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ABSTRACT

Climate indices have been shown to be correlated with changes
of absolute ocean current velocities. Yet there has been a lack
of available estimates of accurate surface and subsurface cur-
rent velocities with adequate data span to afford a detailed study.
Here, we combined multiple mission satellite altimetry along-
track sea surface heights (SSHs), the Gravity field and steady-
state Ocean Circulation Explorer (GOCE) time-wise solution
generated geoid model, and in situ hydrographic data, to esti-
mate global surface and subsurface absolute geostrophic currents,
1996-2011. We used the profile approach to process satellite
altimetry data, mitigating the negative impact of omission errors
resulting from the spatial resolution discrepancies between the
truncated GOCE geoid model and SSHs, on the estimation of
the absolute dynamic topography (ADT), which was then com-
bined with the relative dynamic topography derived from in
situ hydrographic profiles to estimate near global mesoscale
geostrophic current velocities at different depth layers. Results
were validated by in situ moored current meter observations
from the Tropical Atmosphere Ocean/TRIangle Trans-Ocean
buoy Network (TAO/TRITON) and the Prediction and Re-
search Moored Array in the Atlantic (PIRATA), showing the
outperformance of profile approach over the conventional
pointwise approach in determination of geostrophic currents.
After validating the subsurface geostrophic currents with in situ
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observations from the Kuroshio Extension System Study (KESS)
and Line-W projects, statistically significant correlation, be-
tween the multi-layer geostrophic current changes for Atlantic
Meridional Overturning Circulation (AMOC) branches and the
North Atlantic Oscillation (NAO) index, was found, which is
in general agreement with other published studies.

I. INTRODUCTION

Ocean circulations play a critical role in transporting sea
water, heat, and salinity to the areas they traverse. Bright et al.
(2002) indicated that the pathway of the Gulf Stream (GS) is
closely associated with the development of the Atlantic tro-
pical cyclones. Ezer et al. (2013) concluded a high correlation
between the evolutions of the current velocities of the GS and
sea level change along the U.S. mid-Atlantic coast. This strong
connection between variations of ocean current velocities and
potential natural hazards justifies the desire to monitor the ocean
circulations continuously using current meters or Acoustic
Doppler Current Profilers (ADCPs), which directly measures
surface/subsurface current velocities. In contrast, profiling hy-
drographic data such as the Array for Real-time Geostrophic
Oceanography (Argo) indirectly estimate current velocities from
dynamic height derived from temperature and salinity profil-
ing data along Argos floating tracks. As these in situ ADCPs
have to be deployed via ships and moored in specific locations
or sections of the ocean, the difficulties involved in their de-
ployment and maintenance result in in sifu current velocity
measurements at small-scale or only with regional coverage.
The joint use of satellite altimetry and hydrographic profiling data
has a distinct advantage for its feasibility to measure long-term
global surface and subsurface geostrophic current velocities,
which is the rationale of our study.

Waunsch and Gaposchkin (1980) proposed a pioneering the-
ory to determine absolute surface geostrophic currents on the
basis of absolute dynamic topography (ADT) derived by using
a geoid model as the referenced datum of sea surface heights
(SSHs), instead of using the relative surface geostrophic cur-
rents and based on assuming a “level of no-motion” in the deep
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ocean. The “level of no-motion” assumption, which is invalid
over the global ocean, was once widely applied in conventional
oceanography. Subsurface geostrophic currents can also be ob-
tained when ADT is further combined with relative dynamic
topography (RDT). The idea was not feasible at the time when
Wunsch and Gaposchkin published their paper because of the
lack of highly accurate SSHs and an accurate Earth’s gravity
field with adequate resolution until the 1990s. Since 1992, the ad-
vent of TOPEX/POSEIDON (T/P) satellite altimetry is the dawn
of the age of satellite-borne long-term global synoptic SSH
measurements with unprecedented resolution, sampling and ac-
curacy. The advent of satellite gravimetry missions launched a
decade later drastically improved global gravity field or geoid
modeling to enable more accurate estimates of absolute surface
geostrophic currents. The CHAllenging Minisatellite Payload
(CHAMP) and the Gravity Recovery and Climate Experiment
(GRACE) gravimetry mission data have provided significant
improvement in the global geoid models longer than spherical
harmonic degree 150, and enabled steady improvement of global
surface geostrophic current estimates. Since 2009, the Gravity
field and steady-state Ocean Circulation Explorer (GOCE) satel-
lite has advanced global geoid models to an accuracy of 1-2 cm
at spatial resolution better than 100 km (European Space Agency,
1999). The GOCE derived geoid models have been shown to
outperform GRACE geoid models in the determination of ab-
solute surface geostrophic currents (Sanchez-Reales et al., 2012;
Feng et al., 2013).

Given that pure satellite-gravimetry-observed gravity field
models (hereafter referred to as satellite-only gravity field mo-
del) only provide a truncated spectrum, taking a geoid model
determined from a satellite-only gravity field model (hereafter
referred to as a satellite-only geoid model) as datum of SSHs
to define ADT results in the retention of most of the omission
errors caused by spatial resolution discrepancies. These errors,
which differ from the commission errors caused by the gravity
field observation itself, can severely contaminate the ADT, and
the resulting estimated geostrophic current velocities (Bingham
et al., 2008). The most straightforward processing strategy to
mitigate the impact of these errors and ensure the resolution of
SSHs and the satellite-only geoid model are compatible is the
use of the “pointwise approach.” In this approach, a 2-dimensional
(2D) spatial filter is applied to both the SSHs and the satellite-
only geoid model. However, this approach does not involve
preprocessing to deal with the contamination of geoid omission
errors. A wider filter radius is needed to effectively ease the
problem, which also leads to the unwanted additional attenua-
tion of oceanic signals. The pointwise approach is also made
ineffective by the fact that a 2D spatial filter can only assimilate
limited data near the ocean-land boundary into the filter kernel
(which is negatively affected by omission errors), primarily
because of the lack of altimetric observations on land (Bingham
et al., 2008), and also because altimetric observations are less
accurate in the coastal regions due to land contamination, more
media and geophysical correction errors, such as tides. Another
approach is the spectral approach (Bingham et al., 2008), which
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has been widely applied to process Mean Dynamic Topography
(MDT); however, its core principle is to form a hybrid mean
sea surface (hybrid-MSS) that can generate a pattern of omission
errors similar to that of the satellite-only geoid model through
truncation. The omission errors can then be mitigated during the
subtraction. The spectral approach requires high-resolution grids
with small-scale features near ocean-land boundaries and is-
lands to effectively mitigate the altimeter data outage problem.
The same was achieved by Bingham et al. (2008) who used
MSS-CLS01 mean sea surface model with a two arc minute re-
solution. However, adopting the spectral approach to process
time-variant, along-track data with a comparatively sparse dis-
tribution results in a gridded ADT, which mostly results from
interpolation or extrapolation. Thus, the quality of ADT highly
depends on the interpolation or extrapolation algorithm applied
to form a high-resolution grid, which can be quite inaccurate
near coastal regions.

The present study adopts the profile approach (Bosch and
Savcenko, 2010) to process along-track SSHs and the GOCE
geoid model to generate ADT. The ADT is then combined with
the RDT to determine geostrophic currents at surface and sub-
surface depth layers (Wunsch and Gaposchkin, 1980; Cadden
etal., 2009). Furthermore, recent studies all employed the GOCE
geoid model as the MDT datum to determine mean surface
geostrophic currents (Sanchez-Reales et al., 2012; Feng et al.,
2013). In this way, our study further extends to the estimation
of global subsurface geostrophic current velocities, and using
long-term multiple satellite altimetry and hydrography data,
1996-2011, to enable study of time variant current velocities
globally. Prior to this study, the performance or validation of
geostrophic currents at the subsurface layers, has yet been quan-
tified (e.g., Cadden et al., 2009). Here we compare our satellite-
derived results with in situ and ground truth current meter
observations from numerous moored stations. Finally, we use
the estimated long-term surface and subsurface current speed
in the branches of the Atlantic Meridional Overturning Cir-
culation (AMOC), to study their correlation with the North
Atlantic Oscillation (NAO) index (Hurrell, 1995).

II. DATA

1. Satellite Altimetry

Along-track 1 Hz altimetry SSHs referenced to the TOPEX
ellipsoid observed by T/P, ERS-2, Envisat, and Jason-1/-2
satellites from 1996 to 2011 are processed using the Radar
Altimeter Database System (RADS) (Scharroo et al., 2013).
Instrumental, media (i.e., ionospheric, dry and wet tropospheric
corrections), and geophysical (i.e., orbit, solid tide, ocean tide,
tidal loading, pole tide, atmosphere barotropic response, and sea
state bias) corrections are applied to the SSHs. Since the ne-
gative impacts in the ADT and resulting geostrophic currents
are due to the omission errors caused by spatial resolution dis-
crepancies between altimetry SSHs and satellite-only geoid
model, the enhancement of results by using 18-20 Hz along-
track altimetry SSHs is quite limited. Moreover, the higher
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Table 1. Temporal coverage of satellite altimetry data used

in the study.
Satellite Temporal Coverage
ERS-2 1996/01-2002/12
Envisat 2003/01-2011/12

T/P 1996/01-2002/07
2002/08-2008/12
2009/01-2011/12

Jason-1
Jason-2

frequency altimetry SSHs are noisier, so smoothing process is
required to mitigate the noises within. Besides, even though
the 18-20 Hz along-track altimetry SSHs can be observed closer
toward land, the observations contain more errors. Therefore,
the full resolution altimetry SSHs give no significant advance
than 1 Hz along-track data.

The 1 Hz SSHs observed by different satellites are then merged
to generate multi-satellite SSHs by applying relative biases es-
timated by RADS relative to T/P. T/P and Jason-1 shifted their
nominal repeat orbital tracks to interleave orbits, during August
and September 2002, and in February 2009, respectively. There-
fore, altimetric observations after these orbital track shifts are
excluded in this study to ensure that the SSHs from T/P, Jason-1,
and Jason-2 have the same ground tracks. However, the use of
the observations during the shift of the Envisat track in October
2010 is desirable to stretch the temporal coverage to the end of
2011. With such a data selection scenario, all the monthly along-
track SSHs in this study is a combination of observations from
two distinct or different repeat orbits, 10-day and 35-day repeat
orbits (Table 1).

2. Geoid Model

The study uses the 4th generation GOCE time-wise gravity
field model (GOCE-TIM4) (Pail et al., 2011), to determine the
geoid model using Bruns’ formula (Heiskanen and Moritz,
1967). The maximum spherical harmonic expansion degree
(L) of the GOCE-TIM4 is up to 250. The model is derived from
pure GOCE gravity gradient observations from November 1,
2009 to June 19, 2012 with no external gravity information
either as a reference model or to constrain the solution during
the gravity field inversion process. The Earth Gravitational
Model 2008 (EGM2008) (Pavlis et al., 2012) is an ultra-high
resolution gravity field model with L up to 2,190 that was de-
veloped by a least squares procedure and combined with the
ITG-GRACEO3S gravity field model, which has an L up to 180
with 57 months’ GRACE observations, including its associated
error covariance matrix (Mayer-Giirr, 2007), and the global set
of five arc minute area-mean free-air gravity anomalies. These
anomalies are determined by the integration of satellite altimetry,
air-borne, marine, and terrestrial gravity data. EGM2008 with
ultra-high spatial resolution is taken as a proxy of the SSHs
required in the profile approach. Both gravity field models can
be downloaded under the service of the International Center
for Global Earth Models ICGEM). EGM2008 should not be
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taken as datum of SSHs because it already contains altimetric
data during the generating process and doing so could lead to
the elimination of altimetric signals when being subtracted
from SSHs (Janji¢ et al., 2012). Both geoid models should be
based on the TOPEX ellipsoid as SSHs.

3. Hydrographic Data

Ishii and Kimoto (2009) published a set of 1° x 1° global grid-
ded monthly hydrographic profiles (temperature/salinity) by
integrating the temperature data from the World Ocean Data-
base (WODO05), and the salinity data from the World Ocean
Atlas (WOAOS5). Since 1990, the near real-time data from the
Global Temperature and Salinity Profile Program (GTSPP) has
been used to compensate for the sparseness of the WODO05
data. Moreover, observations from expendable bathythermograph
(XBT) compiled by the Japan Oceanographic Data Center (JODC)
have also been adopted. The latest version 6.13 extends the tem-
poral coverage from 1945 to 2012 with 24 Levitus depth layers
from 0 m to 1,500 m. This version integrates the latest WODO09,
GTSPP, and Argo data provided by Global Data Assembly Cen-
ters (GDAC). Depth bias corrections in WOAOS and XBT have
also been updated. The data are released from the Research
Data Archive (RDA) managed by the Data Support Section of
the Computational and Information Systems Laboratory (CISL)
at the National Center for Atmospheric Research (NCAR). In
the study, the hydrographic profile data span used encompasses
that for the along-track altimetric SSHs from 1996 to 2011.

4. Maps of Absolute Geostrophic Currents

The 0.25° x 0.25° gridded maps of absolute geostrophic
currents based on the all-satellite merged ADT, processed and
distributed by the Archiving, Validation and Interpretation of
Satellite Oceanographic data (AVISO), are used to compare
with our resulting geostrophic currents at the sea surface. The
all-satellite merged ADT combines SSHs from whole missions
available, up to 4 satellites among HaiYang-2A (HY-2A),
Saral/AltiKa, Cryosat-2, Jason-1, Jason-2, T/P, Envisat, Geosat-
Follow-On (GFO) and ERS-1/-2 at a given time and is with
respect to the geoid model generated from the 4™ generation
GOCE direct solution gravity field model (GOCE-DIR4).
GOCE-DIR4 contains 7-year GRACE and 2-year reprocessed
GOCE data (Bruinsma et al., 2013). The dataset also assi-
milates the Coriolis Ocean database ReAnalysis (CORA) 3.4
hydrogra-phic database (Cabanes et al., 2013), containing in situ
hydrographic observations for the computation of the ocean
dynamic heights and the drifting buoy velocities distributed by
the Surface Drifter Data Assembly Center (SD-DAC), covering
the period 1993-2012 (Hansen and Poulain, 1996), to com-
pensate the small scale (< 100 km) features (Rio et al., 2013).

5. In situ Current Velocities

The monthly averages of the in situ current velocities re-
corded by 28 moored stations fixed at 10 m depths are obtained
from the Tropical Atmosphere Ocean/TRIangle Trans-Ocean
buoy Network (TAO/TRITON) (McPhaden et al., 1998) and
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Table 2. Locations of 28 moored stations (Sta.) of TAO/TRITON and PIRATA.
TAO/TRITON PIRATA
Sta. Location Sta. Location Sta. Location Sta. Location
1 8°N, 137°E 8 5°N, 235°E 15 2°8, 220°E 22 20°N, 332°E
2 8°N, 156°E 9 5°N, 265°E 16 2°S, 235°E 23 21°N, 337°E
3 9°N, 220°E 10 2°N, 137°E 17 2°S, 265°E 24 15°N, 332°E
4 8°N, 265°E 11 2°N, 147°E 18 5°8S, 235°E 25 12°N, 337°E
5 5°N, 137°E 12 2°N, 156°E 19 5°8S, 265°E 26 3.5°N, 337°E
6 5°N, 147°E 13 3.5°N, 265°E 20 8°S, 235°E 27 6°S, 8°E
7 5°N, 156°E 14 2°S, 156°E 21 8°S, 265°E 28 10°S, 350°E
Table 3. Locations of KESS moored stations.
Station Depth (m) 2004/07-2005/05 2005/07-2006/04
2 1,500 36.31°N, 146.89°E 36.36°N, 146.85°E
3 1,500 35.55°N, 146.43°E 35.55°N, 146.41°E
4 250 and 1,500 34.18°N, 146.21°E 34.85°N, 146.02°E
5 250 and 1,500 34.03°N, 145.52°E 34.03°N, 145.51°E
6 1,500 33.24°N, 145.03°E 33.29°N, 145.04°E
7 1,500 32.40°N, 144.55°E 32.41°N, 144.59°E
8 1,500 N/A 34.83°N, 145.00°E
0° 30° 60° 90° 120° 150° 180° -150°-120° -90° -60° -30° 0° 135°  140° 145° 150° -85° -80° -75° -70° -65°
30° R . A 30° 40° 40° 50° 50°
0° 8 e 5 B 0°
" 7 2000km il e E . 350 o 45 450
0° 30° 60° 90° 120° 150° 180° -150°-120° -90° -60° -30° 0° 40° 40°
Fig. 1. Distribution of 28 moored stations of TAO/TRITON and PIRATA. 30° 30° 350 350
500 km-
Prediction and Research Moored Array in the Atlantic (PIRATA) 2501 350 140°  145° 1 500250 30;50 80° -75° -70° -653"00
(Bourles et al., 2008) projects (Fig. 1 and Table 2), at the (a) (b)
National Oceanic and Atmospheric Administration/Pacific Marine . . . . .
Fig. 2. Locations of (a) KESS and (b) Line-W’s WS stations. Their data

Environmental Laboratory (NOAA/PMEL). The projects pro-
vide in situ observations from the most number of stations and
homogenous coverage over low and mid-latitude regions fixed
at the same depth. Thus, the projects are consistently used to con-
duct performance analysis and validation near the sea surface.

The in situ observations from the Kuroshio Extension System
Study (KESS) (Jayne et al., 2009; Waterman et al., 2011) and
the Line-W (http://www.whoi.edu/science/PO/linew) projects
at the Woods Hole Oceanographic Institution (WHOI), are used
to validate our results at the subsurface layers.

The field experiment of KESS was conducted from the sum-
mer of 2004 to the summer of 2006. KESS aims to understand
the processes coupling the baroclinic and barotropic circulation
and variability. It also aims to determine and quantify the cross-
frontal exchange processes in the Kuroshio Extension (KE) and
the processes governing the strength and structure of the po-
sition, elongation, stratification and subtropical mode of the water

are used to validate the satellite altimetry estimated geostrophic
currents at the subsurface layers. The green dots mark the sta-
tions with multi-depth observations, while the red dots are the
stations with observations fixed at the same depth.

formation within the recirculation gyre. Current velocities are ob-
served at fixed depths of 250 and 1,500 m (Fig. 2(a) and Table 3)
using a vector averaging current meter (VACM). Station 1 has
no available VACM observations. Line-W is a long-term cli-
mate observing system which is focused on monitoring the deep
limb of the AMOC and has been fully operating in the North
Atlantic Ocean since 2003. Line-W observations will contri-
bute to the enhancement of our understanding about the response
of ocean circulation to the North Atlantic air-sea exchange. Cur-
rent velocities are observed with an acoustic current meter. The
Station W5 data that comprise profile observations under a depth
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Table 4. Location of Line-W’s W5 moored stations. The current meter profile is under the depth of 1,000 m. The depths
corresponding to hydrographic data (Ishii and Kimoto, 2009) are selected (1,100, 1,200, 1,300, 1,400, and 1,500 m).

Time

Location

2004/06-2005/03

38.04°N, 291.60°E

2005/05-2006/03

38.09°N, 291.62°E

2006/05-2007/03

38.11°N, 291.66°E

2007/04-2008/04

38.04°N, 291.60°E

of 1,000 m from 2004 to 2008 are adopted as ground truth. The
five depths selected in this study correspond to the depth layers
of the hydrographic profile (Ishii and Kimoto, 2009) (Fig. 2(b)
and Table 4).

The non-geostrophic currents, including Ekman and wave-
induced currents, for all the in sifu current velocity observations
are determined with the algorithm proposed by Weber (1983)
(see also Ohashi et al., 2013), and by using the sea surface
wind velocities provided by the National Climatic Data Center
(NCDC) (Zhang et al., 2006a; 2006b). The temporal coverage
of in situ observations used in the study follows the sea surface
wind velocities with complete 12-month data from 1996 to 2010.

6. North Atlantic Oscillation

In measuring the NAO throughout the year, several indices
are used to track the seasonal movements of the Icelandic low
and Azores high. One of the indices is the principle-component-
based NAO (PC-based NAO) index (Hurrell, 1995), which is
the time series of the leading empirical orthogonal function of
sea level pressure anomalies over the Atlantic section (20°-80°N,
90°W-40°E). The PC-based NAO index can be obtained from
the Climate Data Guide (CDGQG) of the National Center for At-
mospheric Research/University Corporation for Atmospheric
Research (NCAR/UCAR). The positive phase of the NAO is ty-
pically associated with stronger-than-average westerlies over
the mid-latitudes, considerably intense weather over the North
Atlantic, and mild weather over Western Europe. The PC-based
NAO index is a more optimal representation of the full spatial
patterns of the NAO and is less noisy than station-based data sets.
The temporal span of the NAO covers 1996-2011.

III. METHODOLOGY

1. Processing Absolute Dynamic Topography

The processing procedure of the conventional pointwise ap-
proach is straightforward, that is, it simply adopts a 2D spatial
Gaussian filter (also for gridding) (Chambers et al., 1997) for
the ADT generated by subtracting the satellite-only geoid model
from along-track SSHs. The equation is as follows:

nabs = |:h - NSat. :|£ZD (1)

where 77, is the ADT; & and N, are the along-track SSHs and
satellite-only geoid model, respectively. 7, is then smoothed

by the 2D spatial Gaussian filter (f,p). Given that the spatial
resolution of the GOCE-TIM4 is 0.72° based on the 180°/L
relation, where L is 250, the basic filter radius (half-width at
half-maximum of Gaussian function) applied in this study is
0.72°, then gradually expands to 1.00° and 1.13°.

The profile approach (Bosch and Savcenko, 2010), which is
aimed at processing time-variant, along-track data, is applied
to mitigate the errors retained in the ADT. The main motivation
of the profile approach is to avoid the initial gridding of the
SSHs in order to preserve more along-track high resolution al-
timetry data. Also, the artificial extension of SSHs toward land
which is mostly filled with geoid model shall be bypassed with
the risk to generate Gibbs effect in ocean-land transition zone
(Bosch et al., 2012). To do so, the objective is to filter the along-
track SSHs as the satellite-only geoid model but only at where
they are observed. The process can be expressed concisely as
follows:

Naps = (hfm -N .25/\/1 2008) + (V. EZGDM 2008 — V. ;zzz[f)) (2)

where A" and N 25/\4 »005 are the along-track SSHs and EGM2008

geoid model, respectively, both of which are smoothed by a
1D along-track Gaussian filter in the spatial domain (fip).
N2 oo @nd N, SF;‘; are the EGM2008 geoid model and satellite-
only geoid model, respectively. Both models are smoothed by
a 2D spectral Gaussian filter (F,p) (Jekeli, 1981) in the form of
the spectral gravity field model and subsequently converted to
the spatial domain by Bruns’ formula (Heiskanen and Moritz,
1967) along the tracks.

The filter radius (half-width at half-maximum of Gaussian
function) of the profile approach is based on the empirical for-
mula proposed by Zenner (2006):

14500(km) _ 130°
L L

3

A Gaussian distance-weighted function is applied after the
profile approach process to generate a gridded ADT with the
same filter radius as that in the pointwise approach.

2. Geostrophic Currents

Geostrophic currents at each depth layer based on f-plane
geostrophic approximation can be calculated using the following
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Fig. 3. Flowchart of research progress.
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equation (Wunsch and Gaposchkin, 1980):

Urp =up +v;i

—é — a']rﬂY + anrex l (4)
A oy ox

where Uy is the geostrophic current velocities at each depth
layer, with u, and v, denoting zonal and meridional direc-

tions, respectively. An imaginary unit (i = J-1 ) is used to ex-
press zonal and meridional components with real and imaginary
numbers, respectively. x and y are the zonal and meridional
distances, which are positive in the eastward and northward
directions, respectively. g is the gravitational acceleration, and
f=2Q-sing is the Coriolis parameter with the mean Earth

rotation rate 2 and latitude ¢. The term 7, in Eq. (4) can be
computed as follows:

nres =1, abs nrel (5 )

where 77, is the RDT, which can be calculated by integration
(Cadden et al., 2009)

0 d
nrel =0‘1XJ‘P ;p (6)

where Py is the specific pressure level, p is the pressure, and p
is the sea water density derived on the basis of the interna-
tional equation of state of seawater 1980 (IES 80) (Millero and
Poisson, 1981). Given that the integration of the inverse of p
with p only provides geopotential distance, it should be further
multiplied by “0.1” to approximate the “dynamic meter,”
which is geometrically equal to the “meter” of the physical
displacement in the vertical direction.
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Fig. 4. Stations where pointwise approach gives RMS that were larger
than the average RMS by three-time STD. The stations are near
New Guinea in the western Equatorial Pacific.

The f-plane geostrophic approximation, which has been pro-
ved to be in good agreement with the observed velocities in the
Equatorial Undercurrent (Lukas and Firing, 1984; Picaut et al.,
1989), was applied because f approaches zero near the equator,
thus offering an unstable solution. The weighted combination
of the results from the f-plane and f-plane geostrophic approxi-
mation forms a smooth connection between the results within and
outside the equatorial band (5°S-5°N) (Lagerloef et al., 1999).

IV. RESULTS AND DISCUSSION

According to the research progress as shown in Fig. 3, the
results are computed and analyzed as follows.

1. Performance Analysis on Profile Approach

The performance of the profile approach and pointwise ap-
proach in determining geostrophic current velocities was com-
pared with the available in sifu current velocities from the TAO/
TRITON and PIRATA projects, as ground truth, after the non-
geostrophic components removed. The stations whose root
mean square (RMS) given by the pointwise approach was larger
than the average RMS by three-time standard deviation (STD)
were analyzed. These stations included stations 10 and 11. Fig. 4
illustrates that these stations with poor accuracy are distributed
near the islands or near lands (areas that are most negatively
affected by omission errors). This result proves the limitation
of the pointwise approach near the ocean-land boundary.

Table 5 shows the comparison between the performance of
the profile approach and pointwise approach at Stations 10 and
11. A significant improvement can be observed in the adop-
tion of the profile approach. The profile approach achieved
the highest rate of improvement (ROI) of up to 83% at Station
11 in the meridional direction. The ROI can also reach up to
24-60% for the other components. Hence, using the ADT
processed with the profile approach to determine geostrophic
current velocities can attain excellent accuracy at stations near
the ocean-land boundary.

Station 11, where the RMS given by the profile approach was
higher than the average RMS by three-time STD, was further
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Table 5. Comparison of RMS (c¢cm/s) and ROI at Stations 10 and 11 given by the profile approach (PR) and pointwise
approach (PT) under different gridding filter radii.

Station 10
RMS (PT) (cm/s) RMS (PR) (cm/s) ROI (%)
Filter radius u, Uy U,
[VR ] [VR J VR j
. 54.0 39.9 26
0.72 31.0] (13.7] 56}
. 54.8 39.8 27
1.00 21.0) (12.6) 40)
. 54.3 39.7 27
113 17.8} (12.2) 32]
Station 11
. 42.1 16.6 60
0.72 (151.7j (25.6] 83J
. 29.1 17.4 40
100 (1 10.0] (l9.8j 82]

L0 23.8
13 91.4

Table 6. Comparison of average RMS with STD of over 27 stations given by the profile approach (PR) and pointwise
approach (PT), percentage (Per.) of stations where the profile approach results in a smaller RMS than the
pointwise approach, and the ROI of the profile approach under different gridding filter radii. The average
ratio of the resulting RMS over the absolute maximum in situ current velocities is also shown.

Average RMS = STD (cm/s) and ratio (%)

Per. (%) ROI (%)
u
Filterradius ( K j Up Upg
VR % %
R R
PT
15.5+13.4 11.2+7.7
3 16.3+11.1 8.8+3.5 78 15
0.72 43 32 81 32
76 44
14.7+12.4 11.5+7.6
13.0+£7.6 8.5+£3.2 67 10
1.00°
40 33 78 23
60 42
14.5+12.0 11.6+7.5
. 12.0+6.6 8.5+3.1 63 9
113 74 19

50 )

removed to conduct an overall comparison with the remaining ~ RMS and average Cor. are listed in Tables 6 and 7, respectively.
27 stations with one-time STD (equivalent to 68% confidence = Table 6 shows that for 63-81% of the stations, the results from
level, CL) and to express the deviation of the RMS and cor-  the profile approach achieved smaller RMS than those from
relation coefficient (Cor.) among these stations. The average the pointwise approach. Unlike the pointwise approach, the pro-
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Table 7. Comparison of average Cor. and STD over 27 stations given by profile approach (PR) and pointwise approach (PT),
and percentage (Per.) of stations where the profile approach results in higher Cor. under different gridding

filter radii.

Average Cor. £ STD

Per. (%)
Up
Filter radius ( J [”R]

Vi

Vr
PT PR

. 0.67+0.29 0.70+0.30 70
0.72 0.41+£0.27 0.48+0.26 74
3 0.66+0.31 0.68+0.31 63
1.00 0.41+0.27 0.47+0.27 78
. 0.65+0.31 0.67+0.32 63
113 0.40+0.28 0.46+0.27 74

Table 8.
geostrophic currents from AVISO.

Overall cross comparison of our results derived by profile approach and the maps of time-variant surface

Filter radius

Average RMS £ STD (cm/s) Average Cor. = STD
. 6.72+£7.55 0.66+£0.23
0.72 (6.21i7.00) 0.63i0.23]
. 7.02+7.44 0.59+£0.24
1.00 (6.47i7.03] 0.55i0.24j
. 7.17+£7.47 0.56+0.25
113 (6.60i7.11j 0.51i0.25j

file approach yielded a good average RMS of around 8.5-11.6
cm/s and the highest ROI of up to 32%. The resulting average
RMS takes about 33-43% and 42-76% of the absolute maxi-
mum in situ current velocities using the profile and pointwise
approaches, respectively. The pointwise approach requires a
wider filter radius to achieve higher accuracy.

Through preprocessing, the profile approach mitigates the
detrimental effect of omission errors resulting from the discrep-
ancy in the spatial resolution between the along-track SSHs
and satellite-only geoid model. As shown in Table 7, the main im-
provement can be observed in the magnitude of the results but
not in the time-variant signal, which shows no significant dif-
ference compared with the Cor. of the conventional pointwise
approach. Nevertheless, the profile approach still yields a higher
Cor. than the pointwise approach at 63-78% of stations. The com-
parisons clearly indicate that the profile approach outperforms
the pointwise approach in determining near-surface time-variant
geostrophic current velocities through validation using TAO/
TRITON and PIRATA i situ current velocities.

To provide a more robust assessment of the performance of
profile approach, the maps of time-variant surface geostrophic

currents processed and distributed by AVISO were used for the
cross comparison. The global average RMS, Cor. and corre-
sponding STD over 32550 grids, where contain the data over
50% of full time span (over 96 months of data out of 192 months
during 1996-2011), were calculated to provide an overall eva-
luation (Table 8). The comparison shows an overall RMS of
6-7 cm/s with STD of 7 cm/s and Cor. 0of 0.5-0.6 with STD of 0.2,
which are of the same level as the comparison of our results
and in situ data shows. The discrepancies may come from that
AVISO has merged all available satellite observations at given
time and assimilated in situ hydrographic data and current ve-
locity observations.

2. Validation at Subsurface Layers

The results given by the profile approach with a gridding filter
radius of 0.72° were used in the following analysis to retain
time-variant signals. The previous section discussed the perfor-
mance analysis on the profile approach and the validation for
the resulting surface geostrophic currents, except for those at the
subsurface layers. Therefore, the KESS and Line-W observations
were used to validate the resulting subsurface geostrophic currents.
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Table 9. Validation of the results at KESS Stations 4 and 5 fixed at 250 m depth. The ratios of the resulting RMS over
the absolute maximum in situ current velocities, RMS, and Cor. are also presented.

Ratio (%) RMS (cm/s) Cor.,
Station Up J [MR j [”R j
Ve Vi Vr
34 17.88 0.57
4 29) [20.29) (O.90j
43 24.25 0.78
> 31) [18.41] (0.72)

Table 10. Validation of the results at seven KESS stations fixed at 1,500 m depth. The average ratios of the results over
the absolute maximum in situ current velocities, average RMS, and Cor. are also presented.

Average ratio (%) Average RMS (cm/s) Average Cor.

) ) )

60 6.76£1.64 0.59+£0.26
63 7.22+2.55 0.73£0.05

Table 11. Validation of results at W5 station of Line-W over five depths. The average ratios of the results over the ab-
solute maximum in situ current velocities, average RMS, and Cor. are given.

Average ratio (%)

) )

Average RMS (cm/s)

Average Cor.

)

45 7.47+0.17
67 7.07+0.11

0.47+0.02
0.54+0.02

In the observations from KESS Station 4 fixed at 250 m
depth, the zonal RMS is 17.88 cm/s, while the meridional
RMS is 20.29 cm/s. These values account for 34% and 29%
of the absolute maximum in situ current velocities with Cor.
values of 0.57 and 0.90, respectively. At Station 5, the zonal
RMS is 24.25 cm/s, and the meridional RMS is 18.41 cm/s.
These values account for 43% and 31% of the absolute maxi-
mum in situ current velocities with Cor. values of 0.78 and 0.72
(Table 9), respectively. For the seven KESS stations fixed
at 1,500 m depth, the average RMS and Cor. were estimated,
and the results are presented in Table 10. The average ratios
between the RMS and absolute maximum in sifu current ve-
locity are 60% and 63% in the zonal and meridional directions,
respectively. The average RMS are 6.76 and 7.22 cm/s with
the average Cor. at 0.59 and 0.73 in the zonal and meridional
directions, respectively.

The average RMS and Cor. compared with in situ observa-
tions at the W5 station of Line-W over five selected depths is

shown in Table 11. The average ratios of RMS over the ab-
solute maximum in situ current velocities are 45% and 67% in
the zonal and meridional directions, respectively. The average
RMS are 7.47 and 7.07 cm/s, with the average Cor. at 0.47 and
0.54 in the zonal and meridional directions, respectively. The
current velocities at each depth given by Station W5 only show
slight differences.

The validation of the subsurface geostrophic currents in-
dicates an absolute RMS of around 20 cm/s at a depth of 250 m
for the KESS Station 4 and 5 observations. The average RMS
of the in situ observations at deeper layers (seven KESS sta-
tions fixed at 1,500 m depth and Station W5 of Line-W under
1,000 m depth) is around 7 cm/s. The Cor. ranges from around
0.5 and to 0.9, which is indicative of the good temporal agree-
ment with the in sifu observations. Fig. 5 shows the time
series of the resulting and in situ subsurface currents at stations
W5 of Line-W with the longest temporal span of four years
among all the in situ observations we used. General conformity
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Fig. 5. Time series of (a) zonal and (b) meridional current velocities at Station W5 of Line-W fixed at 1,500 m depth.
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Fig. 6. Multi-satellite determined absolute dynamic topography (color) and surface geostrophic currents (black vector) in January 1996. Sections
(thick red lines) selected through the pathway of GS (38.5°-41.5°N, 300.5°E), NC (64.5°N, 0.5°-6.5°E), and LC (53.5°-56.5°N, 305.5°E).

in temporal pattern can be seen. The interannual variations are
related to changes of hydrographic properties (Pefia-Molino
etal.,2012). Since not only the comparatively placid RDT but
also ADT, retaining the significant surface gradients, are in-
volved in the determination of subsurface geostrophic currents,
the results were inextricably affected by the signal from the
rougher sea surface which leads to stronger amplitude in tem-
poral variation compared with that in the in situ observations
directly collected at the deeper ocean. On the other hand, our
understanding toward the deep oceanic properties are still re-
latively limited due to difficulties in deployment of instruments,
hence, the RDT may contain larger errors propagated from the
hydrographic data at deeper layer.

1. Relations of Geostrophic Currents and North Atlantic
Oscillation

In the North Atlantic Ocean, the GS, the upper limb of the
AMOOC, transports warm Atlantic waters from the low-latitude
regions to the high-latitude regions, where the Norwegian Cur-
rent (NC) further carries the heat to the Arctic region. The La-
brador Current (LC) brings cold polar waters originating from

the Arctic back to the mid-latitude. Each branch is functional
and plays a critical role. Here, sections through the current
pathways of (1) GS, (2) NC, and (3) LC were selected to study
the correlation of ocean current changes with the NAO climate
index (Fig. 6).

The annual mean GS current speeds show a maximum cor-
relation with the NAO of 0.5-0.7, which is significant at the
95-99% confidence level (CL), with a two-year lag in the
upper 600 m depth (Fig. 7(a)). The significant correlation is
thought to be linked to the latitudinal shift of the GS pathway
(Taylor and Stephens, 1998), which estimated a maximum
correlation of 0.55 with a two-year lag. Gangopadhyay et al.
(1992) suggested that the time lag is related to the time for the
baroclinic Rossby wave to traverse the ocean.

After removing the trend, semi-annual, and annual cycle, a
13-month moving average filter was applied to the time series
of the monthly current speeds and climate index to reduce
residual intra-annual noise, for correlation studies. The esti-
mated maximum correlation between the monthly NC current
speeds and the NAO is 0.6-0.4, which decreases with depth,
with a NC time lag of two months, which is significant at the
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Depth-lag correlation map of surface and subsurface geostrophic current speeds between (a) annual Gulf Stream (GS), monthly (b) Norwegian

Current (NC), (¢) Labrador Current (LC), and the North Atlantic Oscillation (NAO) index.

99% CL (Fig. 7(b)). Dickson et al. (1996) indicated that changes
in the intensity of the northward-flowing NC have been linked
to variability in the NAO pattern. The experiments using the
atmospheric conditions of 1979 (negative phase of the NAO)
and 1990-1994 (positive phase of the NAO) show the deeper
penetration of warmer, fresher, and stronger Atlantic waters
carried by the NC in the positive phase of the NAO and be op-
posite in the negative phase of NAO (Dickson, 1999). Accord-
ing to Venegas and Mysak (2000), the transport of heat by the
NC into the Arctic region is stronger during the periods with a
positive NAO. Atlantic waters do not reach so far north when
the NAO is negative. The highly positive correlation between
the NC and the NAO reflects these facts.

The correlation between the monthly LC current speeds and
the NAO was also estimated. The maximum correlation between
the monthly LC current speed and the NAO is —0.2 to —0.5,
which is significant at the 99% CL, with an LC time lag of 0-7
months from the surface to the deeper layer (Fig. 7(c)). Ac-
cording to Rossby and Benway (2000), regional thermohaline
processes between the Labrador Sea and the Labrador Shelf
can significantly weaken the density-driven LC in the summer
following a positive NAO winter; by contrast, a negative NAO
winter leads to weak westerlies over the Labrador Sea strength-
ening the LC, in which case a negative correlation exists be-
tween the LC and NAO, which conforms to our estimation.
Given the strong (weak) LC results in the southward (northward)
shift of the GS pathway (Rossby, 1999), the negative correlation
also complies with the positive correlation between the GS and
NAO. The current speeds through the sections of the AMOC are
correlated with the NAO at a statistically significant level that
complies with oceanographic facts.

V. CONCLUSIONS

Previous studies all used the GOCE geoid model as MDT
datum to conduct the analysis of mean surface geostrophic
currents. Here, our study combined multiple radar altimetry 1
Hz along-track SSHs, the GOCE satellite-only geoid model,
and in situ hydrographic profiles to extend the prior determi-

nation of surface geostrophic currents to include the subsurface
layers globally, with enhanced spatial resolutions combining
two distinct repeat orbits generated SSHs, over a decade and a
half (1996-2011). The estimated velocities were verified using
in situ current meter observations from the numerous near-surface
moored stations of TAO/TRITON and PIRATA across the tro-
pical Pacific and Atlantic Ocean. Comparisons were aimed at
analyzing the performance of the different processing strate-
gies for dealing with the detrimental effect of omission errors
resulting from the use of the truncated satellite-only geoid model
as datum of SSHs. By using a profile approach, the determi-
nation of geostrophic current velocities with higher accuracy
than the conventional pointwise approach can be achieved with
significant improvement near the ocean-land boundary and with
reduced effects of omission errors. The resulting subsurface geo-
strophic currents have been validated by in sifu observations
from stations deployed by the KESS and Line-W projects. The
comprehensive performance estimation shows good agreement.

With estimated surface and subsurface geostrophic current
velocities at different depth layers and spanning over 15 years,
we study their correlations with NAO index, with selected sec-
tions across branches of the Atlantic Meridional Overturning
Circulation (AMOC), including the Gulf Stream, the Norwegian
Current and the Labrador Current. Each of these currents has a
significant positive or negative correlations with the NAO with
statistically significant confidence level (CL) at 95-99%. Our
results in the North Atlantic are in general agreements with re-
sults of other studies, that the response of ocean current systems
are correlated with NAO index in the form of pathway shift and
variation in current velocities.
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