
Changing air-sea interactions in the
Arctic Ocean

17th September 2009

Angus J. Ferraro



Abstract

Using data from both idealised and historically realistic simulations from the UK Met Office’s
HadGEM1 coupled model the effects of declining Arctic sea ice on the flux interactions between
the atmosphere and the ocean are explored. The effect of the declining ice is seen in the in-
creasing magnitude of both penetrative and non-penetrative heat fluxes into the ocean, with an
interannual trend superimposed onto increased seasonality. A stability parameter is shown to
undergo drastic changes in winter during the period of greatest ice loss, resulting in a destabilis-
ing influence on the Arctic lower troposphere in the marginal ice zone. An approximate ’stability
threshold’, above which winter convective precipitation is significant, is defined, and shown spa-
tially to correspond very closely to the ice edge and the areas of greater heat flux. The increased
fluxes are shown to result in an increased heating of the Arctic atmosphere by the ocean, resulting
in a polar amplification effect in winter.

1 Introduction
Arctic sea ice is not only a good indicator of climate change; it also drives it. It strongly influ-
ences albedo, surface heat fluxes and wind drag. Changes in Arctic sea ice strongly impact on the
climate both locally and globally, by for example changing the nature of the thermohaline circula-
tion, seawater salinity, and the location of storm tracks. Schweiger et al. [2008] also discovered
a strong link between sea ice variability and cloud cover variability, which has implications for the
local radiation balance.
Sea ice extent, concentration and thickness in the Arctic have displayed a downward trend

in the last 25 years [Johannessen and Coauthors, 2004]. This decrease is strongly associated
with the increase in global temperatures, which is particularly pronounced in polar regions in
winter and spring. This ’polar amplification’ is thought to be principally caused by the ice-albedo
feedback, and is one of the main ways in which sea ice can drive climate as well as provide
a useful quantitative indicator of the climate state. In the light of this dual role, and the large
predicted impact of climate change on the Arctic, research into the impacts of sea ice decline
has been a key area of concern for climate science. Murray and Simmonds [1995] used climate
models to simulate the response to sea ice reduction of winter cyclones in the Arctic and the
north Atlantic. They found that decreases in sea ice concentration produced a nonlinear warming
in the troposphere and a weakening of midlatitude westerlies, and a significant weakening in
cyclonic systems north of 45 !N. Honda et al. [2009] showed sea ice decrease tended to produce
anomalously cold winters in northern Eurasia, overlaid onto the background atmospheric warming
trend.
Deser et al. [2000] examined the distinction between the forcing of sea ice by atmospheric

circulation, and of circulation by changing sea ice cover, and found that the former dominates
in most cases but that the latter has a significant impact on smaller scales, notably in the East
Greenland locality. Singarayer et al. [2006] also attempted to isolate the impacts of ice on the
atmosphere from the impact of atmospheric changes on the ice, which included an intensification
of storm tracks. Statistically significant warm anomalies were found to be associated with sea ice
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decline. The problem of whether ice anomalies initiate the change or are an indicator of it is a
persistent issue in this field. Alexander et al. [2004] examined the response of the atmosphere
when forcing an AGCM with realistic winter Arctic sea ice anomalies. A large impact was detected
in the marginal ice zones, including upward surface heat fluxes in excess of 100 Wm-2, near-
surface warming and enhanced precipitation. Wu et al. [2004] used observations to investigate
the potential feedback of winter sea ice on the atmosphere in the Greenland and Barents Seas
region, and discovered that ice has a stabilising effect on the atmosphere which disappears rapidly
when the ice is removed. In addition it was shown that temperature advection had only a small
part to play in temperature variance in the area under investigation, indicating ice feedbacks are
the primary driver of this mechanism.
A crucial aspect of this study will be investigating the effects of sea ice decline on the heat

content of the ocean, or specifically how well it retains its heat. The ocean is a huge heat sink.
Fluxes into the ocean have small, slow effects because of its large heat capacity, but it means there
is a potential for dramatic atmospheric warming if this heat is utilised by a flux out of the ocean.
Thorpe [2005] illustrated the importance of the oceanic heat sink by estimating that the thermal
capacity of the atmosphere is roughly equal to that of 3.6m depth of ocean. Although plenty of
work has been done in this area, there is still uncertainty over the precise nature of the coupling
between air and sea. A relatively little-studied aspect of sea ice is its role as an insulating layer
between the atmosphere and the ocean. It acts as a buffer, slowing down or stopping exchange
of heat, momentum and freshwater. This investigation focuses on the influence of sea ice retreat
on heat fluxes and the effects of this on the state of the local atmosphere.
This investigation utilises a basic conceptual view of the interaction between air and sea in the

presence of sea ice. In this model, the heat flux between the atmosphere and ocean takes the
form:

Q
!T

r

whereQ, the net heat flux, depends on the temperature gradient between the two fluid bodies,
!T , and a resistance term, r, which in this case includes the insulating effect of sea ice. Thus if
there is a lot of ice, r is large, so Q is small. The model is not a strictly accurate view of the flux
relationship, but its basic form is useful when considering the significance of changes in oceanic
heat fluxes. This study will refer to the changing balance in this relationship throughout.

2 Data
The Hadley Centre Global Environmental Model (HadGEM1) is used to investigate the impacts
of sea ice decline. It is a coupled model featuring atmosphere, ocean and slab submodels. Two
principle runs from HadGEM1 are utilised.
In order to simulate a rapid loss in sea ice the model is forced with a CO2 increase of 1%

atmospheric concentration per year. All other forcings (greenhouse gases, ozone, emissions and
land surface and vegetation) were fixed at their 1859 levels. This model run will henceforth be
referred to as the forced run. The run length is 264 and a half years, starting in winter and
finishing in spring.
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A control run of the model is used to provide a reference point against which any changes can
be measured. In the control run all forcings are fixed at 1859 levels. It essentially provides an
indication of the natural variability of the climate system. The run length is 179 and three-quarter
years, starting in winter and finishing in autumn. When directly comparing the forced and control
runs the longer forced run was only considered up to the same length as the control.
The HadGEM1 simulation forced using historical observations was also taken into considera-

tion, although not used often in the investigation. It was however occasionally referred to as an
exercise to discover whether any signal of the predicted changes in the forced run could be dis-
cerned in the historical run. Likewise, the control run mainly provided a reference, and the focus
is on the forced dataset and the changes seen within it. For some portions of the investigation
the changes were analysed by comparing time periods from the start and the end of the forced
run, since the very start of the forced run is not dissimilar to the control run and suffices well as a
reference point.
All data used in the investigation were seasonal means from the model output. The seasons

were defined as follows. Winter: DJF, spring: MAM, summer: JJA, autumn: SON. The investi-
gation is restricted to the Arctic, and all graphs, plots and data in the Results section (Section 3)
cover the Arctic region, defined as the area poleward of 65 !N, unless stated otherwise. Most of
the parameters used in this investigation to indicate the state of the atmosphere are familiar, but
it is worthwhile precisely defining the two sub-divisions of heat flux into the ocean that are used.
The penetrative flux refers to solar heating, and hence is zero in the Arctic winter when the sun is
below the horizon. The non-penetrative flux refers to heating by turbulent mixing. Together they
represent the net heat flux into the Arctic Ocean.

3 Results

3.1 Temporal response to CO2 forcing
Before considering the impacts of the ice retreat it is worthwhile examining the model’s response
to the forcing and comparing it with the natural variability exhibited in the control run. Ice concen-
tration and surface air temperature (SAT) (not shown) exhibit the expected patterns. In the forced
run the ice concentration decreases and the range between summer and winter ice concentration
increases dramatically, while it remains stable in the control run. This increased seasonality is
mainly due to the increased intensity of the summer melt season which characterises most global
warming scenarios [Zhang and Walsh, 2006]. Summer SATs increase slightly while winter SAts
increase at a far greater rate, resulting in a decreasing temperature range.
Figure 1 shows the relative changes in heat fluxes into the ocean in the Arctic region for the

forced and control runs. Both penetrative and non-penetrative fluxes shows increased seasonal
variation. In both cases the standard deviation of the forced run is nearly double that of the control
run. The penetrative flux changes are clearly indicative of a change in ice insulation, because the
solar forcing in the control and forced runs is the same. In the case of the non-penetrative flux, the
greatest increase in magnitude occurs on the negative side, where by the end of the time series
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Figure 1: Penetrative (a) and non-penetrative (b) heat fluxes (positive directed into the ocean) for
both forced (green) and control (black) runs.

there is a difference of some 50 Wm-2 between the control and forced runs. This represents a
seasonal imbalance in the rate of change of non-penetrative heat flux. The precise nature of the
flux changes is examined in more detail in the following sections.
Now the differences between the control and forced runs have been detailed, we can justifiably

focus on the forced run, since we are primarily concerned with the effects of sea ice change driven
by greenhouse gas emissions. In terms of heat flux the non-penetrative flux is more relevant,
since it is active in all seasons and has a directional component which helps us understand how
the ocean influences the atmosphere and vice versa.
Figure 2a shows the seasonal characteristics of the sea ice decline in the forced run. Summer

ice shows relatively little seasonal variation and this is reflected in the fluxes. Note that autumn
is in fact the minimum ice year, not summer, and that spring is the maximum ice year, not winter.
However, this does not necessarily mean the fluxes will have the greatest magnitude in autumn
and the least in spring. This is because the non-penetrative flux also depends on the temperature
contrast between air and sea.
The model in fact produces very similar flux regimes for both autumn and winter for the first 60

or so years of the time series, but at this point the two lines diverge. Autumn fluxes remain more or
less constant while the winter fluxes continue the downward trend. This is because, by this point
in time, there is little or no sea ice remaining in the Arctic ocean in autumn. Changes in flux would
therefore only come about due to changes in air or ocean temperature affecting the temperature
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Figure 2: Annual sea ice concentrations (a) and non-penetrative heat flux into the ocean for the
forced run, split into seasonal components. Winter: blue, spring: green, summer: red, autumn:
orange.
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contrast !T . Other characteristics of note include the almost complete lack of trend in the spring
heat flux, despite the ice concentration decrease. The ice decline is least dramatic in spring but
it would still have some effect. However, it is likely the warming of the air balances the removal of
the ice in this particular case (see Section 3.3). The levelling off of the flux lines in the latter part
of the time series indicates that the two factors of temperature gradient and insulation (or lack of)
provided by sea ice have come into equilibrium.
We have seen that the overall impact of the ice removal has been an increase in the magnitude

of heat fluxes with the direction (in or out of the ocean), depending on the season. This will clearly
have consequences for the state of the atmosphere beyond a simple surface air warming. To this
end, a stability parameter can be used to detect changes to the tropospheric temperature profile.
The parameter is based on Wu et al. [2004], and uses the potential temperature gradient between
850 and 700 hPa. Wu et al. use potential pseudo-equivalent temperature in order to include
the role of water vapour, but HadGEM1 data for this parameter were unavailable. Therefore the
stability parameter for this investigation is defined as:

! = 1000(
"700 ! "850

Z700 ! Z850

)

where " is the potential temperature, Z is the geopotential height and the subscripts represent
the pressure levels. The parameter is multiplied by 1000 for convenience, as the numerical output

Figure 3: Stability parameter time series for winter (black) and summer (green). Positive denotes a
stable atmosphere, while negative denotes an unstable atmosphere.
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becomes of the order of one. ! is positive when the atmosphere is stable and negative when it is
unstable. Figure 3 shows how the area-averaged (over the Arctic circle) stability parameter varies
over time in the forced dataset.
At the start of the time series the area-average stability is higher in winter than summer. There

follows a destabilising trend in winter, which means that after approximately 70 years summer
(which has remained consistently slightly stable) is more stable than winter. By the middle point of
the time series winter is noticeably on the unstable side. The downward trend coincides with the
decrease in ice concentration and increase in heat flux magnitude, suggesting the three are indeed
related. The winter stability trend becomes negligible by the end of the time series, because by
this point the rate of ice loss is relatively low, and, as Figure 2b shows, the fluxes have mostly
stabilised. As described before, this is likely because, though the overall ice concentration is still
decreasing, it is decreasing as a slower rate, and the temperature contrast has decreased. In
the basic conceptual model described in Section 1, !T has become small, so Q will be small no
matter what value r takes.

3.2 Spatial patterns of flux changes
Given the changes observed over time, it is also important to describe the changes spatially. In
Figure 4a we see a pattern not dissimilar to that of the control run (not shown), confirming our
assumption that the early years of the forced run provide a good reference with which to compare
changes. We see the two branches of warm water inflow into the Greenland and Barents Seas as
areas of increased negative heat fluxes (out of the ocean). The neglible flux in the central Arctic
is an indication of how effectively ice insulates the ocean.
Figure 4b shows that the main region of sea ice retreat is around the Barents and Kara Seas.

Stability, heat flux and convective precipitation regions have all migrated poleward in remarkably
good agreement with the ice concentration line. Note that the -4 stability line which is clearly visible
in Figure 4a is now only just visible on the fringes of the Arctic Circle. This means the whole of
the Arctic Ocean is now under the -4 regime, and a large portion of it under the convective -5.5
regime. There is also some activity in the Pacific sector with ice melting poleward of the Bering
Strait.
Figure 5 shows the very different spatial patterns occurring in summer. Stability does not

correspond to the flux pattern, and there is very little convective precipitation anywhere in the
Arctic Ocean, with all major activity over the land surrounding the basin. The -4 line does not
correspond to any of the other parameters shown on the maps, or any other atmospheric pattern.
It appears, therefore, that though negative ! implies instability, it needs to be more negative than
this to have noticeable effects on the atmosphere. Fluxes out of the ocean are very different at this
time of year, and are directed into the ocean in some areas not covered by sea ice. In summer
this signifies a cold body of water, and Figure 5a shows the East Greenland Current as one of
these bodies. In Figure 5b the current appears to have broken down or changed form. There are
no other very significant changes beyond the retreating sea ice edge and an increased flux into
the ocean in the centre of the Arctic. The ice concentration in this region is still relatively high, but
the number of leads is likely to have increased, while the thickness will have decreased.
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Figure 4: Mean of (a) first (b) last 10 winters. Left panel: non-penetrative heat flux with -4 and -5.5
stability lines. Right panel: convective precipitation rate with overlaid 10% ice concentration line.
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Figure 5: Mean of (a) first (b) last 10 summers. Left panel: non-penetrative heat flux with -4 and -5.5
stability lines. Right panel: convective precipitation rate with overlaid 10% ice concentration line.
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3.3 Atmospheric heating by the ocean
The ocean is a very significant heat sink and in the Arctic it plays the role of storing heat in summer
and releasing it in winter. Here we examine the exchanges of heat between the ocean and the
atmosphere in the context of observations with the aim of describing the changing nature of the
atmosphere-ocean temperature contrast.
Table 1 displays the area-average total heat flux into the ocean for the entire Arctic Ocean (all

seas poleward of 65 !N). Summer and winter fluxes cancel out remarkably well in both cases,
balancing input and output nearly exactly. The net flux in spring is small so the autumn flux
appears to be the dominant factor in heating the atmosphere. The negative total flux in the control
run indicates that, even in the current climatic regime, the ocean plays a role in heating the Arctic
atmosphere.
The fluxes in summer and winter clearly show the consequence of the melting ice: in both

cases the magnitude of the flux increases, with the sign of the flux depending on the sign of the
temperature difference between the air and sea. Even though, in winter, the air is warmer in the
forced run than in the control run, the flux gets bigger. This indicates the sea ice effect dominates
over the temperature gradient in winter. The opposite appears to hold in spring, however. Here,
the warmer air in the forced case means the ocean loses less heat than in the control run. Figure
2a shows this is could be because the rate of spring sea ice loss is relatively low, so changes in
!T dominate over changes in r.
The fluxes for the historical runs show a slight increase in magnitude over those for the control

run, which is a quantitative sign of the trend of ice decline which began in the last quarter of the
20th Century [Johannessen and Coauthors, 2004].
Figure 6 shows the consequences of these changes in fluxes in temperature cross-sections

along the 0 ! meridian. This particular line of latitude was chosen because it passes through the
region of high activity shown in Figures 4 and 5. In Figure 6a we see there is a large warming of
SAT in winter for the whole cross-section, but especially so poleward of 85 !N. The difference over
the course of the forced run is approximately 10K at 65 !N compared to over 25K at the North Pole.
This is the ’polar amplification’ partially attributed to the ice-albedo feedback. Over the course of
the forced dataset SSTs increase by only a few Kelvin, so that by the end of the set, the SAT and
SST near the North Pole are almost the same.
Figure 6b shows that there is little or no polar amplification in summer - the difference between

the dashed and solid lines is reasonably constant across the whole cross-section. Unlike in winter,

Table 1: Seasonal comparison of net heat flux Wm-2 into the ocean (sum of penetrative and non-
penetrative) for forced, control and historical runs. All figures rounded to nearest integer.

Forced Control Historical
Winter -95 -52 -54
Spring -7 -13 -13
Summer 96 51 53
Autumn -67 -42 -45
Total -73 -56 -59
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Figure 6: Temperature cross-sections along 0 meridian for (a) winter and (b) summer. Dashed lines
denote the mean of the first 10 years of the forced run, while solid lines denote the mean of the last
10 years.
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when SST is always greater than SAT, summer SST is in fact less than SAT for lower latitudes. For
the very high latitudes of 85 !N and above, SAT is greater than SST for the first 10 years, while it
is less than SST for the last 10 years. The relatively large increase in SST can be attributed to the
increase in summer area-average heat fluxes into the ocean of approximately 65%, causing the
warming atmosphere to lose some of its heat to the ocean and increase the temperature of the
sea surface.

4 Conclusions
This study investigates the effects of decreasing sea ice cover on the flux interactions between
the atmosphere and ocean in the Arctic, and attempts to identify and explain the principal effects
of these changes on the atmosphere. The results indicate that there is indeed a significant impact
on the seasonality and the total annual heat flux into the ocean. Seasonality increases as sea
ice concentration decreases and the magnitude of the heat flux into the ocean increases. This
is what would be expected from physical theory. Referring to the conceptual equation in Section
1, as r decreases Q must increase. This effect has not been commonly investigated because its
theory is reasonably well understood, and any work on the subject would primarily be focused on
confirmation of the correct performance of the model rather than any new discovery. However,
there are some significant consequences of this change in Q which can have a noticeable impact
on the state of the atmosphere, and are worth documenting. These results agree with those of
Murray and Simmonds [1995] and Singarayer et al. [2006].
The key result is a destabilising trend in winter, with the main area of change being along the

marginal ice zone in the Greenland, Barents and Kara Seas. The rate at which the area-averaged
stability in the Arctic changes appears to depend strongly on the rate at which the average sea
ice concentration changes. Although ice declines in all seasons the greatest decreasing trend in
fluxes is in winter, which accounts for the negative trend in the stability parameter.
In winter, it was found that where the stability parameter was less than the threshold value

of -5.5 there was a region of significant convective rainfall. The region bounded by this line also
corresponded well to the edge of the ice. In summer there is little convective precipitation in the
Arctic and the flux changes have little atmospheric effect. This is what would be expected when we
consider than in the summer the flux is into the ocean. The ocean acts as a heat sink and reacts
much more slowly than the atmosphere to such changes, thus damping any effects in summer.
Ocean transport of equatorial heat is an important part of the Arctic climate system.
This lack of significant change in summer was confirmed by analysing SST and SAT cross-

sections along the 0 ! meridian, from 65 !N to 90 !N. There was no evidence of polar amplification
and the only appreciable change over the course of the forced run was that SST increased at
a slightly greater rate than SAT so that SST was a few Kelvin warmer by the end. This small,
slow response is characteristic of the ocean response to heating. By comparison, the winter
temperature cross-sections showed a clear polar amplification, so that by the end of the forced run
SAT had increased to the point where it was nearly equal to the SST. Therefore the atmospheric
heating by the ocean is likely to play a role in the polar amplification mechanism in addition to the
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ice-albedo effect. The gradual convergence of SAT to SST partially accounts for the levelling off of
the seasonal flux magnitude graphs. The temperature contrast between atmosphere and ocean,
!T , has decreased, and consequentlyQ is small. The other major influence on Q, the resistance
effect r due to ice insulation, is small because of the reduced ice area, but its temporal effect is
small because the rate of ice change slows towards the end of the forced run.
We can confirm that the fluxes are as a result of the ice melt by using the spatial plots, where

fluxes in the central Arctic barely change - they simply follow the ice edge. In this sense it would
have been more directly relevant to consider ice extent rather than concentration. However, these
maps (Figures 4 and 5) do not explicitly separate the feedback of ice on the atmosphere from
atmospheric forcing of ice, nor do they quantify this separation. Further investigationwould require
more rigorous methods in this area than this preliminary study. Other research questions which
follow directly from the results of this study include the effects of these flux changes on large
and small-scale atmospheric circulation and storm tracks, and also any corresponding effects in
momentum and freshwater fluxes between the air and the sea.
In summary, sea ice provides an insulation mechanism which inhibits strong coupling between

the ocean and the atmosphere. This is why, in winter especially, SATs plummet while the ocean
remains relatively warm. Despite the large temperature contrast the ice insulation stops large heat
exchanges. When the ice is removed, this temperature contrast reduces as there is a generally
increased heating of the atmosphere by the ocean. It is possible that continually rising SATs,
combined with stabilising ice area (or a completely ice-free Arctic) could lead to greatly reduced
heat exchange between the atmosphere and the ocean in the longer term.
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