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Talk strategy - Implications of the changing sea ice 
cover on biogeochemical cycles 

Background 

Marine biogeochemical cycling 
Atmospheric chemistry 
Terrestrial C cycling 

What observations and models suggest 

Challenges ahead 

Big questions 



Sea ice is both a reservoir and a substrate for biogeochemical compounds. 

Simplified schematic of some of the biogeochemical processes 
occurring in the sea ice environment. Figure courtesy M. Vancoppenolle. 



Reviews on sea ice and large-scale biogeochemical cycling: 

Vancoppenolle	  M., et al.The role of sea ice in global biogeochemical 
cycles: Emerging views and challenges, Quaternary Science Reviews, 
2013.  

“The implications of sea ice retreat on the future oceanic capacity to 
absorb CO2 and emit DMS, as well as … , are poorly understood.” 

Loose,	  B.,	  et	  al.,	  Sea	  ice	  biogeochemistry	  and	  material	  transport	  across	  the	  
frozen	  interface,	  Oceanography,	  2011.	  

“The future large-scale biogeochemical dynamics of the polar oceans 
… are difficult to predict.” 

Shepson,	  P.	  et	  al.,	  Changing	  polar	  environments:	  Interdisciplinary	  challenges,	  
EOS,	  2012	  

“Currently, significant gaps remain in understanding biologically 
mediated processes in sea ice environment…” 



Implications won’t be uniform because of spatial variability 
and dynamic nature of Arctic. 

The key processes and responses to change will likely vary within 
different Arctic sub-regions (Carmack et al. 2006).  

How will patterns of biogeochemical sinks and sources change? 



The dynamic nature of the Arctic affects responses to change.  

• 	  	  different shelf characteristics – riverine inputs 

•   stratification 

•   sea ice drift 

•   currents 

Figure modified from Carmack et al. 2006 



Different responses may be attributed to the spatial 
heterogeneity of the physical environment.  

“Food webs and physical-biological 
Coupling on pan-Arctic shelves: Unifying 

concepts and comprehensive perspectives”  

E. Carmack and P. Wassman (2006) 

place particularly through canyons. However, the supply of expatriate zooplankton through the Bering Strait
and over the Chukchi shelf is relatively small because of the shallowness. As compared to nearshore waters or
to almost any other place in the Arctic, zooplankton grazing and the microbial loop play less significant reg-
ulatory roles in these nutrient-rich waters.

The high primary production, strong advection of biogenic matter from the Bering Strait and the shallow
depth translate into a tight pelagic–benthic coupling and high standing stocks of benthic communities. Sig-
nificant stocks of benthic feeding marine mammals have annual feeding migrations through the Bering
Strait, and benthos rather then pelagic fish is the base of their subsistence. The high productivity does
not – under current climatic conditions – translate into an extensive commercial fishery. In these zooplank-
ton-poor waters diatoms dominate during the start of the bloom (high silicate concentrations of PW and

Fig. 11. Three different Arctic Ocean shelf types: inflow (1), internal (2) and outflow (3) shelves. Slightly modified from Carmack et al.
(this volume).

Table 1
Areas, volumes and mean depths of Arctic Shelves (after Jacobson et al., 2004)

Arctic Sea Area
(103 km2)

% Total shelf
area

Volume
(103 km3)

% Total shelf
volume

Mean depth
(m)

Volume/area
ratio

Barents Sea 1597 27 307 37 200 5.20
Kara Sea 926 15 121 15 56 7.65
Laptev Sea 498 8 24 3 131 20.75
East Siberian Sea 987 16 57 7 48 17.30
Chukchi Sea 620 10 50 6 58 12.40
Beaufort Sea 178 3 22 3 80 8.10
Canadian Arctic

Archipelago (CAA)
1032 18 183 22 124 5.65

Northern CAA 210 3 65 7 310 3.10

Total shelf 6048 100% 829 100% 140 7.30

Also shown are the volume/area ratios.

458 E. Carmack, P. Wassmann / Progress in Oceanography 71 (2006) 446–477

Green: inflow shelves. 
Blue: interior shelves. 
Yellow: outflow shelves. 
Red: shelf break.  
Gray: the deep basins. 



Different geographical, 
geophysical and geo-
morphological settings drive 
differences between Arctic 
and Antarctic ice covers.  

Table 1 in Vancoppenolle et al. (2013). 

! "#!

Table 1. Selected properties of Arctic versus Antarctic sea ice (adapted from Dieckmann and 
Hellmer, 2010). 

 Arctic Antarctic 

Latitudinal limits 90 °N –  60 °N1 55 °S – 75 °S 

Average maximum extent2 15.2 x 106 km2 18.3 x 106 km2 

Average minimum extent2 6.8 x 106 km2 3.0 x 106 km2 

Trend, annual mean extent2  -3.8 % per decade  +1.2% per decade 

Seasonal ice extent (% of 
max)2 

8.4 x 106 km2 (< 60%) 15.3 x 106 km2 (> 80%) 

Sea ice residence time  < 1 – 7 years  < 1-2 years 

Mean ice thickness3 3.4 m (1980) – 2.3 m 
(2000) 

0.87 ± 0.91 m 

Observed trend in ice 
thickness 

Decreasing No available data 

Annual snowfall4 150-400 mm  > 1000 mm 
Annual mean snow depth5 23 cm 16 ± 20 cm 

Flooding & snow ice  Rare Extensive 

Surface melt & melt ponds Extensive Rare 

Ice textural type Mainly columnar Columnar and (orbicular) 
granular 

Maximum algal biomass6 Lower Higher 

Location of algal biomass7 Primarily bottom Bottom, internal and 
surface 

Riverine influence High None 
Sediment-laden sea ice Frequent Rare 

Aeolian influence High Low 
1 With excursions up to 40°N in localized regions (e.g., Sea of Okhotsk). 
2Satellite passive-microwave estimates from Comiso [2010], covering 1979-2008. 
3 See Rothrock et al. [2008] for the Arctic; Worby et al. [2008] for the Antarctic (1981-2005). 
4See Serreze and Hurst [2000] for the Arctic; Massom et al. [2001] for the Antarctic. 
5See Warren et al [1999] for the Arctic; Worby et al. [2008] for the Antarctic. 
6See Arrigo et al. [2010]. 
7See Gradinger [2009] for the Arctic; Meiners et al. [submitted] for the Antarctic.



“Perhaps the most important lesson from recent sea 
ice studies is that physical, chemical, and biological 

processes interact in distinctive and complex ways and 
should not be studied independently of one another.”  

Shepson et al. (EOS, 2012) 

Physical forces interact with chemical and biological 
processes within the ice in complex ways. 



How does the changing sea ice cover impact pp? 

Physical changes:  
•  increased open water area 
•  thinning at rapid rate 
•  increasing melt pond coverage 
•  more storm events 
•  changing seasonality 
•  sea ice transport  

General consensus: Increased productivity 



Field measurements suggest that primary productivity in the Bering 
Strait and Chukchi Sea has declined in recent years (Lee et al. 2012). 

•  Recent Northern Bering Sea estimate of 
  120 g C m-2 vs. 250-480 g C m-2 more than 
  decade ago 

•   Recent average annual production (55 mg C 
   m-2; Lee et al. 2007) in Chukchi Sea is 2 to 
   3 times lower than previous estimates 

•  may be the result of seasonal, annual, or 
  geographic variations in PP 

228

9.2.1     Northern Bering Sea 

 The northern Bering Sea (Fig.  9.1 ) is a seasonally ice-covered shelf that is strongly 
infl uenced by the advection of cold, nutrient-rich Pacifi c water from the edge of 
the deep Bering Sea basin (Springer  1988 ; Grebmeier et al.  2006a ). Recently 
measured inorganic carbon uptake rates of phytoplankton ranged from 0.1 to 
3.9 g C m −2  day −1  (mean ± S.D. = 1.1 ± 1.2 g C m −2  day −1 ) and from 0.2 to 2.0 g C m −2  
(mean ± S.D. = 0.9 ± 0.6 g C m −2  day −1 ) (south and north of St. Lawrence Island), 
respectively. These data were recorded in 2007 (Fig.  9.3 ), based on a 15-h photope-
riod (Hansell and Goering  1990 ) and hourly carbon uptake rates. For comparative 
purposes although measurement methods are different among the studies, the 
annual primary production was estimated assuming a 120-day growing season in 

  Fig. 9.3    Carbon uptake rates (g C m −2  day −1 ) integrated to the 1 % light depth in the PAR (Data 
from Lee and Whitledge  2005 ; Lee et al.  2007 ,  2010 ,  2011 )       

 

J.T. Mathis et al.
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J.T. Mathis et al.

Carbon uptake rates (g C m-2 day-1) integrated to the 1% light depth (Data from Lee 
and Whitledge 2005: Lee et al. 2007, 2010, 2011). Figure from Mathis et al. (2014). 



Remote sensing estimates of primary 
production display overall increase in 
Arctic Ocean PP resulting from sea ice 
loss (Arrigo et al. 2008). 

Yearly increases: 
•   30% attributable to decreased minimum 
   summer ice extent and  
•   70% to a longer phytoplankton growing season  

Figures from Arrigo et al. (2008). 



In relation to increased open-water area, five GCM’s with 
biogeochemistry disagree on whether nutrients or light control 
“present-day” AO productivity (Popova et al. 2012). 

solar radiation into the ocean, ice influence is not restricted to
the ambient light regime. Sea ice also affects vertical strati-
fication via salt rejection in winter and fresh water input in
summer and by presenting a barrier to wind-driven mixing of
the water column. In addition by contributing fresh water
through melting during spring and summer time it acts to
strengthen water column stratification which inhibits nutrient
resupply from below and provides an additional constraint on
primary production [Carmack et al., 2006].
[36] Winter mixing is one of the two main mechanisms

that supply nutrients into the photic zone of the AO and
which, in doing so, set up a limit available for the con-
sumption by phytoplankton. The second mechanism is hor-
izontal advection of more nutrient-rich seawater, most
prominently via the Pacific and Atlantic inflows to the AO.
In addition, there is a number of secondary mechanisms
that can influence nutrient supply and primary production on
a local scale and episodically. These include severe storms
and internal waves that erode the halocline, enhanced tidal
mixing in the areas of rough topography, wind-driven shelf
break and ice edge upwellings and the turbulent wake

behind banks and cyclonic eddies. Since the horizontal res-
olution of the models employed in this study is insufficient
to permit localized nutrient supply mechanisms, some small-
scale or episodic “hot spots” of productivity are beyond our
analysis and we have instead focused on winter mixing as
the main mechanism controlling basin-scale patterns of
nutrient supply.
[37] The maximum depth of the UML during the year

(based on monthly mean values) from the models and WOA
climatology [Locarnini et al., 2006; Antonov et al., 2006]
(using variable density criterion) is shown in Figure 4.
Owing to the very stable stratification of the AO, deep winter
mixing (in excess of 300 m) occurs only in the Atlantic
inflow waters in the southeast Greenland and southwest
Barents sectors (see Figure 4f). Two additional features of
importance to ecosystem productivity are apparent from
observational mixed layer depth: (1) winter mixing rarely
exceeds 80 m outside of the Atlantic inflow, and on average
is only 40 m and (2) mixing does not penetrate deeper than
20 m throughout the year on the Siberian shelves which are
affected by significant riverine inputs of fresh water.

Figure 4. Maximum depth of UML during the year on the basis of monthly averaged values (m; note non-
linear color scale) for (a) NEMO, (b) LANL, (c) UW, (d) UL, (e) OCCAM, and (f) WOA climatology.
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LANL	  model	  (Jin	  et	  al.	  2013)	  

Maximum	  depth	  of	  UML	  during	  the	  year	  (Popova	  et	  al.	  2012)	  



Total number of observations included into the annual WOA climatology per once degree 
grid area for (a) DIN and (b) temperature (Figures from Popova et al. 2012). 

Disagreement among models is attributed to variations in the 
simulated vertical mixing that controls nutrient supply… 



Three of the four global coupled carbon-cycle–
climate models analyzed by Steinacher et al. (2010) 
project an increase in arctic marine net primary 
productivity over the 21st century. 



CMIP5 models do not agree on the sign of future AO PP change. Uncertainty 
due to inter-model spread of nitrate (Vancoppenolle et al. 2013). 

Typical	  evoluOon	  of	  ArcOc	  Ocean	  IPP	  anomalies	  (TgC/yr)	  over	  1900–2100	  (with	  respect	  to	  the	  1980–2000	  
mean,	  20	  year	  running	  mean)	  from	  three	  selected	  CMIP5	  models.	  Figure	  from	  Vancoppenolle	  et	  al.	  (2013).	  
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Recent observations suggest that expected freshening/stratification 
and consequently changes that limit nutrient supply could benefit 
small picophytoplankton cells over large diatoms. 

Gray	  symbols	  –	  upper	  ocean	  
Open	  symbols	  –	  deep	  ocean	  

Circles	  –	  upper	  ocean	  
Triangles	  –	  deep	  ocean	  

Repeated	  survey	  of	  23	  staOons	  in	  the	  Canada	  Basin	  in	  summer.	  Figures	  from	  Li	  et	  al.	  (2009).	  	  



Coupled ice-ocean ecosystem modeling (LANL CICE-POP) results 
suggest that in the short term, ice algal production may increase.  

Jin	  et	  al.	  (2012).	  

• 	  (Above right) Simulated annual sea ice primary production north of the Arctic Circle 
   shows a lack of correlation with ice area (Jin et al. 2012). Not just result of thinner ice.  

•  Model results of Tedesco et al. (2012) suggest mild climate change may increase ice 
   algal production at the expense of phytoplankton production “because the melt of sea 
   ice will occur earlier in the season when light is less favorable to sustain the growth”.  



Ice thickness  

-  vertical exchange of biogeochemical material 

-  light available for ice algae and phytoplankton under the ice 



The growing coverage of the ice by darker melt ponds increases 
the share of sunlight, which is transmitted through the sea ice. 

xxxxx 

See	  Nicolaus	  et	  al.	  GRL,	  2008.	  	  



Arrigo et al. (2012) observed 
a massive phytoplankton 
bloom that had developed 
beneath the 0.8- to 1.3-m- 
thick first-year sea ice on 
the Chukchi Sea continental 
shelf. 

Figures	  from	  Arrigo	  et	  al.	  (2012).	  	  



Boetius et al. (2013) observed deposition of significant ice algal biomass 
(ave = 9 g C m-2) to the deep-sea floor of the Central Arctic basins. 

COVER	  AccumulaOon	  of	  algal	  biomass	  under	  thinning	  ArcOc	  
sea	  ice	  (image	  diameter	  ~25	  meters).	  This	  photograph	  was	  
taken	  on	  17	  September	  2012	  in	  the	  central	  ArcOc	  basin	  at	  
85°30'47"N,	  59°54'11"E,	  from	  the	  bridge	  of	  the	  research	  
vessel	  Polarstern.	  Here,	  the	  central	  ice	  floe	  is	  surrounded	  by	  
a	  green	  cloud	  of	  sub-‐ice	  diatoms.	  
Photo:	  Stefan	  Hendricks,	  Alfred	  Wegener	  InsOtute,	  
ExpediOon	  IceArc	  (ARK27-‐3)	  

millimeters compared with the surrounding sedi-
ment, where oxygen penetrated >50 cm (fig. S1).
Hence, if high exports of sea-ice algae had oc-
curred regularly before 2012, oxygen penetration
depth would have been less than observed, in-
dependent of the fresh Melosira deposits (30).
Hence, we conclude that massive algal falls
were rare.

Arctic climate models predict a further de-
cline in the sea-ice cover, toward a largely ice-free
summer in the Arctic in coming decades (39).
Our observations support the hypothesis (14) that
the current sea-ice thinning and increasing melt-
pond cover may be enhancing under-ice productiv-
ity and ice-algae export,with ecological consequences
from the surface ocean to the deep sea.
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Fig. 2. M. arctica aggregations. Strands (~20 cm) ofMelosira (A) under ice (station 7), (B) recovered from
the sea floor (station 7), and (C) photographed in situ with K. hyalina grazing on deposits (station 3). (D to
F) Microscopic images of Melosira cells from (A), (B), and (C) (extract of Kolga gut), respectively.
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M.	  Arc2ca	  aggregaOons.	  Strands	  (~20cm)	  of	  
Melosira	  (A)	  under	  Ice	  and	  (B)	  recovered	  
from	  sea	  floor	  (BoeOus	  et	  al.	  2013).	  



Using pan-Arctic coupled biophysical model 
(BIOMAS), Zhang et al. (2014) show 
“positive impact of cyclones on the marine 
ecosystem of the Arctic”. 

2. Model Description

2.1. Model Elements
[5] BIOMAS is a coupled biophysical model [Zhang

et al., 2010] that has three model elements : a sea ice
model, an ocean circulation model, and a pelagic biological
model. The pelagic biological model is an 11-component
marine pelagic ecosystem model that includes two phyto-
plankton components (diatoms and flagellates), three zoo-
plankton components (microzooplankton, copepods, and
predator zooplankton), dissolved organic nitrogen, detrital
particulate organic nitrogen, particulate organic silica,
nitrate, ammonium, and silicate (Figure 3) [Zhang et al.,
2010; also see Kishi et al., 2007]. Values of key biological
parameters used in the model are listed in Zhang et al.
[2010]. The ocean circulation model is based on the Paral-
lel Ocean Program (POP) developed at Los Alamos
National Laboratory [Smith et al., 1992]. The POP ocean
model is modified so that open boundary conditions can be
specified [Zhang and Steele, 2007]. The sea ice model is a
12 category thickness and enthalpy distribution (TED) sea
ice model [Zhang and Rothrock, 2003; Hibler, 1980]. It is
adopted from the Pan-arctic Ice/Ocean Modeling and
Assimilation System (PIOMAS) [Zhang and Rothrock,
2003].

2.2. Model Configuration and Experiments
[6] The BIOMAS model domain covers the Northern

Hemisphere north of 49!N (Figure 1). The BIOMAS finite-
difference grid is based on a generalized orthogonal curvi-
linear coordinate system with the ‘‘north pole’’ of the
model grid placed in Greenland. The model has a mean
horizontal resolution of about 22 km for the Arctic,
Barents, and GIN (Greenland-Iceland-Norwegian) seas,
and Baffin Bay (Figure 1). To better resolve the mixed

layer and the pycnocline, the ocean’s vertical dimension
has 30 levels of different thicknesses, with 13 levels in the
upper 100 m and the top six of them being 5 m thick.
[7] The modification of the POP ocean model to allow

open boundary conditions enables BIOMAS, a regional

Figure 2. NCEP/NCAR reanalysis surface wind speed during 4–11 August 2012. The black and white
lines are NCEP/NCAR reanalysis sea level pressure (SLP, in hPa) contours with contour interval of 10
hPa. The black contour is the 980 hPa SLP contour and the white contours are with SLP greater than 980
hPa. The numbers of four locations detailed for analysis (section 3.3) are shown in (d).

DON 

Small Zoo Copepods 

Detritus 

Flagellates Diatoms  

NO3 
NH4 

Predators  

Si(OH)4

Opal

DON 
NH4 

Sinking 
Vertical Migration

Figure 3. Schematic of the BIOMAS ecosystem model
[Zhang et al., 2010]. Marked are two phytoplankton com-
ponents (diatoms, flagellates), three zooplankton compo-
nents (small zooplankton/microzooplankton, copepods,
predator zooplankton), dissolved organic nitrogen (DON),
detrital particulate organic nitrogen (detritus), particulate
organic silica (opal), nitrate (NO3), ammonium (NH4), and
silicate (Si(OH)4). Solid black arrows indicate nitrogen
flows and blue arrows indicate silicon flows. The black dis-
continuous arrows are flows to the dissolved organic matter
and the blue discontinuous arrows are the flows to
ammonium.
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[15] Simulated spatial patterns of primary productivity
(PP) and phytoplankton (sum of diatoms and flagellates)
biomass on 4 August 2012 resemble closely the patterns of
nitrate concentration in the upper 100 m, with relatively
high concentrations on the shelves and low concentrations
in the Canada Basin (Figures 5b–5d). This is consistent
with observations that summer phytoplankton growth is
limited largely by nitrogen availability [e.g., Gosselin
et al., 1997; Lee and Whitledge, 2005; Tremblay et al.,
2008; Codispoti et al., 2005, 2009]. Like the phytoplankton
biomass, the simulated zooplankton (summation of micro-
zooplankton, copepods, and predatory zooplankton) bio-
mass on 4 August 2012 is low in the Canada Basin and
relatively high on the shelves, with the highest value on the
Chukchi shelf (Figure 5e). Simulated zooplankton biomass
is low in the Canada and Eurasian basins that are generally
covered by thicker, more compact ice. Under-ice zooplank-
ton growth is limited by food availability because under-ice
phytoplankton blooms in the areas of thicker, more com-
pact ice generally form later in the season and are of
smaller magnitude than in the shelf regions with thin ice or
open water [e.g., Zhang et al., 2010; Jin et al., 2012;
Popova et al., 2012].
[16] On 5 August 2012, the storm moved into the Arctic

Basin from Siberia. The CNTL simulation including the
cyclone wind forcing compared with the SENS run without
the cyclone indicates that the storm caused an increase in
the simulated PP in the Chukchi, East Siberian, and Laptev
shelves and in part of the Eurasian Basin (Figure 6a) where
wind speed increased (Figure 2b). The cyclone intensified

substantially during 6–8 August (Figures 2c–2e); the model
simulates a strong increase in PP in much of the shelf areas,
the Eurasian Basin, and even in some areas near the Cana-
dian Archipelago (Figure 6b). The increase in PP in those
areas remains strong on 9 August (Figure 6c) but starts to
fade (Figure 6d) as the cyclone passes its peak and begins
to weaken (Figures 2f–2h). The simulated increase in PP
on the shelves and in part of the deep basins during the
storm leads to an increase in phytoplankton biomass (Fig-
ures 6f–6i). A phytoplankton increase on the shelves and in
part of the deep basins in turn leads to an increase in zoo-
plankton that graze on phytoplankton (Figures 6k–6n). By
15 September, there is almost no increase in PP on the
shelves (Figure 6e). There is still an increase in phytoplank-
ton biomass on most of the shelves, but the increase is
diminished by mid-September (Figure 6j). The increase in
zooplankton biomass appears to be more persistent than
that in phytoplankton biomass (Figure 6o).
[17] The simulated increase in PP on the shelves and in

some areas in the deep basins in the PSA during the storm
is due to an increase in the availability of nutrients in the
upper 10 m in those areas (Figures 7a–7d). The simulated
increase in the nitrate concentration generally occurs in the
areas of strong winds (Figures 2b–2f) that strengthen sea
ice speed [Zhang et al., 2013] and surface ocean circulation
(Figures 8a–8c), enhancing vertical mixing in the upper
ocean. The enhanced mixing is reflected in an increased
vertical diffusivity in the upper 15 m of the ocean (Figures
8e–8g) at locations affected by the cyclone. Depending on
the vertical turbulent fluxes of momentum, vertical

Figure 6. Simulated difference in PP, phytoplankton, and zooplankton in the upper 100 m of the ocean
between the CNTL and SENS runs over the period 5 August 2012 to 15 September 2012.
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Difference between control run and run without cyclone influence (Zhang et al. 2014).  



Model results suggest that short intervals between wind events may 
not allow sufficient time to recharge the DMS(P) pools near the 
surface resulting in DMS emissions smaller than expected. 

Measured wind speed (m s-1) 

Simulated DMS sea-to-air flux  
(μmol m-2 d-1) 

Simulated seawater DMS 
concentration (nM) 

Jodwalis	  (Deal)	  et	  al.	  2001	  



Manizza et al. (2013) suggest that the decrease in sea ice cover 
would cause a MLD deepening (via wind-driven mixing) that 
would “in theory promote the entrainment of DIC-rich water 
into the upper ocean and hence lower the potential CO2 uptake”. 



Timing of ice retreat impacts phytoplankton bloom timing and 
shapes the structure and function of food web.  

Figure from Bluhm and Gradinger (2008) 

Chukchi Sea 2002-2004 only 44% of 
total water column PP grazed (Campbell 
et al. 2008). 



Changes in freeze up will potentially impact the C cycle. 
226

  Fig. 9.2    Schematic of processes potentially infl uencing the inorganic carbon cycle and air-sea 
CO 2  gas exchange in the western Arctic Ocean from the Bering Sea shelf through the Bering Strait, 
across the Chukchi Sea and northwards into the Canada Basin ( left  to  right  on Figure) on “infl ow” 
shelves of the Arctic (e.g., Barents and Chukchi seas). The  two panels  represent physical and bio-
logical processes likely operating during the summertime sea-ice free period (Panel  a ), and during 
the wintertime sea-ice covered period (Panel  b ). The processes are denoted by numeral with the 
caveat that the size of  arrow  does not necessarily refl ect magnitude of fl ux, transport or transforma-
tion of CO 2 . The processes include:  1  northward transport of DIC;  2  air-sea gas exchange;  3  warm-
ing;  4  exposure of surface water to the atmosphere due to sea-ice retreat and melting;  5  localized 
air-sea gas exchange from surface water highly infl uenced by sea-ice melt;  7  air-sea gas exchange 
through sea-ice;  8  winter air-sea gas exchange in leads and Polynyas;  9  inorganic carbon fl ux due 
to brine-rejection during deep-water formation in fall and winter.  10  cooling of surface waters dur-
ing northward transport on Atlantic or Pacifi c Ocean waters into the Arctic Ocean;  11  between 
shelf transport of water and carbon;  12  redistribution of inorganic carbon between mixed layer and 
subsurface due to vertical diffusion and vertical entrainment/detrainment due to mixing;  13  shelf- 
basin exchanges of inorganic carbon (i.e., DIC) and organic carbon due to generalized circulation 
and eddy mediated transport;  14  net uptake of CO 2  due to phytoplankton photosynthesis or new 
production;  15  export fl ux of organic matter (OM) or export production;  16  remineralization of 
organic matter back to CO 2  either in subsurface waters or in sediments;  17  release of CO 2  from 
sediments;  18  release of alkalinity from sediments due to anaerobic processes in sediments, and; 
 19  river runoff input (Adapted from Bates and Mathis  2009 )       

basins (McGuire et al.  2009 ), and the responses of these carbon stocks and fl uxes 
to projected climate change is highly uncertain under projected rapid changes in 
sea-ice cover and increased fl uxes of glacial and fl uvial source waters. Warming, 
sea-ice loss, “greening” of the Arctic and changes in physical circulation, strati-
fi cation and freshwater inputs are important potential drivers on the carbon cycle but 
there are multiple synergistic processes at play (Bates and Mathis  2009 ; see Fig.  9.2 ). 

 

J.T. Mathis et al.

4	  exposure	  of	  surface	  water	  to	  the	  
	  	  	  atmosphere	  due	  to	  sea-‐ice	  
	  	  	  retreat	  and	  mel2ng	  

5	  localized	  air-‐sea	  gas	  exchange	  
	  	  	  	  from	  surface	  water	  highly	  
	  	  	  	  influenced	  by	  sea-‐ice	  melt	  

	  7	  air-‐sea	  gas	  exchange	  through	  
	  	  	  	  	  sea-‐ice	  

	  8	  winter	  air-‐sea	  gas	  exchange	  in	  
	  	  	  	  	  leads	  and	  polynyas	  	  

9	  inorganic	  carbon	  flux	  due	  to	  
	  	  	  brine-‐rejec2on	  during	  deep-‐	  
	  	  	  water	  forma2on	  in	  fall	  and	  
	  	  	  winter	  	  

Figure from Mathis et al. (2014). 



Sea ice-derived dissolved iron influences the spring algal bloom in 
the outer shelf and shelf break of the Bering Sea. 

Fe (nM) 

•  In the outer shelf and shelf break melting sea 
ice provides additional iron for the complete 
assimilation of available nitrate by large cells 
(Aguilar-Islas et al. 2008). 

•  In the mid and inner 
shelf sedimentary iron 
inputs can reach 
surface waters during 
spring (Aguilar-Islas et 
al. 2008). 

(Figures	  courtesy	  A.	  Aguilar-‐Islas)	  



Coupled ice-ocean modeling studies provide insights into the role of 
sea ice in Fe cycling and its importance to phytoplankton growth. 

•  Sea ice is important for transporting 
iron from coastal to open ocean 
regions in Southern Ocean and 
Central Arctic (Wang et al. 
Biogeosciences Discussions, 2014) 

•  Storage and release of Fe in sea ice 
may initiate phytoplankton blooms in 
the marginal ice zones of the 
Southern Ocean (Lancelot et al., 
Biogeosciences, 2009) 

 
 
Fig. 5 Iron supply from sea ice contributed by different iron sources in summer: (a) dust, (b) 
seawater, and (c) sediments.  Contributions of different iron sources are differences of the net 
iron flux into the surface ocean (FEdust  NOdust, FEsw  FEdust, and FULL  FEdust, 
respectively). 
!

!

!

! dust	  

 seawater	  

sediments	  

Iron	  supply	  from	  sea	  ice	  contributed	  by	  different	  
iron	  sources	  in	  summer	  (Wang	  et	  al.	  2014).	  



Tight physical, chemical, and biological interactions between ocean, sea 
ice, and atmosphere drive large scale biogeochemical cycling. 

Simplified schematic of some biogeochemical 
exchange processes in sea ice regions. Figure from 
Shepson et al. (2012). 



During spring and summer, high levels of DMS can accumulate at the 
bottom of the ice, in leads, and in the water column at the ice edge. 

 	  	  xxx	  

Values	  in	  boxes	  represent	  the	  maximum	  concentraOons	  of	  DMS	  reported	  in	  each	  of	  these	  habitats.	  
Figure	  from	  Levasseur	  (Nature	  Geoscience,	  2013).	  



Zooplankton	  
(adapOve)	  

Detritus	  
Suspended/DOM	  
Large	  (POM,	  silica,	  
CaCO3,	  dust)	  

Inorganic	  Tracers	  
NO3,	  NH4,	  PO4,	  
Si(OH)3,	  Fe,	  O2,	  
DIC	  &	  Alkalinity	  

Phytoplankton	  
pico/nano	  
diatoms	  
diazotrophs	  

Chlorphyll	  
pico/nano	  
diatoms	  
diazotrophs	  

Grazing	  
ExcreOon	  

Mortality	  &	  
Sloppy	  Feeding	  

Growth	  
N2	  FixaOon	  
CalcificaOon	  

RemineralizaOon	  
&	  DissoluOon	  

Mortality	  &	  
AggregaOon	  

Sinking	  

PhotoadaptaOon	  

DMSPd	   DMS	  

DMSPp	  
Ice	  algae	   DMS	  DMSPd	  

Nutrients	  
NO3,	  NH4,	  
Si(OH)3	  

DMSPp	  
Ice	  algae	  
pico/nano	  
diatoms	  
diazotrophs	  

Photochemical	  &	  
Biological	  OxidaOon	  

Photochemical	  &	  
Biological	  OxidaOon	  

Ice	  algae	  

Grazing,	  
exudaOon,	  
cell	  lysis	  

Bacterial	  
ConsumpOon	  

Bacterial	  
demethylaOon/	  
demethiolaOon	  

VenOlaOon	  

ICE	  

WATER	  

EnzymaOc	  
cleavage	  

AIR	  
EnzymaOc	  
cleavage	  

Grazing,	  
exudaOon,	  
	  	  	  cell	  lysis	  

Transport	   Transport	  Transport	  Transport	  

Grazing,	  
exudaOon,	  
cell	  lysis	  Growth	  

Mortality,	  
remineralizaOon	  

DMSPp	  is	  parOculate	  DMSP.	  
DMSPd	  is	  dissolved	  DMSP.	  

Bacterial	  
consumpOon	  

Bacterial	  
losses	  

Biogeochemical compartments and processes in LANL (CICE-POP) model: ?	  

Based	  on	  BEC	  model	  of	  
Moore	  et	  al.	  (2002;	  2004)	  

Jin	  et	  al.	  
2006	  

Ellioo	  et	  al.	  	  
2012	  

Ellioo	  et	  al.	  	  
2009	  



Sea surface DMS concentrations in summer (June-July-Aug) 
for years 1958-2009	  

DMS data density (number) 

Gridded	  ObservaOons	  
(Lana	  et	  al.	  2011)	  

Modeled	  –	  Gridded	  ObservaOons	  	  Modeled	  Values	  

DMS	  (nM)	   DMS	  (nM)	  DMS	  (nM)	  

Distribution of seawater DMS 
concentration data from 
NOAA PMEL DMS database. 

hop://saga.pmel.noaa.gov/dms/	  



Model results show significant surface seawater DMS increases 
correspond to areas of substantial sea ice loss. 

 	  	  xxx	  

DMS (nM) for mean of low ice 
years minus mean of high ice years  P-value of student t-test for DMS 

Ice concentration difference  
for mean of low minus mean of 
high ice years 

low (2002, 2003, 2005-2007) 
high (1998-2001, 2004)   

Figures from Deal et al. (in preparation). 



Methane stored in the 
Siberian shelf is being 
vented to the winter 
atmosphere through 
polynyas and then at ice 
break-up. Bubbles of gas 
entrapped within the sea 
ice were “ubiquitously 
observed” (Shakhova et 
al. 2009). 

WinterOme	  observaOons	  of	  dissolved	  CH4	  (A)	  Beneath	  the	  ice,	  
(B)	  VerOcal	  distribuOons	  along	  transect,	  and	  (C)	  bubbles	  
trapped	  in	  ice	  (Shakhova	  et	  al.	  2009)	  



Complicating factors… 

Ocean acidification further complicates the effects of 
warming and reduced sea ice on marine ecosystems. 

Expanded exploration and development. 



The contemporary state of the carbon budget of the northern 
cryosphere regions. 

Current	  esOmates	  of	  ocean	  
sink	  of	  atmospheric	  CO2:	  

66–199	  Tg	  C/yr	  	  
(Bates	  and	  Mathis,	  2009)	  



The	  mean	  (1982	  to	  2010)	  maximum	  ice	  boundary	  (50%	  ice	  cover)	  is	  shown	  for	  week	  22	  (1	  
June),	  and	  the	  minimum	  ice	  boundary	  (50%	  ice	  cover)	  is	  shown	  for	  week	  35	  (1	  September).	   

Non-arctic

Arctic tundra
Bioclimate zone
Bioclimate
Subzone A
Glaciers

Unfrozen ocean

Maximum
sea ice
Minimum
sea ice

0 250 500 1,000

Arctic Circle

Fig. 4. Arctic terrestrial vegetation zones in relation to sea ice. The extent
and locations of the arctic tundra bioclimate zone and bioclimate subzone A
[boundaries of both from (44)] are closely related to the climatological maxi-
mum andminimum spatial extent of sea ice. Themean (1982 to 2010)maximum
ice boundary (50% ice cover) is shown for week 22 (1 June), and theminimum ice

boundary (50% ice cover) is shown for week 35 (1 September). The tundra extent
generally corresponds to the extensive presence of sea ice during the late winter
and spring. Bioclimate subzone A relates to the presence of extensive ice cover
during all of the summer and early autumn (45). Ice boundaries were deter-
mined from passive microwave data averaged for 1982 to 2012.
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Fig. 3. Relations between sea ice and timing and abundance of
terrestrial plant growth. (A) The annual midpoint of the plant growing
season at an inland site in Greenland, when 50% of species have emerged on
plots monitored between 1993 and 2011, is closely associated with Arctic-

wide sea-ice extent in June [data from (41)]. (B) Detrended annual peak
aboveground abundance of dwarf shrubs [data from (42)], which have been
increasing at the same site (42), displays a close association with July sea-ice
extent in the previous year.

2 AUGUST 2013 VOL 341 SCIENCE www.sciencemag.org522

The extent and location of Arctic tundra bioclimate zone are closely 
related to maximum and minimum of sea ice (Post et al. 2013, Science). 



Sea ice decline is associated with increases in terrestrial 
productivity across the Arctic (Post et al., 2013). 

SWI	  –	  Summer	  Warmth	  Index	  

NDVI	  -‐	  Difference	  between	  reflecOon	  of	  the	  near	  infrared	  light	  and	  absorpOon	  visible	  light	  gives	  the	  
density	  of	  green	  vegetaOon. 

Figure	  5A	  from	  
Post	  et	  al.	  (2013).	  
Coastal	  tundra	  PP.	  



xxxxx 

“Pan-Arctic trends in SWI and NDVI very spatially across the Arctic, but 
almost all locations experienced an increase in maximum NDVI and an 
increase in summer open water”, Post et al. (2013). 

Figure	  5B	  from	  
Post	  et	  al.	  (2013).	  



Modeling and measurements have found terrestrial C uptake 
and release linked to sea ice decline with the potential to alter 
carbon ecosystem flux (Post et al. 2013) 

“Doubling of carbon uptake concordant with shrub increases in 
West Greenland between 2003 and 2010 (Cahoon et al. 2012).” 

“Increases in arctic tundra methane emissions matching sea-
ice fluctuations and trend for the period from 1979 to 2006 
(Parmentier et al. 2012).” 

“Link between sea-ice decline and the annual extent of 
tundra fires in Alaska (Hu et al. 2010).” 



Polar Oceans are poorly covered with observations, both physical and biogeochemical. 

ESM’s should prove essential to understanding and quantifying large-scale polar 
marine biogeochemical processes and feedbacks. 

Future development and application of complex ocean ecosystem-biogeochemical 
models embedded in high-resolution ocean circulation models.  

Paleoclimate studies are also relevant. 

Challenges and Opportunities 



Big questions 

How will patterns of biogeochemical sinks and sources change? 

Will the Arctic Ocean remain a CO2 sink? 

Will Arctic Ocean PP increase or decrease in the future? 

Will new (even unexpected) plankton types or ecosystems 
dominate? 

What new and key feedbacks will emerge? 


