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Figure 14. Pollution concentrations based on dynamic clustering of air mass trajectories.

29609

ObservaIonal	
  evidence	
  for	
  the	
  negaIve	
  impacts	
  of	
  
shipping	
  on	
  air	
  quality	
  in	
  the	
  Canadian	
  ArcIc	
  

A.	
  A.	
  Aliabadi,	
  R.	
  M.	
  Staebler,	
  and	
  S.	
  Sharma,	
  ACPD,	
  2014.	
  	
  

ACPD
14, 29547–29613, 2014

Air quality monitoring
in the Arctic

A. A. Aliabadi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
i
s
c
u
s
s
i
o
n

P
a

p
e
r

|
D

i
s
c
u
s
s
i
o
n

P
a

p
e
r

|
D

i
s
c
u
s
s
i
o
n

P
a

p
e
r

|
D

i
s
c
u
s
s
i
o
n

P
a

p
e
r

|

Cape Dorset 

Resolute 

Arctic Bridge 

Northwest Passage (NWP) 

CANADA 

USA 

GREENLAND 

Figure 1. Site locations for air quality monitoring stations in the Canadian Arctic; monitoring sta-
tion in Cape Dorset facing the Arctic Bridge near Hudson Strait; monitoring station in Resolute
facing the Northwest Passage (NWP) near Barrow Strait.
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Fig. 4. Box and whisker plots of EBC (a, b), particle number con-
centration for particles in the 60 nm size bin (c), ozone (d), SO2 at
Zeppelin (e), and SO2 at Ny Ålesund (f), for the two periods when
ships are present in the harbor, or not. In the title of each panel the
years used for the analysis are reported. The boxes extend from the
25th to the 75th percentile, the whiskers show the 5th and 95th per-
centile, and the thick red dots are the mean values. Data shown are
for summer (June, July, August) daytime (06:00–18:00UTC).

during daytime. To support our interpretation that the ship
emissions cause the elevated pollutant levels and reject the
alternative interpretation that ship presence and daily cycle of
pollution are coincidentally correlated due to similar but un-
related daily cycles, we repeated our analysis shown in Fig. 4,
but for every hour of the day separately.
Figure 5 shows that the EBC and PN60 concentrations are

higher in the afternoon than in the morning, regardless of ship
presence. They are consistently higher throughout the day
when ships are present, with very few exceptions, notably in
the early morning hours, when ships only start arriving and
the number of “ships” cases is very low. The O3 concentra-
tions are consistently lower throughout the day when ships
are present.
While it is interesting to compare pollution levels for peri-

ods with and without ship influence, the overall influence of
ship emissions on the seasonal mean concentrations depends
also on the frequency and duration of the periods with ship
presence. To determine the overall effect of ship emissions on
the mean measured pollutant concentrations in Ny Ålesund
and at Zeppelin taking into account the different frequency of
periods with or without ships, we compare the mean concen-
tration, averaged over all “no ships“ periods (“background”),
with the total mean concentration, averaged over the entire
time. This was done for summer (June, July, August) dur-
ing daytime only, for summer also including night-time peri-
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Fig. 5. Box and whisker plots of EBC, particle number concentra-
tion for the 60 nm size bin, and ozone measured at Zeppelin for each
hourly interval between 06:00 a.m. and 06:00 p.m.UTC for the two
categories describing whether ships are present in the harbor, or not.
The boxes with the thin lines show the data when there are no ships;
the boxes with the thick lines the data when there are ships. For
clarity of presentation, the colors alternate every hour. Data shown
are for summer (June, July, August) during the years given in each
panel title.

ods, and for summer during daytime and with low-wind con-
ditions only (Table 1). As can be expected, the relative in-
creases in the total mean concentrations over the background
mean concentrations are largest during daytime and for low-
wind conditions. For this period, the relative ship-related in-
creases over the background for EBC are 24/30%, and for
PN60 31%. There are still substantial increases in the mean
concentrations due to ships for all wind conditions (12/23%
and 32%), and even when including the night-time periods
as well (8/11% and 18%). Mean SO2 concentrations are also
enhanced by the ship emissions, while O3 concentrations are
decreased by 2–4%. However, the influence of the ships on
annual mean concentrations is minimal (not shown), since
SO2 and EBC concentrations during the Arctic haze sea-
son (winter and early spring) are much higher than in sum-
mer, and ship influence is small during that period. In the
Arctic, local pollution sources are very limited and most of
the pollution observed near the surface is due to long-range
transport from mid-latitude emission sources (traffic, indus-
try, biomass burning, etc.), primarily located in high-latitude
Eurasia (Stohl, 2006).

Atmos. Chem. Phys., 13, 8401–8409, 2013 www.atmos-chem-phys.net/13/8401/2013/

S. Eckhardt et al.: The influence of cruise ship emissions on air pollution in Svalbard 8403

Fig. 1. Left panel: map of the Kongsfjord area of Svalbard, showing the locations of the village of Ny Ålesund (red dot) and the Zeppelin
Mountain station (blue dot). The inset in the upper left corner shows the coastlines of Svalbard, the green rectangle indicating the approximate
extent of the map. Right panel: detailed map of the Ny Ålesund area, with the red dot showing the position of the Ny Ålesund monitoring
station, and the blue dot showing the position of the Zeppelin Mountain station. (Courtesy of Norwegian Polar Institute, http://toposvalbard.
npolar.no/).

to be much more frequent under these conditions than when
ships are not present.

2.2 Ship presence in the Kongsfjord

The harbor master of Kings Bay AS company keeps detailed
hourly records about when ships arrive and leave the dock or
anchor position, as well as on the number of people visiting
the island (H. Gisnås, personal communication, 2012). This
record is generally of high quality, but it is known that oc-
casionally ships are not registered. Figure 2 shows the total
number of passengers visiting Ny Ålesund between the years
2000 and 2011. Between the years 2000 and 2007, tourist
numbers have more than doubled, while since then there has
not been a clear trend in the number of passengers. A similar
trend has been reported by Hagen et al. (2012) for the entire
Svalbard archipelago, where a total of about 200 ship land-
ing sites have been used in recent years. According to data in
Fig. 1 and in Hagen et al. (2012), Ny Ålesund accounts for
around 15% of all Svalbard ship landings.
Ship names are not recorded in a systematic enough way

to clearly identify each vessel, which would allow estima-
tion of its pollutant emissions. Therefore, we use the num-
ber of passengers as a proxy for the size of a ship and the
corresponding pollutant emissions. The correlation between
the number of passengers and a ship’s emissions is probably
weak and, therefore, we separate all data in only two classes:
(1) when no ship was present in the fjord (case “no ships”),
and (2) when ship(s) with a total of more than 50 passengers
were present (case “ships”). However, 500 passengers were
used as a threshold for 24 h samples of SO2 (see Sect. 1.4).

This means we counted the total number of passengers dis-
embarking during the 24 h period, as most ships are not in
the harbor for all of the 24 h. To be consistent with the hourly
measurements, we used a threshold for this total number of
500 passengers.
Tourist ships typically cruise in the Kongsfjord for a few

hours before or after visiting Ny Ålesund, and it also takes
some time to reach or leave Ny Ålesund from outside the
Kongsfjord. Pollutant emissions are also likely to be higher
when the ships cruise in the fjord than when they are an-
chored. However, no information is available about the dura-
tion of the Kongsfjord cruises and the exact routes the ships
take. We therefore consider ships to be in the Kongsfjord
from the registered arrival time until 4 h after the registered
departure time from Ny Ålesund. This also leaves some mar-
gin for the presence of pollution and transport to the Zep-
pelin station after a ship has left the fjord. When considering
measurements in Ny Ålesund, only a 2 h extension was used
because the strongest influence there is expected when ships
are at anchor. Although these time margins are somewhat ar-
bitrary, they do not matter for quantifying the total ship in-
fluence as long as they cover the periods with potential ship
presence.
Tourists visit Ny Ålesund mainly during the months from

June to August, so only this period is considered in our study.
Ships normally arrive during daytime and leave before the
evening, so we restrict most of our analysis to daytime hours
from 08:00 to 20:00 local time (06:00 to 18:00UTC).

www.atmos-chem-phys.net/13/8401/2013/ Atmos. Chem. Phys., 13, 8401–8409, 2013
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Fig. 6. Global RF (mWm�2) from 2004–2030 per component for
the scenarios HIGH and MFR.

also the dominant cause of the indirect aerosol effect. The
magnitudes of the direct sulfate and indirect aerosol effects
are quite similar. Due to the strong reductions of sulfur emis-
sions there are small differences in RF between the two sce-
narios. Interestingly, the difference is larger for the indirect
effect than for the direct. We found that the normalized RFs
with respect to burden are quite similar for the direct effects,
and that there are nonlinearities from concentration changes
to RF for the indirect effect. Sensitivity studies also suggest
a logarithmic relation between emissions and the indirect ef-
fect (Lund et al., 2012). Ozone chemistry can also be non-
linear in regions with high background NOx levels. How-
ever, most shipping regions are relatively remote or mod-
erately polluted and have shown quite linear responses in
earlier studies (Eyring et al., 2007). The main cause of the
difference of almost factor three in ozone RF between the
two scenarios is therefore the span in NOx emissions (Ta-
ble 1b) rather than non-linearity. The RF signal from ozone
in the HIGH scenario is almost as large as those from the
indirect aerosol and direct sulfur effects. Ship emissions of
methane are small and the direct radiative effects from these
are negligible. Due to the relatively high NOx and low CO
and NMVOCs emissions, shipping efficiently increases OH
and thereby decreases methane lifetime by increasing the
chemical loss. Methane changes in turn leads to changes in
ozone, called Primary Mode (PM) ozone, and stratospheric
water vapour. We therefore included simplified calculations
of methane RF, even if methane is seldom defined as a
short-lived climate forcer. We used the approach described in
Berntsen et al. (2005) andMyhre et al. (2011) to calculate the
global radiative forcings from methane and associated ozone
and stratospheric water vapor changes. The RF values from
this method apply for the time when the perturbations have
reached equilibrium conditions. As in other shipping stud-
ies (Eyring et al., 2010) we find that the associated methane
RF more than outweighs the positive RF from ozone changes

Fig. 7. Net global RF (mWm�2) from 2004–2030 for different sea-
sons for the scenarios HIGH and MFR.

(Fig. 6). The contribution from BC and OC to global total RF
is small, and nitrate RF is negligible.
The seasonality in global net 2004–2030 RF from ships is

shown in Fig. 7. Seasonal differences are up to a factor 1.5.
For the strongly scattering components (sulfate and OC) the
magnitude of the RF is largest in the MJJ season, the sea-
son with largest insolation, in the regions of Northern Hemi-
sphere where most ship emissions occur. Interestingly, the
global RF for ozone is larger for the ASO season (Fig. 8)
than the MJJ (not shown) even if one would expect photo-
chemical activity in the Northern Hemisphere to be stronger
inMJJ. BC RF is also higher for ASO. Global total ship emis-
sions are slightly higher in ASO than MJJ, but this is likely
not the main cause. As shown in Figs. 8 and 9 the strongest
ozone and BC in air forcing is found over the region 20–
30� N over Sahara and areas with low frequency of clouds
(ozone) or high albedo (BC). The increase in column loading
(not shown) in this area is larger for ASO. The difference is
probably caused by the position and movement of the Inter
Tropical Convergence Zone (ITCZ) resulting in less wet re-
moval and stronger vertical transport of ozone precursors and
BC in ASO. The RF for ozone is largest in the vicinity of the
subtropical jets where ozone lifetime is long and ozone for-
mation from precursors efficient. Even if the seasons of NDJ
and ASO show quite different geographical signal for surface
ozone changes (Fig. 2) the RF maps for these seasons (Fig. 8)
are quite similar.
Figure 10 maps the direct sulfate RF and the indirect

aerosol RF. The largest increases are found at low and mid-
latitudes. There are some signs of reductions in parts of the
Arctic for the indirect effect due to increased sulfate con-
centrations near the diversion routes. However, the RF in
the Arctic is in general small. Maximums in RF are mainly
found over the mid latitude oceans. For the direct effect this is
caused by the low albedo over oceans. For the indirect effect

Atmos. Chem. Phys., 13, 1941–1955, 2013 www.atmos-chem-phys.net/13/1941/2013/
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and efficient reflection by sulfate and clouds explain the strong
RF in vicinity of the Suez route (Figure 2a,c). In the Arctic
there is, as expected, a negative RF over the oceans (in the
vicinity of the route) due to enhancement of sulfate in the
marine boundary layer (MBL). However, a more than
compensating positive RF appears over northern America and
Asia (Figure 2a,c). This occurs due to enhanced MBL oxidation
of SO2 from nonship sources and efficient removal of resulting
sulfate in the MBL, implying less sulfate transported to the free
troposphere (see the Supporting Information). While the sign
of the net RFs from sulfate and the indirect effect of aerosols
are found to be positive and relatively large (Figure 1) we also
estimate a large uncertainty range.
When shipping via Suez is reduced and introduced in the

Arctic we find a reduction in the net direct aerosol effect of
black carbon (BC) (Figure 1). The main reason is that BC
emitted into the Arctic atmosphere reaches lower altitudes and
has shorter lifetime. On the other hand, BC emitted from Arctic
shipping has a much larger effect when deposited on snow/ice
(Figure 2b,d and Figure S5, Supporting Information); thus the
shift to the Arctic causes a net positive global RF from BC on
snow/ice. Due to the gradual reduction in Arctic sea ice, the RF
from BC on snow/ice is smaller in 2050 than 2030. Both the
RFs for direct aerosol effect of BC and BC on snow/ice have
quite large uncertainties (Figure 1). For BC the main changes
occur in the vicinity of the ship routes (Figure 2b), especially in
the Arctic where mixing between the MBL and the free
troposphere is rather inefficient. The semidirect effect of BC is
negative from the Suez route and positive from the Arctic route.
From moving shipping north, we find a positive net RF due to
the semidirect effect, dominated by a reduction in negative
forcing from the Suez region. The semidirect effect is strongly
dependent on altitude,38 and differences in altitude of the BC
perturbations from the Suez and Arctic routes are a main cause

for difference in sign of semidirect RF between these regions.
However, the estimated uncertainty for the semidirect effect is
larger than for any of the other RF mechanisms investigated
here.
The regional shift of emissions of NOX, CO, and NMVOCs

leads to significant changes in ozone and methane. When the
emissions decrease along the Suez route less ozone precursors
are transported to high altitudes by vigorous convection during
summer when the Intertropical Convergence Zone in the
Indian Ocean moves north of the equator close to the route. At
these altitudes and latitudes with efficient ozone production
and long ozone lifetime this results in rather large reductions of
ozone. Since the changes occur in the subtropics/tropics
(Figure 2e) at high altitudes the impact of ozone changes on
RF is relatively large. The impact of Arctic shipping on ozone is
much smaller due to lower surface temperature and lower
temperature gradient which influences the longwave forcing, as
well as less sunlight which influences the shortwave forcing.
The overall effect of a strong Suez signal and a weak Arctic
signal is a strong net negative ozone RF (Figure 1). The RF due
to methane and changes in associated components is weaker
and of opposite sign to that from ozone. Decreased NOX
emissions along the Suez route efficiently reduce OH, leading
to enhanced methane RF.
The changes in organic aerosols (OA) and nitrate are small

and only give minor contributions to the total RF.
Except for methane and methane-induced O3 and strato-

spheric H2O changes, the RF values calculated for the NTCFs
reflect instantaneous changes (i.e., occurring on a time scale of
days to months). CO2, however, has a response time of
centuries,36 which means that the atmospheric levels are
determined by emission history. Thus, assumptions about
emission pathway are needed to quantify its total climate
impact. For the R−Y Arctic transit route we have assumed
linear trends from zero emissions in 2025 up to 2030 levels and
further to 2050. The RF from CO2 is −0.009 [−0.008, −0.012]
W/m2 in 2030 and −0.045 [−0.036, −0.057] W/m2 in 2050.
This is small compared to the NTCF, but this gas has larger
effects on longer time scales (see below). Direct emissions of
CH4 and N2O are small and the RFs are found to be negligible.
For the assumed linearized emission scenario described

above, and with constant emissions after 2050, we calculated
the response in global-mean temperature (Figure 3) over two
centuries to capture the various time scales of the different
components.
Shifting shipping from Suez to Arctic initiates responses of

very different magnitudes and signs. A group of small warming
effects (nitrate, OA and stratospheric H2O) can be seen in
Figure 3. BC on snow/ice (accounting for a high climate
sensitivity to RF34) has a maximum warming effect around
2040 and declines thereafter due to reduced ice cover. After this
time, the warming from methane, primary mode O3, sulfate,
semidirect effect of BC and indirect aerosol effect dominates.
Strong cooling effects from changes in direct aerosol effect of
BC and O3 are found. In a separate category, we find the
negative CO2 response which steadily grows larger. The net
effect of all these contributions is a warming for the first one-
and-a-half centuries, which thereafter switches to cooling due to
the long response time and dominant effect of CO2. As shown
in the inset, accounting for uncertainties (5−95%), based on
uncertainties in RF from NTCF (Figure 1), in CO2 response
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and climate sensitivity (see the Supporting Information), shows
that the warming period may last up to several centuries but

Figure 1. Effects in terms of global annual RF by component of
shifting shipping routes from the Suez to the Arctic route (upper) and
uncertainty distributions (lower) for 2030 and 2050. Uncertainty bars
are given for 5−95% ranges. OA = organic aerosols, s.l. = short-lived,
p.m. = primary mode.
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ABSTRACT: The changing climate in the Arctic opens new shipping routes. A shift to
shorter Arctic transit will, however, incur a climate penalty over the first one and a half
centuries. We investigate the net climate effect of diverting a segment of Europe−Asia
container traffic from the Suez to an Arctic transit route. We find an initial net warming
for the first one-and-a-half centuries, which gradually declines and transitions to net
cooling as the effects of CO2 reductions become dominant, resulting in climate
mitigation only in the long term. Thus, the possibilities for shifting shipping to the Arctic
confront policymakers with the question of how to weigh a century-scale warming with
large uncertainties versus a long-term climate benefit from CO2 reductions.

■ INTRODUCTION
The melting of Arctic sea ice may open new shipping routes
between Europe and Asia.1−7 The Arctic route is shorter
relative to the traditional Suez route and could result in
significant fuel saving and reductions in CO2 emissions. In
addition to CO2, ships emit a number of gases and aerosols
with both warming and cooling effects operating on a broad
range of time and spatial scales.8−10 The climate impacts of
these components depend strongly on location and timing of
emissions.11 In this study, detailed modeling of chemical,
radiative, and temperature responses have been performed to
quantify the net climate impact caused by new emissions in the
Arctic and reduced emissions via the Suez route.
We use Arctic shipping emission inventories3 for 2030 and

2050 with a gradual increase in container traffic on a new Arctic
route between Europe (Rotterdam) and Asia (Yokohama). The
Arctic transits occur in the period July−November when it is
expected to be feasible and economically profitable to use the
northern route.3 The advantage of the northern route
compared to the traditional Suez route is shorter (43%)
distance and travel time resulting in less fuel consumption
(Figure S1, Supporting Information) and emissions for the
same volume of transported cargo. This is, however, somewhat
compensated by increased fuel consumption per kilometer to
break through ice, especially in 2030. Applying the optimal
Arctic route reduces the travel time by 37% in 2030 and 43% in
2050, while the fuel consumption is reduced by 29% and 37%.
The total whole-year fuel consumption from shipping between
Rotterdam and Yokohama is reduced by 10% in 2030 and 16%
in 2050. Similar factors apply for relative reductions in
emissions to air of chemical constituents (CO2, NOX (nitrogen

oxides), SOX (sulfur oxides), NMVOCs (non-methane volatile
organic compounds), CO, black carbon (BC), and organic
aerosols (OA)) as we assume identical emission factors for the
components along the two routes.3 The rationale is that current
ratified emission regulations will apply globally as intended. We
do not assume differences that would appear if parts of the
routes become situated in emission control areas (ECAs). A
traffic shift from the Suez to the Arctic could then lead to
smaller or larger reductions of NOX and SOX emissions
dependent on which route is subjected to ECA regulations.
The scenario from Peters et al.3 estimates a transported

Rotterdam−Yokohama (R−Y) container volume of 1.4 MTEU
(million twenty-foot equivalent unit) and 480 trips during 100
days of Arctic transit in 2030. This is 36% of the total volume
for the R−Y route and 8% of the estimated container traffic
between Europe and Asia. In 2050, the volumes transported
during the 120 days of Arctic transit season rise to 2.5 MTEU
corresponding to 850 journeys. This is 45% of the potential for
the R−Y route and 10% of the container traffic between Europe
and Asia. Due to the shorter sailing distance the cargo volume
transported per day is higher in the Arctic. Therefore, moving
this transport to the Arctic also induces emission decreases in
the Suez route outside the Arctic transit season (Figure S2,
Supporting Information).
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8844 A. Stohl et al.: Arctic haze: the role of emissions

Fig. 6. Simulated annual mean surface concentrations (ng m�3) of the BC aerosol tracer from all emission

categories (top left) as well as relative contributions (%) from the various simulated emission categories: res-

idential combustion emissions (top right), agricultural waste burning emissions (middle left), biomass burning

emissions (middle right), flaring emissions (bottom left) and all other emissions (bottom right). In the top left

panel, the locations of measurement stations discussed in section 3.3.1 are marked with white dots with smaller

red dots on top, and the track of the research vessel Akademik Mstislav Keldysh is marked with a white line.
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Fig. 6. Simulated annual mean surface concentrations (ngm�3) of the BC aerosol tracer from all emission categories (top left) as well as
relative contributions (%) from the various simulated emission categories: residential combustion emissions (top right), agricultural waste
burning emissions (middle left), biomass burning emissions (middle right), flaring emissions (bottom left) and all other emissions (bottom
right). In the top left panel, the locations of measurement stations discussed in Sect. 3.3.1 are marked with white dots with smaller red dots
on top, and the track of the research vessel Akademik Mstislav Keldysh is marked with a white line.
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estimate that as much as 2% and 5% of global seaborne trade
will be shifted to the Arctic in 2030 and 2050, respectively.

5 Discussion

Our analysis provides emission estimates for oil and gas ex-
traction, and transit and oil and gas shipping in the Arctic
region for 2030 and 2050. Table 6, Figs. 4 and 5 show a
comparison of the emissions from the extraction of oil and
gas, transit shipping, oil and gas shipping, and other ship-
ping activities. The other shipping activities are based on an
earlier study using ship observations in 2004 (Sect. 2.3) and
in the absence of better data the same activity is assumed in
2030 and 2050. We based the other shipping emissions on
the assumed improvements in emission factors (Table 4).
A comparison of the emissions from different activities

in the Arctic indicates that emissions will not increase sub-
stantially above current levels (Table 6 and Fig. 5), though
locations may change (Fig. 4). In 2004 the transit and
petroleum shipping emissions were relatively small, requir-
ing rapid growth to reach 2030 and 2050 levels. The rapid
growth in the emissions from transit shipping occurs in loca-
tions that have not seen substantial emissions before (Fig. 4).
However, compared to the business as usual case (no Arc-
tic transit) there is a reduction in global fuel consumption in
the shipping sector of 374 kt in 2030 and 932 kt in 2050 as
the Arctic transit is shorter than shipping via the Suez Canal.
The rapid growth in oil and gas shipping occurs despite rela-
tively constant oil and gas production levels. This is since
the sea-ice coverage decreases and new fields are opened
in off-shore locations requiring transportation by ship rather
than the high levels of pipeline transportation currently in
use (Bambulyak and Frantzen, 2009; Dalsøren et al., 2007).
In terms of fuel consumption the shipping for oil and gas is
around 50% higher than transit shipping, and other shipping
is about twice the oil and gas shipping. In 2030 and 2050,
emissions are dominated by petroleum production and other
shipping (depending on the pollutant) suggesting relatively
modest changes in aggregated emissions driven largely by
emission factor improvements. Depending on the pollutant,
different activities will dominate future emissions in the Arc-
tic. Petroleum activities have higher emissions from energy
use and flaring (CO2 and CH4), loading (NMVOC), and es-
timated particulates. Shipping has much higher emissions of
NOx, SO2, CO and PM. Overall, the emissions are chang-
ing in volume, location, and source but we do not find rapid
aggregated emission increases in the Arctic region.
Estimating future activities in the Arctic is inherently dif-

ficult due to large uncertainties in sea-ice extent, resource
availability, future economic development, and future poli-
cies. We assume that there are no political instabilities in
the region allowing access to all Arctic resources (Brunstad
et al., 2004) and we assume continued economic growth at
the global level along the lines of the IPCC A2 scenario (Na-

Fig. 5. A comparison of the different emission sources in the Arc-
tic region for CO2, SO2, and NOx (based on the data in Table 6).
The “Other Shipping” is not based on calculations performed in the
paper. Note the different scales: CO2 is ⇥10Mt CO2, SO2 is ⇥2 kt
SO2, and NOx is kt NOx.

kicenovic and Swart, 2000). We chose a sea-ice model that
replicated the recent declines in sea-ice coverage better than
other models, though it is unknown if these trends will con-
tinue (Boé et al., 2009; Amstrup et al., 2010). Our estimates
of oil and gas extraction in the reference scenario are rel-
atively constant seemingly contradicting the potential large
increase in extraction based on the significant discovered re-
sources in the Arctic Region (Gautier et al., 2009). However,
our reference scenario produces greater oil and gas output
than another study (Wood Mackenzie and Fugro Robertson,
2006). In addition to these issues there are considerable un-
certainties in technological improvements, emission factors,
oil price scenarios, economic growth, and so on. Our results
should only be considered as an indication of potential emis-
sions in the Arctic region. Both for oil and gas production
and shipping, even with reduced summer sea-ice extent, the
Arctic will still be a challenging operating environment and
our modelling suggests there will not be a rapid increase in
aggregated Arctic emissions up to 2050.

6 Concluding remarks and further work

Our analysis has considered future activities and emissions
in the Arctic region in 2030 and 2050 on a 1⇥ 1 degree
grid and covering both short-lived pollutants and ozone pre-
cursors (SO2, NOx, CO, NMVOC, BC, OC) and the long-
lived greenhouse gases (CO2, CH4, N2O). We find rapid
growth in transit shipping due to increased profitability with
the shorter transit times compensating for increased costs in
traversing areas of sea-ice. Oil and gas production remains
relatively stable in our scenarios leading to reduced emis-
sions due to emission factor improvements. We find that
the location of oil and gas production moves into locations
requiring more ship transport relative to pipeline transport,

www.atmos-chem-phys.net/11/5305/2011/ Atmos. Chem. Phys., 11, 5305–5320, 2011
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  processes	
  to	
  get	
  deposiIon	
  
rates	
  from	
  local	
  polluIon	
  (emiYed	
  right	
  into	
  the	
  ArcIc	
  the	
  boundary	
  layer)	
  
right?	
  	
  	
  

–  Do	
  models	
  have	
  the	
  right	
  verIcal	
  resoluIon	
  to	
  treat	
  these	
  processes?	
  

–  ConnecIon	
  between	
  the	
  model	
  scale	
  and	
  measurement	
  (campaign)	
  scale	
  	
  

–  ConnecIon	
  between	
  long	
  term	
  surface	
  site	
  measurements	
  and	
  focused	
  
campaign	
  based	
  studies	
  

•  Where	
  to	
  start	
  –	
  improved	
  emissions,	
  measurements,	
  model	
  
studies	
  to	
  idenIfy	
  knowledge	
  gaps?	
  


