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Abstract. We examine the output of an ocean model forced
by ECMWF winds to study the theoretical relationship be-
tween wind-induced changes in ocean bottom pressure in
the North Pacific between 1992 until 2010 and ENSO. Our
analysis indicates that while there are significant fluctua-
tions correlated with some El Niño and La Nĩna events,
the correlation is still relatively low. Moreover, the ENSO-
correlated variability explains only 50 % of the non-seasonal,
low-frequency variance. There are significant residual fluc-
tuations in both wind-stress curl and ocean bottom pressure
in the region with periods of 4-years and longer. One such
fluctuation began in late 2002 and has been observed by
the Gravity Recovery and Climate Experiment (GRACE).
Even after accounting for possible ENSO-correlated varia-
tions, there is a significant trend in ocean bottom pressure in
the region, equivalent to 0.7± 0.3 cm yr−1 of sea level from
January 2003 until December 2008, which is confirmed with
steric-corrected altimetry. Although this low-frequency fluc-
tuation does not appear in the ocean model, we show that
ECMWF winds have a significantly reduced trend that is in-
consistent with satellite observations over the same time pe-
riod, and so it appears that the difference is due to a forcing
error in the model and not an intrinsic error.

1 Introduction

The area between 35◦ N to 50◦ N and 150◦ E to 180◦ E in
the North Pacific has some of the highest variance of long-
wavelength ocean bottom pressure (OBP) in the world’s
oceans. It is caused by mass transport into and out of the
region due to changes in the wind-stress curl (WSC) over the
sub-polar and sub-tropical gyres (e.g., Ponte, 1999). Initial
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work focused on quantifying the seasonal variation (e.g.,
Ponte, 1999; Bingham and Hughes, 2005), but more recent
studies have also documented significant low-frequency fluc-
tuations (Song and Zlotnicki, 2008; Chambers and Willis,
2008).

The seasonal cycle of the OBP and WSC variations has
been well documented elsewhere (Ponte et al., 1999; Bing-
ham and Hughes, 2005) and is summarized here. Wind-stress
curl is generally positive north of 40◦ N and negative to the
south, although seasonal variations will cause the magnitude
to strengthen or weaken (Fig. 1). The gradient is generally
the strongest in November to February, and weakest in June
to August. Because the integrated meridional mass trans-
port is directly proportional to wind-stress curl, anomalous
WSC causes changes in the mass transport. In December,
the anomalous transport is poleward and equatorward from
40◦ N, causing a transport of mass away from 35 N–45◦ N;
this leads to a drop in OBP in the subpolar gyre and an in-
crease in the subtropical gyre (Fig. 1). In July, the gradient
across 40◦ N is weaker, allowing mass to flow back into the
region, resulting in an increase in OBP in the area and a drop
to the south. The OBP variability is intensified in the western
portion of the sub-polar gyre due to trapped modes caused
by changes in bathymetry and conservation of potential vor-
ticity (Ponte, 1999). The anti-correlation between OBP and
WSC in the subpolar gyre (north of 40◦ N) holds for high fre-
quency, seasonal, and low-frequency variations (Ponte, 1999;
Song and Zlotnicki, 2008).

There have been numerous studies describing interannual
variations in the upper ocean temperature, salinity, and sea
level in the North Pacific (e.g., Qiu and Joyce, 1992; Miller
et al., 1998; Fu and Qiu, 2002; Qiu, 2002; 2003), with
most of the variations linked to wind-forcing and the Rossby
wave responses that are confined to the upper ocean (Fu
and Qiu, 2002). A substantial portion of the internnaul
variability has been tied to the Pacific Decadal Oscillation
(PDO) (Qiu, 2003). Qiu (2002), based on an analysis of
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Fig. 1. Maps of WSC (left) and OBP (right) anomalies relative
to a long-term mean (1992–2008) showing the average December
anomaly (middle) and July anomaly (bottom). These represent the
extreme anomalies of the seasonal cycle. The monthly averages
were computed from the satellite observations and OMCT for all
years from 1992 until 2008. The mean WSC is shown at the top
left. The mean OBP will just reflect the mean water height of the
ocean, and so is not shown.

time-dependent Sverdrup balance along with an assumption
of constant bathymetry across the North Pacific, concluded
that there were no low-frequency fluctuations of mass in the
area related to wind forcing. However, changes in topog-
raphy over the region are quite substantial, and have been
shown to cause trapped modes (Ponte, 1999). More re-
cently, Song and Zlotnicki (2008) used a wind-forced model
with realistic bathymetry and demonstrated significant in-
terannual variations in OBP related to WSC in the region.
They also concluded that there was a small, barely signif-
icant correlation between both WSC and OBP with an El
Niño/Southern Oscillation (ENSO) climate index at a lag
of 0 to 2 months. They discussed in some detail the WSC
and OBP variations associated with the large 1982/1983 and
1997/1998 El Nĩno events. However, the correlation be-
tween the non-seasonal, low-pass filtered WSC and OBP in
their study was much higher in the same region, indicat-
ing significant low-frequency variations that were not cor-
related to ENSO. Chambers and Willis (2008) demonstrated
a general increase in OBP in the North Pacific sub-polar gyre
from early-2003 until mid-2007, using observations from the
Gravity Recovery and Climate Experiment (GRACE) as well
as steric-corrected altimetry. Although the time-span was
too short to conclusively link all the variability with ENSO-
correlated variation Song and Zlotnicki (2008) modeled, they
concluded that the change was at least consistent with the
theory.

In this study, we will re-examine the ENSO-correlated
variations in both OBP and WSC in the North Pacific, and

quantify how much of the non-seasonal, low-frequency vari-
ability is correlated with ENSO variations in the tropical Pa-
cific. To do this, we will utilize a record of wind-stress data
from satellite scatterometers and radiometers from 1992 to
2009, OBP output from a baroclinic model also from 1992
to 2009, as well as OBP variations estimated from GRACE
from 2003 until the end of 2010. As part of this study,
we will determine whether the long-period fluctuation ob-
served by Chambers and Willis (2008) is related mainly to
El Niño/La Niña events, or whether it reflects a distinctly
different low-frequency fluctuation. Sect. 2 will describe the
data and methods, Sect. 3 will quantify the ENSO-correlated
fluctuations in WSC and OBP, and Sect. 4 will summarize
the results and discuss residual, low-frequency variations un-
related to ENSO.

2 Data processing and methods

To examine the variable WSC in the region, we use
monthly gridded vector winds from a combination of var-
ious satellite sources distributed by the Cross-Calibrated
Multi-Platform (CCMP) Ocean Surface Wind Components
Project at the Jet Propulsion Physical Oceanography Dis-
tributed Active Archive Center (http://podaac.jpl.nasa.gov/
DATA CATALOG/ccmpinfo.html). We use the Level 3.5a
products that have been gridded into monthly files based
on an optimal interpolation of various satellite scatterome-
ter and radiometer data sets, with modifications to accom-
modate special attributes of the satellite surface wind data as
well as some additional tuning of the data including quality
checking and filter weights (Atlas et al., 1996). Wind-stress
is computed from the wind vectors using the bulk formula
with a value of 1.2 kg m−3 for the density of air and the algo-
rithm for the coefficient of drag (CD) from Large and Pond
(1982). The curl of the wind-stress is computed from the 1◦

grids via center-differences.
For the modeled OBP, we use output from the Ocean

Model for Circulation and Tides (OMCT) forced by
ECMWF winds and pressure at 6 h intervals, provided by
GFZ Potsdam (Thomas, 2002; Flechtner, 2007). OMCT is
run at a step size of 30 min, with a constant horizontal res-
olution of 1.875◦ in longitude and latitude, and 13 vertical
layers. The output from this model has been averaged over
monthly intervals to be consistent with the WSC data. OBP
is converted to equivalent water thickness (e.g., Ponte, 1999)
using a mean density of seawater of 1027 kg m−3 and the hy-
drostatic equation.

GRACE observations are from the Center for Space Re-
search (CSR) at the University of Texas, Austin that have
been processed as described in Chambers (2006) and are
publicly available from the GRACE Tellus web-site (http:
//gracetellus.jpl.nasa.gov). These data have additionally
been projected onto Empirical Orthogonal Functions (EOF)
of ocean bottom pressure from OMCT, and have been
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reconstructed into new grids using the technique described
fully in Chambers and Willis (2010). In that study, the EOF
Reconstruction (EOFR) technique was shown to remove a
significant amount of noise from the original GRACE maps,
via a global residual analysis with steric-corrected altimetry
data. The new EOFR grids agreed significantly better with
steric-corrected altimetry data than either the original grids or
model output. In the North Pacific, the variance of the resid-
uals (altimeter – Argo – GRACE) dropped from 8.1 cm2 for
the original gridded data to 5.0 cm2 for the GRACE EOFR
data, compared to 6.0 cm2 when compared to the model used
for the EOFs. These EOFR filtered data are also now avail-
able on the GRACE Tellus web-site.

Both the OMCT and GRACE data have a variable global
mean OBP from a combination of mean atmospheric pres-
sure variations and ocean mass variations (e.g., Chambers
and Willis, 2010). Since this study is focused on internal
mass redistributions and not global mass variations, we have
removed the monthly global mean from both the GRACE
and OMCT data. Additionally, we have low-pass filtered the
data to remove seasonal and high-frequency variations in or-
der to isolate low-frequency variations. This was done by
first fitting and then removing seasonal-period sinusoids us-
ing least-squares estimation at each grid point, then further
smoothing the residuals with a 90-day Gaussian smoother.
This was done for all data-sets.

3 Analysis of ENSO-correlated variations

The leading EOF of non-seasonal WSC from the satellite
data and OBP from OMCT over the North Pacific is shown in
Fig. 2. The spatial mode is similar to the pattern of seasonal
variability for WSC, with the largest variations occurring just
north and south of 35◦ N. For OBP, the variability is largest
between 35–50◦ N. The correlation of the leading principal
component (PC) of WSC and OBP with the Multi-Variate
ENSO Index (MEI) (Wolter and Timlin, 1998) is 0.69 and
−0.54 respectively, both of which, while significantly differ-
ent than would be expected from random chance at the 99 %
level, are still not high to indicate that the ENSO mode is
robust. We chose to use the MEI over other ENSO indices
like the Nino3, Nino4, Nino3.4, or Southern Oscillation In-
dex (SOI), as it attempts to use multiple parameters that are
related to ENSO (SST, zonal and meridonal winds, and pres-
sure) over a broader area, as opposed to a single parameter
in a small region. While the Nino and SOI indices were de-
veloped based on available limited older data, the MEI uses
more large-scale observations and understanding of ENSO
dynamics to create an index, and thus arguably gives better
insight to the large-scale ENSO timing rather than the tim-
ing in only the eastern Pacific, which may lag or lead the
larger pattern. The correlation between the PCs of WSC and
OBP is significantly higher (−0.89) than either are with the
MEI, which further indicates that not all of the low-frequency

Fig. 2. Leading EOFs (top) and principal components (bottom) of
WSC from CCMP (left) and OBP from OMCT (right). The EOFs
have been normalized, so that the spatial patterns have a maximum
of ±1 and the principal components represent the magnitude of vari-
ability. Data were low-pass filtered to isolate non-seasonal, low-
frequency variations as described in Sect. 2, and the EOFs were
computed using only data north of the equator in the Pacific and
excluding coastal regions for OBP. The MEI is also shown for com-
parison to the principal components. Boxes indicate areas where
data are averaged for further comparison. See text for details.

variability is related to ENSO. No other EOF mode has a
significant correlation with the MEI, even with lags of up to
1-year.

The pattern and timing of the ENSO-correlated variations
of WSC and OBP shown in Fig. 2 is similar to what was de-
scribed earlier by Song and Zlotnicki (2008). WSC anoma-
lies north of 35◦ N are generally anomalously positive dur-
ing an El Nĩno, but negative during a La Niña. The opposite
is true for the area south of 35◦ N. When the difference of
WSC north and south of 35◦ N is large and positive (e.g.,
during the 1997/1998 El Niño), OBP in the sub-polar gyre
is anomalously low. When the WSC difference is large and
negative (e.g., during the 1998/1999 La Niña), the OBP in
the sub-polar gyre is anomalously high.

The EOF analysis, however, allows for a better quantifi-
cation of where the variability occurs. For instance, Song
and Zlotnicki (2008) used a rather large area to the north
and south (40◦ N–50◦ N, 150◦ E to 200◦ E; 20◦ N to 30◦ N,
150◦ E to 200◦ E) and computed a WSC index (1WSC) as

1WSC=< WSC N > − < WSC S>, (1)

where<WSC N> was the anomalous WSC averaged over
40◦ N–50◦ N, 150◦ E to 200◦ E and <WSC S> was the
anomalous WSC averaged over 20◦ N–30◦ N, 150◦ E to
200◦ E. From Fig. 2, though, it is apparent that the largest
ENSO-correlated variability south of 35◦ N is actually cen-
tered at 30◦ N and does not extend farther south than 25◦ N
and also does not extend much farther east than 185◦ E
or west of 160◦ E. The averaging of regions in the south
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Fig. 3. Time-series of non-seasonal, low-frequency1WSC (left
axis) and MEI (right axis). 1WSC represents the difference in
the anomalous WSC north of 35◦ N and anomalous WSC south of
35◦ N. See text for details.

without significant ENSO variability may be one explanation
for why Song and Zlotnicki observed a correlation that was
barely significant. For our analysis, we will utilize a modi-
fied WSC index, computed with<WSC N> averaged over
37◦ N–42◦ N, 160◦ E–185◦ E and<WSC S> averaged over
28◦ N–32◦ N, 160◦ E–185◦ E (boxes in Fig. 2).

The EOF analysis also allows one to estimate the frac-
tion of variance explained by ENSO in the area, at least the
amount of ENSO that is projected onto the first mode. The
leading mode explains slightly more than 50 % for both WSC
and OBP in the area of 35◦ N–45◦ N and 160◦ E–185◦ E,
where the amplitude of the OBP variation is the largest (in-
dicated by the box in Fig. 2). Thus, although the leading
mode does explain about half the low-frequency variance of
OBP in the model, it is suggestive that there are additional
low-frequency variations uncorrelated with ENSO. This can
be observed if we compare our modified WSC index with
the MEI (Fig. 3), without performing an EOF analysis. The
correlation is 0.51, which, while still significant at the 99 %
level, is quite a bit lower than the correlation between MEI
and the leading EOF mode. There is a similar drop in the
correlation between OBP averaged over the region of 35◦ N–
45◦ N, 160◦ E–185◦ E and MEI (−0.45). If the data from
1997 and 1998 are excluded, the correlation drops to 0.39
for WSC and−0.40 for OBP, both of which are barely sig-
nificant at the 99 % level.

It is clear from an examination of Fig. 3, that while1WSC
(Eq. 1) is highly positive during several El Niño events (e.g.,
1992, 1997/1998, and 2003), there are also events when it
is neither positive, nor large (e.g., 1993, 1995, 2007). From
1992 until 2009, there were 6 El Niño and 6 La Nĩna events
of various intensities as classified by the NOAA Climate Pre-
diction Center (NOAA CPC, 2011). One can better compare
the correspondence of1WSC anomalies and El Niño/La

Fig. 4. December–January–February (DJF) averages of(a) MEI
during El Niño along with corresponding values of normalized
1WSC where1WSC was high and(b) MEI during La Niña events
along with corresponding values of normalized1WSC where
1WSC was low. Normalized values were computed by dividing
by the standard deviation. Also shown are years where the normal-
ized1WSC exceeded±1, even if there was no El Niño or La Nĩna
event. Note that the year indicated represents the year for January
of the average. Hence, the 1997/1998 El Niño is in 1998.

Niña if the December-January-February (DJF) values of the
MEI are plotted for Warm/Cold years, along with the normal-
ized1WSC (Fig. 4). In addition, DJF values of1WSC that
exceed±1 standard deviation are also plotted in years with-
out a significant El Nĩno or La Nĩna. 1WSC was anoma-
lously positive during only half of the El Niño events. All
of these exceeded 1 standard deviation, though.1WSC was
anomalously positive during DJF for 2 years when there was
no El Niño (1995/1996, 1996/1997), although the former
year was a weak La Niña. The relationship with La Niña is
similar, with1WSC generally being highly negative during
the 3 La Nĩna events of 1998/1999, 2006, and 2008. How-
ever, as with the positive values of1WSC, there are several
examples where1WSC is highly negative but there is neither
an El Niño or La Nĩna in the tropics (1994, 2002, 2007).

Since OBP variations between 35◦ N–45◦ N, 160◦ E–
185◦ E are related to the sign and magnitude of1WSC,
they will reflect both the ENSO and non-ENSO variability
in WSC (Fig. 5). Thus, while the relatively large El Niño/La
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Fig. 5. Time-series of−1WSC (left axis) and OBP (right axis)
from OMCT. The OBP data were averaged over the region 35◦ N–
45◦N, 160◦ E–185◦ E as indicated by the box in Fig. 2. Data were
low-pass filtered to isolate non-seasonal, low-frequency variations
as described in Sect. 2. The negative value of1WSC is shown to
better see the correspondence since OBP and1WSC are negatively
correlated.

Niña events in the tropical Pacific tend to be associated with
large changes in the WSC and OBP in the sub-polar gyre,
such as the ones Song and Zlotnicki (2008) discussed for
1982/1983 and 1997/1998, smaller ENSO variations often
do not cause a significant change. More importantly, equally
large interannual variations in WSC and OBP can occur
when no El Nĩno or La Nĩna is occurring in the equatorial
Pacific. It should not be surprising that there are interan-
nual variations other than ENSO in this area, since the Pa-
cific Decadal Oscillation causes low-frequency changes in
the winds over the area (Mantua et al., 1997; Qiu, 2003), and
there is evidence of the PDO modulating the amplitude of
ENSO events (Yeh and Kirtman, 2005).

Based on the preceding analysis, we can return to the
question of whether the long-term increase in OBP observed
by Chambers and Willis (2008) is reflective of ENSO vari-
ations or of another, unrelated fluctuation. We first ex-
tend the comparison of GRACE OBP anomalies to steric-
corrected altimetry averaged over the area of 35◦ N–45◦ N,
160◦ E–185◦ E by 2 more years from the period studied by
Chambers and Willis (2008) to show that the trend contin-
ues in both data sets at least until the end of 2009 (Fig. 6a).
The standard deviation of the monthly differences is 1.5 cm,
which is consistent with the uncertainty estimated in the
GRACE data by Chambers and Willis (2010) over a region
of this size, with a correlation of 0.76. There is some ev-
idence in the longer record from GRACE that after Jan-
uary 2010, the OBP either leveled out or started to decrease
(Fig. 6b). The trend estimated from January 2003 until De-
cember 2008 is 0.7± 0.3 cm yr−1 (95 % confidence level)
for GRACE, which is nearly identical to the trend estimated

Fig. 6. Monthly, non-seasonal OBP averaged over the re-
gion 35◦ N–45◦ N, 160◦ E–185◦ E for (a) GRACE and steric-
corrected altimetry (updated from Chambers and Willis, 2008) and
(b) GRACE but with an additional low-pass filter as described in
text. The dashed line represents the best-fit linear trend.

over the shorter period by Chambers and Willis (2008). The
trend in the steric-corrected altimetry is statistically identical
(0.5± 0.3 cm yr−1). The trend estimated to December 2010
in the GRACE data is 0.4± 0.3 cm yr−1, which is consistent
with a downturn in the OBP trend after 2009.

In order to determine whether ENSO variations can ac-
count for some of the trend, we fit a parameteric model to
the data that includes a bias, linear trend + a parameter that
scales the MEI

y = A0+A1(t −2003.0)+A2 MEI(t), (2)

and estimate coefficients (A0,A1,A2) using linear least
squares. When we compare GRACE data with the negative
of the MEI (Fig. 7), it appears that the OBP fluctuations are
correlated only with the El Niño events of 2003 and 2009,
and the La Nĩna of 2007/2008. Because of this, we have esti-
mated two sets of parameters, the first using all the GRACE
observations from January 2003 to December 2010, the sec-
ond using only observations between January 2003 and July
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Fig. 7. Time-series of low-pass filtered GRACE OBP from Fig. 6b
(left axis) and the negative of the MEI (right axis). The negative
value of 1WSC is shown to better see the correspondence since
OBP and MEI are negatively correlated.

Fig. 8. Time-series of low-pass filtered GRACE OBP as well as two
different fits based on parameterizing the ENSO variability. See text
(Eq. 2) for a discussion of the model and fits.

2005, as well as March 2007 to December 2010. The fits are
shown in Fig. 8. The second fit (based on the reduced data
set) clearly fits the observations better in 2003 to 2004, when
OBP rises by about 1.5 cm water equivalent, and in 2007 to
2009, when it rises by about 3 cm water equivalent then sub-
sequently falls by 1.5 cm. The fit does not agree with the ob-
served OBP fluctuations in 2006 and 2010, suggesting there
are fluctuations unrelated to ENSO.

The more important conclusion of this analysis, however,
is that the trend estimated when ENSO variations are param-
eterized in the fit changes by only 0.04 cm yr−1, regardless of
which fit is used. This means that the ENSO-correlated vari-
ations in OBP in the sub-polar gyre do not explain the trend,
as Chambers and Willis (2008) originally hypothesized. If
A2MEI(t) based on “Fit 2” is removed from the original data,
it is quite apparent that that there is a long-term increase in

Fig. 9. Residual low-frequency, non-seasonal OBP from GRACE
after removing ENSO-correlated variability from Fit 2 in Fig. 8.

OBP until early 2010 in the area unconnected to ENSO. The
large drop at the end of the record reflects problems with the
fit due to the fact there is a large La Niña event, but no large
fluctuation in OBP (Fig. 7).

From an examination of the longer WSC record in the re-
gion (Fig. 3), it appears there was a fairly steady multi-year
drop in 1WSC over the same period that is unprecedented
in the record back to 1992. This can be more clearly seen
if the data are low-pass filtered with a 2-year Gaussian to
reduce the ENSO-variability (Fig. 10). The drop in1WSC
begins in early 2004 and lasts longer and has a greater change
than any of the previous fluctuations (e.g., 1997–2000). The
OBP output from OMCT shows similar anti-correlated low-
frequency oscillations up to roughly 2005, but at that point
shows no significant change for the next 4 years, unlike what
is observed by GRACE, steric-corrected altimetry, and satel-
lite WSC in the region.

OMCT is forced by ECMWF winds, not the satellite ob-
served winds. Although the satellite winds are assimilated
into ECMWF, other observations are as well, which may bias
the model away from the satellite observations. When we
compare1WSC computed from ECMWF winds (only avail-
able to us for 2003 to 2008), we find that the ECMWF winds
are significantly biased relative to the satellite winds starting
in 2005–2006, leading to a much smaller trend in1WSC.
In fact, the trend in1WSC based on the satellite winds is
2.5 times larger than that computed from the ECMWF model
winds over the period from 2003 until the end of 2008. Since
both GRACE and steric-corrected altimetry observe OBP
changes over this period that are consistent with the trend
in the satellite-derived wind stress curl, this suggests a sig-
nificant error in the ECMWF winds in this region over this
time period.
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Fig. 10. 1WSC (solid line, left axis) and OBP (dashed line, right
axis) after low-pass filtering with a 2-year Gaussian to reduce ENSO
and other interannual variability.

4 Conclusions

After analyzing a long time-series of wind-stress curl from
satellite observations, ocean bottom pressure from a model
and GRACE, we conclude that while there is significant in-
terannual variability in wind-stress curl that drives OBP vari-
ations in the sub-polar gyre, only part of it is related to
ENSO in the tropical Pacific, as previously pointed out by
Song and Zlotnicki (2008). During large El Niño events (like
the one in 1997/1998), the wind-stress curl is anomalously
positive north of 35◦ N and anomalously negative south of
35◦ N, which causes a transport of mass away from the sub-
polar gyre into the sub-tropical gyre, leading to a significant
decrease in OBP in the area between 35◦ N to 45◦ N and
150◦ E–190◦ E. During large La Nĩna events, the wind curl
changes lead to a transport of mass back into the sub-polar
gyre that is reflected by an increase in the OBP. This mode
is quite similar to the seasonal mode, albeit with a different
frequency. Thus, the difference in WSC across 35◦ N is posi-
tively correlated with ENSO indices, while OBP is negatively
correlated. These results generally confirm the previous anal-
ysis of Song and Zlotnicki (2008).

This work has further quantified the relationship, however.
The ENSO-correlated variations explain roughly 50 % of the
variance in either WSC or OBP in the region. The ampli-
tude of OBP variability correlated with ENSO in the region
is of order±1 cm of equivalent SL, but can sometimes reach
3 cm for large events, such as the 1998/1999 La Niña (Fig. 5).
In addition to the ENSO-variations, however, there are other
interannual variations in WSC in the region that sometimes
cause large anomalous OBP changes unconnected to ENSO.
This accounts for the lower correlations of OBP and WSC
with ENSO indices than between OBP and WSC. Further
work is necessary to understand the mechanisms and patterns
of these interannual fluctuations in WSC in the North Pacific.

Fig. 11. 1WSC computed from satellite winds and ECMWF
winds. The dashed lines indicate the best-fit linear trend from mid-
2003 until late-2008.

While the ENSO and other interannual fluctuations are
significant, they cannot explain the low-frequency trend in
GRACE OBP that was observed by Chambers and Willis
(2008) and which has lasted until at least early 2009
(Fig. 6b). Although some of this trend may be related
to residual aliasing from errors in the tide models used in
GRACE processing, recent studies based on estimating tides
directly from GRACE models suggest that the tidal con-
stituent with the longest alias (K1, 7.46 years) has a error
of at most 1 cm amplitude in the region (Han et al., 2007;
their Fig. 11). Over the shorter record used by Chambers
and Willis (2008), such a tide error could potentially cause
an apparent trend of∼0.3 cm yr−1. However, over the longer
8-year record examined here, a K1 alias would see a com-
plete oscillation and cause no trend. Furthermore, the steric-
corrected altimetry data have been extended past 2007 to the
end of 2008 (Fig. 6a) and they also indicate a continuing
trend. Note that the K1 alias period for altimetry is much
smaller than 1-year, so will not contribute to a potential trend
in the altimeter data as in GRACE. Thus, because two inde-
pendent data (GRACE and steric-corrected altimetry) indi-
cate a long-term trend between 2003 and at least 2009, we
have to conclude it is real.

Our analysis indicates such low-frequency variations have
occurred previously in WSC and OBP (Fig. 10), but that the
length of time for a complete oscillation between 1992 and
2003 was of order 4 to 5 years. The exact mechanism for
these wind variations is not known precisely, although they
are most likely related to the Pacific Decadal Oscillation,
which is known to cause large, interannual fluctuations in the
winds in the area (Mantua et al., 1997; Qiu, 2003), as well as
modulate the power of ENSO amplitudes in other regions of
the Pacific (Yeh and Kirtman, 2005).
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Although the OBP output from OMCT does not see the
same long-term trend as GRACE in the region starting in
2003, we find that there is a significant difference in the
WSC computed from satellite winds starting in 2005–2006
with those computed from ECMWF that were used to force
OMCT. The trend in1WSC for the satellite winds is 2.5
times greater than that for the ECMWF wind data from
2003 until 2008. Moreover, the change in the satellite WSC
is anomalously large compared to the previous decade and
longer-lasting with a relatively steady trend over 6+ years.
The change in winds is consistent with a flux of mass into
the sub-polar gyre, which would cause a positive trend in
OBP. Whether this alone explains the difference between the
model and GRACE observations still needs to be tested by
running a model with winds more consistent with the satel-
lite observations after 2006. This is beyond the scope of this
current paper, but will be a point for future investigation.
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