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Introduction ʹ͸�

The Arctic Ocean’s freshwater budget comprises contributions from river runoff, ʹ͹�

precipitation, evaporation, sea-ice and exchanges with the North Pacific and Atlantic1. ʹͺ�

The consequent storage of >70,000 km3 of freshwater2 reduces the salinity of upper-ʹͻ�

layer seawater, which is separated from underlying warm, saline water by a strong ͵Ͳ�

halocline. Spatially and temporally limited observations show that the Arctic Ocean’s ͵ͳ�

freshwater content increased over the last few decades, predominantly in the west3,4,5, ͵ʹ�

and that freshwater entering the North Atlantic decreased by a similar amount6. ͵͵�

Models suggest that wind-driven convergence drives freshwater accumulation7, but ͵Ͷ�

there are no continuous observations of changes in sea surface height (SSH) or ͵ͷ�

halocline depth associated with this mechanism. Here we show the wind-driven spin-͵͸�

up of the Beaufort Gyre from continuous satellite measurements of SSH between ͵͹�

1995-2010. We observe a positive SSH trend and show that the trend in the wind field ͵ͺ�

has a corresponding spatial pattern, indicating that wind-driven convergence controls ͵ͻ�

freshwater variability. We calculate a freshwater increase of 8000±2000 km3 over the ͶͲ�

Western Arctic, in keeping with hydrographic observations4,5. A reversal in the wind Ͷͳ�

field could spin-down the Beaufort Gyre, releasing this freshwater to the Arctic Ocean Ͷʹ�

and/or the North Atlantic, potentially affecting the wider global ocean circulation8. Ͷ͵�

 ͶͶ�

Main Ͷͷ�

The Canada Basin contains the largest proportion of the Arctic Ocean’s freshwater Ͷ͸�

with the majority located in the Beaufort Gyre2 (figure 1a), a permanent anti-cyclonic Ͷ͹�

circulation system. Comparisons between the Beaufort Gyre climatology, derived Ͷͺ�

from winter data collected between 1950 and 1989, and an aerial hydrographic survey Ͷͻ�

from March-April 2008 containing 64 station locations over ~560,000 km2, suggest ͷͲ�



that the Beaufort Gyre freshwater content has increased by 8500 km3 4(the uncertainty ͷͳ�

was not estimated). A similar increase of 8400±2000 km3 was found over the whole ͷʹ�

Arctic Ocean from analysis of Conductivity-Temperature-Depth (CTD) and ͷ͵�

Expendable CTD observations from ships, submarines and ice drifting stations ͷͶ�

between the 1990s and 2006-20085, with the results also “hinting”5 at a shift and ͷͷ�

expansion of the Gyre. However, as sampling is biased towards summer months, only ͷ͸�

observations between July-September were used5. Simultaneously, combined analysis ͷ͹�

of hydrographic data collected between 1990-2008 and coupled sea-ice-ocean general ͷͺ�

circulation model indicate that freshwater export through Davis Strait reduced by ͷͻ�

~50%, comparable to the observed increase in storage6. To use these snapshots of ͸Ͳ�

freshwater change to understand its variability and governing physics, models must be ͸ͳ�

employed to put them into context. The wind exerts a frictional force on the ocean ͸ʹ�

surface and ocean surface waters respond to balance this force with the Coriolis force. ͸͵�

This motion is termed Ekman transport. Variations in the magnitude and direction of ͸Ͷ�

the wind cause spatial gradients in the Ekman transport, and water to accumulate or ͸ͷ�

dissipate, changing the SSH and depth of the halocline. The resulting vertical velocity ͸͸�

of the SSH or halocline is termed Ekman pumping. Modelling experiments suggest ͸͹�

that freshwater is accumulated in the Beaufort Gyre during anticyclonic regimes and ͸ͺ�

forced to the Arctic Ocean margins during cyclonic regimes, where it may then be ͸ͻ�

released to the North Atlantic7. Therefore, the storage of freshwater in the Beaufort ͹Ͳ�

Gyre is predicted to vary with the wind stress curl. This is supported by data collected ͹ͳ�

between 2003-2007 at two moorings in the Beaufort Sea that show an increase in the ͹ʹ�

freshwater content and a strong negative wind stress curl over the same period3. ͹͵�

Here we present the trend in the SSH (figure 1b) between 1995-2010, from ͹Ͷ�

which we calculate the change in the freshwater storage (figure 3), and a ͹ͷ�



corresponding trend in the wind field curl ∇ × uu  (a measure of the spatial gradients ͹͸�

in the wind that give rise to Ekman convergence or divergence), where u is the wind ͹͹�

vector (figure 1c). The trend in the SSH is derived from continuous satellite radar ͹ͺ�

altimetry data from the Earth Remote Sensing (ERS2) (1995-2003) and Envisat ͹ͻ�

(2002- 2010) satellites (figure 1b). Our data cover the Arctic region between 70°N-ͺͲ�

81.5°N, the latitudinal limit of the satellites, covering the majority of the Canada ͺͳ�

Basin and therefore, the Beaufort Gyre.  ͺʹ�

The trend in SSH (figure 1b) shows an increase in the doming of the Beaufort ͺ͵�

Gyre: the trend in the SSH is greater in the centre of the Gyre than around the edge. ͺͶ�

The maximum increase of 2.00±0.05 cmyr-1 is centred on 78.9° N, 159.4° W. The ͺͷ�

average increase over the Western Arctic (70°-81.5° N, 130°-180° W) is 1.15±0.04 ͺ͸�

cmyr-1. The pattern of the trend (figure 1b), when compared to the map of the mean ͺ͹�

SSH (figure 1a), shows that the Beaufort Gyre has also expanded towards the north-ͺͺ�

west over this period. However, the individual annual maps of the SSH (not shown ͺͻ�

here) show that the centre of the gyre has remained between 72.4°-74.4° N and 139°-ͻͲ�

151° W. For comparison, in-situ observations have placed the centre of the gyre ͻͳ�

around 73.5° N, 143° W since the 1990s3. The changes are limited to the Western ͻʹ�

Arctic. Excluding data from this area, we calculate an average SSH trend of ͻ͵�

0.25±0.04 cmyr-1 north of 70° N, which is similar to the ~0.2 cmyr-1 estimated from ͻͶ�

tide gauge data in the coastal areas of the Russian Arctic between 1954 and 19899. ͻͷ�

Over the Beaufort Gyre, the trend in the wind field curl (figure 1c) shows a ͻ͸�

very similar spatial pattern to the trend in the SSH (r=-0.9 over the Western Arctic as ͻ͹�

defined above). This correlation is not observed in shallow and coastal areas of the ͻͺ�

Arctic (e.g. the Canadian Archipelago) where the ocean is constrained by topography ͻͻ�

unlike the deep Canada Basin. ͳͲͲ�



 The variability in the SSH over the Western Arctic (figure 2), with respect to ͳͲͳ�

the 15-year mean SSH (figure 1a), reveals that the trend (1.88±0.09 cmyr-1) between ͳͲʹ�

2002 and 2010 was over three times larger than the trend (-0.59±0.13 cmyr-1) between ͳͲ͵�

1996 and 2002 (N.B. annual averages are computed between September and August ͳͲͶ�

the following year. Reference to these averages uses the later year: e.g. 1996 refers to ͳͲͷ�

September 1995 to August 1996).  ͳͲ͸�

We calculate in consequence that the Beaufort Gyre’s surface geostrophic ͳͲ͹�

velocity (the velocity of the current driven by the pressure gradient) was almost three ͳͲͺ�

times greater by 2010 than it was between 1996-2002. Between 1996-2002 it was ͳͲͻ�

1.90±0.10 cms-1. From the trend between 2002-2010, we calculate an increase in the ͳͳͲ�

geostrophic velocity of 3.60±0.03 cms-1, resulting in a total geostrophic velocity of ͳͳͳ�

5.50±0.10 cms-1 by 2010. ͳͳʹ�

We estimate a change in the freshwater content (figure 3) over the Western ͳͳ͵�

Arctic between 1995-1996 and 2009-2010 of 8000±2000 km3, with a maximum ͳͳͶ�

difference of 10,000±2000 km3 between 2000-2001 and 2007-2008. Freshwater ͳͳͷ�

content changes are calculated using our SSH measurements and estimates of the ͳͳ͸�

change in mass from the Gravity Recovery and Climate Experiment (GRACE)10 ͳͳ͹�

satellite when data are available (2002-2010). The change in freshwater content is ͳͳͺ�

plotted with and without removing the mass contribution to demonstrate that, over ͳͳͻ�

this time period in the Western Arctic, changes in mass provide a relatively small ͳʹͲ�

contribution to the total change in freshwater. The origin of this recently stored ͳʹͳ�

freshwater has been shown by tracer measurements to be from the accumulation sea ͳʹʹ�

ice melt water and river runoff5. ͳʹ͵�

Our results show a correlation between increasing anti-cyclonicity of the wind ͳʹͶ�

field and the trend in SSH and therefore accumulation of freshwater in the Beaufort ͳʹͷ�



Gyre. It is possible that the marked anti-cyclonicity of the wind field during the 2000s ͳʹ͸�

caused the freshwater accumulation3. But it is also striking that the near-constant ͳʹ͹�

trend in the wind field over our time period (figure 2) is in distinct contrast to the SSH ͳʹͺ�

trends during the earlier and latter parts. Ekman pumping is not the only mechanism ͳʹͻ�

by which water can be redistributed. A model study5 suggests that changes in ͳ͵Ͳ�

horizontal advection and mixing can lessen the influence of Ekman pumping. ͳ͵ͳ�

However, the same model shows a close correlation between Ekman pumping and the ͳ͵ʹ�

vertical velocity of the 34-isohaline for most of its study period, indicating that ͳ͵͵�

changes in thickness of the wind-driven layer are due to variations in the Ekman ͳ͵Ͷ�

pumping. Therefore, our results indicate that the wind is more effective at spinning up ͳ͵ͷ�

the gyre during the 2000s: the efficiency of the transfer of momentum from the ͳ͵͸�

atmosphere to the ocean increased. For this reason we have plotted ∇ × uu  rather ͳ͵͹�

than the wind stress curl, which is calculated by multiplying the wind field curl by ͳ͵ͺ�

drag coefficient and density terms. There are different potential causes for an increase ͳ͵ͻ�

in the transfer of momentum. The Arctic Ocean is covered by sea ice, which contains ͳͶͲ�

leads (areas of open water). The wind drives the surface water directly over leads and ͳͶͳ�

deforms and moves the sea ice, which drives the water beneath. Buoy observations ͳͶʹ�

show a large ice deformation rate in summer 2007 compared to previous summers ͳͶ͵�

(1979-2006) suggesting that the mechanical strength of the ice decreased, making it ͳͶͶ�

easier to move11. An increased ice drift speed has also been observed from 2004-ͳͶͷ�

onwards, which cannot be fully explained by changes in wind speed12. Arctic sea ice ͳͶ͸�

extent and thickness are declining13,14,15 and this decrease in ice thickness is a likely ͳͶ͹�

cause of the increase in ice deformation rate and drift speed11,12. Increasing ice ͳͶͺ�

deformation also results in more leads11 and ridges, increasing the area of vertical ͳͶͻ�

surfaces the wind can blow against, which increases the momentum transfer to the sea ͳͷͲ�



ice16. The atmospheric momentum flux is also influenced by the turbulent fluxes of ͳͷͳ�

sensible and latent heat from the surface17, which depend on the presence/thickness of ͳͷʹ�

the sea ice. These potential influences on the transfer of momentum between the ͳͷ͵�

atmosphere and the ocean might also explain why we see more interannual variability ͳͷͶ�

in the wind field curl than the SSH between 2002-2010. ͳͷͷ�

Our results provide a basin-wide, time-continuous view of changes to the SSH ͳͷ͸�

revealing an increase in the freshwater content between 1995 and 2010 of 8000±2000 ͳͷ͹�

km3 over the Western Arctic (similar to the 8500 and 8400±2000 km3 observed from ͳͷͺ�

in-situ measurements4,5). The geostrophic velocity is almost three times greater in ͳͷͻ�

2010, compared to the 1990s and the spatial pattern of the trend in SSH is correlated ͳ͸Ͳ�

(r=-0.9) to the spatial pattern of the trend in the wind field curl providing ͳ͸ͳ�

observational evidence that Ekman transport has driven the storage of freshwater in ͳ͸ʹ�

the Beaufort Gyre between 1995 and 2010. Our results also provide a detailed picture ͳ͸͵�

of the year-to-year variability in the SSH and wind field curl and suggest that other ͳ͸Ͷ�

factors beyond simply the change in the wind might contribute to the spin-up of the ͳ͸ͷ�

Beaufort Gyre. While these data only address changes in the Western Arctic, it is ͳ͸͸�

striking that our calculated increase of freshwater is similar to the ca. 10,000 km3 of ͳ͸͹�

freshwater that entered the Nordic Seas from the Arctic8 during the late 1960s and ͳ͸ͺ�

early 1970s causing the Great Salinity Anomaly (GSA)18, influencing the production ͳ͸ͻ�

of Labrador Sea Water, which becomes upper North Atlantic Deep Water19. Our ͳ͹Ͳ�

results suggest that a reversal of the wind field to more cyclonic conditions would ͳ͹ͳ�

result in the spin-down of the Beaufort Gyre and the consequent release of this ͳ͹ʹ�

freshwater into the rest of the Arctic Ocean and/or its exchange with adjacent oceans. ͳ͹͵�

Indeed, when we extend the wind field curl anomaly over the Western Arctic back in ͳ͹Ͷ�

time (not shown here) it reveals that the atmospheric circulation became increasingly ͳ͹ͷ�



cyclonic between mid the 1980s and mid 1990s and hydrographic observations also ͳ͹͸�

show a freshening of the Nordic Seas and Subpolar Basins during this period8,20. Our ͳ͹͹�

results indicate an increase in the transfer of momentum between the atmosphere and ͳ͹ͺ�

the ocean after 2002, which could enhance the spin-up and spin-down of the Arctic ͳ͹ͻ�

Ocean. While the increase in fresh water might increase the vertical stratification of ͳͺͲ�

the water column in the Beaufort Gyre, we note too that increased spin-up of the ͳͺͳ�

Arctic Ocean might, through increased turbulence, enhance the vertical transport of ͳͺʹ�

heat from warm, deeper Atlantic-sourced waters to the cold upper ocean and lead to a ͳͺ͵�

reduction in winter ice growth, creating an additional positive feedback to the ice-ͳͺͶ�

albedo effect as the ice cover retreats. ͳͺͷ�

 ͳͺ͸�

Methods ͳͺ͹�

Sea surface height (SSH) ͳͺͺ�

Although SSH is measured by radar altimeters over the world ocean, different ͳͺͻ�

processing techniques must be used over ice. ERS-2 provided the first map of Arctic ͳͻͲ�

SSH variability21 and the ICESat laser altimeter provided the Arctic dynamic ͳͻͳ�

topography for February/March, 2004-200822. Our method utilises the fact that the ͳͻʹ�

radar observes specular echoes over leads and diffuse echoes over ice21. The ͳͻ͵�

supplementary information describes the process of calculating elevations from ͳͻͶ�

echoes, and the calibration between data from leads and ocean, and data from ERS-2 ͳͻͷ�

and Envisat. ͳͻ͸�

 The monthly average SSH was calculated by subtracting the EGM08 geoid23 ͳͻ͹�

from the elevation data and filtering to remove outliers; data were then averaged on a ͳͻͺ�

200 km grid. For each grid cell, we averaged the monthly data to calculate the mean ͳͻͻ�

sea surface (MSS) (figure 1a) and the SSH variability (figure 2) was calculated by ʹͲͲ�



computing annual MSS (September to August the following year) and subtracting the ʹͲͳ�

total MSS. The trend in the SSH was calculated using LINFIT (IDL), which fits data ʹͲʹ�

to the model, y = a + bx , by minimizing the chi-square error statistic ʹͲ͵�

(http://star.pst.qub.ac.uk/idl/LINFIT.html). It is possible that during June, July and ʹͲͶ�

August elevation estimates might include measurements from melt ponds, which ʹͲͷ�

would bias our elevations high. However, excluding these months from our data ʹͲ͸�

biases our trend high (by 20%) as the annual SSH cycle is not uniform. The fact that ʹͲ͹�

this bias is positive demonstrates that increasing melt pond fraction cannot contribute ʹͲͺ�

to the trend. ʹͲͻ�

The uncertainty in the SSH is due to measurement, orbit, tidal, instrument ʹͳͲ�

noise and atmospheric propagation error along with the uncertainties in correcting for ʹͳͳ�

the biases between the two satellites and between measurements from the ocean and ʹͳʹ�

leads (see supplementary information). ʹͳ͵�

 ʹͳͶ�

Wind field curl ʹͳͷ�

∇ × uu =
∂ v u( )

∂x
−

∂ uu( )
∂y

§ 

© 
¨ ¨ 

· 

¹ 
¸ ¸ ̂  z 

        (1)
 ʹͳ͸�

where u = u2 + v 2( ) and u and v are surface zonal and meridional winds ʹͳ͹�

from NCEP/NCAR Reanalysis data24, NOAA/OAR/ESRL PSD, Boulder, Colorado, ʹͳͺ�

USA, ( http://www.esrl.noaa.gov/psd/). Monthly averages were calculated on a 200 ʹͳͻ�

km grid. For each grid cell, the total mean curl was calculated by averaging all ʹʹͲ�

months of data and the annual anomaly was computed by subtracting the total mean ʹʹͳ�

curl from annual means of the monthly data.  ʹʹʹ�

We estimate an uncertainty of 10% in ∇ × uu  from comparison with in-situ ʹʹ͵�

validation of wind speed estimates25,26 (see supplementary information). ʹʹͶ�



 ʹʹͷ�

Geostrophic velocity ʹʹ͸�

The geostropic balance is27 ʹʹ͹�

fu = −g
∂η
∂y

fv = g
∂η
∂x         (2)

 ʹʹͺ�

where f is the Coriolis parameter, g is the acceleration due to gravity, η is the SSH ʹʹͻ�

and u and v are the geostrophic velocities. We assume the geostrophic balance is the ʹ͵Ͳ�

same in all directions and calculate the velocity in the x-direction. For the MSS 1996-ʹ͵ͳ�

2002, we take the difference between the gyre’s maximum SSH (74°N, 145°W) and ʹ͵ʹ�

the SSH at the edge (~70°N), on the same meridian, to find 
∂η
∂x

. Substituting into ʹ͵͵�

equation 2 gives v=1.90±0.1 cms-1. The position of the maximum SSH is the same in ʹ͵Ͷ�

the MSS for 2002-2010 as in 1996-2002, therefore we calculated the gradient in the ʹ͵ͷ�

trend between 2002-2010 between the same points defined above, to compute the ʹ͵͸�

change in the geostrophic velocity per year. Multiplying by eight (the number of years ʹ͵͹�

in the latter half of our time period) gives an increase in the geostrophic velocity of ʹ͵ͺ�

3.60±0.03 cms-1. Adding this to the geostrophic velocity during the first half of the ʹ͵ͻ�

time period gives 5.50±0.1 cms-1.  ʹͶͲ�

The uncertainty in the velocity is estimated by propagating the uncertainty in ʹͶͳ�

SSH through equation (2) (see supplementary information). ʹͶʹ�

 ʹͶ͵�

Freshwater volume change ʹͶͶ�

To calculate the freshwater volume change ( ∆FW ) we represent each grid cell by a ʹͶͷ�

column of water composed of two homogeneous layers with lighter water (density ρ1) ʹͶ͸�

overlying denser water (density ρ2). The change in water mass at the base of the ʹͶ͹�

column ( ∆m) is  ʹͶͺ�



∆m = ρ1η − ρ1z + ρ2z          (4) ʹͶͻ�

where η is the displacement of the surface (change in SSH), z is the displacement of ʹͷͲ�

the interface between ρ1 and ρ2, ρ1=1022 kgm-3 and ρ2=1028 kgm-3 (values are for the ʹͷͳ�

Canada Basin from figure 2 in28). The change in thickness ( ∆h ) of the upper layer is ʹͷʹ�

∆h = η − z            (5) ʹͷ͵�

Solving equation (4) for z and substituting into (5) gives ʹͷͶ�

∆h = η 1+ ρ1

ρ2 − ρ1

§ 

© 
¨ 

· 

¹ 
¸ −

∆m
ρ2 − ρ1

        (6) ʹͷͷ�

The change in the freshwater content is then ʹͷ͸�

∆FW = S2 − S1

S2

A ∆hi
i=0

N

¦         (7) ʹͷ͹�

where salinities S1 and S2 equal 27.7  and 34.7 respectively28, A is the grid cell area ʹͷͺ�

and N is the number of grid cells. To estimate ∆m  we convert GRACE equivalent ʹͷͻ�

water thickness estimates from release 4, University of Texas, Centre for Space ʹ͸Ͳ�

Research, 300 km smoothed data (http://grace.jpl.nasa.gov/data/mass/) to mass by ʹ͸ͳ�

multiplying by the density of water (1000 kgm-3). Figure 3 demonstrates that ʹ͸ʹ�

including the mass term makes little difference to our calculation. Therefore, when ʹ͸͵�

GRACE data are not available we assume there is no change in mass.  ʹ͸Ͷ�

The uncertainty in ∆FW is estimated by propagating the uncertainties in SSH, ʹ͸ͷ�

S1, ρ1 and ∆m29 through equation (7) (see supplementary information). ʹ͸͸�
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Figure 1| Arctic Ocean mean sea surface and trends in sea surface height and the ͵͸ͳ�

wind field curl (1995-2010). a, Arctic Ocean mean sea surface: Constructed from 15 ͵͸ʹ�

years of satellite radar altimetry data and calculated with respect to the EGM08 geoid. ͵͸͵�

The Beaufort Gyre is the yellow/orange dome in the Western Arctic. b, Trend in sea ͵͸Ͷ�

surface height calculated from satellite radar altimetry. c, Trend in the wind field curl ͵͸ͷ�

calculated from NCEP/NCAR Reanalysis data.  ͵͸͸�

 ͵͸͹�



Figure 2| Variability of the sea surface height anomaly and wind field curl ͵͸ͺ�

anomaly over the Western Arctic. SSH anomaly, taken with respect to the 15-year ͵͸ͻ�

mean sea surface (figure 1a). The error bar next to the SSH anomaly axis is the 1 ͵͹Ͳ�

sigma uncertainty (± 0.7 cm). Data between September 1995 and September 2002 are ͵͹ͳ�

from ERS-2 and between October 2002 and September 2010 are from Envisat. The ͵͹ʹ�

wind field curl anomaly is with respect to the 15 year mean and its error bar marks ͵͹͵�

10% of the mean wind field curl over the Western Arctic (± 1 ms-2).  See figure 3 for ͵͹Ͷ�

map inset showing the Western Arctic region, marked by the grey area. ͵͹ͷ�

 ͵͹͸�

Figure 3| Change in Western Arctic freshwater content 1995-2010. The asterisks ͵͹͹�

show the change in the freshwater content if the GRACE data are not used in the ͵͹ͺ�

calculation. Error bars are the 1-sigma uncertainty. Map inset shows the Western ͵͹ͻ�

Arctic region, marked by the grey area.  ͵ͺͲ�
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1. Methods 

To estimate an elevation from a specular echo returned from a lead in the sea ice pack 

we fit an empirically derived model to the echo1. Over the open ocean (during the 

Arctic summer) standard elevation data from the European Space Agency (ESA) 

products were used. Our correction for the bias between open ocean and lead sea 

surface height (SSH) estimates, which results from using different processing 

techniques, is described in detail below. In correcting for this bias we also remove any 

potential bias in the lead elevation resulting from the echo shape differing from the 

empirical modal we fit to the data.  

For ERS-2, the orbits were provided by the Delft University of Technology 

and were based on the DGM-E04 gravity model2 and for Envisat, the standard 

precision orbits from ESA were used.  Satellite altitudes were referenced to an 

ellipsoid of the Earth based on the WGS-84 reference system. The following 

corrections were applied to both ERS and Envisat data: ionospheric delay using the 

GIM model (http://iono.jpl.nasa.gov/gim.html), wet and dry components of the 

troposphere delay (computed from 6-hourly NCEP surface pressure, humidity and 

temperature grids), long term instrument drift due to the drift in the frequency of the 

ultra stable oscillator3, ocean tides as detailed in4 and the inverted barometer effect 

using the MOG 2D model5. 

 

 



1.2 Removing the lead/open ocean bias 

To calculate a trend in the SSH in a grid cell we require that each grid cell contains 

data from all months in the year, for every year, to avoid potential variations in the 

seasonal cycle affecting the calculation. Our analysis therefore requires data from 

both ice covered and open ocean areas as, during August, September and October, as 

there are significant areas of the Western Arctic that are ice free. There is a bias 

between elevation estimates from the open ocean and from leads as different models 

are used to fit to the echoes and provide an elevation estimate. 

The bias between open ocean and lead SSH estimates was calibrated using 

data from the ice edge (lead elevations are lower than ocean elevations). For both 

satellites the distribution of the difference between ocean and lead elevations is 

approximately Gaussian with a mean, standard deviation and standard error of 15, 11 

and 0.2 cm for ERS-2 and 4, 7 and 0.4 cm for Envisat respectively. We add the mean 

difference to the lead elevations to correct for this bias. As the returns from leads and 

the ocean cannot not be acquired from exactly the same point, variability in the 

difference between the them is due in part to variations in the SSH between the ice 

covered and ice free areas. We take the larger standard error of 0.4 cm as an estimate 

of the uncertainty when correcting for this bias. 

To check the lead/open ocean bias correction we compared the annual SSH 

and trends over the Western Arctic from lead only data and from combining both lead 

and the open ocean data. We removed the months of August, September and October 

in each of the annual averages (for both data sets) to ensure that we had lead data 

covering all of the Western Arctic during every month in our average during every 

year. The differences between the lead only and lead plus open ocean annual average 



SSH are at the millimetre scale and the trends agree to 3%. Therefore we do not think 

that this bias affects our trend calculation after we have applied the correction.  

It is possible to get specular return from young, undeformed, snow-free ice in 

leads. This ice type of ice could have an elevation of up to few cm’s above the sea 

surface. We would expect that the effect of sampling new ice would increase the 

variability of our data as the probability of the satellite sampling an open lead or 

newly refrozen lead is the same. If new ice were causing our elevation estimates to be 

biased high then this bias would be removed when we calibrate the lead data with the 

open ocean data and if there were a trend towards increased returns from new ice 

would see that in our ice/open ocean calibration, which we do not.  

 

1.3 Cross-calibrating ERS-2 and Envisat 

ERS-2 was launched in 1995 and operated fully until June 2003 when one of its tape 

recorders failed. Following this, ERS-2 provided limited spatial coverage of the 

Arctic until October 2006. Envisat was launched in 2002, into the same orbit as ERS-

2, 30 minutes ahead. There are 9 months (October 2002 to June 2003) where there is 

full coverage of the Arctic from both satellites. The altimeters onboard ERS-2 and 

Envisat employ the same main frequency, bandwidth, antenna beamwidth and range 

resolution. The primary difference between the two altimeters lies in the algorithm 

used to maintain the surface echo (known as tracking) within the instruments 

recording system. ERS-2 was designed to track echoes over the ocean. The echoes 

returned from leads cause the recording window on ERS-2 to oscillate, resulting in the 

blurring of the echo4. In contrast, the Envisat altimeter is designed to track over a 

wide variety of surfaces and therefore has a recording system that is much more stable 

for non-ocean echoes, providing a considerable reduction in instrument noise6. 



To cross calibrate the data from ERS-2 and Envisat we compute monthly maps 

of the SSH (with respect to the geoid) in the Western Arctic between October 2002 

and October 2006, sub sampling the Envisat data to match the reduced coverage from 

ERS-2 after June 2003. We then calculate a running mean over 12 months of data as 

we are presenting annual averages in the manuscript (supplementary information 

figure 1). We only include grid cells in each average that contain data from both 

satellites for each of the 12 months that comprise that annual average (except for 

those averages that include May 2006 as there is no ERS-2 data for this month, 

therefore the condition changes to 11 months). Out of the 48 possible gird cells in the 

Western Arctic each annual average contains at least 10. 

 

Supplementary Information Figure 1| Cross-calibration of sea surface height 

from Envisat and ERS-2 over the Western Arctic. Each data point represents an 

annual average SSH estimate plotted at the centre month e.g. the data point at March-

03 is the average between October-02 and September-03. The 1-sigma uncertainties in 

the annual average SSH and difference between the satellites are 0.5 cm and 0.7 cm 

respectively. 



The mean difference is 18 cm with a standard deviation and standard error of 0.9 and 

0.2 cm respectively. We add 18 cm to the ERS2 elevation estimates to correct for the 

bias between the satellites and take the standard error of 0.2 cm as an estimate of the 

uncertainty in correcting for this bias 

Independently, the instrumental drift in Envisat is calibrated to within 0.5 mm 

yr-1 in range7 whilst the trend in ERS agrees within 0.5 mm yr-1 with the TOPEX 

radar altimeter, which is itself calibrated8 to 1 mm yr-1. Considering these calibrations, 

and that the trend in the SSH we observe over the Arctic region is not uniform, the 

trend we observe in the Western Arctic is not due to instrument drift. 

 

1.4 Estimating the uncertainty in the SSH 

To estimate the uncertainty in the SSH due to measurement, orbit, tidal, instrument 

noise and atmospheric propagation errors we use the mean RMS variability of 7.3 cm 

in the Canada basin4 derived from two years of ERS-2 SSH measurements. Since all 

of these de-correlate for the different orbits within each grid cell we divide by the 

square root of the number of orbits (n) in a grid cell at 70°N. To account for the 

uncertainty resulting from the corrections for the lead/open ocean bias and the ERS-

2/Envisat bias we used the standard error (0.4 and 0.2 cm respectively) for each bias 

correction as described above and add these uncertainties in quadrature to the RMS 

variability. 

For a single grid cell for an annual average, σannual=0.8 cm (n=125) and the 15-

year mean σmean15=0.5 cm (n=1875). Therefore, the error in the SSH anomaly for a 

single grid cell is σanomaly=0.9 cm. The uncertainty in the SSH averaged over the 

Western Arctic (n=1452) is σannual_WA=0.5 cm, σmean15_WA=0.4 cm and σanomaly_WA=0.7 



cm. The uncertainties given for the trends in the text are the 1-sigma uncertainties for 

the estimate of each trend. 

 

1.5 Estimating the uncertainty in the geostrophic velocity 

The uncertainty in the geostrophic velocity, during the first half of our time period 

(1996-2002), calculated between two points in the Beaufort Gyre is estimated from 
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where the uncertainty in the 7-year MSS is σmean7=0.5 cm (n=875) and Δx is the 

distance between the centre and edge of the gyre. The uncertainty in the total increase 

in the geostrophic velocity during the second half of our time series is estimated using 

equation 1 and by replacing σmean7 with the uncertainty in the trend for an individual 

grid cell σtrend=0.12 cm (this value is the uncertainty in fitting a linear trend to the sea 

surface height anomaly in a single grid cell with uncertainty σanomaly=0.9 cm).  

 

1.6 Estimating the uncertainty in the change in the fresh water volume 

The uncertainty in the change in the fresh water content is estimated by first 

calculating the uncertainty in Δh (the change in thickness of the upper layer) for a 

single grid cell  
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where ρ is the density of water (1000 kg m-3), ρ1 and ρ2 are the densities in the upper 

and lower layers, Δm is the change in mass and η is the change in the SSH. The 

uncertainty in the change in the SSH is ση=0.9 cm, the uncertainty in the GRACE 

estimate of the change in the water thickness σGRACE=2.8 cm9 and the uncertainty in 



the density of the upper layer 
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σρ1
= 7  Kg m3. The uncertainty in the freshwater 

estimate is then calculated from 
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where A is the grid cell area and N is the total number of grid cells and S1 and S2 are 

the salinities of the upper and lower layers. The uncertainty in the top layer salinity is 

€ 

σS1
= 9 psu. The uncertainty estimates for the top layer density and salinity values are 

the maximum range of mixed layer densities/salinities from measurements in the 

Canada Basin in April and September 2007 and April 197510. We take these values to 

be an upper bound on the range of salinities as comparison of summer and winter 

salinity and density maps from climatological averages from the Polar science centre 

Hydrographic Climatology (PHC version 3.011)  (Supplementary Information Figure 

2) give maximum differences of 1.8 kg m-3 (density) and 2.1 psu (salinity) in the 

Western Arctic. 



 

Supplementary Information Figure 2| Seasonal difference in salinity and density 

at 10, 50 and 100 meters depth from the Polar Science Center Hydrographic 

Climatology. Summer minus winter a) salinity and b) density. Note that the scales for 

the 10 meters plots are different to those for the 50 and 100 meter plots. 

 

We have only considered the uncertainty in the density and salinity of the upper layer 

as variability in density and salinity in the lower layer is small in comparison. 

Supplementary Information Figure 2 show that the maximum seasonal difference in 

salinity and density in the Western Arctic at 10 m depth is 2.1 psu and 1.8 Kgm-3 

while at 50 m and 100 m the difference is 3 to 9 times smaller (0.7 and 0.3 psu, and 

0.5 and 0.2 Kg m-3 respectively). Including the uncertainty in the lower layer salinity 



and density in our uncertainty estimate for the change in the fresh water volume does 

not change its value after rounding up to the nearest thousand km3.  

 

1.7 Estimating the uncertainty in the wind field curl 

The NCEP/NCAR Reanalysis data wind speed values have been validated in the 

Arctic by comparison to observations from drifting stations between 1954 and 200612 

and in the Western Arctic by observations made during the LeadEx campaign in and 

around an ice camp in the Beaufort Sea during March and April 199213.  

The Arctic wide validation found correlation coefficients between 0.68 and 

0.77 and differences in wind speed between -0.3 to 0.8 ms-1 (average wind speed is 

3.5-6 ms-1), over our observational period and the best results were obtained in the 

Beaufort Gyre region12. The data gathered during LeadEx showed correlation co-

efficients (r) of 0.9 and 0.79 in the u and v components of wind, and 0.84 for wind 

speed and bias’s of 0.45, -1.2 and -0.6 ms-1 for the u, v and wind speed respectively13. 

Considering these data we estimate an uncertainty in the wind speed of 10%. 

 



 

Supplementary Information Figure 3| Trend in the wind speed anomaly 1995-

2010. Calculated from NCEP/NCAR Reanalysis data. 

 

The estimate the uncertainty in the wind field curl would require some external 

knowledge of the error in the spatial gradient of the wind field, which does not exist. 

However, we investigated the trend in the wind speed (supplementary information 

figure 3) and found it to be substantially similar to the trend in the wind field curl. 

Therefore, we also assume a 10% uncertainty in the wind field curl.  
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