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Key Points:

® Increased vertical mixing leads to a cooling of the cold halocline layer and
Atlantic Water layer.

® The reduced Arctic ocean stratification induces an adjustment of the circulation
pattern.

® More vertical mixing reduces sea ice thickness all year round and decreases

summertime sea ice concentration.

Abstract

Against the backdrop of Arctic sea ice decline, vertical mixing in the interior
Arctic Ocean will most likely change, but it is still unclear how the Arctic Ocean and
sea ice will respond. In this paper, a sea ice-ocean model with a simple
parameterization for interior background mixing is used to investigate the Arctic
Ocean and sea ice response to a scenario of increased vertical mixing. It is found that
more vertical mixing reduces sea ice thickness all year round and decreases
summertime sea ice concentration. More vertical mixing leads to a cooling of the cold
halocline layer and Atlantic Water layer below. The increased vertical mixing speeds
up vertical heat and salinity exchange, brings the underlying warm and saline water
into the surface layer, and contributes to the sea ice decline. Vertical salinity gradient

of the cold halocline layer reduces together with a much fresher Atlantic Water layer,
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and more volume of saline water enters the deep ocean below the Atlantic Water layer.
As a result, the reduced Arctic ocean stratification leads to an adjustment of the
circulation pattern. Cyclonic circulation anomalies occur in the surface layer
shallower than 20 m depth and in the interior ocean deeper than 700 m depth, while
anti-cyclonic circulation anomalies occur between these depths. Our study suggests
that the extra heat and salinity exchange induced by more vertical mixing will have a
noticeable impact on the upper ocean structure, ocean circulation and sea ice in a

changing Arctic Ocean.

Key words: Arctic, vertical mixing, sea ice, ocean circulation

1. Introduction

Vertical mixing in the ocean affects the exchange of ocean heat and salinity,
controls the ocean stratification, and indirectly modifies the pattern of ocean currents
(Goosse et al., 1999). In the mid-latitude ocean interior away from boundaries, the
observed value of vertical mixing is O (10~ m?s™!) (Gregg, 1987; Kunze et al., 2006).
Enhanced vertical mixing of O (10 ~ 10~ m?s™") has been found over rough
topography, such as ridges (Althaus et al., 2003; Klymak et al., 2006), seamounts
(Kunze and Toole, 1997; Lueck and Mudge, 1997) and canyons (St. Laurent et al.,
2001; Carter and Gregg, 2002). The energy for vertical mixing against stable
stratification in the ocean interior is provided by the breaking of internal waves,
which in turn are generated by kinetic energy input from wind and tides over rough
topography (Ferrari and Wunsch, 2009).

In the Arctic Ocean, sea ice greatly reduces the effects of wind forcing. Most of
the basin is north of the critical latitude of the M2 tide, thus internal wave energies
generated by the interaction of barotropic tides with bathymetry are low compared to
typical low-latitude levels (Simmons et al., 2004; St. Laurent et al., 2002) and hence
cannot contribute much to vertical mixing. Brine rejection during the formation of sea
ice is an additional Arctic-specific mechanism responsible for vertical mixing in the
weakly stratified cold Arctic and sub-Arctic basins, such as the Labrador Sea and
Greenland Sea. In the interior Arctic, however, brine rejection is less effective in
inducing vertical mixing because of the strong stabilizing vertical salinity gradient
(Yang et al., 2004). As a result, vertical mixing in the interior Arctic is relatively low.

For example, mixing coefficients of O (10 ~ 10 m?s™!) were estimated from
2
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microstructure measurements at the Barneo ice camp in April 2007 (Fer, 2009).

The Arctic Ocean is a quiescent ocean with the warm salty Atlantic Water layer
underlying the cold halocline layer. As an important source of heat and salt in the
Arctic Ocean, the Atlantic Water subducts under the cold halocline layer after entering
the Arctic Ocean from Fram Strait and the Barents Sea (Steele and Boyd, 1998), then
follows cyclonically the rim of the Arctic shelf with several cross-ridge intrusions
(Rudels et al., 1994; Woodgate et al., 2001; Lenn et al., 2009). The Atlantic Water
spreads over the whole Arctic Ocean at the depths from 200 m to 900 m (Zhang and
Steele, 2007). The heat from the warm Atlantic Water inflow through Fram Strait
alone would be able to melt the Arctic sea ice within four years (Turner, 2010), but the
strong stratification of the cold halocline layer is thought to be a barrier that insulates
the heat in the Atlantic Water layer from the mixed surface layer and sea ice.
Convective mixing cannot reach the Atlantic Water layer and as a consequence, the
Atlantic Water layer heat hardly contributes to the surface heat budget. The turbulent
heat flux across the cold halocline layer is not significantly different from zero (Fer,
2009) and the net average heat loss from the Atlantic Water layer in the interior Arctic
was estimated to be as low as 4 Wm (Fer et al., 2010).

Sea ice melting and freezing, maintaining the cold halocline layer and the
Atlantic Water layer circulation are closely linked with the Arctic Ocean stratification,
as well as freshwater supply (Jensen et al., 2016). Typically, ocean stratification is
eroded by vertical mixing. The role of vertical mixing in maintaining Arctic Ocean
state was explored in previous studies (e.g. Zhang and Steele, 2007). In a numerical
study with different vertical mixing magnitudes, the Atlantic Water layer circulation
and vertical distribution of ocean properties in the cold halocline layer displayed
distinct patterns. In the Canadian Basin, stronger vertical mixing weakens the ocean
stratification, which will lead to an anticyclonic circulation at all depths. Weaker
vertical mixing strengthens the ocean stratification, which will lead to a strong
anticyclonic circulation in the upper layer and a cyclonic circulation in the lower layer
(Zhang and Steele, 2007). However, the effects of varying vertical mixing on sea ice
are still unclear.

The Arctic summer sea ice extent has been declining over the past several
decades (Parkinson and Cavalieri, 2008; Stroeve et al., 2008; Gao et al., 2015). On
one hand, the increasing open water area in the Arctic Ocean allows more wind

kinetic energy input into the Arctic Ocean. Over flat bathymetry in mid-latitudes, the
3
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wind-driven mixing can reach 600 m depth and propagates even deeper with the help
of anti-cyclonic eddies (Jing et al., 2011). Wind-driven mixing will likely increase
according to observational evidence and could have profound effects on the Arctic
circulation and sea ice (Comiso et al., 2008; Perovich, 2011). On the other hand, sea
ice decline favors local surface evaporation, induces increased Arctic precipitation
(Bintanja and Selten, 2014), the extra freshwater and heat storage in the surface layer
due to sea ice decline supports a more stratified Arctic Ocean, which will limit
vertical mixing (Davis et al., 2016). In the light of these processes with opposite
effects, it is difficult to predict and to quantify the change in vertical stratification and
hence interior vertical mixing.

In this paper, we assume that vertical mixing in the Arctic Ocean will increase in
the future and study the isolated effects of increased vertical mixing on the Arctic
ocean state and the sea ice melting-freezing cycle, especially on the upward heat
transport of the Atlantic Water layer, the Atlantic Water layer circulation, and annual
cycle of sea ice. The paper focuses on the ocean and sea ice responses in an Arctic sea
ice-ocean model to increased vertical mixing by amplifying the vertical background
diffusivity coefficient. The rest of the paper is organized as follows: section 2
describes the Arctic model and the numerical experiments. Section 3 briefly compares
baseline experiment results with observations. The sea ice response to increased
vertical mixing are presented in section 4 and the ocean response in section 5. Section
6 will compare the tracer tendency terms due to vertical background diffusivity with

vertical advection terms. Summary and conclusion are given in section 7.

2. Model and Numerical Experiments
2.1 Coupled Sea Ice-Ocean Model

The model used in this study is an Arctic configuration of the Massachusetts
Institute of Technology general circulation model (MITgecm, Marshall et al., 1997)
including a sea ice module with state of the art dynamics (Losch et al., 2010). The
configuration is based on that of Nguyen et al. (2011). The model domain covers the
whole Arctic Ocean, it has open boundaries close to 55°N in both the Atlantic and
Pacific sectors. The ocean model and sea ice module have the same horizontal grids
with 420%384 grid points. The grid is locally orthogonal and has an average
horizontal resolution of 18 km. The model includes 50 vertical layers, with 28 vertical

levels in the top 1000 m. The thickness of the top layer is 10 m. The K-profile
4
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parameterization (KPP, Large et al., 1994) is used as the vertical mixing scheme. The
ocean and sea ice parameters of our model configuration are directly taken from
Nguyen et al. (2011).

The topographical data are from the U.S. National Geophysical Data Center
(NGDC) 2 min global relief data set (ETOPO2, Smith and Sandwell, 1997). The
initial ocean field is a climatological field derived from the World Ocean Atlas 2005
(WOAOS; Locarnini et al., 2006; Antonov et al., 2006). Monthly boundary conditions
of potential temperature, salinity, current, and sea-surface elevation are derived from a
global configuration of the MITgem (Menemenlis et al., 2008). Monthly mean river
runoff is based on the Arctic Runoff Data Base (ARDB, Nguyen et al., 2011). We
replaced the Japanese 25-year Reanalysis (JRA25; Onogi et al., 2007) in Nguyen et al.
(2011), by 3-hourly atmospheric forcing data from 1979 to 2013 derived from the
Japanese 55-year Reanalysis (JRASS, Kobayashi et al., 2015; Harada et al., 2016),
provided by the Japan Meteorological Agency (JMA).

2.2 Numerical Experiments

The KPP vertical mixing scheme is a widely used first-order closure scheme to
represent mixed layer depths and vertical mixing in open ocean regions (Large et al.,
1994). The KPP scheme separates the water column into two parts, the quiescent
ocean interior layer and the surface planetary boundary layer, where mixing is
enhanced by surface forcing and turbulent processes. A formulation based on
boundary layer similarity theory is applied to determine the depth of the actively
mixing surface boundary layer. The mixing in the ocean interior is determined by
local shear and static instability, internal wave breaking, and double diffusive
processes. A constant background diffusivity coefficient is used to parameterize
internal wave breaking.

In our model configuration, the mixing below the surface boundary layer is
mostly determined by the constant background diffusivity coefficient, because vertical
stability is high. With this in mind, six experiments are designed. In a reference or
baseline experiment KPP0OO1 the background diffusivity coefficient is set to 5.44x107
m?s’! following Nguyen et al. (2011). The KPP001 experiment is integrated from
1979 to 2013 with 3-hourly atmospheric forcing. The simulation fields on 1 January
1999 are used as the initial fields for five additional experiments where the vertical

mixing is increased by factors of 50, 100, 150, 200, and 250 over the reference value
5
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of 5.44x107 m?s!. These additional experiments are integrated from 1999 to 2013. In
each run, daily snapshots of sea ice concentration and sea ice thickness are saved.
Three-dimensional model fields of ocean temperature, and ocean salinity are saved as
ten day averages.

As a first observation we note that the changes in the circulation field are gradual
so that for the remaining part of the manuscript we will only describe two
experiments KPP100 and KPP250, where the name implies the factor by which the
background diffusivity coefficient is increased. The resulting background diffusivity
coefficients are 5.44x107° m?s! for KPP100 and 1.36x10* m?s! for KPP250.

For a regional sea ice-ocean simulation, the length of spin up period depends on
the time of ocean adjustment. In all runs, sea ice concentration develops a reasonable
seasonal cycle without obvious spin up drifts after only a few years (Figure 1a). The
differences in the mean ocean temperature of the upper 200 m between the sensitivity
runs and the baseline run are stable after 2003 (Figure 1b). No obvious ocean drift
appeared in the sensitivity runs, thus the simulation results from 2004 to 2013 are

used for the analysis in this paper.

3. The Baseline Run

This model was tuned against observation in a systematic way to reproduce sea
ice extent and drift observations. In this sense the parameter choice of KPP0O1 is
“optimal” (Nguyen et al., 2011). Figure 2 compares the seasonal cycle of sea ice
extent of the KPP0OO1 run with the observation derived from the Multisensor Analyzed
Sea Ice Extent (MASIE) data. The MASIE data are derived from the daily 4 km sea
ice component of the National Ice Center Interactive Multisensor Snow and Ice
Mapping System product and are available from the beginning of 2006. Generally, the
KPPOO1 run simulates lower sea ice extent than the observation. The sea ice extent
difference between the KPP0OI run and the observation is approximately 1~2 million
km?. Our model does not represent the sea ice edge accurately (not shown), which
may contribute to the sea ice extent differences, but the amplitude of sea ice extent
seasonal cycle in the KPP0OO1 run is similar to the observation, and the minimum sea
ice extent in summer of 2007 and 2012 are also simulated accurately. There is a
systematic bias in magnitude and a phase error in the model. The phase error may be
attributed to the zero-layer thermodynamics of the sea ice model (Semtner, 1976)

The ocean realism of the KPP0OO1 run is evaluated against hydrographical data
6



205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238

from the World Ocean Atlas 2013 (WOA13 V2; Locarnini et al., 2013; Zweng et al.,
2013) along the prime meridian from the Atlantic to the Pacific sector (Figure 3) and
in the Canadian Basin and Eurasian Basin (Figure 4). Objectively analyzed
temperature and salinity climatological fields at 1°-resolution representative for 2005
to 2012 in the WOA13 V2 dataset are compared to model average over the years 2005
to 2012. On the basin scale our model successfully captures the structure of the cold
halocline layer in the Canadian Basin and the deep convection feature in the
Greenland Sea (Figure 3a, 3c, 3¢, 3g). In summertime, our model simulates a warmer
temperature core at 400 m depth in the Norwegian Sea (Figure 3b). The warm bias is
larger in wintertime (Figure 3d). In the Greenland Sea our model generates a colder
upper ocean until 700 m depth in summertime, and the cold anomaly shrinks in
wintertime. Around Fram Strait the simulated ocean temperature is higher than the
WOA13 V2 data in summertime with maximum bias up to 2 °C spreading from 300
m to 700 m depth. In wintertime the warm bias core moves upwards to the upper
ocean and increases to 4 °C in the surface layer. In the Canadian Basin our model
produces a slightly warmer surface down to 100 m depth and a moderately colder
upper ocean between 100 m and 600 m depth. On the basin scale our model simulates
a fresher Arctic Ocean both in summertime and wintertime (Figure 3f, 3h). The
maximum fresh bias is in the cold halocline layer of the Canadian Basin with values
up to -1.6. Saline anomalies appear in the Beaufort Sea in wintertime.

From the annual mean vertical temperature and salinity distributions in the
Canadian Basin and Eurasian Basin (Figure 4), the model simulates a thermal
inversion layer in the cold halocline layer where temperature decreases with depth. A
warm core appears at S0 m depth in the cold halocline layer. This thermal inversion
layer can be found in the 1978 observations of the Polar Science Center Hydrographic
Climatology data (See Figure 3b in Zhang and Steele 2007), but not in the WOA13
V2 data. The model produces higher temperature than the WOA13 V2 data in the cold
halocline layer and lower Atlantic Water layer, while lower temperature than the
WOA13 V2 data in the upper Atlantic Water layer (Figure 4a). The model simulates a
fresher upper ocean than the WOA13 V2 data, but the vertical salinity gradient is
close to the observations. Although relatively large temperature biases exist in the
Greenland Sea, temperature and salinity biases are small in the Arctic deep basin

areas where the background diffusion is the dominant mixing process in the model.
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4. Sea Ice Response To Increased Vertical Mixing

The sea ice responds to increased vertical mixing in the Arctic Ocean with a
perennial reduction of sea ice thickness (Figure 5b) and a notable summertime sea ice
concentration decrease (Figure 5a). Compared with the KPP0OO1 run, the September
minimum sea ice concentration of the KPP250 is smaller by 5% while the April mean
sea ice concentration is only smaller by less than 2%. The basin mean sea ice
thickness of the KPP250 is smaller by more than 0.1 m in both summer and
wintertime. The April sea ice extent reduces by 0.58% in the KPP100 run and 1.92%
in the KPP250 run, while the September sea ice extent decreases by 15.89% in the
KPP100 run and 28.48% in the KPP250 run (not shown).

The wintertime sea ice concentration changes mainly along the sea ice edge in
the Greenland Sea and Barents Sea (Figure 6a, 6b). In the KPP100 run, sea ice
concentration decreases along the sea ice edge in the northern Greenland Sea and
Barents Sea, but the exported “ice tongue” along the coast of Greenland extends
further eastwards into the southern Greenland Sea (Figure 6a). In the KPP250 run, the
extra sea ice area in the southern Greenland Sea is smaller, but the sea ice
concentration reduction in the Barents Sea and northern Greenland Sea are much
larger (Figure 6b). In summertime the sea ice concentration is smaller both along the
sea ice edge and in the pack ice area (Figure 6¢, 6d). The sea ice concentration
decreases strongly in the northern Greenland Sea, north of Svalbard and in the
southern Canadian Basin. The sea ice thickness changes due to stronger vertical
mixing are found in the multiyear sea ice region near the Canadian Arctic Archipelago
(Figure 7b, 7d). Sea ice thickness decreases more in summertime than in wintertime.

The length of the sea ice season, which is defined as the number of days per year
when sea ice concentration is larger than 15%, can be used to characterize the local
sea ice conditions (Parkinson et al., 1999; Meier et al., 2007; Cavalieri and Parkinson,
2012). In the KPPOO1 run, both in the deep basins and in the northwestern Greenland
Sea, the length of the sea ice season is longer than 330 days. In the marginal seas
along the American and Eurasian continent, the length of the sea ice season is
between 200 and 300 days and shorter in the Barents Sea (not shown). In the KPP100
run, the length of the sea ice season decreases in the northern Greenland Sea and the
marginal seas of the Eurasian continent, while it increases in the southern Greenland
Sea (Figure 7¢). In the KPP250 run, the length of the sea ice season further reduces in

the Greenland Sea, Barents Sea and the northern part of the East Siberia Sea (Figure
8
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5. Ocean Responses To Increased Vertical Mixing

In our sensitivity runs, atmospheric forcing data remains the same, so sea ice
conditions in the pack ice areas are mainly affected by the underlying ocean state,
while sea ice conditions in the sea ice edge areas are also controlled by horizontal heat
advection associated with surface ocean currents. Vertical distribution of horizontally
averaged ocean temperature, salinity and normalized domain integrated topostrophy
are shown in Figure 8. The averaging domain used in the calculation covers areas in
the Canadian Basin and Eurasian Basin where total depth is larger than 1000 m.

Topostrophy (Holloway et al., 2007) is a scalar expressed by the upwards component

of the vector product of velocity (¥ )and gradient of the total depth (VD) V'xVD 1y
the northern hemisphere, positive (negative) topostrophy corresponds to flow with
shallower water to the right (left). Therefore in the Arctic Ocean, positive (negative)
topostrophy represent flows dominated by cyclonic (anti-cyclonic) circulation along

steep topography.

5.1 Ocean Temperature and Salinity

In the KPPOOI run, the thermal inversion layer locates between 50 m and 120 m
depth, a warm core appears at 50 m depth. Warmest water locates between 400 m and
600 m depth in the Atlantic Water layer. In the KPP100 run, the thermal inversion
layer and warm core in the cold halocline layer has disappeared. With increasing
background diffusivity coefficient, the entire cold halocline layer and Atlantic Water
layer become colder, and the location with maximum temperature deepens (Figure 8a).

The surface ocean temperature in the ice covered areas is nearly unaffected by
the different diffusivity coefficients, because it is close to the local freezing point
(Figure 9a, 9b). SST decreases by 1 °C in the deep convection area of the Greenland
Sea, while SST in Fram Strait increases by more than 1 °C in the KPP100 run (Figure
9a). In the KPP250 run, the warm SST bias area in Fram Strait expands and the cold
SST bias area in the Greenland Sea shrinks. SST in the Baffin Bay and Beaufort Sea
are getting colder when the vertical mixing increases (Figure 9b).

At 200 m depth, approximately the bottom of the cold halocline layer, the mean

ocean temperature decreases with increasing diffusivity (Figure 8a). In the KPP100
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run, ocean temperature decreases by 1 °C in the Baffin Bay and Canadian Arctic
Archipelago, and decreases by 1.5 °C in the western Greenland Sea (Figure 9c). The
largest ocean temperature reduction of up to -2 °C appears in the southern Eurasian
Basin. Ocean temperature in the western Norwegian Sea increases by 2 °C and the
area north of Fram Strait also becomes warmer. In the KPP250 run, excessive ocean
temperature reduction up to -2 °C occurs in the western Greenland Sea, Baffin Bay
and southern Eurasian Basin (Figure 9d). Below the Atlantic Water layer, ocean
temperature at 1200 m depth also decreases slightly, but mainly in the Eurasian Basin
(Figure 9e, 9f1).

The vertical distribution of ocean salinity in the Arctic Ocean determines the
strength of the cold halocline layer as well as the upper ocean stratification. In the
KPPOO1 run, the mean salinity at the ocean surface is lower than 30.5 and increases to
34 at 200 m depth. When vertical mixing increases, the vertical salinity gradient of the
cold halocline layer reduces and the Atlantic Water layer becomes fresher. More
saline water has entered into deep ocean below the Atlantic Water layer (Figure 8b).
Surface water in the Canadian Basin and the East Siberia Sea and Laptev Sea area are
much fresher than other areas in the KPP0OO1 run (not shown). The fresh water in the
Canadian Basin is a result of summer sea ice melting processes while the fresh water
in the East Siberia Sea and Laptev Sea area is mainly river runoff from Russia. In the
KPP100 run, surface water becomes more saline in the Canadian Basin and fresher in
the East Siberia Sea and Laptev Sea area (Figure 10a). In the KPP250 run, the whole
surface layer of the Arctic Basin is covered by more saline water except for the East
Siberia Sea and Laptev Sea area where fresh river discharge on the shelf is not
affected by interior vertical background mixing (Figure 10b). At the bottom of the
cold halocline layer, the water is fresher with more vertical mixing by up to -2 in the
whole Arctic Basin (Figure 10c, 10d). Below the Atlantic Water layer, saline water

covers the whole Canadian Basin (Figure 10e, 10f).

5.2 Ocean Circulation

Observations show that the Atlantic Water enters the Arctic Ocean with the West
Spitsbergen Current in the eastern part Fram Strait, subducts north of the Svalbard
Islands and flows as a rim current cyclonically around the boundary of the Arctic
basin (Rudels et al., 1994; Woodgate et al., 2001; Lenn et al., 2009). Simulating this

circulation is challenging and only half of the models in the Arctic Ocean Model
10
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Intercomparison Project (AOMIP) were able to correctly simulate the cyclonic
Atlantic Water layer circulation (Yang, 2005). In the KPP0O1 run, cyclonic circulation
pattern dominates the Atlantic Water layer in the Canadian Basin and Eurasian Basin.
The “strongest” cyclonic circulation is at 350 m depth. When vertical mixing
increases, the cyclonic circulation increases in the surface ocean shallower than 20 m
depth and in the interior ocean deeper than 750 m depth, but decreases between these
layers (measured by topostrophy in Figure 8c).

In the surface layer, the Norwegian Atlantic Current flows along the coast of
Norway, then splits into the West Spitsbergen Current and the North Cape Current at
around 75 °N in the KPP0O1 run. The West Spitsbergen Current flows northwestward
into Fram Strait partly feeding the East Greenland Current and Atlantic current
recirculation. The North Cape Current flows in the marginal seas of the Eurasian
continent until the Laptev Sea. The Beaufort Gyre is partly fed by currents along the
coast of Canadian Arctic Archipelago which originated from the West Spitsbergen
Current, and partly fed by currents from the Bering Strait. A northward current occurs
along the western Baffin Bay after passing through the Canadian Arctic Archipelago
(Figure 11a). In the KPP250 run, anomalous westward flow occurs along the eastern
edge of the Canadian Basin and Eurasian Basin. Further, there is anomalous flow
from the North Pole toward Greenland, where it turns westward into Fram Strait. The
Atlantic current recirculation in the Greenland Sea weakens (Figure 11b).

At 200 m depth, the East Greenland Current, West Spitsbergen Current and
Atlantic current recirculation constitute the main flow pattern in the Greenland Sea.
The Arctic Circumpolar Current is obvious in the KPP0O1 run (Figure 11c). In the
KPP250 run, the Beaufort Gyre is stronger. Anomalous westward flows occur along
the edge of the Eurasian continent and Canadian Arctic Archipelago. The Atlantic
current recirculation in the Greenland Sea also becomes weaker (Figure 11d). At 750
m depth, cyclonic circulation anomalies appear at the eastern Makarov Basin while

anti-cyclonic circulation anomalies occur in the Greenland Sea (Figure 11f).

6. Tracer tendency terms as proxy for vertical fluxes

To describe the effect of vertical background diffusivity in our experiments in a
more quantitative way, we compare tracer tendencies due to vertical background
diffusivity with those due to vertical advection (Figure 12).

The vertical background diffusivity tracer tendency terms are
11
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377  where T, S represent temperature and salinity, Kpq is vertical background diffusivity

378  coefficient, z is depth, w is vertical velocity.

379 In the KPPOO1 run, 28 d has the same magnitude as

aT
’ Otp t

5 (Figure 12a, 12b), and
va
380 the vertical background diffusivity contribution to the vertical heat exchange in the

381  Atlantic Water layer and lower cold halocline layer is small. When Kyq is increased,

ar

382 3tva

T : becomes more important than in the vertical heat exchange. The vertical

ot
383  background diffusivity cools the Atlantic Water layer and lower cold halocline layer
384  in the KPP100 run. In the Atlantic Water layer, this “cooling” effect increases with

385  increasing Kpq.

as

386 In the KPPOO1 run, 9 s smaller than
Othd aty,

in generating the vertical salinity
a

387  distribution (Figure 12c, 12d). %bd increases with Kpq4, but % becomes smaller.
va

388  Increasing the vertical background diffusivity increases salinity in the surface layer

389  and decreases salinity in the lower cold halocline layer. In the Atlantic Water layer,

0S

390 3t

d of the KPP250 run is smaller than that of the KPP100 run, which implies that

391  increasing of Kyq leads to decreasing Atlantic Water layer salinity.

392

393 7. Discussion and Conclusion

394 In this paper, the Arctic Ocean and sea ice response to increased vertical mixing
395  are investigated based on a sea ice-ocean model. It is found that increased vertical
396  mixing reduces sea ice thickness all year round and decreases summertime sea ice
397  concentration. The sea ice thickness reduction occurs in areas with thick multiyear sea
398  ice near the Canadian Arctic Archipelago while summertime sea ice concentration
399  decreases both in the marginal sea ice zone and in the pack.

400 In thick multiyear sea ice zone near the Canadian Arctic Archipelago, the sea ice
401  concentration is almost equal to one and there are only very few sea ice leads and

402  zones of open water. As a consequence, the upward heat flux in the surface ocean

403  layer can be used almost entirely to melt sea ice. In marginal sea ice zone with more

404  sea ice leads and more open water, a large part of the upward heat flux in surface
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ocean layer will be released to atmosphere. Therefore with increased vertical
background diffusivity, substantial sea ice thickness reduction occurs in areas with
thick multiyear sea ice zone near the Canadian Arctic Archipelago, but not so much in
the marginal ice zone. In the pack ice zone, sea ice concentration and thickness in
summertime is distinctly lower than in wintertime. The upward ocean heat flux is
overruled by a stronger downward atmospheric heat flux in the cold season, while in
summertime with warmer atmospheric temperatures, the upward heat flux can melt
the ice both vertically and laterally. Thus summertime sea ice concentration decreases
both in the marginal sea ice zone and in the pack, while wintertime sea ice
concentration decreases mostly in the marginal sea ice zone.

In the Canadian and Eurasian Basin, the increased vertical mixing will speed up
vertical heat and salinity exchange, bring the underlying warm and saline water into
the surface layer to melt sea ice, and induce cooling of the cold halocline layer and the
Atlantic Water layer. The strength of the cold halocline layer weakens together with a
much fresher Atlantic Water layer, and more volume of saline water enters into deep
ocean below the Atlantic Water layer. In the surface layer, water becomes more saline
in the Canadian Basin, but fresher in the East Siberian Sea and Laptev Sea areas. This
difference may be due to external freshwater forcing. In the Canadian Basin, there is
little external freshwater forcing, and increased vertical mixing induces excessive
mixing in the surface layer and the cold halocline layer, thus surface water becomes
more saline. In the Laptev Sea, strong river runoff continuously inputs freshwater into
the Laptev Sea and increased vertical mixing perturbs the upper 80 m of the water
column (not shown), so that the surface water becomes fresher in the Laptev Sea. At
200 m depth, strong ocean temperature reductions by up to 2 °C appear in the western
Greenland Sea, Baffin Bay and southern Eurasian Basin. The result of stronger
vertical mixing leads to more heat escaping from the Atlantic Water layer into the
surface layer. A cooling of the Atlantic Water layer is also reported in Zhang and
Steele (2007).

The increased vertical mixing induces cyclonic circulation anomalies in the
surface layer shallower than 20 m depth and in the interior ocean deeper than 700 m
depth, but anti-cyclonic circulation anomalies between them. At the surface layer,
there is an anomalous westward surface flow along the eastern edge of the Canadian
Basin and the Eurasian Basin. The Atlantic current recirculation in the Greenland Sea

weakens with increased vertical mixing. At 200 m depth, the Beaufort Gyre
13
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accelerates. There is anomalous westward flow along the edge of the Eurasian
continent and the Canadian Arctic Archipelago. At 750 m depth, cyclonic circulation
anomalies appear in the eastern Makarov Basin while there are anti-cyclonic
circulation anomalies in the Greenland Sea. Anti-cyclonic circulation anomalies mean
that the basic cyclonic circulation decelerates and less heat, which is carried by the
cyclonic circulation, enters the Canadian Basin and the Eurasian Basin. The heat
decrements corresponding to the anti-cyclonic circulation anomalies may partly
contribute to cooling of the Eurasian Basin at 200 m depth. Zhang and Steele (2007)
found that excessively strong vertical mixing (approximately 1.25x10"* m?s™") changes
the basic cyclonic Atlantic layer circulation pattern into an anticyclonic pattern in the
Canadian Basin. In this study, excessively strong vertical mixing (approximately
1.36x10* m?s!) does not change the basic cyclonic Atlantic layer circulation pattern
in the Canadian Basin. This difference may be partly due to the different models used
by the two studies. Different models implement different physical parameterizations,
so that they simulate different upper ocean properties and stratification. The same
increments of vertical mixing coefficient may induce different stratification changes,
which further lead to different Atlantic layer circulation patterns.

Corroborating our findings from the viewpoint of decreased vertical mixing,
previous studies also found that stronger Arctic Ocean stratification due to increased
freshwater input leads to a warming of the cold halocline layer and Atlantic Water
layer, and an accelerating of the cyclonic circulation in Atlantic Water layer
(Nummelin et al., 2016). In the context of global warming (Hartmann et al., 2013) and
with the Arctic summer sea ice cover decline (Stroeve et al., 2005, 2008), the vertical
mixing in the interior Arctic Ocean will likely increase (see Guthrie et al., 2013 for an
alternative point of view). The increased vertical mixing will speed up vertical heat
and salinity exchange, the decreased vertical temperature and salinity gradient of the
upper Arctic ocean leads to a weaker Arctic Ocean stratification with consequences
for the circulation pattern. The heat of the Atlantic Water layer will eventually reach
the surface layer and contribute to melting the sea ice. This mechanism is also partly
supported by Zhang et al. (2000), where the increased input of Atlantic water into
Arctic Ocean and reduced halocline strength (Steele and Boyd, 1998) cause an
increased upward heat flux, which limits ice growth and enhances lateral melting.
Considering such physical mechanisms, the Arctic Ocean may become ice free in

summer earlier than predicted by current climate models with prescribed constant
14
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vertical background diffusivity.

Temperature and salinity biases exist between the baseline run and WOA13 data.
These biases have a negligible effect on our conclusion. First, the WOA13 data
themselves are biased towards summer conditions when it is easier to collect
observations in the Arctic Ocean. Second, when analyzing model results we describe
the differences between the sensitivity runs and the baseline run, these differences are
almost independent of the biases. Third, our study can be seen as a qualitative
research in the sense that the conclusion of the study, that is, increased vertical mixing
reduces sea ice thickness and the vertical salinity gradient of the cold halocline layer,
will not change even if the biases amplify. So far, our study has shown that the
vertical mixing induces extra heat and salinity exchange that will have a noticeable
impact on the upper ocean structure, ocean circulation and sea ice in the Arctic ocean.
However, the design of our experiments with modified constant background
diffusivity coefficient may be too simple to do justice to complex interplay of
processes in the interior Arctic. A more sophisticated mixing scheme for Arctic model
may be necessary to corroborate our results. It is difficult to estimate a threshold value
for vertical background mixing for which the response of the Arctic circulation and
sea ice will be significant. Additionally, in our experiment the vertical mixing of the
entire water column was increased, whereas in a more realistic scenario, wind-driven
mixing mostly occurs in upper several hundred meters and tide-driven mixing occurs
around rough topography. In this sense, our results may serve as an early step towards

exploring the effects of vertical mixing in a changing Arctic Ocean.
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Figure Captions

Figure 1. Time series of basin mean (a) sea ice concentration and (b) upper 200 m
averaged ocean temperature in °C. The black, blue, red curves represent the KPP0O1,

KPP100, KPP250 runs, respectively.

Figure 2. Time series of sea ice extent in km?. The solid and dashed line represents the

KPPOO1 run and MASIE data.

Figure 3. The 2005-2012 mean ocean temperature in °C and salinity along the prime
meridian from Atlantic to Pacific section of the KPP0O1 control run (1% column), and
difference of KPP0O1 to World Ocean Atlas data (WOA13, 2" column). The
temperature in summertime, temperature in wintertime, salinity in summertime,
salinity in wintertime are shown in rows 1 to 4, respectively. Wintertime refers to

January, February and March. Summertime refers to July, August and September.

Figure 4. The 2005-2012 mean vertical distributions of spatial averaged (a) ocean
temperature in °C and (b) salinity. The domain used in the calculation covers areas in
the Canadian Basin and Eurasian Basin where the total depth is larger than 1000 m.

The solid and dashed lines represent the KPPOO1 run and WOA13 data, respectively.

Figure 5. Annual cycle of basin mean (a) sea ice concentration and (b) sea ice
thickness in m. The black, blue, red curves represent the KPP001, KPP100, KPP250

runs, respectively.

Figure 6. Differences of the 2004-2013 mean sea ice concentration between runs
KPP100 and KPP0O1 (1% column) and between runs KPP250 and KPP001 (2"
column). Rows 1 to 2 show the April sea ice concentration, the September sea ice

concentration.

Figure 7. Differences of the 2004-2013 mean sea ice thickness in m and length of sea
ice season in days between runs KPP100 and KPP0O1 (1% column) and between runs

KPP250 and KPP0O1 (2" column). Rows 1 to 3 show the April sea ice thickness, the

September sea ice thickness, the length of sea ice season.
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Figure 8. Vertical distribution of domain mean (a) ocean temperature in °C, (b) ocean
salinity, and normalized domain integrated (c) topostrophy. The averaging domain
used in the calculation cover areas in the Canadian Basin and Eurasian Basin where
total depth is larger than 1000 m. The black, blue, red curves represent the KPP0O1,
KPP100, KPP250 runs, respectively.

Figure 9. Differences in the 2004-2013 mean ocean temperature in °C at different
depths between runs KPP100 and KPP0OO1 (1% column) and runs KPP250 and
KPP001 (2" column). Rows 1 to 3 show surface temperature, temperature at 200 m

depth, temperature at 1200 m depth.

Figure 10. Difference in the 2004-2013 mean ocean salinity between runs KPP100
and KPP0O1 (1" column) and runs KPP250 and KPP0OO1 (2" column) . Rows 1 to 3
show surface salinity, salinity at 200 m depth, salinity at 2000 m depth.

Figure 11. The 2004-2013 mean ocean current in ms™ (1% column) and difference
between runs KPP250 and KPP0O01 (2™ column). Rows 1 to 3 show velocity at 10 m
depth, 200 m depth, 750 m depth. Color denotes the absolute velocity.

Figure 12. Tracer tendency terms in the Canadian Basin and Eurasian Basin. (a) Z—Ibd,

(b) Z—I ,(©) % ,(d)Z . Units for (a) and (b) are °C*s!. Units for (c) and (d) are s™'.
va bd dtya
The black, blue, red curves represent the KPP001, KPP100, KPP250 runs,

respectively.
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749 Figure 3. The 2005-2012 mean ocean temperature in °C and salinity along the prime
750  meridian from Atlantic to Pacific section of the KPP0O1 control run (1% column), and
751  difference of KPP0OO1 to World Ocean Atlas data (WOA13, 2" column). The

752 temperature in summertime, temperature in wintertime, salinity in summertime,

753 salinity in wintertime are shown in rows 1 to 4, respectively. Wintertime refers to

754  January, February and March. Summertime refers to July, August and September.

26



(a) Temperature (°C)

2 15 -1 -05 0 05 1
l“‘
100+ S T
200 1
“~
—- L Al
El 5
£ 400 v
% /’
2 500 S
600/
700- — KPP001 Ao ]
----- WOA13 P
800 T T 4 1
(b) Salinity
35

-

600 ]
----- WOA13 : :

800 : ' ' :
755
756  Figure 4. The 2005-2012 mean vertical distributions of spatial averaged (a) ocean
757  temperature in °C and (b) salinity. The domain used in the calculation covers areas in
758  the Canadian Basin and Eurasian Basin where the total depth is larger than 1000 m.
759  The solid and dashed lines represent the KPP0OO1 run and WOA 13 data, respectively.
760
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762  Figure 5. Annual cycle of basin mean (a) sea ice concentration and (b) sea ice
763  thickness in m. The black, blue, red curves represent the KPP00O1, KPP100, KPP250

764 runs, respectively.
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Figure 6. Differences of the 2004-2013 mean sea ice concentration between runs

KPP100 and KPP0O1 (1% column) and between runs KPP250 and KPP001 (2™

column). Rows 1 to 2 show the April sea ice concentration, the September sea ice

concentration.
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Figure 7. Differences of the 2004-2013 mean sea ice thickness in m and length of sea

ice season in days between runs KPP100 and KPP0O1 (1% column) and between runs

KPP250 and KPP0O1 (2"¢ column). Rows 1 to 3 show the April sea ice thickness, the

September sea ice thickness, the length of sea ice season.
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778  Figure 8. Vertical distributions of spatial averaged (a) ocean temperature in °C, (b)
779  salinity, and normalized spatial integrated (c) topostrophy. Domain used in the

780  calculation cover areas in the Canadian Basin and Eurasian Basin where total depth is
781  larger than 1000 m. The black, blue, red curves represent the KPP001, KPP100,

782 KPP250 runs, respectively.
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Figure 9. Differences in the 2004-2013 mean ocean temperature in °C at different
depths between runs KPP100 and KPP0O1 (1% column) and runs KPP250 and
KPP0O1 (2" column). Rows 1 to 3 show surface temperature, temperature at 200 m
depth, temperature at 1200 m depth.
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Figure 10. Difference in the 2004-2013 mean ocean salinity between runs KPP100
and KPP0O1 (1™ column) and runs KPP250 and KPP001 (2" column) . Rows 1 to 3
show surface salinity, salinity at 200 m depth, salinity at 2000 m depth.
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Figure 11. The 2004-2013 mean ocean current in ms™ (1% column) and difference
between runs KPP250 and KPP0O1 (2" column). Rows 1 to 3 show velocity at 10 m
depth, 200 m depth, 750 m depth. Color denotes the absolute velocity.
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800  Figure 12. Tracer tendency terms in Canadian Basin and Eurasian Basin. (a) %bd, (b)

as
J0tpd

802  black, blue, red curves represent the KPP001, KPP100, KPP250 runs, respectively.
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