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[11 Recent mooring observations in the Arctic Basin suggest the existence of a seasonality
of Atlantic Water (AW) temperature. Here the DRAKKAR global ocean/sea-ice model

is used to examine the seasonal cycle amplitude of AW temperature within the Arctic
Ocean and to investigate the possible mechanisms governing this seasonality.

The simulation as well as available mooring data reveals that the amplitude of the

AW temperature seasonal cycle is significant only in the Nansen Basin along the
continental slope, where AW is primarily advected. In the model, the seasonal cycle of
the AW temperature is advected from Fram Strait up to St. Anna Trough and then
re-energized by the Barents Sea Branch. This suggests that the seasonal AW temperature
signal survives over a finite distance (~1000 km). Interannual changes in the seasonal
cycle amplitude can be as large as the mean seasonal cycle amplitude; thus seasonality is
difficult to characterize from observations spanning only a short period. The seasonal
bias of in-situ observations taken during spring and summer does not induce a large error
when considering the interannual-to-decadal variations of AW temperature, because the
seasonal cycle accounts for a small or negligible part of AW temperature variability,

even near the inflow region.

Citation: Lique, C., and M. Steele (2012), Where can we find a seasonal cycle of the Atlantic water temperature within the Arctic

Basin?, J. Geophys. Res., 117, C03026, doi:10.1029/2011JC007612.

1. Introduction

[2] Warm (T ~ 2-3°C) and relatively salty (S ~ 35 psu)
water is advected from the North Atlantic to the Arctic
Ocean through Fram Strait and the Barents Sea, and plays a
crucial role for the thermal balance of the Arctic Ocean. As it
penetrates the Arctic Basin, Atlantic Water (AW) descends
beneath the fresher, colder mixed layer in the Nansen Basin.
AW circulates cyclonically around the Eurasian and Cana-
dian Basins, primarily following the topography [e.g.,
Coachman and Barnes, 1963; Rudels et al., 1994, 1999;
Schauer et al., 2002b; Nost and Isachsen, 2003; Aksenov
et al., 2011]. During its transit along the Arctic slope, AW
undergoes freshening and large cooling [Karcher and
Oberhuber, 2002; Lique et al., 2010], and is eventually
exported to the North Atlantic.

[3] Because AW is considerably warmer than surface and
bottom water masses (Figure 1), the distribution of its
maximum temperature is often used to follow the circulation
and transformations of the AW layer [Coachman and
Barnes, 1963; Karcher et al., 2003]. Figure 2 shows a map
of the mean maximum temperatures. Herein, the maximum
temperature detected for each temperature profile and for
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salinity greater than 34.7 is called Atlantic Water core tem-
perature (AWCT). This salinity limit is found to be suitable
to detect AW in the Barents Sea [Smolyar and Adrov, 2003].

[4] Substantial variability and changes affecting the AW
properties over the past decades have been reported in the lit-
erature. Increases in the transport volume and the temperature
of AW inflow through Fram Strait [Schauer et al., 2002a] or
the Barents Sea route [Furevik, 2001; Karcher et al., 2003] are
responsible for strong warming events in the AW layer
observed within the Nansen and Canadian basins [Quadfasel
et al., 1991; Carmack et al., 1997; Polyakov et al., 2004,
2005; Dmitrenko et al., 2008; McLaughlin et al., 2009].
Polyakov et al. [2004] suggest that AW temperature variations
might be dominated by low-frequency oscillations over a
50-80 year timescale.

[5] In these observational studies, researchers often com-
pare hydrographic data from different time periods, without
regard to the season when the measurements were conducted.
For instance, Polyakov et al. [2004] average all hydrographic
data available since 1900 within 10 spatial boxes year by
year. This strategy may be justified because the water masses
examined here lie at intermediate depths (deeper than 200 m;
Figure 1), so that the mixed layer and cold halocline above
prevent AW from contact with the atmosphere, which is the
primary source of the seasonal temperature variations in the
global ocean [e.g., Yashayaev and Zveryaev, 2001].

[6] Although rarely taken into account, evidence of an AW
temperature seasonality has been highlighted recently from
mooring observations around the Nansen Basin, but the ori-
gin of this seasonality remains subject to discussion. /vanov
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Figure 1. Mean temperature profiles in the Eurasian Basin
(at the NPEO mooring, solid line) and in the Canadian Basin
(at the BGOS-C mooring, dashed line) for the simulation
(black) and the PHC climatology (gray). Note that the verti-
cal scale is logarithmic. The model depth levels are shown
on the right-hand vertical scale. See Figure 3 for the location
of the moorings.

et al. [2009] report a seasonal cycle of the AWCT north of
Spitsbergen at 31°E (mooring M3, see Figure 3) with a peak-
to-peak amplitude of 1.2°C over 2005-2006. They suggest
that the seasonal cycle might be advected from Fram Strait,
where a strong seasonal cycle is well documented [Schauer
et al., 2002a]. Further downstream, Dmitrenko et al. [2006]
also report on a seasonal cycle at the southern Laptev Sea
over 2002-2004 (mooring M1, see Figure 3), but they attri-
bute this seasonality to a shift of the AW core toward the
slope in winter and away in summer, possibly due to seasonal
local wind variations. Their conclusions about the AW core
shift, however, are based on observations from only one
mooring, which makes it impossible to detect spatial varia-
tions. Dmitrenko et al. [2009], also using mooring data
downstream in the Laptev Sea (mooring M2, see Figure 3),

AWCT - 1980-2007 avg. — Model
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report on a seasonal cycle of the temperature at 260 m with a
peak-to-peak amplitude of 0.25°C over 2004-2007, and
suggest that the seasonality is primarily translated from Fram
Strait. They also speculate that the seasonality of the AWCT
could be affected by the interactions between the Fram Strait
and the Barents Sea branches. At the same time, year-long
mooring data (1995-1996) from the eastern Laptev Sea do
not show evidence of seasonality [Woodgate et al., 2001].

[7] Although these studies suggest a large temperature
seasonality within the AW layer, the observations used in
these studies are too sparse in time and space to allow a
description of AW temperature seasonality on an Arctic
Basin scale. Here, we use output from a global ocean/sea ice
coupled model to map the seasonal cycle amplitude of the
AWCT in the Arctic Basin. The simulation also allows an
examination of the interannual changes in the seasonal cycle
amplitude, and to understand the processes responsible for
this seasonality. The model simulation also provides insight
on possible errors induced by the spring-summer seasonal
observation bias used to study the long-term variations of
AW temperature in the Arctic Basin.

[8] This paper is organized as follows. The model and
experimental design are described briefly in Section 2. In
Section 3, the simulation realism is assessed, comparing it
with available mooring data from different locations in the
Arctic Basin. Mean and interannual changes of the AWCT
seasonal cycle amplitude are described in Section 4, while the
mechanisms at play for this seasonality are investigated in
Section 5. The possible implications of seasonal AW tem-
perature cycle on observational studies of AW temperature
temporal variations and trends are discussed in Section 6.

2. Numerical Experiment Description and Design

[v9] The global ORCAO025 coupled ocean/sea-ice model
configuration developed by the DRAKKAR project [The
DRAKKAR Group, 2007] is used to perform the simulation.

AWCT - PHC

Figure 2. Mean AWCT distribution computed from (left) the simulation and (right) the PHC climatol-
ogy. Note that a determination of AWCT is only made for AW with salinity greater than 34. AWCT shal-
lower than 200 m and colder than 0°C are not displayed.
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Figure 3. Location of the moorings and sections used in the
text. Bathymetry contours 500, 1000, 1500, 2000, 3000,
4000 and 5000 m are drawn with a thin line. The 1500 m iso-
bath used in Section 5 is also shown (dashed line). Circles
indicate the NPEO mooring, pluses indicate the NABOS
moorings and crosses indicate the BGOS moorings.

An overall description of the model and its numerical details
is given by Barnier et al. [2006]. This model configuration
uses a global tripolar grid with 1442 x 1021 grid points and
75 vertical levels. Vertical grid spacing is finer near the sur-
face (1 m) and increases with depth to 200 m at the bottom.
Horizontal resolution is 27.75 km at the equator, 13.8 km at
60°N, and gets to 10 km in the Arctic Ocean. The ocean/sea-
ice code is based on the NEMO (Nucleus for European
Modelling of the Ocean) framework version 3.1 [Madec,
2008]. It uses a partial step representation of the bottom
topography and an energy-enstrophy conserving momentum
advection scheme [Penduff et al., 2007]. Parameterizations
include a Laplacian mixing of temperature and salinity along
isopycnals, a horizontal biharmonic viscosity, and a turbu-
lence closure scheme (TKE) for vertical mixing. A parame-
trization of the solar vertical penetration modulation by the
phytoplankton concentration (using a monthly climatology
of the sea surface color derived from SeawiFS satellite
observations) has also been added because it improves the
representation of the sea ice conditions [Lengaigne et al.,
2009]. The bathymetry is derived from the 1-minute resolu-
tion Etopo1 bathymetry file of NGDC (National Geophysical
Data Center). The sea-ice model is the Louvain-la-Neuve
model, which is a dynamic-thermodynamic model specifi-
cally designed for climate studies. A detailed description is
given by Timmermann et al. [2005].

[10] Our experiment runs from 1958 to 2007 with no spin-
up. Initialization uses January data from the Polar Science
Center Hydrographic T/S Climatology (PHC; see Steele et al.
[2001] for details). The forcing data set is a blend of data
from various origins at different frequencies [Brodeau et al.,
2010]. Precipitation and radiation are from the CORE data set
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[Large and Yeager, 2004] at monthly and daily frequency,
respectively, based on satellite observations when available.
A climatology of the same satellite data set is used for the
early years up to 1979 and 1984, respectively. Air tempera-
ture, humidity, and wind speed are six-hourly fields from the
ECMWEF reanalysis ERA40 (1958-2001) and the ECMWF
Operational Analysis (2002—-2007). Turbulent fluxes (wind
stress, latent and sensible heat flux) are estimated using the
CORE bulk formulae [Large and Yeager, 2004]. River run-
off rates are prescribed using the Dai and Trenberth [2002]
climatological data set. To avoid an excessive model drift, a
relaxation of sea surface salinity is added to the PHC clima-
tology. The coefficient (0.027 m/day) amounts to a decay
time of 371 days for 10 m of water depth; under the ice cover
restoring is five times stronger. The analysis presented here
focuses on a 27-year period from 1980 to 2007, excluding the
early years of the simulation to allow for model adjustment.

3. Observed and Model Simulated AW Temperature
Seasonal Cycles at Mooring Locations

[11] A similar setup of the model has been used previously
for studies of Arctic oceanography, and extended evaluation
of the ocean and sea ice model components is given by Ligue
et al. [2009, 2010]. Figure 2 compares the mean AWCT (the
average over 1980-2007) and the PHC climatology [Steele
et al., 2001]. A similar figure is given for instance by
Dmitrenko et al. [2008] (using historical data over 1894—
1990) and Karcher et al. [2003] (computed from their model
outputs). The model and the climatology both show warm
water at the surface entering the Arctic Ocean via Fram Strait
and the Barents Sea. North of Spitsbergen, AW descends to
200-300 m as it penetrates the Nansen Basin (not shown).
Compared to PHC, the modeled distribution of AWCT does
not show a clear front that would correspond to the Lomo-
nosov Ridge. In contrast, the model exhibits a larger recir-
culation that starts north of the St. Anna Trough. This is a
common feature among Arctic models, possibly due to a
misrepresentation of the eddy activity or flaws in the mixing
parameterizations [Hunke et al., 2008]. As a consequence,
the mean modeled AWCT at the southern Laptev Sea is about
1°C too cold compared to the climatology or to the results
reported by Dmitrenko et al. [2008]. Note that the modeled
AWCT is a bit warmer than the PHC climatology at the
NPEO and BGOS-C mooring locations (Figure 1), but the
difference could be explained by the fact that the climatology
is heavily weighted toward the decades of the 1970s and
1980s when the Arctic Ocean was probably colder than the
recent period [see, e.g., Ivanov et al., 2009, Figure 3].

[12] Despite the mean AWCT cold bias, the basic features of
the AWCT distribution are captured by the model simulation.
In the following, we focus on the AW temperature seasonal
variations, as we compare the model outputs against available
observations from mooring at various locations within the
Arctic Basin, as shown in Figure 3. The characteristics of the
different moorings are summed up in Table 1. We also aim at
taking advantage as best as we can of the available observa-
tions in order to get insight on the AWCT seasonal cycle
amplitude at the Arctic Basin scale. For each mooring location,
we determine the seasonal cycle amplitude (defined as the
peak-to-peak amplitude in this study) and its timing of the
AWCT (for profiling mooring) or the temperature at a depth

3of 17



C03026 LIQUE AND STEELE: ATLANTIC WATER SEASONALITY IN THE ARCTIC C03026

close the AW core (for fixed-depth instruments). Although the
observed time series are often short (a few years), we also
compute when possible a Fourier analysis of the temperature
time series, in order to get an idea of the importance of the
annual harmonic compared to other frequencies.

30914.

3.1. AW Inflow

[13] Intensive monitoring of AW inflow to the Arctic Basin
through Fram Strait [e.g., Schauer et al., 2004] and the Barents
Sea [e.g., Loeng, 1991] has been conducted over the past
decades. Figure 4 shows the model simulated temperature
through Fram Strait and the Kola section, compared with
observations from the mooring array through Fram Strait at
78°50'N and in situ measurements through the Kola section.
Across these sections, AW extends from the surface to the
bottom, and is thus in contact with the atmosphere and its
seasonal temperature cycle. The AWCT is found at the surface
in summer, and near 200 m in winter. Temperature observa-
tions through the east side of Fram Strait show a large seasonal
cycle over 1998-2004, with an amplitude varying between 1
and 2°C, and a maximum occurring in late summer (October)
and a minimum in March. A harmonic analysis reveals that the
annual harmonic accounts for the bulk part of the temperature
variance (56%). The simulation reproduces fairly well the AW
temperature seasonal cycle, although its amplitude is generally
smaller (between 0.7 and 1.3°C) than the observations.

Data Source
Time series of monthly means were provided.
Provided by PINRO, Murmansk, Russia.
Time series of monthly means were provided.
See http://nabos.iarc.uaf.edu/index.php.
Profiles span from 150 to 2000 m.

Note that we have first binned the data into the model
layers before detecting the maximum T.
The depth of the instrument varies each year:
253 m and 297 m (2004-2005),

275 m (2005-2006) and 280 m (2006-2007).
See http://psc.apl.washington.edu/northpole/.
See http://www.whoi.edu/beaufortgyre/.
Profiles span from 150 to 2000 m.

Note that we have first binned the data into the
model layers before detecting the maximum T.

See http://www.whoi.edu/page.do?pid

Time Period
19972004
1950-2011
2002-2006
2004-2007
2004-2007
2001-2010
2003-2009
2003-2009
2003-2009
2005-2009

two years of observations (2004-2006), Ivanov et al. [2009]
report that the annual harmonic from a harmonic analysis
has an amplitude between 0.9 and 1.3°C, with a maximum

o £ £ é [14] Along the Kola section, the model simulated temper-
S Eg 2B E < ature presents a .1°C cold bias, which m{gh't be due to a
c|l*owsEs 2 f o . problem of the simulated AW pathway within the Barents
E|ERSSEQ Y < =5, Sea as the Kola section samples only a limited part of the AW
Elm 8 £ 8 =2 3 LR S Barents Sea branch. The mean temperature from the surface
ElTefEn s g B2 223 to 200 m exhibits a large seasonal cycle that accounts for
£ § 2-a29 3 3 - Zz 5 z 60% of the variance. The timing is similar to that in Fram
S8 £ § £Z2 < £ Eb & e = Strait, but the amplitude is larger (between 1.6 and 3°C). This
—~|zE2ES g z o= = amplitude difference might be due to both the location of the
@ = @ k= & °°§ section further south and the shallower depths considered
& % 2 T here, the water column being warmer close to the surface.
gl e
2z 3.2. Eurasian Basin
= [15] After entering the Arctic Basin through Fram Strait
2 and St. Anna Trough in the northern Barents Sea, AW cir-
E g 2 ,%Dén culates cyclonically along the slope of the Eurasian Basin
= s ,;: 2 S g s el 222 [Schauer et al., 2002b]. Several moorings have been
3 2.8 8 e EE8 ggg deployed since the 2000s around the Eurasian Basin as part
= 2 g8 g =2 £ gg8 EEE of the NABOS (Nansen and Amundsen Basins Observational
2l fg = £ A AR E £ .55 System) [Polyakov et al., 2003] and NPEO (North Pole
AR 5 '*g 5 55 L‘g 'g'g“g Environmental Observatory) [Morison et al., 2002]. Figure 5
s g ‘E 23 g =) == g 58 shows the monthly mean temperature variations computed
I gz i’ é :'; g £E5E from four different moorings, compared to the model tem-
s~ § g% 3 2 2232 232 perature variations at the same locations.
E E z P e ® & £ E & [16] We examine the variations of temperature northeast
2 a - &%’ § § - ——— of Fram Strait at mooring M3 at about 215 m depth, which is
% 3) 3 55 close to the depth of the AWCT [Ivanov et al., 2009]. Using
g
=
[
g 8 and a minimum occurring in November and May, respec-
£ 3 tively, i.e one to two months later than in Fram Strait. The
U_ g g g = S g annual harmonic accounts for 25% of the observed time
= Z| & g 2 2 2 series variance over 2004-2009 and the amplitude reduces to
= E = g : & ; 888 0.36°C over this longer period. The model simulated sea-
= = M Z z ZZa DAA@ sonal cycle of the temperature at 215 m depth at M3 over the
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Figure 4. (left) Monthly model simulated (black) and observed (cyan) mean temperature averaged
through Fram Strait (at 78°50'N between 5°E and 8°40'E) from the surface to 700 m. No offset has been
added to the model time series. (right) Monthly model simulated (black) and observed (cyan) mean tem-
perature averaged through the Kola section (at 33°30'E between 70°30'N and 72°30'N) from the surface to
200 m. Note that a +1 °C offset has been added to the model temperature time series.
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Figure 5. (a) Monthly mean temperature at the NABOS M3 mooring at 215 m. (b) Monthly mean
AWCT at the NABOS M1 profiling mooring. (c) Monthly mean temperature at the NABOS M2 mooring
at about 270 m. The discontinuity for the observations is due to small changes of instrument depth (see
Table 1). (d) Monthly mean temperature at the NPEO mooring at 250 m. The simulated (black) and
observed (cyan) temperatures are shown. Note that a +1°C offset and a +0.4°C offset have been added
to the model temperature time series for the NABOS and NPEO mooring, respectively. See Figure 3
for the location of the moorings.
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last five years of the simulation (2002—2007) underestimates
the amplitude of the seasonal cycle (0.21°C in the model),
though the variances explained by the modeled and observed
seasonal cycle are similar. Both the model results and the
longer observational time series also reveal that the ampli-
tude and timing of the seasonal cycle vary from year to year.

[17] Downstream from M3, a profiling mooring (M1)
was deployed north of the Laptev Sea over 2002-2006
[Dmitrenko et al., 2006, 2008]. Figure 5b shows the monthly
mean AWCT computed from each profile of the profiling
mooring. Using data from September to February in 2002
and 2003, Dmitrenko et al. [2006] find higher AW tem-
peratures in winter than summer, and they attribute these
variations to a seasonal cycle with an amplitude of about
0.2°C. After February 2004, the observed dominant signal is
a large warming as discussed by Dmitrenko et al. [2008]. No
evidence of a seasonality can be found when examining the
entire observed time series (Figure 5b). The model fails at
reproducing this large and sudden warming event after
February 2004. However, the model simulated AWCT times
series does exhibit a seasonal cycle with an amplitude of
0.1-0.2°C, and a warm season in fall-winter, in agreement
with Dmitrenko et al. [2006], although the annual harmonic
does not account for a significant part of the variance.

[18] At mooring M2 in the eastern Laptev Sea, the tem-
perature time series over 2004-2007 exhibits a seasonal
cycle amplitude of 0.25°C at 260 m (attributed to the Fram
Strait Branch) and 0.05°C at 840 m (attributed to the Barents
Sea Branch) [Dmitrenko et al., 2009]. Figure 5c shows the
model monthly mean temperature time series at 270 m at
M2, and the mooring observations. Note that we are show-
ing the time series from the closest instrument to the 270 m
model depth level (see Table 1). The observed temperature
time series exhibits a cold season followed by a warm season
each year, although both the timing and the amplitude of the
seasonal cycle are highly variable annually. The modeled
temperature at 270 m time series does not exhibit a seasonal
cycle. However, the modeled AWCT at M2 is deeper than
270 m, and varies annually around 500 m on the average.
The model simulated AWCT variations at M2 (not shown)
exhibit a seasonal cycle with an amplitude varying from
0.02°C to 0.15°C, depending on the year considered.

[19] At the eastern end of the Laptev Sea, the AW flow
splits into two branches: one enters the Canadian Basin,
while the second remains in the Amundsen Basin, flowing
along the Lomonosov Ridge [Rudels et al., 1999]. Since
2001, a mooring has been deployed and maintained close to
the North Pole by the NPEO [Adagaard et al., 2008]. The
observed and modeled monthly mean temperature time series
at 260 m depth show a general cooling trend and no seasonal
cycle (Figure 5d). A harmonic analysis of the time series (not
shown) suggests that the annual harmonic is very small at
that location (both for the model and the observations over
2001-2008). There is no seasonality of the AWCT at the
NPEO mooring location.

3.3. Canadian Basin

[20] Since August 2003, moorings have been deployed
within the Canadian Basin as part of the Beaufort Gyre
Observing System (BGOS) [Proshutinsky et al., 2009]. The
monthly mean observational time series of the AWCT at the
four mooring locations compared with the model simulated
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time series at those locations shows an underestimation by
the model of the variations of the maximum temperature
(Figure 6; the observed variations have an amplitude of about
0.05°C). Neither the observations nor the model exhibit sig-
nificant AWCT seasonality, according to a harmonic analysis
of the modeled and observed AWCT time series.

[21] One could argue that these four moorings are in the
Beaufort Gyre interior and might not be representative of
what is happening along the slopes where AW is primarily
advected [Rudels et al., 1999]. We have thus also considered
data from one mooring located on the 1600 m isobath of the
Beaufort Sea slope north of Alaska (not shown) [see Pickart
et al., 2011]. A two-year time series of AWCT from this
mooring’s measurement also shows no evidence of a AWCT
seasonal cycle at that location.

[22] In this section, we have tried to use all the mooring
data available in the Arctic Basin to determine the spatial
variations of the seasonal cycle amplitude of the AWCT. We
therefore need observations over time periods longer than a
year, and such observations are only available after 2000.
This makes it difficult to distinguish between seasonal and
other frequencies. However, clear evidence of a seasonality
within the AW layer could be found, at least in the Nansen
Basin, and its origin still needs to be investigated. Although
our numerical simulation has a cold bias all over the Arctic
Basin and might to some extent underestimate the amplitude
of the AW temperature variations, it allows an examination
of AWCT seasonality in a fully consistent way, taking
advantage of the large coverage in time and space.

4. Model Simulated Amplitude of the AWCT
Seasonal Cycle and Interannual Variability

[23] Our goal in this section is to provide an objective
definition for the seasonal cycle amplitude of the AWCT, in
order to describe it at the Arctic Basin scale, and to examine
its variations over several decades. From now on, only
results from the numerical simulation will be shown.

4.1. Definition of the Seasonal Cycle Amplitude:
Example at the M3 Location

[24] In the previous section, we showed that the AWCT
seasonal cycle amplitude might be highly variable at a given
point depending on the year considered. We thus need as a
first step to clearly define the quantities that we will examine.

[25] Figure 7 shows an example at one given point (M3) of
the treatment that we apply to the AWCT time series to
extract the amplitude and the phase of the seasonal cycle.
First of all, we remove from the initial time series its running
mean computed with a 12-month window, in order to obtain
the seasonal AWCT time series. We then fit the annual
harmonic to the seasonal AWCT time series, which yields
the mean amplitude and the timing of the minimum and the
maximum. The difference of amplitude and timing between
the annual harmonic and the seasonal AWCT each year
allows a quantification of the interannual variability of the
seasonal cycle. The same treatment is applied at each model
grid point over the period 1980-2007.

4.2. The Mean Seasonal Cycle Amplitude

[26] Figure 8 shows a map of the amplitude and phase of
seasonal AWCT variations as well as the percent of the total
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Figure 6. Monthly mean AWCT in the Beaufort Gyre at mooring locations (A, B, C and D; see Figure 3
for the location of the moorings). The simulated (dashed lines) and observed (solid lines) temperatures are
shown. Note that a +0.4°C offset has been added to the model temperature time series.
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Figure 7. Definition of the seasonal cycle for the monthly mean AWCT at mooring M3 (see Figure 3 for
the location of M3). The solid black line is the initial model time series, the dashed cyan line is the running
mean of the time series with a 12-month window, the dashed black line is the result of the subtraction of
the two previous time series, and the solid cyan line is the corresponding annual harmonic.
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Figure 9. Interannual variations of the annual harmonic amplitude for the seasonal AWCT time series. At
each grid point, the annual harmonic is computed for a running 5-year window. The range (i.e., the maxi-
mum minus the minimum amplitude) is then computed. Note that the color scale for the range is not linear.

variance explained by the annual harmonic. The 95% signifi-
cance level of the annual harmonic fitting according to an
F test is also indicated. In the North Atlantic sector up to the
entrance of the Arctic Basin, the annual harmonic explains
more than 70% of the total AWCT variance. The amplitude of
the seasonal cycle is larger than 2°C, and the maximum occurs
in August, when the net accumulated heat during summer has
reached its maximum. The amplitude in the southern Barents
Sea is around 2°C, which is consistent with the results of
Smedsrud et al. [2010]. As AW descends under the ice cover,
the amplitude of the annual harmonic and the percentage of
variance explained by this harmonic decrease, and no coherent
phase is found in the basin. Significant amplitude (around
0.1°C) and explained variance (around 40%) can be found
along the Nansen Basin slope up to the Laptev Sea. On the
slope, the phase of the AWCT seasonal maximum is changing
along the AW pathway, from August in Fram Strait to May at
the St. Anna Trough to October at the end of the Nansen Basin.
This pattern suggests an advection process that delays the
phase by the time taken by the travel of the water mass. This
will be discussed in detail in the following section.

[27] The spatial pattern of the seasonal AWCT amplitude
is similar to the mean AWCT (Figure 2). Large amplitude

values (although not significant at the 95% level) are found
in the Nansen Basin interior where the model mean AWCT
is larger than 1°C. In contrast, the amplitude of the annual
harmonic is negligible over the Makarov and Canada basins,
where the seasonal variations of the AWCT accounts for a
negligible part of the total variance. The correlation between
the mean AWCT and the annual harmonic amplitude in the
entire Arctic Basin is 0.75, suggesting that the loss of heat
along the AW pathway by diffusion and mixing occurs
concurrent with a weakening of the seasonal cycle strength.

4.3. Interannual Variations of Seasonal
Cycle Amplitude

[28] The seasonal cycle amplitude varies largely inter-
annually (Figure 7). For example, between 1990 and 1995,
the peak-to-peak amplitude at M3 is about twice as large as
the mean annual harmonic amplitude. The timing of the
maximum and minimum may change from year to year by a
few months (Figure 7), making it difficult to define the sea-
sonal cycle amplitude and timing for a given year. In order to
get an idea of the interannual variability of the AWCT sea-
sonal cycle amplitude in the basin, we compute the range of
the annual harmonic amplitude, as defined in Figure 9.

Figure 8. (a) Peak-to-peak amplitude, (c) phase of annual harmonic and (e) percent of the total variance explained by this
harmonic for the seasonal AWCT time series. See Figure 7 for the treatment applied to the model AWCT. Note that the color
scale for the amplitude is not linear, and that June is both represented by blue and red for the phase. (b, d, and f) Same as
Figures 8a, 8c and 8e but focused on the Nansen Basin. The 95% significance level of the annual harmonic fitting according
to a F-test is indicated on Figures 8a and 8b (black line). The 1500 m isobath is shown on Figure 8d (black line).
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[29] Looking at the region where the annual harmonic fit
is significant (in the North Atlantic sector and along the
Nansen basin slope, see Figure 8b), we find that the inter-
annual variations of the seasonal cycle amplitude can be
almost as large as the seasonal cycle amplitude. This vari-
ability makes it even more difficult to characterize the sea-
sonal cycle at a given point from a mooring, as it only
samples a short time period. For instance, the seasonal cycle
amplitude at M1 and M2 described by Dmitrenko et al.
[2006, 2009], respectively, could have been different both
in terms of amplitude and phase if sampled during a different
period. According to the model, the interannual variations of
the AWCT annual harmonic amplitude at M1 and M2 are
0.11°C and 0.05°C, respectively, while the annual harmonic
amplitudes are 0.03°C and 0.01°C at these locations.

5. Nansen Basin Processes

[30] The AWCT exhibits a significant seasonality only in
the Nansen Basin along the AW pathway following the
slope from Fram Strait to the Laptev Sea (Figure 8). To
explain the seasonality in this region, we examine the mean
and the variations of the AWCT along the 1500 m isobath
from Fram Strait to the Laptev Sea (see Figure 3 for the
location of the isobath). This isobath is a reasonable choice
to follow the pathway of the AW [Schauer et al., 1997].
Figure 10 shows the mean AWCT and the depth of the
AWCT, as well as the annual amplitude and phase (as shown
in Figure 8) along the 1500 m isobath. Figure 11 shows the
time-distance diagrams of the AWCT, the seasonal AWCT
(as defined in the previous section) and the velocity ampli-
tude at the depth of the AWCT. The power spectrum density
of the AWCT and the velocity amplitude are computed at
each point along the isobath from the monthly means values
over the period 1980-2007, and the results are shown in
Figure 12.

[31] Along the Nansen Basin slope, the mean AWCT
decreases from 3°C to about 0.4°C at M2 (Figure 10a). The
alternation between multiyear cold and warm events is
clearly visible from Figure 11a, which is in agreement with
the model results of Karcher et al. [2003] and the observa-
tions northwest of Svalbard of Saloranta and Haugan
[2001], who describe the spreading of two warm events in
the 1980s and 1990s. Although this low-frequency vari-
ability of AW temperature is dominant in the Arctic Basin
downstream from Fram Strait and the Barents Sea, Figure 12
also reveals the existence of a seasonality for the AWCT and
its associated velocity along the 1500 m isobath. This sea-
sonality and the large spatial variations of the velocity along
the slope mean that we can not just transform space into time
in order to examine the propagation of the seasonal cycle, as
has been done for instance by Timofeyev [1962] to determine
the transit time of AW within the Nansen Basin. In what
follows, we will examine step by step this seasonality from
Fram Strait to the Laptev Sea.

[32] The AWCT at Fram Strait exhibits a large seasonal
cycle amplitude (more than 2°C), with a maximum at the
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surface during summer and a minimum during winter deeper
(around 200 to 400 m), due to local winter convection
[Haugan, 1999]. From Fram Strait to M3, the model simu-
lated AW core splits up into two branches (not shown): one
follows the 1500 m isobath and then mostly recirculates to
Fram Strait, while the second branch flows over the Yermak
plateau. This is consistent with the circulation sketch pro-
posed by Bourke et al. [1988] and confirmed by Walczowski
and Piechura [2007]. As a consequence, much of the AW
core that enters the Arctic Ocean follows the shortcut over
the Yermak plateau, which explains the fast and large
decrease and then increase of the AWCT and its seasonal
cycle amplitude (Figure 10). Around 800 km, the main AW
core again reaches the 1500 m isobath.

[33] Close to M3, the AWCT exhibits a seasonal cycle
amplitude of about 0.5°C, with the maximum found at a
constant depth between 200 and 300 m, except in 1990 and
between 1999 and 2001, when the AWCT is deeper in
winter (~500 m). These events correspond to episodes when
the Barents Sea was completely free of ice in the model (also
visible in NSIDC sea ice extent observations [Fetterer et al.,
2002]), leading to local convection due to a large release of
heat to the atmosphere. At mooring M3, the maximum of the
annual harmonic occurs in January, i.e., 5 months later than
in Fram Strait. This is consistent with an advection of the
AW seasonal cycle along slope, as suggested by Ivanov
et al. [2009].

[34] Near St. Anna Trough, the amplitude of the annual
harmonic decreases to 0.1°C, while the timing of the maxi-
mum occurs later in the year, consistent again with an
advection process of the seasonal cycle. On top of that,
Figures 11 and 12 show that the timing of the seasonal cycle
becomes more and more irregular as AW penetrates further
downstream in the Arctic Basin and the cold and warm
seasons becomes difficult to distinguish just before the St.
Anna Trough.

[35] Less saline and colder AW modified in the Barents
Sea penetrates into the Arctic Ocean through St. Anna
Trough. This branch of AW undergoes vigorous mixing
with the Fram Strait branch of AW while spreading eastward
following the slope of the Nansen Basin [Schauer et al.,
1997]. This results in a large decrease of the AWCT and
its depth after St. Anna Trough (Figures 10a, 10b and 11a).
In the model, the seasonal maximum AWCT for the Barents
Sea Branch just upstream from St. Anna Trough occurs in
winter (February—March, not shown), i.e., just a few months
earlier in the year than the maximum of the Fram Strait
Branch at that location (April-May, Figure 10d), which
makes the interference between the two branches nearly
constructive. The phase of the seasonal cycle of the Barents
Sea Branch results from interplay between several processes,
including advection of AW from the entrance of the Barents
Sea to the St. Anna Trough (that takes only around one year
in the model [Ligue et al., 2010], which might be too fast
compared to observed velocities in the Barents Sea [Arthun
et al., 2011]), mixing that leads to strong cooling [Schauer
et al., 2002a] and seasonal and year-to-year variations of

Figure 10. Evolution along the 1500 m isobath of (a) the mean AWCT averaged over 1980-2007, (b) the mean depth of
the AWCT and the AWCT annual harmonic (c) amplitude and (d) phase. The 0-contour is shown on Figure 10b (white line).
The distance starts at Fram Strait. The black dotted lines marks (from left to right) the locations of mooring M3, St. Anna
Trough, and moorings M1 and M2. See Figure 3 for the location of the isobath.
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the sea ice edge location [Aksenov et al., 2010]. Although of
importance, the understanding of the AW seasonal cycle
timing in the Barents Sea is beyond the scope of this paper.

[36] Along the Nansen slope, as the Fram Strait and the
Barents Sea branches mix, the AWCT decreases while
the amplitude of the annual harmonic (Figure 10c) and the
energy around the 12-month frequency (Figure 12a) increase
slightly. The month of the annual harmonic maximum first
decreases from May to April around 2000 km, and then
increases again in a consistent way with a propagation
responsible for the seasonal cycle. The timing of the sea-
sonal cycle appears to be more regular (Figure 11b) after the
decrease of the AWCT east of St. Anna Trough (Figure 11a).
The depth associated with the maximum also increases after
this point (Figure 10b). These changes indicate that the
propagating Fram Strait seasonal signal is re-energized by
new input from the Barents Sea Branch. As it continues
further downstream, the seasonal amplitude gradually
decreases, and the timing of the cycle becomes less regular
(Figure 11b), as confirmed by a decrease in the power
spectrum density at seasonal time scale (Figure 12). In the
Laptev Sea at moorings M1 and M2, the annual harmonic is
not significant anymore; the separation between a cold and a
warm season can only be made in some years (Figure 11b).
The timing and the amplitude of the seasonal cycle are
strongly year dependent.

[37] Observations from M1 suggest that the seasonal cycle
there could be due to a shift of the AW core toward the slope
in winter and away in summer [Dmitrenko et al., 2006]. In
order to test this hypothesis, we consider the seasonal cycle
of the AWCT along different isobaths (between 1000 m and
2500 m, not shown). The AWCT seasonal cycle appears to
be in phase at a given distance from Fram Strait along both
deeper and shallower isobaths, and there is no shift of the
AW core between different isobaths.

[38] The velocity of the AWCT exhibits a large seasonal
cycle (Figure 12b), that is in phase all along the isobath
(Figure 11c), possibly due to a basin scale coherent mode of
the circulation. This suggests that the AWCT is advected
along the slope at a velocity that varies seasonally and spa-
tially along the slope, but not spatially across the slope. How
does the variability of AW velocity affect the decline in its
seasonal cycle amplitude eastward along the Nansen Basin
slope? We consider three scenarios. First, imagine a scenario
with uniform velocity in the presence of diffusion and eddy
generation by flow instability. In this case, warm and cold
season signatures will propagate along this pathway at
the same speed. The amplitude of the seasonal difference
between these signatures at a particular location will decrease
downstream, since diffusion is proportional to spatial tem-
perature gradients and thus will cool the warm season signal
faster than the cold season signal. Eddies may also be gen-
erated along the pathway which will cool the AW and affect
the seasonal amplitude in an unknown and possibly random
manner. Second, consider a case wherein the velocity is
uniform in space, but varies seasonally. Here again the warm
and cold season signatures propagate at the same speed,
although this speed changes over the year. Thus diffusion
will reduce the seasonal amplitude, while eddies will pref-
erentially cool the current during the fast season (when
instability is more likely) but may not affect the seasonal
amplitude per se. Finally, consider the result of our model
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simulation (Figure 11c): a (nearly) fixed spatial pattern of
velocity along the Nansen Basin slope with seasonally
varying amplitude. In this case, diffusion is enhanced by flux
convergence along the pathway. For example, deceleration of
the current along its pathway will reduce the distance
between warm and cold season signatures, encouraging
mixing between them which reduces the seasonal amplitude
and makes its timing less regular. The interplay between
velocity and temperature variations along the AW pathway is
clearly an interesting and complex subject that, while beyond
the scope of the present study, merits further analysis.

6. Summary and Discussion

[39] The AW in the Arctic Ocean lies at intermediate depth
and thus does not have direct contact with the atmosphere,
yet its temperature exhibits a seasonal cycle in parts of the
basin. The amplitude of the seasonal cycle is strongly space
dependent, and in the model simulation, significant values
are only found in the Nansen Basin along the slope where the
AW is primarily advected [Schauer et al., 2004], while no
significant seasonality of the AW temperature could be found
in the in the Canada and Makarov Basins. From Fram Strait
to the Laptev Sea, the phase of the AWCT annual harmonic is
gradually delayed, which is consistent with an advection
process. The delay is about one year over the 2000 km that
separates the Laptev Sea from Fram Strait (Figure 10).
Assuming a constant advection, this would require a velocity
of 6 cm/s. This is consistent with the velocities observed
through Fram Strait [Schauer et al., 2004], with those
observed at mooring M3 [Ivanov et al., 2009], with the
advection speed (~8 cm/s) estimated along the Eurasian
continental slope by Swift et al. [1997], and with the speed
calculated by Woodgate et al. [2001] (~5 cm/s) between
St. Anna Through and M1. On the other hand, our model’s
propagation speed appears to be faster than the estimate of
Polyakov et al. [2005], who suggest that the warm event
observed at the mooring M1 in 2004 has taken 5 years to
propagate from Fram Strait, which corresponds to a mean
velocity of 1.5 cm/s, or the estimate of Frank et al. [1998],
who deduce mean current speed of about 1 cm/s using tracer
measurements in the Eurasian Basin. Although our model
advection speed appears faster than some available estimates
in the literature, the sparseness of velocity observations along
the Nansen slope, as well as the large variability of the
velocities along and across the slope makes it difficult to
assess the realism of our model simulated velocities.

[40] Moreover, model simulated AWCT and velocity
exhibit a seasonal cycle with different phase along the Eur-
asian slope; the velocity of the AW layer has a seasonal
cycle that is in phase around the Nansen Basin. Investigation
into the origin of the velocity coherent seasonal cycle is
beyond the scope of this paper. Our results suggest that the
AWCT seasonal cycle can survive over a long but finite
distance (around 1000 km). From Fram Strait to St. Anna
Trough, the temperature seasonal cycle originates from the
Fram Strait Branch, while after St. Anna Trough the tem-
perature seasonal cycle is dominated by the Barents Sea
Branch. We speculate that mixing and diffusion processes as
well as the spatial variations of the velocity (that might also
enhance the mixing) along the AW advection path leads to
the gradual disappearance of the AWCT seasonality. As in
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most non-eddy resolving models, diffusion is here probably
overly strong, which could explain our AW cold bias and
might also cause an underestimation of AWCT seasonality.

[41] In addition to the large spatial variations, the ampli-
tude of the AWCT seasonal cycle also largely varies from
year to year, and its variations can be almost as large as the
mean amplitude (Figure 9). This suggests that it might be
difficult to characterize this quantity from observations
spanning only one or two years.

[42] Due to environmental conditions, in situ non-autonomous
measurements are conducted in the Arctic Ocean mostly
during spring (aircraft-based observations) and late summer
(ship-based observations); only a sub-sample of the seasonal
cycle is measured. One could logically infer that this sea-
sonal bias of the observations might lead to large uncertainty
(at least in some regions) when examining interannual var-
iations or long term trends of AW properties. In order to
get insight on the possible impact of this subsampling,
we subsample our AWCT time series by randomly choosing
a month each year. The same calculation is reproduced
1000 times using different randomly chosen months in order
to obtain an ensemble for which we then compute the mean
standard deviation over 19802007 of the AWCT and the
dispersion (i.e., the standard deviation of the ensemble)
around this mean standard deviation. The mean standard
deviation is compared to the standard deviation over 1980—
2007 of the AWCT computed from annual means. Results
are shown in Figure 13. Large discrepancies are visible in
regions free of ice or seasonally ice-covered. In contrast, in
the Arctic Ocean where AW lies under the cold mixed layer
and halocline, standard deviations computed from annual
or randomly chosen monthly means are in near agreement,
and the dispersion of the ensemble is less than 10%. Note
that our computation represents the worst case scenario,
as in reality, almost all the measurements are conducted
during spring and summer, which would reduce the disper-
sion of the ensemble. This suggests that the error induced by
seasonal sampling bias when computing long term variabil-
ity [e.g., Polyakov et al., 2004] is small, even in the regions
where the seasonal cycle amplitude is significant.

[43] Figure 14 shows the ratio between the amplitude of
the AWCT seasonal cycle and the variations of the AWCT
annual mean. This shows that in the Arctic Ocean, the
AWCT seasonal variations are small compared to the
amplitude of the interannual variations, while in the ice-free
areas to the south, the seasonal variations are dominant. We
thus suggest that seasonally biased measurements of the AW
temperature are sufficient to examine its interannual varia-
tions. The only exception might be the region northeast of
Fram Strait, where the annual harmonic amplitude is larger
than the standard deviation of AWCT computed from the
annual mean. Long-term mooring data such as at M3
deployed in this region might help to develop a correction

Figure 13. (a) Standard deviation of the AWCT computed
from annual mean. (b) Mean and (c) dispersion (defined as
the standard deviation of the ensemble) of the standard devi-
ation of the AWCT computed from randomly chosen
monthly mean. The ensemble consists of 1000 realizations.
The linear trend has been removed from the time series to
compute the standard deviation.
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Figure 14. Amplitude of the AWCT annual harmonic divided by two standard deviations from annual
mean of the AWCT time series. This compares the part of the AWCT variability due to the seasonal cycle
and the part due to interannual variations. The linear trend of the time series has been removed to compute

the standard deviation.

for the seasonally sub-sampled measurements conducted in
this region.
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