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Abstract. Changes in the hydrography of the Arctic Ocean halocline. This is especially evident in the Northern Canada
have recently been reported. The upper ocean has been fresRasin, where the most substantial freshening is observed.
ening and pulses of warm Atlantic Water have been observedhe warming, and to some extent also the increase in salinity,
to spread into the Arctic Ocean. Although these change®f the Atlantic Water during the early 1990s extended from
have been intensively studied, salinity and temperature varithe Nansen Basin into the Amundsen and Makarov basins,
ations have less frequently been considered together. Herehile the warm and saline inflows occurring during the 2000s
hydrographic observations, obtained by icebreaker expediappear to be confined to the Nansen Basin, suggesting that
tions conducted between 1991 and 2011, are analyzed artthe warm and saline inflow through Fram Strait largely recir-
discussed. Five different water masses in the upper 1000 roulates in the Nansen Basin.

of the water column are examined in five sub-basins of the
Arctic Ocean. This allows for studying the variations of the
distributions of the freshwater and heat contents in the Arc-

tic Ocean not only in time but also laterally and vertically. 1  Introduction

In addition, the seasonal ice melt contribution is separated

from the permanent, winter, freshwater content of the PolarPirect precipitation and runoff provide two thirds of the to-
Mixed Layer. Because the positions of the icebreaker stationé?! freshwater input to the Arctic Ocean. The remaining one-
vary between the years, the icebreaker observations are #ird derives from the low salinity Pacific water advected
each specific point in space and time compared with the Pothrough the Bering Strait (Aagaard and Carmack, 1989; Ser-
lar Science Center Hydrographic Climatology to separate thé€Ze€ et al., 2006; Dickson et al., 2007). In addition, especially
effects of space and time variability on the observations. Thdn the Canada Basin, recent reduction in sea ice volume is
hydrographic melt water estimate is discussed and Comparegpggested to decrease the surface salinity and thus contribute
with the potential ice melt induced by atmospheric heat inputto the freshwater content in the upper ocean (Yamamoto-
estimated from the ERA-Interim and NCEP/NCAR reanal- Kawai et al., 2009).

yses. After a period of increased salinity in the upper ocean Most of the oceanic heat transported to the Arctic Ocean
during the 1990s, both the Polar Mixed Layer and the upF,e|derives from the Atlantic. Particularly the heat carried
halocline have been freshening. The increase in freshwaterough the Fram Strait is well conserved as the warm and
content in the Polar Mixed Layer is primarily driven by a saline inflow becomes decoupled from the atmosphere north
decrease in salinity, not by changes in Polar Mixed LayerOf Svalbard, where the upper part of the inflow is transformed
depth, whereas the freshwater is accumulating in the upinto a fairly fresh surface layer by melting sea ice and mix-

per halocline mainly through the increasing thickness of thelng with meltwater. Because of the advection of heat, the
large freshwater input and storage are generally considered
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a prerequisite for the maintenance of the perennial ice covethe past decades (McPhee et al., 1998; Shimada et al., 2001;
in the Arctic Ocean. The freshwater flux stabilises the sur-Perovich et al., 2008; Jackson et al., 2010).
face layer and insulates sea ice from heat stored in the At- In addition to the role of radiative processes in recent
lantic layer (Aagaard and Coachman, 1975; Aagaard et al.ice loss, Pacific waters have been suggested to supply ad-
1981; Rudels et al., 1996). Generally, not even the convecéditional heat to the upper ocean, which possibly influences
tion induced by ice formation and subsequent brine rejecthe ice cover. Previously the heat content in the waters de-
tion is able to reach the thermocline. Only in the Nansenriving from the Pacific Ocean was presumed to be negligi-
Basin does the weak stratification enable sufficiently deegble. Nevertheless, the Pacific waters are, at least during sum-
winter convection to possibly mix the warm Atlantic Water mer, comparatively warm and fresh and, due to their low
upward (Rudels et al., 1996; Kikuchi et al., 2004). However, density, inject heat close to the ocean surface (Stigebrandt,
changes in wind-driven ocean advection have been observet84). The direct measurements of the Bering Strait trans-
to weaken the upper ocean stratification, possibly increasingorts carried out since the early 1990s reveal variability in
vertical mixing also in the Amundsen and Makarov basinsboth temperature and volume of the Bering Strait inflow
(Proshutinsky and Johnson, 1997; Steele and Boyd, 1998). (Roach et al., 1995; Woodgate et al., 2010). Although no
In the late 1980s and early 1990s, the prevailing atmo-permanent increase in temperature or heat content is docu-
spheric circulation pattern, described by the Arctic Oscilla- mented, Shimada et al. (2001) and Steele et al. (2004) pro-
tion (AO) index (Thompson and Wallace, 1998), was consid-posed a possible warming of the Alaskan Coastal Water dur-
ered to largely regulate changes in the Arctic freshwater coning the late 1990s, and more recently Woodgate et al. (2010)
tent, heat content and seasonal ice melt. The amplified iceliscussed the anomalously large heat imports to the Arctic
export through the Fram Strait, together with the enhanceddcean through the Bering Strait in 2004 and 2007, the latter
Atlantic heat flux to sea ice, were suggested to contributebeing due to both increased temperature and large volume
to the accelerated decline in sea ice extent (Maslanik et al flux. Furthermore, Shimada et al. (2006) noted that the atmo-
1996; Vinje, 2001; Rigor et al., 2002). The export of freshwa- spheric forcing could influence the spreading of the relatively
ter and sea ice had further consequences in the Nordic Seagarm Alaskan Coastal Water northward and thus accelerate
and in the North Atlantic subpolar gyre, where the salinity of the ice loss.
the North Atlantic Deep Water was reduced (Dickson et al., Previous studies have revealed the spatial concentration
2002; Curry et al., 2003; Curry and Mauritzen, 2005). and recent accumulation of freshwater in the Canada Basin
Since the mid-1990s the wind-driven circulation has (Aagaard and Carmack, 1989; Proshutinsky et al., 2009;
favoured accumulation of freshwater (Bjork et al., 2002; Rabe et al., 2011; Giles et al., 2012). However, these studies
Boyd et al., 2002; Proshutinsky et al., 2009). Neverthelessdo not discuss the vertical distribution, origin and lateral and
the sea ice volume has continued to diminish with startlingtemporal variations of the freshwater content in different wa-
speed (Comiso, 2011; Cavalieri and Parkinson, 2012; Stroeveer masses in such detail as is attempted here. In addition to
et al., 2012). Thus, although the presence of the halocline ishe freshwater content, this study aims to assess variability in
still regarded essential for providing insulation between thethe oceanic heat stored in each discussed water mass, includ-
Atlantic heat storage and the sea ice, the heat stored in thimg the Atlantic Water located deep in the water column, and
Atlantic layer is no longer considered the main threat to thepossible connection of both, the freshwater and heat content,
perennial ice cover. Instead, by reducing surface albedo, th& the seasonal ice melt. Oceanographic observations cover-
declining ice cover has dramatically increased the solar heating the past two decades are used to examine possible heat
ing of surface waters (Maykut and McPhee, 1995; Perovichsources in the upper ocean and to assess the role of diminish-
etal., 2007a). ing sea ice in the recent freshening of the Arctic Ocean.
Because the heat entrained into the Polar Mixed Layer
eventually is either used to melt ice or lost to the atmo-
sphere, the surface temperature generally remains near th®e Approach
freezing point and heat content in surface layer is practically
negligible (Coachman and Barnes, 1961). However, a sea2.1 Data
sonal temperature maximum around a depth of 20-30 m, not
yet reported by Coachman and Barnes, was observed duifhe analysed hydrographic data are obtained from selected
ing AIDJEX (Arctic Ice Dynamics Joint Experiment, 1975). icebreaker cruises conducted in July—September. The data
Maykut and McPhee (1995) attributed this feature to pen-cover the 20 yr period from 1991 to 2011 and offer summer-
etrating short wave radiation. The near-surface temperaturéme snapshots of the local conditions. Data are collected as
maximum has become more pronounced in recent years, inconductivity-temperature-depth (CTD) surveys, from which
dicating that the amount of absorbed solar radiation has inpotential temperature and salinity profiles are analysed to
creased, particularly in the Chukchi and southwestern Beaudistinguish the different water masses and compute fresh-
fort seas where the most notable ice loss has occurred duringater content, heat content and seasonal ice melt as de-
scribed below in this section. Figure 1 and Table 1 offer more
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Table 1. The icebreaker expeditions offering the data for this study and a reference for additional information about instruments and their
accuracies. Number of casts in each sub-basin as well as the areal coverage of the available casts (in parentheses) is shown.

Year Month Vessel Reference Nansen Amundsen Makarov North Canada South Canada
Basin Basin Basin Basin Basin
1991 Aug/Oct Oden Anderson et al. 4 (30 %) 13 (35 %) 3 (5%) - -
(1994)
1993 Aug/Sept Henry Larsen Carmack et al. - - - 5 (10%) 7 (20 %)
(1995)
1994  Jul/Aug Louis S. Swift et al. 3 (15%) 3(10%) 8 (20%) 8 (15%) -
St-Laurent (2997)
1996 Aug Polarstern Schauer and Rohardt 12 (20%) 12(20%) 10 (25%) - -
(1998)
1997 Sept/Oct Louis S. McLaughlin et al. - - - - 12 (25 %)
St-Laurent (2004)
2001  Jul/Aug Oden Bjork et al. 9(35%) 13 (35%) 3 (5%) - -
(2002)
2002 Aug/Sept Polar Star Woodgate et al. - - - 24 (25 %) 10 (15 %)
(2007)
2002 Sept Mirai Shimada et al. - - - - 16 (29 %)
(2005)
2003 Aug/Sept Xuelong Zhang - - - 13 (20 %) 18 (35 %)
(2004)
2005 Aug Oden Bjork et al. 2 (15%) 6 (15 %) 6 (20 %) 5 (20 %) 7 (25 %)
(2007)
2007 Aug/Sept Polarstern Schauer and Wisotzki 18 (50 %) 9(20%) 10 (25%) - -
(2010)
2007  Jul/Aug Louis S. Zimmermann et al. - - - 12 (30 %) 54 (90 %)
St-Laurent (2007)
2008 Aug/Sept Xuelong Bourgain et al. - - - 16 (50 %) 27 (55 %)
(2013)
2011 Aug/Sept Polarstern Schauer et al. 21 (40 %) 18 (35%) 10 (30%) 5 (10%) -
(2012)
2011  Jul/Aug Louis S. Williams and Zimmermann - - - 4 (20 %) 30 (90 %)

St-Laurent (2011)

information on the expeditions. Table 1 also includes refer-1997; Morison et al., 1998; Kikuchi et al., 2004; Steele et al.,
ences for more specific information on the used instrument2004; Proshutinsky et al., 2009).
and their accuracies. Following Rudels et al. (1996) the thickness of the Polar
To review the spatial distribution of water masses and theMixed Layer (PML) is defined by the temperature minimum,
variability of their freshwater and heat contents, the Nansenconsidered as a remnant of the previous winter convection
Amundsen, Makarov and Canada basins are discussed sephd homogenization. If the temperature minimum is absent
arately. The Canada Basin is further divided into a southerror ambiguous, the rapid change in magnitude of the salinity
and a northern part as shown in Fig. 2. Shelf areas are exgradient may be used to identify the mixed layer depth. The
cluded from this study and the focus is on the deep basins. upper halocline (UHC) is here defined as the layer between
temperature minimum and salinity 34. The upper halocline
mainly derives from the Bering Strait inflow, which con-
sists of three different water masses: Alaskan Coastal Water
(ACW), Bering Sea Summer Water (BSSW) and Bering Sea
In the intermediate and deep layers, the time and space varipinter Water (BSWW) (Steele et al., 2004). Furthermore,
ability of salinity and temperature is modest and slow com-rynoff from the Siberian rivers also contributes to the waters
pared to the uppermost 1000 dbar. Therefore, the freshwacomposing the upper halocline. This makes the upper halo-
ter and heat contents are studied only in the upper 1000 dbadjine, particularly in the Canada Basin, a very heterogenous
water column, which is here separated into six water massegater mass comprising several temperature maxima (ACW
with distinct properties (Fig. 3, Table 2). It should be noted, gnd BSSW) and a minimum (BSWW).
however, that apart from the definitions adopted here several The |lower halocline (LHC) is generally formed when the

other classifications and names of the water masses, espggajine surface layer in the Nansen Basin advects further into
cially of the halocline waters, exist (e.g. Guay and Falkner,

2.2 Water masses
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Table 2. The definitions of water masses with salinity and temperature.

Water mass Upper limitzg)  Lower limit (z)
Polar Mixed Layer (PML) p = 0dbar 0 = Omin
Upper halocline (UHC) 0 = Omin §S=34

Lower halocline (LHC) §=34 6 =0°C
Upper Atlantic Water (AW1) 0 =0°C 0 = Omax
Lower Atlantic Water (AW2) 6 = Omax 6 =0°C
Upper Polar Deep Water (UPDW) 6 = 0°C p =1000dbar

Table 3. Decadal trends in water mass thickness (m decipéor period 1991-2011. Linear trends are computed from the anomalies
(shown in Figs. 6—10) using least-squares regression. The trends within the standard 95 % level of statistical significance are emphasized
90 % confidence level is indicated with italics.

Water mass Nansen Amundsen Makarov N Canada S Canada
PML -19+14 -14+22 -18+7.2 7.6+6.0 6.3+3.6
UHC - 3.3+45 45+8.8 24416 —-12+75
LHC —-11+10 -1.7+65 -15+4 —23+6 -20x4
AW1 —-0.3+13 71+18 —-32+21 -79+11 —-11+12
AW2 22+ 29 11+ 32 56+ 26 67+15 26+ 19

the Arctic Ocean and becomes submerged by low salinis attained in the Canada Basin during the 2000s. However,
ity shelf water that enters the deep basins mainly from thethe data from the 1990s are more limited and comparison be-
Laptev Sea and other marginal seas farther east (Rudels et atween the two decades becomes difficult. In the Nansen and
1996). Because of its origins, the upper boundary of theAmundsen basins, the coverage reaches 50 % at the most.
lower halocline is set by the isohaline 34. The Arctic At- To mitigate the effects of combined spatial and tempo-
lantic Water is commonly defined by temperatures aboveral variability, hydrographic observations are compared with
zero and thus the zero-isotherm marks the boundary betweethe Polar Science Center Hydrographic Climatology (PHC,
the lower halocline and Atlantic layer. As a consequence theSteele et al., 2001). From the climatology the seasonal sum-
lower halocline also comprises the upper part of the thermomer (July-August-September) fields are extracted for tem-
cline. The temperature maximum shown in Fig. 3 is used toperature and salinity in the upper 1000 dbar water column.
separate the Atlantic layer into an upper (AW1) and a lowerEach hydrographic cast is then compared to the nearest grid
(AW2) part. point in PHC. This comparison, however, introduces a prob-
The deeper zero-isotherm indicates the lower limit of thelem when water masses are studied separately as the clima-
Atlantic Water. In the Canada Basin, this boundary generallytological data are given at uneven intervals (10, 20, 30, 50,
lies around 900-1000 dbar while in the Eurasian basin it is75, 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 800,
located at 600—800 dbar. The water mass beneath the Atlanti@00, 1000 m). In order to compare climatology to the dis-
layer is identified as the Upper Polar Deep Water (UPDW),cussed water masses, climatological data have been interpo-
which, however, extends deeper thar= 1000dbar and is lated with 1 m intervals. Then, the mean anomalies in salinity

not discussed in this study. and temperature, observations — climatology, for each water
mass in each basin and each year are computed. Thus the pos-
2.3 Representativeness of data sible effect of spatial variability is removed from the linear

trends computed from the anomalies. The linear trends for

The unfortunate fact remains that icebreaker cruises are liml@yer thickness, salinity and temperature are estimated with
ited in their spatial extent, sometimes covering rather a basinl€@st squares regression and shown with standard error in Ta-
wide section than an extensive area. As seen in Fig. 1, the urPles 3-5.
even spatial and temporal coverage makes it challenging to
unambiguously detect and quantify hydrographic variability. 2.4 Approach to freshwater and heat contents

The spatial representativeness of available data is illus-
trated by the coverage percentages approximated from th8ince there is no salt exchange between the ocean surface
grid shown in Fig. 1 and presented in Table 1. The coverageand the atmosphere, the change in salifityesults directly
in a grid cell is set to 100 % when any number of casts arefrom the freshwater added to, or extracted from, the observed
available within the cell. The most extensive data coveragewater body with a chosen reference salirfify. In this study

Ocean Sci., 9, 1015055 2013 www.ocean-sci.net/9/1015/2013/
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Fig. 1. The selected icebreaker cruises used in this study. Different colors are used to distinguish between cruises during the same year. The
grid (approximately B° x 1.8°) is used to compute areal coverages shown in Table 1. See Table 1 also for exact number of casts.

Table 4. Decadal salinity trends (pptdecaTo“e for period 1991-2011. Linear trends are computed from the anomalies (shown in Figs. 11—
20) using least-squares regression. The trends within the standard 95 % level of statistical significance are emphasized, 90 % confidence leve
is indicated with italics.

Water mass Nansen Amundsen Makarov N Canada S Canada
PML —0.1940.16 —0.394+0.27 —0.744+041 -0924+041 -0604+0.25
UHC —— —-0.104+0.10 -0.124+012 -0094+0.11 -0.114+0.07
LHC —0.04+0.05 001+0.02 —0.03+0.02 —-0.02+0.01 -0.08+0.01
AW1 0.024+0.02 —-0.0034+0.013 —0.034+0.01 0.0014+0.004 —-0.02+0.01
AW2 0.003+£0.013 —0.003+£0.005 —0.008+0.004 0.020%0.004 04-0.002

the reference salinity is set to equal the mean salinity of Frantypical freezing point temperature in the Nansen Basin. The
Strait outflow, 34.9, which is also close to the mean salinity highest surface salinities, roughly 34.2, are observed in the
of the upper Polar Deep Water (Rudels et al., 1994). RelativeNansen Basin and thus the corresponding freezing point tem-

freshwater contenf W C is given by perature, —1.88C, is the lowest. Consequently, the choice of
2 reference temperature yields the heat available for potential
FWC:/ Sref — S(2) dz (1) ice melt. The reference temperature is kept the same in all
Sref ’ the discussed sub-basins although surface salinity, and there-
21

fore also the freezing point temperature, have large spatial
which yields freshwater content as metres in a water columrvariability in the Arctic Ocean.

with horizontal cross section of 13riThe uppet and lower The heat conten@ is given by

zo vertical limits for each water mass are defined as described

in Sect. 2.3. The CTD-data give salinifyas 1 or 2 dbar av- 2

erages which, with a good approximation (1dba®.99m), Q=c, f 0(2)80dz, (2
equals 1 (2) min the upper 1000 dbar and from here on pres- b

sure and depth are considered interchangeable.

Similar to the freshwater content, also the heat content isvhere the specific heat capacity equals 3985 Jkgt K1
defined as a relative quantity. Here the choice of referencdor seawater at salinity 35, temperatufe= 0°C and at
temperaturé,s is set to —1.9C, which is slightly below the  the surface pressure. The potential dengitfreferenced to

Www.ocean-sci.net/9/1015/2013/ Ocean Sci., 9, 101655 2013
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Table 5.Decadal temperature trends{decade?) for period 1991-2011. Linear trends are computed from the anomalies (shown in Figs. 21—
30) using least-squares regression. The trends within the standard 95 % level of statistical significance are emphasized.

Water mass Nansen Amundsen Makarov N Canada S Canada
PML 0.104-0.06 0034+£0.01 0054+0.03 0.30+0.05 -0.414+0.19
UHC — 0.03+0.04 0034+0.01 0.14%+0.04 -0.01+0.05
LHC 0.13+0.10 007+0.07 0054+0.04 0.17£0.01 0+0.02
AW1 0.394+0.20 -0.024+0.11 009+£0.09 013+0.07 0.15+0.04
AW2 0.28+0.10 0.01+0.05 0.10+£0.03 0.09+0.03 0.07£0.02

in winter, rather than in summer, is needed. Thus, to be able
to use the more numerous summer observations for this pur-
pose, the meltwater fraction, which is expected to be refrozen
into the sea ice in winter, must be removed from the perma-
nent freshwater content in the Polar Mixed Layer.

During winter, brine rejection induces convection that
erodes the summer halocline and homogenizes the vertical
temperature structure in the Polar Mixed Layer. Figure 4 il-
lustrates how the structure of the Polar Mixed Layer changes
during summer. The seasonal ice melt gradually decreases
the salinity from that of winter homogenization and there-
fore, following Rudels et al. (1996), all salinities less than the
salinity at the depth of temperature minimum are assumed to
result from melting. Thus meltwater contetW C can be
computed in a way similar to the freshwater content, substi-
tuting the constant reference salinifyes of 34.9 in Eq. (1)
with salinity S, at the depth of temperature minimum. The
salinity of the temperature minimum varies spatially and
must be determined from each CTD-cast. The freshwater
content in the actual Polar Mixed Layer is computed us-
Fig. 2. The sub-basins in the Arctic Ocean and other locations re-ing the chosen reference salinifjes = 34.9 and treating the
ferred to in the text. layer as if it was at a constant saliniy, the reference salin-

ity determining the meltwater content (Fig. 5).

It should be noted that this method is not able to distin-
surface) is computed from the data acquired from the hydrogyish river runoff from the actual seasonal ice melt. The river
graphic observationsi6 is the difference between —1°@  rynoff, however, is mixed into the Polar Mixed Layer during
and the observed potential temperature. winter. Since the river discharge is at largest in late spring
and early summer with a peak in June (Serreze et al., 2006),
it is unlikely that the river runoff would have reached the lo-

cations of most hydrographic stations by the end of summer.

Seasonal ice melt has positive influence on freshwater invenry travel the nearly 1000 km distance in three months flow

tory whereas freezing extracts freshwater from the water COI'speeds above 10 cmare required. According to Kwok and

umn (Macdonald et al., 1995). The icebreaker expeditions inyorison (2011) typical current speeds at the Eurasian shelf
the Arctic Ocean are commonly conducted close to the engy ook are 2 cnsl. at the most 5 cnrs., Only in the Southern

of the melt season, between July and September, when the,naqa Basin do the nearest hydrographic stations lie within
seasonal ice melt can add up to 2m to the freshwater cong,q reach of the Mackenzie River discharge and there the sea-
tent. Consequently, the summertime stratification of the Upgn,) jce melt estimates may incorporate significant amounts

per ocean is much stronger than during winter. Strong strativt river runoff. Nonetheless, bearing in mind the general dif-

fication limits the heat exchange between surface and deepgj.ities and uncertainties in determining the seasonal melt
layers whereas in winter vertical mixing and haline convec- .o trom measurements of ice extent and thickness, esti-

tion might cause some heat from below to reach the mixe%ating changes in salinity, by looking directly at the added

layer and the ice cover. To correctly assess the possible Ureshwater, can provide a valuable alternative. Moreover, un-
ward oceanic heat transport, knowledge of the stratification
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2.5 Approach to seasonal ice melt
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Fig. 3. The #S-diagram as well as the potential temperature and salinity profiles showing the definitions of water masses (PML - Polar
Mixed Layer, UHC - upper halocline, LHC - lower halocline, AW1 - upper Atlantic Water, AW2 - lower Atlantic Water, UPDW - upper Polar
Deep Water). The coloured arrows in th&-diagram show the temperature minimum for each cast, the black arrow marks the temperature
maxima. For the temperature profiles an approximate depth of the temperature minima is indicated with black arrow; the respective depth of
the summer halocline, formed by the seasonal ice melt, is indicated for the salinity profiles. The salinities 33.1 and 34.2 indicate the mean
salinities of the upper and lower haloclines, respectively.

ITP3 May - Sep 2006 (Kalnay et al., 1996; Dee et al., 2011). The surface fluxes in-
IOQ 1 clude the net short wave radiatigg,, the net longwave ra-

15¢ 1 15¢ » 1 diationg)y as well as the sensiblg and latent; heat fluxes

(all quantities given in Wm?). From the NCEP-NCAR Re-

analysis project daily mean values of surface fluxes are used.

10

. [ T From the ERA—-Interim Reanalysis project cumulative fluxes
F30 N B! at the air-sea interface with 12 h time step are used. Although
sl B N T T T LT ] the ERA-Interim is known to perform better especially in
2 AN the high latitudes (Jakobson et al., 2012), the large errors in-
40 A 40 volved with all reanalysed products should be kept in mind.
450 45) The cumulative heat fluy is integrated (Eq. 3) from the
sol sol — yay end of May (150th calendar day) to late August (240th cal-
Tl endar day).
55+ 5511 Aug
6 O ol L=22 o 240
-16 -14 -12 -1 -0.8 -0.6 25 26 27 28 29 30 31
Temperature [°C] Salinity q= / (gsw+qw +gs+ CII)df (3)

150
Fig. 4. Temperature and salinity evolution during the melt season.

The data is recorded by ITP3 circulating in the Canada Basin fromThe start of the integration is chosen well after the beginning
May (blue) until September (red) 2006. The dashed line indicatespf the actual polar day in late March, since the ice is not
the estimated average depth of the winter convection from the castiitially at freezing point temperature and is required to warm

recorcée.d in May. 'Q thi.s (;asedthe timperatu:je mrin?(f]mr() r?b up before the melt begins. The chosen date is still a couple
served in September is found at the same depth although its temgys \, oo1q in advance of that observed by Rigor et al. (2000)
perature and salinitySg,) have increased significantly during the

summer. and Perovich et al. (2003) who reported that the surface melt
did not begin until mid-June. The integration also terminates
some weeks prior to the end of melt season. However, the
early closing date for the integration is determined by the
like the oxygen isotope method, this method yields the local timing of the ship-based CTD surveys, generally conducted
seasonal, ice melt, and does not include meltwater, or brinein late August or early September (Table 1).
advected from the shelves. Spatial integration of heat input is approximated within the
To validate the method used to distinguish meltwater fromarea enclosing the hydrographic stations marked in Fig. 1.
the freshwater content in the Polar Mixed Layer, the melt-For each studied sub-domain the average heat input3m
water content estimated from hydrographic data is com-is computed over a constant area regardless of the interannual
pared to the heat input during melt season. The heat inputariability in the locations of ship-based CTD casts. This is
is provided by NCEP-NCAR and ERA-Interim reanalyses not considered to cause critical error since the onset of melt

Www.ocean-sci.net/9/1015/2013/ Ocean Sci., 9, 101655 2013
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Fig. 5. The temperature and salinity profiles illustrating the integrated (Eq. 1) freshwater content in separate water masses. The meltwater
content (dark grey) is distinguished from the freshwater content (light grey) in the Polar Mixed Layer (PML) by the Sajiaitthe depth
of temperature minimur®min.

and freeze-up occur simultaneously over large (hundreds oflirectly beneath the Polar Mixed Layer and may occasion-
kilometres) length scales (Rigor et al., 2000). ally lift the temperature minimum from its original position
Assuming that all the heat received between June and Aueloser to the surface.
gustis consumed in the melting process and no heat is needed Another local feature in the Canada Basin, particularly in
to warm the ice or is transmitted through the ice into the up-the areas with strong seasonal ice melt such as the Chukchi
per ocean, the heat inpgicomputed in Eq. (3) is further con- Sea and Southern Beaufort Sea, is the near-surface temper-
verted into the maximum possible ice melt in metdsy C, ature maximum resulting from radiative warming of surface
in a water column with horizontal cross section 15y waters during summer. Because of increased stability near
the surface, the temperature minimum indicating the depth
9 , 4) of winter convection is located between the near-surface tem-
Lice- p perature maximum, usually with salinity below 30 or 31 and
located around depth 20-35m (Shimada et al., 2001; Jack-
Son et al., 2010) and the temperature maximum originating

is densny of V\_/ater. T_he densny of water is used instead o from the ACW (S ~ 31.5) or BSSW § ~32.5) at the depth
the density of ice to give the height of a liquid water column 4070 m (Fig. 3)

W.hiCh Is comparablt_a to the herographic meltwa_ter estimate The difficulties in unambiguously detecting the temper-
given by Eq. (1). This assumption does not take into account \re minimum are also encountered in the climatological

the possible oceanic heat flux. However, the presence of tha : . . :
7 : ata. Although the vertical resolution of the climatology is
temperature minimum at the base of the Polar Mixed Layer g 9y

: _ . .~ at the highest in the upper ocean, it is not sufficient to re-
ﬁzglli;)bigdc;fj?itr?gs ;E?T:ﬂeerheat flux from underlying layers is solve the details of the Polar Mixed Layer. Since the choice

of temperature minimum influences the thickness of the Po-
lar Mixed Layer and the upper halocline, anomalies in the
properties of these two water masses can be under- or over-
2.6.1 Definition of temperature minimum estimated.

Based on examination of the year round data obtained by
Compared to the present-day well-calibrated instrumentsseveral ITPs (Ice-Tethered Profilers, Krishfield et al., 2008),
the subjective choice of temperature minimum representshe diffusion of heat from below appears to shift the tempera-
a considerably larger uncertainty than the measurement inture minimum upward. However, in the Canada Basin where
accuracies, typical errors for temperature and salinity beingnost ITP measurements are obtained, the diffusion of heat
0.001°C and 0.002, respectively. Already in Fig. 4 the am- is often overcome by the downwelling driven by Ekman con-
biguity in defining the temperature minimum is encountered.vergence. In Fig. 4, the depth of temperature minimum found
Compared to the casts obtained in the central parts of thén the end of the melt season corresponds well to the depth
sub-basins, identification of the temperature minimum be-Of winter convection during previous winter in spite of the
comes even more complicated when approaching the rim ogubstantial warming.
the Canada Basin. Close to the Chukchi Sea, Alaskan Coastal Figure 4 also demonstrates that the diffusion of salt
Water and Bering Sea Summer Water deliver warm wateifrom below is considerable. Since the reference salinity for

MWC =

where Lice = 33315kJkg ! is the latent heat of ice and

2.6 Caveats in data analysis

Ocean Sci., 9, 1015055 2013 Wwww.ocean-sci.net/9/1015/2013/
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Fig. 6. The bars in the upper panel show the observed thickness of the Polar Mixed Layer (note different scales for the Eurasian and
Canada basins). The horizontal lines denote the 20 yr average obtained from the observations. The middle panel shows the anomalies of th
observations from the PHC climatology. By computing the linear trend (dashed lines) from these anomalies, the offset resulting from spatial
variability is removed. The quantified linear trends are found in Table 3. To enable better comparison between the observations (upper panel)
and the anomalies from climatology (middle panel), the lower panel demonstrates anomalies of the observations from the average computec
from the observations (both shown in the upper panel) with the same scale as the anomalies from climatology. The effect of the spatial
variability within the basin (the offset) can be estimated by comparing the trends, or the shape of the curve, in the middle and lower panels.

meltwater §y) is defined as the salinity at the depth of tem- obtained as deep as 10dbar. Thereby, for better compari-
son, salinity and temperature are extrapolated as constant
ter and decreases the freshwater content in the Polar Mixedp to the surface from the value at 10 dbar regardless of the
Layer. Examination of the ITPs implied that an average in-data quality near the surface. Generally the upper 10-15 dbar
crease inSy was up to 1 ppt. This could add up to 30% to are fairly well homogenised by mechanical mixing, possi-
bly caused by ship thrusters, and the error resulting from the
extrapolation is negligible. In the Nansen Basin, where the
vertical salinity gradient is weak close to the surface (see
e.g. Fig. 3), the typical underestimation amounts to 1-2cm
Because the varying conventions regarding the upper limitof meltwater. This is generally the case also in the less saline
of CTD casts, the uppermost observations are sometimes

perature minimum, the increaseSg, increases the meltwa-

the meltwater estimates.

2.6.2 Extrapolation of data

Www.ocean-sci.net/9/1015/2013/
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Thickness of the upper halocline
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Fig. 7. The same as Fig. 6 but for the upper halocline.

Canada Basin. However, the findings of this study suggestWhen the melt season is close to its end, the melt water on
that the recent freshening and warming add to the surface stdep of the ice floes has a high probability to be released to the
bility and no clear summer mixed layer is necessarily presenbcean and hence increase, perhaps dramatically, the meltwa-
at the time of observations: during 2008 on average 10—20 cnter content in a short time. Thus, although all the icebreaker
of meltwater is not included in the estimate due to the extrap-expeditions are conducted towards the end of the melt sea-

olation. son, July—September, a two month difference between obser-
vations can have a significant effect on the estimated seasonal
2.6.3 Temporal and spatial restrictions of hydrographic ~ ic€ melt.
observations
3 Results

The oceanographic observations obtained by icebreakers are

biased towards waters with low ambient ice concentration,3.1 Water mass analysis

possibly implying higher than average ice melt. On the other

hand, part of the meltwater is out of reach of the oceano-Because the freshwater and heat contents as well as the water
graphic observations because of basal melting beneath thmasses are defined with salinity and temperature, the fresh-

thicker ice floes and the large melt ponds on top of the sea icewater and heat contents are prone to reflect the shift in the

Ocean Sci., 9, 1015055 2013 www.ocean-sci.net/9/1015/2013/
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Thickness of the lower halocline
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Fig. 8. The same as Fig. 6 but for the lower halocline.

depth of isolines. Therefore, it is essential first to addresspanel with the same scale as the middle panel. The anoma-

how the volumes of the different water masses vary in timelies in the lower panel are simply the deviation of the obser-

and space. vational mean from the 20-year-average in the basin (both
The changes in thickness, freshwater and heat content fashown in the upper panel). Thus, from the middle and lower

the different basins and the different water masses are showpanels, it is possible to judge how well the changes in the en-

in Figs. 6 to 30. These figures provide the main results of thigtire basin conform to those given by the anomalies. Further-

study. Each variable is presented in three parts. The uppemore, comparing the middle and lower panels, it is possible

part presents both the mean and the variations in thickness$p assess the offset resulting from the random locations of

salinity/freshwater content and temperature/heat content ofhe hydrographic casts since the offset is removed from the

the water mass. The middle part gives the anomalies betweemiddle panel and still present in the lower panel.

the icebreaker observations (shown in the upper part) and the

climatology. The middle part also shows trends based onthg 1.1  The Polar Mixed Layer

anomalies. These linear approximations are quantified with

uncertainty estimates in Tables 3 to 5. In order to comparerpe pojar Mixed Layer is generally thickest in the Nansen
the temporal variability shown in the upper and middle Pan-gasin, 80m in the 1990s (Fig. 6, upper panel). However,

els, the lower panel presents the anomalies from the uppefe pojar Mixed Layer has been thinning at the rate of

Www.ocean-sci.net/9/1015/2013/ Ocean Sci., 9, 101655 2013
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Thickness of the upper Atlantic Water
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Fig. 9. The same as Fig. 6 but for the upper Atlantic Water.

nearly 20mdecadé (Table 3) and its thickness has de- in a~20 m-thick upper halocline, although the upper halo-
creased close to 60 m. In the Amundsen and Makarov basingline is known to be generally absent in the Nansen Basin
the average winter convection fluctuates around 55 m. In th€Figs. 6 and 7, middle panels). Consequently, the anomalies
Canada Basin, the large freshwater input adds to the buoyin thickness will influence the freshwater and heat content
ancy and limits the average depth of winter convection toanomalies discussed later.
45 m in the northern and to 35 m in the southern part.

It should be noted here that the coarse vertical resolutiors 1 2 The halocline waters
in the climatology causes large error in estimating the depth

of the temperature minimum. According to climatology, the The most substantial geographic disparities of water masses

average depth of the temperature minimum in the Nanser?n the Arctic Ocean derive from the different properties of

Basin is located between 40 and 50 m whereas in the Sout he inflowing Atlantic and Pacific waters. This is especially

ern Canada Basin the climatology indicates deeper temperaévident for the upper halocline. Because the upper halocline

ture minimum, between 50 and 60 m. In both cases the differ; . o . : .
) : . largely derives from the Pacific waters, its thickness in the
ence to the observations is 20—30 m. Corresponding error i

seen in the thickness of the upper halocline. For example, th%outhern Canada Basin reaches 180m (Fig. 7, upper panel).

L ) . ven in the Northern Canada Basin the average thickness of
shallower temperature minimum in the Nansen Basin result%he upper halocline is close to 120 m. In the Makarov Basin

Ocean Sci., 9, 1015055 2013 www.ocean-sci.net/9/1015/2013/
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Fig. 10.The same as Fig. 6 but for the lower Atlantic Water.

where the upper halocline waters mainly derive from theto the Lomonosov Ridge (Fig. 1) and thus the magnitude of
Siberian shelves, the thickness reduces below 40 m and in thine reduction may not be representative for the entire basin.
Amundsen Basin to less than 30 m. In the Nansen Basin th&y 2007, the upper halocline in both the Amundsen and
upper halocline is generally absent. Also the lower haloclineMakarov basins had rebounded to its state in the early 1990s.
is at the thinnest, below 50 m, in the Nansen Basin (Fig. 8). A more substantial thickening of the upper halocline is oc-
The thickness of the lower halocline is largest in the Amund-curring in the northern parts of the Canada Basin (Fig. 7,
sen, Makarov and Northern Canada basins where it occupiesiiddle panel). Although the sparse data sets from the 1990s
80 m of the water column. In the southern Canada Basin thelo not provide a reliable baseline, merely the increase during
LHC thickness decreases close to 60 m. the 2000s is remarkable. The thickness of the upper halocline
During the first half of the 1990s, both the upper and increases from roughly 100 m in the early 2000s to more than
lower haloclines weakened considerably in the Amundsenl80 min 2011. It should be noted here that while the increase
and Makarov basins. The thickness was reduced by roughlyn the upper halocline thickness occurs during the 2000s, the
20 m in both layers, which amounts approximately to half reduction in the thickness of the lower halocline takes place
of the upper and 1/5 of the lower halocline volume. How- between the 1990s and 2000s and remains constant during
ever, the data from 1996 and 2001 have quite poor coverthe 2000s (Fig. 8, middle panel). Thus, the thinning of the
age in the Makarov Basin (Table 1) being concentrated closdéower halocline does not coincide with the thickening of the

Www.ocean-sci.net/9/1015/2013/ Ocean Sci., 9, 101655 2013
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Salinity / freshwater content of the upper halocline
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Fig. 11. The bars in the upper panel show the observed mean salinity with standard deviation (left) and freshwater content (right) of the
upper halocline in the Canada Basin. The horizontal lines denote the 20 yr average obtained from the observations. The middle panel show:
the anomalies of the observations from the PHC climatology. By computing the linear trend (dashed lines) from these anomalies, the offset
resulting from spatial variability is removed. The quantified linear trends are found in Table 4. To enable better comparison between the
observations (upper panel) and the anomalies from climatology (middle panel), the lower panel demonstrates anomalies of the observation:s
from the average computed from the observations (both shown in the upper panel) with the same scale as the anomalies from climatology.
The effect of the spatial variability within the basin (the offset) can be estimated by comparing the trends, or the shape of the curve, in the
middle and lower panels.

upper halocline. Moreover, the magnitude and significanceand 10). The temperature maximum divides the Atlantic Wa-
of the reduction of the lower halocline thickness presenteder into the 130 m-thick upper Atlantic Water (AW1) and the
in Table 3 should be considered together with the dispari-600 m-thick lower Atlantic Water (AW?2). In the Amundsen
ties in the location of hydrographic stations between the twoand Makarov basins, the thickness of the lower layer is re-

decades. duced by 150 m whereas the upper layer maintains its thick-
ness. The reduction in AW2 beyond the Gakkel Ridge is
3.1.3 The Atlantic Water compensated by the colder upper Polar Deep Water, which

extends higher in the water column and thus displaces the

The Atlantic layer is thickest in the Nansen Basin, where it /OWer zero-isotherm upward.
covers 700 m of the water column (upper panels in Figs. 9
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Salinity / freshwater content of the upper halocline
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Fig. 12.The same as Fig. 11 but for the upper halocline in the Eurasian Basin.

In the Canada Basin, the Atlantic layer is submerged between 1991 and 2001 is accompanied by 170 m thickening
low the Pacific waters and the lower zero-isotherm is some-of the lower Atlantic layer (middle panels in Figs. 9 and 10).
times located deeper than 1000 m. Nonetheless, the totghfter 2001 the trend reverses and the thickness is slightly in-
thickness of the Atlantic layer is nearly the same as in thecreasing in the upper and decreasing in the lower Atlantic
Nansen Basin. While the thickness of AW1 increases to 1404ayer. Similar but weaker trends are observed in the Amund-
150 m, AW2 is thinner, 500 m, than in the Nansen Basin. Thesen Basin. In the Nansen Basin trends appear opposite to
increase in AW1 thickness, and the corresponding thinninghose in the Makarov and Amundsen basins: the maximum
of AW2, is likely to result from a weakening and downward thickness of AW1 and minimum of AW2 are reached in the
displacement of the temperature maximum. The cooling ofearly 2000s.
the temperature maximum could be due to the incorporation
of colder shelf waters (e.g. Rudels, 1986). 3.2 Freshwater content

Overall, time variability in the thickness of the Atlantic
Water is related primarily to the vertical displacement of the 3.2.1 ~ Space variability
temperature maximum dividing the Atlantic Water into up-
per and lower layers. This is best seen in the Makarov Basi
where the thinning of the upper Atlantic layer by 90 m be-

{Pne of the most prominent features in the Arctic Ocean is
the presence of a strong horizontal salinity gradient between
the Eurasian and Amerasian basins (Aagaard and Carmack,

Www.ocean-sci.net/9/1015/2013/ Ocean Sci., 9, 101655 2013
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Salinity / freshwater content of the Polar Mixed Layer
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Fig. 13.The same as Fig. 11 but for the Polar Mixed Layer in the Eurasian Basin.

1989). The unequally distributed freshwater results mainlyonly 1-2 m (Fig. 12) and the Polar Mixed Layer becomes the
from the different properties of inflowing Atlantic and Pacific main storage for freshwater with 3 m of freshwater (Fig. 13).
waters (Jones et al., 2008). The salinity variability is, by defi- However, regardless of the thickening of the Polar Mixed
nition, reflected in the freshwater content. The total freshwa-Layer, the freshwater content in the PML decreases from
ter content (relative to salinity 34.9) varies from roughly 3m 5m in the Canada Basin (Fig. 14) to 1.5m in the Nansen
in the Nansen Basin to 20 m in the Southern Canada Basifasin (Fig. 13) due to the increasing surface salinity. In the
(Fig. 31). The most substantial increase occurs between thiwer halocline the horizontal variability of salinity is small
Makarov Basin and the Northern Canada Basin. and the freshwater content reflects primarily changes in layer
The horizontal variability is strongest in the upper halo- thickness. The lower halocline is the thickest in the Makarov
cline where freshwater content decreases rapidly with in-Basin (Fig. 8) and thus its freshwater content largest (upper
creasing distance from the Bering Strait (upper panels inpanels in Figs. 15 and 16). The freshwater content decreases
Figs. 11 and 12). In the Canada Basin, the upper haloclinavith thickness and is lowest in the Nansen and Southern
stands out as the largest freshwater reservoir, containing€anada basins.
plausibly more than half of the local freshwater content, 12m In the deeper, Atlantic, layers, the largest difference is be-
in the southern and 7-8 m in the Northern Canada Basin. Inween the Nansen Basin and the other basins. Despite the
the Makarov Basin, the upper halocline freshwater content idarge volume of the Atlantic Water, its freshwater content

Ocean Sci., 9, 1015055 2013 www.ocean-sci.net/9/1015/2013/
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Salinity / freshwater content of the Polar Mixed Layer
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Fig. 14.The same as Fig. 11 but for the Polar Mixed Layer in the Canada Basin.

remains low due to the high salinities. However, especially in3.2.2  Time variability

the deep Atlantic layer, AW2, the freshwater content shows

a remarkable variability between the basins. The most strik-The strongest time variability of the freshwater content oc-
ing feature is the clearly negative freshwater content, on avercurs in the two uppermost water masses. The first half of the
age—0.3m, in the Nansen Basin (Fig. 17). In the Amundsen 1990s is characterized by increasing salinity in the Nansen,
Basin, decrease in salinity by 0.04 ppt increases the freshAmundsen and Makarov basins. Between 1991 and 1996, the
water content to 0.3m in spite of the concurrent decreasdreshwater inventory in the Polar Mixed Layer of the Amund-
in the layer thickness. In the Canada Basin, the freshwasenand Makarov basins reduces by nearly 1 m corresponding
ter content in AW2 further increases to 0.6 m (Fig. 18). In to the 1 pptincrease in salinity (Fig. 13, middle panel). In the
AW1 the horizontal differences are not as large and the initialupper halocline, the maximum salinity anomaly is reached
salinity decrease between the Nansen and Amundsen basifid 1994, although the observations suggest that salinification
is only 0.02 ppt. Nevertheless, even the modest salinity decontinued until 1996 when salinity increased from 33.6 to
crease and the deepening of temperature maximum, resu|B3.8 in the Amundsen and from 33.4 to 33.9 in the Makarov
ing in increasing layer thickness, nearly double the freshwabasin (Fig. 12, middle panel). Both the salinification and the
ter content from the 0.35 m in the Nansen Basin (Fig. 19) tothinning of the upper halocline contributed to the decrease in
0.6 m in the Canada Basin (Fig. 20). freshwater content.
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Salinity / freshwater content of the lower halocline
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Fig. 15.The same as Fig. 11 but for the lower halocline in the Eurasian Basin.

After the rapid salinification during the first half of the decline in salinity. The increase in the upper halocline thick-
1990s, a slow freshening takes place. In the Amundsen andess accounts for over 6 m of the increase in the freshwa-
Makarov basins, the minimum salinities and the lowest salin-ter content whereas the concurrent decrease in salinity adds
ity anomalies in the Polar Mixed Layer and in the upper roughly 2 m to the freshwater content.
halocline are reached in 2007. In the Nansen Basin, the de- In the Southern Canada Basin, the isohalines display a
crease is more modest. However, a thin upper halocline aprather modest downwelling and the upper halocline appears
pears in the Nansen Basin in 2005 and 2011, indicating posto thicken by only 15m between 2002 and 2011. This cor-
sible freshening of the upper layers. Also the reduced deptliesponds to 1 m increase in the freshwater content whereas
of the winter convection, resulting in decrease in the Polar2 m of the additional freshwater content is associated with the
Mixed Layer thickness (Fig. 6), is likely to result from the 0.2-0.3 ppt decrease in salinity. In the Polar Mixed Layer, the
decreased surface salinity and consequently increased stratowest salinities, nearly 2 ppt below the climatological aver-
fication. The most substantial freshening occurs in the North-age, are observed in 2007 and 2011. Between 2002 and 2011
ern Canada Basin where the freshwater content in the uppaoughly 3 m of freshwater is added to the Polar Mixed Layer
halocline roughly doubles during the 2000s (Fig. 11, middle mainly due to the 0.7 ppt decline in salinity.
panel). The additional 8 m of freshwater derives from both Interestingly, despite the freshening in the upper layers, the
the~100 m thickening of the upper halocline and the 0.5 pptNansen Basin emerges as the only domain where the total
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Fig. 16.The same as Fig. 11 but for the lower halocline in the Canada Basin.

freshwater content rather declines than increases (Fig. 31). Two separate salinification events arise in the lower At-
Although the salinity of the Polar Mixed Layer is slightly de- lantic layer (Fig. 17). The first is recorded in 1996 with
creasing, the resulting stability and reduction in depth of win-salinity anomaly of 0.04 in the Nansen and nearly 0.02
ter convection decreases its freshwater content (upper pané the Amundsen Basin. The second event is seen in the
in Fig. 13). Furthermore, besides the less saline upper oceafNansen Basin with salinities 0.01-0.02 above the climatolog-
the stratification in the Nansen Basin is strengthened by thécal average. In the Nansen Basin, the high salinities coincide
increasing salinity in the upper Atlantic Water (Fig. 19, Ta- with large AW2 volume and thus the freshwater content be-
ble 4). AW1 reaches its maximum salinity in 2001, after comes increasingly more negative. In the Amundsen Basin,
which a slow decrease takes place. Opposite trends are olthe salinity and thickness variability seem independent. Al-
served in the Amundsen and Makarov basins with the min-though the salinities observed in the Amundsen Basin in
imum salinities occurring in 2001. However, the concurrent2007 and 2011 are somewhat higher than in 2005, they are
thinning of AW1 overrides the freshening during the 1990s close to the long time average. Neither of these saline events
and no significant change is observed in the freshwater conis observed in the Makarov Basin, where the lower Atlantic
tent before the late 2000s when the gain in thickness addfayer salinity is almost continuously decreasing.

to the freshwater content in spite of the slightly increasing

salinities.
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Fig. 17.The same as Fig. 11 but for the lower Atlantic Water in the Eurasian Basin.

3.3 Heat content inflow. In the Makarov Basin, the temperatures are@&nd
0.4°C for AW1 and AW?2, respectively; in the Canada Basin,
3.3.1 Atlantic Water both Atlantic layers maintain an average temperature slightly

below 0.5°C (Figs. 23 and 24).
The largest amount of the heat residing in the Arctic Ocean Similar to the salinity variability, two warming events
is stored in the Atlantic layer. Horizontal variability of the emerge in the Nansen Basin (Figs. 21 and 22). The first
heat content reflects changes in both thickness and tempewarming event occurs in 1996 when the average temperature
ature. Between the Nansen and Amundsen basins, both thacreases by 1C in the upper and by 0 in the lower At-
temperature and thickness of the Atlantic Water are reducedantic layer. The first event is also observed in the Amundsen
which is seen as a considerable decrease in the heat contestd Makarov basins, where the warming amounts to half of
(Figs. 21 and 22). In the Nansen Basin, the Atlantic Waterthat observed in the Nansen Basin. Anomalously high tem-
has an average potential temperature oC.6n the upper  peratures in 1996 coincide with increase in layer thickness,
(AW1) and 1.°C in the lower (AW?2) layer. In the Amund- which further enhances the heat content.
sen Basin, the temperature of AW1 drops to rougHig and Between 2001 and 2007, the warming of Atlantic Wa-
the temperature of AW2 to 0. The temperature in AW1 ter is limited to the Nansen Basin. In 2007, the temperature
decreases faster than in AW2 and the difference between thanomaly in AW1 is 1.2C, equivalent to that in 1996, while
two layers is reduced further away from the area of Atlanticthe anomaly in AW2 exceeds the previous warming event by
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Fig. 18.The same as Fig. 11 but for the lower Atlantic Water in the Canada Basin.

0.1°C. Also in 2007 the warming is accompanied by anoma-3.3.2 The upper layers of the Eurasian and

lously thick AW2 layer. In the Amundsen Basin both Atlantic Makarov basins

layers appear to cool slightly, although the simultaneous in-

crease in thickness of AW1 leads to a heat content comparagConcurrently with the warming of the Atlantic layer, between
ble to that in 1996. In the Makarov Basin both Atlantic layers 1991 and 1996, the temperature of the lower halocline is de-
are slowly warming and by 2011 the temperature of the lowercreasing (Fig. 25, middle panel). Temperature decreases by

layer reaches the anomaly observed in 1996. The temperatuf&3°C in the Amundsen Basin and by 0@ in the Makarov
of AW1 still remains below the maximum of 1996. Basin. In addition, the temperature of the upper halocline has

Lack of observations from the 1990s makes it difficult to @ minimum in 1994 in both of these basins (Fig. 26). The
detect any trends in the Canada Basin. The significant warmcooling of the halocline waters may indicate that the weak-
ing presented in Table 5 derives from the high temperature€ned stability enabled winter convection to extend below the
in the 2000s. However, in the Northern Canada Basin, maxupper halocline. Consequently, the halocline waters were re-
imum temperature in both Atlantic |ayers is reached a|readyp|aced, or diluted, with surface waters with temperature close
in 2002 and 2003, after which a possible cooling takes placeto the freezing point. By 2005, the temperature of the lower
In the Southern Canada Basin, the mean temperatures in bottlocline has returned to the values observed in 1991.

layers remain constant during the latter decade.
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Fig. 19.The same as Fig. 11 but for the upper Atlantic Water in the Eurasian Basin.

3.3.3 The upper layers of the Canada Basin In addition to the warm Polar Mixed Layer, the high hor-
izontal variability, represented by the large standard devia-
As seen by comparing Figs. 27 and 28, the Polar Mixed Layetijon, within the Southern Canada Basin is notable. For ex-
is warmest in the Southern Canada Basin. However, it is im-ample, in 1993, 1997 and 2003 the standard deviation is al-
portant to emphasize that the apparent horizontal variabilmoest 1.5C. Both the relatively high temperature and large
ity in the heat content of the two uppermost layers possiblystandard deviation are attributed to the southern location of
results from the use of constant reference temperature. Thghe basin. The southern location increases the amount of in-
chosen reference temperaturel,.9°C, is close to the freez-  coming solar radiation and consequently reduces ice concen-
ing point temperature in the Nansen Basin, generally yieldingtration. The low ice concentration further increases the ab-
a negligible heat content for the Polar Mixed Layer. On the sorption of short wave radiation, which emphasizes horizon-
other hand, for the relatively low salinity surface waters in the tal temperature differences between ice-free and ice-covered
Canada Basin, the chosen reference temperature is conside{reas.
ably lower than the local freezing point temperaturé,6°C Between 2002 and 2011, the average temperature of the
corresponding to the mean salinity 29 in the Polar Mixed polar Mixed Layer increases by @ in the Southern and
Layer. Thus the space variability in the Polar Mixed Layer 0.4°C in the Northern Canada Basin. Warming of the up-
heat content is exaggerated. per halocline is negligible in the Southern Canada Basin,
whereas in the northern part it reaches"@ZFig. 29, middle

Ocean Sci., 9, 1015055 2013 Wwww.ocean-sci.net/9/1015/2013/



M. Korhonen et al.: Time and space variability of freshwater content 1037

Salinity / freshwater content of the upper Atlantic Water
0.8

0.7} m _
34.78 = 1
1 g0 1 T I |
,.34.76 { 205
= =}
i \ S04
3 | 5
34.74 %03
3
202
34.72 1 =
0.1f — N Canada
S Canada
347 0 i
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010
0.05 02r
E
- g
) =0.1
= 0 9]
n =
' 59
£ - \ f/\
»’ £0 e A
> A\ o
< ‘/' =z
£.0.05 > =
Z 220.1/
£
2
<
-0, !) -02
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010
0.05 02
E
~ ")
v )
mE 0 A " O LB)
” \/ \/ ~ o
3 w
2 u% 0
)
E 2
2-0.05 ;
< S-0.1
£
S
<
-0 !) 202
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010

Fig. 20.The same as Fig. 11 but for the upper Atlantic Water in the Canada Basin.

panel). The warming in the Northern Canada Basin enhancelydrographic estimate is the direct result from the method
the increase in heat content, which is mainly driven by thedescribed in Sect. 2.5.

thickening of the upper halocline. An equivalent warming is

observed in the lower halocline (Fig. 30). Note that the trends3.4.1  Space variability

for the upper halocline, presented in Table 5 and Fig. 29, are

computed for the period 1991-2011 and thus they do not capBoth methods for estimating the meltwater content, the hy-

ture the more robust increase during the later decade. drographic data and the heat input from reanalyses, suggest
that the average annual melt amounts to 1-2m. Compared
3.4 Meltwater to the hydrographic melt estimate, the cumulative heat input

predicts considerably less interannual and horizontal vari-
Following the results obtained by e.g. Maykut and ability. The large variability may partly result from the lim-
McPhee (1995) the seasonal ice meltis here approached witibed horizontal coverage of the hydrographic surveys, which
the assumption that solar insolation is the primary sourceare thus prone to emphasize local details.
of energy for melting. In Fig. 33 the potential seasonal ice Based on the hydrographic estimate the smallest seasonal
melt induced by the atmospheric heat input (derived fromice melt occurs in the Nansen Basin, where on average 0.6 m
the products provided by NCEP and ERA-Interim reanal-of meltwater is added to the surface layer during the melt
yses) is compared to the hydrographic melt estimate. Theseason (Fig. 33). The meltwater content is doubled in the
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Fig. 21.The bars in the upper panel show the observed mean temperature with standard deviation (left) and heat content (right) of the upper
Atlantic Water in the Eurasian Basin. The horizontal lines denote the 20 yr average obtained from the observations. The middle panel shows
the anomalies of the observations from the PHC climatology. By computing the linear trend (dashed lines) from these anomalies, the offset
resulting from spatial variability is removed. The quantified linear trends are found in Table 5. To enable better comparison between the
observations (upper panel) and the anomalies from climatology (middle panel), the lower panel demonstrates anomalies of the observation:s
from the average computed from the observations (both shown in the upper panel) with the same scale as the anomalies from climatology.
The effect of the spatial variability within the basin (the offset) can be estimated by comparing the trends, or the shape of the curve, in the
middle and lower panels.

Amundsen Basin and in the Makarov Basin the average anOcean, ERA-Interim predicts 0.2-0.5m less melt than the
nual ice melt amounts to 1.8 m. In the Southern CanadaNCEP Reanalysis. In the Amundsen and Makarov basins the
Basin, the hydrographic melt estimate yields on average 2 nhydrographic estimate generally falls between the two heat
of meltwater. input estimates. In the Nansen Basin, the correspondence be-
The highest correspondence between the hydrographitween the hydrographic and heat input estimates is much
melt estimate and the melt predicted by the atmospheric heateaker as both reanalysed surface fluxes indicate twice as
input is reached in the Canada Basin. In the Canada Basimuch sea ice melt than estimated from the hydrographic data.
also the two heat input estimates, from NCEP and ERA-
Interim reanalyses, are consistent. Elsewhere in the Arctic
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Fig. 22.The same as Fig. 21 but for the lower Atlantic Water in the Eurasian Basin.

3.4.2 Time variability to 0.1 m. In 2001, the meltwater content is still considerably
lower, 0.3 m, than the 20-year-average 0.6 m.

Regardless of the difference in the two methods to determine After 2001, the atmospheric heat input increases every-
seasonal ice melt, the hydrographic estimate appears to rdvhere in the Arctic Ocean gccor_dlng to the two regnalyses
flect relatively well the interannual variability in atmospheric US€d here. The hydrographic estimate represented in Fig. 33
heat fluxes even in the Nansen Basin (Fig. 33). Among thdmplies that in the Eurasian and Makarov basins the aver-

large interannual variability an almost persistently decreas29€ Seasonal ice melt increases by roughly 0.2-0.5m be-
ing trend from 1991 to 1996 can be identified in large partstween the 1990s and 2000s. In the Canada Basin both esti-

of the Arctic Ocean. A wide-spread meltwater minimum is Mates reach their maximum in 2007 and 2008. During 2007
reached in 1996 in the Eurasian and Makarov basins. If?1d 2008 the meltwater content is 0.5m higher compared
the Amundsen and Makarov basins, this reduction in hydro-{0 Other years, 2.5m in the southern and 2m in the north-
graphic meltwater estimate is quite consistent with the simul-6"n Part of the Canada Basin. On the contrary, the max-
taneously diminishing net atmospheric heat input. However/Ma that emerge in 2001 and 2007 in the hydrographic melt
while the heat fluxes indicate rather modest decrease in thgStimates for the .Makarov Basin are not supported by the
Nansen Basin, the hydrography displays an abrupt drop ifttmospheric heatinput.

meltwater content. In 1996 seasonal ice melt amounts only
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Fig. 23.The same as Fig. 21 but for the upper Atlantic Water in the Canada Basin.

4 Discussion export of liquid freshwater (Karcher et al., 2005) and sea ice
(Vinje, 2001) through the Fram Strait. Moreover, the diver-
gence of the ice cover created numerous leads and conse-
guently increased heat loss from the ocean to the atmosphere
4.1.1 The 1990s (Rigor et al., 2002). Subsequent rapid ice formation rejected
. . .__brine to the surface layer increasing its salinity. Johnson and
A k(_ay contributor tc_) the observed changes in the E.ura5|a olyakov (2001) tracked the salinification to originate in the
Bgsm upper quers IS the so—callgd r.etreat of the ArCt'C.haIO'Laptev Sea where salinity increased by almost 1.5 ppt by
th'r;?’ nghégh sliegz"agldsgi)ss dedlégshte'lr'?wtgrriztr(:é%.oMﬁZSAornc-lggs' Later this anomaly was transported into the Makarov
o ya, ): : . gnd Amundsen basins (Polyakov et al., 2008). Although the
tic halocline, here called the upper halocline, was associated . . e :
ith the eastward advection of Siberian river runoff dur- origins of salinification has been debated (Swift et al., 2005),
;’;]" the earlv 1990s Xs al result 'lhe Iu el;/ haIcL)JcIine Clén_extent and magnitude of the salinification presented by John-
¢ gt di yl F.' 7 and th, q pr:” hwater i tson and Polyakov compare favourably with salinity increase
tracted In volume ( 9- ) and the reduce reshwater inpiye 1 15 ppt in the Amundsen and Makarov basins.
increased salinities in both the upper halocline and the Po- Along with the salinification, the upper ocean stability
lar Mixed Layer (Figs. 12 and 13). The salinification of the weakened. Because the Winter, homogenization was able to
Polar Mixed Layer was further enhanced by the intensified '

4.1 The upper layers in the Eurasian Basin
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Fig. 24.The same as Fig. 21 but for the lower Atlantic Water in the Canada Basin.

reach into the underlying water masses, the thickness of theerved. Moreover, although the retreating upper halocline
Polar Mixed Layer is roughly maintained during the 1990s was expected to enhance the oceanic heat flux to the sea ice
(Fig. 6) despite the reduced freshwater input. Thus it is likely (Steele and Boyd, 1998; Martinson and Steele, 2001; Bjork
that winter haline convection transformed, or reformed, partet al., 2002), the seasonal ice melt is in fact decreasing in
of the waters in the upper and lower halocline range into thethe Eurasian and Makarov basins (Fig. 33). The decrease in
Polar surface waters. The concurrent freshening and coolice melt concurs with the salinification of the Polar Mixed
ing of the lower halocline, seen in Figs. 15 and 25, furtherLayer (Fig. 13). The increased surface salinity implies that
imply that halocline waters are replaced with less saline surice melt was not sufficient to compensate for the reduced
face water that is cooled close to the freezing point temperafreshwater input from the shelves. On the contrary, brine re-
ture. As earlier discussed by Kikuchi et al. (2004) and Rudelgection from newly formed ice was a probable contributor to
et al. (2004), the significance of local convection in forming the increased salinity. Due to the ice divergence, discussed by
especially the lower halocline waters was strengthened due tdohnson and Polyakov (2001) and Rigor et al. (2002), ther-
the absence of advection from the continental shelves duringnodynamic growth of sea ice was possibly enhanced dur-
the 1990s. ing winter. Thus, it seems likely that the heat deriving from
In spite of the winter convection reaching down to the the halocline is lost directly to atmosphere. The increased
thermocline, no warming of the Polar Mixed Layer is ob- longwave radiation would further influence the surface heat
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Fig. 25.The same as Fig. 21 but for the lower halocline in the Eurasian Basin.

budget, which could partly account for the coincidently de- the freshwater content by 2011 suggests that no substantial
creasing downward heat fluxes seen in Fig. 33. freshening is occurring in the central Arctic Ocean and the
salinity has merely rebounded towards the state in 1991.
4.1.2 The 2000s Also in the Nansen Bgsin, the salinity of the Polar Mixed
According to Boyd et al. (2002), the surface salinity in the Layer has been decreasing after 2001. Concurrently, temper-
Nansen. Amundsen ana Maka,rov basins continued to in&Ure of the inflowing Atlantic Water is increasing (Figs. 21
crease until 1998. Although this year is not represented in thé?‘nd 22). The salinity dec_rease could indicate that hlghe_r tem-
data sets used in this study, the observations from 1996 an eratures of the underlying water lead to a larger fraction of
PR . the heat flux from the Atlantic layer going to ice melt and less
2001 suggest that the salinification ceases in the late 1990 % the atmosphere (see e.g. Rudels, 2010). However, Fig. 33
By 2005, the salinities in the upper halocline and the Polar P 9. o ) =Ver, Mg.
Mixed Layer have rebounded back to the values in the earlyshows that the modest increase in the seasonal ice melt cor-
1990s (Figs. 12 and 13). The maximum freshwater contentsreSponds to the increase in surface heat fluxes and does not
observed in these two uppermost water masses, in 2005 inti‘feeem to respond to the _mcreased Atlantic _Water tempera-
Amundsen and in 2007 in the Makarov Basin, compare well ures. Furthermore, the S|multaneou§ reduction of th_e ”.“X?d
with the reported large river water fraction in the upper 50 m layer de_pth (F_|g_. 6) suggests that the |ncrea§ed stability limits
(Jones et al., 2008; Bauch et al., 2011). A slight decrease irI\he vertical mixing from reaching the Atlantic heat storage.
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Fig. 26.The same as Fig. 21 but for the upper halocline in the Eurasian Basin.

That the upper ocean stability is restored and the cold surfacd.2 The upper layers in the Canada Basin
waters no longer mixed down to the thermocline are also seen

as the warming of lower halocline. This description, how- 4.2.1 The 1990s

ever, mainly holds for the interior of the deep basins, which

is the main concern in this work. In the boundary current atlnadequate temporal data coverage precludes any firm con-

the slope, where other mixing processes might be presen, sions of the hydrographic conditions in the Canada Basin
Polyakov et al. (2010) found that the cooling of the Atlantic q,jng the 1990s. Moreover, the disparities in the locations

Water and the temperature increase of the halocline waterdigf hydrographic surveys make it difficult to present a reli-
not balance. Only 7 % of the Atlantic Water heat loss was ac-,pa comparison between the two decades. During the 1990s

counted for as the warming of the halocline. They concludedy,g pigh ice concentration forced the icebreakers to operate

that some of the missing heat likely entered the upper layef, 5iniy near the shelf break. Therefore never, or very seldom,

and possibly contributed to the ice melt. were hydrographic casts obtained from the deep Canada
Basin. The casts located near the shelf break are likely to
emphasize the properties of shelf waters, which are fresh-
ened by runoff and ice melt. In addition, the low ice concen-
tration enhances absorption of solar radiation and heating of
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Fig. 27.The same as Fig. 21 but for the Polar Mixed Layer in the Eurasian Basin.

surface waters. Especially in the Southern Canada Basin th®lackenzie discharge, which likely contributes also to the el-
upper ocean is expected to be distorted due to the presence efated freshwater (Fig. 14) and meltwater (Fig. 33) contents.
shelf waters modified by runoff and solar heating. The high The high temperatures in 1993 and 1997 have also
standard deviation of both salinity (Fig. 14) and temperaturebeen discussed previously. The hydrographic survey ob-
(Fig. 28) is interpreted to result from this bias. tained from the southernmost Beaufort Sea during the Henry
Besides the fact that the data were limited to the area clos&arsen 1993 expedition captures a core of anomalously warm
to the North American continental slope, earlier research(>5°C) water close to the surface (maximum temperature
implies that the Southern Canada Basin may be presentedround 22—-24 m). This pool of warm water, suggested by
here by two exceptional years in the 1990s. For exampleCarmack et al. (1995) to be related to the low ice concen-
Guay and Falkner (1997) concluded, based on the dissolvettation in the Bering and Chuckhi seas during that summer,
barium concentration, that large amount of river dischargeincreases the average potential temperature and the heat con-
was present near the North American continental slope irtent considerably. On the contrary, according to Kadko and
1993. Several studies (McPhee et al., 1998; Macdonald et alSwart (2004), in 1997 the surface waters were locally heated
1999; Kadko and Swart, 2004) conducted at the SHEBA ob-through thin ice and leads in the ice cover.
servation site in 1997 reported anomalously low salinities.
The freshening in 1997 was traced to partly originate in the
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Fig. 28.The same as Fig. 21 but for the Polar Mixed Layer in the Canada Basin.

4.2.2 Freshening in the 2000s duced in the Canada Basin. Instead, they observed additional
3.6 m of Eurasian river runoff to be present mainly in the 50—

Rapid thickening of the upper halocline characterizes thel15 M depth range, thus residing within the upper halocline.

changes in the Northern Canada Basin. Between 2002 andhe signal from Eurasian shelf would first be detected in the
2011, the thickness of the upper halocline increases b)}\lorthern Canada Basin in 2007 and 2008. By 2011, itis pos-

100m. The thickening is primarily associated with the sibly propagating into the Southern Canada Basin, observed
downwelling of the isohalines and increase in the sea sur@S increased thickness and freshwater content of the upper

face height, driven by the wind-induced Ekman pumping nalocline (Figs. 7 and 11). _
(Proshutinsky et al., 2009; Rabe et al., 2011; Giles et al., The thickness of the Polar Mixed Layer fluctuates around

2012). Compared to the Southern Canada Basin, the mor'e average of 35m in the southern and 45m in the north-

robust freshening in the Northern Canada Basin could be™ part of the Canada Basin. While there is no trend in the
due to the relocation of the center of the Beaufort Gyrethmkness, the salinity of the Polar Mixed Layer decreases by

(Proshutinsky et al., 2009). The enlarged gyre enables the-1pptin the_entire Canada Basin. The minimum salinities
relatively fresh Pacific waters to be distributed northward. &€ reached in 2011, when they decrease 1.5 and 3 ppt be-

However, Morison et al. (2012) suggested that between 2003w the climatological average of the Northern and South-
and 2008 the amount of Pacific water might be slightly re-€™M Canada basins, respectively. The decrease in salinity
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Fig. 29.The same as Fig. 21 but for the upper halocline in the Canada Basin.

corresponds to the roughly 1 m increase in freshwater conet al. (2012) corresponds to roughly 5 m of freshwater added
tent seen in Fig. 14. As the concurrent increase in meltwateto the Canada Basin during the 2000s.

content exceeds 0.5 m (Fig. 33), part of the freshening is sug-

gested to reflect the accelerating sea ice melt. This increasg » 3 \warming during the 2000s

in meltwater content compares well with the results of Mori-

son et al. (2012), who distinguished 0.6 m of the freshwaterm the Canada Basin, the increasing heat content is largely in-

a_dded to .the water °°'“”.‘.” between 2003 and_2008 to def’luenced by the thickening upper halocline (Fig. 7). Further-
rive from ice melt. In addition to ice melt, also river runoff

d Ek likelv t tribute | linit more, particularly in the Northern Canada Basin, the increas-
an man convergence are fikely to contribute fow salini ying temperature is contributing to the heat content (Fig. 29,
water near the surface.

o I the 5m i i the total freshwat ¢ tmiddle panel). In the Southern Canada Basin no clear trend
verall, the 5m increase in the total iresnwater content, -, upper halocline temperature can be distinguished.

prezentte ?j ?n tl;ig.B31 cf:ortr%spontlj:s well Witlh o;herhSttL_'diisThe possible warming of Pacific derived waters, suggested
conducted in the beaufort Lyré. For example, Froshutins y Shimada et al. (2006) and Woodgate et al. (2010), is

et al. (2009) report on an increase of 4m between 2003 . S
) . . ikely to be disturbed by the large variability in the prop-
and 2007 whereas the increase of 10 008 iuen by Giles erties of the Bering Strait inflow. Moreover, because the

Pacific waters contributing to the upper halocline (ACW,

Ocean Sci., 9, 1015055 2013 www.ocean-sci.net/9/1015/2013/



M. Korhonen et al.: Time and space variability of freshwater content 1047

Temperature / heat content of the lower halocline

8
6X 10
T
-0.5 - 5r = —
— &
.9-0.6 T pe £4
;‘ /I =
3 L =]
=-0.7 1 l 83
5 g
o =}
£ 2
i3-048 %2
0.9 1
— N Canada
S Canada
1 1990 1995 2000 2005 2010 1%90 1995 2000 2005 2010
8
05 2 X 10
i)
g
[_:.
z0
e
2
<
£
2
<
05 _% . . .
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010
8
05 X 10

IAnomaly |(Q0b§

1.5-
-0 % . _% . . .
1990 1995 2000 2005 2010 1990 1995 2000 2005 2010

Fig. 30.The same as Fig. 21 but for the lower halocline in the Canada Basin.

BSSW, BSWW) are combined, possible variability of the the beginning of the summer is initially higher, likely yield-
warm (ACW, BSSW) halocline waters is likely overshad- ing higher temperatures at the end of the melt season. There-
owed by presence of the cold Bering Sea Winter Water. Itfore, only half of the observed warming, 0.2—0G3 can be
is also possible that the additional heat imported through thettributed to the increased absorption of solar radiation.
Bering Strait has been consumed by ice melt, or lost to the
atmosphere, already over the shallow Chukchi Sea. 4.3 Atlantic Water

Also the warming of the Polar Mixed Layer is more ev-

ident in the Northern than in the Southern Canada BasmAn obvious warming characterizes the Atlantic layer during

(F|g._28, middle panel)_. Nonetheless,_ the warming ?hoqld beihe 1990s (Figs. 21 and 22), which is reflected to the total
considered togetht_er W'th_the freshening presented in Fig. 14heat content presented in Fig. 32. The warming of the bound-
Be?"’?use the freezmg pomt.tgmperature depends on the IOC%lry current along the Eurasian continental slope was first de-
salinity, the decreasing salinity is reflected in the minimum .4 in 1990 (Quadfasel et al., 1991). Along the boundary

temperature reached during previous winter. For example, irEurrent the Atlantic core temperature was observed to in-

the Northern Canada Bas_ln the deprease n sallr_nty, from 3]Crease by 2C during the first half of the 1990s (Grotefendt
to 29, corresponds to an increase in freezing point temp_eraét al., 1998). The 1C increase in the upper Atlantic Water
ture from—1.7 to—1.6°C. Consequently, the temperature in of the Nansen Basin in 1996 (Fig. 21) compares well with
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the estimate of Grotefendt et al. (1998). Both the temperasen basins. In the 2000s, together with the warming, also the
ture anomalies and hydrographic observations suggest tha@alinification appears to be confined in the Nansen Basin. In
the warming spread from the Nansen Basin to the Amund-the Amundsen Basin, the salinities of both layers are elevated
sen and Makarov basins. The warming is accompanied byn 2007 and 2011. However, both layers are slightly cool-
increased volume of the Atlantic Water. Particularly the heating. In the Makarov Basin, a modest warming of both layers
content in the lower, more slowly warming, Atlantic layer in- is not accompanied by salinification, but an decrease in the
creases due to its increasing thickness. In the Canada Basiealinity of the lower Atlantic layer. A minor upward trend
the observations from the 1990s are insufficient to detecis seen in the salinity of the upper Atlantic layer. However,
the timing and magnitude of a possible warming. However,since the salinities remain well below the climatological av-
in 2002 and 2003, the temperature anomaly is remarkablherage, and also below the salinities observed in the 1990s,
high in the Northern Canada Basin (Figs. 23 and 24). Over4t is unclear whether the warming in the Makarov Basin is
all, these results are considered consistent with the propagaelated to the warm and saline pulse from the Fram Strait
tion and magnitude of the 1990s warming reported in sev-observed in the Nansen Basin. The absence of unambiguous
eral studies (e.g. Swift et al., 1997; Morison et al., 1998;trends in the Amundsen Basin suggests that the pulse has not
McLaughlin et al., 2009). penetrated beyond the Nansen Basin.

Then why is the temperature in the upper Atlantic layerin- The salinification during the 2000s enhances the already
creasing more strongly than in the lower layer? Does not theemarkable difference in the freshwater content and salinity
concurrent salinification, associated with changes in oceametween the Nansen Basin and the other basins. It should
advection and rapid ice formation (Steele and Boyd, 1998be noted here that if a substantial fraction of heat is trans-
Rigor et al., 2002), weaken the upper ocean stratification, enported upwards by double-diffusive convection through dif-
abling more heat to be transferred to the upper ocean antusive interfaces (Lenn et al., 2009; Polyakov at al., 2011,
eventually to the sea ice and the atmosphere? Indeed, theolyakov et al., 2012), the temperature would be reduced
winter convection appears to be able to reach deeper, dowhetween the Nansen and Amundsen basins but result in a
to the thermocline within the lower halocline, but not down marginal change in salinity. Thus, the warming and salin-
to the Atlantic layer. Whereas the temperature of the uppeification of the Nansen Basin may imply that the warmer
Atlantic layer is increasing and the heat likely conserved,and more saline Atlantic inflow, supplied by the Fram Strait
the cooling of the lower halocline (Fig. 25) is interpreted to branch (Schauer et al., 1997), mainly circulates in the Nansen
indicate that winter convection replaces the warmer waterdBasin. In that case, the less saline and colder Barents Sea
with colder surface waters. Besides decreasing temperaturebranch would be the major contributor to the Atlantic layer
deeper vertical mixing also results in decreasing salinitieselsewhere in the Arctic Ocean. It has already been suggested
within the lower halocline (Fig. 15). However, not enough by the model results of Karcher et al. (2003) that only un-
oceanic heat is derived from the thermocline to decrease thder favourable conditions, such as strong cyclonic circulation
salinity of the Polar Mixed Layer through increased ice melt prevailing from the late 1980s to the mid-1990s, is a sub-
(Fig. 13). On the contrary, the salinity of the Polar Mixed stantial amount of Fram Strait branch water able to bypass
Layer is increasing and the seasonal ice melt decreasing. the Lomonosov Ridge. However, to explain the difference in

Another anomalously warm inflow event was detected toAW properties between the Nansen and Amundsen basins,
enter the Arctic Ocean through the Fram Strait in the latethe Fram Strait branch should be deflected from the continen-
1990s (Schauer et al., 2004). In 2004, the increased temperaal slope already north of the Laptev Sea and return toward
tures in the boundary current along the Eurasian continentathe Fram Strait along the Gakkel Ridge.
slope indicated that the warm signal was propagating further This interpretation, that most of the water in the Atlantic
into the Arctic Ocean (Polyakov et al., 2005; Polyakov et al., layer in the Amundsen Basin derives from the Barents Sea
2011). However, based on the data analysed here, this wartoranch, is examined by comparing the average properties
signal is not distinguished beyond the Nansen Basin. On thef AW1 and AW2 in the Nansen and Amundsen basins.
contrary, in the Amundsen and Makarov basins the warm-Through this comparison, itis possible to determine a mixing
ing of the 1990s is followed by slight decrease in tempera-line to the unknown mixing partner. To get the relative con-
ture. This cooling is consistent with the results of Polyakov tributions from the two components, information about the
et al. (2012), although, as shown in their Fig. 4, large vari- properties of the Barents Sea branch is required. Using obser-
ability within the Amundsen and Makarov basins is evident. vations from the Kara Sea shelf and slope in 2007 (Fig. 34,

The heat content and the warming of the Atlantic layer reproduction of Fig. 4 in Rudels et al., 2013) we find the ra-
have been extensively discussed, but the variations and distrtio between the two waters to be aboutllin AW1 and 1: 2
bution of salinity and freshwater content of the Atlantic Wa- in AW2, the shelf input being the largest. If the difference in
ter have received much less attention. Especially in the lowethickness is taken as evidence that the transports in the At-
Atlantic layer, the warm pulses are accompanied by strondantic layers diminish between the Nansen and the Amund-
salinification. In 1996, coincidentally with the warm pulse, sen Basin then the supply to the AW1 layer in the Amundsen
an increase in salinity is observed in the Nansen and AmundBasin is about equal to the supply to the Nansen Basin. For
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AW?2 the corresponding ratio is 4/5 between the Amundserbased on hydrographic observations emerges in the Nansen
Basin and the Nansen Basin. Up to 50 % of the AW1 layer inBasin. Although the heat input obtained from the ERA-
the Amunden Basin is then supplied by the shelf input fromInterim products is somewhat smaller compared to that given
the Barents and Kara seas. In the AW?2 layer, the Barents Selay NCEP Reanalysis, also the ERA—Interim predicts the sea-
inflow branch supplies /3B of the water. This indicates that sonal ice melt to be twice the melt estimated from the hy-
about half of the inflow to the upper Atlantic layer antb3f drography. Despite large uncertainties associated with both
the lower Atlantic layer return towards Fram Strait within the estimates, the difference between the estimates is remark-
Nansen Basin. This is less than the almost total return flowable since, in addition to the atmospheric heat, the Polar
suggested by Rudels et al. (2013) but it is still substantial. Mixed Layer in the Nansen Basin is presumed to receive
Another alternative to increase the freshwater contentoceanic heat from the underlying Atlantic Water. Intuitively,
would be to melt sea ice, using the heat stored in the At-this would imply larger melt than the estimate based solely
lantic Water, and mix it down to the Atlantic layer. However, on the atmosphere-ocean surface fluxes.
this would result in a less dense water mass, even if not all A close inspection of the temperature and salinity pro-
heat lost by the Atlantic Water goes to ice melt (Rudels et al. files (not shown) reveals that the possible warming of the
2004). This major interaction occurs already north of Sval-Polar Mixed Layer from below and the consequent upward
bard as the Atlantic Water passes through Fram Strait into thelisplacement of the temperature minimum does not signifi-
Nansen Basin and leads to the formation of the Polar Mixedcantly influence the hydrographic melt estimate. Particularly

Layer there. in the Nansen Basin, the summer halocline is found notably
closer to the surface than the identified temperature minima.
4.4 Seasonal ice melt Because the salinity gradient below the summer halocline is
weak, most of the meltwater is located above the summer
4.4.1 The Nansen Basin halocline and the possible vertical displacement of tempera-

ture minimum is considered negligible.
The largest difference between the potential ice melt de- Regardless, according to other studies, the apparently
rived from the reanalysed heat fluxes and the melt estimatéow average hydrographic melt, 0.7m, is considered
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Fig. 33. The meltwater content estimated from the hydrographic data (green) compared to the estimated potential ice melt induced by the
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characteristic to the Nansen Basin. For example Perovicttrease could imply that, as the ice export (Vinje, 2001) and
et al. (2008), using an Ice Mass Balance buoy located apdivergence (Rigor et al., 2002) reduce ice concentration, heat
proximately over the Gakkel Ridge, defined the average seaoss from exposed ocean surface exceeds the absorption of
sonal melt to be 0.5 m. Therefore, the hydrographic melt esincoming solar radiation. The consequent rapid ice forma-
timate is interpreted to be realistic and the reanalysed heaion could then be observed as the increasing salinity of the
fluxes possibly exaggerated. The low seasonal ice melt in thé@olar Mixed Layer seen in Fig. 13.

Nansen Basin could further support the impression that even After the late 1990s, increasing heat input is reflected to
weak stratification may inhibit mixing of Atlantic heat con- the seasonal ice melt. However, the ice melt maxima aris-
tent close to the sea ice, rendering the sea ice better insulatedg in the hydrographic melt estimate for the Makarov Basin

than generally assumed. in 2001 and 2007 have no correspondence in the heat input
estimates. Therefore, those individual melt maxima are sug-
4.4.2 The Amundsen and Makarov basins gested to be exceptional local features emphasized by the re-

stricted spatial extent of hydrographic observations.
Overall, in the Amundsen and Makarov basins the hydro- In addition to the relatively low surface salinity observed
graphic melt estimate compares well with the seasonal icd" the Makarov Basin in 2001, the hydrographic melt esti-
melt based on the heat fluxes. During the 1990s the meltwaMate is enhanced by the relatively high salinity (33.3) at the
ter content decreases along with the net heat input. The dease of the Polar Mixed Layer. When this high salinity is
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3.5 , . Swart (2004) detected that only 1.2 m of freshwater derived
34 : i:;ljsgs}:r?%;sin o from sea ice melt and that river runoff accounted for 0.8 m
Fram Strait branch of additional freshwater to the Polar Mixed Layer. Since
25 Barents Sea branch & the SHEBA observation site was located~af5° N, farther
RS 5 & north from the Mackenzie delta than most of the casts used
o 21 q" in this study, the presence of fresh shelf waters is likely to be
E 151 g ,,f”' ) more pronounced in the data analysed here. Thus the 2.4 m of
g & _g;? S/ " meltwater, together with elevated freshwater content, appear
g8 1 / ' 58 94/ reasonable.
g 0.5 SR ‘ Melt estimates for the 2000s compare relatively well
E é with literature. During the period 1998-2004, Perovich
g0 & & Vo | & et al. (2007b) estimated the annual heat input in the Canada
§ 05 Y y Basin to vary betweenB- 18 Jm2 and 11: 18 Jm 2. This
£ heat estimate corresponds to 2.6—3.3 m of meltwater, if all
-1 available heat is used to melt ice. However, some of the an-
-1.54 nual heat input given in Perovich et al. is used to warm the
‘ sea ice before melting whereas here only the June—August
'23‘4 342 344 346 34.8 25 cumulative heat input is used to produce the average meltwa-
Salinity ter content of 2m.

The maximum meltwater content reached in 2007 and

Fig. 34. 0S—diagrams from the Kara Sea slope in 2007 demon-2008 is consistent with previous observations of rapid, or
strating the different properties between the two Atlantic inflow catastrophic, sea ice melt occurring during these two years
branches, through the Fram Strait and the Barents Sea. The averag@erovich et al., 2008; Kwok and Cunnigham, 2010). In
properties of Atlantic Water in the Nansen and Amundsen basin®2007, the hydrographic estimate of 2.3m in the Southern
between 1991 and 2007 are marked. Canada Basin is close to the ice melt of 2.8 m measured by an
Ice Mass Balance buoy in the Beaufort Sea (Perovich et al.,
2008). Although also the renalysed surface fluxes indicate
used as reference salinity, it yields much larger meltwatera maximum in the amount of available heat in 2007 and 2008,
content than the more typical reference salinities of 32. Thethe maximum is more pronounced in the hydrographic melt-
high reference salinity is possibly a remnant from the salini-water estimate. Particularly in the Northern Canada Basin,
fication of the Polar Mixed Layer in the 1990s. the hydrographic estimate seems to exceed the potential ice
Another striking melt event occurred in the Makarov Basin melt derived from the heat fluxes. This may imply that heat
in 2007. In addition to the large meltwater content, the low stored in the upper ocean is needed to contribute in the sea-
surface salinities are increasing the freshwater content irsonal ice melt.
the Polar Mixed Layer (Fig. 13). As salinity decreases also As discussed in Sect. 4.2.3, the temperature of the Polar
in the upper halocline (Fig. 12), the freshening appears taMixed Layer has been increasing in the Northern Canada
cover the entire upper part of the water column. ComisoBasin during the past decade. Although no evident warming
etal. (2008) suggested that persisting southerly winds pusheid observed in the Southern Canada Basin, the temperatures
the anomaly in sea ice concentration northward. Accordingin 2007 and 2008 are elevated. Some of this heat, still present
to Wang et al. (2009) these winds also enhanced the inflovat the end of the melt season, may be stored in the Polar
of warm Pacific waters between 2004 and 2007 and intensiMixed Layer and reduce ice formation the following winter.
fied the Transpolar Drift Stream. Thus, the anomalously highFurthermore, the reduced ice formation could lead to lower
melt and freshwater estimate in 2007 is interpreted to resulkalinity of the temperature minimum and thus to a smaller ice
from advection. melt estimate the following year.

4.4.3 The Canada Basin

According to several studies (McPhee et al., 1998; Perovictb Conclusions

et al., 2003; Perovich et al., 2008), the average seasonal melt

in the Beaufort Sea amounted to roughly 1 m during theHydrographic data from various icebreakers have been used
1990s. Compared to this average, the melt estimates througlte detect variability in the freshwater content, heat content
out the observational period are high, and, at least in theand seasonal ice melt between 1991 and 2011. Admittedly,
1990s, likely to be exaggerated by the input from river runoff. the greatest uncertainty in our analysis is related to the sparse
For 1997, the presence of river runoff has been confirmedhydrographic sampling in both time and space. Nonethe-
based on oxygen isotope ratio at the SHEBA site, Kadko andess, a reasonably consistent picture emerges and, based on
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