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Abstract. A comprehensive measurement program was con-
ducted during 16 days of a 3 week long ice pack drift, from
15 August to 1 September 2008 in the central Amundsen
Basin, Arctic Ocean. The data, sampled as part of the Arc-
tic Summer Cloud Ocean Study (ASCOS), included upper
ocean stratification, mixing and heat transfer as well as trans-
mittance solar radiation through the ice. The observations
give insight into the evolution of the upper layers of the Arc-
tic Ocean in the transition period from melting to freezing.
The ocean mixed layer was found to be heated from above
and, for summer conditions, the net heat flux through the ice
accounted for 22 % of the observed change in mixed layer
heat content. Heat was mixed downward within the mixed
layer and a small, downward heat flux across the base of the
mixed layer accounted for the accumulated heat in the up-
per cold halocline during the melting season. On average,
the ocean mixed layer was cooled by an ocean heat flux at
the ice/ocean interface (1.2 W m−2) and heated by solar ra-
diation through the ice (−2.6 W m−2). An abrupt change in
surface conditions halfway into the drift due to freezing and
snowfall showed distinct signatures in the data set and al-
lowed for inferences and comparisons to be made for cases
of contrasting forcing conditions. Transmittance of solar ra-
diation was reduced by 59 % in the latter period. From hydro-
graphic observations obtained earlier in the melting season,
in the same region, we infer a total fresh water equivalent of
3.3 m accumulated in the upper ocean, which together with
the observed saltier winter mixed layer indicates a transition
towards a more seasonal ice cover in the Arctic.

Correspondence to:A. Sirevaag
(anders.sirevaag@bjerknes.uib.no)

1 Introduction

The Arctic plays an important role in the global climate sys-
tem; it is home to key processes for ocean-atmosphere ex-
change and water mass modification, and it is a strong indica-
tor of the global climate change, as atmospheric temperature
changes are amplified in the Arctic (Screen and Simmonds,
2010; Serreze et al., 2009). Since the late 1970’s, the at-
mospheric warming of the Arctic (Comiso, 2003) has been
accompanied by a warming of the Arctic Ocean (Grotefendt
et al., 1998) and a decrease in both sea ice extent (Comiso et
al., 2008; Parkinson and Cavalieri, 2008; Stroeve et al., 2008)
and thickness (Maslanik et al., 2007; Kwok and Rothrock,
2009; Haas et al., 2008). In the same period, the salinity
content of the Arctic shelves and the Canadian basin has
decreased as opposed to an increase in the Eurasian basin
(McPhee et al., 2009; Polyakov et al., 2008). Due to an ear-
lier onset of melting and later onset of freezing, the melting
season in the central Arctic has increased by 10 days since
1979 (Markus et al., 2009), which reflects a shift towards a
more seasonal ice cover (Kinnard et al., 2008; Maslanik et
al., 2007; Nghiem et al., 2007). The observed changes in ice
cover exposes the Arctic Ocean to a more direct exchange
with the atmosphere and allows for new processes of upper
ocean-atmosphere exchange to take place, such as e.g. wind-
induced mixing (Rainville and Woodgate, 2009). A shift to-
wards a more seasonal Arctic sea ice cover also have strong
implications for maintaining the marine biological life, as bi-
ological productivity is maintained through the provision of
nutrients by upwelling and eddies in the expanding open wa-
ter areas (Niebauer and Alexander, 1985).
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The central Arctic basin can be separated, on the basis of
temperature and salinity characteristics of the water, into a
vertical layered system. A relatively fresh and isothermal
surface mixed layer with temperatures close to freezing is
due in part to continental river runoff, inflow of low salinity
Pacific Water through the Bering Strait and penetrative con-
vection in winter followed by melting in summer (Rudels et
al., 1996; Aagaard et al., 1981).

The surface mixed layer resides above a layer with low
temperatures and a distinct salinity gradient, the so called
cold halocline layer (Aagaard et al., 1981), which, due to its
strong stratification, forms an efficient barrier between the
surface mixed layer and the relatively warm and salty wa-
ter residing below. This water originates from the flow of
Atlantic Water through the Fram Strait and is gradually mod-
ified by atmospheric cooling, sea ice melting during summer
(Sirevaag and Fer, 2009) and mixing as it flows northward
along the western coast of Spitsbergen and eastward along
the continental shelf of the Arctic basin. The depth of the
core of AW gradually increases as the water circulates along
the margins and into the deep basins of the Arctic (Dmitrenko
et al., 2008) and in the Amundsen Basin, close to the North
Pole, the core of the AW derived water resides at around
300 m depth.

The Arctic Ocean mixed layer undergoes a distinct sea-
sonal cycle (Rudels et al., 1996). Atmospheric winter cool-
ing and subsequent ice formation lead to a colder, saltier and
deeper mixed layer, whereas ice melting and atmospheric
heating of the mixed layer during summer lead to a fresher
and shallower, but also slightly warmer, mixed layer. Solar
radiation is the most important source of heat for the ocean
mixed layer (Maykut and McPhee, 1995; Perovich, 2005),
mostly through leads and open water areas, but transmittance
of solar radiation through melt ponds also provides a signif-
icant amount of heat to the mixed layer (Inoue et al., 2008;
Itoh et al., 2011). Inflow of warm, low salinity Pacific Water
through the Bering Strait is also a direct source of heat for
the ocean mixed layer (Alkire et al., 2007; Woodgate et al.,
2010). Transfer of heat from the deep, Atlantic derived wa-
ter is limited by the stratification in the cold halocline layer
and is found to be negligible for the Amundsen Basin (Fer,
2009) and on average 0.3–1.2 W m−2 for the for the Cana-
dian Basin (Shaw et al., 2009), hence the most efficient heat
loss from the AW occurs along the continental shelves, but
not in the central Arctic (e.g. Padman, 1995; Rudels et al.,
2000).

The upward transfer of heat towards the ice/ocean inter-
face, the surface ocean heat flux is in general determined by
the amount of heat and turbulent mixing in the surface mixed
layer. Maykut and Untersteiner (1971) found, by invoking a
1-D thermodynamic sea ice model, that a surface ocean heat
flux of 2 W m−2 was necessary to reach an equilibrium ice
thickness similar to the typical observed thickness. Later ob-
servations have revealed the heat flux to be larger; 5.1 W m−2

for the Canadian Basin (Maykut and McPhee, 1995) and
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Fig. 1. The drift trajectory of the ASCOS field experiment, the
Borneo08 experiment and the ITP19 drifting buoy. The map with
bathymetric depth contours outlined, shows the study region loca-
tion.

∼3.5 W m−2 for the entire Arctic basin (Krishfield and Per-
ovich, 2005), although fluxes up to an order of magnitude
larger have been measured towards the end of the melting
season, during instances of maximum mixed layer heat con-
tent (Maykut and McPhee, 1995).

1.1 Arctic Summer Cloud Ocean Study

The Arctic Summer Cloud Ocean Study (ASCOS) was a
multidisciplinary International Polar Year (IPY) project with
the aim of studying the formation of Arctic low level clouds
and their role for the surface energy balance, impacts on the
melting and freezing of the sea ice covered Arctic Ocean and
with linkages to microbiological life in the open ocean and
ice. The project was organized with research groups within
meteorology, physical oceanography, atmospheric gas and
particulate phase chemistry, aerosol physics and marine bi-
ology, as an expedition based onboard the Swedish research
ice breaker Oden towards the end of summer and start of the
freezing season (2 August–9 September) in 2008. While a
few shorter stations were made south of the ice edge and in
the marginal ice zone during the transit to the high Arctic,
the focus of the project was the setup of an ice-drift station,
centred at 87.4◦ N and 6◦ W, running from 12 August to 1
September (Fig. 1). During this period, Oden was moored
to an approximately 6× 3 km ice floe (Fig. 2), which drifted
west, south-westward with an average speed of 9 cm s−1 over
a total distance of 157 km.
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Fig. 2. The ASCOS experiment floe photographed from helicopter.
Length and width are estimated from mapping of ice floe from he-
licopter. The orientation of the floe’s main axis is calculated from
simultaneous GPS measurements at the ship and on the floe. The
cross indicates the site of the ocean measurements.

In the pristine Arctic environment, a passive ice drift was
a necessary condition for gases and aerosol particles to be
sampled with minimum interference from the ship and im-
mediate surroundings. The ice drift also enabled deployment
of instruments for atmospheric and oceanographic boundary
layer studies on the ice sufficiently far away, 150 m–450 m
from Oden, to avoid disturbances from the ship’s hull and su-
perstructure and still within reach of continuous power sup-
ply from the ship.

1.2 Environmental conditions

Selected environmental parameters are plotted in Fig. 3 for
the observation period. Average air temperature was−2.6◦C
(Fig. 3a). A short period with temperatures below−5◦C oc-
curred between doy 234 and 237 (throughout this paper, time
is given as decimal day of year (doy) in 2008, where doy
229.75 equals 16 August 2008 18:00 UTC). This period is
referred to as the “cold snap” (Sedlar et al., 2010), when a
drop in temperature caused the surface to freeze, including
most of the melt ponds and open water areas. This tempera-
ture drop of 5◦C in 21 h was followed by a strong snowfall
during the second half of doy 236, which changed the surface
conditions from summer-like to autumn-like conditions (see
also Nicolaus et al., 2010b). In the following, doy 236.75 is
considered the time of changing ice conditions.

The water temperature measured at 3.8 m depth varied
within a narrow range between−1.73◦C and −1.68◦C
(Fig. 3b) and was on average just 0.053◦C above the local
freezing temperature. Salinity is calculated using the practi-
cal salinity scale throughout.

Over the observation period considered here (doy 229.75
to doy 244.75), the ice floe drifted slowly south-westward
with an average speed of 6.7 cm s−1, covering a total distance
of 87.1 km (Fig. 1). Winds were in general calm with an
average speed of 3.4 m s−1 with no distinct prevailing wind
direction (Fig. 3c).
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Fig. 3. Time series of(a) air temperature at 21 m height,(b) wa-
ter temperature at 3.8 m depth,(c) wind speed (in m s−1), ice drift
speed (in cm s−1) and (d) orientation of the floe’s main axis (see
location of axis in Fig. 2).

On average, the drift speed was 2% of the wind speed
and followed the same variability. The ice drift speed also
showed variability on a shorter time scale (Fig. 3c) due to
inertial oscillations (inertial period at 87.5◦ N = 12 h) or a
diurnal tidal flow. Despite the drift distance and the inertial
oscillations shown in the drift trajectory during the experi-
ment, the ice floe maintained a constant orientation to within
±5◦.

Ice thickness in the vicinity of the ocean and radiation
measurement site varied from 1.5 m to more than 3 m. Early
into the drift, the ice surface was covered by typical 10 cm of
snow and numerous open melt ponds with a significant spa-
tial variation. Several short duration snowfalls and periods
with deposition of rime on the surface changed the surface
conditions throughout the drift (see Fig. 11 of Nicolaus et
al., 2010b).

This paper presents and discusses the upper ocean mea-
surements obtained during the ASCOS ice drift in the
Amundsen Basin. Transmission of solar radiation through
the ice and the evolution of the Arctic Ocean mixed layer are
described during the transition from melting to freezing. Re-
sults are compared to data obtained in the same area in late
April and mid May. Measurement systems, basic process-
ing routines and methods are presented in the next section
and the upper ocean stratification and the vertical heat fluxes
are presented in Sect. 3. The seasonal development of the
upper ocean, the energy balances for the ice/ocean interface,
mixed layer and across the base of the mixed layer and the
variability of heat content and heat fluxes are presented and
discussed in Sect. 4 and a summary is given in Sect. 5.

www.ocean-sci.net/7/335/2011/ Ocean Sci., 7, 335–349, 2011
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2 Measurements, data and data processing

Upper ocean measurements were carried out continuously,
using a tethered free-falling microstructure turbulence pro-
filer (Sect. 2.1) and eddy covariance instruments suspended
in the boundary layer beneath the sea ice (Sect. 2.2). Ocean
sampling was made, together with spectral albedo and trans-
mittance measurements (Sect. 2.3), about 160 m away from
the ship. Ancillary data include shipboard wind and air tem-
perature measurements and GPS position data from the ship
and the ice. The latter were used together to obtain the ro-
tation of the ice floe during the drift. Ocean measurements
started regularly from doy 229.75 and the measurement pe-
riod reported here was from doy 229.75 to doy 244.75.

Additionally, we use data from the same region, collected
in late April and mid-May 2008, to compare the mean prop-
erties of the upper ocean during the ASCOS drift with late
winter and spring conditions. Profiles in late April 2008
were collected from the drifting ice camp Borneo, and those
in late spring were from the drifting Ice Tethered Platform
No. 19 (ITP 19, data made available through Woods Hole
Oceanographic Institution,http://www.whoi.edu/itp). From
the Borneo experiment, 10 profiles collected between doy
114.7 to doy 115.8 were averaged and referred to as Bor-
neo08 throughout this paper. The drift trajectory of the ITP19
was compared to the ASCOS drift trajectory and 31 pro-
files from the period doy 129.5–137.3, when ITP19 drifted
through the ASCOS area, were averaged.

2.1 Microstructure profiling

The microstructure profiling was performed using a MSS-
90 (ISW Wassermesstechnik, Germany), a loosely tethered
free-fall profiler equipped with precision conductivity, tem-
perature, depth (CTD) sensors and a suite of turbulence sen-
sors including two airfoil shear probes, a fast-response ther-
mistor FP07 and a micro conductivity sensor (Fer, 2006; Fer
and Sundfjord, 2007). The profiler (MSS hereafter) was de-
ployed through the ice with a motorized winch and profiles
were made hourly from the underside of the ice at 2 m depth
and down to 500 m. In total 345 profiles were obtained dur-
ing the ASCOS ice drift.

Microstructure data processing is briefly described here
and in more detail in Fer (2006). All channels of the pro-
filer sampled at 1024 Hz and were averaged to 256 Hz to re-
duce noise. The viscous dissipation rate of turbulent kinetic
energy per unit mass,ε (W kg−1), was calculated using the
isotropic relationε = 7.5υ〈u′2

z 〉, whereυ of sea water,〈u′2
z 〉

is the shear variance of horizontal small scale velocity and
brackets indicate averaging. The shear variance was obtained
by integrating the wave number spectrum from 1-s long seg-
ments. The instrument fall speed (∼0.7 m s−1) was used to
convert data from the frequency domain to the wave number
domain using Taylor’s hypothesis. Dissipation data in the up-
per 5 m was unreliable due to initial adjustment to free fall.

After the initial processing, CTD data andε were available
as 10 and 50 cm vertical averages, respectively.

The eddy diffusivity for mass was calculated as,
Kρ = 0.2ε/N2 (Osborn, 1980) using the buoyancy fre-
quency, N , from sortedσθ profiles. The eddy diffusiv-
ity for heat was calculated usingKT = 3kT Cx (Osborn and
Cox, 1972), wherekT = 1.4×10−7 m2 s−1 is the molecu-
lar diffusivity for heat andCx= 〈(∂T ′/∂t)2

〉/〈(∂T /∂z)2
〉 is

the Cox number. 〈∂T /∂z〉 is the background temperature
gradient over the vertical depth segment in consideration
and〈(∂T ′/∂t)2

〉 is the small scale temperature gradient vari-
ance. The latter is not resolved to dissipative scales, and
was instead inferred from the dissipation rate of thermal vari-
ance,χ = 2kT 〈3(∂T ′/∂z)2

〉 by fitting the universal Batchelor
form (Dillon and Caldwell, 1980) to the temperature gradi-
ent spectrum in the resolved wave number band. The fit was
constrained by the measuredε within the vertical segment.

Vertical heat fluxes from the microstructure profiles were
calculated as

FH = −ρcpKT ∂T /∂z (1)

whereρ is the density andcp is the specific heat within
each vertical depth segment. Initially, the water column was
divided into 4-m vertical segments. However, to ensure a
higher vertical resolution and resolve the heat fluxes across
the base of the mixed layer (Sect. 2.4), the 4 m layer above
the base of the mixed layer was divided into 2-m vertical seg-
ments and the 4 m layer below the base of the mixed layer
was divided into 1-m vertical segments.

2.2 Turbulence instrument clusters

In order to measure ocean properties and vertical fluxes
of heat, salt and momentum close to the ice-ocean inter-
face, a mast containing three Turbulence Instrument Clusters
(TICs, McPhee, 2008) was deployed through a hole in the
1.8 m thick sea ice. Each TIC comprised a 5 MHz Acoustic
Doppler Velocimeter (ADVOcean, Sontek/YSI, USA) which
measured the 3-D velocity in a small volume and fast re-
sponse temperature (SBE3, SeaBird Electronics, USA) and
conductivity (SBE7) sensors. All sensors were aligned at the
same vertical level to make covariance estimates. In addition,
a ducted conductivity sensor (SBE4) was mounted roughly
20 cm above the others to make accurate measurements of
the absolute conductivity.

The turbulence mast was fixed to the ice with TICs at 2 m,
6 m and 7.8 m below the ice, i.e. at 3.8 m, 7.8 m and 9.6 m
depth and the mast was oriented with sensors directed to-
wards the mean current in the under-ice boundary layer. In
this study, heat fluxes at the ice/ocean interface will be the
main focus; hence we will focus mainly on measurements
from the TIC at 3.8 m depth, however some results from the
TIC at 7.8 m depth are included in order to show consistency
of the measurements in the surface layer.

Ocean Sci., 7, 335–349, 2011 www.ocean-sci.net/7/335/2011/
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Velocity, temperature and salinity data were measured at
2 Hz and binned into 15-min intervals in order to capture
the covariance in the turbulent eddies and avoid energy input
from processes on larger time scales (McPhee, 2008). 3-D
velocity U was rotated into a streamline coordinate system
such that〈u〉 = |U | and〈v〉 = 〈w〉 = 0. Deviatory velocities,
temperatures and salinities were found by removing the lin-
ear trend within each averaging interval. Vertical turbulent
surface heat flux and the kinematic friction velocity were cal-
culated as

FH0 = ρcp〈w′T ′
〉 (2)

u∗ =

(
〈u′v′

〉
2
+〈u′w′

〉
2
)1/4

(3)

whereρ is the seawater density andcp is the specific heat of
seawater. Kinematic friction velocity is related to the stress,
τ , asu∗ =

√
τ/ρ.

For the TIC at 7.8 m, heat fluxes were calculated from
thew′T ′ covariance, as described above. Friction velocities
were calculated using a spectral method following McPhee
(2004) and the dissipation rate of turbulent kinetic energy
was calculated by evaluating the spectra of vertical velocity
(e.g. McPhee, 2008).

2.3 Spectral albedo and transmittance measurements

Spectral albedo and transmittance were measured with
RAMSES ACC (Trios GmbH, Oldenburg, Germany) ra-
diometers, as described in Nicolaus et al. (2010b). Two
sensors were installed above the surface for albedo mea-
surements, one downward-looking and another upward-
looking. For transmittance measurements, an additional
upward-looking sensor was used and installed 1.0 m under
the sea ice. Initial ice thickness, snow thickness, and free-
board at the optical measurement site were 1.54 m, 0.10 m,
and 0.05 m, respectively. Continuous measurements started
on doy 228.6 and 10-min average spectra were measured un-
til doy 245.4 for albedo data and until doy 244.8 for trans-
mittance data. The shorter time span of transmittance mea-
surements was due to the more time-consuming retrieval of
the under-ice sensor. In total, 2410 albedo and 2325 trans-
mittance spectra were recorded. All measurements were per-
formed during polar day with solar elevation angles (eleva-
tion angle = 90◦ – zenith angle) between 5.5◦ and 16.1◦. The
site was visited daily to check for levelling of the station and
condensation or icing on the sensors. Presented data were
corrected for shadow effects on the sensors as described in
Nicolaus et al. (2010b), where also the entire data set is dis-
cussed.

Manual measurements of snow and ice temperatures, snow
thickness and texture were made every 3 days and obser-
vations of precipitation and changes in surface conditions
were made daily at the optical measurement site, to docu-
ment snow and sea-ice conditions and their changes.

2.4 Mixed layer properties

Vertical profiles of potential density were used to calculate
the depth of the base of the mixed layer,Dml as the depth at
which the density increases by 20 % of the mean density of
the upper 10 m (e.g. Shaw et al., 2009). By using summer
profiles, the depth of the winter mixed layer,Dwml, can be
estimated as the depth of the temperature minimum (Rudels
et al., 1996). The corresponding salinity of the winter mixed
layer,Swml, is the salinity at the depth of minimumT . The
fresh water content in the upper ocean was calculated as

FWC=

(
DwmlSwml −

∫
S(z)dz

)
Swml

(4)

where the integral was obtained by a summation of salinities
aboveDwml.

From profiles of temperature and salinity, the heat content
at a given depth was determined as

H(z) =
(
T (z)−Tf (z)

)
ρ(z)cp(z) (5)

whereTf , ρ and cp are freezing temperature, density and
specific heat, respectively, as a function of salinity and given
depth. Total amount of sensible heat in any given layer was
calculated as

Hlayer=

0∫
Dlayer

H(z)dz (6)

whereDlayer is the layer depth.

3 Results

3.1 Upper ocean stratification

Average profiles of temperature, salinity and density for the
first 24 h of the experiment are shown for the upper 500 m
in Fig. 4. Averaging filters out the variability on the semi-
diurnal/inertial time scale and the temporal variability in the
mixed layer over the entire experiment length. Profiles show
a 28 m deep, well mixed upper layer with average temper-
ature of−1.72◦C and salinity of 32.31. Below this mixed
layer was a uniform cold layer with a strong salinity gradi-
ent, which was the remnant of the previous winter’s mixed
layer (e.g. Rudels et al., 1996) and which formed the up-
per cold halocline layer. The cold halocline layer extended
down to around 100 m depth, from where the temperature in-
crease made the density increase smaller. The temperature
minimum (T = −1.80◦C) at 67 m represented the base of
the winter mixed layer,Dwml, and for the remainder of this
paper, the upper cold halocline layer refers to the part of the
cold halocline that resides aboveDwml. Salinity atDwml was
33.11, representative of the winter mixed layer salinity,Swml.
The Borneo08 profile represents the actual winter conditions
in the area and had an average mixed layer salinity of 33.16,

www.ocean-sci.net/7/335/2011/ Ocean Sci., 7, 335–349, 2011
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Fig. 4. Temperature, salinity and potential density averaged over
the first 24 h (7 profiles) of the ASCOS experiment.

which was only slightly saltier thenSwml estimated from the
ASCOS profiles. This lends confidence to the approximation
by Rudels et al. (1996), and throughout the rest of the paper,
the measured value ofSwml = 33.16 will be used. A tem-
perature maximum of 1.18◦C (and corresponding salinity of
34.84) was found at 304 m, which was the depth of the core
of the remaining AW that had deepened and cooled along the
Arctic margin and towards the central Arctic (Dmitrenko et
al., 2008).

The upper 100 m profiles of temperature and salinity from
the start, middle and end of the ASCOS experiment were
compared to the profiles collected in late April (Borneo08)
and mid-May (ITP19) in Fig. 5. The late winter and spring
profiles had deeper mixed layers with temperatures∼0.1◦C
lower and salinities∼0.75 higher than the average ASCOS
profiles. Although the onset of melting in the central Arc-
tic in general occurs between doy 161 and doy 175 (Markus
et al., 2009), the ITP19 buoy data indicate that there was a
significant freshening of the mixed layer already around doy
133 compared to Borneo08 profiles on doy 114.

During the ASCOS drift, a distinct heating of the upper
metres was observed from the start to the middle of the ex-
periment, with a temperature difference of∼0.2◦C (Fig. 5a).
By the end of the experiment, the upper layer temperature
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filing buoy (doy 133). ASCOS profiles are averaged over a 24-h
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are the averages of the 10 last profiles during the experiment and
ITP19 profiles are the averages of all single profiles obtained within
the latitude and longitude ranges defined by the ASCOS drift. Hor-
izontal lines indicate the depth of the mixed layer for the average
profiles.

was similar to that in the beginning of the drift, however, a
similar heating was seen closer to the base of the mixed layer.
Salinities in the upper 10 m, on the other hand, were identi-
cal within the measurement uncertainty range. Differences in
the mean salinity profiles below 10 m were most likely due
to horizontal differences in salinity.

Fig. 6a shows the temperature and salinity contours of the
upper 50 m during the experiment together withDml. Dml
remained relatively constant, at an average of 34 m, but with
some shorter periods with significant lifting of the base of the
mixed layer that led to a temporarily shallower mixed layer.
Temperature contours show the same development in time
as indicated in Fig. 5a, with a heating of the upper mixed
layer during the first half of the experiment and a heating
aboveDml during the second half. The mixed layer temper-
ature maximum was mixed downward from the surface and
towards the base of the mixed layer. This will be discussed
further in Sect. 4.2.

3.2 Vertical heat fluxes

The basic features of the TIC measurements at 3.8 m depth
are shown in Fig. 7. Mean characteristics within each 15 min
interval were averaged in 3 h bins to remove some of the nat-
ural variability in the turbulent flow. Horizontal current ve-
locities, relative to the ice, were in general small, on average
4.6 cm s−1 and varied between 2 and 10 cm s−1. Temperature
elevation above the local freezing temperature varied from
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Fig. 6. Contour plot of (a) temperature (colour) and salinity
(black) and(b) dissipation rate of turbulent kinetic energy, log10(ε)

(colour) and eddy diffusivity of mass, log10 (Kρ) (black) for the
upper 50 m. Thick black line in both panels indicates the base of
the mixed layer. (c) Dissipation rate of turbulent kinetic energy,
log10(ε), estimated from MSS and TIC at 7.8 m depth.

0.04 to 0.08◦C, with an average value of 0.053◦C, close to
the average for the entire mixed layer. The turbulent stress is
related to the velocity shear in the boundary layer and Fig. 7b
shows that the friction velocity (u∗) varied with the horizon-
tal velocity and had an average value of 0.26 cm s−1. The
friction velocity at 7.8 m followed the same variability as at
3.8 m, but was slightly smaller in magnitude (0.24 cm s−1) as
expected from the attenuation of stress in the surface layer.

The ocean surface heat flux was positive during most of
the experiment, implying a heat flux from the ocean to the ice
and was on average 1.2 W m−2, however it varied between 0
and 5 W m−2. Towards the end of the experiment it flattened
out around zero, reflecting the slight decrease in temperature
elevation above freezing and the low stress at the interface as
shown by the friction velocities. At 7.8 m depth, heat fluxes
were similar with an average value of 0.8 W m−2. Some of
the difference between 3.8 m and 7.8 m must be attributed to
the differences in data coverage for the two sensors for some
periods.

Measurements of transmitted solar radiation showed a sig-
nificant flux through the ice into the upper ocean (Fig. 8).
There was a distinct daily variation in the flux, corresponding
to the daily variation of the incoming solar radiation, and the
transmitted solar irradiance ranged from−9 to −1 W m−2

with an average of−2.6 W m−2. The effect of the cold pe-
riod, which was followed by a snowfall at doy 236.75, was
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Fig. 7. Turbulence mast measurements at 3.8 m depth (2 m below
ice/ocean interface) averaged in 3-h intervals. Time series of(a)
current speed relative to the ice,(b) friction velocity, u∗, ± one
standard deviation (circles and errorbars) and temperature elevation
above freezing,1T , (grey shading) and(c) ocean heat flux where
grey shading indicates± one standard deviation. Red squares in(b)
and(c) are friction velocities and heat fluxes from the TIC at 7.8 m
depth, calculated as described in the text.
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Fig. 8. Spectrally averaged transmitted solar irradiance below the
sea-ice at the ocean measurements site. Black line is a 3-h running
mean and horizontal lines indicate averages for periods before and
after the change in surface conditions occurring on doy 236.75. Pos-
itive fluxes are upwards; hence negative fluxes represent an input of
energy to the ocean mixed layer.

visible as a shift in the mean transmitted radiation, as well
as a dampening of the daily variations (Time series of solar
radiation and spectral albedo are presented in detail in Nico-
laus et al., 2010b). Average flux into the ocean mixed layer
was−3.7 W m−2 before and−1.5 W m−2 after the snowfall.
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For each MSS profile, the vertical heat flux within the
mixed layer was obtained by averaging all 4-m depth bins
from the surface and down to 4 m above the base of the mixed
layer,Dml (Fig. 9a). For each profile, the vertical heat flux
across the base of the mixed layer was calculated as the av-
erage heat flux in the 8 m thick layer centred atDml, which
varied between 22 m and 39 m during the experiment. Depth
averaged fluxes were further averaged in time, in 3-h bins,
to be consistent with the fluxes inferred from TIC measure-
ments.

Mixed layer heat flux was predominantly negative for the
first half of the experiment and closer to zero and/or positive
during the second half (Fig. 9a). The average for the en-
tire period was−0.3 W m−2, which indicates a small, down-
ward transfer of heat within the mixed layer and is consis-
tent with the observed downward propagation of the tem-
perature maximum in Fig. 6a. The mixed layer heat flux
also showed a shift towards zero and positive values after the
snow fall at doy 236.75 and average values were−0.7 W m−2

and 0 W m−2 before and after the snowfall, respectively.
The vertical heat flux across the base of the mixed layer

was predominantly negative, showing that heat was lost from
the mixed layer and into the upper cold halocline. However,
average value was small,−0.1 W m−2, with some periods of
fluxes close to−1 W m−2.

4 Discussion

4.1 Seasonal evolution in heat and fresh water content

Throughout the melting season, heat is added to the upper
ocean by solar radiation and by exchange with the atmo-
sphere through the sea ice and open water areas. Heat is ei-
ther stored in the upper ocean or used for melting of sea ice,
sensible or latent heat, respectively. The latter is reflected by
the FWC in the upper ocean. Thus, when horizontal advec-
tion of heat is neglected, the total amount of heat supplied
to the upper ocean is equivalent to the sum of sensible and
latent heat present at the end of the melting season.

From the profiles of temperature and salinity (Fig. 5), the
seasonal evolution of the upper ocean stratification from late
April to late August was seen as a reduction in mixed layer
depth, an increase in temperature and a decrease in salinity.
In late April, the weakly salinity-stratified mixed layer was
about 65 m deep. The presence of a relatively fresh, but shal-
low surface layer was the signature of the ongoing melting,
observed approximately one month following the Arctic ice
cover maximum extent was reached in mid-March (National
Snow and Ice Data Center, 2010).

The amount of sensible heat added to the upper
ocean aboveDwml from late April to late August, was
8.6× 106 J m−2, where 40 % and 60 % were stored in the up-
per cold halocline and the mixed layer, respectively (Fig. 10).
This is in the same order as reported for the Amundsen Basin
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Fig. 9. Time series of heat fluxes averaged(a) within the mixed
layer and(b) across the base of the mixed layer. Mixed layer fluxes
are depth averages down to 4 m above the mixed layer depth. Heat
fluxes across the base of the mixed layer are depth averages from
4 m above to 4 m below mixed layer depth for each profile, averaged
into 3-h intervals. Shading indicates± one standard deviation.

from the Oden 91 expedition in the autumn of 1991 (Rudels
et al., 1996).

Although sea ice can exist in a mixed layer with a signifi-
cant amount of heat (e.g. Sirevaag, 2009), the situation in the
summer Arctic is assumed to be closer to steady-state. Hence
most of the available heat in the mixed layer will be used for
melting when ice is present and is thus represented by the
FWC in the upper ocean as latent heat,Qlat = ρ ·L ·FWC,
whereρ andL are the density and latent heat of fusion, re-
spectively. For ASCOS, a FWC of 3.3 m (of which 91 %
resides in the mixed layer and 9 % in the upper cold halo-
cline) was found aboveDwml, which was more than 3 times
larger than the FWC in the Amundsen Basin in 1991 (Rudels
et al., 1996). The western part of the Amundsen Basin is
likely influenced by the flow of fresh water of Pacific origin
across the Lomonosov Ridge, hence FWC estimates above
those obtained by Rudels et al. (1996) are expected. How-
ever, the estimated FWC in ASCOS also by far exceeds the
estimated FWC in profiles obtained closer to the Moris Jesup
Plateau in 1991, hence representing a significant freshening
of the summer mixed layer in the Eurasian Basin. The total
heat content,Qwml+Qlat, aboveDwml at the end of the melt-
ing season was 1139× 106 J m−2 for the ASCOS profile.

Our observations from the Amundsen Basin shows both a
significantly fresher summer mixed layer and a significantly
saltier winter mixed layer larger than reported from the early
90’s (Rudels et al., 1996). The large summer FWC can re-
flect a general increase in the Arctic fresh water inventory,
due to an increasing discharge from Arctic rivers (Peterson
et al., 2002; Rawlins et al., 2009) and changes in net precip-
itation vs. evaporation (Rawlins et al., 2009) over the recent
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Fig. 10. Heat content of the upper 100 m for the Barneo08 experi-
ment, the ITP 19 data and at beginning, middle and end of the AS-
COS experiment, all profiles obtained as described in Fig. 5. Hori-
zontal lines indicate mixed layer depths for the average profiles.

decade. However, Polyakov et al. (2008) found that changes
in both net precipitation vs. evaporation and river discharge
were too small to trigger changes in FWC in the central Arc-
tic basin and argued that these changes were related to lo-
cal freezing/melting and freshwater draining from the Arc-
tic in response to wind. For the western Amundsen Basin,
some of the increase in FWC can be exported from the Cana-
dian Basin, where a significant freshening has been observed
over the recent years (McPhee et al., 2009; Polyakov et al.,
2008). The observed saltier winter mixed layer can reflect an
increase in the ice export from the Arctic (Smedsrud et al.,
2008), i.e. locally produced ice is exported and melted out-
side the Arctic. However, the combination of an increase in
both FWC andSwml most likely also indicate a transition to-
wards a more seasonal Arctic ice cover (Kinnard et al., 2008)
in the Eurasian Basin. An enhanced fraction of open water
after the melting season, increase the ice production during
winter, increase theSwml and hence reduce the winter fresh
water content as observed by (McPhee et al., 2009). A shift
towards an earlier onset of melting in the Arctic in general
(Markus et al., 2009), and even earlier signs of melting re-
ported in this study and by Nicolaus et al. (2010a) for 2007,
extends the melting season and increases the summer FWC,
as observed.

4.2 Mixed layer heat content and energy budgets

In addition to the warming of the mixed layer and upper cold
halocline from late April to late August, there was also a dis-
tinct variability in heat content during the 15-day ASCOS
drift which was reflected in the changing temperature pro-
files for the start, middle and end of the drift (Fig. 5a). We
analysed daily-averaged profiles of heat content in the mixed
layer, relative to the first profile, by subtracting the first 24-h
profile (centred at doy 230.25) from each subsequent pro-
file and normalising the depth withDml (Fig. 11a). Fig. 11b
shows that there was a net increase in mixed layer heat con-
tent of 30 % up to doy 236.75, which was the time of the
freeze-over and snow fall. Heat content profiles also indicate
that the initial net input of heat at the top of the mixed layer
was mixed downward within the mixed layer. The distinct
reduction of heat input at the surface following the freezing
event at doy 236.75 also marked a transition after which there
was no net gain of heat in the mixed layer, but the heat was re-
distributed by internal mixing. Despite the reduction in heat
input at the surface after doy 236.75, there was still a tempo-
ral variability in the total heat content (Fig. 11b) which can
be explained by varying mixed layer depths (e.g. at doy 238
and 241, Fig. 6).

By tracing the depth of the maximum heat content, we
estimated the amount of turbulent mixing needed to redis-
tribute the heat. Theoretically, one may consider two layers
with uniform temperature separated by a distanceδz. A tem-
perature perturbation introduced in the upper layer will be
mixed throughout both layers by turbulence after a timet .
By assuming that internal turbulent mixing was the only pro-
cess of redistributing heat, the eddy diffusivity of heat may

was estimated asKT =
δz2

t
. The depth of the heat content

maximum increased from 2.3 m to 27.6 m during 10 days
from doy 234.25 to 244.25 (Fig. 11b), which givesKT =
3.7×10−4 m2 s−1. In the same depth range and time period,
average eddy diffusivity for mass obtained from the MSS
measurements (Fig. 6b) wasKρ = 3.8 ×10−4 m2 s−1, which
is identical (within the measurement uncertainty) to the esti-
mate ofKT from the downward propagation of the depth of
maximum heat content. This lends confidence on invoking
the Reynolds analogy for the Arctic mixed layer, equating
the eddy diffusivity of heat and mass.

The periods with elevated levels of dissipation rate and
eddy diffusivity in the upper ocean around doy 233, 238 and
242 (Fig. 6b) coincided with periods of increased drift speed
(Fig. 3c) and increased stress in the upper ocean (Fig. 7b)
and indicates that mixing was mostly driven by wind and
tides. Dissipation rate estimates from MSS and TIC at 7.8 m
depth (Fig. 6c) agreed very well, which lends confidence to
the MSS measurements in the upper ocean in general.

The overall average transmittance of solar radiation was
0.024, which means that 2.4 % of the incident solar radia-
tion (106 W m−2) was transmitted through the ice/snow pack
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Fig. 11. (a)Difference in heat content (J m−3) for subsequent 24-h
averaged profiles relative to the first profile centred at 230.25. Depth
is normalized by the mixed layer depth for each profile. Light gray
shading indicates heat gained from the first profile and dark gray
shading indicates heat lost from the first profile.(b) Change in to-
tal mixed layer heat content for average profiles relative to the first
profile (bars) and the pressure (∼depth) at heat content maximum,
vertical axis on the right (circles).

(ice thickness 1.5 m, snow thickness 0.1 m) and into the up-
per ocean. The freezing and snow fall at doy 236.75 did
not only increase the surface albedo from 0.86 to 0.92 but
also reduced the transmittance from 0.030 to 0.015 (see also
Nicolaus et al., 2010b), which means that twice as much of
the incoming solar radiation was reflected or absorbed within
the ice. A similar doubling of reflection and absorption was
observed in a comparable time of freezeup during the drift
of the schooner Tara (Nicolaus et al., 2010a). The estimated
transmittance is slightly smaller than previous estimates by
Perovich (2005) for bare ice (8 %) and by Light et al. (2008)
for melting ice (3 % for 3 m thick ice, 15 % for 1 m thick ice),
however the difference can be attributed to the snow cover of
the ASCOS ice floe.

The classic thermodynamic ice/ocean model of Maykut
and Untersteiner (1971) assumes a constant ocean heat flux
of 2 W m−2 to reach an equilibrium ice thickness, although
later studies have shown that the ocean heat flux has a large
spatial (e.g. Krishfield and Perovich, 2005) and temporal
variability (e.g. Maykut and McPhee, 1995) throughout the
Arctic. Average surface ocean heat flux during ASCOS
(1.2 W m−2) was slightly less than 2 W m−2, but compara-
ble. The relatively small ocean heat flux reflects the modest
turbulent mixing (as manifested by the friction velocity) and
amount of heat that was available in the mixed layer, where
the slowly decayingu∗ towards the end of the drift partly
explains why the ocean heat flux approached zero.
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Fig. 12. (a)Change in total mixed layer heat content within con-
secutive 24-h intervals (bars) and net vertical heat fluxes into the
mixed layer (thick line).(b) Contribution of net ice fluxes to the to-
tal change in mixed layer heat content. Horizontal lines are averages
for the two periods before and after doy 236.75.

At the base of the mixed layer, there was a small, down-
ward flux of heat into the upper cold halocline. To add
the heat stored in the upper cold halocline from Borneo08
to ASCOS (Fig. 10), would require an average heat flux
of −0.35 W m−2, which is roughly 2 times the magnitude
of the observed flux across the base of the mixed layer,
−0.14 W m−2 (Fig. 9b). Although these values were small
and not significantly different from zero, one would expect
that the heat transfer was more efficient at the start of the
melting season, before the strong stratification of the cold
halocline was properly established. The heat flux from be-
low Dwml, in the depth range 60–68 m, was negligible (not
shown), hence all of the heat in the upper cold halocline was
most likely supplied from the mixed layer.

Neglecting any spatial variability in mixed layer heat con-
tent, any observed change between subsequent 24-h intervals
(Fig. 11), reflects a net heat flux into or out of the mixed
layer during these periods. This net heat flux is a sum of
fluxes through the ice and open water minus the heat flux
leaving the ocean through the surface and through the base of
the mixed layer. The ice cover is variable and spatially non-
homogeneous, ranging from very thin to thick multi-year ice
with variable melt pond fractions and snow cover, modify-
ing the heat exchange between the ocean and the atmosphere
accordingly. Each of these variations in ice cover will have
its own steady state heat flux balance with the ocean mixed
layer, hence an observed change in mixed layer heat con-
tent will be the integrated effect of the surface conditions the
mixed layer “experiences” during a 24-h period.

The net heat flux through the ice cover was calculated as
the sum of the transmitted solar radiation, surface ocean heat
flux and heat flux across the base of the mixed layer for 24-h
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periods and plotted together with the change in mixed layer
heat content (Fig. 12a). Before doy 236.75, net heat fluxes
through the ice were of the same order as the change in
mixed layer heat content, although this was in general larger
in magnitude. After the freezing and snow fall at doy 236.75,
changes in heat content were larger, more variable and the net
heat flux through the ice was almost negligible, hence it in-
dicates that the ice was not the main passageway for transfer
of heat between the atmosphere and the upper ocean in this
period.

For simplicity, we assume three categories of ocean sur-
face; ice, open water or melt pond, which all represent dif-
ferent set of net heat fluxes into the ocean mixed layer. The
resulting change in mixed layer heat content was calculated
as

1Hml/1t = Fnet αi +Fow αow (7)

whereFnet, Fow andFmp are the net heat flux balance for ice,
open water and melt ponds respectively andαi , αow andαmp
are the area fraction of ice, open water and melt ponds. From
our observations, we have relatively high temporal resolu-
tion in Fnet and1Qml and will in the following focus on the
contribution from the heat exchange through the ice to the
change in mixed layer heat content.

To estimate the area fraction of ice, a series of 13 aerial
photos of the area was digitally converted and analysed to
obtain the ratio of ice and open water. All images were taken
during the ASCOS drift at heights of 600–1300 m and cov-
ered areas of roughly 6 x 4 km to 12 x 9 km, centred around
Oden. The analysis providedαi = 0.8.

The fractional contribution of the net ice fluxes to the
change in mixed layer heat content (Fig. 12b) was signifi-
cant during the first period, where it accounted for 45 % of
the observed change in heat content, however it dropped to
5 % for the second period. This showed the impact of the
snow cover and freezing of the surface for isolating the upper
ocean from exchange with the atmosphere, but also reflected
a larger variability in the heat content change. Overall, net
ice fluxes accounted for 22 % of the change in heat con-
tent which is similar to the 23 % obtained by the 1997/1998
SHEBA campaign (Perovich, 2005), but higher than the 12 %
estimate based on the 1975 AIDJEX experiment (Maykut
and McPhee, 1995).

On average, heat exchange through open water and melt
ponds accounted for 78 % of the change in mixed layer heat
content. Since we do not knowFow andFmp (Eq. 7), we are
not able to distinguish the importance of open water vs. melt
ponds. However, the melt pond coverage was quite small and
our image analysis indicated melt pond fractions below 5 %
both before and after doy 236.75. Hence, exchange of heat
through open water seemed to be most important for heating
of the ocean mixed layer during ASCOS.

Estimate of the fractional contribution of net ice fluxes is
limited by the assumption thatαi = 0.8, i.e. 80 % of the area

have the same ice and snow properties as found at the exper-
iment site, and that no melting/freezing was taken into ac-
count at the ice/ocean interface. The experiment floe was the
largest found in the area and also had more dominant surface
structures than smaller, surrounding floes, which would ac-
cumulate more snow. Hence one could expect that the trans-
fer of heat through the ice would be larger for the surrounding
floes and our estimate is in that sense a low estimate.

We assumed that there was little melting at the bottom of
the ice cover during ASCOS. Repeated ice thickness mea-
surements could not reveal any significant change in ice
thickness and measured salt fluxes at 3.8 m depth (not shown)
were also small and actually indicated a net freezing at the
surface. Also, we have included the ocean heat flux at the
interface in the net ice fluxes, hence the heat is already “leav-
ing” the ocean mixed layer, irrespective of whether it goes to
melting at the interface or to conduction through the ice.

4.3 Heat content and heat flux variability

Despite the reduction in heat input at the surface, the changes
in heat content in the period following the change in surface
conditions at doy 236.75 were significant. The magnitudes
of changes in mixed layer heat content (Fig. 12) were even
larger than prior to doy 236.75. In Fig. 13, the standard devi-
ation of heat content is shown, averaged in depth bins of 1 m
and in periods before and after doy 236.75. The variability in
heat content was larger in the upper 25 m of the mixed layer
before doy 236.75, when there was transfer of heat through
the ice and larger areas of open water/leads. In the period af-
ter doy 236.75, the largest variability was found below 25 m,
indicating a horizontal variability of mixed layer heat content
which was not related to surface forcing, but to heat that was
transferred into the mixed layer and mixed downwards at an
earlier stage. To investigate the impact of the altered surface
conditions, the average change in heat content for the upper
25 m and surface ocean heat flux were grouped according to
the direction of the mean flow, separating flow from under-
neath the large ice floe and flow from the area with open leads
and smaller ice floes (lower left corner in Fig. 2), (Fig. 14).
Before doy 236.75, a flow of water from the area with open
water lead to an increase in heat content, most likely due to
the absorbed short wave radiation that previously took place
through the open water. Although flow from under the ice
floe also indicated a net increase of heat, there was only one
3-h interval satisfying these conditions before doy 236.75,
hence this result was not considered here. After the change in
surface conditions, both flow from the open water and from
underneath the ice floe lead to reduced heat content in the
upper 20 m. This indicates that there was a change in sur-
face forcing under both types of conditions and that there
was a net cooling of the surface instead of heating. For the
ice covered area, this was achieved by blocking the incoming
short wave radiation from penetrating into the upper ocean
and by increasing the conductive transfer of heat towards the

www.ocean-sci.net/7/335/2011/ Ocean Sci., 7, 335–349, 2011



346 A. Sirevaag et al.: Mixing, heat fluxes and heat content evolution

0 1 2 3 4 5 6

5

10

15

20

25

30

35

σ
Q

 [103 J m−3]

P
re

ss
ur

e 
[d

ba
r]

 

 

Time < 236.75

Time > 236.75

Fig. 13. Average standard deviation of heat content in depth bins
for the periods before and after doy 236.75.

ice surface, driven by a decreasing air temperature. For the
open water areas, the freezing leads to reduced input of ra-
diation to the upper ocean and a stronger conductive cooling
through the thin ice, also driven by the lower air temperature.

The observed changes in net energy balance at the surface
was not only a result of the changing surface conditions with
the freezing and snow cover, but also a result of a gradual
shift in surface energy balance in a transition from melting to
freezing. During the same ASCOS drift, Sedlar et al. (2010)
analysed the energy balance at the ice surface and found that
the net energy balance shifted from positive (heating of the
surface) to negative (cooling of the surface) towards the end
of the drift (doy 243), driven by a net deficit of long wave
radiation and a decrease in net short wave radiation. For the
thin ice over the leads, the cooling will be stronger due to a
larger conductive flux through the thin ice than through the
thicker ice. The ocean heat flux remained positive during
the entire drift (Sect. 3.2) and increased slightly after doy
236.75 for both water flowing from the open water areas and
from underneath the ice floe. This was caused by a reduced
temperature gradient (larger negative gradient) in the upper
20 m (not shown), set up by a stronger surface cooling from
both source regions, which enhanced the turbulent heat flux
towards the ice/ocean interface.
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Fig. 14. (a)Change in heat content (1H20/1t) in the upper 20 m
and(b) ocean heat flux (FH0) averaged according to flow direction
and period before and after doy 236.75. Change in heat content
was calculated within 3-h intervals and the average current direc-
tion within the same period was used to classify the flow from the
mostly open water covered area or the flow from the ice covered
area. Numbers on the1H20/1t bars indicate the number of 3-h
intervals that were averaged.1H20/1t from the ice before doy
236.75 extends outside the axis with a value equal to 10 W m−2,
but was discarded since it contained only one 3-h interval.

5 Summary

As part of the multidisciplinary Arctic Summer Cloud Ocean
Study (ASCOS) in 2008, a comprehensive upper ocean mea-
surement program was performed during a 16-days long
drifting ice station centred at 87.5◦ N and 5◦ E. During the
drift, which lasted from 15 August to 1 September, high res-
olution sampling of ocean stratification, turbulent mixing and
exchange in the upper 500 m were made in addition to mea-
surements of short wave radiation at the ice surface and be-
low the 1.8 m thick ice. The measurements show the develop-
ment of the upper ocean stratification, heat content, and ice-
ocean-atmosphere interaction in the transition period from
the end of the melting season to the initialization of the freez-
ing season.

A comparison of the ASCOS data with CTD data from an
experiment in the same area in late April 2008 and to data
from an Ice Tethered Profiler (ITP19) which drifted through
the area in mid May 2008, showed that the ocean mixed layer
decreased in thickness, from 67 m to 34 m due to a supply of
fresh water from melting of sea ice. Until the end of August,
a total of 1139× 106 J m−2 was added to the mixed layer and
upper cold halocline, where 8.1× 106 J m−2 was present as
sensible heat and the latent heat was represented by a fresh
water equivalent of 3.3 m. The total amount of heat was more
than 3 times the observed heat in the early 1990’s and the
fresh water content also represents a significant freshening
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of the upper ocean in this area. The salinity of the winter
mixed layer was found to be higher than previously mea-
sured, which, together with the increase in fresh water con-
tent, represents a transition towards a more seasonal ice cover
with a more pronounced freezing and melting cycle.

Average heat fluxes over the period of the ASCOS drift
were found to be 1.2 W m−2, −0.3 W m−2 and−0.1 W m−2

for the ice/ocean interface, internally in the mixed layer and
across the base of the mixed layer, respectively, showing that
heat was transferred from the mixed layer and into the upper
cold halocline. The heat flux across the base of the mixed
layer was of the same order as necessary to accumulate the
observed heat in the upper cold halocline by the end of the
melting season.

Mean solar radiation transmitted through the sea ice was
found to be−2.6 W m−2, which contributed to a warming
of the ocean mixed layer. However, the change in surface
conditions by the snow fall reduced the average flux from the
first to the second half of the experiment from−3.7 W m−2

to −1.5 W m−2, respectively.
The ocean mixed layer was found to be heated from the top

and heat was redistributed downwards by turbulent mixing.
By comparing the changing heat content of the mixed layer
and net fluxes into the mixed layer, it was found that the ex-
change of heat through the ice cover accounted for 22 % of
the change in mixed layer heat content, with main contribu-
tion from transmittance of solar radiation through the ice. For
the first part of the drift, net fluxes through the ice accounted
for 45 % of the change in heat content, which increased by
30 % in the same period. Midway in the drift, a cold pe-
riod followed by a snow fall changed the surface conditions
significantly. Very little heat was added from the top of the
ocean mixed layer and heat was redistributed internally. By
tracking the depth of the maximum heat content, an eddy dif-
fusivity of heat was estimated to 3.7× 10−4 m2 s−1, identical
to the measured eddy diffusivity of mass. Significant vari-
ability in heat content was seen in the second period; how-
ever the variability was largest in the lower half of the mixed
layer, which reflected the variability in heat previously trans-
ferred to the upper ocean and changes in mixed layer depth.

This paper reveals the importance of the transfer of en-
ergy through the ice cover for the heat content of the Arctic
mixed layer and gives insight into some of the processes at
play in the upper Arctic Ocean, which bears the signatures of
an ice cover in transition towards being more seasonal. Be-
sides showing the upper ocean development towards the end
of the melting season, it also illustrates the variability caused
by changing surface conditions over relatively short spatial
scales, which are processes that need to be investigated fur-
ther in future studies.
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