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Abstract

A newly developed global climate model FESOM-ECHAM6 with an unstructured mesh
and high resolution is applied to investigate to what degree the area-thickness distribu-
tion of new ice formed in open water affects the ice and ocean properties. A sensitivity
experiment is performed which reduces the horizontal-to-vertical aspect ratio of open-5

water ice growth. The resulting decrease in the Arctic winter sea-ice concentration
strongly reduces the surface albedo, enhances the ocean heat release to the atmo-
sphere, and increases the sea-ice production. Furthermore, our simulations show a
positive feedback mechanism among the Arctic sea ice, the Atlantic Meridional Over-
turning Circulation (AMOC), and the surface air temperature in the Arctic, as the sea10

ice transport affects the freshwater budget in regions of deep water formation. A warm-
ing over Europe, Asia and North America, associated with a negative anomaly of Sea
Level Pressure (SLP) over the Arctic (positive phase of the Arctic Oscillation (AO)), is
also simulated by the model. For the Southern Ocean, the most pronounced change
is a warming along the Antarctic Circumpolar Current (ACC), especially for the Pacific15

sector. Additionally, a series of sensitivity tests are performed using an idealized 1-D
thermodynamic model to further investigate the influence of the open-water ice growth,
which reveals similar results in terms of the change of sea ice and ocean temperature.
In reality, the distribution of new ice on open water relies on many uncertain parame-
ters, for example, surface albedo, wind speed and ocean currents. Knowledge of the20

detailed processes is currently too crude for those processes to be implemented re-
alistically into models. Our sensitivity experiments indicate a pronounced uncertainty
related to open-water sea ice growth which could significantly affect the climate sys-
tem.

2138

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/6/2137/2015/esdd-6-2137-2015-print.pdf
http://www.earth-syst-dynam-discuss.net/6/2137/2015/esdd-6-2137-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
6, 2137–2179, 2015

Open-water ice
growth

X. Shi and G. Lohmann

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1 Introduction

Sea ice is one of the most visible indicators of our changing climate owing to its re-
flecting and isolating properties (IPCC, 2013). On one hand, sea ice reflects part of
the incoming solar radiation due to its high surface albedo; on the other hand, sea
ice reduces the heat exchange between the atmosphere and the ocean. Therefore, the5

concentration of sea ice regulates the air-ocean interaction and thus plays an important
role in the climate system. It has been argued that a reduction in the high-latitude ice
concentration has impacts on the atmosphere and ocean characteristics (e.g., Royer
et al., 1990; Deser et al., 2010; Semmler et al., 2012). For example, Deser et al. (2010)
used an atmospheric general circulation model (CAM3) to investigate the atmospheric10

response to projected Arctic sea ice loss at the end of the 21st century, and found an in-
crease in snowfall over North America, Asia and the northern part of Europe. Semmler
et al. (2012) used the atmospheric general circulation model EC-EARTH-IFS to carry
out sensitivity experiments with reduced ice cover, and found negative sea level pres-
sure anomalies over the western Arctic and positive anomalies over Siberia, affecting15

surface temperatures over Europe. An extreme scenario experiment with no Arctic sea
ice in winter was conducted by Royer et al. (1990) using an atmosphere stand-alone
model,they found strongly enhanced surface latent and sensible heat fluxes in winter,
and corresponding effects on temperature and circulation.

Given these results, there is no doubt that ice concentration is crucial to any real-20

istic modeling of the Earth’s climate. Changes in sea ice conditions are affected by
processes involving complex feedback mechanisms, such as ocean-atmosphere inter-
actions, surface albedo and desalination processes of sea ice. Since some processes
related to sea ice conditions are too complicated or not sufficiently understood to be re-
solved by the models’ governing equations, it is necessary to apply parameterizations25

to empirically describe such processes. However, the representation of some of these
factors in numerical models is still subject to large uncertainties (e.g., Notz, 2012). One
of these uncertain parameterizations is the open-water ice growth, which is a key el-
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ement contributing to sea ice concentration. During the ice accretion period, new ice
volume generated on open water is distributed into growth in vertical and horizontal
directions, contributing to both ice thickness and concentration. So far much effort has
been made to simulate open-water ice growth. Hibler (1979) introduced a demarca-
tion between thin and thick ice at h0 = 0.5 m. It is assumed that in the freezing case,5

the fraction of open water is allowed to decay exponentially with a time constant of
h0/ḣow, with ḣow being the growth rate of ice on open water. Reasoning and sensitivity
studies were presented by Mellor and Kantha (1989), who suggested an aspect ratio
of ΦF = 4 to divide open-water ice growth between increase in ice thickness and in
ice area. Dorn et al. (2009) parameterize the increase rate of ice concentration due to10

freezing on open water based on a reference thickness for lateral melting. In a similar
way, Vancoppenolle et al. (2009) used a thickness of 0.05 < h0 < 0.15 m in the model
LIM3 to limit new ice in open water when transforming new ice volume to thickness and
concentration. However, it is a great challenge to simulate the open-water ice growth
since this process is only partly understood and currently not realistically represented15

in models (Notz, 2012), therefore there is room for calibration and improvement. The
new ice formed on open water can be parameterized as in the left panel of Fig. 1
(with relatively less thickness and more concentration) or as the right panel (with more
thickness but less concentration, i.e., more open water).

The main purpose of this study is to investigate to what extent the lateral-vertical ice20

growth ratio within open water can affect the simulation results, which has only been
done mostly in stand-alone sea ice models (e.g., Hibler, 1979; Fichefet and Maqueda,
1997; Biggs et al., 2000; Wang et al., 2010; Smedsrud, 2011). For example, when the
aspect ratio is large enough for producing a lead-free ice region, a drastical reduction
in sea ice volume is given by the LIM2 model (Fichefet and Maqueda, 1997). Using the25

same model, Wang et al. (2010) reveals simple relations between ice conditions and
the lateral-vertical ice growth ratio.

In the present paper, we reduce the horizontal ice accretion on open water in a
coupled climate model FESOM-ECHAM6 (Sidorenko et al., 2014) and an idealized
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1-D model. In this way, when ice forms over sea water, the added ice concentration
becomes smaller, while, the increase in ice thickness is larger (Fig. 1).

A brief introduction of the parameterization of ice cover evolution used in FESOM-
ECHAM6 is presented in Sect. 2. Detailed information about the coupled model and
idealized 1-D model, as well as our experimental design, are described in Sect. 3.5

Section 4 deals with the results of the circulation model as well as sensitivity tests from
the 1-D model. Section 5 provides a discussion and Sect. 6 gives the conclusions of
this study.

2 Parameterization of ice concentration evolution

There are two main thermodynamic processes relating to changes in sea ice concen-10

tration: (1) freezing occurs on open water when sea water at its freezing point is cooled
by the atmosphere, which reduces the open water area; (2) melting of sea ice (including
both vertical and lateral melt) leads to a decrease in ice concentration (Hibler, 1979).
Furthermore, there are also some dynamic processes, such as divergence and ridging,
that can affect the ice concentration evolution, which is however beyond the scope of15

our study. The infomation about the variables and parameters in this paper are listed in
Table 1.

Here, we briefly introduce the parameterization of ice concentration evolution used
in FESOM-ECHAM6 which is described in Dorn et al. (2009). Firstly, when new ice is
formed on open water, the ice concentration increases at a rate given by:20

Ȧow =
1
h0

max(ḣow,0) (1)

where ḣow, the effective ice production rate at open water area, is calculated based on
the open water energy budget:

ḣow = (1−A)×
max(Fatmocn,0)

ρiL
(2)

2141

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/6/2137/2015/esdd-6-2137-2015-print.pdf
http://www.earth-syst-dynam-discuss.net/6/2137/2015/esdd-6-2137-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
6, 2137–2179, 2015

Open-water ice
growth

X. Shi and G. Lohmann

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The lead closing parameter h0 in the equation is computed by:

h0 = max(h0
min,min(h0

max,h)) (3)

According to Dorn et al. (2009), h0
min and h0

max are set to 0.5 and 1.5 m, respectively,
h stands for the grid-cell mean ice thickness, i.e., the ice volume divided by the area of
the gird cell.5

It is assumed that the ice thickness on a subgrid-scale is linearly distributed between
0 and 2h′ (h′ represents the actual sea ice thickness) (Hibler, 1979), when sea ice
melts vertically, the ice concentration decreases at a rate of

Ȧice =
1

2h′
min(ḣice,0) (4)

The actual ice thickness h′ is computed as h′ = h/A, i.e., effective ice thickness h di-10

vided by ice concentration A. ḣice is the thermodynamic ice production rate of the sea-
ice fraction, which is represented by:

ḣice = A×
Fatmice − Focnice

ρiL
(5)

For more detailed information, we refer to Dorn et al. (2009).
In the present paper, we multiply Ȧow by a factor c∗ (c∗ = 80 %) to alter the horizontal-15

to-vertical aspect ratio of ice growth during the freezing period of open-water, as in

Ȧow(new) = Ȧowc∗ (6)

By performing such modification, the lateral ice growth within open water is decreased.
Taking into account the mass conservation, the actual sea ice thickness is automatically
adjusted by the model. Sea ice formed in this new method is “narrower” and “thicker”20

(Fig. 1) than it is in the original parameterization (i.e., Eq. 1).
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3 Models and experimental design

3.1 FESOM-ECHAM6

FESOM-ECHAM6 is a newly developed global coupled climate model (Sidorenko et al.,
2014) which has been established at the Alfred Wegener Institute (AWI). The ocean
and sea ice component is the Finite Element Sea Ice-Ocean Model (FESOM) (Danilov5

et al., 2004; Timmermann et al., 2009; Sidorenko et al., 2011; Wang et al., 2013;
Sidorenko et al., 2014) which is discretized on a triangular grid with a continuous con-
forming representation of model variables, whereas the atmospheric module is repre-
sented by the general circulation model ECHAM6 (Stevens et al., 2013).

The sea ice component is a dynamic-thermodynamic sea ice model with the Parkin-10

son and Washington (1979) thermodynamics. The model consists of subgrid-scale pro-
cesses based on Redi (1982), a so-called zero-layer approach of Semtner (1976) and
a submodel of ice dynamics according to an elastic-viscous-plastic rheology (Hunke
and Dukowicz, 1997). When calculating the growth rate of ice in ice covered parts, the
model assumes that ice thickness has an equal, seven-category distribution from zero15

to two times ice thickness, following Hibler (1979). The model also includes a prognos-
tic snow layer (Owens and Lemke, 1990). The paramerization of snow-ice conversion
is based on Leppäranta (1983). The sea ice model has been validated in Timmermann
et al. (2009) and Scholz et al. (2013).

To be more specific about the thermodynamic process of the sea ice, FESOM-20

ECHAM6 computes ice growth on ice part and open-water part separately (Parkinson
and Washington, 1979; Dorn et al., 2009), the changed ice thickness in each part is
then weighted by the ice concentration and water fraction, respectively, to obtain the
mean change in ice thickness in the grid cell (see Eqs. 2 and 5). Increasing and de-
creasing ice concentration are calculated by the parameterization described in Sect. 225

(see Eqs. 1 and 4).
A T63 grid (about 1.9◦ ×1.9◦) with 47 vertical levels is applied in the atmosphere

component ECHAM6. In terms of the ocean module, FESOM uses a varying resolution
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from about 200 km in the open ocean to 20 km along coastlines (Fig. 2), with 40 309
nodes on the surface. There are 46 vertical levels for the ocean.

3.2 Simple Idealized Model (SIM)

To conduct sensitivity studies and to examine the impact of horizontal-to-vertical open-
water ice growth ratio on ice and ocean properties in an idealized setup, a simple 1-D5

thermodynamic sea-ice model (hereafter referred to as the SIM) including an ocean
mixed layer is introduced.

The SIM uses a zero-layer approach (Semtner, 1976), where the ice surface tem-
perature Ts is determined by the heat balance at the ice-atmosphere interface:

−(1−α)Fsw − Fother +εσTs
4 = −ki

Ts − Tbot

h
. (7)10

Here, α is the albedo of the ice surface, which is calculated based on the measure-
ments obtained during the SHEBA campaign (Perovich et al., 1999):

α =
−0.431

1+ (d−207
44.5 )2

+0.914,

with d being the number of the day in the year (ranging from 1 to 365), Fsw the short-
wave flux and Fother the sum of sensible heat flux, latent heat flux and downwelling15

longwave radiation. The third term in Eq. (7) stands for the thermal radiation flux re-
leased by the ocean surface, where Ts is the surface temperature, ε = 0.97 represents
the emissivity coefficient, and σ = 5.67×10−8 Wm−1 K−4 is the Stefan–Boltzmann con-
stant.

The seasonal variation of the atmospheric fluxes Fsw and Fother (in W m−2) are pre-20

scribed as:

Fsw = 19.5×exp

[
−0.5×

(
d −164.1

47.9

)2
]
×16.1 (8)
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Fother = 117.8×exp

[
−0.5×

(
d −206

53.1

)2
]
×179.1 (9)

These two equations match the monthly-mean data compiled by Maykut and Unter-
steiner (1971).

In FESOM, the surface heat balance equation is similar to Eq. (7) but is more com-5

plex. The elements determining the ice-ocean interface temperature involve the albedo,
solar radiation, sensible and latent heat flux, the emissive long wave radiation from the
surface to atmosphere, sea ice change, snow sublimation, precipitation, evaporation
and river runoff. Radiative fluxes in FESOM are not empirically determined as in SIM,
but based on the atmospheric and oceanic state.10

To be consistent with FESOM-ECHAM6, the SIM calculates ice growth/melt rate over
sea ice (ḣice) and open water (ḣow) by Eqs. (5) and (2), and the corresponding change
in ice concentration by Eqs. (4) and (1).

An idealized mixed layer (depth, hmix), which can store and release heat, is coupled
to the model via the oceanic heat flux Focnice:15

Focnice = −ρwcwγt(Tmix − Tf), (10)

where Focnice is the heat flux at the ice-ocean interface, ρw the water density, cw the
specific heat capacity of sea water, Tmix and Tf the temperature of mixed-layer and
freezing point, respectively. Here we assume the heat transfer speed γt to be 10 m per
day (i.e., γt = 10/86 400 m s−1), which is consistent with FESOM-ECHAM6.20

3.3 Experimental design

In the following section we describe the experimental setup of seven simulations. A
summary of the experiment characteristics is also provided in Table 2.

Using the circulation model FESOM-ECHAM6 we perform two experiments FE-CTR
and FE80, which are both initialized from a 300 years’ spin-up under pre-industrial25
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boundary conditions (Berger, 1978; Crucifix et al., 2005). Experiment FE-CTR uses
Eq. (1) to calculate the horizontal growth rate of ice during open-water ice formation,
while Eq. (6) is applied in FE80 with c∗ being 80 %. Both experiments are integrated
for 50 years. The average of the model years 31–50 is considered to represent the
climatology in both simulations.5

Five SIM model experiments, each lasting 50 years, are carried out to examine the ef-
fect of c∗ in an idealized thermodynamic setup, and to test the sensitivity of the model’s
solution to changes in the value of c∗, which varies from 20 to 80 %. The output of the
last 20 model years is used for analysis.

4 Results10

4.1 Result of FESOM-ECHAM6

a. Climatological sea ice

Figure 3 provides a seasonal picture of mean ice thickness conditions throughout the
Arctic. It clearly shows areas of thick ice floes (mean thickness larger than 5 m) over
the north side of Greenland and the Canadian Archipelago. Such pattern is mainly15

due to the Beaufort Gyre and Transpolar Drift Stream which tend to push the ice pack
around the Arctic Ocean in a clockwise direction, causing the ice to the north to pile up
along the natural barriers to this flow. The thick-to-thin ice gradient is clearly captured
by the model from the Canadian Archipelago (5 m) towards the Siberian coast (less
than 1 m). In September, the sea ice significantly retreats from subpolar North Atlantic20

and Bering Strait to the Arctic Basin north of 50◦N. It is obvious that Southern Ocean
sea ice is generally thinner than its counterpart in the Arctic. In the model simulations,
most Southern Ocean ice is thinner than 2 m. In March, the sea ice only occupies the
Weddell Sea and Antarctic coastal regions, while in September the sea ice extends
further to 60◦ S.25
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Figure 4 presents the mean sea-ice concentration of the model in FE-CTR. The
Arctic sea ice in winter reveals a large coverage over the entire central Arctic region.
The 15 % boundary of the winter sea-ice concentration extends into the Barents Sea up
to 75◦N, and along the east coast of Greenland and the Labrador Peninsula up to 53◦N.
The pronounced retreat in the summer Arctic sea-ice coverage is clearly seen. The5

sea ice cover is overestimated in the Arctic summer due to a local cooling in the lower
atmosphere (Sidorenko et al., 2014). The ice concentration over the Southern Ocean
reaches its maximum along the coastal regions of Antarctic continent and minimum in
the Marginal Ice Zone (MIZ).

b. Changes in ice thickness and ice concentration10

Compared to FE-CTR, there is an increase in sea ice thickness in FE80 over the entire
Arctic (Fig. 5a–c), with the maximum change of about 0.8 m occurring over the coastal
region north of Greenland, where sea ice reaches its maximal thickness. The reason
for such pronounced change likely lies on a local cooling over the Greenland-Iceland-
Norwegian (GIN) Sea and the ice mass transport by the clockwise Beaufort Gyre.15

Similarly, decreasing the value of Ȧow in the Southern Hemisphere yields a general
enhanced production of sea ice (Fig. 5d–f), the difference amounts approximately to
0.3 m over coastal region of the Antarctic continent, and to less amount for the areas
which are relatively far from the continental shelf.

Figure 6 displays the changes of sea ice concentration. In most regions of the Arctic20

and subpolar areas, we observe slight decrease and increase of sea ice concentration
in March and September, respectively. This is reasonable, as the open-water ice growth
mostly takes place in cold months, the reduced Ȧow directly leads to decreased ice
concentration and increased ice thickness in boreal winter. The resulting thicker sea ice
persists longer on the sea surface during melting period, thereby reducing the areas of25

open water and leads in summer. Besides, a more pronounced feature is the increase
in sea ice concentration in the marginal ice zone, i.e., the Bering Sea and North Atlantic
subpolar gyre (Fig. 6a). Similarly, the sea ice concentration decreases for most parts

2147

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/6/2137/2015/esdd-6-2137-2015-print.pdf
http://www.earth-syst-dynam-discuss.net/6/2137/2015/esdd-6-2137-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
6, 2137–2179, 2015

Open-water ice
growth

X. Shi and G. Lohmann

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

of the Southern Ocean during austral winter (September) which dominates its annual
pattern. Whereas, positive anomalies of sea ice concentration are found along the
Antarctic continental shelf in austral summer (March).

c. Changes in the sea surface temperature and salinity

Figure 7a depicts the responses of the sea surface temperature (SST). Compared5

to FE-CTR, pronounced cooling is simulated over the GIN Sea and the North At-
lantic in FE80, with the most significant change (over −1 ◦C) occurring at the North
Atlantic subpolar gyre, while for the Southern Ocean it is the opposite case, with the
strongest warming happening at the region of Antarctic Circumpolar Current (ACC)
(about 0.5 ◦C).10

The simulated changes in the sea surface salinity (SSS) show a more saline central
Arctic (Fig. 7b), as a consequence of the enhanced brine release led by sea ice pro-
duction. However, in the GIN Sea, freshening occurs in spite of the increase in sea ice
volume. We attribute this phenomenon to a sea ice dynamic process: enhanced sea
ice import through Fram Strait, that affects the freshwater budget of the GIN region.15

To further investigate the impact of Arctic sea ice transport on the deep water for-
mation, composite analyses are calculated as depicted in Fig. 8, by averaging the SSS
anomaly fields that have more than one standard deviation with respect to indices of
the Fram Strait ice mass import. A pronounced freshening happens over the subpolar
North Atlantic Ocean as a result of the Fram Strait ice mass import, with a delay of 420

years. Such pattern is similar to the SSS anomalies which is shown in Fig. 7b. The re-
sulting less dense sea water leads to a weakened downwelling current over the North
Atlantic and a decline in AMOC circulation.

d. Positive feedback behind the sea ice change in the Arctic

In boreal winter, new sea ice is formed on open water when the ocean loses heat to25

atmosphere and the temperature of sea water is about to fall below its freezing point.
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As a result of reduced Ȧow, sea ice grows more in the vertical direction, increasing the
persistence of open water in boreal winter (Fig. 6a) and the accompanying heat loss
from ocean to air. More sea ice is therefore generated which in turn helps to increase
the sea ice thickness as depicted in Fig. 5a–c. Much of the thicker sea ice persists
during summer, leading to higher ice concentration in September (Fig. 6b).5

Figure 9 represents the effect of reduced Ȧow on the thermodynamic growth of sea
ice. Obvious negative patterns are observed at the GIN Sea, Labrador Sea and the
Atlantic subpolar gyre, despite the increase in sea-ice thickness and concentration
there. Therefore, the enhanced sea ice production in those regions is not owing to local
ice thermodynamic growth. As the increased sea ice in the Arctic strongly reinforces10

sea ice export into the subpolar regions through Fram Strait. Such process is captured
in the anomalies of ice mass transport as illustrated in Fig. 10. The increased sea ice
in GIN Sea, Labrador Sea and the Atlantic subpolar gyre is affected by the stronger
Fram Strait sea ice import.

In boreal summer, the ablation of sea ice at the GIN Sea reduces both the surface15

temperature and salinity of that region, and further affects the North Atlantic Ocean.
Figure 11a, b represent the changes of zonal profiles of the ocean temperature and
salinity. In FE80, there is generally a decrease in water temperature compared to FE-
CTR for the upper ocean (0–100 m), at the same time, the sub-surface signal between
100–1000 m shows the opposite behavior. Fresher sea water is simulated in FE80 for20

the upper ocean (0–100 m) of 30–65◦N latitude, and the opposite pattern is the case
for the Arctic surface and sub-surface. The weakening of the AMOC (Fig. 11c) is owing
to the negative salinity anomaly which weakens the sinking in the North Atlantic Ocean.
The spatial patterns of the surface air temperature (SAT) anomalies, associated with
low phases of AMOC are illustrated by a composite map (Fig. 12). During the low phase25

of the AMOC, there is a general cooling of −0.5 ◦C in the central Arctic Ocean. A more
pronounced feature is the cooling over the North Atlantic Ocean, with a magnitude of
−1 ◦C, which is associated with the weakened surface northward heat transport during
years with low AMOC. Therefore, the decrease in AMOC leads to a general decrease
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in the Arctic SAT, which in turn increases the Arctic sea ice. In this way, a positive
feedback is formed (Fig. 13).

In summary, the Arctic grid-cell mean sea-ice thickness in FE80 increases as a result
of the reduced Ȧow and the stronger air-sea interaction in winter through larger open-
water and leads. The increase in sea-ice volume leads to an enhanced ice transport5

towards the subpolar regions through Fram Strait, which increases the ice thickness
and cover there. In the ablation period, sea ice melts and freshens the North Atlantic
Ocean, thus weakening the Atlantic overturning circulation. As a result, the associated
Arctic SAT tends to decrease, allowing more sea ice formation, which in turn helps to
reinforce the ice transport and freshens the North Atlantic Ocean (Fig. 7b).10

e. Mechanism for the sea ice change in the Southern Ocean

Different from the Arctic sea ice, the sea ice in the Southern Ocean is seasonal
rather than multi-year, therefore shows more pronouced response to change of open-
water ice growth parameterization. Increased open-water and leads in austral winter
(September) results in enhanced sea ice growth, which buffers the effect of the re-15

duced Ȧow on sea ice concentration. Thicker sea ice persists longer in austral summer,
which is the reason why the sea ice concentration generally increases in March.

In contrast to the cooling of the North Atlantic, most parts of the Southern Ocean
experience an increase in SST with the most significant warming occurring along the
route of the ACC (about 0.5 ◦C). Such pattern is likely caused by processes involving20

stronger vertical mixing and enhanced convective overturning, which tends to bring
warm circumpolar sea water to the surface. The ACC warming can be seen in all sea-
sons throughout the year.

f. The surface air temperature and the Arctic Oscillation (AO)

Figure 14a shows the difference of SAT in boreal winter. A significant warming is sim-25

ulated in FE80 compared to FE-CTR over Asia and North America (2 ◦C), and a less
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pronounced warming is observed over Europe (0.5 ◦C). In the regions of Greenland,
the Nordic Sea and Bering Sea, FE80 leads to a cooling surface, with a magnitude of
about −2 ◦C. The SAT change of the GIN Sea and North Atlantic subpolar gyre, which is
consistent with the ocean temperature difference there, is due to the large ice ablation
in summer as described in Sect. 4.1b.5

To explain such model behavior, we now turn to examine the sea level pressure
(SLP) change in boreal winter (Fig. 14b). The most distinguished feature is a tri-polar
pattern with a negative SLP anomaly over the high latitudes, and two positive SLP
anomalies over the northern Pacific, and eastern part of North Atlantic together with
south-western Europe, respectively, which forms an AO-like mode.10

The warming over Europe and Asia can be explained by enhanced westerlies and
thereby more heat transport from the North Atlantic, the same phenomenon is also
found by Hurrell (1995). Similarly, the positive SLP anomaly over the northern Pacific
brings relatively warmer air to North America.

4.2 Sensitivity tests by SIM15

We now turn to investigate the impact of c∗ (reduced Ȧow) in an idealized setup
(Fig. 15). SIM80 yields similar results in comparison to its FE80 conterpart for the
Arctic Ocean: (1) the ice thickness increase, (2) there is no distinguishable change
for the ocean temperature, and (3) ice concentration decreases in winter, but with a
large magnitude (−5 %). However, the ice concentration change in SIM model shows20

a reduction all the year round, different from that in FESOM-ECHAM6, which reveals a
slight decrease in ice concentration in boreal winter (less than −5 %) and an increase
in boreal summer.

By applying even smaller c∗ (or Ȧow), the above differences are more pronounced in
FE60 and FE40, except that the freeze-up date is much later than the control experi-25

ment, leading to thinner sea ice in winter, even though sea ice grows more rapidly in
sensitivity simulations in winter.
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For an extreme case of c∗ = 20 % (SIM20), a much warmer ocean is simulated as
larger parts of open water appears in SIM20 compared to that in SIM-CTR. As a con-
sequence, sea ice rapidly melts in summer, leading to an ice-free ocean two months
earlier than SIM-CTR, and the beginning day of ice-formation is delayed to the next
year. As a consequence, the sea ice in SIM20 is the thinnest among all SIM simula-5

tions.
The above experiments reveal a robust sensitivity of model simulated sea ice thick-

ness and concentration to changes in c∗. We note that c∗ in the climate model FESOM-
ECHAM6 is a sensitive parameter for the mean sea ice and AMOC climatology. We de-
liberately refrain from tuning the model’s solution for different c∗. As the main objective10

of this study is to understand the importance of open-water ice growth to the simulated
climate, seeking for the optimal values of c∗ is beyond the scope of this study.

5 Discussion

FESOM is a high-resolution ice-ocean model which has the advantage of providing
a regional focus in an otherwise global setup (Sidorenko et al., 2011). In our work,15

FESOM applies even higher resolution in the high latitudes than the tropical and sub-
tropical region. It is therefore suitable for investigating polar properties, particularly sea
ice characteristics, and the related processes.

As reported by Notz (2012), so far, focus of sea ice simulation has been solely on
changes in the ice volume that result from changes in the ice thickness. However, for20

a realistic representation of the impact of thermodynamics on sea-ice thickness distri-
bution, its lateral versus vertical heat exchange – including the open water ice growth
and lateral/vertical ice accretion – is also of importance on ice extent, in particular on
simulations extending beyond a few days. Ice growth on open water is a key element of
any sea-ice model (Hibler, 1979). The new ice volume formed on open water is trans-25

ferred into solid sea ice which limits the area of open water as well as heat exchange
between the water and the air. A difficulty arises when distributing the new ice volume
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between growth in area and thickness (Smedsrud, 2011). It should be noted that with
the presence of a thin ice cover (normally below 20 cm) the ocean-atmosphere heat
exchange still occurs (Maykut, 1986).

Unfortunately, this process cannot be explicitly resolved in large-scale models and
needs to be parameterised. Through sensitivity experiments with the LIM2 sea-ice5

model, Fichefet and Maqueda (1997) indicated that when the model was run with-
out leads, the air-sea heat fluxes were substantially modified, resulting in drastically
reduced sea-ice thickness and total ice volume. Biggs et al. (2000) introduced a more
physically based parameterisation of open water ice formation with the lead closing pa-
rameter h0 being a nonlinear function of ice velocity, wind speed and packice thickness.10

Vancoppenolle et al. (2009) reported that the computed values of h0 are well-suited for
the simulation of new ice growth in the calm waters of the Arctic Ocean, as well as for
leads and polynyas. Furthermore, Wang et al. (2010) indicated that the increase in h0
leads to decreased ice concentration during ice growth, and the annual mean sea ice
volume, thickness and extent all increase with h0, which is in good consistency with15

our results.
In sea ice models, the volume of new ice can be computed from the open water

energy budget, then difficulties and uncertainties arise when transforming the certain
volume of new ice into growth in thickness and concentration in that grid cell. It is not
known how the new ice shall be distributed in reality. Our purpose is to investigate to20

what extent such parameter can affect the simulation results. We do observe significant
changes of sea ice, ocean and even the climate when changing this parameter, and
the changes to sea ice and AMOC are mostly beyond internal variability of the model.

New ice formation strongly depends on many uncertain parameters, such as wind
speed (Alam and Curry, 1998; Winsor and Björk, 2000; Smedsrud and Skogseth,25

2006), ocean currents (Kämpf and Backhaus, 1999), ice velocity and packice thickness,
and is based on a theoretical polynya model (Biggs et al., 2000), which was validated
with laboratory work (Martin and Kaufmann, 1981). One could describe the factor c∗ as
a function of these elements. The newly formed sea ice then in turn affects these sea
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state variables, which can further cause discrepancies in some regional parts. There-
fore, one can expect that the anomalies of ice, ocean and surface properties observed
in our work, are owing to the combined effects of all the processes mentioned above.
Even though seeking for the optimal values of c∗ is beyond the scope of this study, we
can empirically determine a factor c∗ to reduce the discrepancy between observed and5

modeled sea ice evolution. FESOM-ECHAM6 tends to overestimate the sea ice volume
over the GIN Sea and subpolar North Atlantic (Sidorenko et al., 2014), we expect that
such problem can be solved by applying a larger horizontal-to-vertical aspect ratio of
open-water ice growth (c∗ > 100 %) over the Northern Hemisphere.

The most significant response to the increased lead closing parameter happens at10

sea ice edge rather than the central Arctic. This is mainly due to two factors: one is
that the ice in the central Arctic has almost full ice coverage, and the effect of c∗ can
only take place on open water. Another reason is that, as described in Eqs. (1) and (2),
when ice grows on open water, the increase in ice concentration is relatively larger for
thinner ice, thus the factor c∗ is more important for the ice boundary parts. Basically, the15

factor c∗ only matters in autumn and winter when thermodynamic ice growth occurs.
So the resulting reduction of ice concentration in SIM is an artifact dominated by the
winter ice change. In our complex FESOM-ECHAM6, the summer ice concentration is
also affected by other elements such as the ice dynamics, therefore the effect of c∗ is
overwhelmed.20

Partitioning of lateral versus vertical growth of sea ice is most realistically simulated in
models that explicitly include a sub-scale distribution of ice thickness (Bitz et al., 2001).
In such models, lateral melting can roughly be represented by the disappearance of the
thinnest sea-ice classes and the accompanying expansion of open water. However, in
multi ice-thickness distribution model, the lead-closing parameter would still need to25

be determined empirically. Another realistic approach of lateral versus vertical melting
is based on the ratio of bottom area versus edge area of the ice pack. However, the
relationship between the ice floe size and many external factors, for example, ice age,
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ice thickness and weather condition (Dumont et al., 2011) is not yet sufficiently very
crudely implemented in sea ice models.

Regarding the relationship between the Arctic sea ice and AMOC (Fig. 13), a similar
positive feedback has been also identified for hosing experiments in the North Atlantic
Ocean (Lohmann and Gerdes, 1998), but without sea ice transport. In detail, more5

sea ice decreases the AMOC, which cools the high latitudes. Koenigk et al. (2009)
found that the interannual variability of sea ice volume in the subpolar Arctic is mainly
determined by variations in sea ice import from the Central Arctic. Here, we find that
sea ice transport affects the freshwater budget in regions of deep water formation, and
therefore affects the AMOC. As pointed out in several studies (e.g., Rühlemann et al.,10

2004; Knight et al., 2005; Zhang, 2007, 2008; Chylek et al., 2009), the AMOC has
been linked to the Northern Hemisphere sea surface temperature (SST) and mid-depth
temperature. The opposite trends in mid-depth warming and cooling in the downward
branch of the North Atlantic deep water (Fig. 11) is consistent with projections and
internal variability linked to the AMOC (Lohmann et al., 2008).15

Besides ice and ocean properties, c∗ can also have influences on the climate, as
a pronounced warming over Eurasia and North America is observed in our sensitivity
experiment, which results from a strengthening AO-like pattern. There are studies pre-
senting the response of temperature to changes in SLP, which resemble our findings.
For example, Hurrell (1995) has shown that negative SLP anomalies over Iceland and20

enhanced westerly flow are associated with positive temperature change extending
from Great Britain and Scandinavia far into Siberia. Kodera and Yamazaki (1994); Graf
et al. (1995); Kodera and Koide (1997) suggested a possibility of a dynamical linkage
between the wintertime warming over Eurasia and enhanced polar night jet linked to
AO+. Experiments with an atmospheric GCM (GFDL AM2) are used to determine the25

effect of the 1990s thinning of Arctic sea ice (Gerdes, 2006), the atmospheric response
comprises a reduction in SLP in the central Arctic and over the Nordic Seas, and high
pressure anomalies over the subtropical North Atlantic and the subpolar North Pacific.
More recently, Semmler et al. (2012) forced the model EC-EARTH-IFS with reduced
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ice cover, and found negative sea level pressure anomalies over the western Arctic and
positive anomalies over Siberia, affecting surface temperatures over Europe.

It should be noted that our sensitivity experiment aims at changing the horizontal-to-
vertical growth ratio of newborn ice on open water as shown in Fig. 1, and is not for
simulating the climate changes. This study is motivated by the uncertainties in the pa-5

rameterizations distributing the new ice volume between growth in area and thickness,
which is due to our lack of fundamental understanding and a proper representation of
processes in coupled simulations. However, a changed parameter in sea ice growth
as done here could also affect the response of the system to past and future climate
change scenarios, which is subject of a forthcoming study. Furthermore, this paper10

could be helpful for paleo-research and future climate projection. It is possible that in
reality the factor c∗ is climate dependent, and could be different under different climate
conditions.

6 Conclusions

In the present paper, we conduct two model simulations in order to investigate the15

effects of the horizontal-to-vertical aspect ratio of open-water ice growth on sea ice,
ocean and the climate. Compared to the reference experiment, FESOM-ECHAM6 re-
sults show a significant increase in ice thickness for the whole Arctic and some parts
of the Southern Ocean in our sensitivity experiment. In the Arctic Ocean, a positive
feedback among sea ice, AMOC and sea surface temperature is simulated: increase in20

sea ice thickness (i.e., ice volume) leads to more ice transport towards the GIN Sea. In
spring and summer, ice melts and freshens the sea water at the GIN Sea and the North
Atlantic subpolar gyre, thus weakening the AMOC. As a result, the associated SAT in
the Arctic decreases, allowing more sea ice formation, which in turn helps to reinforce
the ice transport and freshen the North Atlantic Ocean. Furthermore, warmer surface25

temperature in most parts of Eurasia and North America in boreal winter is simulated,
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associated with positive SLP anomalies over the North Atlantic and North Pacific which
contribute to increase the westerly winds from oceans to continents.

We perform similar experiments with an idealized 1-D model. Our results show a de-
crease in ice concentration as a direct consequence of the factor c∗, and an increase
in ocean temperature owing to more air-sea interaction in summer through larger open5

water. In mid and late winter, the ocean loses more heat; therefore larger ice thickness
is formed. During the ice melting period, higher temperatures of the ocean help to re-
duce the ice thickness. When ice begins to form in late autumn and early winter, ocean
temperature in the sensitivity experiment reaches its freezing point several days later,
thus the ice formation starts later but grows faster compared to that in the reference10

experiment. However, in an extreme case of c∗ = 20 %, the ocean gets too warm, an
ice-free ocean is simulated for most of the year.

The results presented in this study emphasize the importance of open-water ice
growth. In detail, the distributing of new ice volume between growth in area and thick-
ness can affect the ice properties, the ocean circulation and even the climate system15

in our climate model FESOM-ECHAM6. Another approach is a stochastic method (Ju-
ricke and Jung, 2014) to parameterize the open-water ice growth. Further analysis of
the sea ice processes is necessary in order to test the robustness of climate change
scenarios, especially at high latitudes where sea ice plays a dominant role.
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Table 1. List of variables.

Name Description Value

A ice concentration
Ȧice decrease rate of ice concentration induced by vertical melting
Ȧow increase rate of ice concentration induced by freezing on open

water
cw specific heat capacity of sea water 4190 J kg−1 K
c∗ factor for changing lead closing parameter
Fatmice heat flux at air-ice interface
Fatmocn heat flux at air-ocean interface
Focnice heat flux at ice-ocean interface
h grid-cell mean ice thickness
h′ actual ice thickness
hmix depth of ocean mixed layer 40 m
h0 lead closing parameter or demarcation thickness between thin

and thick ice
h0

max maximum threshold of demarcation ice thickness 1.5 m
h0

min minimum threshold of demarcation ice thickness 0.5 m
ḣice thermodynamic ice production rate at ice-covered area
ḣow thermodynamic ice production rate at open water area
L latent heat of fusion 3.34×105 J kg−1

Tf freezing temperature of sea water −1.836 ◦C
Ts temperature of ice surface
γt heat transfer rate in the ice-ocean interface 10/86 400 m s−1

δt time step
ρi density of sea ice 910 kg m−3

ρw density of sea water 1025 kg m−3
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Table 2. List of experiments. FE* stands for experiments performed by FESOM-ECHAM6; SIM*
refers to simulations by the SIM. CTR stands for the control experiment.

Name Description

FE-CTR Use Eq. (1).
FE80 Use Eq. (6), c∗ = 80f .

SIM-CTR Use Eq. (1)
SIM80 Use Eq. (6), c∗ = 80 %.
SIM60 Use Eq. (6), c∗ = 60 %.
SIM40 Use Eq. (6), c∗ = 40 %.
SIM20 Use Eq. (6), c∗ = 20 %.
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Figure 1. Two different kinds of newborn ice on open water. Left panel shows ice with actual
thickness h1 and area A1, right panel shows ice with actual thickness h2 and area A2 (h2 >
h1,A2 < A1), and h1A1 = h2A2.
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Figure 2. FESOM mesh resolution applied in our experiments.
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Figure 3. Sea ice thickness for FE-CTR, units are m.
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Figure 4. As in Fig. 3, but for sea ice concentration, units are %.
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Figure 5. Sea ice thickness amomalies of FE80 compared to FE-CTR, units are m.
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Figure 6. As in Fig. 5, but for sea ice concentration, units are %.
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Figure 7. Difference of annual mean (a) the sea surface temperature and (b) the sea surface
salinity between experiments FE80 and FE-CTR (FE80 minus FE-CTR).
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Figure 8. Composite map between sea surface salinity anomalies and high Fram Strait ice
mass import with a lag of −4 years. Units are psu. Composite map shown here is calculated
by subtracting the slices that are above one standard deviation of the indices of Fram Strait ice
mass import.
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Figure 9. Difference of annual mean thermodynamic growth rate of grid-cell mean ice thickness
between experiments FE80 and FE-CTR (FE80 minus FE-CTR).
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Figure 10. Simulated anomalies of annual mean ice mass transport between experiments FE80
and FE-CTR (FE80 minus FE-CTR). Units are m2 s−1.
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Figure 11. Difference of (a) zonal mean ocean temperature, (b) zonal mean ocean salinity
and (c) AMOC between experiments FE80 and FE-CTR (FE80 minus FE-CTR) for the Atlantic
region.
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Figure 12. Composite map between surface air temperature anomalies and low phases of
AMOC. Units are ◦C. Composite map shown here is calculated by subtracting the fields that are
below one standard deviation of the AMOC indices.
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Figure 13. Positive feedback in the Northern Hemisphere between sea ice and large-scale
ocean circulation.
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Figure 14. Difference of (a) surface air temperature and (b) sea level pressure in boreal winter
between experiments FE80 and FE-CTR (FE80 minus FE-CTR). Units are ◦C and hPa.
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Figure 15. Time series of (a) sea-ice thickness, (b) ocean temperature and (c) sea-ice concen-
tration in the experiments SIM-CTR, SIM80, SIM60, SIM40 and SIM20. The model is run into
equilibrium.
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