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Abstract Recent studies on the size and strength of the North Atlantic subpolar gyre (SPG) offer contrast-
ing assessments of the gyre’s temporal variability: studies that use empirical orthogonal function (EOF) anal-
yses of satellite sea-surface height (SSH) report a rapid decline in SPG size and strength since 1992 (�20%
per decade), while concurrent in situ observations report either no trend or a slight decline. Here we investi-
gate this discrepancy by analyzing the size and strength of the SPG with satellite SSH from 1993 to 2015
with two separate methods: indirectly via EOF analysis and more directly through measurements of the
gyre center and boundary. We define the boundary of the gyre as the largest closed contour of SSH, the
center as the minimum SSH, and the strength as the difference between the SSH at the boundary and the
center. We identify a linear decline over the study period in the SPG strength (5.1% per decade), but find no
statistically significant trend in the SPG area. The trend in the gyre strength is weaker than the EOF-based
trend and is most likely below the level of detection of the in situ measurements. We conclude that the vari-
ability previously identified as a sharp decline in SPG circulation can be more appropriately attributed to
basin-wide sea level rise during the satellite altimetry period. In addition, we find that the properties of the
eastern SPG do not covary with the SPG size, suggesting that SPG dynamics do not control the strength of
the intergyre throughput.

Plain Language Summary For over a decade there has been a discrepancy in the observed vari-
ability of the size and strength of the subpolar gyre: satellite estimates based on the height of the sea-
surface were interpreted as showing a rapid decline in the gyre since the early 1990s, while direct measure-
ments from ships and moorings showed the gyre to be quite stable over the same time period. In this work,
we reconcile these two measurement techniques by subtracting the long-term sea level rise from the satel-
lite altimetry. Changes to ocean circulation require changes to the slope of the sea-surface, so sea-surface
height variability that is present across the gyre can obscure variability in the ocean circulation. Our new
measures of the size and strength of the gyre indicate a weakening, but at about 1/4 the rate of previous
estimates, and a stable gyre size over the study period. Both of these are consistent with the direct measure-
ments. In addition, we find that the eastern boundary of the gyre does not have large coherent excursions
to the east and west, and we find that it most likely does not control the temperature and salinity the
eastern subpolar region as has been previously theorized.

1. Introduction

Wind-driven Ekman divergence in the subpolar North Atlantic leads to a bowl-shaped mean sea-surface
height (SSH) field (Figure 1a), which in turn drives a cyclonic geostrophic subpolar gyre (SPG) around a mini-
mum SSH. The size and strength of this gyre have been theorized to affect the amount of throughput from
the subtropical gyre (STG) to the SPG, which is essentially the upper limb of the Atlantic Meridional Over-
turning Circulation (AMOC) at intergyre latitudes [Bersch, 2002; H€akkinen and Rhines, 2004, 2009; H�at�un
et al., 2005; Holliday, 2003; Zhang, 2008]. According to this hypothesis, when the eastern boundary of the
SPG contracts westward, more water from the STG penetrates northward, warming the SPG [H€akkinen et al.,
2013]; an eastward expansion brings a contrasting result.

To track the size and strength of the SPG, H€akkinen and Rhines [2004] and H�at�un et al. [2005] use empirical
orthogonal function (EOF) analyses of SSH across the North Atlantic. They interpret the leading mode
(termed the ‘‘Gyre Index’’) as a metric of the gyre’s size [H�at�un et al., 2005] and strength [H€akkinen and
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Rhines, 2004]. As formulated, the Gyre Index indicates that the SPG contracted and the Labrador Current (at
the SPG western boundary) weakened by 7–10 Sverdrups (Sv.; 1 Sv. 5 106 m3 s21; 18–25% decline) from
1992 to 2002 [H€akkinen and Rhines, 2004]. Since 2002, the Gyre Index has continued to decline with
reported impacts on the nutrient supply to the SPG [Johnson et al., 2013] as well as on the SPG temperature
and salinity due to increased transport from the STG [H€akkinen and Rhines, 2004; H�at�un et al., 2005; Sarafa-
nov et al., 2008; Zhang, 2008; H€akkinen and Rhines, 2009; Sherwin et al., 2012; H€akkinen et al., 2013]. To vali-
date their interpretation of the Gyre Index as a metric of SPG strength, H€akkinen and Rhines [2004] point to
declining current velocities at a mooring in the western Labrador Sea over the 19 month period between
October 1996 and April 1998.

In contrast, in situ observations of the SPG circulation covering longer time periods and larger spatial scales do
not depict a strongly declining gyre. Results from a mooring array at 538N from 1997 to 2010 in the Labrador
Current reveal a warming, but no trend in current velocities between 200 and 2800 m [Fischer et al., 2010; Xu
et al., 2013]. Furthermore, while a combination of satellite altimetry and WOCE AR7W hydrographic transects
from 1993 to 2004 shows a declining Labrador Current in the 1990s, these same records show a rebound in
the early 2000s [Han et al., 2010], in agreement with results from a multimodel study on SPG circulation
strength [B€oning et al., 2006]. A more recent study analyzing the middepth (1000 m) circulation pattern over
the entire SPG from PALACE and ARGO profiling floats in three periods (1997–2001, 2002–2006, and 2006–
2010) concludes that while the SPG weakened in the middle period it mostly recovered in the third period,
such that over the entire 12 years there was only a slight linear decline (8% per decade) in the current speeds
[Palter et al., 2016]. Finally, a reconstruction of the East Greenland Current, using a combination of satellite
altimetry from 1992 to 2009, moorings from 2004 to 2006 and repeat hydrography of the OVIDE line between
1994 and 2008, shows a stable boundary current with no long-term trend [Daniault et al., 2011].
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Figure 1. Temporal and spatial averages of North Atlantic SSH. (a) Time-mean SSH depicting the SPG bowl and STG dome with locations of interest shown. Zero SSH contour shown in
gray and contour interval is 5 cm. Magenta lines in the Labrador and East Greenland currents depict the approximate locations of the 538N and OVIDE lines. (b) Time series of North
Atlantic basin-averaged SSH (08N–708N, 908W–08W) from 1993 to 2015 (monthly 5 thin line, annual 5 thick line). (c) Linear slopes of local SSH regressed onto the basin-averaged SSH
time series. Stippling denotes statistically significant (p< 0.05) correlations, covering most of the study area.
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These conflicting estimates of long-term variability in SPG strength have motivated a closer inspection of
the Gyre Index. This inspection has identified several potential issues with its interpretation as an index of
SPG circulation. Most prominently, basin-wide sea level rise over the study period [e.g., Cazenave and Llovel,
2010; Church et al., 2013] may be affecting the ability of the Gyre Index to isolate SPG circulation signals,
which require a change in the SSH gradient field, from variability that is present across the basin. Another
potential issue is the definition of the Gyre Index as the leading mode of SSH across the entire North Atlan-
tic basin (08N–708N, 908W–08W: note that sometimes 158N is used as the southern boundary). With this defi-
nition, variability in SSH across the entire North Atlantic—not just the SPG—determines the Gyre Index. A
third concern is that the weighting of this leading mode in the eastern SPG (508N–588N, 358W–188W), where
the expansion/contraction of the SPG is hypothesized to control the amount of STG water that reaches the
SPG, is weak. Thus, variability in the eastern SPG is not strongly reflected in the Gyre Index, yet the Gyre
Index is primarily used to explain variability in that region. Finally, though the Gyre Index is hypothesized to
track both the size and strength of the SPG, it is not immediately clear that these two variables covary nor
whether the leading mode of SSH is more related to one or the other.

The overall objective of this study is to reconcile the conflicting views of the temporal variability of the SPG
strength and to address the abovementioned questions about the Gyre Index. The specific goals are to: (1)
formulate a more direct measurement of the SPG area and strength, (2) use those measurements to assess
the validity of the Gyre Index as a metric of SPG area and strength, (3) determine the seasonal, interannual,
and long-term variability of the SPG size and strength, and (4) investigate possible forcing mechanisms for
this variability.

2. Data and Methods

We estimate the size and strength of the SPG with two separate methods: (1) indirectly through two EOF
analyses of the North Atlantic SSH (sections 3.1 and 3.3, along the lines of H€akkinen and Rhines [2004], H�at�un
et al. [2005], H€akkinen and Rhines [2009], and H€akkinen et al. [2013]) and (2) more directly by measuring the
SPG center and boundary as a function of time (section 3.2).

For both methods, we start with gridded 1=48 AVISO absolute dynamic topography (ADT) fields in the North
Atlantic (08N–708N, 908W–08W) at daily resolution from January 1993 to September 2015 [http://www.aviso.
altimetry.fr/duacs/]. ADT is a measure of the local deviation from the geoid. For simplicity, we refer to the
ADT fields as SSH in the remainder of the text. The SSH data are then averaged into monthly means to ana-
lyze longer time scales.

For both EOF analyses, the local monthly climatology is removed and the SSH data are binned to 18 spatial
resolution to focus on large-scale dynamics as well as to retain consistency with previous derivations of the
Gyre Index [e.g., H€akkinen and Rhines, 2004]. To analyze modes of variability beyond the linear trend, we
perform a second EOF analysis with SSH data that are detrended by subtracting the basin-averaged time
series, and then normalized by the local standard deviation to yield a data set of SSH with zero mean, unit
variance, and no trend. Normalization to unit variance gives each location equal weighting in the EOF analy-
sis rather than providing more weight to locations with higher variance [Manly, 2005].

To ensure that we are capturing the same variability in the Gyre Index as in previous derivations, we com-
pare our index (from our first EOF analysis) to those reported in H€akkinen and Rhines [2004], Zhang [2008],
H€akkinen et al. [2013], and Han et al. [2014]. Our Gyre Index has similar spatial weightings and time series as
previous derivations from shorter periods, but only captures 9.1% of the total variance, compared to 11.1%
(1993–2002) [H€akkinen and Rhines, 2004], 30% (1993–2003 with annual resolution) [Zhang, 2008], 20.3%
(1993–2012) [H€akkinen et al., 2013], and 14% (1992–2012) [Han et al., 2014] reported from previous studies.
If the SSH data from 1993 to 2015 are normalized prior to passing into the EOF analysis, the spatial pattern
and time series of the leading mode are nearly identical to those of the non-normalized data, but the vari-
ance explained increases to 25.0% (not shown). If we limit the EOF to 1993–2002, we recover a Gyre Index
almost identical to that reported in H€akkinen and Rhines [2004]: it explains 11.5% of the variance, weights
negatively over most of the study area, and its principal component (PC) has a statistically significant trend
of 21.58 cm yr21. Overall, we find that the leading mode of North Atlantic SSH from 1993 to 2015 is largely
similar to the Gyre Index derived with the first decade of SSH (1993–2002), but by extending the time
period to 2015, the variance explained by this mode decreases slightly from 11.1% to 9.1%.
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To measure the size and strength of the SPG directly, we return to the monthly, 1=48 SSH data set. We define
the gyre boundary as the largest closed contour of each monthly SSH field, with 1 cm intervals for the con-
tours. We define the gyre center as the minimum SSH that is both within the gyre boundary and north of
538N. This latter constraint eliminates the possibility of the gyre center occurring inside strong cyclonic
eddies near the SPG’s southern boundary, where the North Atlantic Current (NAC) retroflects around the
Northwest Corner and sheds both cyclonic and anticyclonic eddies. We define the gyre area as the surface
area enclosed by the gyre boundary and we consider the difference between the SSH at the boundary and
at the center an index of the gyre strength. This metric of the gyre strength is based on the local sea-
surface slope setting the local barotropic flow. When this relationship is horizontally integrated between
the gyre center and boundary to calculate the gyre transport, the local sea-surface slope simplifies to
D(SSH), or the difference in elevation between the gyre center and boundary. Thus, the gyre transport due
to the barotropic flow field is linearly related to the depth of the SSH bowl in the SPG. Finally, a limitation of
our measure of gyre strength is that it does not account for the baroclinic mode of the gyre, however the
dominance of the barotropic mode in the thermocline waters (<1000 m depth) of the SPG has been well-
documented [e.g., H€akkinen and Rhines, 2004; Sarafanov et al., 2012; Daniault et al., 2011; Zantopp et al.,
2017].

Long-term trends in the time series and their p values are calculated using Sen’s slope with deseasonalized
monthly data to reduce autocorrelation in the time series and to eliminate the potential for seasonal biasing
by starting our analysis in January (of 1993) and ending in September (of 2015). All trends and correlations
reported here exceed the 95% statistical significance threshold (p< 0.05) unless otherwise noted.

Winter North Atlantic wind stress curl (WSC) is calculated from NCEP/NCAR Reanalysis wind vectors [Kalnay
et al., 1996] and averaged from December through March. The EOF analysis of WSC (Figure 6) covers the
spatial range 228N–688N, 838W–78W. The data were neither detrended nor normalized to the local variances
so as to mimic the initial EOF analysis of SSH (described above), thus facilitating a direct comparison.

The NAO time series is the winter (DJFM) NAO index from the NCAR/UCAR Climate Data Guide [Hurrell and
National Center for Atmospheric Research Staff, 2016]. The East Atlantic (EA) pattern time series is averaged
over the winter (DJFM) months from the monthly EA time series acquired from the NOAA Climate Prediction
Center. In Figure 5d, the time series of salinity in the eastern SPG (538N–628N, 258W–128W, 0–500 m) is
extracted from gridded, monthly EN4 (version EN.4.1.1) data [Good et al., 2013].

3. Results and Discussion

3.1. EOF Analysis of North Atlantic SSH
3.1.1. Evidence for the Gyre Index Reflecting Basin-Scale Sea Level Rise
To determine the extent to which the Gyre Index reflects North Atlantic sea level rise, we first investigate
the mean SSH time series and its spatial signature in the North Atlantic (Figures 1b and 1c). When averaged
over the spatial domain (08N–708N, 908W–08W), the basin-averaged SSH has increased steadily over the
study period (0.21 cm yr21). This rise exhibits a nearly basin-wide pattern: a linear regression of the local
SSH onto the basin-averaged SSH (Figure 1c) yields statistically significant positive slopes over 90% of the
study area.

A comparison of the Gyre Index’s spatial pattern (Figure 2a) to the spatial variability in the observed sea
level rise (Figure 1c) demonstrates that the two are largely mirror images of each other—strong weights in
the central Labrador and Irminger Seas, inshore and north of the Gulf Stream/North Atlantic Current (GS/
NAC), and opposite weights south of the GS/NAC. The opposing sign between the two figures is irrelevant
because the sign convention in an EOF analysis is arbitrary. In addition, the time series of the Gyre Index
(Figure 2b) is strongly negatively correlated to the basin-averaged SSH time series (rmonthly 5 20.99,
rannual 5 21.00). In the Gyre Index, a declining trend (20.88 cm yr21, Figure 2b) and negative weights across
96% of the study area (basin mean of Figure 2a 5 20.21, unitless) are consistent with increasing SSH over
the study period, as seen in Figures 1b and 1c. Thus, these results indicate that the Gyre Index is largely cap-
turing the SSH variability arising from basin-wide sea level rise across the North Atlantic.

This strong correlation between the Gyre Index and North Atlantic SSH indicates that the Gyre Index is iso-
lating variability due to sea level rise rather than the dynamics within the basin. A uniform rise or fall of SSH
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is not a signature of dynamical variability, only spatial structure in the Gyre Index would indicate a dynamic
response. A close inspection of Figure 2a does show some spatial structure, such as in the Labrador Sea
where the central part of the basin has a more negative weighting than the boundary. This would indicate
that the gyre center is rising faster than the boundary, thereby flattening the SPG bowl and weakening the
gyre, as explained in H€akkinen and Rhines [2004]. However, because the central portions of the gyre and the
edge of the gyre are both rising, one cannot infer the rate at which the SPG strength (a dynamical measure)
is declining solely from the Gyre Index time series. Instead, one needs to consider the difference in sea level
between the gyre center and boundary rather than basin-wide sea level change. Simply put, the basin-wide
trend in sea level rise is masking changes in gyre dynamics. Thus, to isolate variability in gyre dynamics, the
basin-wide SSH signal must be removed prior to EOF analyses, a calculation discussed in section 3.3.
3.1.2. Implications of the Gyre Index’s Linkage to the Basin-Wide Sea Level Rise
Given that the Gyre Index does show some spatial structure, we examine whether this structure possibly
reflects changes to the gyre size. Because the gyre is topographically constrained on its northern and west-
ern boundaries, variability of the gyre size is primarily due to changes in the location of its eastern and
southern boundaries. However, there is almost no weighting of the Gyre Index (Figure 2a) to the west of
Rockall Bank (mean from 508N to 588N, 358W to 188W 5 0.12 6 0.11 SD, unitless), where the eastern edge of
the SPG lies [Rypina et al., 2011], raising the question as to whether the Gyre Index is tracking the eastward
expansion/contraction of the gyre. Conceptually, an expanded SPG would result in depressed SSH in the
eastern SPG, while periods with a contracted SPG would show a SSH rise in the eastern SPG—so we would
expect a negative weighting of this mode in the eastern SPG. Contrary to these expectations, the eastern
SPG weights very weakly in the Gyre Index.

The Gyre Index has also been used to explain meridional shifts in the GS/NAC. The positive weightings of
the Gyre Index (Figure 2a) to the south of the mean GS/NAC position (indicated by the closely spaced mean
SSH contours in Figure 1a) led Zhang [2008] to infer that the GS/NAC has been consistently shifting south-
ward over the satellite altimetry period. She connects this southward shift in the GS/NAC to a weakened
SPG and a stronger AMOC, the latter indicated by increasing OHC at 400 m in the SPG. However, while a
southward shift in the GS/NAC can explain the decreasing SSH south of the GS/NAC, the concurrent SSH
rise north of the GS/NAC is not explained by this shift. We note that three indices of the meridional GS posi-
tion from 1993 to 2012 do not have long-term trends [Perez-Hernandez and Joyce, 2014]. Thus, in the
absence of in situ data indicating that the GS/NAC was shifting southward over this time period, there
appears to be little evidence that the Gyre Index is tracking the meridional position of the GS/NAC—a
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finding consistent with the suggestion that the Gyre Index is primarily reflecting the thermodynamic, and
not the dynamic, variability of the North Atlantic.
3.1.3. The NAO Signature in North Atlantic SSH
The second mode of the SSH EOF reflects the familiar tripole NAO pattern which results from basin-scale
wind variability (Figure 2c). The principal component (PC, Figure 2d) of this mode is correlated to the winter
NAO (r 5 0.78). Though this tripole pattern—in which the STG fluctuates out-of-phase with both the SPG
and the tropical Atlantic—is more commonly expressed in SST [e.g., Deser et al., 2010], SSH variability shows
a similar pattern. There are two mechanisms used to explain the opposing responses of the two gyres to
the NAO: (1) Ekman forcing over the basin leads to immediate opposing signatures in the convergence of
surface waters in the STG and SPG [e.g., Marshall et al., 2001; Deshayes and Frankignoul, 2008; Lozier et al.,
2008; Williams et al., 2014] and (2) opposing surface buoyancy fluxes between the gyres on multiannual
time scales leads to cooling in one gyre while the other is warming [e.g., Deshayes and Frankignoul, 2008].
NAO forcing was previously connected to the leading mode of TOPEX/POSEIDON SSH data from 1992 to
1998 [Esselborn and Eden, 2001]. During that time period, the strong shift in the NAO from the winter of
1995 to the winter of 1996 dominated SSH variability such that the NAO explained 34% of the total vari-
ance. Using the altimetry time series to 2015, this mode has diminished in importance, now explaining only
4.5% of the variance. Interestingly, though the NAO mode derived here is by definition orthogonal to the
Gyre Index, both indices have been invoked as controlling mechanisms for the size of the SPG [e.g., H�at�un
et al., 2005]. This confusion provides further motivation for deriving an alternate index of the SPG size and
strength.

3.2. Directly Measured SPG Area and Strength
3.2.1. Mean and Seasonality
We now analyze our more direct measure of SPG size and strength. We start by evaluating the mean of
these variables and then turn to their variability on seasonal and then interannual time scales. The mean
SPG boundary (Figure 3a) corresponds well with a stream function calculated from surface drifter trajecto-
ries [Rypina et al., 2011]. Classically, the definition of the SPG has encompassed the entire Iceland Basin up
to, and sometimes across Rockall Bank [e.g., Rossby, 1996; Lavender et al., 2000; Fratantoni, 2001; Curry and
Mauritzen, 2005; H�at�un et al., 2005]. However, in the present definition of the SPG, with a focus on a closed
contour, not all eastern subpolar waters fall within the SPG.

In the mean, the geographic area enclosed by the SPG boundary covers 2.68 * 106 km2 (60.24 * 106 km2,
SD) and the SPG strength is 35 6 4 cm. Geographically, much of the seasonal variability is expressed in
either the northeastward extent of the boundary toward Iceland or the southwestward extent around the
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Grand Banks (Figure 3b). The SPG boundary expands to its largest extent and the gyre becomes strongest
in November and the gyre contracts to its smallest size and becomes weakest in August, confirming that
the gyre size and strength covary on seasonal time scales (Figure 3c, rseasonal 5 0.95). We term these concur-
rent oscillations in the gyre size and strength ‘‘dilations’’: as the SPG enlarges, the SSH bowl deepens and
when the SPG contracts, the SSH bowl flattens. The range of seasonal variability is roughly 68% of the
mean in both area and strength with higher variances occurring primarily in the winter months. This sea-
sonality suggests a relatively fast spin-up of the gyre in the autumn due to the onset of strongly positive
WSC forcing, and a more gradual slow-down in response to relaxed WSC forcing in the spring and summer
months (Figure 3d).
3.2.2. Interannual Variability
On interannual time scales, the variability in the geographic area and strength of the SPG is on the same
order as the seasonal variability (610% of the mean). Also similar to the seasonal variability, large portions
of the interannual variability in gyre area is expressed in the southwestward extent around the Grand Banks
and in the northeastward extent toward Iceland (Figure 4a).

The time series of SPG size and strength from 1993 to 2015 (Figure 4b) show that the SPG dilates on
interannual time scales at both monthly and annual resolution (r(area,strength)monthly 5 0.81, r(area,-
strength)annual 5 0.68). Large variability at monthly time scales in both variables is evident, as well as
peaks/troughs spaced �5 years apart: peaks in 1997, 2002, 2007, and 2014, and troughs in 1994, 2000,
2005, and 2010/2012. There is also a linear trend in the strength (20.18 cm yr21, 5.13% per decade), but
the decline in the SPG area (23.30 * 103 km2 yr21, 1.23% per decade) does not exceed the 95% signifi-
cant threshold (p 5 0.10). As seen in Figure 4c, the SSH of the SPG boundary (mean 5 234 6 4 cm) and
the SPG center (mean 5 268 6 5 cm) are both increasing over the study period, but the center is increas-
ing more rapidly (0.36 cm yr21, 5.2% per decade) than the boundary (0.16 cm yr21, 4.9% per decade),
causing the long-term decline in the SPG strength. This result is consistent with the analysis of the Gyre
Index indicating that the SPG bowl is flattening and the gyre weakening, but it is occurring at a rate
about a quarter of the speed previously published (�5% per decade versus �20% per decade) [H€akkinen
and Rhines, 2004]. We note that our SPG metrics are calculated without detrending the SSH data and
without removing the seasonal cycle. Due to our definition of the gyre strength as the difference in SSH
at the boundary and at the center, variability that exists in both time series is removed by this
subtraction.
3.2.3. Comparisons of SPG Strength to In Situ Measurements
To ground-truth our satellite-measured index of the SPG strength (Figure 4b), we compare it to in situ trans-
port and velocity observations of the subpolar North Atlantic. There is strong correspondence between our
gyre strength and volume transports of the East Greenland Current calculated along the OVIDE section
from 1992 to 2009 using altimetry, OVIDE hydrography and WOCE AR7E sections [Daniault et al., 2011].
They measure peaks in 1997, 2002, and 2007 and troughs in 2000 and 2005, which are all consistent with
our time series. In addition, the authors find no evidence of a long-term trend in the strength of the East
Greenland Current in this reconstruction of the transport. It is worth noting that due to their use of satellite
altimetry, this estimate is not entirely independent of our metric.

In addition, Fischer et al. [2010] and Xu et al. [2013] use a mooring array at 538N in the Labrador Current to
report very little interannual variability in current velocities over the period 1997–2009. On longer time
scales, Fischer et al. [2010] note that given the accuracy of their observations, linear trends greater than or
equal to �10% of the mean transport should be detected, yet they do not see evidence of such a trend.
Extrapolating the trend of the SPG strength calculated here (25.13% per decade) to the 13 years of their
observations yields a 6.67% decline, which is below their detection threshold. In comparison, over the
1997–2009 period, the Gyre Index decreased by 7.6 cm (Figure 2b), or almost 20% of the roughly 40 cm
mean SSH slope in the western Labrador Sea (Figure 1a). Such a large change would have been detected by
the 538N array.

In summary, we conclude that our satellite-based index of the barotropic transport is consistent with the in
situ transport and velocity measurements—thereby reconciling the variability reported from in situ arrays
with the large-scale satellite measurements. However, the long-term trend in the gyre strength that we
detect is not evident in the in situ measurements and we posit that a stronger signal is necessary to exceed
the thresholds for statistical significance in those studies.
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3.2.4. Comparisons of SPG Area to In Situ Measurements
We compare our SPG area metric (Figure 4b) to in situ measurements of the gyre’s eastern boundary,
where, as mentioned above, we expect areal changes to be manifest. The zonal position of the subpolar
front (SPF) at 608N in the Irminger Sea, measured from hydrographic surveys from 1997 to 2011 [Sarafanov
et al., 2008], provides an independent test of our metric. Based on the location of the 35.0 isohaline at 250
db as the position of the SPF (Figure 4b, pink dots), the SPG is largest in 1997, shrinks dramatically in 2005,
rebounds in 2006 and remains relatively steady from 2006 to 2011 [Sarafanov et al., 2008] (Sarafanov et al.,
personal communication, 2016). These changes agree well with our metric of SPG area (r 5 0.70).

Comparisons of the SPG area with changes in the subpolar property front in the Iceland Basin/Rockall
Trough are not as favorable. H�at�un et al. [2005], Bersch et al. [2007], and Lozier and Stewart [2008] all use
salinity in the eastern SPG to track the longitude of the SPF and none of these time series correlate with our
SPG dilations. Bersch et al. [2007] report an increase in eastern SPG salinity in 1996/1997 and 2002 and infer
that the SPF moved westward in those years. Lozier and Stewart [2008] also calculate a westward contrac-
tion of the SPF in the late 1990s, and both papers attribute this to a response to the weakened NAO during
this time period. H�at�un et al. [2005] suggest that a switch from a large gyre in 1993 to a smaller gyre in 1998
leads to more Atlantic-to-Arctic exchange of high salinity waters in 1998. Instead, we report a larger gyre in
1997 and 2002.

This agreement between our gyre size and the longitude of the SPF at 608N [Sarafanov et al., 2008] and lack
of agreement with the longitude of the SPF at 558N [Lozier and Stewart, 2008] and 538N [Bersch et al., 2007]
motivated an analysis of the latitudinal coherence of the eastern SPG boundary (Figure 5). This analysis
demonstrates the lack of coherent frontal movements in the SPF—the variability at any one latitude is not
representative of the entire eastern SPF. Thus, it is quite likely that the 608N section from Sarafanov et al.
[2008], located in the Irminger Sea (388W–328W), is summarizing the large variability present in the SPG
boundary around the Reykjanes Ridge while the variability in the eastern SPF reported in Lozier and Stewart
[2008] at 558N and Bersch et al. [2007] at 538N is capturing a different signal in the eastern Iceland Basin. In
fact, if the zonal variability in our gyre boundary at 558N is considered, the interannual variability of SPG size
is only weakly correlated to the SPG area time series (r 5 0.45) and has a trend toward an eastward expan-
sion of the gyre from 1993 to 2014 of 0.158 longitude per year, in contrast to the decline in both the Gyre
Index and the SPG area time series. However, this variability is highly sensitive to the latitude at which one
considers due to the large eddy and meandering activity on the eastern boundary (Figure 5c). In addition,
the dilations of the SPG are neither connected to the salinity of the eastern SPG (Figure 5d), nor the longi-
tude of the salinity front defined by either a fixed isohaline at a given depth (as in Sarafanov et al. [2008]
and Lozier and Stewart [2008]), or as the maximum zonal gradient in salinity at each time step (not shown).
But despite this disconnect, our results (e.g., a large SPG in the late 1990s) do not necessarily contradict pre-
vious results on STG throughput variability as measured by salinity in the Rockall Trough (increased STG
influence and high salinity in Rockall Trough in the late 1990s). Essentially, we believe it is possible that the
property variability in the eastern SPG varies independently (i.e., operating beyond an integral time and/or
space scale) of the direct footprint of the SPG dilations—especially given how little our SPG boundary varies
in its zonal extent.
3.2.5. Mechanisms of Interannual Variability
Given that positive WSC over the SPG drives the mean SPG strength and structure, we investigate WSC
interannual variability as a driver of SPG dilations. An EOF of the winter WSC over the North Atlantic yields
two prominent modes that have been previously identified in sea level pressure and geopotential height:
the NAO and the EA (Figure 6) [Comas-Bruand McDermott, 2014; Bastos et al., 2016]. Together these modes
account for over 50% of the variability in winter WSC and the percent variance explained by each subse-
quent mode drops to less than 9% after the second mode. Conceptually, the NAO is a measure of the
strength of the westerlies and the EA is a measure of the location or orientation of the westerlies [Comas-
Bru and McDermott, 2014]. When the EA is positive, the positive WSC that is typically located in the Irminger
Sea extends southeastward into the Iceland Basin. Similarly, when the EA is negative, the negative WSC that
is typically located over the Azores extends northward into the Iceland Basin. The wintertime correlations
between the EA and both the SPG area and strength (r 5 0.51 for both) indicate that shifts in the WSC cen-
ters of action are linked to SPG dilations, albeit weakly. For example, in 2005 when the EA is strongly nega-
tive and the NAO is weakly positive, the WSC in the eastern SPG is anomalously negative, yielding a
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collapse in both the size and strength of the SPG despite the positive NAO forcing. This is essentially the
same argument that H€akkinen et al. [2011] put forth as a mechanism to control the size and strength of the
SPG via atmospheric blocking events. However, neither the EA time series that we derive here from the sec-
ond PC of winter WSC nor the EA time series from the NOAA CPC has a declining trend from 1993 to 2015,
further confirmation that the SPG has not been strongly declining over this time period.

A comparison of the linear effect of these two WSC modes on North Atlantic SSH (Figures 7a and 7b) at
zero lag reveals that changes in the NAO primarily impact the SSH uniformly over the SPG by raising or
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lowering the overall SPG sea level with respect to the STG [Flatau et al., 2003], but NAO changes are not
linked to changes in the location or strength of the currents within the SPG. On the other hand, the EA in its
positive phase depresses the SSH in the eastern SPG, yielding an expansion in the SPG area.

When the local SSH is regressed onto the time series of SPG area (Figure 7c), the same negative weights
emerge in the eastern and southern SPG as in the EA regression (Figure 7b), reinforcing the suggestion that
the SSH in the eastern SPG decreases during periods of an expanded SPG. In addition, a positive EA will also
displace the central SPG slightly downward with respect to its boundary, deepening the SPG bowl and
yielding a stronger gyre. This feature is evident in the regression of local SSH onto the winter SPG strength
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(Figure 7d), where the SSH in the central Labrador and Irminger Seas decreases when the SPG is strongest,
while the SSH of the boundary does not respond. There are also similarities between the SSH regressions
on SPG area (Figure 7c) and SPG strength (Figure 7d), particularly in the region just south of the mean SPG
boundary. This similarity is expected given that the time series of the two variables are correlated (Figure
4b). Overall, Figure 7 demonstrates that the response of the local SSH to the EA (Figure 7b) is very similar to
the changes that coincide with changes in the SPG area (Figure 7c) in the eastern and southern SPG, and
has similar patterns to the changes that coincide with changes in the SPG strength (Figure 7d) in the central
SPG. Thus, we suggest that the location of the WSC centers of action over the SPG—which is tracked by the
EA (Figure 6c)—is impacting the interannual variability of the SPG dilations.

In the past, both the Gyre Index and the NAO have been used to explain variability in the size and strength of
the SPG [Flatau et al., 2003; H€akkinen and Rhines, 2004; Bersch et al., 2007], but in our EOF analysis the weights
for both modes are similar across the SPG (Figures 2a and 2c) and thus their variability correlates to both the
gyre center and boundary. For example, the height of the gyre boundary and the height of the gyre center (Fig-
ure 4c) both have statistically significant correlations to the NAO when their linear trends are removed. But
because both covary with the NAO, the difference between them (i.e., the gyre strength) is not statistically sig-
nificantly correlated to the NAO. This confirms what we noticed in Figures 2 and 7: the Gyre Index is mainly
reflecting the basin-wide displacement of SSH and the NAO is mainly reflecting the relative displacement of the
SPG with respect to the STG.

Even though both the Gyre Index and the NAO do weight more negatively in the central SPG regions than the
boundary, these are secondary effects and neither index represents a strong signal in the total variability of SPG
strength. A mechanism for changing the gyre strength must be able to deepen or flatten the SPG bowl rather
than displace the whole SPG bowl up or down. From our analysis, the EA is the most effective at doing that by
changing the location of the North Atlantic WSC centers of action that drive the SPG circulation (Figure 7b).

3.3. EOF Analysis of Detrended North Atlantic SSH
We return to an EOF analysis of SSH to determine whether the SPG dilations calculated in section 3.2 are
connected to dominant modes of SSH variability. For this EOF, we remove the effect of basin-wide sea level
rise on the SSH time series by subtracting the time series of basin-averaged SSH from the local SSH data
and normalizing the SSH by the local standard deviation. With this preprocessing, the leading mode (Fig-
ures 8a and 8b) represents NAO-induced variability, is nearly identical to the second mode of the initial EOF
analysis (Figure 2d) (rmonthly 5 0.86, rannual 5 0.94), and correlated with the winter NAO time series (r 5 0.73).
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Though the normalization is not necessary to recover the NAO tripole pattern, it increases the percent of
variance explained from 4.9% to 10.5%. If one only uses the SSH over the SPG (458N–668N, 908W–08W), the
NAO mode explains 25.5% of the variance. We find that by detrending, the Gyre Index mode is removed
from the data and the leading mode of variance in the SSH data expresses NAO variability as was reported
in Eden and Esselborn [2001].

The second mode of the detrended and normalized SSH (Figures 8c and 8d) explains 6.6% (10.0% for SPG-
only) of the variance and is related to the SPG dilations as indicated by its correlation to the SPG area
(rannual 5 0.63) and SPG strength (rannual 5 0.58). The pattern of the spatial weightings appears to be a com-
bination of the linear regressions of local SSH onto SPG area (Figure 7c) and SPG strength (Figure 7d), with
strong negative weights along the southeastern edge of the SPG, westward into the Labrador Sea, and
southward along the mean GS/NAC position. This implies that when the SPG is large (small) and strong
(weak), the SSH in these negative-weighted regions is depressed (elevated), reflecting the expected expan-
sion (contraction) eastward (westward) of the SSH contours and a deepening (flattening) of the SPG bowl.
Overall, we find that the second mode of detrended SSH is capturing much of the same variability that the
gyre dilations isolate in section 3.2.

4. Conclusions

We use a combination of EOF analysis and direct calculations of the size and strength of the SPG to attribute
variability in SPG SSH to three modes: (1) a North Atlantic basin-wide sea level rise, the trend of which is
captured by the Gyre Index, (2) the NAO, which produces out-of-phase responses for the SPG and STG, and
(3) covarying expansion/contraction and deepening/flattening of the SPG bowl, primarily driven by the
location of the winter WSC dipole over the North Atlantic.

From our satellite-derived estimates of the SPG size and strength, we report that the gyre size and strength
do indeed covary as was previously assumed, and that oscillations at roughly 5 year time scales dominate
the interannual variability in both. These oscillations compare favorably to previous results on SPG dynamics
from moorings, hydrography, and satellite altimetry, but do not compare well to salinity variability in the
eastern SPG. This mismatch suggests that the size/strength of the SPG does not control the magnitude of
STG waters that flow into the eastern SPG, at least on interannual time scales. Combined, these two conclu-
sions—that the NAO is not a dominant control on the size and strength of the SPG and that the SPG size
does not influence the strength of the intergyre throughput—leave open the possibility that NAO dynamics
control the intergyre throughput, as has been previously suggested [Curry and McCartney, 2001; Bersch,
2002; Flatau et al., 2003; Lozier and Stewart, 2008].

Finally, in this work we are able to reconcile a discrepancy between the satellite altimetry and in situ esti-
mates of the size and strength of the SPG, the latter of which show no long-term trends. While we do cap-
ture a weakening of the gyre strength as had been previously estimated from altimetry [e.g., H€akkinen and
Rhines, 2004], the size of the gyre is quite stable and the weakening is significantly smaller than previously
reported. Both of these results—a slowly weakening gyre and a stable gyre area over the study period—fall
within the error bars of the estimates of these variables from in situ observations.
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