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Abstract six Earth system models and three ocean-ice-ecosystem models are analyzed to evaluate mag-
nitude and depth of the subsurface Chl-a maximum (SCM) in the Canada Basin and ratio of surface to sub-
surface Chl-g in a future climate scenario. Differences in simulated Chl-a are caused by large intermodel
differences in available nitrate in the Arctic Ocean and to some extent by ecosystem complexity. Most mod-
els reproduce the observed SCM and nitracline deepening and indicate a continued deepening in the future
until the models reach a new state with seasonal ice-free waters. Models not representing a SCM show
either too much nitrate and hence no surface limitation or too little nitrate with limited surface growth only.
The models suggest that suppression of the nitracline and deepening of the SCM are caused by enhanced
stratification, likely driven by enhanced Ekman convergence and freshwater contributions with primarily
large-scale atmospheric driving mechanisms. The simulated ratio of near-surface Chl-a to depth-integrated
Chl-a is slightly decreasing in most areas of the Arctic Ocean due to enhanced contributions of subsurface
Chl-a. Exceptions are some shelf areas and regions where the continued ice thinning leaves winter ice too
thin to provide a barrier to momentum fluxes, allowing winter mixing to break up the strong stratification.
Results confirm that algorithms determining vertically integrated Chl-a from surface Chl-a need to be tuned
to Arctic conditions, but likely require little or no adjustments in the future.

1. Introduction

Subsurface chlorophyll-a maxima (SCMs) are a common feature in the Arctic Ocean during the post-
bloom period when surface chlorophyll-a (Chl-a) concentration is low (<0.5 mg m~3) [Ardyna et al., 2013]
and can contribute significantly to the vertically integrated Chl-a concentration. SCMs develop every
summer after the water column stratifies and surface nutrients have been used up. Phytoplankton within
the SCM causes the nitracline to deepen during the growth season by exhausting the nitrate (NOs)
above. The SCM settles to a depth where light remains sufficient to support growth. There the SCM acts
as a boundary, preventing the upward diffusion of NO; into the upper euphotic zone [Tremblay et al.,
2008; Mundy et al., 2009]. Hence, SCMs are frequently located below the pycnocline [e.g., Martin et al.,
2010], and often are correlated with the euphotic and nitracline depths [Martin et al., 2010; Brown et al.,
2015]. As the euphotic depth shallows toward the end of the growing season, extreme light limitation,
potentially triggered by sea ice growth, may cause the SCM community to die off and sink to the ocean
floor [Brown et al., 2015].

The seasonal evolution, vertical extension, productivity, and assemblage composition varies regionally and
is influenced by stratification, nutrients, and source water masses [e.g., Martin et al, 2010; Brown et al.,
2015]. The SCM tends to be shallower on the shelves (e.g., 30 m in the Chukchi Sea compared to 50-60 m in
the Canada Basin) [Brown et al., 2015]. Martin et al. [2010] found the SCM absent only near rivers and in shal-
low regions where mixing and upwelling are important. The SCM in the western Arctic is associated with
the inflow of Pacific summer (PSW) and winter waters (PWW). These waters are rich in nutrients and gener-
ally stay below the fresher and nutrient-depleted near-surface waters [Carmack et al., 1989, 2004]. Monier
et al. [2014] suggest the SCM maintenance may be highly susceptible to changes in the physical structure
of the water column, e.g., the displacement of Pacific water to greater depth and contributions of terrige-
nous material. Lovejoy [2012] and Li et al. [2009] indicate that any disruption of the fragile light-nutrient
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Table 1. Description of Model Ocean-Ecosystem Components

Dimensions®
Model (Ocean: x-y-z) Ecosystem® Chl-a Forcing® References

CanESM2 256 X 192 X 40 NPZ Variable Chl-a:N Arora et al. [2011],
Christian et al. [2010], and
Zahariev et al. [2008]
GFDL-ESM2M 360 X 200 X 50 N4P3 Variable Chl-a:C Dunne et al. [2012, 2013]
HadGEM2-ES 360 X 216 X 40 N3P2Z Constant Chl-a:C HadGEM2 DevelopmenTeam [2011],
Collins et al. [2011], and
Palmer and Totterdell [2001]

IPSL-CM5A-LR 182 X 149 X 31 N5P2Z72 Variable Chl-a:C Dufresne et al. [2013] and

Aumont et al. [2003]
MPI-ESM-LR 256 X 220 X 40 N3PZ Constant Chl-a:C Giorgetta et al. [2013],

Ilyina et al. [2013], and

Six and Maier-Reimer [1996]
MIROC-ESM 256 X 192 X 44 NPZ Constant Chl-a:C Watanabe et al. [2011],

Kawamiya et al. [2000], and
Oschlies [2001]

LANL-UAF 384 X 320 X 40 N4P3Z72 Variable Chl-a:C ~ GFDL-ESM2M Jin et al. [2012a,b] and

Moore et al. [2002]
NEMO-MEDUSA 1442 X 1021 X 64 N3P2Z2 Variable Chl-a:N HadGEM2-ES Yool et al.[2013a] and

Popova et al. [2014]
NAA-CMOC 568 X 400 X 46°  NPZ Variable Chl-a:N  CanRCM4+CanESM2  Hu and Myers [2013, 2014] and

Zahariev et al. [2008]

“Number of grid points in the horizontal (x,y) and vertical (z), reflecting horizontal resolutions ranging from 0.3 to 1° to a maximum
of 2°.

bEcosystem complexities are indicated via numbers of nutrient (N), phytoplankton (P), and zooplankton (Z) groups.

“Model providing atmospheric forcing (HROMs only) and ocean boundary conditions (NAA-CMOC only).

9Regional model covering the Arctic.

balance at the SCM might alter the community structure. Observations from 2003 to 2012 show a deepen-
ing of the nitracline and the SCM over time [McLaughlin and Carmack, 2010]. In this study, we will use a
selection of Earth System Models (ESMs) and higher-resolution ocean models (indicated in Table 1) to evalu-
ate whether these models are able to represent the observed vertical Chl-a distribution and trend in the
Canada Basin and to analyze the temporal evolution of the SCM in future projections. In addition, we will
evaluate changes in the ratio of near-surface to integrated Chl-a.

2. Background

2.1. Arctic Physical Oceanography

The Arctic Ocean can be divided into two different water mass assemblies [McLaughlin et al., 1996]. In the
eastern Arctic (Nansen and Amundsen Basins), the water mass assembly is characterized by the absence
of Pacific water and warmer Atlantic water. In the western Arctic (Canada and Makarov Basins), the water
mass assembly is characterized by the presence of Pacific water and colder Atlantic water. The front
between the eastern and western Arctic varies on interannual time scales [McLaughlin et al., 2002; Alkire
et al, 2015]. The western Arctic is much fresher than the eastern Arctic, resulting in shallower surface
mixed layers in the western Arctic. Using observations from 1979 to 2012, Peralta-Ferriz and Woodgate
[2015] found that the average maximum winter mixed-layer depth (MLD) is 33.1 m in the Canada Basin
and 72.5 m in the Eurasian Basin. In summer, the average minimum MLD is 8.9 m in the Canada Basin and
22.3 m in the Eurasian Basin. In the Canada Basin, increased stratification from sea ice melt, river runoff
[Maykut and McPhee, 1995; Jackson et al., 2010a] or from the collapse of submesoscale fronts [Timmer-
mans et al.,, 2012] causes the surface mixed layer to shoal in June or July. The increased stratification can
trap incoming solar radiation below the surface mixed layer forming a near-surface temperature maxi-
mum at typical depths of 10-30 m (NSTM) [Jackson et al., 2010b]. In the fall and winter, increased kinetic
energy can decrease stratification, causing the NSTM to be entrained into the surface mixed layer. During
some winters, stratification is stronger than kinetic energy, which causes the NSTM to be stored through-
out the winter, where it can periodically melt the bottom of sea ice [Jackson et al., 2012; Timmermans,
2015]. The NSTM also forms in the Eurasian Basin in summer but weaker stratification causes it to disap-
pear in fall [Polyakov et al., 2013]. Pacific water is found below the remnant winter mixed layer in the
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Canada Basin, at typical depths of about 40-200 m [Steele et al., 2004]. Recent research has shown that
between 2003 and 2013, the Pacific water layer thickened and freshened [Timmermans et al., 2014]. The
changes to nutrient-rich Pacific layer influence the depth of the SCM, which normally coincides with the
top of the Pacific water [Jackson et al, 2010a; McLaughlin and Carmack, 2010]. More specifically,
McLaughlin and Carmack [2010] suggested that in the Canada Basin, recent increases in Ekman conver-
gence lead to enhanced freshwater content, a deepening of the nitracline and the SCM. The nitracline
deepening was found to be the main cause for the SCM deepening (at a rate of 3.2 m yr~ ') [Jackson et al.,
2010a]. McLaughlin and Carmack [2010] also found a decrease in NO3 concentrations at the SCM depth
and suggest that the availability of light may play a progressively greater role in determining the depth at
which primary production (PP) occurs. Additional increases in freshwater input related to sea ice melt and
river runoff [McPhee et al., 2009; Rabe et al., 2011] lead to an enhanced salinity stratification constraining
the vertical heat flux and nutrient renewal in winter within the Beaufort gyre. This tendency suggests the
Arctic deep basin to become even more oligotrophic in the future [McLaughlin and Carmack, 2010; Coupel
et al., 2015], while on the shelves, retreating sea ice can enhance shelf-break upwelling and increase nutri-
ent supply to the euphotic zone [Carmack and Chapman, 2003; McLaughlin and Carmack, 2010; Tremblay
et al., 2011]. On the other hand, changes in freshwater pathways near river mouths (i.e., the Mackenzie
River), leading to saltier surface waters in some regions, have also been attributed to recent weakening of
the on-shelf stratification [Peralta-Ferriz and Woodgate, 2015].

2.2. SCMs and Satellite Chl-a Estimates

The inability to detect SCM production with ocean color sensors has spurred discussions on the ability
of remote sensing algorithms to derive integrated PP in the Arctic from near-surface Chl-a concentra-
tions. Martin et al. [2010] found that surface Chl-a explained 65% of the integrated Chl-a in the
euphotic zone, Arrigo et al. [2011] suggested that the magnitude of the error resulting from the omis-
sion of SCMs in satellite-based PP estimates varies significantly (from 0.2 to 16%) in space over an
annual cycle, while Hill et al. [2013] suggested a constant PP underestimation of 75% throughout the
summer over the entire Arctic ocean. Model studies suggest the SCM accounts for 65-90% of the total
annual PP in the stratified waters of the Beaufort Sea [Martin et al., 2013] and for about 46% of total
Arctic PP (68% if areas significantly influenced by Atlantic or Pacific inflow are excluded) [Popova et al.,
2010]. Ardyna et al. [2013] evaluated the issue in more detail and found that vertical variations in Chl-a
have limited impact on the annual depth-integrated PP. They indicate that small overestimates in
areas with shallow SCMs are somehow compensated for by underestimates found when SCMs are
deep. Seasonally, however, deep SCMs can have a substantial impact on depth-integrated PP esti-
mates, particularly in highly stratified and oligotrophic conditions, i.e., in the post bloom state in the
Arctic Ocean.

Satellite-based productivity algorithms calculate PP at all depths based on a preset vertical Chl-a profile.
Martin et al. [2010] cautioned that applying general regressions to determine integrated Chl-a from surface
values developed for lower latitudes [e.g., Morel and Berthon, 1989; Uitz et al., 2006] can either overestimate
Chl-a inventories (e.g., at neritic stations) or underestimate them (e.g., in clear, stratified waters with a pro-
nounced SCM). Ardyna et al. [2013] confirm that these approaches are not applicable in the Arctic Ocean
and suggest the most likely reasons are the exposure of phytoplankton communities to pronounced sea-
sonality associated with light, sea ice, and nutrient availability and the salinity-driven stratification in several
Arctic Ocean regions. They propose a novel empirical parameterization with a vertical Chl-a distribution spe-
cifically tuned to the Arctic Ocean and suggest that regional and seasonal regimes are best addressed with
specific submodels.

2.3. Previous Model Studies

Vancoppenolle et al. [2013] and Popova et al. [2012] evaluated global ESMs and higher-resolution ocean
models (referred to as HROM:s), respectively, with respect to their representation of PP in the models.
They found reasonable agreement with satellite-derived PP for the recent past, but pointed out the dis-
agreement among both higher-resolution Arctic models and global ESMs with respect to nutrient avail-
ability and which factor, light or nutrients, controls present-day and future Arctic productivity. Popova
et al. [2010] suggest that the variability in Arctic PP can be explained by the maximum penetration of win-
ter mixing, which determines the amount of nutrients available for summer production, and short wave
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radiation at the ocean surface which determines light availability. The two processes together could
explain more than 80% of the spatial variability in PP. In the western Arctic, the MLD is dominated by hal-
ine stratification [e.g., Peralta-Ferriz and Woodgate, 2015] and the response to ice retreat in a future cli-
mate is not straightforward: Ice retreat both enhances stratification due to increased meltwater and
decreases stratification due to enhanced momentum flux acting on the upper ocean. In the Canada Basin,
stratification is further strengthened due to freshwater accumulation via strong surface Ekman conver-
gence [Proshutinsky et al., 2002; Jackson et al., 2011].

Popova et al. [2010] note that main departures to the light and mixed-layer relationship with PP occur in
regions that are affected by horizontal advection of nutrients (e.g., the southern Chukchi Sea). Model results
by Popova et al. [2013] indicate significant nutrient contributions to the subsurface layers of the central Arc-
tic Ocean from nutrient-rich Pacific and Atlantic waters on time scales less than 15-20 years (nutrients to
the Canada Basin from the Bering Strait are supplied on a time scale of 5-7 years) and from shelves on time
scales of 5 years. This shelf transport sustains up to 20% of the total PP in the Arctic Ocean, but can region-
ally be much higher, e.g., 50-60% in the eastern Makarov and Amundsen Basins and the central Canada
Basin. Their study emphasizes the importance of accurate modeling of Arctic Ocean circulation patterns to
adequately represent biological production. A model intercomparison evaluating the vertical structure of
PP, Chl-a, or NO5 has not been performed yet.

3. Materials and Methods

3.1. Model Descriptions

Analyzed in this study are simulations for the future 2006-2085 period using the representative concentra-
tion pathway RCP 8.5 (reaching a >1370 ppm atmospheric CO, equivalent in 2100) [Moss et al., 2010].
Model data were regridded to a uniform 2° X 2° grid for all ESMs and 1° X 1° grid for the HROMs via
distance-weighted average remapping of the four nearest neighbor values using Climate Data Operators
(http://www.mad.zmaw.de/Pingo/post/post.cdo.home.html).

ESM data averaging for a representative area of the Canada Basin, 73°N-79°N and 130°W-150°W (indicated
in Figure 1), were done from the regridded data files. HROM data have been averaged on their original grids
and provided by participating institutions. For this analysis, model variables are shown as time series or
means for the two bidecadal time periods 2006-2025 and 2066-2085. All data have been interpolated to a
standard vertical grid with 10 m intervals down to 105 and 25 m intervals down to 350 m.

The ESMs included in this study are the Canadian ESM version 2.0 (CanESM2) Geophysical Fluid Dynamics
Laboratory ESM (GFDL-ESM2M), Met Office Hadley Center ESM (HadGEM2-ES), Institut Pierre Simon Laplace
low-resolution ESM (IPSL-CM5A-LR), Japan Agency for Marine-Earth Science and Technology ESM (MIROC-
ESM), and Max Planck Institute for Meteorology low-resolution ESM (MPI-ESM-LR). The required biogeo-
chemistry fields (Chl-a and NOs), as well as fields of sea ice cover, temperature, and salinity, were accessed
via the CMIP5 data portal (http://cmip-pcmdi.linl.gov/cmip5/data_portal.html). The study builds on the anal-
ysis of Arctic Ocean acidification described in Steiner et al. [2014] where the six ESMs provided a good repre-
sentation of the available ESMs. A summary of the models is provided in Table 1. The marine ecosystem is
represented either via single representations of nutrient (N), phytoplankton (P), zooplankton (Z), and detri-
tus (D) groups (NPZD, for CanESM2 and MIROC-ESM); via enhanced representations including 2-3 limiting
nutrients and one or two phytoplankton groups (MPI-ESM, HadGEM2-ES); or via multiple representatives of
all groups, adding up to >20 tracers (GFDL-ESM2M, IPSL-CM5A).

In addition to those coarse resolution global models we include three HROMs, the Los Alamos National
Lab-University of Alaska Fairbanks (LANL-UAF) model, the Nucleus for European Modeling of the
Ocean-Model of Ecosystem Dynamics, nutrient Utilization, Sequestration and Acidification (NEMO-
MEDUSA) model and the North Atlantic Arctic-Canadian Model for Ocean Carbon (NAA-CMOC) model
(Table 1). LANL-UAF is a more recent version of the LANL model [Popova et al., 2012; Jin et al., 2012al.
It has been modified to improve modeled MLD in the Arctic Basin [Jin et al., 2012b]. The model is
global with high resolution in the Arctic. It consists of linked pelagic and sea ice algal components [Jin
et al., 2012a] incorporated into a global version of the Parallel Ocean Program-Los Alamos sea ice
model POP-CICE. The pelagic component is a medium-complexity model [Moore et al., 2004], with mul-
tiple nutrients, three types of phytoplankton as well as explicit carbon, iron, and Chl-a pools for each

STEINER ET AL.

FUTURE ARCTIC SUBSURFACE CHL-A MAXIMUM 390


http://www.mad.zmaw.de/Pingo/post/post.cdo.home.html
http://cmip-pcmdi.llnl.gov/cmip5/dataportal.html

@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC011232

: 5
: AmurE?

n Gulf g

- 428°W
144° 136°W

Figure 1. Section of the western Arctic including the Canada Basin Beaufort Sea area. Colored symbols show locations of the observed pro-
files included in Figure 3 by year. The blue frame indicates the model domain used for the basin averages.

phytoplankton group, and the herbivorous zooplankton pool. The ice algal component represents col-
onies in a 3 cm layer at the bottom of each sea ice thickness category, coupled to the pelagic model
through nutrient and biotic fluxes [Jin et al., 2006, 2007; Deal et al., 2011]. Initial conditions for chemi-
cal variables (NOs, Si) are from the gridded World Ocean Atlas (WOA2005) and for other constituents
from a global model simulation by Moore et al. [2004]. LANL-UAF has been forced with output from
the GFDL-ESM2M for RCP8.5.

The NEMO-MEDUSA model is a high-resolution global ocean biogeochemical model. The underlying physi-
cal model is NEMO [Madec, 2008] coupled with a sea ice model, Louvain-la-Neuve Ice Model version 2
(LIM2) [Timmermann et al., 2005]. MEDUSA-2.0 is an intermediate complexity ecosystem model that divides
the plankton community into small and large portions, and which resolves the elemental cycles of nitrogen,
silicon, Fe, C, alkalinity, and oxygen with 15 state variables in total [Yool et al., 2013b]. NEMO-MEDUSA is
forced with output from HadGEM2-ES for RCP8.5. Temperature and salinity fields are initialized using output
from HadGEM2-ES valid for the same time as the forcing. To prevent excessive drift, sea surface salinities
are relaxed toward those derived from HadGEM2-ES. Biogeochemical variables are initialized with data from
World Ocean Atlas 2009 and Global Ocean Data Analysis Project (GLODAP) climatologies [Yool et al., 2013a;
Popova et al., 2014].

The NAA-CMOC model is a regional model for the Arctic based on NEMO-LIM2 in the configuration by Hu
and Myers [2013, 2014] with the Canadian Model of Ocean Carbon (CMOC) ecosystem component
[Zahariev et al., 2008; Christian et al., 2010] which is the same as in CanESM2, but updated to include oxy-
gen. NAA-CMOC is forced with output from the 22 km resolution Canadian Regional Climate Model ver-
sion 4 (CanRCM4) [Scinocca et al., 2016] covering the Coordinated Regional Climate Downscaling
Experiment (CORDEX Arctic) domain, merged with CanESM2 data in the small area where CanRCM4 does
not fully cover the NAA domain. CanRCM4 is forced with CanESM2 output on its horizontal boundaries.
NAA-CMOC has only been run with climatological mean forcing for the time periods of 2006-2025 and
2066-2085 for 10 years each, with both time periods initialized with CanESM2 output from the respective
RCP8.5 run.
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3.2. Calculation of the SCM and Other Indicator Variables

While not all papers discussing observed SCMs define how the SCM has been calculated, most analyses
identify the SCM depth as the depth where fluorescence is highest [e.g., McLaughlin and Carmack, 2010;
Jackson et al., 2010a; Martin et al., 2010]. Martin et al. [2013] also define an upper limit for SCMs, i.e., the
depth where a positive gradient of 0.01 ug Chl-a L~ m™" is attained relative to the surface Chl-a and where
Chl-a was equal to or greater than 0.11 ug L™ ". Below that depth, the SCM was defined as the depth where
Chl-a was at maximum.

For the models, Chl-a values are interpolated to the standard depths from each model, the depth with the
highest Chl-a value is flagged and used for the SCM depth. This measure works well for the annual and sea-
sonal means of the study area (Figure 1).

Chl-a in the models is calculated via either constant or varying Chl-a:C or Chl-a:N ratios (Table 1). Constant
Chl-a:C ratios vary from 0.017 mg Chl-a mg C~" (MPI-ESM-LR) to 0.025 mg Chl-a mg C~' (HadGEM2-ES).
Varying Chl-a:C or Chl-a:N ratios are predicted based on the external concentrations of the limiting
nutrients (IPSL-CM5A-LR) or take into account photoacclimation by including changes in the ratio of
energy assimilated to energy absorbed [Geider et al., 1996, 1997], using maximum Chl-a:C ratios between
0.03 and 0.05 mg Chl-a mg C~". The CMIP5 database does not provide monthly resolved ESM output for
Chl-a. However, for the Canada Basin, the pattern of the vertical Chl-a distribution is well represented by
the annual mean, even though the magnitude of the annually averaged Chl-a concentration is lower than
a summer only average. This has been tested with CanESM2 and examples are shown for the HROMs
(Figures 5, 8h and 8i).

In addition to the SCM, several indicator variables have been chosen to help understand the observed and
simulated changes: NO; at the SCM, the depth of the 33.1 psu isohaline (core of the Pacific Winter Water)
[McLaughlin and Carmack, 2010], mean salinity in the top 40 m, and freshwater content (FWC). FWC, inte-
grated over the upper 500 m (in units of m), is defined as:

350m _
FWC:[ (5:=9) dz, M

Jo S
with salinity S referenced to S,= 34.8 [e.g., Steiner et al., 2004].

3.3. Observations

Observed profiles of salinity, temperature, fluorescence, and NOs; were collected from icebreakers during
July, August, and September 1993-2010 under collaboration of researchers from Fisheries and Oceans
Canada, the Japan Agency for Marine-Earth Science and Technology, and the Woods Hole Oceanographic
Institution (http://www.whoi.edu/beaufortgyre). Salinity, temperature, and pressure data were collected
with a SeaBird 911-Plus CTD from 2002 to 2010 (details in McLaughlin et al. [2008]) and with a FSI CTD ICTD
in 1993 [Macdonald et al., 1995]. Fluorometer data were collected with a Seapoint fluorometer from 2002 to
2010 and calibrated with Chl-a values measured from bottle samples. Nitrate data were collected from bot-
tle samples. Locations of the individual profiles are indicated in Figure 1 and averaged over the area indi-
cated by the black line. Observed average profiles were separated into two time periods, with the second
period starting with the initial year of the RCP8.5 projection simulations. Data from 67 profiles contributed
to the 1993-2005 profiles and 88 profiles to the 2006-2010 profiles. From the observed data, density and
Chl-a profiles have been derived and are provided together with the 95% confidence interval. Due to poor
vertical resolution in NO3 profiles a centered 9 m running mean has been calculated for each individual pro-
file and again for the average profile for each time period. Averaged salinity, temperature, fluorescence, and
NO; data used to create the plots are provided in the supporting information (supporting information Table
S1).

4, Results

4.1. The Recent Past in the Canada Basin

Comparisons of climate projection runs with actual years of observations need to be viewed with caution.
Climate models tend to create their own internal variability which does not necessarily correspond with the
interannual and decadal variability in the observations. Based on these constraints and the given sparsity of
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Figure 2. Observed and simulated (a) depth (m) of the SCM, (b) NO3; (mmol m?) at the SCM depth, (c) depth (m) of the 33.1 isohaline, (d) freshwater content (m) (referred to a salinity of
34.8 psu), and (e) mean salinity in the top 40 m for the years 2003-2014 (as available) and for the following models: CanESM2, GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, NEMO-
MEDUSA, and observations. Observations are extensions from basin-averaged data presented in McLaughlin and Carmack [2010], McLaughlin et al. [2011], and S. Zimmermann (Institute
of Ocean Sciences, Sidney, personal communication, 2015). Basin-averaged calculations include data from stations with bottom depths greater than 1600 m and located 72.5°N to

78.2°N and 139°W to 153.5°W.

biological observations in the Arctic (e.g., review by Steiner et al. [2015]), basin-scale averaging and to a cer-
tain extent temporal averaging is the most reasonable way to evaluate the performance of biogeochemical
modaules in climate models at this point in time.

4.1.1. Time Series of the SCM and Indicator Variables

To evaluate the models’ initial conditions and general tendency over the first decade of the projection runs,
Figure 2 shows time series of basin-averaged (Figure 1) model results and observations. Some models are
unable to simulate a SCM (see discussion below) or have no available time series information (NAA-CMOC)
and have been excluded from Figures 2a and 2b. Observations shown are extensions of time series pre-
sented in McLaughlin and Carmack [2010] and McLaughlin et al. [2011]. For 2003-2010, McLaughlin and
Carmack [2010] show a freshening of the winter mixed layer by about 2 psu and a deepening of the 30 and
33.1 psu isohalines by about 40 m. McLaughlin and Carmack [2010] indicate the 30 psu isohaline as the
depth of the winter halocline (which separates the wintertime mixed layer from underlying Pacific Summer
Water) and the 33.1 psu isohaline as the core of the Pacific Winter Water, respectively. This tendency seems
to have leveled off in recent years where values remained constant or show a slightly reverse trend.

For this short time period (2006-2015), an increase in freshwater content is not obvious in the models,
although a slight deepening (less than 20 m) in the 33.1 psu isohaline can be seen in some models as well
as a slight reduction (less than 1 psu) in the top 40 m mean salinity (Figures 2c-2e). Differences among the
models are likely linked to the timing of sea ice retreat simulated in the models: The IPSL-CM5A-LR and
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Figure 3. Observed average profiles including data from 67 profiles for 1993-2005 and 88 profiles for 2006-2010 collected in July, August,
and September (majority in August) under the U.S./Canada BGOS/JOIS projects (http://www.whoi.edu/beaufortgyre). Dashed lines indicate
the 95% confidence interval. (a) Density, calculated from measured temperature and salinities, (b) Chl-a, from measured and calibrated flu-
orescence, and (c) NOs. Due to poor vertical resolution in nitrate profiles, a centered 9 m running mean has been calculated for each indi-

vidual profile and again for the average profile for each time period. Locations of the individual profiles are indicated in Figure 1. Averaged
salinity, temperature, fluorescence, and nitrate data used to create the plots are provided in supporting information Table S1.

GFDL-ESM2M models show a later loss of summer sea ice in the Canada Basin, while CanESM2 and
HadGEM2-ES show an earlier summer ice loss [Steiner et al., 2014, Figure 4d]. Earlier ice loss is also simulated
for NEMO-MEDUSA (not shown).

Only some of the models show a deepening in the SCM for this short time period and the modeled depth
of the SCM is generally shallower than the observed one (Figure 2a). Modeled SCMs start off between 20
and 40 m in 2005 and are simulated to deepen by 5-20 m over the 10 year time period, while in the obser-
vations the SCM deepens from 45 to 65 m. The simulated NO; concentration at the SCM is generally in
good correspondence with the observations and some models show similar variability to the observations
(Figure 2b, CanESM2). Compared to other models the HadGEM model (magenta line) shows much higher
interannual variability.

4.1.2. Vertical Profiles

Figure 3 shows basin averaged profiles for observed density, Chl-a and NO3 for 1993-2005 (blue lines)
and 2006-2010 (red lines). The observations indicate a decrease in density due to freshening in the
upper ocean waters traceable to at least 150 m depth, about a 10 m deepening of the SCM with very
little change in magnitude, and a reduction in NO3 content also traceable to about 150 m depth. The
first plot in Figures 4-7 shows modeled profiles of Chl-a (annual mean and summer), density, and NO3;
for the time period 2006-2025 for all the models together with the observed profiles from summer
2006-2010.

The observed depth structure for Chl-a (identifiable SCM below 50 m) is most closely represented by the
CanESM2, NAA-CMOC, and to a certain extent HadGEM2-ES models (Figure 4a, note that the annual mean
Chl-a concentration is lower than the summer mean). At the same time NAA-CMOC shows too low Chl-a
concentrations at the surface and a similar but even deeper SCM feature than its driving model CanESM2.
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Figure 4. Simulated bidecadal averages of the annual mean vertical Chl-a profiles (mg m™>) for the various ESMs and HROMs averaged

over the area 73°N-79°N and 130°W-150°W. (a) 2006-2025, (b) 2066-2085. (c) The multimodel mean for both time periods excluding the
MPI-ESM-LR, MIROC-ESM, and LANL-UAF models which do not show a SCM. The observed profile for 2006-2010 (summer) from Figure 3
has been overplotted in Figure 4a.

The GFDL-ESM2M, IPSL-CM5A-LR, and NEMO-MEDUSA SCMs are too shallow and too high (annual
mean is higher than summer observations, see also Figure 2a). MPI-ESM-LR and LANL-UAF show high
surface Chl-a with no SCM. MIROC-ESM has no SCM and somewhat lower surface Chl-a. The intercom-
parison in Figure 2 also illustrates that a good representation of surface Chl-a does not necessarily
translate into an accurately modeled vertical profile. The July/August profiles (Figure 5, HROMs only)
confirm the indicated differences in vertical structure, but also show that simulated Chl-a concentra-
tions at the SCM are reasonable. Figure 5 also shows the vertical profile of PP (dotted lines, scaled to fit
the Chl-a panel) for the HROMs. While the Chl-a and PP profiles are not directly interchangeable, they
show the same characteristic features for the individual models and indicate the same differences
among the models. If a SCM is simulated, it shows up more prominently in the Chl-a profile than in the
PP profile.

The simulated annual mean density does not reflect the steep density gradient observed at the surface in
the summer months (Figure 6), which is, to a certain extent, a result of the annual averaging. The models
show clear intermodel differences in the top 100 m, which reflect differences in salinity potentially caused
by different rates of sea ice retreat, but also indicative of differences in the model’s strength of the Beaufort
Gyre circulation and consequent accumulation of freshwater in the Canada Basin.

The NO; profiles (Figure 7a) reflect the large intermodel differences discussed above. The HadGEM2-
ES model is the only one with a very similar profile to the observation, all others seem to smoothen
the NOs gradient between near-surface (<50 m) and deeper layers (>100 m), causing too low values
at depth. Exceptions are the MPI-ESM-LR and LANL-UAF models, which are too high at the surface.
(Note that near-surface annual means are expected to be somewhat higher than the summer
values.)
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Figure 5. Simulated bidecadal averages of the July/August mean Chl-a profiles in mg m~3 (solid lines) for the three HROMs and observa-
tions averaged over the area 73°N-79°N and 130°W-150°W. Simulated primary production (2.e”" mg C m~>d ") scaled to fit the Chl-a fig-
ure has been added for intercomparison (dotted lines). (a) 2006-2025, (b) 2066-2085. The observed profile for 2006-2010 (summer) from
Figure 3 has been overplotted in Figure 5a (black line).

4.2. Projections in the Canada Basin

4.2.1. Time Series of the SCM and Indicator Variables

Figure 8 shows the time series (2006-2085) for the basin-averaged annual mean vertical profile of Chl-a.
The August only time series for NEMO-Medusa is shown in Figure 8i to point out the similarity of the pattern
to the annual mean (Figure 8h). Respective time series for NO; and density are shown in Figures 9 and 10.
Time series for temperature and salinity are added as supporting information Figures ST and S2.

The evolution of the vertical Chl-a profile shows large differences among the models (Figure 8), both in terms
of structure and magnitude. Two of the ESMs and one of the HROMs do not represent a SCM at all (Figures
8e, f, g). As indicated in earlier studies [Popova et al., 2010, 2012; Vancoppenolle et al., 2013], the nutrient sup-
ply is likely the major cause. The MPI-ESM-LR and LANL-UAF models have too much NOs (Figures 9e and 9g),
and hence no surface NO3 limitation suppressing the production. The MIROC-ESM shows low nitrate through-
out the water column (Figure 9f) but still supports surface growth throughout the time period. This suggests
that the ecosystem model parameterization might also contribute to the lacking SCM. Both models with too
much NO; show a decline in surface nutrients over the projected time period, but only so much as to
decrease associated growth in surface waters, not enough to initiate subsurface growth. All other models
show a continuous deepening of the SCM in the future as suggested by recent observations [McLaughlin and
Carmack, 2010; McLaughlin et al., 2011; Jackson et al., 2010b], some models starting with a surface Chl-a maxi-
mum or shallow SCM, while others already have an established deep SCM in 2006 (CanESM2, HadGEM2-ES).
Overplotted in Figures 8-10 are the 30 and 33.1 psu isohalines, indicating the link of both SCM and nutrient
distribution to the salinity stratification. The 33.1 psu isohaline, which McLaughlin and Carmack [2010] link
with the nutrient bearing PWW, is consistently far below the SCM and indicates depths with high NO3 (mostly
around 15 mmol m™3), unless deep NO; is simulated very low in the model. For some models, this isohaline
does in fact indicate a high nutrient core (HadGEM2-ES, MPI-ESM-LR, and NEMO-MEDUSA). The 30 psu isoha-
line, which McLaughlin and Carmack [2010] identify as the winter halocline, indicates continuous deepening
for most of the time period in all models, but GFDL-ESM2M which is too salty (>30 psu throughout). If a deep-
ening of the SCM is represented, it shows some correlation to the 30 psu isohaline, with the SCM being either
just below, just above or centered on the isohaline.
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Figure 6. Simulated bidecadal averages of the annual mean vertical density profiles (kg m3) for the various ESMs and HROMs averaged
over the area 73°N-79°N and 130°W-150°W. (a) 2006-2025, (b) 2066-2085. (c) The multimodel mean for both time periods, excluding the
MPI-ESM-LR, MIROC-ESM, and LANL-UAF models which do not show a SCM. The observed profile for 2006-2010 (summer) from Figure 3
has been overplotted in Figure 6a. Figure legend as in Figure 4.

Figure 11a shows the depth of the SCM (only models representing a SCM). The SCM as indicated in the
annual mean varies within a range of 50 m among the models. Both representations (Figures 8 and 11a)
show the SCM depth to level off sometime between about 2050 and 2065, which is when the models reach
a state of ice-free summers in the Canada Basin [Steiner et al., 2014]. The HadGEM-ES shows an uplift in the
SCM at the end of the time series. Trends are 0.08 m yr~' for HadGEM-ES and between 0.42 and 0.72 m
yr~ " for the other models (Table 2). The HadGEM-ES trend falls into the same range as the other models if
the last decade is excluded.

4.2.2. Vertical Profiles of Chl-a

Annual mean Chl-a profiles for the same region, averaged over current and future bidecades, 2006-2025
and 2066-2085, are presented in Figure 4. The models with a representative SCM show a deepening over
time, however the simulated change is quite variable among the models. The GFDL-ESM2M and IPSL-
CM5A-LR models show a very similar structure for the current time period, but in the future IPSL-CM5A-LR
transitions to a deeper, but weaker SCM than GFDL-ESM2M. HadGEM-ES, which did show an initial deep-
ening in the SCM (Figure 8), shows a broadened maximum at a lower depth by 2066-2085. For the
HROMs, LANL-UAF does not show a SCM in either time periods and the NEMO-MEDUSA and NAA-models
show a SCM deepening of 25-30 m. Chl-a in NAA-CMOC is generally low and the SCM pronounced. The
multimodel mean (Figure 4c) shows a deepening of about 40 m for the SCM with very little change in
magnitude, if the three models which do not represent a SCM are excluded. The July/August profiles for
the HROMs NEMO-Medusa and NAA-CMOC (Figure 5) also indicate a deepening of the SCM (solid lines) as
well as a deepening in the subsurface PP (dotted lines) maximum. For NEMO-Medusa, the subsurface
maximum becomes more prominent in the future. LANL-UAF simulates reduced surface production in the
future.
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Figure 7. Simulated bidecadal averages of the annual mean vertical NOs profiles (mmol m~2) for the various ESMs and HROMs averaged
over the area 73°N-79°N and 130°W-150°W. (a) 2006-2025, (b) 2066-2085. (c) The multimodel mean for both time periods, excluding the
MPI-ESM-LR, MIROC-ESM, and LANL-UAF models which do not show a SCM. The observed profile for 2006-2010 (summer) from Figure 3
has been overplotted in Figure 7a. Figure legend as in Figure 4.

4.2.3. Density Stratification

All models show a continuous freshening with retreating sea ice (supporting information Figure S1; isoha-
lines in Figure 8). This leads to an accumulation of freshwater (increased FWC) and a deepening of the 33.1
psu isohaline (Figures 11c and 11d). Despite the differences among the models in absolute value and inter-
annual variability, the trend over the 80 years for all salinity and stratification related variables is remarkably
similar (Figure 11). For example, for the majority of the models, the depth of the 33.1 psu isohaline deep-
ened by 0.6-0.9 m yr~ ' and the FWC increased by 0.11-0.13 m yr~ ' (Table 2). Lower trends were found for
GFDL-ESM2M, likely due to slower ice decline [Steiner et al., 2014], and for HadGEM2-ES, likely due to a
changed pattern in the last two decades. Corresponding trends in decreasing NO; were found at a rate of
—0.006 mmol m~3 yr™', again with the exception of HadGEM2-ES which shows both a faster NO3 decline
(—0.01 mmol m~2 yr™"), and higher variability (Table 2 and Figure 11b). Figure 9 indicates erosion of the
NO; core from the top and the bottom for HadGEM2-ES, which might cause the high variability.

The isohalines level off once a more stable seasonal sea ice cycle is reached and in some cases the FWC
even starts to decrease again. Both the HadGEM2-ESM and Nemo-MEDUSA models show a similar pattern
from about 2045 with a slight decrease in FWC after 2050. NEMO-MEDUSA even shows a sudden increase in
salinity for all layers after 2080 and an uplift in the 33.1 psu isohaline. This is likely related to a very thin ice
cover through winter, causing lower summer melting and enhanced wind mixing, which in turn leads to a
loss of stratification. The similarity in the freshwater accumulation for both the NEMO-MEDUSA and
HadGEM2-ES models suggests that larger-scale atmospheric circulation patterns are transferred from the
forcing large-scale model, driving similar features in both the ESM and the HROM.

Temperatures reflect enhanced surface warming as well as enhanced Atlantic water temperatures. Likely both
diffusive and turbulent mixing processes then also warm the intermediate waters (supporting information Fig-
ure S1). Figure 10 represents the density evolution for the basin average, indicating a continuous shift to
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Figure 8. Projected time series of the vertical Chl-a distribution (mg Chl-a m ) averaged over the area 73°N-79°N and 130°W-150°W for 2006-2085. (a—h) Annual mean and (i) August
mean. (a) CanESM2, (b) GFDL-ESM2M, (c) HadGEM2-ES, (d) IPSL-CM5A-LR, (e) MPI-ESM-LR, (f) MIROC-ESM, (g) LANL-UAF, (h) NEMO-MEDUSA, and (i) NEMO-MEDUSA—August. Overplot-

ted in red are the 30 and 33.1 psu isohalines.

lower-density waters in the upper ocean. Overplotted isohalines (black lines) underline the predominant salin-
ity stratification in the domain. Also overplotted are density changes of 0.1 and 0.3 kg m > from the surface.
Peralta-Ferriz and Woodgate [2015] summarize 0.1 kg m~> to best match the heuristic measure of the MLD.
Unfortunately in the models, limited vertical resolution tends to cause this jump to occur between layer one
and two. In addition, the annual averaging tends to smear out the near-surface stratification features which
are seasonally variable. Hence, tracking modeled MLD in the models does not enhance this study.

4.3. Ratio of Surface to Integrated Chl-a

To address the question of potential changes in the interpretation of satellite Chl-a in a future climate, the ratio of
the Chl-a surface concentration to the concentration in the upper 200 m has been evaluated. However, defining “sur-
face Chl-a” is not straightforward, since satellite sensors detect a signal from the upper few meters of the ocean and
this is affected by absorbance of radiation by the precise pattern of Chl-a in this region. Here we chose to present a
depth of 5 m, which corresponds closely with the surface layer in most models. However, the analysis has also been
performed for the top 10 m and results will be included in the discussion. Figures indicating the integrated Chl-a con-
centrations and respective ratios for all models in the past and future are provided in supporting information Figures
$3-S5 and a summary for the Canada Basin area is provided in Table 2. While the ratios show significant differences
among the models, the changes over time show much less variability (Figure 12, showing 5-200 m integrals). Most
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Figure 9. Same as Figure 8 but for NO3 (mmol m3).

models show a decline in the ratio for almost all areas of the Arctic, indicating an enhanced contribution of subsur-
face Chl-a production. Lower values or even slight increases and hence increased contributions by surface production
are mostly seen on shelf areas and in the eastern Arctic. An exception is the HadGEM-ES model which shows a clear
increase in the surface to integrated Chl-a ratio in the Canada Basin, which is caused by enhanced near-surface pro-
duction simulated for that model toward the end of the simulated time period (Figures 4 and 8). The 10-200 m ratios
and differences between future and current times show the same pattern with somewhat higher values. NAA-CMOC
shows changes close to zero and the color coding in (Figure 12) might be somewhat misleading. A visual comparison
of Chl-a in the top 5 m and in the upper 200 m for current and future times (supporting information Figures S3 and
S4) suggests inconsistent increase or decrease in surface Chl-a but a more general increase in the 200 m integrated
Chl-g, confirming the suggested increase of subsurface production in the future. Averaged over the Canada Basin
domain, the results are not as straight forward (Figure 13 and Table 2) since both increases and decreases occur for
5 m (10 m) and 200 m integrations. However, most models show a slight decrease in surface production and a slight
increase in integrated production. In all cases, but for the HadGEM-ES model, the increase in subsurface production
dominates the change leading to a reduction in the surface to integrated Chl-a ratio for all the models. The 10 m
integral and the 10-200 m ratios are about twice those for 5 m (Table 2), supporting the suggestion of increased con-
tributions from the SCM. Among the models representing a SCM, largest changes in the surface to integrated Chl-a
ratio are seen for NEMO-MEDUSA and CanESM2 (Figure 13). Changes in the GFDL-ESM2M and IPSL-CM5A-LR models
are very similar to each other with a fairly consistent decline over the full time period. NAA-CMOC has not been run
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in time series mode, but bidecadally averaged data support the main tendencies suggested by the other models
(Table 2). Models which do not represent a SCM still show a reduced surface to integrated Chl-a ratio, with Chl-a
increases in the surface and deeper layers for the MP-ESM-LR and MIROC-ESM models and decreases for both in the
LANL-UAF model.

5. Discussion

5.1. General Comments

Based on the sparsity of biogeochemical observations in the Arctic and the inability of climate models to
accurately represent observed interannual variability, basin-scale and temporal averaged data have been
used to evaluate biological model performance. The presented results provide some indication on the pro-
jected future changes of subsurface and surface Chl-a production, but they need to be viewed with caution
and should be revisited once nutrient databases are improved and Arctic ecosystem as well as physical
models can be better validated. Popova et al. [2012] suggested that as long as one of the two limiting fac-
tors, light or nutrients, is reproduced correctly, simulated PP in the recent past is close to the one observed.
However, they point out that a potential decoupling of sea ice and nutrient limitation in the future might
reduce the predictive capabilities of the models, unless the processes affecting the nutrient supply mecha-
nisms are better represented in the models, particularly vertical mixing.
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Figure 11. Projected for the years 2006-2085 (a) depth (m) of the SCM (5 year running mean), (b) NO3 (mmol m°) at the SCM depth, (c) depth (m) of the 33.1 isohaline, (d) integrated
freshwater content (m) as defined in equation (3.2), and (e) mean salinity in the top 40 m (psu). Model data averaged over the area 73°N-79°N and 130°W-150°W.

5.2. The SCM and Stratification

None of the models is able to represent the high-resolution vertical stratification structure in the near surface
which is seen in the observations [e.g., Jackson et al., 2010b]. However, most models are able to represent the
SCM, as well as its deepening over time. This indicates that the processes affecting the stratification in the
near-surface waters, e.g., enhanced warming of the near-surface temperature maximum have limited effect
on the projected changes in the SCM. The model intercomparison also shows that some of the characteristic
features in the Canada Basin (e.g., changes in the SCM, changes in FWC) are consistent between the coarse
resolution ESMs and the corresponding high-resolution ocean model driven with output from the respective
ESM. This suggests that large-scale physical processes are responsible for those features. Based on those
results the models support the suggestion that enhanced stratification due to addition of freshwater and likely
enhanced Ekman pumping [McLaughlin and Carmack, 2010], which are represented in the large-scale models,
are the main drivers for the deepening of the nitracline and the deepening of the SCM.

Given the proposed link between sea ice melt, freshwater accumulation and deepening of the SCM
[McLaughlin and Carmack, 2010; Jackson et al., 2010a], and the fact that current ESMs do not represent the
rapid sea ice decline seen in the observations [Stroeve et al., 2005, 2012], it is also not surprising that only
some models show a deepening in the SCM for the short time period of the observations.

Some model examples suggest that continued thinning of the ice cover might leave the winter ice fragile
and too thin to provide a barrier to momentum fluxes. In that case, winter mixing can break up the strong
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Figure 12. Simulated differences (2066-2085 minus 2006-2026) in the ratio of chlorophyll-a concentration integrated over the upper 5 m
versus the 200 m water column of (a) CanESM2, (b) GFDL-ESM2M, (c) HadGEM2-ES, (d) IPSL-CM5A-LR, (e) MPI-ESM-LR, (f) MIROC-ESM, (g)
LANL-UAF, (h) NEMO-MEDUSA, and (i) NAA-CMOC. Negative values indicate a decrease of surface Chl-a versus integrated Chl-a, suggesting
a higher contribution of subsurface production.

stratification in the Canada Basin and cause saltier near-surface waters and possibly enhanced nutrient sup-
ply. This will be particularly efficient if reduced summer melt due to thin winter ice cover already reduces
the stratification.

5.3. Ecosystem Complexity

Model ecosystem parameterizations might cause some inconsistencies among the models as well as biases
between models and observations. For example, underestimated grazing might allow high Chl-a even with
low nutrient values, or the model system might be especially tuned to thrive under low-nutrient conditions.
A simplified ecosystem model, e.g., representing only single phytoplankton, zooplankton, and N based
nutrient species, does not allow the model to shift from larger to smaller phytoplankton species over time
as suggested by Li et al. [2009], to represent different depth occupations by different species [Monier et al.,
2014], allow preferences for zooplankton species with multiple life stages [Hunt et al., 2014]. Hence, the use
of a simple NPZD model might cause the model to represent a very defined SCM, with not much other pro-
duction or, if tuned differently only represent a surface community. For example, it is possible that the clear
SCM feature seen in the CanESM2 and NAA-CMOC models is related to the simpler ecosystem model, with
CMOC representing only one phytoplankton species. MIROC also has only one species and shows enhanced
surface Chl-a only. On the other hand, Monier et al. [2014] indicated that SCM communities are most diverse
compared to surrounding microbial communities, which might suggest that the conditions at the SCM are
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Figure 13. Time series of (a) the chlorophyll-a concentration integrated over the top 5 m and (b) integrated over the upper 200 m. (c) Ratio
of Chl-a integrated over 5 m versus integrated over 200 m. The model data are averaged over the area 73°N-79°N and 130°W-150°W.
Models represented are CanESM2 (green), GFDL-ESM2M (red), HadGEM2-ES (magenta), IPSL-CM5A-LR (blue), NEMO-MEDUSA (black).

favorable enough to allow appropriate representation even in single species models. Another reason for
the good correspondence between CanESM2 and the observations could be the relationship to the source
water mass. Steiner et al. [2014] indicated that the excessive shelf depth in CanESM2 allows the model to
retain the vertical structure entering via the Chukchi Sea, while the entering signature is removed in other
models where mixing over the complete shelf depth occurs. A direct link between the depth of the SCM
and the Pacific layer has been pointed out in McLaughlin and Carmack [2010].

5.4. Chl-a and Primary Production

The current almost analysis exclusively dealt with Chl-a, assuming a general correspondence with phy-
toplankton growth and hence PP. However, Cullen [1982] indicated the relationship between Chl-a and
phytoplankton biomass to be highly variable (C:Chl-a ratio) and cautioned against interpreting vertical
Chl-a profiles with respect to their ecological significance. Particularly in oligotrophic regions where PP
and Chl-a concentration are maximal near the nitracline (they refer to the North Pacific central gyre),
Chl-a concentration is suggested to be a poor indicator of phytoplankton biomass, since the Chl-a
maximum represents a physiological adaptation to the lower irradiance at depth and the greater avail-
ability of nutrients in that stratum affecting the C:Chl ratio. In some regions (e.g., Baffin Bay, Chukchi
Sea), the SCM has been found to coincide with the subsurface biomass maximum, but a decoupling
between the SCM and the subsurface biomass maximum is identified in other regions [Martin et al.,
2010; Brown et al., 2015]. Coupel et al. [2015] find an exponential decrease of the PP/Chl-a ratio with
depth and the SCM occurring much deeper than the PP maximum. Falkowski and Raven [2007] indicate
that phytoplankton growing at low light may produce 5-10 times as much Chl-a as those growing at
high light. Indicative of the higher requirement for Chl-a production by deep communities to absorb
light, the deep SCM shows very low carbon fixation rates, despite the high Chl-a concentrations [Cou-
pel et al., 2015]. Observed C:Chl-a in the Canada Basin have been found significantly reduced at the
SCM versus the surface [Lee and Whitledge, 2005; Brown et al., 2015] indicating photoacclimation.
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Brown et al. [2015] also found lower biomass in deeper SCMs compared to shallower SCMs due to
reduced growth rates in lower light conditions. Most of the models are using variable Chl-a:C ratios
(Table 1), albeit with slightly different parameterizations and maximum ratios. Models with constant
ratios also use different values. While these inconsistencies might be a contributing factor to different
Chl-a representations among the models, the differences are insufficient to explain the occurrence of a
SCM or a lack thereof.

5.5. Ratio of Surface to Integrated Chl-a

While the models are consistent in projecting a decreased ratio of surface to integrated Chl-a in the
future, the contributing factors vary. Some models show a decrease in the surface and some an
increase. Most models (7 out of 9) show an increase in subsurface Chl-a, although not necessarily
linked to the SCM, e.g., two models show subsurface increases without reproducing a SCM. The simu-
lated Chl-a concentration at the SCM generally seems to remain fairly constant. However, it is possible
that an extension in the open water season would allow the SCM to be sustained for a longer time
period. If the SCM shows a slight decrease in depth over the course of the season, longer duration of
the SCM could also lead to a broadening of the SCM in the annual mean. In all but one cases, the com-
bined surface and subsurface changes lead to a reduction in the ratio of surface Chl-a to integrated
Chl-a in the Canada Basin. This suggests that the reduction is consistent, even though changes in ratio
are small for most areas of the Arctic. Note that the one exception is caused by changes in the last dec-
ade of the simulated period, likely due to transition into a new state where sea ice becomes too thin
and too fragile to prevent winter mixing and provides too little meltwater to add stability to the stratifi-
cation. This state might also be reached in other models if warming continues and the models were
run out further into the future.

6. Summary

Six ESMs and three higher-resolution ocean-ice-ecosystem models have been analyzed and compared with
respect to the evolution of the SCM in the Canada Basin and the ratio of surface to integrated Chl-a in a
future climate scenario. Observations show a deepening of the SCM before 2010 and stabilizing values in
recent years, suggesting an unclear future trend. However, most models indicate a continuation of the
observed deepening of the SCM following a deepening of the nitracline until the models reach a new state
with seasonal ice-free waters.

We conclude that intermodel differences in the representation of a SCM in the Canada Basin are mainly due
to biogeochemical factors: (1) inconsistencies in nutrient availability and (2) differences in the represented
ecosystem community structure among the models. On the other hand, intermodel differences in the pro-
jected deepening of the SCM in the Canada Basin are likely caused by a variety of physical factors: (1) the
different rate of recent and projected sea ice retreat affecting freshwater contribution and stratification, (2)
the model’s strength of the Beaufort Gyre circulation and consequent accumulation of freshwater in the
Canada Basin, and (3) differences in horizontal water mass transport, possibly related to vertical resolution
on the shelves.

The ratio of near-surface Chl-a to the depth-integrated Chl-a is projected to decrease in most areas of the
Arctic Ocean, indicating an enhanced contribution of subsurface Chl-a. Exceptions are some shelf areas and
situations when the ice cover thins enough to permanently break the stratification and allow nutrient mix-
ing into the near-surface ocean. The results confirm that production algorithms determining vertically inte-
grated Chl-a from near-surface Chl-a need to represent the characteristic SCM in the Arctic, but at this point
it is not suggested that algorithms need to be further adjusted to properly represent enhanced subsurface
production in the future.

However, several factors might affect how and if the models can adequately represent the evolution of sur-
face versus subsurface production and should be addressed in future work. Improvements in nutrient data-
bases and respective model representations of the Arctic are necessary to avoid the large discrepancies
currently inherent to the models. An additional limitation here is that much CMIP5 output were only archived
and made available at annual frequency, which limits analysis in highly seasonal regions like the Arctic. We
would advocate that future activities, such as its successor project CMIP6, provide output at higher temporal
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frequency (e.g., monthly) for variables with high seasonality to allow a more complete understanding of the
Arctic. Further studies should also include the analysis of effects from ecosystems with different complexity
with respect to the representation of plankton growth at different depths and their ability to capture shifts in
future climates as well as the relationship between Chl-a, PP, and organic carbon.
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