC on snow, OC, nitrate and aerosol indirect
effect. Panelga) and(b) show shipping, panel&) and(d) show petroleum. Separation into left and right panels and use of insets is for
clarity only. Ozone NRF has units of WhbU—1, and has been scaled by a factor of 10 for clarity.

4.2 Global warming potential petroleum than shipping. Also, for sulphate the two sectors
are comparable. GWPs for OC are comparable for shipping
Based on the concept of Radiative Forcing, the Intergovernand petroleum.
mental Panel on Climate Change (IPCC) has employed the \/3,es for BC GWP found iBond et al(201) are com-
metric GWP (Global Warming Potential) as a tool to quantify parable to our numbers for BC in air. The GWPs found
and compare the potential impact of different climate chang&,ere for BC in air are somewhat higher than the global
agents Korster et al.2007). GWP is a metric defined as the g\wps in Fuglestvedt et al(2010. The OC values are
integrated RF caused by a pulse emission of 1kg of a trac%omparable tFuglestvedt et al(2010, while S GWPs
gas,i, over a chosen time horizon, relative to the RF of 1kg 5re |ower than what is found in their study. The values in
of the reference gas GO Fuglestvedt et a(2010 are for a global perturbation and a
foH RF; (r)dr different model. Large differences in model methods to cal-
T (2)  culate RF exist. Therefore, the GWP difference cannot be
fo RFco, (1)df interpreted as different sensitivity for Arctic emissions. NRF

whereH is the chosen time frame. Tablegives GWP for ~ comparison with previous studies using the same CTM and
BC, OC, SQ and indirect aerosol effects from shipping and RF model is discussed in Sect. 4.1.

petroleum on time frames of 20, 100 and 500yr. Note that The GWPs for the short-lived components given in Ta-
here the GWPs for sulphate are also influenced by changelsle 4 can be used to make first-order assessments of the
in oxidation rates due to the co-emitted species. GWPs foglobal impact of changing emissions from the shipping and
BC in air are comparable for shipping and petroleum, while petroleum sectors in the Arctic. The net impact in terms
for BC on snow the GWPs are about 4 times stronger forof changes in “C@-equivalent” emissions for any given

GWP(H); =
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Fig. 9. Seasonal dependence of normalized radiative forcing fo(B®8), OC(c, d)and G; (e, f) from shipping emissions. Left hand panels
show January—March when there is little sunlight in the Arctic region, right hand panels show April-June when sunlight is more prevalent.

scenario, including LLGHGs with GWPs from IPCC (2007), ten have a more global focus and make a subjective adjust-
can be derived by calculating the sum of the GWP-weightedment to the individual uncertainties for the Arctic region.

emissions for all components. Peters et al(2011) do not estimate uncertainties in the emis-
sion factors for 2004 emissions. For the emissions we apply
4.3 Uncertainties the same relative, component specific, uncertainties as were

used for the shipping sector Fuglestvedt et a2009. For
The main results from this work are given in Tallen terms  the RF by sulphate, BC and OC aerosols we use the multi-
of RF for the different components. Based on the avail-model 1¢ range of global mean RFs from model simulation
able information it is not possible to perform a formal un- with equal emissions from the AEROCOM proje&chulz
certainty propagation from emissions through CTM calcu-et al, 2006. For nitrate aerosols, BC on snow and the in-
lations of concentrations and radiative transfer simulationsdirect effect of aerosols we apply the range given by IPCC
To estimate the uncertainty in the RF numbers we there{Forster et al.2007, Table 2.12), while for ozone we apply
fore have to rely on estimates from other studies that of-
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the same relative uncertainties that were usdeliglestvedt change. Here we have investigated the effects of current
et al. (2008 for the shipping sector. The uncertainties are shipping- and petroleum emissions. Future emissions could
given in Fig.7. There are some Arctic or sector specific fac- potentially have a significant effect on Arctic environment,
tors that could add to the uncertainties, but are not includedegional air pollution levels and radiative budget. This will
in the estimates due to lack of information. This includes be addressed in upcoming studies.

potentially higher uncertainties in the activity data and emis_ACknOWledgementsThis work was funded by the Norwegian
ls'lqn faCtO.rS for shipping and. pgt_rolgum exploration at hlghResearch Council (project number 184873/S30, “Unlocking the
atitudes, impact of large variability in surface albedoes and

; . - Arctic Ocean: the climate impact of increased shipping and
non-linear effects in ship plumes (elduszar et al.2010. petroleum acticities (ArcAct)’). P pping

) Edited by: N. Riemer
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