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THE ICE!TETHERED PROFILER: 
ARGO OF THE ARCTIC

Figure$1. (a) Schematic drawing of the 
Ice-Tethered Profiler system with components 

labeled. Photographs of (b) the underwater 
profiling module being attached to the 

wire-rope tether during deployment and 
(c) the final buoy installation (present 

surface buoy design), the latter with 
CCGS Louis S. St-Laurent in the background. 
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basis using, as reference, mapped poten-
tial conductivity on selected deep poten-
tial isotherms (source data being roughly 
contemporaneous calibrated ship CTD 
data) as described by Krish!eld et"al. 
(2008b). (A similar procedure is carried 
out to derive oxygen sensor calibration 
adjustments.) A#er applying conduc-
tivity calibration adjustments, the resul-
tant ITP salinity data have an uncertainty 
(relative to the ship data) of 0.005 or less. 
When reprocessed, the “!nal” ITP data 
are made available on the program Web 
site and are submitted to national data 
facilities for archiving. Work is currently 
underway to submit ITP observations to 
the Argo data system in parallel. 

ITP PERFORMANCE 
AND !DATA !RETURN
$us far, a total of 41 ITP instruments 
have been deployed in the Arctic 
(between August 2004 and October 
2010) by researchers from Germany, 
France, Great Britain, Russia, and 
the United States. By agreement, all 
data from ITP instruments are routed 
through servers based at WHOI and 
immediately made publicly available. 
As of this writing, ITPs deployed in 
the Arctic have attempted more than 
30,000 CTD pro!les between ~"7 and 
750 m depth (Figure"2). Of these, 
approximately 80% returned usable 
temperature and salinity data over a 

vertical interval greater than 700 m. 
Including those systems still operational 
(and thus biasing the following mean 
estimates low), the average lifetime of 
the ITP surface buoy (time over which 
telemetry is received) is 500 days; the 
average number of CTD pro!les longer 
than 700"m received per instrument 
deployment is 741. In comparison to 
traditional sampling from icebreakers 
and aircra#, the ITP array is returning 
signi!cantly more data from the central 
Arctic over all seasons (Figure"2). As 
deployed to date with long tethers, 
ITPs are not well suited to sample the 
broad, shallow continental shelves that 
surround the Arctic; alternate tech-
nology is needed there. 

$ere is a wide distribution in ITP life-
times and CTD data recovery (Figure"3). 
Commonly, the surface buoy functions 
for longer time periods than data are 
received from the underwater pro!ling 
module. Reasons for data termination 
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Figure!2. (a) Location of full- or partial-depth conduc-
tivity-temperature-depth (CTD) profiles acquired by 
Ice-Tethered Profilers (ITPs) in the Arctic. "e close 
spacing of the profile locations makes these points 
appear as continuous lines on the scale of this figure. 
(b)!Bin-totals of the number of full-depth or partial 
CTD profiles acquired by ITPs since 2004 (left), the 
corresponding figure for all available casts from the 1970s 
(right), and the subset of 1970s data where the ocean 
depth exceeded 760 m (middle). In all cases, the bins for 
the analyses were 55.5 km2. Bar coloring as well as bar 
height indicate the number of profiles in a bin; a reference 
bar is given for 200 casts in a bin. "e 1970s station infor-
mation is derived from Timokhov  
and Tanis (1997, 1998).
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imb.crrel.usace.army.mil), (4) a Naval 
Postgraduate School (NPS) Autonomous 
Ocean Flux Buoy (AOFB; http://www.
oc.nps.edu/~stanton/!uxbuoy), and 
(5) an ITP (#38) (Figure"4). #is collec-
tion of instrumentation was deployed on 
a 1.7 m thick ice !oe in the Transpolar 
Dri$ on April 19, 2010, at 88°39.4'N, 
145°35.7'E. Over the following nine 
months, the IBO dri$ed south while 
sampling the full summer melt and 
fall refreeze cycles, eventually passing 
through Fram Strait. As melting, 
fracturing, and ra$ing events slowly 
destroyed the supporting ice !oe, the 
various IBO systems dropped o%ine; 
contact with the underwater unit of 

ITP 38 was lost on December 28, 2010, 
when the unit dragged onto the East 
Greenland shelf. As of this writing, the 
ITP’s surface buoy continues to send its 
daily status message. 

SCIENCE HIGHLIGHTS 
FROM ! ITPs AND IBOs
Data from ITPs, on their own or in 
conjunction with observations from 
other measurement systems (e.g.,"IBOs, 
ships, aircra$, remote sensing), are 
increasingly being used in scienti&c 
analyses. In one analysis example of 
basin-scale variability, Rabe et"al. (2011) 
combined recent ITP observations with 
hydrographic observations obtained 

from other autonomous instruments and 
manned icebreaker and aircra$ surveys 
to construct a map of summer-season 
liquid freshwater content for the 2006–
2008 period (roughly corresponding to 
the International Polar Year; Figure"5). 
In comparison to the summer seasons 
of 1992–1999, these authors found local 
increases in liquid freshwater within 
the Arctic region of 2 to 4+ m; summed 
over the basin, this translates to a total 
volume increase of 8,400 ± 2,000 km3. 
Such observations provide reference 
points for climate models to accurately 
reproduce and ultimately explain the 
responsible mechanisms. 

#e Rabe et"al. (2011) maps highlight 

Figure!4. Drift track of an Ice-Based Observatory (IBO) 
between April 19, 2010, and November 10, 2011, 
indicating, in color, the salinity at 10 m from 
the Ice-Tethered Profiler in the instrument 
cluster. "e 1,000, 2,500, and 3,000 m 
isobaths have been plotted using 
the IBCAO grid. Images are from 
the NOAA/PMEL web camera 
installed on the same ice floe 
(see http://www.arctic.noaa.
gov/gallery_np.html). Black 
pointers indicate the IBO 
location at the start and 
end of the melt period. 
From Timmermans 
et!al. (2011)

Salinity at 10m
 30 31 32 33 34

Timmermans et al. (2011) 



29 June and there was still some minor, much slower, bottom
melt after 7 September.
[10] ITP calibration procedures are described by Johnson

et al. [2007] and R. Krishfield et al. (unpublished manu-
script, 2008) (see http://www.whoi.edu/page.do?pid=23096).
Predeployment laboratory!derived calibrations were adopted
for all temperature and pressure data (postdeployment labo-
ratory calibrations of two recovered ITPs documented tem-

perature and pressure offsets after 2–3 years of 0.001°C to
0.002°C and around 1 dbar, respectively). These are taken as
the uncertainties of the final ITP temperature and pressure
data. Adjustments to the laboratory conductivity calibrations
were derived and applied as detailed by Krishfield et al.
(unpublished manuscript, 2008) to achieve consistency with
recently acquired ship!based salinity estimates for the region.
The resultant ITP salinity data have an uncertainty (relative to
the ship data) of 0.005 or less. IMB thermistors were cali-
brated by applying an offset (specified by setting the initial
thermistor value equal to freezing temperature based on the
7 m salinity of the ITP) to each thermistor series. The mag-
nitude of the offset was no more than 0.06°C. This assumes
a homogeneous mixed layer at freezing temperature on
20 April above the top depth sampled by the ITP. Freezing
temperature was calculated using the ITP salinity time series
at 7 m. IMB temperature measurements (between 200 and
380 cm below the top surface of the ice) do not deviate from
ITP temperatures at 7 m depth (the top depth sampled by the
ITP) over the duration of the drift. While this might be
expected since ITP vertical profiles indicate mixed!layer
depths were never shallower than about 12 m over the course
of the IBO drift, it allows us to rule out that water properties
immediately below the sea ice were different than those
sampled by the ITP at 7 m.

2.2. Summer Melt
[11] Over themelt period, IMB 2010A documented a net sea

ice bottom ablation of 0.40 m, and negligible surface ice melt.
Total snowmelt was 0.35 m. The measured bottom ablation
implies the total heat input to the ice cover during the melt
period was about 119 MJ m!2 (given the latent heat of fusion
3.34 ! 105 J kg!1, and assuming no increase in heat content of
the ice base; Figure 2), equivalent to an average net ocean!to!
ice heat flux over the melt period of about 18 W m!2.
[12] The ocean!to!ice heat flux can be estimated by [McPhee,

1992]

FH ! !cpcHu*0"T ; "1#

where cp = 3980 J kg!1 is the specific heat of seawater, cH =
0.0057 is a heat transfer coefficient [seeMcPhee et al., 2003],
dT is the difference between mixed!layer temperature and
freezing temperature (a function of mixed!layer salinity), and
u*0 is the interface friction speed. The velocity u*0 may be
estimated from ice!drift velocity (V, where, as is common, we
assume the geostrophic flow is much smaller than the wind!
driven ice!drift velocity) using a Rossby similarity relation-
ship (see McPhee [2008] for a full discussion):

#V
u*0

! log
ju*0 j
fz0

$ A$ iB; "2#

where u*0 andV are horizontal vectors expressed as complex
numbers, # = 0.4 is von Karman’s constant, and f is the
Coriolis parameter with constants A = 2.12, B = 1.91. One
source of error is associated with estimating the undersurface
roughness z0 [seeWettlaufer, 1991]. FollowingMcPhee et al.
[2003], we take z0 = 0.01 m for consistency between our
estimates and heat fluxes inferred from an IBO deployed in
April 2002 as part of the NPEO [McPhee et al., 2003; see also

Figure 2. (a) Ice mass balance buoy (IMB) snow and ice
thickness and internal ice temperature. (b) ITP temperature
difference from freezing at 7 m with IMB water!column tem-
perature difference from freezing from the 19 thermistors
between 200 and 380 cm depth below the top surface of the
ice. Vertical red lines mark the start and end of the melt
period, which we define by initiation and end of bottom abla-
tion measured by the IMB. Depth!time sections of (c) ITP
potential temperature and (d) salinity. (e) Drift speed V of
the ice floe computed from ITP GPS positions.

TIMMERMANS ET AL.: SURFACE FRESHENING IN THE EURASIAN BASIN C00D03C00D03

4 of 17

Water Temperature above Freezing 

Ice Temperature  (IMB2010A) 

ITP‐38 Temperature 

ITP‐38 Salinity 

hOp://imb.erdc.dren.mil/Archive/2010A/2010A.htm  Timmermans et al. (2011) 





Oceanography  |  September 2011 133

     

0

50

100

150

200

250

300

D
ep

th
 (m

)
!1.7 !0.5 0.7

20.7 27.7 34.7

17.0 23.0 29.0

"

#" S

a
     

 

!1.7 !0.5 0.7

24.2 27.7 34.7

20.0 23.0 29.0

°C °C

pss pss

kg m–3 kg m–3

"

#" S

b

Figure!6. 
Representative 
vertical profiles of 
potential tempera-
ture (red), salinity 
(black), and potential 
density anomaly 
(blue) obtained 
from ITP #6 on 
(a)!April!30, 2007 
and (b)!September 
13, 2007. "ese were 
ITP #6 profiles 475 
and 747, respectively; 
both were taken 
within 25 km of 
76°24'N, 140°45'W. 
From Toole et!al. 
(2010)

Figure!7. Ice-Tethered Profiler-derived sections of (a) potential temperature, (b) salinity, (c) buoyancy frequency, and 
(d)!cyclogeostrophic velocity through a pycnocline eddy in the Canada Basin. Lines of constant potential density (refer-
enced to the surface) are shown in (a). "e section is from west (left) to east, and dotted lines in (b) indicate profile loca-
tions. From Timmermans et!al. (2008b, © January 2008 American Meteorological!Society)

characteristics of the SBE-41CP CTD 
(Johnson et!al., 2007). Timmermans 
et!al. (2008a) presented observations of 
the double-di"usive thermohaline stair-
case strati#cation above the core of the 
Atlantic Water layer in the Canada Basin 
(Figure!8), and estimated vertical heat 
and salt $uxes through this strati#cation. 
As testament to the achievable accu-
racy of in situ-calibrated conductivity 
data, temperature-salinity observations 
through these structures reveal remark-
able lateral coherence with layer aspect 
ratios (thickness divided by width) of 
order 10-6 and a narrow range of lateral 
density ratio (!Sx/"#x) of around 4.0. 

Toole et al. (2010) 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the double-di"usive thermohaline stair-
case strati#cation above the core of the 
Atlantic Water layer in the Canada Basin 
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racy of in situ-calibrated conductivity 
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As evidenced by this brief synopsis 
of analysis activities, ITPs, particularly 
when integrated within IBO instru-
ment clusters, are enabling signi!-
cant advances in our understanding 
of the Arctic system from basin 
to centimeter scales.

FUTURE PL ANS
ITP systems and companion instru-
ments continue to be deployed under 
the banners of the US Arctic Observing 
Network (AON) and internation-
ally under SAON (Sustaining Arctic 
Observing Networks) and country-
speci!c programs. Like Argo, continued 
e"ort is necessary to sustain the deep 
Arctic sampling e"ort. Also, as Figure#2 
dramatizes, there remains a need for 
technologies able to return observations 
in the seasonal ice cover zone and, in 
particular, over the shallow continental 
shelves. ITPs deployed with much 
shorter tethers might be one approach. 
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Figure!8. (a) Ice-Tethered Profiler 
(ITP) profiles of potential 
temperature and salinity in 
the Canada Basin. "e insets 
with expanded scales show 
the double-di#usive staircase. 
In these profiles, the Arctic 
surface mixed layer extends to 
about 40!m depth, with shelf-
modified Pacific water from 
Bering Strait immediately below. 
A strong thermocline denotes 
the boundary between the 
upper waters and the Atlantic 
Water. Within the thermocline, 
temperature and salinity 
increase monotonically with 
depth, a necessary condition 
for double-di#usive layering. 
(b)!"e corresponding potential 
temperature/salinity curve 
and lines of constant potential 
density anomaly (referenced to 
the surface). (c)!Discrete poten-
tial temperature/salinity values 
from 1000 ITP profiles in the 
Canada Basin (~ 0.25 m vertical 
resolution), and lines of constant 
potential density anomaly (refer-
enced to the surface). "e region 
in potential temperature/salinity 
space is shown by the grey box in 
panel (b). Staircase mixed-layer 
properties tend to group along 
lines in potential temperature/
salinity space; Timmermans et!al. 
(2008a) show that individual 
mixed-layers are coherent for 
at least 800 km across the basin 
and persist for several years. After 
Timmermans et!al. (2008b)
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Canada Basin (~ 0.25 m vertical 
resolution), and lines of constant 
potential density anomaly (refer-
enced to the surface). "e region 
in potential temperature/salinity 
space is shown by the grey box in 
panel (b). Staircase mixed-layer 
properties tend to group along 
lines in potential temperature/
salinity space; Timmermans et!al. 
(2008a) show that individual 
mixed-layers are coherent for 
at least 800 km across the basin 
and persist for several years. After 
Timmermans et!al. (2008b)
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weakening of the stratification in the upper halocline. They
attributed this to an eastward shift of the area influenced by fresh
shelf waters. Morison et al. (2006) extended an analysis by Steele
et al. (2004) up to 2005 to show that there is a 3–7 year lag in the
adjustment of the upper Arctic Ocean to changes in the large scale
wind field, represented by the Arctic Oscillation index. Morison
et al. found that from 2000 onward, the observed hydrography of
the central Arctic was again getting closer to the pre-1990s state.
This was also shown by Karcher et al. (2005) in the same model
simulation as used in our study. Our observations show that,
regarding LFW, the trend continued up to the period 2006–2008.

A comparison of the LFW changes between the two time periods
based on observations (Fig. 2c) and the simulation (Fig. 3c) shows
strong similarities in the large scale pattern and amplitude. Regional
differences are apparent, in particular in the Beaufort Sea and the
southernCanadaBasin,where themappedobservations showa shift
in the LFW maximum toward the southeast; however, the lack of
data north of the Canadian Arctic Archipelago during the 1990s
prevents any conclusive comparison in this region. Over the whole

deep Arctic Ocean, the observed LFWC (Eq. (2)) increased by
8400 km3 between the time periods 1992–1999 and 2006–2008.
This is close to the estimated total annual export of freshwater
(liquid and solid) from the Arctic Ocean (Dickson et al., 2007) and
almost 20% of the average of LFWCweobserve for both timeperiods.
In the simulation, LFWC changed by 6120 km3, which is lower than
the observational estimate, but of the same order of magnitude.
Nevertheless, in both the observations and the simulation we see
changes in the distribution of LFW summing up to an overall
increase in LFWC. In the following section we investigate possible
causes of these changes.

4. Physical processes

4.1. LFW distribution

The LFW inventories are related to two quantities: the depth of
the 34 isohaline, h, and the depth averaged salinity above this
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Fig. 2. Objectivelymapped observed freshwater inventory from the surface to the depth of the 34 isohaline for the deep Arctic Ocean during JAS: (a) 1992–1999 and (b) 2006–
2008. The anomaly of 2006–2008 relative to 1992–1999 is shown in (c). The locations ofmeasured salinity profiles used for themapping are shown as black dots in (a) and (b);
larger dots are shown in Fig. 7. Only (c): values within 70.25 m of zero are white; the thick gray line represent the 1 m contour of the combined (maximum) statistical error
estimate for both mapping time periods (see Fig. 7).
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Although we observe an overall freshening in the Canada Basin,
there was a redistribution of LFW in the southern part of the
Beaufort Gyre (Fig. 2c), associatedwith both changes inDh (Fig. 4a)
and in S (Fig. 4b). Here, tracer measurements between 1987 and
2007 show less removal of LFW within the surface layer due to a
reduction in winter ice formation, whereas meteoric water (river
runoff and precipitation) was increasing in the center of the gyre
(Yamamoto-Kawai et al., 2009); in 2006 and 2007, Yamamoto-
Kawai et al. observed that also net ice melt increased in that part of
the gyre. However, some of the observed increases in LFW near the
surfacewere compensated bydecreases in LFWcontained in Pacific
Water below (Proshutinsky et al., 2009). Thus both a changed
Ekman pumping due to changing ocean surface stress and an
accumulation of river water and ice melt in the North American
Basin have contributed to the observed changes between the two
time periods.

In large parts of the Eurasian Basin, along the Lomonosov Ridge
and in the Makarov Basin, we find that the observed increase in
LFW can bemostly attributed to a decrease in the observed S. Here,
the simulation indicates no significant or uniform change in net sea
icemelt (Fig. 5c). Furthermore, there are indications from four years
of hydrographic observations at the Lomonosov Ridge close to the

North Pole since 1990 that ice melt water was not at an extreme
high in 2007 (Bert Rudels pers. comm.). Tracer measurements
(Jones et al., 2008; Anderson et al., 2004) and model simulations
(Karcher et al., 2006), on the other hand, suggest a change in the
circulation of riverwater thatwas temporarily accumulating on the
Siberian shelves and started to leave the shelves north of the East
Siberian Sea around 1998; further east than previously. It subse-
quently replenished the1990s LFWdeficit in the central Arctic. This
pulse of riverwater reached the Fram Strait in 2005, as observed by
Rabe et al. (2009), and was also exported through the Canadian
Arctic Archipelago. Observations have shown that the concentra-
tion of river water north of the Siberian Islands close to the
Lomonosov Ridge was still higher in 2007 than in 1993 and
1995 (Abrahamsen et al., 2009), suggesting that also in the central
Arctic the observed increases in LFWbetween the two time periods
studied in this paper were caused by high concentrations of
river water.

In summary, observations and the NAOSIM simulation indicate
that the components of the changes in LFW vary by region: the
shift in the LFW maximum in the Beaufort Gyre is likely a
consequence of a mixture of changes in net sea ice melt, wind-
ice stress induced EP and accumulation of advected river water.
Around the Lomonosov Ridge, the Makarov Basin and in the
Eurasian Basin the increase in riverwater from the Siberian shelves
made the strongest contribution, whereas changes in the layer
depth, although large, contributed much less. In addition, changes
in layer depth in the Eurasian Basin could not be associatedwith EP
during the 1990s in the simulation. Therefore, the freshening in the
Eurasian Basin between the two time periods must have been
caused by the properties and distribution of inflowing water and
changes in the formation of the lower halocline. The product of
changes in h and S, represented by the last term in Eq. (7) (Fig. 4e),
played a role only in small parts of the Eurasian Basin (Figs. 4c
and d).

4.2. LFW content

On average over the whole domain, i.e. the upper deep Arctic
Ocean, the depth of the 34 isohaline increased by about 7 m
effecting a volume increase of about 31 000 km3, whereas the
average salinity above this isohaline decreased by about 0.5.
Nevertheless, the thickness term in Eq. (7) gives an increase in
LFWC by 1600 km3, whereas the salinity term results in
+6500 km3. This means that changes in S contributed much more
to changes in LFWC than changes in h; therefore, EP primarily
redistributed LFW within the Arctic Ocean. The fact that the
integral of the thickness-term in Eq. (7) over the whole deep
Arctic Ocean is not zeromay be explained by the regionswhere the
34 isohaline is not in the adiabatic interior or where the 34
isohaline reached onto the shelves. Furthermore, the thickness
contribution is of the order of the uncertainty in the mapping
process (Appendix B). On the other hand, decreases in S originated
from changes in ice formation andmelt, and inflowof LFW from the
shelves. The non-linear term gives an increase of less than 300 km3

and is, therefore, negligible. Overall, the observed LFWC change is
primarily due to changes in S.

5. Summary and conclusion

During July/August/September of 2006–2008 salinity profiles
were measured across all Arctic Ocean basins within a few years.
Thesewere used to analyze the distribution of LFWabove the lower
halocline represented by the 34 isohaline. Themeasurements from
2006–2008were compared to observations from the 1990s, where

Fig. 6. Time series of annual mean vertical velocity (positive upward) in the
NAOSIM simulation derived from Ekman Pumping (EP; dotted), based on the curl of
the ocean-surface (wind and ice) stress, and from the vertical displacement of the
34.0 isohaline (solid). Shown is the spatial means for the North American Basin and
the Beaufort Gyre, where the EP velocity is offset by the time mean for each region.
The regions used for spatial averaging are sketched in the inlaidmaps, and the x-axis
shows the time from 1960 until 2008 (middle-of-year), where the two time periods
under study in our FW analysis are marked as red horizontal bars.
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in upper!ocean properties in the region have been observed in
other years.
[18] CTD data taken between 2007 and 2010 in April–May

in the vicinity of the North Pole and in the Switchyard region
(between Ellesmere Island–Northern Greenland and the North
Pole) also show the appreciably fresher surface waters in 2010
(Figure 6). Profiles from the NPEO aircraft surveys (on the
Eurasian Basin side of the Lomonosov Ridge) and Switchyard

surveys indicate mixed layers in the region becoming pro-
gressively fresher between 2007 and 2009. In 2010, parts of the
Switchyard region appear to return to slightly saltier values or
stay the same as 2009, although the entire region remains
fresher than in 2007 and 2008.
[19] A detailed analysis of changes below the mixed layer,

in the halocline and deeper, is beyond the scope of this study.
However, we point out that there were significant changes in

Figure 6. Map of salinity at 10 m from North Pole Environmental Observatory and Switchyard
conductivity!temperature!depth stations and ITP profiles between 1 April and 10 November for the years
shown. The 1000, 2500, and 3000 m isobaths are shown. The last profile in the drift of ITP 29 (2010) was
taken on 15 September 2010. In 2009, measurements from a Naval Postgraduate School AOFB are also
shown (at a depth of nominally 4 m below the sea ice base).
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some discrepancies are expected given, for example, imper-
fect model internal ice stresses and the coarse resolution
reanalyzed wind fields.
[22] The model was run to simulate trajectories between

1990 and 2010 of conservative tracer particles that origi-
nated in the Beaufort Gyre region and from rivers along the
Siberian coastline. Model spin up takes less than 2 months.
Particles were released at 81 locations in a 9 ! 9 grid cen-
tered over the Beaufort Gyre region with a grid spacing of
100 km and at 9 locations along the basin margins to track
water originating from rivers. The coastal locations repre-
sent: the East Siberian Sea (Kolyma and Indigirka rivers),
Laptev Sea (Khatanga, Olenek, Yana, and Lena rivers), and
Kara Sea (Ob, Yenisei, and Pechora rivers). Every month,
for the duration of each model run, a particle was released at
each of the 81 or 9 sites. The particles are passive tracers
advected by the ice or by surface water. For a more realistic
estimate of parcel trajectories in the upper 10 m of the
ocean, we applied a 20° adjustment to the ice trajectories
[see, e.g.,McPhee, 1979] to account for the expected Ekman
turning (most measurements under sea ice show a fairly
well!developed Ekman spiral [see also McPhee, 2008]), and
took as the ocean speed at 10 m the local ice velocity scaled
by 0.7. [cf. McPhee, 1979]. Of course this modeling exer-
cise is only meant to provide approximate bounds on the
wind!driven surface ocean circulation; the actual flow in
the upper 10 m will depend on the exact characteristics of
the ice!ocean boundary layer that varies with under!ice
roughness, ice speed and buoyancy forcing.

3.2. Surface Circulation
[23] Sea level pressure and modeled annual sea ice motion

demonstrate the strong interannual variability of the large!
scale circulation, changing conditions which impact upper!
ocean circulation and freshwater content (Figure 11). The
Beaufort Gyre was significantly reduced in strength in 2009
and 2010 compared to 2007 and 2008 (Figure 11). Further,
the Transpolar Drift Stream was much weaker in the more
recent 2 years, effectively absent in 2009. The years 2009 and
2010 exhibit a northward surface flow from the Beaufort
Gyre region off the coast of Ellesmere Island (joining the flow
off the coast of Greenland toward Fram Strait) that is not
observed in 2007 and 2008.
[24] Ice and water pathways were assessed by examining

the duration of time (particle hours) that particles occupied a
given model grid cell. We consider 4 year periods to allow
time for basin!scale transit from the Beaufort Gyre and shelf
regions. Particles released to simulate ice (Figure 12) and
surface water (Figure 13) in the Beaufort Gyre show that the
years 2004–2008 were distinguished by a strong, anticy-
clonic Beaufort Gyre and an accumulation of fresh surface
water here by converging Ekman transport, with no surface!
ocean flow exiting the region. Model results corroborate
observations of the major increase in Beaufort Gyre fresh
water observed in these years [Proshutinsky et al., 2009;
McPhee et al., 2009] and support the findings that the
increase was caused by the dominant large!scale wind
forcing. In 2009, the Beaufort Gyre weakened and ice and
surface water are observed to escape the Beaufort Gyre in

Figure 9. Salinity and potential temperature profiles from the Switchyard region (locations A and B) in
May 2008 and May 2010.
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the northern sector of the Canadian Basin, and spread toward
the Switchyard region. While the surface ocean exhibits a
similar qualitative response as the sea ice to altered atmo-
spheric forcing starting around 2009, surface ocean particles
are not observed to cross the 45°W line between Greenland
and the North Pole. Note that this should only be considered a
qualitative picture of the surface ocean circulation, given the
uncertainties in estimating surface water flow by applying a
magnitude and direction correction to sea ice motion
(described in section 3.1). Taken together with observations,
the model results imply that the freshwater distribution in
2010 is a manifestation of the weakening of the intense
anticyclonic Beaufort Gyre circulation that persisted until
2008. The Beaufort Gyre strengthened somewhat in 2010
relative to 2009 (although remained generally weaker than in
2007 and 2008) which raises the question of whether the
observed freshening is a short!term event. It may be that the
slight increase in salinity in the Switchyard region between
2009 and 2010 signals a return to anticyclonic conditions
associated with a Beaufort Gyre that corrals and retains fresh
water.

[25] Particles released to simulate river discharge also show
a response to the shift in large!scale atmospheric forcing
(Figure 14). Until 2007, surface water originating along the
Siberian coast was largely swept into, and confined to the
Beaufort Gyre (in agreement with findings of Abrahamsen
et al. [2009] and Dmitrenko et al. [2010]). This is consis-
tent with analysis of dissolved barium (and other geochemical
tracer) measurements in the Canada Basin mixed layer (in
2003–2004), that concluded that Eurasian river runoff dom-
inates the fraction of meteoric water contained in the surface
layer there [Guay et al., 2009]. Beginning in 2008, particles
released along the coastline of the Kara Sea appear to transit
with the Transpolar Drift Stream, leaving the Arctic via Fram
Strait. Note that many particles originating from Siberian
rivers remain for long times in the marginal seas propagating
eastward with coastal currents because the wind!driven cir-
culation was relatively weak.
[26] When model results are assessed in context with

observations, the influence of direct river transport on surface
fresh water in the Eurasian Basin is not clear. Recall ITP 37
operating further east of the IBO in 2010 recorded no

Figure 10. Comparison of simulated and observed ice drift for ITP 1, which drifted in the Beaufort Gyre
for a total of 723 days between August 2005 and August 2007. Correlation coefficients were 0.82 for the
U (model coordinate x direction) component of drift and 0.87 for the V (y direction) component of drift.
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significant freshening (relative to climatology). Examination
of April 2010 NPEO CTD profiles south from the North Pole
along 90°E together with ITP 37 profiles (ITP 37 crossed
90°E in earlyMay 2010) indicates a surface front (between 87
and 88°N) between saltier mixed layers to the south and
fresher mixed layers to the north. This structure suggests that
the freshening measured by the 2010 IBOmay not result from
a change in the location where fresh shelf waters are fluxed
out into the Eurasian Basin (at least not from the Kara Sea
since we would expect a freshwater signal from the Kara Sea
to show up in the drift region of ITP 37). Rather, the expan-
sion and release of fresh water from the Beaufort Gyre might
dominate the anomalous freshwater signal observed along the

prime meridian. The influence of direct freshwater fluxes
from the Laptev and East Siberian seas remains a possibility
as it is conceivable that these waters could transit on the fresh
(northern) side of the surface front mentioned above.

4. Discussion and Summary

[27] We have analyzed IBOmeasurements to show that the
upper!ocean salinity in the region between the North Pole and
Fram Strait is observed to be appreciably fresher there in
summer 2010 compared to years 2007 and 2008. Comparable
melt in all 3 years suggests that the observed freshening is not
related to enhanced seasonal melt. This surface freshening is

Figure 11. Map of model domain showing annually averaged ice drift (arrows) and sea level pressure
(contours, hPa) for 2007, 2008, 2009, and 2010.
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also seen in hydrographic measurements in the Switchyard
region between Ellesmere Island–northern coast of Green-
land and the North Pole.
[28] The most likely cause of the freshening appears to be a

redistribution of fresh water within the Arctic Ocean forced
by changes in the prevailing wind field that allowed fresh
surface water to escape the Beaufort Gyre and penetrate the
Eurasian Basin. Two!dimensional ice!ocean model results
provide evidence to strengthen this hypothesis, demonstrat-

ing the weakening of the Beaufort Gyre circulation and
release to the north of stored fresh water. Note that isopycnal
displacements in the Beaufort Gyre appear to respond rela-
tively rapidly to changes in wind!stress curl (a downward
doming during strong anticyclonic wind forcing, and a
relaxation when the forcing weakens, typically in summer).
This is shown by the correlation between Beaufort Gyre
freshwater content and wind!stress curl on seasonal time
scales, taking into account freshwater changes due to the

Figure 12. Map of model domain showing colored contours of ice tracer “particle hours” (see text) for
(a) 2007, (b) 2008, (c) 2009, and (d) 2010. Each map includes only particles released in the Beaufort Gyre
in the 4 years labeled in the top corner. The model run was initiated in 1990. Arrows show ice circulation
averaged over the 4 year periods, and dots in the Beaufort Gyre indicate particle release locations.
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growth and melt of sea ice [Proshutinsky et al., 2009]. This
suggests that the entire surface!ocean gyre circulation likely
responds rapidly to changes in the large!scale wind forcing.
[29] Steele and Boyd [1998] observed that a reverse

(possibly related) shift took place between the 1980s and
1991–1995; they described a salinification of the surface
waters in the Eurasian Basin, and a much reduced salinity
gradient between 60 and 90 m depth. Steele and Boyd
[1998] refer to this as the retreat of the cold halocline in
the early 1990s, with fresher surface waters retreating from
the Amundsen Basin into the Makarov Basin. They showed
how this was likely related to a change in large!scale wind!

driven circulation, manifested as a shift in the axis of the
Transpolar Drift Stream from the Eurasian sector to the
Canadian sector in the early 1990s relative to the 1980s.
They speculated that the salinification results from less
influence of fresh shelf water from the Kara and Laptev seas
in the 1990s [see also Dmitrenko et al., 2008]. This water
was carried eastward in the 1990s instead of being trans-
ported directly out into the Eurasian Basin in the Transpolar
Drift Stream as it was in the 1980s. In this way, changes in
the wind forcing resulted in a retreat of fresh surface waters
from the Amundsen Basin into the Makarov Basin. A partial
return of this cold halocline layer was seen in the late 1990s,

Figure 13. Same as Figure 12 but for water tracer “particle hours.” Arrows show water circulation at
10 m depth averaged over the 4 year periods.
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evidently a result of the reestablishment of direct transport
into the eastern Eurasian Basin of fresh shelf waters from the
Kara and Laptev seas [Boyd et al., 2002]. In the early 1990s
the weak Arctic high (cyclonic conditions) shifted the
Transpolar Drift Stream toward the Alpha!Mendeleyev
Ridge causing ice and surface water to flow east from the
Laptev and East Siberian seas toward Bering Strait. In the
late 1990s, there was a strong Arctic high (anticyclonic
conditions) and the Transpolar Drift Stream shifted back to
the Lomonosov Ridge again. On the other hand, in 2009–
2010 a freshening of the western Eurasian Basin (possibly
associated with a return of the cold halocline compared to

2007–2008 conditions) was observed in the presence of a
weak Arctic high. In these recent years, the role of fresh
water from the shelf regions (at least from the Kara Sea) is
less clear since an ITP in the direct pathway of Kara Sea-
water shows no anomalous freshening. Fresh water arriving
directly from the Laptev and East Siberian seas may, how-
ever, play an important role.
[30] It remains a possibility that enhanced river runoff in

the 2000s [Shiklomanov and Lammers, 2009] intensified the
freshwater anomaly in the Eurasian Basin (over what would
have been observed given more typical river discharge in the
years preceding the change in atmospheric circulation); this

Figure 14. Same as Figure 13 but for particles released at Siberian river mouths. Red stars indicate
particle release locations.
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Hydrographic data show surface waters in the vicinity 
of the Barents Sea Opening in September 2013 were 
about 3°C warmer than in September 2012. SSTs in 
the southern Barents Sea in September 2013 were 
as high as 11°C and up to 5°C above the 1977–2006 
average (Trofimov and Ingvaldsen 2014).
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Salinity in the upper several hundred meters of 
the Arctic Ocean is set by sea ice melt/growth cycles, 
influxes from the Pacific and Atlantic oceans, river 
input, net precipitation, and redistribution by wind 
forcing and mixing. The central Canada Basin is the 
freshest region of the Arctic Ocean, and the saltiest 
upper ocean is observed at the boundaries of the 
Eurasian Basin and the Barents Sea (Fig. 5.16, which 
illustrates salinity at a depth of 20 m, within the well-
mixed surface layer for most of the year). Relative to 
the 1970s, the major upper-ocean salinity differences 
in 2013 (similar to 2012; see Timmermans et al. 2013a, 
figure 24) were saltier waters in the central Eurasian 
Basin and fresher waters in the Beaufort Gyre region 
of the Canada Basin. The main differences in upper-
ocean salinity in 2013 relative to 2012 included saltier 
surface waters in the region north of Greenland and 
Ellesmere Island, Canada, and in the northern part of 
the East Siberian Sea/western Canada Basin.
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Freshwater content in the Arctic Ocean has an 
important relationship to sea ice and climate; in-
creased freshwater, for example, strengthens ocean 
stratification, impeding vertical heat transport from 
deeper waters. Liquid freshwater content in the up-
per Arctic Ocean basins showed 
an increasing trend from 1992 to 
2012 of about 600 ±300 km3 yr-1, 
based on observed salinity profiles 
(Rabe et al. 2014). The maximum 
liquid freshwater content anomaly 
is centered in the Beaufort Gyre 
(Fig. 5.17). In total, during 2003–13 
the Beaufort Gyre accumulated 
more than 5000 km3 of freshwater 
(measured relative to a salinity of 
34.8), a gain of approximately 25% 
(update to Proshutinsky et al. 2009) 
compared to the 1970s (see figure 
5.24b in Timmermans et al. 2013b). 
Most of this increase occurred 
between 2004 and 2008.

In 2013, a reduction in freshwater content by about 
7% was observed relative to 2012 (cf. Timmermans et 
al. 2013b, figure 5.24c). This reduction may be attrib-
uted in part to stronger cyclonic (counterclockwise) 
wind forcing in summer 2013 (compared to previous 
years) that drove divergence of surface waters in the 
region. It is of note that trends in Beaufort Gyre heat 
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Hydrographic data show surface waters in the vicinity 
of the Barents Sea Opening in September 2013 were 
about 3°C warmer than in September 2012. SSTs in 
the southern Barents Sea in September 2013 were 
as high as 11°C and up to 5°C above the 1977–2006 
average (Trofimov and Ingvaldsen 2014).
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Salinity in the upper several hundred meters of 
the Arctic Ocean is set by sea ice melt/growth cycles, 
influxes from the Pacific and Atlantic oceans, river 
input, net precipitation, and redistribution by wind 
forcing and mixing. The central Canada Basin is the 
freshest region of the Arctic Ocean, and the saltiest 
upper ocean is observed at the boundaries of the 
Eurasian Basin and the Barents Sea (Fig. 5.16, which 
illustrates salinity at a depth of 20 m, within the well-
mixed surface layer for most of the year). Relative to 
the 1970s, the major upper-ocean salinity differences 
in 2013 (similar to 2012; see Timmermans et al. 2013a, 
figure 24) were saltier waters in the central Eurasian 
Basin and fresher waters in the Beaufort Gyre region 
of the Canada Basin. The main differences in upper-
ocean salinity in 2013 relative to 2012 included saltier 
surface waters in the region north of Greenland and 
Ellesmere Island, Canada, and in the northern part of 
the East Siberian Sea/western Canada Basin.
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Freshwater content in the Arctic Ocean has an 
important relationship to sea ice and climate; in-
creased freshwater, for example, strengthens ocean 
stratification, impeding vertical heat transport from 
deeper waters. Liquid freshwater content in the up-
per Arctic Ocean basins showed 
an increasing trend from 1992 to 
2012 of about 600 ±300 km3 yr-1, 
based on observed salinity profiles 
(Rabe et al. 2014). The maximum 
liquid freshwater content anomaly 
is centered in the Beaufort Gyre 
(Fig. 5.17). In total, during 2003–13 
the Beaufort Gyre accumulated 
more than 5000 km3 of freshwater 
(measured relative to a salinity of 
34.8), a gain of approximately 25% 
(update to Proshutinsky et al. 2009) 
compared to the 1970s (see figure 
5.24b in Timmermans et al. 2013b). 
Most of this increase occurred 
between 2004 and 2008.

In 2013, a reduction in freshwater content by about 
7% was observed relative to 2012 (cf. Timmermans et 
al. 2013b, figure 5.24c). This reduction may be attrib-
uted in part to stronger cyclonic (counterclockwise) 
wind forcing in summer 2013 (compared to previous 
years) that drove divergence of surface waters in the 
region. It is of note that trends in Beaufort Gyre heat 
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