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Abstract Field observations suggest that oceanic emissions of dimethylsulfide (DMS) may play a
dominant role in the production of Arctic aerosols and clouds and therefore modulate the surface
irradiance, during spring and summer. DMS is produced not only in the water column but also in various
sea ice habitats. The ongoing recession of Arctic sea ice is expected to enhance DMS emissions, but the
magnitude of this increase is highly uncertain. Here we investigate the spatiotemporal variability in bottom
ice and sea surface DMS concentrations and fluxes using a regional sea ice-ocean physical-biogeochemical
model. Model results indicate that the observed accelerated decline of Arctic sea ice extent since the
beginning of the 21st century is associated with upward trends in May–August pan-Arctic-averaged sea
surface DMS concentration and sea-to-air DMS flux. On the other hand, strong interannual variability and
statistically insignificant trends are found for bottom ice DMS concentration and ice-to-sea DMS flux,
owing to the counteracting effects of the shrinking horizontal extent and the vertical thinning of sea ice on
ice algal production. The pan-Arctic DMS climatology products based on model simulation and satellite
algorithms provide dynamically based spatial details that are absent in the in situ measurement-based
climatology due to limited spatiotemporal data coverage and inevitable extrapolation bias. Lastly, model
results indicate that the bottom ice DMS and its precursor dimethylsulfoniopropionate production can be
the only local source of oceanic DMS emissions into the atmosphere during May prior to pelagic blooms,
suggesting that it may be a key component of the biological control on Arctic climate at that time.

1. Introduction
Dimethylsulfide (DMS) is the most abundant volatile sulfur compound in the ocean (Sim, 2001). DMS is
produced by the enzymatic cleavage of dimethylsulfoniopropionate (DMSP), which is an osmolyte pro-
duced mainly by marine algae (Stefels et al., 2007). Oceanic emissions of DMS are the main source of
biogenic aerosols, playing an important role in radiative forcing and atmospheric chemistry (Andreae &
Crutzen, 1997). Recent observational studies suggest that sea-to-air DMS flux may exert a strong influence
on Arctic climate during late spring and summer by playing a dominant role in aerosol composition and new
particle formation in the region (Chang et al., 2011; Ghahremaninezhad et al., 2016; Mungall et al., 2016;
Rempillo et al., 2011; Sharma et al., 2012; Park et al., 2017; Willis et al., 2016). However, these studies are
limited both spatially and temporally, and therefore, the extent to which their conclusions scale up to the
broad Arctic domain remains unknown.

One of the main challenges in Arctic DMS research is the poor spatiotemporal coverage of sea surface
DMS concentration measurements; direct measurements in ice-covered regions are logistically difficult,
while indirect measurements via remote sensing are restricted to open water (where ice concentration is
less than 10% Gal et al., 2019) and are not available near the North Pole. As a result, the existing clima-
tologies of sea surface DMS concentration for the Arctic domain have been primarily constructed either by
the extrapolation of in situ measurements from lower latitudes (Kettle & Andreae, 2000; Kettle et al., 1999;
Lana et al., 2011) or machine learning (Humphries et al., 2012). Given the spatial heterogeneity of sea
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surface DMS concentration in the Arctic (Levasseur, 2013), such an approach to producing the sea surface
DMS concentration fields that feed into atmospheric, global climate, and Earth system models is potentially
problematic.

Another approach to obtain sea surface DMS concentration fields is via numerical modeling. Process mod-
els apply mechanistic representations of key physical and biogeochemical processes to produce simulations
over time periods and spatial domains that are beyond the capacity of field observations. Only a hand-
ful of papers in the literature focus on modeling DMSP and DMS production in the Arctic Ocean (Elliott
et al., 2012; Gabric et al., 1999, 2005; Hayashida et al., 2017; Jodwalis et al., 2000; Qu et al., 2016; Qu &
Gabric, 2010). Elliott et al. (2012) are notable as the only study that incorporated sea ice biogeochemistry into
a regional model framework and therefore could address the spatial variability in sea surface DMS concen-
tration. However, this earlier study did not address the temporal variability in sea surface DMS concentration
nor quantify the impacts of sea ice biogeochemistry on the sea-to-air DMS flux.

The decline of Arctic sea ice extent and thickness is one of the most striking consequences of ongoing cli-
mate change and has implications for oceanic DMS emissions. Using a zero-dimensional box model, Gabric
et al. (2005) projected an 86% increase in sea-to-air DMS flux in the Barents Sea between the late 20th and the
21st centuries, owing to both substantial loss of ice cover and ocean warming (with consequent reduction in
the gas solubility). Similarly, future climate projections using an Earth system model (Six et al., 2013) sug-
gest that oceanic DMS emissions will increase in the Arctic north of 60◦N, while a reduction is projected for
the lower latitudes. However, these earlier studies either focused on a confined region in the Arctic (Gabric
et al., 2005) or were global analyses with limited focus on the Arctic (Six et al., 2013). Furthermore, the spa-
tial resolution of the global model used in Six et al. (2013) might be inadequate to resolve fine-scale processes
near the sea ice-ocean interface (Hayashida et al., 2019). Most recently, a 2.4-fold increase in ocean DMS
emissions north of 70◦N is predicted for the ice-free Arctic summer compared to the present-day climatol-
ogy based on a remote sensing algorithm, although this trend may diverge due to regime shifts in Arctic
ecosystems in coming decades (Gal et al., 2019).

In the present study, we investigate the spatiotemporal variability in bottom ice and sea surface DMS
concentrations and fluxes in the Arctic using a three-dimensional regional coupled sea ice-ocean
physical-biogeochemical model. Specific objectives of this study include (1) an assessment of the temporal
variability in sea ice and sea surface physical and biogeochemical properties over 1979–2015, (2) a com-
parison of the model-based pan-Arctic sea surface DMS climatology with previous climatologies based on
satellite observations and in situ measurements, and (3) a quantification of the contribution of bottom ice
DMSP and DMS production to sea surface DMS concentration and sea-to-air flux. In the following, we
describe the model and the evaluation data products in section 2, present the results of model simulations
and evaluation in section 3, discuss the key findings in section 4, and provide conclusions in section 5.

2. Methods
2.1. Pan-Arctic Model Configuration

We used a pan-Arctic configuration of the sea ice-ocean coupled general circulation model based on the
Nucleus for European Modelling of Ocean (NEMO) version 3.4 (Hayashida et al., 2019). The coupled
model consists of physical and biogeochemical components. The physical component is comprised of
the Océan PArallélisé (OPA) free surface hydrostatic primitive equation ocean model (Madec, 2008) cou-
pled to a three-layer (one for snow and two for ice) dynamic-thermodynamic sea ice model called the
Louvain-la-Neuve Sea Ice Model version 2 (LIM2; Bouillon et al., 2009; Fichefet & Maqueda, 1997). The
biogeochemical component is comprised of the Canadian Ocean Ecosystem model (CanOE) coupled to the
Canadian Sea Ice Biogeochemistry model (CSIB; Hayashida et al., 2019). We refer to the CSIB-CanOE bio-
geochemical component presented in this study as version 4 (CSIBv4), as a few modifications were made
from the previous version (detailed below). The pan-Arctic configuration covers the entire Arctic, the North
Atlantic north of approximately 50◦N, and the North Pacific north of approximately 60◦N, with the exception
of Hudson Bay. The configuration has been applied to study the projected changes in sea ice conditions and
freshwater fluxes in the Canadian Polar Shelf (Hu & Myers, 2014) and has recently been updated with finer
vertical resolution in the upper water column to better represent the effects of meltwater on both physical
and biogeochemical processes (Hayashida et al., 2019). The horizontal resolution of the ocean model varies
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from 10–14.5 km, while the updated vertical resolution varies from 1–255 m, with 12 levels (of thickness 1,
2, 2, 3, 4, 5, 6, 8, 10, 13, 16, and 20 m) in the upper 90 m (Hayashida et al., 2019).

CanOE is a nutrient-phytoplankton-zooplankton-detritus (NPZD) ecosystem model with a representation
of carbonate chemistry, originally developed for use in the Canadian Earth System Model version 5 (Swart
et al., 2019). Key features of CanOE include representations of small and large size classes for each of
phytoplankton, zooplankton, and detritus and variable stoichiometric ratios for phytoplankton (carbon,
nitrogen, iron, and chlorophyll). In Hayashida et al. (2019), CanOE was implemented into the pan-Arctic
configuration with additional state variables (DMSP and DMS) and coupling to CSIB. CSIB is a five-state
variable (nitrogen, ammonium, ice algae, DMSP, and DMS) model that simulates biogeochemical pro-
cesses at the bottom layer of sea ice where ice algal production within sea ice typically dominates (Meiners
et al., 2018). The bottom layer thickness is fixed to 3 cm in our study. In addition to biogeochemical
sources and sinks, the state variables follow the horizontal sea ice motion and ocean circulation governed
by the advection-diffusion equations and are exchanged at the ice-ocean interface through turbulent and
molecular diffusion, ice growth/melt, and freshwater flushing (Hayashida et al., 2019). Furthermore, the
biogeochemical tracer concentrations in the uppermost ocean layer vary with freshwater flux.

The DMSP and DMS model components consist of bottom ice and seawater representations and are based
on ones developed within a one-dimensional framework (Hayashida et al., 2017). DMSP is separated into
particulate (DMSPp) and dissolved (DMSPd) phases for both sea ice and ocean compartments. In total, six
model equations represent the budgets of bottom ice DMSPp, bottom ice DMSPd, bottom ice DMS, seawater
DMSPp, seawater DMSPd, and seawater DMS. All of these quantities are modeled in terms of their concen-
trations with units of μmol m−3. DMSPp is an osmolyte produced in many species of marine algae and plants
(Stefels, 2000). The amount of DMSPp produced relative to carbon biomass varies considerably among algal
species and also depends on environmental conditions (Stefels et al., 2007). In many extrapolar regions,
diatoms are found to be low DMSP producers, whereas dinoflagellates and haptophytes are high DMSP
producers (Stefels et al., 2007). However, in polar regions, diatoms exhibit intracellular DMSP-to-carbon
(chlorophyll a) ratios that are substantially higher than open-ocean diatoms (Galindo et al., 2014), likely due
to their additional role as cryoprotectant (Kirst et al., 1991). Furthermore, polar diatoms accumulate in very
high concentrations at the base of and underneath the sea ice, resulting in elevated production of DMSP
(Galindo et al., 2014). In the model, the intracellular DMSP-to-carbon ratio for small phytoplankton is set
to 12 mmol S:mol C, which is representative of haptophytes (Stefels et al., 2007). The ratios for ice algae and
large phytoplankton are set to 4 mmol S:mol C, which is representative of polar diatoms (see Appendix A).
This ratio is about 4 times higher than that of extrapolar diatoms (Stefels et al., 2007). DMSPp is released
outside of algal cells as DMSPd through cell lysis and exudation. DMSPd is converted to DMS by bacteria
and free DMSP-lyase enzymes. DMSPp, DMSPd, and DMS produced within the bottom ice are released into
surface ocean where DMS may be emitted into the atmosphere. A full description of the model equations
and parameters is provided in Appendix A and supporting information.

In this study, we made a few modifications to the configuration of Hayashida et al. (2019) to improve the
simulation of physical and biogeochemical processes. First, we prescribed river runoff of nitrate, total alka-
linity, and dissolved organic and inorganic carbon by constructing their annual mean concentration fields
based on in situ measurements from major Arctic rivers (Figure S1 and Table S1), as opposed to setting these
fields to zero in the previous study. Second, we removed the dependence of phytoplankton and zooplankton
source and sink terms on iron concentration to avoid spurious reductions in their respective biomass that
may arise due to the lack of external supply (dust deposition and river input) of dissolved iron in the cur-
rent model setup. In practice, this change was achieved by setting the dissolved iron concentration to a high
value (0.6 nM) everywhere in the model domain at every model time step. The change has a negligible effect
on the results of Hayashida et al. (2019) given the short span of the simulations but was deemed necessary
for the multidecadal simulation carried out in the present study. This change is also justified in part by the
fact that iron is generally not the limiting factor for phytoplankton growth for the Arctic domain (Aumont
et al., 2003, 2015; Zahariev et al., 2008). Third, we removed the effect of nutrient stress on the DMSP con-
tent of small phytoplankton as Stefels et al. (2007) and McParland and Levine (2019) suggested that the
DMSP production of high DMSP-producing algae, such as small phytoplankton in the present study, is not
affected much by nutrient limitation. Fourth, we changed the values of the following model parameters
from the values used in Hayashida et al. (2019) in order to further tune the modeled ice volume and extent:
the thickness of newly formed ice (hiccrit; from 0.6 to 0.5 m) and the ice strength parameter (pstar; from
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23,000 to 30,000 N m−2). Our preliminary simulations indicated that the modeled ice volume and extent
were directly proportional to hiccrit within the range 0.3–0.8 m, and the modeled ice extent was inversely
proportional to pstar, while the modeled ice volume was insensitive to the choice of pstar within the range
23,000–45,000 N m−2.

With these changes, we conducted a 47 year simulation from 1 January 1969 to 31 December 2015 by
prescribing annually varying surface and lateral boundary conditions forced with the Drakkar Forcing
Set version 5.2 (Figure S2 Dussin et al., 2016) and the Ocean Reanalysis System 4 (Figure S3; Balmaseda
et al., 2013). The model state variables were initialized as described in Hayashida et al. (2019) and saved as
monthly mean fields. We considered the first 10 years of the simulation as a spin-up phase for sea ice and
sea surface variables (Hayashida et al., 2019) and focused the analysis on the latter 37 years (1979–2015).

To quantify the contribution of bottom ice DMSP and DMS production to sea surface DMS concentration
and sea-to-air DMS flux, we conducted an additional simulation that excludes the model representation of
bottom ice DMSP and DMS production. The additional simulation spanned 10 years (2006–2015) initialized
from the state at the end of 2005 in the 47 year simulation. No spin-up was necessary for this simulation as
the bottom ice production had only seasonal influence on sea surface DMS concentration.

2.2. Data Products for Model Evaluation
2.2.1. Pan-Arctic Ice Ocean Modeling and Assimilation System
The Pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS) is a regional coupled sea ice-ocean
circulation model that assimilates observational data (Schweiger et al., 2011; Zhang & Rothrock, 2003). The
monthly mean fields of snow depth, ice thickness, and ice concentration simulated by PIOMAS version 2.1
were used to create time series of snow volume, ice volume, and ice extent integrated over the domain north
of 60◦N.
2.2.2. Sea Ice Index Version 3 (NSIDC)
The National Snow and Ice Data Center (NSIDC) provides ice extent data derived from multiple satellite
sensors known as the Sea Ice Index Version 3 (Data set ID: G02135; Fetterer et al., 2017). We obtained the
monthly mean time series of sea ice extent in the Arctic to compare with the modeled September mean ice
extent time series over 1979–2015.
2.2.3. World Ocean Atlas 2018
The World Ocean Atlas (WOA) of the National Oceanic and Atmospheric Administration provides clima-
tological fields of oceanic properties based on in situ measurements. We obtained the monthly and annual
mean fields of sea surface nitrate concentration of the latest version 2018 (WOA18) that incorporate biogeo-
chemical Argo float measurements (Riser et al., 2016) and the Global Ocean Data Analysis Project version
2 (GLODAPv2; Lauvset et al., 2016). To the best of our knowledge, WOA18 is the only existing in situ
measurement-based data product that provides globally interpolated nitrate fields at monthly temporal res-
olution. However, the data incorporated into WOA18 have substantial spatiotemporal gaps for the Arctic
domain, and therefore, their climatological fields need to be interpreted with caution. For example, the spa-
tial coverage of measurements incorporated into the monthly interpolated fields is extremely scarce (5–26%
over the pan-Arctic domain; Figure S4), indicating that their interpolated fields heavily rely on extrapola-
tion of measurements from lower latitudes. Furthermore, these fields do not represent strictly the temporal
mean over the nominal averaging period due to missing values in some years. The nitrate concentration of
WOA18 is given in μmol kg−1, which is multiplied by the WOA18 seawater density climatology to convert
to the model units (mmol m−3)
2.2.4. The Carnat 2013 (C13) Bottom Ice DMS Data Set
In situ measurements of sea ice DMS concentration were conducted between November 2007 and June 2008
in the southern Beaufort Sea-Amundsen Gulf of the Canadian Arctic as part of the International Polar Year
Circumpolar Flaw Lead (IPY-CFL) system study (Carnat et al., 2013). Both physical and biogeochemical
properties were measured from 33 first year drift and fast ice stations and were presented in full details in
Carnat (2013). In the present study, we compared the 23 samples of DMS concentrations collected from the
bottom 3 cm of sea ice with the model results. It should be acknowledged that these measurements come
from multiple locations and do not represent a time series. However, as discussed in Carnat et al. (2013),
the spatial variability in these measurements was minimized through careful selection of ice floes for each
sampling.
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2.2.5. The Galí 2019 (G19) Sea Surface DMS Climatology
For evaluation of modeled sea surface DMS concentration fields at the pan-Arctic scale, we used a monthly
mean climatology product which was constructed using a remote sensing algorithm developed for the Arctic
domain (G19; Gal et al., 2019). The spatial coverage of the G19 climatology is north of 45◦N with a resolu-
tion of 28 km. The temporal coverage of the satellite observations incorporated into the climatology is the
years 2003–2016. The algorithm for estimating sea surface DMS concentration depends on the light pene-
tration regime, sea surface photosynthetically active radiation (PAR, that part of the shortwave irradiance
available for photosynthetic production), and sea surface chlorophyll a concentration. The remotely sensed
chlorophyll a signal in Arctic coastal regions may overestimate the actual concentration due to the presence
of riverine colored dissolved organic matter and detritus, collectively termed colored detrital matter (CDM;
Maritorena et al., 2002). To address this bias, we screened out grid cells with high CDM concentration using
satellite-based climatological annual mean fields of light absorption coefficient at 412 nm as a proxy
(Gal et al., 2019). Specifically, we disregarded values from grid cells shallower than 200 m in depth (i.e., coastal
environment) and for which the absorption coefficient was greater than 0.25 m−1. This criterion is overall
conservative and is consistent with the regionalization applied by Gal et al. (2019).
2.2.6. The Lana 2011 (L11) Sea Surface D.MS Climatology
The most up-to-date global monthly mean sea surface DMS climatology product based on in situ
measurements is the Lana 2011 (L11) climatology (Lana et al., 2011). The L11 climatology incorpo-
rates over 47,000 near-surface DMS concentration measurements taken during 1972–2009 to construct
interpolated/extrapolated monthly mean fields at the spatial resolution of 1◦ on a global regular grid
(Lana et al., 2011).

It is important to emphasize the fact that the Arctic representation in the L11 climatology is based on
extremely limited data (0–4% areal coverage north of 60◦N; Figure S5) and so relies on the extrapolation
of in situ measurements from lower latitudes. The extrapolation extends into the ice-covered areas where
primary production (and subsequent DMS formation) is presumably lower than the open water production
due to light limitation. Despite the extrapolation bias for the Arctic, the L11 climatology deserves attention
because it is commonly used for prescribing the DMS emissions in global climate and Earth system models.

2.3. Trend Analysis

The relative strength of modeled pan-Arctic mean interannual variability was assessed by comparing the
magnitude of year-to-year variation with the longer-term trends determined by the LOcally WEighted Scat-
terplot Smoothing (LOWESS). LOWESS is a nonparameteric regression that determines a least squares
polynomial fit to a time series (Cleveland, 1979). Numerically, we calculated LOWESS using the Python
package statsmodels. The shapes of LOWESS curves were examined to assess the linearity of the longer-term
trends. To quantify trends, linear regression of the time series was then applied over the time period in which
the LOWESS curve was quasi-linear.

3. Results
3.1. Pan-Arctic Mean Time Series

To understand the temporal variability in modeled physical and biogeochemical properties at the pan-Arctic
scale as a whole, we examine the seasonal and interannual variability of quantities averaged over the
pan-Arctic domain defined as the region north of 60◦N (sections 3.1.1 and 3.1.2, respectively) and compare
these with comparable averages from other data products (section 3.1.3).
3.1.1. Seasonal Cycles
Modeled snow volume, ice volume, and ice extent increase during fall and winter, reaching annual maxima
in early spring (April for snow volume and ice volume and March for ice extent; Figures 1a–1c). Seasonal
warming during spring and summer results in a nearly snow-free model ice surface in July and August,
while the annual minima in ice volume and extent occur in September.

Growth of ice algae is largely controlled by the amount of available light and nutrients (Gosselin et al., 1990).
In the model, the influence of these two factors on the ice algal growth rate is defined as limitation indices
that range from zero to one (Mortenson et al., 2017). The growth rate of modeled ice algae is directly propor-
tional to the minimum of the two limitation indices. Much of the bottom ice is light limited from October to
April, while nutrient limitation dominates from June to September (Figure 1d). In May, both factors share
about the same areal extent. Modeled ice algal biomass increases gradually from February to March, rapidly
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Figure 1. Modeled pan-Arctic climatological seasonal cycles and their comparisons with available data products. Panels represent the monthly mean (a) snow
volume; (b) ice volume; (c) ice extent; (d) spatial extent of bottom ice that is light (red) or nutrient (cyan) limited for bottom ice algal growth; (e) bottom ice
algal biomass; (f) sea surface PAR; (g) sea surface nitrate concentration; (h) sea surface biomass of small phytoplankton (dashed), large phytoplankton (dotted),
and both (solid); (i) bottom ice DMS concentration; (j) sea surface DMS concentration; (k) ice-to-sea DMS flux, and (l) sea-to-air DMS flux. Subplots a–d
represent spatially integrated quantities, while the others represent spatially averaged quantities over the region north of 60◦N. Shaded regions represent the ±1
interannual standard deviation of monthly averaged quantities over 1979–2015. All line plots are our model results except for PIOMAS (blue lines in a–c),
WOA18 (dashed line in g), and L11 (dotted line in j). Bar graphs represent the spatial extent of gridded in situ measurements north of 60◦N incorporated into
WOA18 (g) and L11 (j).

from March to May, and declines from May to July, after which it remains near zero except for a slight
increase in November (Figure 1e). The spring bloom of modeled ice algae is largely controlled by light in its
growth phase, while it is terminated by a combination of nutrient limitation and habit loss, as indicated by
a co-occurrence of a sharp decline of ice algal biomass and snow/ice melting after May (Figures 1a–1c).

Modeled sea surface PAR averaged over both ice-covered and open water areas gradually increases from
nearly zero during the polar night to an annual peak in July (Figure 1d). This peak coincides with the annual
minimum in snow volume. Modeled sea surface nitrate concentration ranges from above 5 mmol m−3 during
winter and early spring to below 1 mmol m−3 during July–August (Figure 1e). Modeled sea surface phyto-
plankton biomass increases from March, peaks in June, and declines during the rest of the year (Figure 1h).
The biomass of small phytoplankton (P1) is similar to that of large phytoplankton (P2) from the beginning of
the spring bloom to its peak. However, following the peak, the rate of decline is faster for large phytoplankton
due to their higher susceptibility to nutrient limitation (Hayashida, 2018).
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Figure 2. Modeled pan-Arctic interannual variability and trends over 1979–2015. Solid lines represent year-to-year variations in (a) April mean snow volume,
(b) September mean ice volume, (c) September mean ice extent, (d) May mean spatial extent of bottom ice that is light (red) or nutrient (cyan) limited for
bottom ice algal growth, (e) May mean bottom ice algal biomass, (f) May–August mean sea surface PAR, (g) May–August mean sea surface nitrate
concentration, (h) May–August mean sea surface total (small and large) phytoplankton biomass, (i) May mean bottom ice DMS concentration, (j) May–August
mean sea surface DMS concentration, (k) May mean ice-to-sea DMS flux, and (l) May–August mean sea-to-air DMS flux. Dashed lines represent trends
determined by the LOWESS nonparametric regression. Subplots a–d represent spatially integrated quantities, while the others represent spatially averaged
quantities over the region north of 60◦N. Blue (a–c) and orange (c) lines represent the corresponding time series of PIOMAS and NSIDC, respectively.

The relative magnitude and timing of bottom ice and sea surface DMS concentration variations are almost
identical to those of ice algal and phytoplankton biomass, respectively (Figures 1i and 1j). Modeled fluxes
of DMS from the bottom ice to the sea surface (ice-to-sea) and from the sea surface to the atmosphere
(sea-to-air) depend primarily on their respective bottom ice and sea surface concentrations. As such, the
ice-to-sea DMS flux is at its annual maximum in May and the sea-to-air flux in June (Figures 1k and 1l).
However, the changes from May to September are quite different between the sea surface DMS concentra-
tion and the sea-to-air flux. Despite the sharp decline of the sea surface DMS concentration during this time,
the sea-to-air flux remains relatively high due to the seasonal maximum in open water area promoting the
gas transfer. In contrast, the ice-to-sea DMS flux drops to almost zero by July.
3.1.2. Interannual Variability and Trends
Relatively strong interannual variability and weak trends are found for modeled snow volume, ice algal
biomass, bottom ice DMS concentration, and ice-to-sea DMS flux (Figures 2a, 2e, 2i, and 2k). In contrast,
relatively strong trends are found for other model variables, although for these quantities, interannual
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variability is not necessarily negligible. For example, the decrease in phytoplankton biomass from 1995 to
1996 is large relative to the trend depicted by the LOWESS curve (Figure 2h).

Particularly noteworthy is an abrupt change in the ice extent trend at around year 2000 (Figure 2c). Specif-
ically, the slopes of the LOWESS curve before and after 2000 are both quasi-linear but the decline in the
second period is substantially more rapid. The timing of this abrupt change in the slope of the decline is
consistent with the trends derived from satellite observations (Stroeve et al., 2012). Least squares regression
of the pan-Arctic modeled September mean ice extent over 2001-2015 results in a linear trend of −0.17 ×
106 km2 yr−1 (corresponding to a 32% decrease over this period).

Abrupt changes in the LOWESS curves since the beginning of the 21st century to quasi-linear increases are
also present in modeled sea surface phytoplankton biomass, sea surface DMS concentration, and sea-to-air
DMS flux (Figures 2h, 2j, and 2l). The correspondence between these shifts in trend suggests a response of
ocean biogeochemistry to the accelerated decline of sea ice cover. Least squares regression over 2001–2015
reveals a linear trend of 0.03 mmol C m−3 yr−1 for the May–August mean phytoplankton biomass, 0.03μmol S
m−3 yr−1 for the May–August mean DMS concentration, and 0.06 μmol S m−2 day−1 yr−1 for the May–August
mean sea-to-air DMS flux (resulting respectively in 14%, 19%, and 39% changes over 2001–2015 period).
The spatial distributions of decadal mean anomalies in these variables between before (1986–1995) and
after (2006–2015) the accelerated decline of Arctic sea ice extent show strong correspondence to those of
ice concentration in the first year ice and to sea surface nutrient concentration in the Central Arctic basin
(Figure S6).

The slope of the LOWESS curve for modeled September mean ice volume is relatively consistent throughout
1979–2015 except for a slight decrease during the 1990s (Figure 2b). The linear trend for the ice volume
over this entire period is −0.25 thousand km3 yr−1, resulting in 61% loss since 1979. The LOWESS curve
for the ice volume strongly anticorrelates with that of sea surface PAR (Figure 2f), which is a result of both
horizontal shrinking and vertical thinning of Arctic sea ice. Vertical thinning also relaxes light limitation for
ice algal growth, resulting in a shift from light-limited to nutrient-limited regime in the pan-Arctic bottom
ice ecosystem from 2005 onward (Figure 2d).
3.1.3. Comparison With Existing Data Products
PIOMAS exhibits a similarly shaped seasonal cycle of snow volume as our model results except that the
annual peak is in May (Figure 1a). Additionally, snow volume is lower in PIOMAS, resulting in more than
twofold difference in the annual peak value. This discrepancy is found throughout 1979–2015 (Figure 2a).
However, our model simulates substantially lower snow depth than the in situ measurement-based snow
climatology (Shalina & Sandven, 2018) and the satellite-based estimates over recent years (Lawrence
et al., 2018). Hence, the quantitative discrepancy between our model and PIOMAS is likely due to unrealis-
tically low snow accumulation in PIOMAS. Simulating snow depth is extremely challenging not only due to
the very limited available observations but also due to the complex processes affecting snow accumulation
and redistribution.

The seasonal cycles of ice volume between our model and PIOMAS match exceptionally well from June to
December, while they differ by a few thousand km3 in other months (Figure 1b). Similar results are found
for ice extent, but the discrepancy is larger. Unlike the ice volume, the monthly mean ice extent in our model
and PIOMAS does not overlap within the interannual standard deviation (Figure 1c). Considering inter-
annual variability, our model simulates lower September mean ice volume between the mid-1980s and the
mid-1990s but is higher since 2010 (Figure 2b). Overall, the variability is consistent with PIOMAS as indi-
cated by strong correlation between their detrended interannual time series (r2 = 0.89, p < 0.05). Modeled
September mean ice extent is generally higher than PIOMAS and NSIDC but correlates well (r2 = 0.94,
p < 0.05 for both cases).

The seasonal cycles of sea surface nitrate concentration between our model climatology and WOA18 are
similar except that the timing of the annual maximum differs by a month (March vs. February) and the sum-
mer concentration is somewhat lower in the model (up to >1 mmol m−3 difference in July). The range of
modeled annual means over 1979–2015 (Figure 2g) is much smaller than the seasonal range and is close to
the annual mean of WOA18 (3.5 mmol m−3). Given the limited spatial coverage of gridded in situ measure-
ments incorporated in WOA18 (5–26% of the north of 60◦N), it is unclear to what extent differences between
the model and WOA18 are due to model biases or sampling bias in WOA18.
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The modeled seasonal cycle of sea surface DMS concentration shows consistently lower values than the L11
climatology (Figure 1j). The difference is 1.3 μmol m−3 on an annual average and exceeds 2 μmol m−3 in
March and May. The spatial coverage of gridded in situ measurements incorporated into the L11 climatology
ranges from 0–4% in the Arctic domain, and so the climatology is strongly influenced by in situ measure-
ments from lower latitudes. In lower latitudes, phytoplankton blooms occur earlier, last longer, and emit
more DMS (due to the lack of sea ice cover and higher nutrient concentrations). Inevitably, this extrapo-
lation bias affects both the magnitude and timing of the seasonal cycle in the Arctic domain. The model
suggests that the annual peak occurs a month later than indicated in the L11 climatology. Similarly, 10 out of
12 empirical and prognostic models suggest that the annual peak occurs later than May (Tesdal et al., 2016),
in contradiction to the L11 climatology over the pan-Arctic domain. Although very high concentrations of
ice algae and underice phytoplankton can lead to high DMSP and subsequent DMS production prior to the
seasonal recession of sea ice (Hayashida et al., 2017), the monthly averaged amount is still expected to be
lower than in productive open-ocean regions.

The modeled sea-to-air DMS emissions north of 60◦N range from 0.20 to 0.26 Tg S yr −1, which agrees well
with the satellite-based estimate of 0.24 Tg S yr−1 over 2003–2016 (Gal et al., 2019). Note, however, that
the satellite-based estimate lacks emissions from waters with more than 10% sea ice cover. On the other
hand, the modeled emissions are lower than the estimate based on the L11 climatology (0.3 Tg S yr−1; Lana
et al., 2011). While there are a few differences between this study and Lana et al. (2011) in how the flux
is calculated, the model simulates lower values primarily because of lower sea surface DMS concentration
(Figure 1j).

3.2. Bottom Ice DMS Concentration

The evaluation of modeled DMS concentration within sea ice is challenging due to the scarcity of in situ
measurements and the absence of other direct or indirect measurement techniques. Given the potential
importance of sea ice DMS as a source of aerosols and cloud condensation nuclei (CCNs) in the Arctic
during spring and summer, we discuss the timing and magnitude of annual maxima in modeled bottom ice
DMS concentration (Figures 3a and 3b) and evaluate the findings via comparison with the small number
of observed values reported in Levasseur (2013). Additionally, we compare the modeled time series in the
Amundsen Gulf with the observed C13 data set.
3.2.1. Timing and Magnitude of Annual Maxima
The model simulates a peak month for bottom ice DMS concentration of May for most regions, while it
is earlier (March or April) in the seasonal ice zone in lower latitudes and later (August) in the thick ice
region north of Greenland and the Canadian Arctic Archipelago (Figure 3a). The seasonal ice zone is defined
here as the area where sea ice is present seasonally. The spatial pattern of the peak concentration shows
a shelf basin contrast similar to modeled ice algal biomass distribution (Watanabe et al., 2019); the peak
concentration range is 100–1,000 μmol S m−3 in shelf regions, while its range is much lower (1–10 μmol m−3)
in the basins. There are only a few measurements of DMS within Arctic sea ice reported in Levasseur (2013):
30 μmol S m−3 in the Central Arctic in August 1994, 769 μmol S m−3 in the Beaufort Sea (year unknown),
and 2,000 μmol S m−3 in the Resolute Bay in June 2012. While these measurements are instantaneous and
therefore are not directly comparable to the (climatological) peak model concentration in this study, the
values fall within the same order of magnitude for each of these measurement sites.

We note that the timing of annual maxima can be different from year to year. For example, the peak month
in the Amundsen Gulf is May based on modeled climatological mean annual maxima (Figure 3a), whereas
the analysis of individual years demonstrates that it can take place in April (Figure 3c).
3.2.2. Spatiotemporal Variability in the Amundsen Gulf
Figure 3c shows the time series of modeled and observed bottom ice DMS concentration between Novem-
ber 2007 and June 2008 in the Amundsen Gulf region defined in Figure 3a. Note that the model results are
representative of monthly and regional averages, whereas the observed values are representative of in situ
measurements at 23 different locations within the defined region. Hence, direct model-observation compar-
ison is confounded by the difference in the spatial and temporal scales. To account for this uncertainty, we
also show the minimum and maximum ranges in the modeled monthly mean values within the region.

Both the model and the observations show negligible concentration of bottom ice DMS from November to
February. In March, the modeled mean and observed values are still low (50 μmol S m−3), but the spatial vari-
ability increases in the model results as indicated by the spatial maximum of 400 μmol S m−3. In April, the
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Figure 3. Modeled 1979–2015 climatological peak (a) month and (b) concentration of bottom ice DMS. (c) Time series comparison of bottom ice DMS
concentration between in situ measurements (dots) and the model (lines) in the Amundsen Gulf. In subplots a and b, white colors represent areas either where
the sea ice is absent or where the peak bottom ice DMS concentration is less than 1 μmol S m−3. In subplot c, black lines denote monthly mean values averaged
over the region bounded by black lines in subplots a and b (69–75◦N and 119–127◦W), and the lower and upper bounds of corresponding gray bars represent
the monthly mean regional minimum and maximum, respectively.

modeled concentration is at its annual peak (with a mean concentration of approximately 350 μmol S m−3)
with values that can reach up to near 900 μmol S m−3 in the region. This peak in April cannot be ver-
ified by the observations due to the temporal gap in the sampling (only two data points for April). The
observed maximum of 769 μmol S m−3 was sampled in mid-May and is associated with high ice algal biomass
(655 mg Chl m−3). This value is anomalously high compared to the other bottom ice DMS concentrations
observed during this month and is near the maximum of monthly mean values simulated for this region. In
June, both the modeled and observed values become negligible due to seasonal melting.

In summary, the model appropriately reflects the timing of the increase in DMS concentrations and shows
elevated monthly and regional mean values during April and May with large spatial variability. Due to the
small number of observations available for these months (six samples in total) and the large variability of
DMS concentrations in space and time, these values need to be interpreted with caution. While the observed
April mean is clearly lower than the model (74 vs. 349 μmol m−3), the two values agree very well for May
(232 vs. 262 μmol m−3). Both model and observations demonstrate large spatial variability in bottom ice
DMS concentration. This is not surprising particularly for these months, when observations are logistically
extremely challenging and the light availability to ice algae is very patchy due to patchy snow distribution.
This finding is consistent with a previous model study that shows even much higher peak concentrations
in the region (about 3,000 μmol m−3 in May of 1992; Figure 2 of Elliott et al., 2012, after converting the
concentration in the 10 m ocean product layer to that equivalent of the bottom 3 cm of sea ice).

3.3. Sea Surface DMS Concentration

FigureS 4a–4d show the modeled climatological monthly mean sea surface DMS concentration fields dur-
ing May–August. Relatively high concentrations are simulated in open water areas of the Atlantic sector
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Figure 4. Spatial comparison of climatological monthly mean sea surface DMS concentration fields based on (a–d) model simulation over 1979–2015 (H20),
(e–h) satellite observations over 2003–2016 (G19), and (i–l) the extrapolation of gridded in situ measurements indicated by red dots (L11). (m–p) The difference
between the model- and satellite-based climatologies. (q–t) The difference between the model- and in situ measurement-based climatologies. White regions in
subplots e–h either have no values due to the presence of sea ice or are masked due to signal contamination by riverine CDM. White regions in subplots m–t
have no values due to the lack of data in either or both of the climatology data products.

with fine spatial details that are related to circulation patterns. Concentrations under the ice in the Central
Arctic are near zero in May, slightly increase in June, and peak at about 4 μmol m−3 in July. The seasonal
progression of DMS production in the region is driven by the underice phytoplankton bloom (Figures S7
and S8). The very high concentration (>14 μmol m−3) in the Southern Canadian Polar Shelf is probably an
artifact due to inadequate representation of the flow through fine channels in the region, resulting in an
accumulation of nutrients and subsequent enhanced production (Figure S9).
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Table 1
Statistics of Sea Surface DMS Concentration Comparisons Among the Model-
(H20), Satellite- (G19), and In Situ Measurement-Based (L11) Climatology Prod-
ucts Over the Open Water Areas of the Pan-Arctic Domain Where the Data Exist
for All of the Three Climatology Products After Interpolating to the 1◦ Grid of L11

May June July August
Number of data points

1,177 1,671 2,315 2,695
Mean ± spatial standard deviation (μmol m−3)

H20 4.7 ± 1.9 4.3 ± 1.9 2.3 ± 1.5 1.6 ± 1.2
G19 3.5 ± 1.3 5.0 ± 2.0 3.7 ± 1.7 2.1 ± 1.2
L11 6.6 ± 2.8 6.1 ± 3.2 4.1 ± 1.7 3.6 ± 1.6

Root-mean-square difference (μmol m−3)
H20 versus G19 2.5 2.6 2.1 1.0
H20 versus L11 3.7 3.3 2.6 2.5
G19 versus L11 4.2 3.8 2.0 2.1

Pearson's correlation coefficient (—)
H20 versus G19 0.55 0.47 0.70 0.85
H20 versus L11 0.47 0.74 0.59 0.65
G19 versus L11 0.54 0.50 0.70 0.75

Note. Values are rounded to one decimal place for the mean, spatial standard
deviation, and the root-mean-square difference and to two decimal places for
the Pearson's correlation coefficient. In all cases, the p values associated with the
correlation coefficients are below 0.05.

3.3.1. Comparison With the Satellite-Based Climatology
Figures 4e–4h show the satellite-based G19 DMS climatology. Note that the temporal coverage of the data
used to construct the G19 climatology is 2003–2016, whereas the model-based climatology is based on
1979–2015. However, our preliminary analysis indicates that neither shortening the temporal coverage for
the model-based climatology (e.g., 2003–2015; Figure S10) nor extending the satellite coverage (by incor-
porating data from the Sea-viewing Wide Field-of-view Sensor) qualitatively changes the outcome of the
comparison. Also, it should be noted that satellite DMS values are representative of open water (where ice
concentration is less than 10%), whereas the model incorporates both open water and ice-covered DMS val-
ues into the climatology. In satellite estimates, no value is assigned for a grid cell when ice concentration
is 10% or greater. Consequently, some values in the satellite-based climatology are not representative of a
stationary climate but are rather representative of a few years of satellite observations due to the ongoing
reduction of sea ice cover in recent years. The G19 climatology shows relatively high concentration in the
Atlantic sector (the Barents and Norwegian seas) and the northern Baffin Bay (North Water Polynya) in May.
In June, high concentrations extend to the Greenland and Kara seas and to the seasonal ice zone on Arctic
continental shelves. Concentrations decrease through July and August and do not feature high DMS along
the ice margin.

Figures 4m–4p show the difference between the model- and satellite-based climatology fields over open
water areas, where the modeled and satellite-derived monthly mean ice concentration values are both less
than 10% at least once over their climatological periods. The model-based climatology is about 5 μmol m−3

higher in most of the Atlantic sector in May as well as in the Barents Sea in June. In contrast, the model-based
climatology is about 5 μmol m−3 lower in the Beaufort, Chukchi, Laptev, and Kara shelf regions during
June–July. The difference is relatively small in August, when both climatologies generally show relatively
low DMS concentrations. Some frontal structures and circulation features present in the satellite-based
climatology are well captured by the model, especially in the Atlantic sector, whereas poorer agreement
is found in the seasonal ice zone over continental shelves. In particular, the relatively high value in the
model-based climatology during July is driven by elevated DMS under the ice (Figure S7), which is by def-
inition absent in the satellite-based climatology. The model-satellite difference in DMS is similar to that of
chlorophyll a (Figure S11). The exception is when satellite chlorophyll a concentration is high (e.g., above
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Figure 5. Pan-Arctic distribution of modeled climatological sea-to-air DMS flux in (a) May, (b) June, (c) July, and (d)
August. Values represent monthly averages over 1979–2015.

5 mg m−3). In this case, the corresponding satellite DMS concentration does not increase proportionally,
resulting in closer agreement between the two products.
3.3.2. Comparison With the In Situ Measurement-Based Climatology
Figures 4i–4l show the in situ measurement-based L11 DMS climatology. The spatial-temporal coverage of
gridded in situ measurements incorporated into this climatology is extremely limited for the Arctic domain.
Specifically, these measurements are restricted to the northern Baffin Bay and the Barents Sea for May, the
northern Baffin Bay and the northern North Atlantic for June, and the Fram Strait and the North Pole for
August. The coverage for July is relatively large, including the northern North Atlantic, the Fram Strait, and
the transpolar transect from the north of Svalbard to the northern Chukchi Sea.

In May, the L11 climatology shows relatively high concentration (>10 μmol m−3) in the Norwegian Sea, the
Barents Sea, and the western Bering Sea. In June, concentrations are still high in the Norwegian and Barents
Seas as well as in the North Atlantic Ocean south of Iceland. In July and August, concentrations decrease
in these regions (Figures 4k and 4l), while they increase in the Chukchi Sea in July. Unlike the model-based
climatology, concentrations in the Central Arctic decrease from May to July. Contributing factors to the
seasonal progression depicted by the L11 climatology in the region include the extrapolation of higher values
from lower latitudes in May and the incorporation of local measurements of lower values in July.

Figures 4q–4t show the difference between the model- and in situ measurement-based climatology fields.
The model generally simulates lower DMS concentrations in open water areas of the Atlantic and Pacific
sectors except for regions south and southeast of Greenland in May. In contrast, the model simulates higher
values in seasonally ice-covered shelf regions throughout June–August as well as in the Central Arctic during
July. This discrepancy highlights the contribution of DMS production under the ice incorporated into the
model-based climatology.
3.3.3. Statistical Comparison of Climatologies
Table 1 displays the statistical comparison of the three climatology products over the open water areas of
the Pan-Arctic domain for which values are available from all three products. The model-based climatology
is quantitatively closer to the satellite-based climatology than the in situ measurement-based climatology
for all months, as indicated by the root-mean-square difference. The mean values of the L11 climatology are
consistently higher than the other two products, especially in May and June. Again, these findings highlight
the likely impacts of the extrapolation bias in the L11 climatology. However, we cannot rule out the possi-
bility that negative biases occur in both the satellite and the model DMS fields, especially in areas where the
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Figure 6. May mean contributions of modeled bottom ice DMSP and DMS production to sea surface DMS
concentration and sea-to-air DMS flux averaged over 2006–2015. (a, b) Absolute contributions, as depicted by
the concentration and flux differences between the model simulations with and without the representation
of bottom ice DMSP and DMS production. (c, d) Relative contributions, as depicted by the with-minus-
without differences divided by the simulated concentration and flux with the representation of
bottom ice DMSP and DMS production.

L11 climatology suffers less from the extrapolation bias. The three products agree reasonably well in terms
of spatial distribution for all months, as indicated by correlation coefficients of 0.47 or above in all cases.

To minimize the extrapolation bias in the L11 climatology, we compare the three climatology products that
are subsampled over the open water grid cells that have in situ measurements prior (Figure S12). The results
indicate that the model simulates less variability in sea surface DMS concentrations than the L11 clima-
tology, but their median values are only 2 μmol m−3 apart. Similarly, we find that the model simulates less
variability in DMS-to-chlorophyll a ratios than the observations, but they agree well in terms of the medians
(Figure S13). These findings suggest that the model is skilful in simulating the broad spatial feature of DMS
dynamics, while it lacks observed variability beyond the median. The satellite-based climatology is skilful
in reproducing the observed variability including both the medians and the extremes.

3.4. Sea-to-Air DMS Flux

Figure 5 shows the modeled climatological monthly mean sea-to-air DMS flux fields. The spatial variability
ranges from nearly zero flux in perennially ice-covered areas to fluxes exceeding 10 μmol m−2 day−1 in
ice-free areas of the Atlantic sector. Fluxes between these lower and upper ends of the range take place in
seasonally ice-covered shelf areas during June–August.
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3.5. Simulation Without Bottom Ice DMSP and DMS Production

Figure 6 shows the contributions of modeled bottom ice DMSP and DMS production to sea surface DMS
concentration and sea-to-air DMS flux during May, which is the month of highest bottom ice DMS concen-
tration and ice-to-sea DMS flux over the pan-Arctic domain (Figures 1i and 1k). We consider both absolute
and relative contributions to assess the overall impacts of the bottom ice production. The spatial patterns of
the absolute contributions (Figures 6a and 6b) are similar to that of the annual bottom ice DMS concentra-
tion maxima (Figure 3b). Bottom ice DMSP and DMS production can supply more than 1 μmol m−3 of sea
surface DMS concentration and 0.2 μmol m−2 day−1 of sea-to-air DMS flux in many parts of the Canadian
Polar Shelf. Because of seasonal ice cover at this time of the year, DMS production by pelagic microbes is
relatively low. As a result, the bottom ice production is responsible for the majority of DMS present in sur-
face waters and consequently its flux into the atmosphere in the region, as indicated by high percentages in
the relative contributions (Figures 3c and 3d). Furthermore, the bottom ice production is the sole source of
sea surface DMS concentration and sea-to-air DMS flux in some of the region. Besides the Canadian Polar
Shelf, a few locations along the coasts of Alaska and Russia experience similarly high levels of bottom ice
contributions in both absolute and relative quantities.

We note a few cases where the bottom ice contributions can be high in absolute values but low in relative
values, and vice versa. Under these circumstances, the overall impacts are deemed low. The first case is the
combination of low-absolute and high-relative contributions as seen in many parts of the Central Arctic.
Despite the low absolute contributions, the high relative contributions arise from extremely low values in the
denominator in the percentage calculation. In contrast, high-absolute and low-relative contributions are the
case for the Canadian Polar Shelf in June (Figure S14). In this case, despite the high absolute contributions,
the bottom ice contributions are not as important as is in May due to an increase in DMS production in
surface waters as a result of pelagic blooms (Figure 1h).

4. Discussion
In this study, we show that the accelerated decline of Arctic sea ice extent observed since the beginning
of the 21st century is associated with contrasting responses of modeled ice-to-sea and sea-to-air fluxes of
DMS over the pan-Arctic domain. Specifically, the ice-to-sea DMS flux exhibits strong interannual variability
with no evident trend, whereas the sea-to-air DMS flux shows a quasi-linear upward trend. We also com-
pare the spatiotemporal variability in the sea surface DMS climatology products based on three different
approaches. Lastly, we quantify the contributions of the ice-to-sea flux of DMS and DMSP to the seasonal
spatial structures of the sea surface DMS concentration and sea-to-air DMS flux for the first time at the
pan-Arctic scale.

Satellite observations reveal a continuous decrease in the September Arctic sea ice extent since 1979 with
an accelerated reduction since around the year 2000 (Stroeve et al., 2012). Using a model simulation assim-
ilating observations, Schweiger et al. (2011) showed that the decrease in the extent was accompanied by
a decrease in ice volume, which indicates that the Arctic sea ice is not only shrinking horizontally but
is also thinning vertically. The horizontal shrinking and the vertical thinning of sea ice have counteract-
ing effects on ice algal production, resulting in no apparent trend in the modeled ice-to-sea DMS flux. In
contrast, the accelerated decline of Arctic sea ice extent is associated with an upward trend in open water
primary production over the pan-Arctic domain as previously suggested by satellite observations (Arrigo &
van Dijken, 2015). Our model results, which include contributions from ice-covered areas, exhibit a general
increase in sea surface primary production and an increase in sea surface DMS concentration. Consequently,
the changes in sea ice increase the modeled sea-to-air DMS flux due to both direct (more emission due to
increased open water areas) and indirect (more production due to increased light availability) effects.

Global climate and Earth system models project that Arctic sea ice will continue to decline throughout
the 21st century with a greater likelihood of seasonal ice-free conditions by the middle century (Stroeve &
Notz, 2018; Thackeray & Hall, 2019). Although our results may suggest a continued increase in oceanic DMS
emissions throughout this century, the longer-term response in the coming decades may be different due
to an anticipated increase in nutrient stress (Steiner et al., 2015; Vancoppenolle et al., 2013). Nutrient stress
has counteracting effects on DMS production; it can decrease production by limiting photosynthetic growth,
while it can promote production by increasing the intracellular DMSP-to-carbon ratios of algal species (espe-
cially diatoms McParland & Levine, 2019). Furthermore, the response will also depend on potential changes
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in ecological processes that are induced by climate change. Recent studies have already observed such
changes including poleward expansion of Emiliania huxleyi in the Barents Sea (Neukermans et al., 2018)
and potential increase in the abundance of Phaeocystis pouchetii in the Fram Strait (Nöthig et al., 2015;
Soltwedel et al., 2016) that are known as high DMSP producers (Stefels et al., 2007). Although these species
are included as small phytoplankton in our model, having an explicit representation of individual species
would allow more detailed assessment of their role in oceanic DMS production (Wang et al., 2015). While a
model that incorporates these species may help better understand the overall impacts of Arctic warming on
DMS production and emissions, the computational requirements associated with additional phytoplankton
groups are a limiting factor. Another difficulty is that including more species in models requires the introduc-
tion of more parameters and parameterized interactions pertaining to specific species as well as ecological
interactions among multiple species. Such increases in model complexity require substantial increases in
the number and diversity of observations so that the model is properly constrained. Such an effort is a valu-
able direction for future study but at the same time requires careful consideration because it introduces an
additional source of uncertainty without necessarily leading to better results (Matear, 1995).

The representation of oceanic DMS emissions in many global climate and Earth system models relies on the
in situ measurement-based climatological sea surface DMS concentration fields that are based on extremely
limited data coverage over the Arctic domain. Given these limited observations, the evaluation of the model-
and satellite-based Arctic DMS climatology products is challenging. Our results indicate higher spatial vari-
ability in these products than the in situ measurement-based climatology. The claim for higher variability is
supported by the data collected from recent field campaigns (Abbatt et al., 2019; Jarnkov et al., 2018; Lizotte
et al., 2020). These data can improve the quality of the Arctic DMS climatology by increasing the data cover-
age, as these field campaigns focused on regions lacking data in the L11 climatology, such as the Canadian
Polar Shelf during July–August. Furthermore, the interannual variability and trends in sea surface DMS
concentration fields in the Arctic can be nontrivial (e.g., 19% increase in the pan-Arctic mean sea surface
DMS concentration over 2001–2015 based on our model results) and therefore can represent an important
source of interannual variability and trends in sulfate aerosol and cloud formation processes in the Arctic
(Gal et al., 2019).

Previous studies have suggested the potential importance of DMSP and DMS produced within sea ice to
oceanic DMS emissions (Elliott et al., 2012; Hayashida et al., 2017; Levasseur et al., 1994). Although ice
algae blooms are often dominated by diatoms which are generally low DMSP producers in extrapolar envi-
ronments (Stefels et al., 2007), the cellular content of DMSP relative to biomass for bottom ice diatoms is
found to be about 4 times more than that of pelagic diatoms in lower latitudes (see Appendix A; Galindo
et al., 2014; Stefels et al., 2007), likely due to the use of DMSP as cryoprotectant (Kirst et al., 1991). In addi-
tion, the biomass of ice algae can be large enough to generate comparable amounts of DMSP and DMS as
high DMSP producers. Another important aspect of diatoms is that nutrient stress could amplify the cellular
DMSP content, and hence the DMS production, by an order of magnitude, as suggested by the global study
of McParland and Levine (2019). Our model results suggest that bottom ice DMSP and DMS produced by
diatoms can make a substantial contribution to the sea surface DMS concentration and sea-to-air flux fields
at the beginning of melting season prior to pelagic blooms and in regions where bottom ice DMS production
is high. This contribution can be crucial for the new particle formation in the Arctic due to the low back-
ground concentration of CCNs at that time of the year (Sharma et al., 2012). Empirical assessment of the
model-based finding with more in situ measurements is desirable but is not possible in the present study due
to limited observations. Such a determination can be achieved by undertaking field observations targeting
bottom ice and sea surface DMS concentrations in the Canadian Arctic in late spring.

It should be acknowledged that our results more likely underestimate than overestimate the contribution
of bottom ice DMSP and DMS due to simplifications in the model. Specifically, our model does not account
for processes such as intracellular and membrane-bound algal DMSP-lyase activities, dimethylsulfoxide
reduction, brine drainage, and bubble formation, all of which would increase the production and release of
bottom ice DMSP and DMS (Hayashida et al., 2017). A recent field study has quantified for the first time
the upward transport of DMS from the bottom ice to the atmosphere via diffusion and bubble formation
(Gourdal et al., 2019). Further observational constraints such as those in Gourdal et al. (2019) are needed
to incorporate these processes into models for improvements. In addition, better knowledge of the relation-
ship between sea ice concentration and gas exchange is needed, as contradictory results are found in the
literature (Loose et al., 2014; Rutgers van der Loeff et al., 2014). Lastly, field observations demonstrate that
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melt ponds are an additional sea ice habitat for DMS production that add to oceanic DMS emissions in
ice-covered regions during summer (Gourdal et al., 2018; Levasseur, 2013; Park et al., 2019). Although a pre-
vious study has suggested that melt pond DMS flux can temporarily be the sole source of atmospheric DMS
in ice-covered regions (Mungall et al., 2016), further studies are needed to develop a mechanistic under-
standing of DMS production within melt ponds and its release into the atmosphere. Pursuing such research
is an interesting future direction of collaboration between modelers and observationalists.

5. Summary and Conclusions
Using a regional sea ice-ocean physical-biogeochemical model, we investigated the spatiotemporal variabil-
ity in bottom ice and sea surface DMS concentrations and fluxes in the Arctic during 1979–2015. A summary
of key findings and conclusions is provided below.

• The model successfully simulates the observed accelerated decline of Arctic sea ice since the beginning
of the 21st century.

• The decline of Arctic sea ice is associated with strong interannual variability with no evident trends in
the modeled bottom ice algal biomass, bottom ice DMS concentration, and ice-to-sea DMS flux averaged
over the pan-Arctic (north of 60◦N). These temporal variations are reasonable given that the horizontal
shrinking and vertical thinning of sea ice have counteracting effects on ice algal production.

• In contrast to the bottom ice biogeochemical properties, the sea ice decline promotes primary produc-
tion in seawater due to increased light availability for photosynthesis and therefore is associated with
quasi-linear upward trends in the pan-Arctic mean sea surface phytoplankton biomass (14% increase in
May–August averages over 2001–2015), sea surface DMS concentration (19%), and sea-to-air DMS flux
(39%).

• The model- and satellite-based Arctic DMS climatologies exhibit dynamically based spatial details that
are absent in the in situ measurement-based climatology due to extremely sparse data coverage and con-
sequent strong extrapolation from subpolar regions, which might have implications for the spatial and
temporal variability of sulfate aerosol and clouds over the Arctic.

• The bottom ice DMSP and DMS production can be the sole source of DMS present in and released
from surface waters and therefore make substantial contributions to sea surface DMS concentration and
sea-to-air DMS flux over extended regions in late spring prior to pelagic blooms.

• Ultimately, it is essential to develop climate models with prognostic sea ice and ocean biogeochem-
istry that accounts for the interannual and longer-term variability in oceanic DMS emissions in order to
comprehensively address the biological control on Arctic climate.

Appendix A: DMSP and DMS Model Equations
Bottom ice DMSPp (DMSPpbi) and seawater DMSPp (DMSPpsw) concentrations are modeled diagnostically
as the product of the intracellular DMSP-to-carbon ratio and the biomass of each algal group:

DMSPpbi = qiaIA (A1)

DMSPpsw = qp1P1 + qp2P2 (A2)

where qia, qp1, and qp2 are the intracellular ratios for ice algae (IA), small phytoplankton (P1), and large
phytoplankton (P2), respectively. qia is set to 4 mmol S:mol C by converting the DMSP-to-chlorophyll a
ratio for diatom-dominated ice algae in Resolute Passage (9.5 mmol S:g Chl Galindo et al., 2014) to the
DMSP-to-carbon ratio by assuming a carbon-to-chlorophyll a ratio of 28 g C:g Chl (Lavoie et al., 2005).
Although this assumption neglects the dependence of the ratio on light and nutrient availability (Geider
et al., 1998), it is consistent with the method used to derive the DMSP-to-carbon ratios for major algal species
(Stefels et al., 2007), in which the DMSP-to-carbon ratio is assumed 60 g C:g Chl, typical for cultures that
grow under light replete and nutrient replete conditions (Geider, 1987). qp1 is set to 12 mmol S:mol C, repre-
sentative of high DMSP producer haptophytes (Stefels et al., 2007). In contrast, qp2 is set to 4 mmol S:mol C,
representative of diatoms. This value is equivalent to qia, as ice algae enter the large phytoplankton
pool when they are released from the bottom ice. This value is reasonable given the observed range of
2.5–5.3 mmol S:mol C for underice diatom-dominated phytoplankton in Resolute Passage (after applying
the conversion factor of 28 g C:g Chl Galindo et al., 2014).
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Bottom ice DMSPd (DMSPdbi) and seawater DMSPd (DMSPdsw) concentrations are modeled prognostically:

𝜕

𝜕t
(DMSPdbi) = Fbi

l𝑦sis + Fbi
exudation

−Fdmspdbi
consumption − Fbi

𝑓 ree −
Fdmsp

ice−to−sea

hbi

(A3)

𝜕

𝜕t
(DMSPdsw) = Fsw

l𝑦sis + Fsw
exudation + Fsw

slopp𝑦

−Fdmspdsw
consumption − Fsw

𝑓 ree +
Fdmsp

ice−to−sea

hz0
𝛿z,z0

(A4)

In these equations, DMSPd is produced by cell lysis (Fbi
l𝑦sis,Fsw

l𝑦sis), exudation (Fbi
exudation,Fsw

exudation), and sloppy
feeding (Fsw

slopp𝑦; seawater only), whereas it is removed by bacterial consumption and free-lyase activity.
DMSPd is released from the bottom ice to the surface ocean by ice-to-sea flux (FDMSPd

ice−to−sea). hbi and z0 denote
the vertical thickness of the bottom ice skeletal layer (0.03 m) and the uppermost ocean layer (approximately
1 m), respectively. Kronecker's delta (𝛿z, z0) equals one at the uppermost ocean layer (z0), whereas it is zero
elsewhere.

Bottom ice DMS (DMSbi) and seawater DMS (DMSsw) concentrations are modeled prognostically:

𝜕

𝜕t
(DMSbi) = Fbi

conversion + Fbi
𝑓 ree − Fdmsbi

consumption − Fphoto −
Fdms

ice−to−sea

hbi
(A5)

𝜕

𝜕t
(DMSsw) = Fsw

conversion + Fsw
𝑓 ree

−Fdmssw
consumption − Fsw

photo −
Fdms

ice−to−sea

hz0
𝛿z,z0

−
Fsea−to−air

hz0
𝛿z,z0

(A6)

In these equations, DMS is produced by bacterial conversion (Fbi
conversion,Fsw

conversion) and free-lyase activity,
whereas it is removed by bacterial consumption (Fdmsbi

consumption,Fdmssw
consumption) and photolysis (Fbi

photo,Fsw
photo). DMS

is released from the bottom ice to the surface ocean by ice-to-sea flux (Fdms
ice−to−sea) and from the surface ocean

to the atmosphere by sea-to-air flux (Fsea−to−air).

The terms on the right-hand side of Equations A3–A6 are described in supporting information.

Data Availability Statement
The satellite data sets were provided by the Takuvik Joint UL/CNRS Laboratory team. The model code
and output supporting the key findings of the present study are available online (https://doi.org/10.5281/
zenodo.3697356). The satellite-based DMS climatology is available online (https://doi.org/10.5281/zenodo.
3243967). PHC3.0 is available at https://psc.apl.washington.edu/nonwp_projects/PHC/Climatology.html
website. ORAS4 is available at https://icdc.cen.uni-hamburg.de/projekte/easy-init/easy-init-ocean.html
website. DFS5.2 is available at https://www.drakkar-ocean.eu/ website. The Sea Ice Index Version 3 is avail-
able online (https://nsidc.org/data/G02135/versions/3). The L11 climatology is available online (https://
www.bodc.ac.uk/solas_integration/implementation_products/group1/dms/). The sea ice DMS profiles in
the Amundsen Gulf can be made available upon request to G. C.
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