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Abstract The sea ice surface is thought to be a major source of sea salt aerosol, suggesting that sodium
records of polar ice cores may trace past sea ice extent. Here we test this possibility for the Arctic, using a
chemical transport model to simulate aerosol emission, transport, and deposition in the satellite era. Our
simulations suggest that sodium records from inland Greenland ice cores are strongly influenced by the
impact of meteorology on aerosol transport and deposition. In contrast, sodium in coastal Arctic cores is
predominantly sourced from the sea ice surface and the strength of these aerosol emissions controls the ice
core sodium variability. Such ice cores may therefore record decadal to centennial scale Holocene sea ice
changes. However, any relationship between ice core sodium and sea ice change may depend on how sea
ice seasonality impacts sea salt emissions. Field-based observations are urgently required to constrain this.

Plain Language Summary To better understand the variability of Arctic sea ice and its interaction
with climate, we need to reconstruct its history back beyond the time range of observations. As the sea ice
surface is a major source of sea salt aerosol in the polar regions, one possibility is to use sea salt sodium
records in Arctic ice cores as tracers of sea ice change. However, there are other factors that influence ice core
sodium, in addition to the strength of the sea ice source of aerosol. The most important is meteorology, or
storminess, that impacts how aerosol is transported and deposited. We adopt a new approach to tackling this
problem, using a numerical model that replicates the emission, transport, and deposition of sea salt to
simulate Arctic ice core sodium records. This is used to investigate the competing controls of sea ice versus
storminess. Our results suggest that sodium records of coastal Arctic ice cores, away from central Greenland,
offer the greatest potential for Holocene sea ice reconstruction. However, this study also highlights the
need for more field observations to improve understanding of aerosol emission over the sea ice.

1. Introduction

Predicting the future evolution of Arctic sea ice is a fundamental goal of climate science. To examine how
Arctic sea ice reacted to rapid climate changes that have occurred in the past, we can consult paleoclimate
archives that extend beyond the 35-year satellite record. Several different marine chemical species present
in polar ice cores have been proposed as tracers of Holocene sea ice conditions, including sea salt sodium
(Na; Severi et al., 2017), methane sulfonic acid (Criscitiello et al., 2013; Rhodes et al., 2009), and bromine
(Maselli et al., 2017; Spolaor et al., 2016). Here we focus on sea salt Na.

Evidence from field- and model-based studies indicates that sea salt aerosol can be sourced from salty blow-
ing snow lofted from the surface of the sea ice (Huang & Jaeglé, 2017; Jourdain et al., 2008; Rhodes et al.,
2017; Wagenbach et al., 1998; Yang et al., 2008). This sea ice sea salt (SISS) contributes to the winter-late
spring peaks in sea salt concentration observed in both Arctic aerosol measurements (e.g., Quinn et al.,
2002) and Greenland ice core records (e.g., Banta et al., 2008). Simulations suggest that the sea ice surface
produces an order of magnitude more aerosol than the same unit area of open ocean under the same
conditions (Yang et al., 2008). However, two major problems currently preclude the use of Arctic ice core
Na concentrations as tracers of past sea ice extent:

1. It is difficult to differentiate between open ocean sea salt (OOSS) and SISS in the atmosphere or snowpack.
A chemical fingerprint of SISS is fractionation of the sea salt sulfate (ssSO4

2�) to Na+ ratio relative to the
seawater value, which results from the precipitation of mirabilite (Na2SO4 • 10H2O) within or on top of sea
ice (Rankin et al., 2002; Wagenbach et al., 1998). In the present-day Arctic anthropogenic sulfate pollution
masks other sulfate contributions (Goto-Azuma & Koerner, 2001) meaning that the relative proportions of
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SISS and OOSS in aerosol or snow cannot be estimated using either
the ssSO4

2� to Na+ ratio (Jourdain et al., 2008) or the sulfur stable iso-
topic ratio (δ34S) of samples (Seguin et al., 2014).

2. The dominant control on Na variability in Arctic ice cores is unclear.
Which is more important—changing sea ice extent or storminess?
Although the amount of SISS emitted to the atmosphere is high
likely to vary with sea ice area, emitted SISS must then be trans-
ported inland and deposited. The amount of SISS that is finally
deposited is influenced by factors that can be broadly termed
meteorology, such as the strength of transport winds, as well as
the amount and frequency of precipitation (Fischer, 2001; Hutterli
et al., 2007; Levine et al., 2014).

Here we address these two problems using a global chemical transport
model. We then consider whether or not the recent decrease in Arctic
sea ice (Figure 1) may be detectable in Arctic ice core Na records.

2. Materials and Methods
2.1. Chemical Transport Model

We use the Cambridge p-TOMCAT chemical transport model to repre-
sent the emission, transport, and deposition of OOSS and SISS
(Legrand et al., 2016; Levine et al., 2014; Rhodes et al., 2017).
p-TOMCAT has been tuned to sea salt aerosol measurements at Arctic
sites (Rhodes et al., 2017). Recent modifications enable p-TOMCAT to
simulate monthly Na concentrations in deposited snow, and BASE simu-
lation of Rhodes et al. (2017) has been validated for its representation of
Greenland ice core Na concentrations and interannual variability for
1991–1999 C.E.

We extend the BASE simulation time range to 1991–2015 C.E (Text S1
and Table S1 in the supporting information). Briefly, p-TOMCAT is a

global model with a spatial resolution of 2.8° × 2.8° across 31 vertical sigma-pressure levels. It is driven by
6-hourly ERA-Interim wind, temperature, and humidity fields (Dee et al., 2011). Sea ice fractions are derived
from the Hadley Centre Sea Ice and Sea Surface Temperature data set (Rayner, 2003) and sea ice assumed
to be multiyear if it was present the previous September. OOSS emissions occur via bubble bursting
(Gong, 2003; Jaeglé et al., 2011), and SISS emissions occur via sublimation of snow particles (Yang et al.,
2008) lofted from the surface of sea ice during blowing snow events (e.g., Nishimura & Nemoto, 2005;
Savelyev et al., 2006).

The rate of SISS emission from multiyear sea ice is set to half the first-year sea ice rate in the BASE simulation.
In previous work this scenario produced better correspondence between p-TOMCAT simulations and avail-
able Arctic sea salt aerosol observations than scenarios in which multiyear sea ice contributed either no aero-
sol at all or the same amount as first-year ice (Rhodes et al., 2017). We reasonably expect there to be a
distinction in aerosol production between first-year and multiyear sea ice because aerosol emissions from
blowing snow (as parameterized) increase with snow salinity (Yang et al., 2008). Limited measurements of
snow on Arctic sea ice (Krnavek et al., 2012) suggest the salinity of snow on thick, multiyear sea ice is lower
than that of snow of thin, first-year sea ice. These observations are further supported by the knowledge that
brine rejection causes the salinity of the sea ice itself to decrease with time (Cox & Weeks, 1974) and that
thicker sea ice is less likely to be submerged and/or flooded by highly saline seawater (Massom et al., 2001).

2.2. Simulation of Arctic Snow Na Concentrations

We use the BASE simulation results to investigate how ice core Na concentrations and SISS:OOSS values
change in response to the recent decline in Arctic sea ice. Given that SISS emissions via blowing snow are
suppressed over sea ice designated as multiyear (section 2.1), we perform two additional experiments for

Figure 1. Simulated fraction of annual Na in snowfall that is sea ice sea salt
(SISS) (not open ocean sea salt (OOSS)) at Arctic ice core locations for BASE
simulation 1991–2015 C.E. Symbol size is proportional to simulated median
Na concentration. Ice core labels: PIC = Penny Ice Cap; DIC = Devon Ice Cap;
2B = 2Barrel; CC = Camp Century; POW = Prince of Wales; SMT = Summit;
HB = Humboldt; RL = Renland; AG = Agassiz; HT = Hans Tausen; FI = Flade
Isblink; SV = Svalbard; WD = Windy Dome; AN = Akademii Nauk. Please see
Table S2 for references to individual ice core studies. The solid lines mark
maximum sea ice extent, and the dashed lines mark minimum sea ice extent
in 1991 (black) and 2012 (red). One thousand-meter topographic contours
are shown over land.
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2000–2015 C.E. to examine the impact of the changing ratio of first-year to multiyear sea ice on our simulated
ice core Na records:

ALLSI: SISS emission strength is equal across all sea ice.
FYSI: SISS emissions only occur above first-year ice.

2.3. Sensitivity Tests

To constrain the relative influence of sea ice conditions and meteorology on Arctic ice core Na concentra-
tions, we conduct sensitivity tests. p-TOMCAT is run repeatedly over the 2000–2015 C.E. interval, holding
either meteorology that influences transport and deposition of aerosol (ERA-Interim wind, temperature,
and humidity fields and the model-calculated precipitation) or sea salt (OOSS and SISS) emission rate con-
stant. As p-TOMCAT is not a coupled model, sea ice does not evolve in response to meteorology and vice
versa, so we ensure that OOSS and SISS emissions reflect sea ice conditions by prescribing them (Text S2).

Three different experiments are performed for 2015 C.E.:

CONTROL: Meteorology and sea salt emissions both from current year (n.b. not the same as BASE simula-
tion [section 2.1] because emissions are prescribed, Text S2).

VARYEMIS: Meteorology from 2000 C.E. and sea salt emissions from current year.
VARYMET: Sea salt emissions from 2000 C.E. and meteorology from current year.
For both VARYEMIS and VARYMET, we calculate the normalized root mean square deviation (NRMSD) rela-

tive to CONTROL.

2.4. Air Mass Back Trajectories

To verify the likely source regions of sea salt aerosol deposited at Arctic ice core sites, we use the Hysplit4 soft-
ware (Draxler & Hess, 1998) to perform air mass back trajectories (Text S4). Back trajectories were initiated
every 5 days in winter–spring 1991–2015 C.E. and allowed to travel for 3 days.

3. Results
3.1. Origin of Sea Salt in Arctic Snow: Sea Ice Surface or Open Ocean?

We first examine the proportion of SISS relative to OOSS that makes up the Na deposited at Arctic ice core
sites in our BASE simulation 1991–2015 C.E. As the proportion of SISS relative to OOSS currently deposited
at Arctic ice core locations cannot be determined through laboratory measurements, we seek to select ice
core locations where SISS dominates the Na budget.

Our BASE simulation predicts that SISS comprises a small fraction (<0.25) of the annual Na budget of high
elevation (>2,000 m), inland Greenland ice cores, such as NEEM, NGRIP, and Summit (Figure 1). Simulated
SISS contributions are equally low at high elevation, southerly Greenland ice core locations, Renland (4%),
and Dye-3 (5%), adjacent to limited winter sea ice cover. At some northerly Greenland ice core locations,
within 100 km of coastlines bordered by sea ice, SISS becomes the dominant contributor to the Na budget.
This is true for Flade Isblink, 2Barrel, and Camp Century (Figure 1). However, at Hans Tausen, just 50 km from
multiyear sea ice north of Greenland, SISS accounts for only 41% of Na.

In the wider Arctic, our results suggest that the Na records of ice cores from low elevation (<2,000 m), loca-
lized ice domes, situated close to sea ice cover, are dominated by SISS. The annual fraction of Na that is SISS
ranges from 0.63 at Devon Ice Cap to 0.90 at Windy Dome (Figure 1 and Table S2). The only exception to this is
Prince of Wales Icefield in the Canadian Arctic, which our simulations suggest receives only 18% SISS.
Previous studies suggest that the strong contribution of OOSS at this location results from the proximity of
the North Water polynya (Criscitiello et al., 2016; Wasiuta et al., 2006).

3.2. What Drives Interannual Variability in Na?

Our sea ice versus storm sensitivity tests indicate that the influence of meteorology on aerosol transport and
deposition is the dominant control on interannual variability in ice core Na at central Greenland sites (Tunu,
Summit, and NEEM, Figure 2). For each site, VARYMET results closely follow the CONTROL results (Figure S1 in
the supporting information), with NRMSDs between the two of 21 and 30% (Figure 2a). The VARYEMIS results
typically diverge much more from the CONTROL results, with NRSMD values of 77–94% (Figure 2b). If only
SISS Na is considered, the result does not materially change, the NRMSD between VARYMET and CONTROL
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is still lower than between VARYEMIS and CONTROL at each site (56–
84% versus 82–111%), suggesting meteorology is the dominant factor
determining SISS Na (Figure S2).

Closer to the Greenland coast, ice core sites such as Renland, Humboldt,
and 2Barrel still show lower NRMSDs for VARYMET than VARYEMIS, sug-
gesting a dominance of meteorology on Na variability (Figure 2 and
Table S2). However, the difference between the two NRMSD is less than
for inland sites. Camp Century, which is located close to 2Barrel in NW
Greenland, shows a lower NRMSD for VARYEMIS, suggesting that
emission strength has a greater influence here, but both NRMSDs are
high (>90%).

To obtain VARYEMIS NRMSDs that are significantly lower than VARYMET
values, we have to move closer to the coast, to relatively low elevation,
localized ice domes located close to the sea ice. This is almost accom-
plished at Hans Tausen on the northern tip on Greenland which sees
very similar NRMSDs for VARYMET and VARYEMIS. Southeast from there
at Flade Isblink the difference between NRMSDs for VARYMET (184%)
and VARYEMIS (72%) is marked, suggesting that emission strength dom-
inates over meteorology in the control of ice core Na variability. Moving
around the Arctic basin into the Siberian Arctic, the same is true for ice
cores on Svalbard, at Windy Dome, and Akademii Nauk. The influence
of emissions strength on Na concentrations is also greater than the influ-
ence of meteorology for Canadian Arctic ice cores such as Agassiz and
Devon Ice Cap.

These patterns are largely repeated if just SISS Na is considered
(Figure S3) or if only Na variability during months of peak sea ice
(January–April) is examined (Figure S4). Taken together, our results
indicate that emission strength is more important than meteorology
in determining the Na content of ice cores from coastal ice domes in
the Arctic, opposite to our findings for central Greenland cores.

4. Discussion
4.1. High Arctic Ice Core Na Records

Our simulations predict that the Na concentration records of seven
coastal Arctic ice cores are (1) dominated by SISS rather than OOSS
and (2) more sensitive to changes in emission strength than meteorol-
ogy (Figures 1 and 2 and Table S2). The seven cores are Penny Ice Cap,
Devon Ice Cap, Svalbard, Akademii Nauk, Agassiz, Windy Dome, and
Flade Isblink.

We propose that these ice cores have the best chance of preserving a Na
signal of Holocene Arctic sea ice change and test this by searching for a
signal of the recent decadal-scale decline in Arctic sea ice cover in our
simulations (Text S3; Bertler et al., 2005). We regress simulated ice
core annual mean Na concentrations from the BASE simulation against
the annual mean sea ice area of each grid cell in the Arctic region
(Figure S5). Annual mean Na values are used because seasonal values

are often difficult to resolve in these high Arctic cores (e.g., Criscitiello et al., 2016). Most of the ice cores show
only limited areas of significant (p< 0.05) regression between Na and sea ice in distal locations where sea salt
aerosol is unlikely to be sourced from. The lack of positive correlation between sea ice area and the simulated
ice core Na records could be due to the nature of the recent Arctic sea ice change. A marked decrease in area
has occurred in minimum (September) sea ice, whereas winter (February) sea ice area has remained fairly

Figure 2. Relative influence of meteorology and sea salt aerosol emissions
strength on Na concentrations in Arctic ice cores 2000–2015 C.E. The
colored circles display normalized root mean square deviation (NRMSD)
between monthly snow Na of (a) CONTROL and VARYMET and (b) CONTROL
and VARYEMIS, both normalized to mean snow Na of CONTROL. The lower
values (dark red colors) indicate that the varying factor (a: meteorology and
b: OOSS & SISS emissions) has large influence on Na. The red and black
lines show sea ice extent as Figure 1. See Figure S3 for equivalent maps for
sea ice sea salt and open ocean sea salt individually and Figure S4 for
equivalent maps for January to April only.
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consistent (Figure 1) until very recently. As most of the SISS is deposited during the winter months when sea
ice is at its maximum extent (Rhodes et al., 2017), a modest winter sea ice change may be difficult to detect in
ice core Na. There are very few regions of significant regression between maximum (winter) sea ice area and
the simulated ice core Na time series (Figure S6).

Contrary to expectations, the simulated ice core Na records from Akademii Nauk, and to a lesser extent Penny
Ice Cap, show negative correlation with local sea ice area. Akademii Nauk Na has significant inverse relation-
ship (R2 = 0.54, p < 0.002) with sea ice area (Figure 3d) across a broad region encompassing areas of the
Laptev, Kara, and Barents Seas (Figure 3a). Particularly from 2000 C.E. onward, a gradual decrease in sea ice
area is accompanied by a decadal-scale increase in ice core Na (Figures 3b and 3d). The Na increase is not
fuelled by additional OOSS input—the SISS:OOSS remains more or less stable (Figure 3c). Instead, the Na
increase can be linked to the changing proportion of sea ice that is first-year (annual) relative to multiyear
(perennial). Over the 1991–2015 C.E. interval, the fraction of sea ice that is first-year rises from 0.43 in
1991–1995 C.E. to 0.70 in 2010–2015 C.E. (Figure 3b). As first-year sea ice produces twice as much SISS aerosol
as multiyear sea ice in our SISS emission parameterization (section 2.1), SISS emission increase causes ele-
vated Na levels at Akademii Nauk despite the decrease in total sea ice area.

Figure 3. Relationship between sea ice and Na concentrations in the Akademii Nauk ice core, as simulated by p-TOMCAT.
Sea ice and Na concentrations are annual means calculated for July to June. (a) The map displays grid cells with significant
(p < 0.05) negative regression (blue colors) between sea ice area and Na of ice core (located at red asterisk). The black
contour denotes likely origin of sea salt aerosol arriving at location (see Figure 4 caption). Sea ice area across this region
(60–87°N, 60–150°E, 7.7 million km2 total area) is compared to simulated Akademii Nauk Na concentrations. See Figure S5
for equivalent maps for other ice core sites. (b) Change in multiyear and first-year sea ice area over time. (c) BASE
simulation Na concentrations (sea ice sea salt (SISS) and open ocean sea salt (OOSS)) over time. The scatterplots display
correlation between sea ice area and ice core Na 2000–2015 C.E. for experiments: (d) BASE, (e) ALLSI, (f) FYSI, (g) VARYEMIS,
and (h) VARYMET. The 2012–2013 C.E. result (red cross) is included in red linear fit and excluded from black linear fit.
Coefficients of determination (R2) displayed are significant at p < 0.05.
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This result can be compared to the ALLSI and FYSI experiments. When all sea ice emits SISS equally (ALLSI),
there is no significant relationship between sea ice area and Akademii Nauk Na (Figure 3e) once the outlier
(2012–2013 C.E., year of record low sea ice) is removed. It is the first-year sea ice variability that generates
the inverse relationship between Akademii Nauk Na and sea ice area, as the FYSI results show (Figure 3f).

If we examine this relationship for the VARYEMIS and VARYMET runs, the results are as expected. No signifi-
cant statistical relationship between sea ice and Na is identifiable for the VARYMET run (Figure 3h), while the
VARYEMIS run (Figure 3g) produces a similar relationship to the BASE simulation. This reiterates our finding
that emission strength, and not transport and deposition processes driven by meteorology, controls
Akademii Nauk Na concentrations.

4.2. Link to SISS Emissions

Despite the lack of positive correlation between ice core Na and sea ice at the Arctic sites identified, if we
regress the simulated ice core Na records against SISS emissions instead of sea ice area, all the cores
show a region of significant positive (R > 0.5) regression located close to the ice core site (Figure 4).
Furthermore, each of these regions is encompassed by the area of air mass origin for that ice core site, as indi-
cated by back trajectory analysis. This illustrates that the Na variability of these ice cores is related to aerosol
source strength, as our sensitivity tests suggest, but that recent local sea ice change (particularly in winter)
has not been great enough to substantially impact annual SISS emissions. However, the significant positive
relationships between local SISS emissions and ice core Na signals suggest that a larger-scale change in
sea ice conditions would impact SISS emissions and the Na records of the proximal ice cores would register
a shift. The critical question is as follows: Which direction would Na concentrations shift? A sea ice change
involving total collapse of year-round sea ice cover would result in decreased Na, but the Akademii Nauk
results suggest that a switch from a perennial to annual sea ice regime could instead cause an increase in Na.

5. Conclusions

Based on the chemical transport model results presented, we conclude that it is highly unlikely that interann-
ual variability in Na concentrations from inland Greenland ice cores will reflect fluctuations in sea ice extent or

Figure 4. Regression of simulated ice core Na against sea ice sea salt (SISS) emissions for seven selected Arctic ice cores. Each map shows regression of simulated ice
core mean annual Na concentration against the mean annual SISS emissions rate (Tg Na yr�1) for each grid cell 1991–2015 C.E. Annual mean values are calculated
for 12 months from July to June. Only areas of significant regression (p < 0.05) are shown. Ice core locations are marked by red asterisks. The black contours
denote the fraction of air mass back trajectories from the ice core location in winter-spring that reside within 1,000 m of the surface (0.1, 0.05, and 0.02 fractions
decreasing away from ice core location).
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that a decadal scale trend in Greenland ice core Na could be related to Arctic sea ice under present-day (late
Holocene) conditions. The contribution of SISS to the Na budget is consistently low across Greenland interior
(Figure 1) and variations in transport and deposition related to meteorology determine Na variability, rather
than emissions strength (Figure 2). These results lend support to previous work on Holocene Greenland ice
cores that demonstrate that Na variability is closely linked to large-scale atmospheric circulation patterns
and their influence on aerosol transport and deposition (Fischer & Mieding, 2005; Hutterli et al., 2007).

Alternatively, our results suggest that low elevation ice domes located close to the sea ice in the high Arctic
offer the best potential for preservation of interannual and/or decadal scale Na signals related to sea ice varia-
bility. These ice cores are dominated by Na sourced from the sea ice surface rather than the open ocean
(Figure 1), and our sensitivity tests suggest that storminess, and its impact on aerosol transport and deposi-
tion, is of secondary importance to the strength of sea salt emissions in controlling the ice core Na signal
(Figure 2). This is reflected by positive correlation between the strength of local SISS emissions and ice core
Na concentration in all seven of the Arctic ice cores selected (Figure 4). Despite this, none show significant
positive correlation between Na and sea ice area over 1991–2015 C.E., suggesting that the recent decline
in winter Arctic sea ice was too modest to impact annual SISS emissions significantly.

However, the Akademii Nauk ice core simulation shows negative correlation between local sea ice area and
Na concentration, driven by the increasing area of first-year sea ice as the sea ice regime changes from pre-
dominantly perennial to annual (Figure 3). The strength of this relationship is dictated by the parameteriza-
tion of sea salt aerosol emissions from the sea ice, specifically the influence of sea ice thickness and/or age
seasonality on snow salinity, which we have very few constraints on. This example highlights the critical need
for coordinated field measurements of snow on sea ice (salinity, depth, and density) and its relationship to
sea ice age/thickness and sea salt aerosol production.

Under our current assumption that multiyear sea ice contributes half as much aerosol as first-year sea ice, our
simulations suggest that Arctic ice core Na may be sensitive to two modes of sea ice change in the Holocene:
(1) retreat/expansion of winter sea ice and (2) switch between perennial and annual sea ice regimes.
Combining sea salt Na with other ice core chemistry related to sea ice and associated marine productivity
could prove valuable in disentangling such changes.

References
Banta, J. R., McConnell, J. R., Edwards, R., & Engelbrecht, J. P. (2008). Delineation of carbonate dust, aluminous dust, and sea salt deposition in

a Greenland glaciochemical array using positive matrix factorization. Geochemistry, Geophysics, Geosystems, 9, Q07013. https://doi.org/
10.1029/2007GC001908

Bertler, N., Mayewski, P. A., Aristarain, A., Barrett, P., Becagli, S., Bernardo, R., et al. (2005). Snow chemistry across Antarctica. Annals of
Glaciology, 41(1), 167–179. https://doi.org/10.3189/172756405781813320

Clausen, H. B., Stampe, M., Hammer, C. U., Hvidberg, C. S., Dahl-Jensen, D., & Steffensen, J. P. (2001). Glaciological and chemical studies on ice
cores from Hans Tausen ice cap, Greenland. Meddelelser Om Grønland. Geoscience, 39.

Cox, G. F. N., & Weeks, W. F. (1974). Salinity variations in sea ice. Journal of Glaciology, 13(67), 109–120. https://doi.org/10.3198/
1974JoG13-67-109-120

Criscitiello, A. S., Das, S. B., Evans, M. J., Frey, K. E., Conway, H., Joughin, I., et al. (2013). Ice sheet record of recent sea-ice behavior and polynya
variability in the Amundsen Sea, West Antarctica. Journal of Geophysical Research: Oceans, 118, 118–130. https://doi.org/10.1029/
2012JC008077

Criscitiello, A. S., Marshall, S. J., Evans, M. J., Kinnard, C., Norman, A.-L., & Sharp, M. J. (2016). Marine aerosol source regions to Prince of Wales
Icefield, Ellesmere Island, and influence from the tropical Pacific, 1979–2001. Journal of Geophysical Research: Atmospheres, 121,
9492–9507. https://doi.org/10.1002/2015JD024457

Dansgaard, W., Johnsen, S. J., Møller, J., & Langway, C. C. (1969). One thousand centuries of climatic record from camp century on the
Greenland Ice Sheet. Science, 166(3903), 377–380. https://doi.org/10.1126/science.166.3903.377

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., et al. (2011). The ERA-Interim reanalysis: Configuration and
performance of the data assimilation system. Quarterly Journal of the Royal Meteorological Society, 137(656), 553–597. https://doi.org/
10.1002/qj.828

Draxler, R. R., & Hess, G. D. (1998). An overview of the HYSPLIT_4 modelling system for trajectories, dispersion, and deposition.
Australian Meteorological Magazine, 47, 295–308.

Fischer, H. (2001). Imprint of large-scale atmospheric transport patterns on sea-salt records in northern Greenland ice cores. Journal of
Geophysical Research, 106(D20), 23,977–23,984. https://doi.org/10.1029/2000JD000175

Fischer, H., & Mieding, B. (2005). A 1,000-year ice core record of interannual to multidecadal variations in atmospheric circulation over the
North Atlantic. Climate Dynamics, 25(1), 65–74. https://doi.org/10.1007/s00382-005-0011-x

Fisher, D. A., Koerner, R. M., Bourgeois, J. C., Zielinski, G., Wake, C., Hammer, C. U., et al. (1998). Penny ice cap cores, Baffin Island, Canada, and
the Wisconsinan Foxe Dome connection: Two states of Hudson Bay ice cover. Science, 279(5351), 692–695. https://doi.org/10.1126/
science.279.5351.692

Gong, S. L. (2003). A parameterization of sea-salt aerosol source function for sub- and super-micron particles. Global Biogeochemical Cycles,
17(4), 1097. https://doi.org/10.1029/2003GB002079

10.1029/2018GL077403Geophysical Research Letters

RHODES ET AL. 5578

Acknowledgments
Data Set S1 comprises BASE
simulation results (also at doi: 10.1594/
PANGAEA.887987). Data Set S2 com-
prises CONTROL, VARYMET, and
VARYEMIS simulations, and Data Set S3
comprises FYSI and ALLSI results.
References to existing ice core data are
provided in Table S2. This study was
funded by a European Union Horizon
2020 Marie Sklodowska-Curie Individual
Fellowship (658120, SEADOG) awarded
to R.H.R. E.W.W. acknowledges support
from the Royal Society (RP 120096 and
NF171273), and X.Y. and E.W.W. both
acknowledge funding from NERC
(NE/J023051/1).

https://doi.org/10.1029/2007GC001908
https://doi.org/10.1029/2007GC001908
https://doi.org/10.3189/172756405781813320
https://doi.org/10.3198/1974JoG13-67-109-120
https://doi.org/10.3198/1974JoG13-67-109-120
https://doi.org/10.1029/2012JC008077
https://doi.org/10.1029/2012JC008077
https://doi.org/10.1002/2015JD024457
https://doi.org/10.1126/science.166.3903.377
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1029/2000JD000175
https://doi.org/10.1007/s00382-005-0011-x
https://doi.org/10.1126/science.279.5351.692
https://doi.org/10.1126/science.279.5351.692
https://doi.org/10.1029/2003GB002079
https://doi.org/10.1594/PANGAEA.887987
https://doi.org/10.1594/PANGAEA.887987


Goto-Azuma, K., & Koerner, R. M. (2001). Ice core studies of anthropogenic sulfate and nitrate trends in the Arctic. Journal of Geophysical
Research, 106(D5), 4959–4969. https://doi.org/10.1029/2000JD900635

Hansson, M. E. (1994). The Renland ice core. A Northern Hemisphere record of aerosol composition over 120,000 years. Tellus B, 46(5),
390–418. https://doi.org/10.1034/j.1600-0889.1994.t01-4-00005.x

Henderson, K. A. (2002). An ice core paleoclimate study of Windy Dome, Franz Josef Land (Russia): Development of a recent climate history
for the Barents Sea. The Ohio State University. Retrieved from https://etd.ohiolink.edu/pg_10?0::NO:10:P10_ACCESSION_NUM:
osu1392106069

Huang, J., & Jaeglé, L. (2017). Wintertime enhancements of sea salt aerosol in polar regions consistent with a sea ice source from blowing
snow. Atmospheric Chemistry and Physics, 17(5), 3699–3712. https://doi.org/10.5194/acp-17-3699-2017

Hutterli, M. A., Crueger, T., Fischer, H., Andersen, K. K., Raible, C. C., Stocker, T. F., et al. (2007). The influence of regional circulation patterns on
wet and dry mineral dust and sea salt deposition over Greenland. Climate Dynamics, 28(6), 635–647. https://doi.org/10.1007/
s00382-006-0211-z

Isaksson, E., Hermanson, M., Hicks, S., Igarashi, M., Kamiyama, K., Moore, J., et al. (2003). Ice cores from Svalbard––Useful archives of past
climate and pollution history. Physics and Chemistry of the Earth, Parts A/B/C, 28(28-32), 1217–1228. https://doi.org/10.1016/
j.pce.2003.08.053

Jaeglé, L., Quinn, P. K., Bates, T. S., Alexander, B., & Lin, J.-T. (2011). Global distribution of sea salt aerosols: New constraints from in situ and
remote sensing observations. Atmospheric Chemistry and Physics, 11(7), 3137–3157. https://doi.org/10.5194/acp-11-3137-2011

Jourdain, B., Preunkert, S., Cerri, O., Castebrunet, H., Udisti, R., & Legrand, M. (2008). Year-round record of size-segregated aerosol
composition in Central Antarctica (Concordia station): Implications for the degree of fractionation of sea-salt particles. Journal of
Geophysical Research, 113, D14308. https://doi.org/10.1029/2007JD009584

Kinnard, C., Zdanowicz, C. M., Fisher, D. A., & Wake, C. P. (2006). Calibration of an ice-core glaciochemical (sea-salt) record with sea-ice
variability in the Canadian Arctic. Annals of Glaciology, 44(1), 383–390. https://doi.org/10.3189/172756406781811349

Koerner, R. M., Fisher, D. A., & Goto-Azuma, K. (1999). A 100 year record of ion chemistry from Agassiz Ice Cap Northern Ellesmere Island NWT,
Canada. Atmospheric Environment, 33(3), 347–357. https://doi.org/10.1016/S1352-2310(98)00166-6

Krnavek, L., Simpson, W. R., Carlson, D., Domine, F., Douglas, T. A., & Sturm, M. (2012). The chemical composition of surface snow in the Arctic:
Examining marine, terrestrial, and atmospheric influences. Atmospheric Environment, 50, 349–359. https://doi.org/10.1016/
j.atmosenv.2011.11.033

Legrand, M., Yang, X., Preunkert, S., & Theys, N. (2016). Year-round records of sea salt, gaseous, and particulate inorganic bromine in the
atmospheric boundary layer at coastal (Dumont d’Urville) and central (Concordia) East Antarctic sites: Sea salt and bromine in Antarctica.
Journal of Geophysical Research: Atmospheres, 121, 997–1023. https://doi.org/10.1002/2015JD024066

Levine, J. G., Yang, X., Jones, A. E., & Wolff, E. W. (2014). Sea salt as an ice core proxy for past sea ice extent: A process-based model study.
Journal of Geophysical Research: Atmospheres, 119, 5737–5756. https://doi.org/10.1002/2013JD020925

Maselli, O. J., Chellman, N. J., Grieman, M., Layman, L., McConnell, J. R., Pasteris, D., et al. (2017). Sea ice and pollution-modulated changes in
Greenland ice core methanesulfonate and bromine. Climate of the Past, 13(1), 39–59. https://doi.org/10.5194/cp-13-39-2017

Massom, R. A., Eicken, H., Hass, C., Jeffries, M. O., Drinkwater, M. R., Sturm, M., et al. (2001). Snow on Antarctic Sea ice. Reviews of Geophysics,
39(3), 413–445. https://doi.org/10.1029/2000RG000085

McConnell, J. R. (2013). Ice core aerosol measurements in the Humboldt ice core. Arctic Data Portal. https://doi.org/10.18739/A2G23B
McConnell, J. R. (2015). Collaborative proposal: Aerosol concentrations, sources and transport pathways in the Arctic Polar Dome during

Recent Millennia. Arctic Data Portal. https://doi.org/10.18739/A2Q05K
NGRIP community members (2004). High-resolution record of Northern Hemisphere climate extending into the last interglacial period.

Nature, 431, 147–151.
Nishimura, K., & Nemoto, M. (2005). Blowing snow at Mizuho station, Antarctica. Philosophical Transactions of the Royal Society A:

Mathematical, Physical and Engineering Sciences, 363(1832), 1647–1662. https://doi.org/10.1098/rsta.2005.1599
Quinn, P. K., Miller, T. L., Bates, T. S., Ogren, J. A., Andrews, E., & Shaw, G. E. (2002). A 3-year record of simultaneously measured aerosol

chemical and optical properties at Barrow, Alaska. Journal of Geophysical Research, 107(D11), 4130. https://doi.org/10.1029/
2001JD001248

Rankin, A. M., Wolff, E. W., & Martin, S. (2002). Frost flowers: Implications for tropospheric chemistry and ice core interpretation. Journal of
Geophysical Research, 107(D23), 4683. https://doi.org/10.1029/2002JD002492

Rayner, N. A. (2003). Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth century.
Journal of Geophysical Research, 108(D14), 4407. https://doi.org/10.1029/2002JD002670

Rhodes, R. H., Bertler, N. A. N., Baker, J. A., Sneed, S. B., Oerter, H., & Arrigo, K. R. (2009). Sea ice variability and primary productivity in the
Ross Sea, Antarctica, from methylsulphonate snow record. Geophysical Research Letters, 36, L10704. https://doi.org/10.1029/
2009GL037311

Rhodes, R. H., Yang, X., Wolff, E. W., McConnell, J. R., & Frey, M. M. (2017). Sea ice as a source of sea salt aerosol to Greenland ice cores: A
model-based study. Atmospheric Chemistry and Physics, 17(15), 9417–9433. https://doi.org/10.5194/acp-17-9417-2017

Savelyev, S. A., Gordon, M., Hanesiak, J., Papakyriakou, T., & Taylor, P. A. (2006). Blowing snow studies in the Canadian Arctic Shelf Exchange
Study, 2003–04. Hydrological Processes, 20(4), 817–827. https://doi.org/10.1002/hyp.6118

Seguin, A. M., Norman, A.-L., & Barrie, L. (2014). Evidence of sea ice source in aerosol sulfate loading and size distribution in the Canadian High
Arctic from isotopic analysis: Frost flower influence on aerosols. Journal of Geophysical Research: Atmospheres, 119, 1087–1096. https://doi.
org/10.1002/2013JD020461

Severi, M., Becagli, S., Caiazzo, L., Ciardini, V., Colizza, E., Giardi, F., et al. (2017). Sea salt sodium record from Talos Dome (East Antarctica) as a
potential proxy of the Antarctic past sea ice extent. Chemosphere, 177, 266–274. https://doi.org/10.1016/j.chemosphere.2017.03.025

Sigl, M., McConnell, J. R., Layman, L., Maselli, O., McGwire, K., Pasteris, D., et al. (2013). A new bipolar ice core record of volcanism from WAIS
Divide and NEEM and implications for climate forcing of the last 2000 years. Journal of Geophysical Research: Atmospheres, 118, 1151–1169.
https://doi.org/10.1029/2012JD018603

Spolaor, A., Opel, T., McConnell, J. R., Maselli, O. J., Spreen, G., Varin, C., et al. (2016). Halogen-based reconstruction of Russian Arctic Sea ice
area from the Akademii Nauk ice core (Severnaya Zemlya). The Cryosphere, 10(1), 245–256. https://doi.org/10.5194/tc-10-245-2016

Vinther, B. M., Clausen, H. B., Fisher, D. A., Koerner, R. M., Johnsen, S. J., Andersen, K. K., et al. (2008). Synchronizing ice cores from the Renland
and Agassiz ice caps to the Greenland ice core chronology. Journal of Geophysical Research, 113, D08115. https://doi.org/10.1029/
2007JD009143

Wagenbach, D., Ducroz, F., Mulvaney, R., Keck, L., Minikin, A., Legrand, M., et al. (1998). Sea-salt aerosol in coastal Antarctic regions. Journal of
Geophysical Research, 103(D9), 10,961–10,974. https://doi.org/10.1029/97JD01804

10.1029/2018GL077403Geophysical Research Letters

RHODES ET AL. 5579

https://doi.org/10.1029/2000JD900635
https://doi.org/10.1034/j.1600-0889.1994.t01-4-00005.x
https://etd.ohiolink.edu/pg_10?0::NO:10:P10_ACCESSION_NUM:osu1392106069
https://etd.ohiolink.edu/pg_10?0::NO:10:P10_ACCESSION_NUM:osu1392106069
https://doi.org/10.5194/acp-17-3699-2017
https://doi.org/10.1007/s00382-006-0211-z
https://doi.org/10.1007/s00382-006-0211-z
https://doi.org/10.1016/j.pce.2003.08.053
https://doi.org/10.1016/j.pce.2003.08.053
https://doi.org/10.5194/acp-11-3137-2011
https://doi.org/10.1029/2007JD009584
https://doi.org/10.3189/172756406781811349
https://doi.org/10.1016/S1352-2310(98)00166-6
https://doi.org/10.1016/j.atmosenv.2011.11.033
https://doi.org/10.1016/j.atmosenv.2011.11.033
https://doi.org/10.1002/2015JD024066
https://doi.org/10.1002/2013JD020925
https://doi.org/10.5194/cp-13-39-2017
https://doi.org/10.1029/2000RG000085
https://doi.org/10.18739/A2G23B
https://doi.org/10.18739/A2Q05K
https://doi.org/10.1098/rsta.2005.1599
https://doi.org/10.1029/2001JD001248
https://doi.org/10.1029/2001JD001248
https://doi.org/10.1029/2002JD002492
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/2009GL037311
https://doi.org/10.1029/2009GL037311
https://doi.org/10.5194/acp-17-9417-2017
https://doi.org/10.1002/hyp.6118
https://doi.org/10.1002/2013JD020461
https://doi.org/10.1002/2013JD020461
https://doi.org/10.1016/j.chemosphere.2017.03.025
https://doi.org/10.1029/2012JD018603
https://doi.org/10.5194/tc-10-245-2016
https://doi.org/10.1029/2007JD009143
https://doi.org/10.1029/2007JD009143
https://doi.org/10.1029/97JD01804


Wasiuta, V., Norman, A.-L., & Marshall, S. (2006). Spatial patterns and seasonal variation of snowpack sulphate isotopes of the Prince of Wales
Icefield, Ellesmere Island, Canada. Annals of Glaciology, 43(1), 390–396. https://doi.org/10.3189/172756406781812311

Watanabe, O., Motoyama, H., Igarashi, M., Kamiyama, K., Matoba, S., Goto-Azuma, K., et al. (2001). Studies on climatic and environmental
changes during the last few hundred years using ice cores from various sites in Nordaustlandet, Svalbard (scientific paper). Memoirs of
National Institute of Polar Research Special Issue, 54, 227–242.

Yang, X., Pyle, J. A., & Cox, R. A. (2008). Sea salt aerosol production and bromine release: Role of snow on sea ice. Geophysical Research Letters,
35, L16815. https://doi.org/10.1029/2008GL034536

10.1029/2018GL077403Geophysical Research Letters

RHODES ET AL. 5580

https://doi.org/10.3189/172756406781812311
https://doi.org/10.1029/2008GL034536


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


