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Abstract This study examines the processes governing the seasonal response of the Arctic Ocean and
sea ice to surface forcings as they appear in historical simulations of 14 Coupled Model Intercomparison
Project Phase 5 coupled climate models. In both models and observations, the seasonal heat budget is
dominated by a local balance between net surface heating and storage in the heat content of the ocean
and in melting/freezing of sea ice. Observations suggest ocean heat storage is more important than sea ice
melt, while in most of these models, sea ice melt dominates. Seasonal horizontal heat flux divergence driven
by the seasonal cycle of volume transport is only important locally. In models and observations, the domi-
nant terms in the basin-average seasonal freshwater budget are the storages of freshwater between the
ocean and sea ice, and the exchange between the two. The largest external source term is continental dis-
charge in early summer, which is an order of magnitude smaller. The appearance of sea ice (extent and vol-
ume) and also ocean stratification in both the heat and freshwater budgets provides two links between the
budgets and provides two mechanisms for feedback. One consequence of such an interaction is the fact
that models with strong/weak seasonal surface heating also have strong/weak seasonal haline and temper-
ature stratification.

1. Introduction

The seasonal cycle is the largest signal in Arctic surface temperature with its annual swing, rivaling in magni-
tude the 20–308C temperature changes associated with ice age climate transitions [Alley, 2000]. It is forced
by a summer-time excess of surface shortwave radiation followed by an excess of longwave and turbulent
heat loss in fall through early spring [Serreze et al., 2007]. The ocean/sea ice system plays a central role in
moderating seasonal surface temperature changes by storing or releasing this heat between seasons. The
seasonal cycle of freshwater, in contrast, is approximately independent of atmospheric hydrologic fluxes.
While still poorly constrained by observations [Serreze et al., 2006], its budget appears to be dominated by
seasonal exchanges between sea ice and the liquid ocean.

Proshutinsky et al. [2008] outlines a progression of stages by which we can use climate models to improve
understanding and raise the possibility of climate prediction in the Arctic. The process begins with an explo-
ration of the key balances in the models; progresses to identification of problems/uncertainties via model
validations; identification of causes of the problems and recommendations for improvements. Already
much work along these lines has been carried out with ocean general circulation models forced with speci-
fied atmospheric forcing (the Arctic Ocean Model Intercomparison Project) [e.g., Johnson et al., 2012]. This
study represents an early effort to extend this effort to diagnose the processes regulating the seasonal heat
and freshwater cycles of the Arctic Ocean to coupled models where the surface meteorology, ocean, and
sea ice systems must all satisfy the dynamic and thermodynamic equations.

An important aspect of the scientific community effort to understand climate variability at high latitudes is
the development and application of coupled climate models that must simulate these key processes. In this
study, we examine the seasonal heat and freshwater budgets during the last half of the twentieth century
in a recent suite of such models to explore similarities in their representations of the seasonal heat and
freshwater cycles and the linkages between the two. The emphasis here is on discovery of intermodel simi-
larities, i.e., one aspect of the first stage of model intercomparison discussed by Proshutinsky et al. [2008].
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A distinguishing feature of the Arctic Ocean is the fact that it exchanges water with the Atlantic and Pacific
only through a limited set of passages (Figure 1). Warm salty Atlantic Water flows into the Arctic basin
through the Greenland, Iceland, and Norwegian Seas at a rate of 8 Sv (1 Sv5 106 m3 s21) [Yashayaev and
Seidov, 2015] with seasonal variations in temperature and salinity [Furevik, 2001]. Three to four Sverdrups of
this flow continues northward into the central Arctic Ocean through the eastern side of Fram Strait while
2–3 Sv enters the Arctic Ocean through the Barents Sea Opening, the latter providing the heat necessary to
keep the Barents Sea partially ice free even in winter [Tsubouchi et al., 2012; Smedsrud et al., 2013]. Some of
this warming is evident in the distribution of annual mean (sea surface temperature) SST shown in Figure 1.
An additional 0.5–1 Sv of cooler and fresher water enters the Arctic Basin from the Pacific with stronger
flow in summer than winter [Woodgate et al., 2005]. This inflow into the Arctic is balanced by cool water
exiting the basin through the western side of Fram Strait as well as through Davis Strait. This outflow carries
with it up to 0.2 Sv of sea ice, peaking in winter and early spring [Kwok et al., 2004; Spreen et al., 2009].

Seasonal variations of the Arctic Ocean heat budget are forced by the difference between net downwelling
shortwave radiation and net upwelling longwave radiation and turbulent surface heat transfer. The ocean/
sea ice system influences this exchange through the effects of SST and sea ice cover on latent, sensible, and
longwave radiation and the effect of sea ice cover on surface albedo. This sea ice cover reaches a seasonal
maximum extent of nearly 1.5 3 107 km2 (based on the 1979–2000 average) in March, then decreases by a
factor of 2 through summer and early fall [Cavalieri et al., 2003]. This decline in sea ice cover lowers the aver-
age albedo of the Arctic Ocean and enhances the absorption of sunlight [Perovich et al., 2008; Steele et al.,
2010; Chan and Comiso, 2013]. In midsummer when the sea ice cover is low, the net surface heating rate

Figure 1. Mean upper layer (0–100 m) temperature from PHC3.0 (Polar Science Center Hydrographic Climatology version 3).
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approaches 100 W m22 into the surface [Serreze et al., 2007]. In the transition season of summer/fall, Serreze
et al. [2006] and Steele and Flato [2000] estimate that more than half of the surface heat that had been input
during late spring through early fall goes to melting approximately 1 m of sea ice (using the heat flux num-
bers provided in Serreze et al. [2007, Table 2]). An additional smaller fraction of heat is absorbed by melting
of the snow residing on sea ice. In the following seasons, this summer heat is lost to the atmosphere
through longwave emission and latent and sensible heat exchanges, leading to ocean cooling and refreez-
ing of the seasonal sea ice. Other terms in the heat balance such as seasonal changes in ocean heat trans-
port divergence, sea ice export, and the thermal energy stored in sea ice, precipitation, and continental
discharge are all smaller by a factor of 10 or more.

Like the seasonal cycle of heat, the seasonal cycle of freshwater in the Arctic is also primarily controlled by a
balance local to the Arctic. The major freshwater exchange is between the salty ocean and the volume
change of nearly fresh sea ice (salinities between 2 and 6 psu) during the melting/freezing cycle [Kwok
et al., 2004; Serreze et al., 2006]. The involvement of seasonal sea ice as a major term in both the heat and
freshwater budgets links these seasonal budgets together in a way that does not happen at lower latitudes.
The seasonal cycles of heat and freshwater are both modulated by long-term changes in the seasonal sea
level pressure field, notably the multiyear fluctuations in the strength of the Beaufort high and Icelandic low
described by Proshutinsky and Johnson [1997] and Polyakov et al. [1999]. Changes in the strength and posi-
tion of these features are associated with many meteorological changes including frequency and severity of
storms, position of storm tracks, cloudiness, surface air temperature, and air humidity. The associated
changes in the seasonal wind stress curl are able to alter the horizontal circulation in the ocean. When the
Beaufort high is anomalously high, the surface circulation in the central Arctic becomes anticyclonic, and
the surface salinity becomes smaller because more freshwater is concentrated in the Beaufort Gyre.

The Coupled Model Intercomparison Project has archived multiple generations of coupled model simula-
tions with different models, the latest being Phase 5 (CMIP5) [Taylor et al., 2012]. This ensemble of simula-
tions provides a rich source of information about the processes regulating the seasonal cycle of
meteorological processes at high latitude and their impacts on changes in sea ice cover. The extensive
meteorological literature includes the examination by Svensson and Karlsson [2011] of the atmospheric
processes regulating wintertime air temperature in CMIP3 models, and the Karlsson and Svensson [2013]
exploration of the role of surface albedo and cloud processes in regulating summer surface heating in a
mixture of CMIP3 and CMIP5 models. These studies, along with the more recent studies by Mortin et al.
[2014] and English et al. [2015], highlight the fact that most models are able to provide a reasonable simula-
tion of the seasonal cycle of surface air temperature, while exhibiting variations in the magnitude of surface
fluxes of tens of W m22.

The impact of net surface energy flux in regulating sea ice sea cover is also discussed in a number of these
papers and others [e.g., Stroeve et al., 2012; Wang and Overland, 2012] due to the importance of net surface
energy flux in balancing the latent heat of melting. In contrast to these essentially meteorological studies,
there has been little attention directed toward the more poorly observed oceanic energy and freshwater
cycles. For this reason, our emphasis in this initial study is to use the ensemble of simulations to focus on
common features of the budgets, with less emphasis on exploring the differences among models. We begin
by examining modeled surface fluxes in comparison with observational-based estimates, and then examine
the resulting climatological monthly heat and freshwater cycles.

2. Data and Methods

We examine a total of 68 simulations from 14 CMIP5 models driven by historical records of greenhouse forc-
ings and aerosols (the number of ensemble members for each model is given in parentheses): CanESM2 (5),
CCSM4 (6), CNRM-CM5 (10), GFDL-CM3 (5), GFDL-ESM2G (2), GFDL-ESM2M (3), GISS-E2-R (6), HadCM3 (10),
HadGEM2-ES (4), IPSL-CM5A-MR (3), MIROC5 (5), MPI-ESM-LR (3), MRI-CGCM3 (3), and NorESM1-M (3). Most
models were obtained from the Program for Climate Model Diagnosis and Intercomparison, while some
ensemble members of the two GFDL-ESM models were obtained directly from the Geophysical Fluid
Dynamics Laboratory. A number of previous studies have evaluated meteorological variables and sea ice
cover from these CMIP5 models at Arctic latitudes. Three of the models we examine, CanESM2, HadGEM2-
ES, and IPSL-CM5A-MR, are categorized as ‘‘high performing’’ in the Fyfe et al. [2013] examination of Arctic
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surface air temperature trends. Wang and Overland [2012] evaluated many of these models based on the
realism of sea ice extent and found a different ‘‘best performing’’ set of models: CCSM4, HadGEM2-ES, MPI-
ESM-LR, and MRI-CGCM3.

Vertical resolution varies among our ocean models with NorESM1-M having the finest vertical resolution (70
levels) and HadCM3 having the coarsest (20 levels). Most models have approximately 18 3 18 horizontal
ocean resolution in midlatitudes except for IPSL-CM5A-MR, whose resolution is approximately 28 3 28. All
model output was obtained at monthly resolution. The calculations reported here are carried out separately
on individual ensemble members and then averaged to form a monthly climatology for each model (aver-
aging successive Januaries, Februaries, etc.), generally for the 46 year period 1957–2002. This period is suffi-
ciently long that it averages the regime shifts described by Proshutinsky and Johnson [1997], but short
enough to limit the effects of the decline of Arctic sea ice extent (see supporting information). The latter
effects on the seasonal cycle are discussed in a separate study by Carton et al. [2015].

To evaluate the realism of the simulated seasonal surface fluxes, we follow Serreze et al. [2006, 2007] and com-
pare our model fluxes to the ERA-40 reanalysis produced by the European Centre for Medium-Range Weather
Forecasts (ECMWF), spanning the same 1957–2002 period [Uppala et al., 2005]. All atmospheric reanalysis face
challenges in reproducing conditions in the Arctic [Lindsay et al., 2014]. Among the problems that have been
identified for ERA-40 is that it has top-of-the-atmosphere radiation that is too large in summer and too small
in fall and winter by 10 W m22 or more [Serreze et al., 2007, and references therein] and has perhaps related
issues with its representation of cloud cover [Walsh and Chapman, 1998; Chan and Comiso, 2013].

Initially we present some flux comparisons computed over an Arctic cap extending from the latitude of Ice-
land at 638N–908N. However, most of the geographic averages presented here are carried out in the Arctic
Ocean domain of Tsubouchi et al. [2012], defined by major oceanographic passages into the central Arctic,
enclosing an area 11.3 3 1012 m2 (Figure 1). Our results are presented either as monthly averages or are fur-
ther averaged into a summer (June–September) and winter season (December–March), with the definition
of these seasons chosen as a compromise between the timing of solar forcing extrema and that of ocean
and sea ice variables such as sea ice extent.

Monthly volume, heat, and freshwater horizontal transport terms for the ocean, snow, and sea ice are car-
ried out on the original model grids for 10 of the models (requiring us to define the central Arctic domain
slightly differently for each of these models due to differences in the numerical grids). The other four were
only available on a remapped uniform grid rather than the native grids. Of the three transports, only volume
transport can be computed accurately using monthly data, and even for volume transport, we were only
able to reduce the residual for 11 of the models to within 60.2 Sv (Table 1). For two models, HadGEM2-ES
and MRI-CGCM3, the residual in summer was greater than 1 Sv exiting the basin and the residual in winter
was less than 1 Sv entering the basin. These residuals are too large to be accounted for by unresolved terms
such as sea ice export. For the fourteenth model, MIROC5, closure was not possible and so is not included
in Table 1. Fortunately, the heat and freshwater transports are not among the dominant terms in their
respective seasonal budgets (except locally).

The storage of heat and freshwater is calculated on a uniform 18 3 18 grid, constructed from the original
model output using UNIDATA climate data operators (code.zmaw.de/projects/cdo). The seasonal heat storage
is the time rate of change (computed from monthly differences) of ocean heat capacity,
HCO05qoCp

Ð 0
1500m T 0dz, in units of W m22, where T 0 is the seasonal anomaly of temperature, qo is ocean den-

sity, and Cp is heat capacity at constant pressure. The deep ocean below 1500 m depth is excluded from con-
sideration, as there is essentially no seasonal variation at this depth [Ding et al., 2014]. Indeed, most of the
seasonal variability is confined to the upper 100 m. For some models such as NorESM1-M, the mean vertical
stratification is relatively weak, while in others such as GISS-E2-R, IPSL-CM5A-MR, and MRI-CGCM3, it is stron-
ger than observed (supporting information Figure S1), which tends to extend or limit the depth of penetration
of seasonal storage. In analogy to ocean heat storage, the sea ice latent heat storage is the time rate of
change of sea ice latent heat capacity HCI05qiLD

0, where qi is the density of sea ice, L is the latent heat of
melting (enthalpy of fusion), and D0 is the change in sea ice thickness.

We compare simulated heat storage to observation-based estimates computed from the Polar Science Cen-
ter Hydrographic Climatology version 3 (PHC3.0) analysis of historical hydrography [Steele et al., 2001].
PHC3.0 is based significantly on data collected in only two seasons: August–September or March–April
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[Timokhov and Tanis, 1997], with data collected mainly prior to the 1990s. Serreze et al. [2007] estimates the
uncertainty in the climatological monthly heat content computed using PHC3.0 to be 2%, however, at least
for the Beaufort gyre, observations show that the PHC3.0 climatology misses important semiannual variabili-
ty [Proshutinsky et al., 2009].

We also include an additional Arctic regional model [H€akkinen and Mellor, 1992; H€akkinen, 1999]. The regional
model is a coupled ice-ocean model using Princeton Ocean Model numerics, covering the Arctic and the
North Atlantic Oceans. The horizontal resolution is approximately 0.58 3 0.58 and there are 37 layers. Surface
forcing is provided by the National Centers for Environmental Prediction reanalysis of Kalnay et al. [1996]. We
also include estimates of seasonal heat and freshwater storage and associated changes in sea ice volume
from the Pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS) [Zhang and Rothrock, 2003], which
uses the same surface forcing, but includes assimilation of sea ice extent and sea surface temperature.

Freshwater storage is calculated from column-averaged salinity following Serreze et al. [2006] as 2
Ð Ð Ð

ðdS=
dtÞ Sref21dv (where v is the volume of sea water in our domain) in units of Sv with Sref534:7 psu for PHC3.0.
Serreze et al. [2006] provides a cautionary estimate of the freshwater content uncertainty of 10%, making
even the seasonal cycle uncertain. The freshwater storage for the simulations is calculated using different
values of Sref to reflect differences in model average salinities (supporting information Figure S1). Seasonal
freshwater transport has also been calculated from volume transport FT as FFW5FT ð12S=Sref Þ [Serreze et al.,
2006], however, these transport estimates are somewhat crude due to our use of monthly averaged fields,
and so are referred to only in passing.

Seasonal sea ice extent is an important contributor to seasonal variations in surface heat flux. Here we compare
simulated monthly sea ice extent to the National Snow and Ice Data Center (NSIDC) merged sea ice extent esti-
mates (based on satellite microwave radiometer observations) spanning 1972–2002 [Cavalieri et al., 2003].

3. Results

3.1. Surface Heat and Freshwater Flux
The seasonal cycle of surface heating is driven by annual variations in downwelling solar radiation whose
phase is linked to the annual cycle of solar declination. For our Arctic cap spanning 638N and 908N, the

Table 1. Seasonal Volume Transports Through Bering, Davis, and Fram Straits, and Across the Barents Sea Opening in Summer (JJAS)
and Winter (DJFM)a

Fram Strait
Barents Sea

Bering Strait Davis Strait JJAS DJFM Opening

Models JJAS DJFM JJAS DJFM EGC WSC EGC WSC JJAS DJFM

CanESM2 1.1 0.9 0 0 24.8 2.0 25.1 1.8 1.8 2.5
CCSM4 1.1 1.1 21.7 21.8 21.5 0.5 23.2 1.2 1.6 2.7
CNRM-CM5 1.9 1 22.6 22.2 22.2 0.7 23.1 1.4 1.7 2.9
GFDL-CM3 1.2 0.9 20.7 20.7 27.7 5.6 28.6 6.0 1.4 2.3
GFDL-ESM2G 1.1 0.8 21.1 21.1 25.7 4.8 25.4 4.2 0.7 1.5
GFDL-ESM2M 1.1 0.8 20.3 20.4 28.0 5.3 29.1 6.1 1.8 2.4
GISS-E2-R 0.2 0.1 20.2 20.2 21.4 1.0 21.4 1.0 0.2 0.4
HadCM3 0 0 0 0 27.5 6.4 28.6 6.6 0.7 1.9
HadGEM2-ES 0.9 0.4 20.8 20.6 25.2 1.1 27.3 4.9 2 3
IPSL-CM5A-MR 1.5 1.2 20.5 20.5 22.4 1.3 22.4 0.9 0 0.7
MPI-ESM-LR 0.9 0.6 21.3 21.2 210.8 8.7 213.6 10.6 2.4 3.7
MRI-CGCM3 1 1.1 21.2 21 24.4 1.3 24.0 1.5 1.9 3
NorESM1-M 1.6 1.5 21.9 22.1 210.4 9.0 29.4 7.1 1.7 2.8
Observations 1.0b 0.5b 21.4c 21.7c,d 2.2e 1.9e

aSee Figure 1 for approximate locations. Two components of the Fram Strait, East Greenland Current (EGC) and West Spitsbergen
Current (WSC), are shown. Units are Sv. Volume transport balance closes to within 60.3 Sv for each model in each season except for
HadGEM2-ES and MRI-CGCM3. The contributions of net precipitation minus evaporation, river discharge, and sea ice export are smaller
(observational estimates are given in Serreze et al. [2006] and are not included here.

bWoodgate et al. [2005], but note the presence of trends [Woodgate et al., 2012].
cRudels et al. [2008] annual average.
dFram Strait transport is the result of two large opposing flows. Beszczynska-Moller et al. [2012] estimate the annual mean of the

northward component to be 6.6 Sv, reaching a maximum of 9 Sv in March with a minimum of 4 Sv in July.
eSmedsrud et al. [2013].
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observed monthly net shortwave flux at the surface reaches its maximum value of less than 150 W m22 in
July, which is after the summer solstice primarily due to changes in surface albedo (Figure 2, lower right). By
September, the net surface flux has changed sign and from September to May, surface fluxes act to cool
the Arctic.

The maximum monthly averaged net surface shortwave radiation in the models generally lies within 625
W m22 of the observations. The delay in net surface shortwave radiation relative to solar declination varies
among models with a few models such as HadCM3 and GISS-E2-R showing less delay and an earlier switch
in the sign of net surface flux. The remaining terms in seasonal surface heat flux, net longwave cooling, and
the latent and sensible turbulent flux components have magnitudes of less than 50 W m22 and all three act
to cool the surface (Figure 2). Among these terms, sensible and net longwave cooling both increase in the
winter months due to the cooler, dryer air and intensified winds in that season. The seasonal cycle of sur-
face flux does not show many differences when the Arctic circulation pattern changes (supporting informa-
tion Figures S6 and S7).

While the model-average surface fluxes are quite close to the ERA-40 reanalysis estimates, significant differ-
ences are apparent among individual models (Figure 2). GISS-E2-R, for example, has net peak shortwave
radiation 50 W m22, higher than the model average. Examination of the surface downward and upward
shortwave components separately shows that this model has both 30–40 W m22 higher downward short-
wave radiation than the model average and 20–30 W m22 less upward shortwave radiation in July (Figure 3).

Figure 2. Seasonal cycle of surface heat flux (638N–908N), downward positive, computed over the 46 year period 1957–2002. Net shortwave (red), net longwave (green), latent (blue),
sensible (purple), and net total (black) for models and reanalysis data (ERA-40).
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The anomalously large downward radiation is due to the thin cloud cover (60% cloud fraction, at least 10%
below the observational estimates of Chan and Comiso [2013]) in midsummer. The anomalously low upward
shortwave radiation occurs despite the extensive early summer sea ice cover (Figure 3 and supporting infor-
mation Figure S4) due to an unusually low value of sea ice albedo. The sea ice extent in this model undergoes
a very dramatic decline in midsummer, reaching an average minimum of less than 5 3 106 km2 by August–
September. CNRM-CM5 has both higher than average downward and upward components, but the net flux is
close to the model average. Finally, for the models with lower than average net shortwave radiation such as
MIROC5, the higher than average upward shortwave radiation seems to be the result of unusually extensive
summer sea ice cover (supporting information Figure S8).

The model-average cycle of surface freshwater flux is close to observations, with a peak in precipitation in
September of 4 cm month21, a little above the observed estimate, rising from a minimum in May of 2.5 cm
month21 (Figure 4). Some particularly snowy models, such as HadGEM2-ES and IPSL-CM5A-MR, have
summer maxima approaching 5 cm month21. Model average evaporation is highest in fall due to low sea
ice cover, intensification of winds, and reduction in air humidity. The difference between precipitation and
evaporation, which gives the net freshwater flux, is positive into the ocean, peaking at about 2 cm month21

in August. This rate of net freshwater flux applied to our Arctic Ocean domain would result in a peak fresh-
water input of less than 0.1 Sv, while Tsubouchi et al. [2012] presents a single season estimate roughly twice
as large. Continental discharge is only available for nine of the models. For these, the annual average varies
between 0.04 and 0.12 Sv (supporting information Table S2). The latter, coming from MRI-CGCM3, more

Figure 3. Seasonal cycle of the Arctic shortwave component anomaly (shortwave flux minus model-mean), computed over the 46 year period 1957–2002 for models and observations
(ERA-40). Surface downward (red); surface upward (blue). Sea ice extent north of 638N is also included (black).
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closely approximates the estimates of Serreze et al. [2006]. Observed discharge peaks in June, in response to
the contribution of continental snow and ice melt.

3.2. Seasonal Heat Balance
The seasonal storage in the ocean is largest in the Atlantic Sector south of Fram Strait where water remains
ice free for much of the year (Figure 5). In the upper 100 m, the PHC3.0 climatology shows 1.5–28C warmer
temperatures in summer than winter, reflecting an increase in heat content of nearly 109 J m22 in this sec-
tor. On average, the models store less heat in the ocean even though net surface heating is in line with the
reanalysis estimate. The difference is likely due to larger sea ice cover in the models than observed and is
most evident in generally icy models such as GFDL-ESM2G (supporting information Figure S4). The seasonal
cycle of SST shows some limited and inconsistent changes with different Arctic circulation patterns (sup-
porting information Figures S6 and S7).

Averaging over the ocean domain, the observed change in ocean heat storage reaches a maximum of 150
W m22 in June and July, declining to a loss during late fall through early spring (Figure 6, lower right). Since
this rate of storage is well below the rate of net surface heating of nearly 100 W m22 and leads it by a
month, other processes must be important. Turning to the model average seasonal heat budget, we see
that latent heat of melting/freezing of sea ice accounts for both the missing heat input and the 1 month
delay in net surface heating relative to the solar cycle. This means that other terms in the seasonal heat
budget such as melting of snow, divergence of ocean transport, and warming of the ice itself are of second-
ary importance in the models (although they may play more of a role in the heat budget of the three GFDL

Figure 4. Seasonal cycle of surface freshwater flux into the ocean/sea ice (638N–908N), computed over the 46 year period 1957–2002 for models and observations (ERA-40). Precipitation
(green), evaporation (blue), and total atmospheric water content (red).
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models). One exception is the model IPSL-CM5A-MR, for which the net surface heat input is 25 W m22 larger
than storage in summer.

If we assume that the same three-term balance that dominates the model heat budget applies to the
observed ocean, then we can calculate the seasonal latent heat storage in sea ice. The result of this calcula-
tion is reassuringly close to the seasonal estimate produced by the PIOMAS sea ice reanalysis of Zhang and
Rothrock [2003]. Interestingly, the model average seasonal ocean heat storage is significantly less than the
seasonal heat stored in latent heat of melting of sea ice. This result is consistent with the study of Zhang
[2005], but in disagreement with the estimates based on PHC3.0, and the regional model of H€akkinen and
Mellor [1992]. Indeed, we note the latter has a significantly weaker seasonal cycle of heat storage than the
CMIP5 models.

The success of the three-term balance for the seasonal heat budget averaged over the Arctic domain means
that the basin-average contribution of seasonal heat transport convergence by ocean currents must be
small. One reason for the relative weakness of this term is the compensating seasonal contributions by
Bering Strait volume transport and Barents Sea Opening heat transport. Volume transport through Bering
Strait strengthens in summer, bringing additional heat that is deposited in the Eurasian Arctic, leading to
enhanced convergence of heat transport in summer (blue colors in Figure 7). In contrast, the Barents Sea
remains ice free in winter causing huge heat transport convergence in this region in winter (red colors in
Figure 7). Although the mean value of Atlantic inflow is much larger than the Pacific inflow, the amplitudes
of their seasonal cycle are comparable. The two opposing seasonal differences may compensate with each
other, as shown for CNRM-CM5 and HadGEM2-ES, and so limit the contribution of heat transport conver-
gence averaged over the basin.

Figure 5. Seasonal change (summer (JJAS) minus winter (DJFM)) in upper ocean temperature (0–100m) computed over the period 1900–1994 for models and observations.
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3.3. Seasonal Freshwater Balance
We next examine the seasonal freshwater budget. Seasonal freshening of the ocean is most evident in the
reduction in salinity in summer on the Eurasian and North American marginal seas as a result of both sea
ice melt and the seasonal contributions of precipitation and river discharge (Figure 8). The model-average
seasonal cycle is �50% weaker than PHC3.0 on the shelves and in the interior Arctic. This may reflect excess
mixing or other model problems, but it also may reflect limitations of the observations due to a lack of
observations in the central Arctic. The seasonal freshwater exchange between sea ice and ocean in the
models reaches 2–3 Sv into the ocean in June and July (Figure 9), which is equivalent to a melt of �1 m of
sea ice. The next largest term is continental discharge, during its peak in early summer when observations
show the discharge rate may reach 0.4 Sv [Serreze et al., 2006]. For most of the models, we consider, how-
ever, continental discharge is lower than observed by at least a factor of two. Finally, net precipitation minus
evaporation is not an important contributor in the basin average. There are significant differences among
the models in their seasonal cycle of salinity (Figure 9). CMIP5 models with relatively weak seasonal cycles
of sea ice such as NorESM1-M, MIROC5, GFDL-CM3, and CCSM4 and the H€akkinen and Mellor [1992] regional
model have quite weak seasonal cycles of salinity. In contrast, models with strong seasonal cycles of sea ice
volume such as GISS-E2-R and HadCM3 have unusually strong seasonal cycles of salinity. In some models,
like CCSM4 and NorESM1-M, the seasonal cycle of salinity is delayed, which might be a result of other fresh-
water fluxes like continental discharge and sea ice export.

Figure 6. Seasonal heat budget of the Arctic Ocean (0–1500 m) computed over the 46 year period 1957–2002 for models and observations (ERA-40 and PHC3.0): ocean heat storage
rate (@HCO/@t, green), sea ice heat storage rate (@HCI/@t, blue), and surface net flux (red). Results from regional model of H€akkinen and Mellor [1992] are shown in dash line in the second
lowest plot on the right-hand side. In lowest right-hand plot, solid blue shows @HCI/@t from PIOMAS (1979–2002) and dash blue is the calculated @HCI/@t, which is a residual of observed
heat flux and ocean heat storage.
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4. Summary and Conclusions

Here we examine the late twentieth century seasonal heat (energy) and freshwater budgets of the Arctic
Ocean as represented in historical simulations of a set of 14 CMIP5 coupled models. There are several rea-
sons why it is interesting to explore these budgets. The first is that the budgets represent a key test of
model physics, particularly the processes controlling the seasonal growth of sea ice. The second is that the
observational record is uncertain, particularly in the case of the freshwater budget [e.g., Serreze et al., 2006],
and the model results may help interpret the observational record. Such coupled models make an interest-
ing complement to the higher-resolution Arctic Ocean Model Intercomparison Project coupled ocean-sea
ice models [Proshutinsky et al., 2011], for which the surface fluxes are out of balance with the ocean proper-
ties. The third is that anticipated changes to the seasonal cycle in the coming centuries put a high priority
on understanding dependencies, such as the relationship between the seasonal cycle and the mean state
stratification.

The models considered here show that excess heat entering the ocean/sea ice system in summer is stored
in the form of melting sea ice and to a lesser extent in increases in ocean temperature. The relationship
between seasonal SST and seasonal surface air temperature is affected by the insulating effects of the areal
extent of sea ice cover, which insulates the ocean below it, as well as mean stratification, which reduces ver-
tical exchange. These two seasonal storage terms vary in phase and when summed together nearly balance
net surface heat flux, consistent with observations [Serreze et al., 2007]. In contrast, seasonal heat transport
convergence by ocean currents, the heat gain associated with seasonal ice export, and other terms like the
heat associated with precipitation are small except in geographically limited areas. One such area may be
the Barents Sea. Mahlstein and Knutti [2011] point out that some models retain excess summer sea ice in
the Barents due to unrealistically weak inflows of warm Atlantic Water. Here we also find some low trans-
port models which lose their sea ice because excess net surface heating compensates for the lack of ocean

Figure 7. Seasonal change (summer (JJAS) minus winter (DJFM)) in ocean heat transport divergence calculated as the residual between surface net flux and local heat storage for two
models with the large seasonal cycles of volume flux through the Bering Strait: CNRM-CM5 and HadGEM2-ES. The bright red areas highlight the ocean convergence of heat in the
Barents Sea in winter.
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Figure 8. Seasonal change (summer (JJAS) minus winter (DJFM)) in upper layer salinity (0–100m) computed over the period 1900–1994 for models and observations.
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heat transport convergence. Compared to the observations and the regional model of H€akkinen and Mellor
[1992], more heat is stored in the sea ice and less stored in the ocean heat content in CMIP5 models (prob-
ably a result of the larger sea ice volume in these models). The wide variety in the sea ice extent/volume
highlights a problem with the CMIP5 models which needs to be addressed.

The magnitudes of seasonal freshwater storage in the liquid ocean and in sea ice are similar, but are nearly
out of phase. The sum of the remaining terms, including net surface water flux, continental discharge, and
sea ice export, is either negligible (in some models), or act to delay the seasonal storage in the ocean by a
month or less (in others). This delaying effect is due to a combination of the spring peaks in three terms:
continental discharge, sea ice export, and liquid ocean freshwater convergence, and their declines in fall.

The dominant role that seasonal sea ice areal extent and volume plays in both the heat and freshwater
budgets causes interesting feedbacks between the two budgets. For example, strong/weak seasonal surface
heating alters sea ice volume leading to strong/weak seasonal haline stratification, which in turn is able to
strengthen/weaken the seasonal cycle of SST, further altering sea ice volume. One large perturbation that
we can anticipate is the rapid decline in sea ice extent and volume during this century. As the decline pro-
gresses, the seasonal cycles of heat and freshwater must be altered fundamentally. What changes will occur
and what their impacts will be on lower latitudes and on related systems such as biological production
remain key open questions [Carton et al., 2015].

Figure 9. Seasonal freshwater budget of the Arctic Ocean (0–1500 m) for CMIP5 models, the Arctic regional model and observations: ocean freshwater storage rate (@FO/@t) in blue, sea
ice freshwater storage rate (2@FI/@t) in green, P-E in black, and freshwater flux convergence in red. All are computed over from 1900 to 1994 except for ERA40, which is calculated from
1957 to 2002.
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