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Abstract

Observations show an Atlantification of the Eurasian Basin of the Arctic Ocean,
with deeper penetration, shoaling, and ventilation of Atlantic waters in the
eastern Arctic and an associated weakening of the cold halocline layer. These
processes have a profound impact on the sea ice cover above and potentially on
the transition of the Arctic to a seasonal ice cover. Here we show, using a cou-
pled ice-ocean model, that a proper simulation of the landfast ice cover in the
relatively small but deeper peripheral Kara Sea has a disproportionately large
influence on the halocline stability in the Eurasian Basin and beyond. Specifi-
cally, landfast ice in the Kara Sea reduces ice growth and therefore salt rejection
into the surface ocean. This negative salinity anomaly is advected eastward with
a coastal current along the continental shelf in the Makarov Basin and then out
of the Arctic through Fram Strait by the Transpolar Drift Stream on timescales
of less than ten years. Global Climate Models, however, do not yet include land-
fast ice parameterizations. Therefore, they are missing this key process affecting
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the halocline stability, Atlantification of the Makarov Basin, and potentially the
timing of a seasonally ice-free Arctic.

Keywords: Landfast ice, Arctic hydrography, Lateral drag parameterization

1 Introduction

Landfast ice (LFI) – sea ice that stays fast along the coast where it is attached to

the shore or over shoals [1] – can extend a few kilometers (e.g., Beaufort Sea, West-

ern Laptev Sea) to several hundred kilometers into the ocean (e.g., Kara Sea, East

Siberian Sea, Eastern Laptev Sea). Its presence is associated with specific bathymetry

and coastline features. For instance, it can be grounded on the ocean floor by pressure

ridges in shallow water and over shoals (Stamukhi) [2–7]; it can be attached to coast-

lines by local tensile forces or compressive forces from distant land protrusion along

the coast [8]; or it can be supported by offshore islands [9]. LFI plays an important role

in polar coastal regions. It decreases the energy, momentum, and heat flux between

the atmosphere and the ocean, and thereby reduces surface ocean mixing [4, 10–12].

This extension of the land also provides a platform for hunting, tourism, scientific

research, oil and gas exploration, and serves as a habitat for polar wildlife [13–16].

At the seaward end of LFI, flaw-lead polynyas [5] form as openings between sta-

tionary fast ice and mobile pack ice. In these flaw polynyas, large air-sea heat fluxes,

sea ice growth, and associated salt rejection lead to the formation of dense waters.

These cold dense waters spill over the continental shelves and find their level of neutral

buoyancy between the warm salty Atlantic and the cold fresher surface water, where

they form the cold halocline layer [17, 18]. This cold halocline layer acts as a buffer

between the two water masses and leads to significant sea ice growth in winter and

the formation of a perennial sea ice cover: when ice growth and salt rejection drive

surface convection, cold and saltier surface water sinks to the base of the mixed layer.
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There, it is still well above the warm water, and brings (still) cold halocline water at

the freezing point into the mixed layer. This process does not lead to vertical trans-

port of ocean heat because it does not reach the warm water, in contrast with the

Southern Ocean where the thermocline coincides with the halocline [19].

The recent Atlantification of the Eurasian Basin, that is, the eastward progres-

sion of warmer Atlantic Water into the eastern Arctic, has led to shoaling of the

intermediate-depth Atlantic Water layer and a weakening of the halocline, increas-

ing ocean-interior ventilation in winter [20–22]. Subsequently, the associated enhanced

release of oceanic heat reduced winter sea ice formation in the Eurasian Basin [23].

Should the cold halocline disappear, the Atlantification of the Arctic would ventilate

significant Atlantic water heat in winter leading to a seasonal sea ice cover in the

Eurasian Basin [24]. A retreat of the cold halocline, as documented in the early 1990’s

[25], can affect the shelf hydrography and the formation of the cold halocline waters

in the Makarov Basin [26].

This work presents evidence for a significant impact of an LFI cover in the Kara

Sea —– a feature that is missing in current Earth System Models because of the

absence of fast ice parameterizations —– on the local salt budget. Without LFI, local

ice formation modifies the fresh surface water provided by the large river systems to a

local coastal current so that too salty water leaves the Kara Sea. This salinity anomaly

signal increases the stability of the halocline over the entire Eurasian Basin.

2 Results

2.1 More landfast ice in the Kara Sea, fresher surface water in

the interior Arctic

We activate different parameterizations of LFI that result in the presence or absence

of LFI in specific parts of the model domain (see Methods section 5). More LFI makes
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the shelves fresher [17], but more LFI in the Kara Sea also makes the halocline in the

interior Arctic (approximately the top 40 m) fresher (Figure 1). This negative salinity

anomaly in the interior Arctic Ocean reduces the salinity bias of our model relative to

observations. As observational reference, we use an average of 20 salinity casts from

the Unified Database for Arctic and Subarctic Hydrography (UDASH) [27, 28] that

were collected in all Aprils of our simulation period of 2006–2015 in the region between

120◦–180◦E and north of 75◦N (approximately the Makarov Basin). Compared to this

average, the control simulation (CTRL) is too saline by 0.88. This mean difference

reduces to 0.58 for the simulation with LFI. The root-mean-square difference also

reduces from 1.27 to 1.06.

The simulation with the fast ice parameterization (Figure 1b) produces higher ice

concentration (less open water available for sea ice formation) along the coastlines

in the Beaufort, East Siberian, Laptev, and Kara Seas, and lower ice concentration

(more open water available for more sea ice formation in flaw polynyas) offshore. This

is consistent with previous results [17]. The formation of sea ice generally leads to

a local increase of surface salinity as most of the salt of seawater is left behind and

not included in new sea ice. A stable LFI cover inhibits new ice formation where the

continuous export of ice in the control simulation leads to continuous new ice formation

and increase of salinity. Therefore, the surface water is fresher (less saline) underneath

the stable LFI cover of the simulations with fast ice parameterization compared to

the control simulation (Figure 1b). This is particularly evident in the Laptev and

East Siberian seas (Figure 1b). Northward of the LFI edge in the East Siberian Sea,

the upper ocean is more saline than in the control simulation, again in accord with

previous results [17]. Offshore winds in the East Siberian Sea drive ice northwards and

form polynyas at the edge of the LFI where new ice formation leaves more salt behind

and increases the local surface salinity.
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Fig. 1 (a) Arctic topography. VS denotes the Vilkitsky Strait. The blue contour line denotes the
(poorly) simulated fast ice extent in the control run (CTRL, without fast ice parameterization).
(b)–(d) Depth averaged (0–40 m) salinity differences for the mean April of 2006–2015: (b) between
the simulation with all fast ice parameterizations, i.e., with a realistic LFI distribution as indicated
by the blue contour line, and CTRL simulation; (c) the same as (b), but with the lateral drag
parameterization turned off explicitly in the Kara Sea; there is no LFI in the Kara Sea as indicated
by the blue contour line; (d) the same as (b), but without river runoff in the Kara Sea and in CTRL;
there is slightly less LFI in the Kara Sea as indicated by the blue contour line.

In the Kara Sea, an additional LFI parameterization [8] also leads to an LFI

cover where the water is deeper and ice keels alone fail to stabilize the LFI cover

(Figure 1b). In contrast to the local effects in and near the shallow East Siberian and

Laptev Seas, LFI in the relatively deep Kara Sea leads to a much fresher upper ocean

that spreads with a well-known coastal current that also carries river water along the

Taymyr Peninsula and through the Vilkitsky Strait (between the Laptev and Kara

Seas, Figure 1b) into the Makarov Basin [29, 30]. We emphasize that this low salinity

anomaly in the Makarov Basin is almost entirely caused by the additional LFI in the
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Kara Sea. In a simulation where the new LFI parameterization [8] is turned off, there

is no LFI in the Kara Sea and the fresh anomaly in the Makarov Basin disappears

(Figure 1c).

As a further piece of evidence for the suggested mechanism, the amplitude of

the negative salinity anomaly in the Kara Sea and the Makarov Basin decreases in

an experiment where the river runoff in the Kara Sea is turned off (in both control

and sensitivity experiments). Instead, a positive anomaly appears north of the New

Siberian Islands (Figure 1d). From this, we conclude that the river runoff provides a

large contribution to transporting the low salinity signal in the upper ocean from the

Kara Sea to the Makarov Basin (Figure 2).

Previous results suggest that the path of the Ob and Yenisei river water [29,

30] coincides with the spreading of the low salinity water leading to the anomaly in

Figure 1b. To show that this is the case in our model, we trace the river runoff from the

Ob and Yenisei Rivers in the Kara Sea with a passive tracer (Figure 2). The passive

tracer exits the Kara Sea through the Vilkitsky Strait. A portion enters the Laptev Sea

while the remainder subducts into the Amundsen and Makarov Basins. The tracers are

then advected by the Transpolar Drift Stream over the Lomonosov Ridge and finally

exit through Fram Strait (Figure 2). The distribution of passive tracer of the Ob and

Yenisei water resembles observed patterns based on chemical tracer-based water mass

analyses [29, their Figure 3b]. The tracer pattern is also very similar to the pattern

of the low salinity signal in the upper ocean (Fig. 1), implying a freshwater transport

path from the Kara Sea to the Makarov Basin.

A Hovmöller diagram along the dashed line in Figure 2a of the depth-averaged

(0–40 m) salinity and salinity difference between different experiments illustrates the

transport of the low salinity signal from the Kara Sea to the Chukchi Sea (Figure 3).

The difference between simulations with and without LFI in the Kara Sea clearly

shows that salinity anomalies in the Makarov Basin originate from the Kara Sea, and
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Fig. 2 (a) Depth averaged (0–40 m) passive tracer of the river runoff from the Kara Sea in April
2015 in the control run. (b) Vertical distribution of the passive tracer along a section marked by the
dashed line in panel (a) starting from the Kara Sea into the Chukchi Sea.

that local salinity anomalies in the Laptev or East Siberian seas are not responsible

for the negative salinity anomaly in the Makarov Basin.

Very early in the simulation without LFI in the Kara Sea, a positive salinity

anomaly develops locally at the edge of the polynya in the Laptev and East Siberian

seas (1500–2200 km, after 2001 during the spinup, Figure 3c), because new ice forma-

tion releases salt into the ocean. This anomaly persists until the end of the simulation

(see also light blue arrow in Figure 1c). The same positive salinity anomaly in
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Fig. 3 Hovmöller diagram along the dashed line in Figure 2a for years 2001 to 2015 (2001–2005
is a spin-up) of depth-averaged (0–40m) (a) salinity in the control simulation (CTRL); (b) salinity
difference between the simulation with LFI in the Kara Sea) and the control simulation (corresponding
to Figure 1b); (c) salinity difference between the simulation without LFI in the Kara Sea and the
control simulation (corresponding to Figure 1c). The blue ellipse marks the strong negative salinity
anomaly described in the text. The x-axis is the distance in kilometers along the transect (dashed
line) in Figure 2a. The dashed vertical lines parallel to the y-axis indicate the approximate locations
of the Vilkitsky Strait, the Amundsen and the Makarov Basins (from left to right), and the lower
dashed horizontal lines mark the end of the spin-up and the upper ones the beginning of the large
positive salinity anomaly in 2012.

the Makarov Basin also appears early in the simulation with LFI in the Kara Sea

(Figure 3b). But here, and in contrast to the locally generated signal, low salinity

of the Kara Sea is advected to the Makarov and Eurasian Basins as early as 2002.

There are smaller pulses of negative salinity anomaly moving from the Kara Sea to the

Makarov Basin throughout 2001–2007. This process increases in 2008, with a negative

salinity anomaly peak in 2012 (blue ellipse in Figure 3b).

2.2 Salt budget analysis

The salt content in the Arctic Ocean is determined by surface forcing, advection,

and to a very small extent by diffusion between the surface and deeper ocean layer

(see Methods section 5). The differences in salt content, salt advection and diffusion

between the simulation with and without LFI parameterization in the Kara Sea are
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Fig. 4 Time series of (a) accumulated salt budget terms (
∫ t
0 G(t′) dt′, see Eq. 1 in the Methods

section) for the top four layers (40 m) of the Eurasian and Makarov Basin (see red area in the inset)
for the CTRL simulation. The horizontal advection of salt (GS

adv,h, red lines) is balanced by vertical

advection (GS
adv,v). (b) difference of simulations without and with LFI in the Kara Sea. With LFI

(but not in the Kara Sea) the horizontal advection of salt is reduced, balanced by a reduction of
downward advection (faint thick lines). With LFI also in the Kara Sea the downward advection
decreases less than the horizontal advection, potentially because of increased stability, so that these
terms no longer balance and the net salt content reduces (thin lines). (c) difference of accumulated
salt flux relative to CTRL through the Vilkitsky Strait (in gigatons of salt, negative values mean a
reduced salt flux). The flux is the combination of the flux through the actual Vilkitsky Strait and a
small northward opening (see inset); red thin line: with LFI in the Kara Sea (KS); faint thick line:
without LFI in the Kara Sea.

small when integrated over the entire model domain (O(< 1%) of the signal, results

not shown). In the upper 40 m of the Makarov Basin, which we chose to approximate

the halocline depth in our model, the mean salt content changes very little over time in

the CTRL simulation. In the cumulative budget, however, the considerable horizontal

advection of salt is balanced by downward vertical advection out of the 40 m surface

layer (i.e. the halocline). Vertical diffusion and surface fluxes are small (Figure 4a).
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In the simulation without LFI only in the Kara Sea, but with the additional LFI in

other marginal seas (Figure 1c) and with less sea ice formation and salt release into the

ocean, less salt is advected into the Makarov Basin, especially after 2012. This decrease

of horizontal advection is balanced by reduced downward vertical advection of salt,

leaving the mean salt practically unchanged (Figure 4b, thick lines). The reduction of

salt advected into the Makarov Basin is even larger with LFI present in the Kara Sea

(after 2008 and 2012). In this case, however, it is not balanced entirely by a reduction

in downward vertical advection, probably because of the surface stratification and

the mean salinity increase (Figure 4b, thin lines). The local reduction in horizontal

advection between 2004 and 2008 is offset by vertical advection in this simulation

supporting the notion that the magnitude of the horizontal advection anomaly is

important in this balance and can lead to non-linear effects.

The salt leaves the Kara Sea mainly through the Vilkitsky Strait (Figure 4c). In

the simulation with LFI in the Kara Sea, approximately 100 gigatons of salt are not

advected out of the Kara Sea through the Vilkitsky Strait (Figure 4c), in line with

the deficit of advected salt in the Makarov Basin.

3 Discussion

Landfast ice (LFI) affects the position of offshore polynyas and hence the location

where sea ice forms over open water [17]. The altered freshwater flux and associated

salinity forcing changes the stability of the halocline, which can be demonstrated

with numerical models with adequate parameterization of landfast ice [17]. A new

parameterization that allows to selectively enable LFI in the Kara Sea [8] makes

it possible to include its effects. The effect on the Makarov Basin hydrography is

surprisingly large given the small size of the Kara Sea compared with other marginal

seas (e.g., Laptev Sea, East Siberian Sea). The significant decrease in salinity within

the top 40 meters of the water column (approximately the halocline in our model) in
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the Makarov Basin enhances the stability of the water column, while also correcting a

saline model bias. Similarly, a reduction in LFI in the Kara Sea –— driven, for example,

by climate change –— could decrease stability in the central Arctic Ocean, potentially

accelerating Atlantification. This would allow warmer and more saline Atlantic waters

to more easily reach the surface [31, 32], with profound implications for sea ice extent

and seasonality.

More generally, the surface water in the Kara Sea, freshened by river water from

rivers Ob and Yenisei, flows along the coast, through the Vilkitsky Strait, and into

the Makarov Basin [29, 30]. Landfast ice along the coast causes polynyas to form off

the fast ice edge and away from the core of the coastal current, so that salt rejection

during sea ice formation does not modify the fresh surface water runoff. As a result,

the waters exiting through the Vilkitski Strait are relatively fresh. In a model that

does not reproduce landfast ice along the coast of the Kara Sea, the fresh surface

water is modified by salt rejection in coastal polynyas that form in winter where the

landfast ice should be, so that the water passing through the Vilkitsky Strait is too

saline. This is most likely the situation for most numerical ocean and climate models

as they underestimate the fast ice extent in the Kara Sea [3]. As a consequence, we

speculate that current ocean and climate models underestimate the stability of the

Arctic halocline and potentially overestimate Atlantification.

As landfast ice in the Kara Sea is supported by arching of the ice [33], models

with non-zero tensile strength or larger maximum viscosities in the sea-ice rheology

also simulate realistic landfast ice distributions in the Kara Sea [4, 33] with similar

consequences for the halocline stability [18]. Here, we can cleanly separate the LFI

effects from changes in sea ice cover due to the modified rheology [18], but in general,

the results are robust with respect to the specific rheological modifications used to

simulate landfast ice in the Kara Sea.

The negative surface salinity anomaly in our simulation with LFI in the Kara Sea

travels from the Kara Sea to the Makarov Basin soon after the start of the model

11
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run, but there are two larger transport anomaly episodes (2002–2006 and 2008–2015)

driven by specific wind-forcing anomalies [34, 35]. The negative salinity difference in

the upper ocean is largest after the end of summer in 2012 (Figure 3b), presumably

because of the large sea ice retreat in 2012. In August 2012, an intense storm increased

mixing in the ocean boundary layer, increased upward ocean heat transport, and

caused bottom melt that reduced the sea ice volume about twice as fast as in other

years [36]. Eventually, the sea ice extent at the end of the summer in 2012 was smaller

than it had been since the beginning of the satellite record in the late seventies [37].

These processes were also at play in our simulation and the mean simulated sea ice

extent reached its lowest value of the simulation in 2012 (not shown).

The Kara Sea receives freshwater discharge from the Ob and Yenisei Rivers, which

carry over one-third of the total freshwater discharge in the Arctic [30]. This water

then travels with a coastal current, leaves the Kara Sea through the Vilkitsky Strait,

and eventually reaches the Makarov Basin [29, 30]. In our simulation, a passive tracer

for Ob and Yenisei water agrees with the observed Ob and Yenisei water distribution

[29, 38] giving us faith in the accuracy of that aspect of our simulation. The simu-

lated tracer distribution illustrates the path of the river runoff and hence any surface

anomaly from the Kara Sea to the Makarov Basin via the Vilkitsky Strait (Figure 2).

In our simulations, the LFI in the Kara Sea leads to a deficit of about 100 gigatons of

salt leaving the Kara Sea by the end of the simulation (Figure 4c). This deficit in the

horizontal advection is so large that it cannot be balanced by the vertical transport of

salt in the Makarov Basin, because the vertical transport, mostly vertical advection,

needs to overcome an increasing stability.

The Arctic mixed layer is important to physical, chemical, and biological processes.

Simulating mixed layer dynamics accurately requires relatively high vertical resolution

of the model grid. Our simulations are relatively coarse (10 m vertical grid spacing near

the surface). Therefore, we do not expect that our simulation accurately represents the

12
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details of mixed layer dynamics. For example, we would need a dramatically refined

vertical grid or even Large Eddy Simulations to study the impact of LFI on surface

drivers for the change of the seasonal mixed layer depth, that is, sea ice thermody-

namics (i.e., salt rejection during ice formation, freshwater input during ice melt) and

wind-driven mixing [39] and their effect on the mixed layer depth. Further, we note

that riverine heat, which is not considered in our model, is believed to be important in

explaining the phenomena of freeze-up and sea ice melt along the Arctic coasts [40].

4 Conclusion

LFI in the Kara Sea changes the surface salinity of the central Arctic on timescales

of a few years. In general, more LFI in the Arctic Ocean decreases the upper ocean

salinity locally on the shelves in the Kara, Laptev, and East Siberian Seas. The largest

effect, however, is found for the Kara Sea. Here, the relatively small LFI area induces

a fresh anomaly in the upper ocean that is transported to the central Arctic Ocean.

There, it leads to a surprisingly large salinity anomaly that increases the halocline

stability. River runoff in the Kara Sea contributes to transporting the signal from the

Kara Sea to the Makarov Basin. The negative salinity tendency observed with LFI

on both shallow and deep shelves can be attributed mainly to reduced horizontal salt

transport, which is not fully compensated by reduced vertical advective fluxes. These

mechanisms become apparent after implementing a combination of a lateral and a

basal drag parameterization in a pan-Arctic sea ice model to improve the simulation

of LFI in the Arctic.

A sea ice model with a proper representation of LFI will improve our understanding

of its influence on the hydrography in the Arctic. Our model simulations suggest that

LFI in the Kara Sea stabilizes the water column in the central Arctic. Once the LFI in

the Kara Sea disappears due to a warming Arctic, the stabilizing effect reduces within

a few years and the Atlantification of the Arctic can accelerate.
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5 Methods

We use a regional Arctic configuration of the Massachusetts Institute of Technology

general circulation model (MITgcm) [41, 42] with a grid resolution of 36 km. This

model resolves ocean and sea ice processes with a finite-volume discretization on an

Arakawa C grid. The sea ice component includes zero-layer thermodynamics [43] and

viscous-plastic dynamics with an elliptical yield curve and a normal flow rule [44, 45].

The model is forced by atmospheric fields from the global atmospheric reanalysis ERA-

Interim data set [46]. The hydrography is initialized with temperature and salinity

fields from the Polar Science Center Hydrographic Climatology 3.0 [47]. Details of the

sea ice model can be found in [48, 49].

Without an explicit parameterization of LFI, sea ice models grossly underestimate

the LFI extent. We implement two fast ice parameterizations: a basal drag parameter-

ization [3] leads to realistic LFI areas in shallow marginal seas such as the Beaufort,

Laptev and the East Siberian Seas, and a new fast ice parameterization where an

explicit lateral drag that depends on the sub-grid-scale coastline length and orienta-

tion replaces the no-slip boundary condition of the sea ice momentum equations [8].

The latter parameterization leads to more LFI in the relatively deep Kara Sea, where

the basal drag parameterization that relies on relatively shallow depths fails. Thus,

the new parameterization can be used as a switch to turn on or off the LFI cover in

the Kara Sea and other selected regions of the Arctic Ocean [8]. A control simulation

(CTRL) without fast ice parameterization grossly underestimates LFI extent and tim-

ing. We make use of the fast ice parameterizations so that we can compare simulations

with realistic LFI in all relevant regions and simulations where the parameterizations

are turned off in selected regions such as the Kara Sea to the control simulation. For

each configuration, the model is run from 2001 to 2015. The first five years constitute

a spin-up during which the sea ice and surface ocean reach stable states for analysis.
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Integrating the salt conservation equation leads to a salt budget equation. The

change in salt content over time (GS
tot) in a given volume V with total surface area

A and interface area with the atmosphere Asurf is equal to the convergence of the

advective (GS
adv) and diffusive fluxes Fdiff (GS

diff), and a forcing term associated with

surface salt flux Fforc (GS
forc):

∂s

∂t︸︷︷︸
GS

tot

= −ρ
∮
A

uS da︸ ︷︷ ︸
GS

adv

+ ρ

∫∫∫
V

Fdiff dx dy dz︸ ︷︷ ︸
GS

diff

+ ρ

∫∫
Asurf

Fforc dx dy︸ ︷︷ ︸
GS

forc

, (1)

where u is the ocean velocity normal to the area, S is the salinity (in grams per

kilograms of sea water), s = ρ
∫∫∫

V
S dx dy dz is the salt content (in grams), ρ =

1035 kg m−3 is the sea water reference density, da is the area element. For our analysis

we split the advective contribution into a horizontal GS
adv,h and a vertical part GS

adv,v.

Integrating Eq. 1 gives the accumulated salt contents
∫ t

0
G(t′) dt′ for each term.
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