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High-resolution model results from two regional grid configurations, 1/6° 
and 1/12°, for the pan-Arctic domain are intercompared and validated against 
limited observational data to examine the main characteristics and distribution of 
simulated eddies and to determine limitations of the employed spatial resolution. 
Several regions within the larger domain are examined in particular: the Gulf of 
Alaska, Bering Sea, Chukchi Sea, Labrador Sea, Nordic Seas, and Barents Sea. 
These regions are selected either because of their known high-level eddy activity 
and/or because some data exist there for model validation. We find that doubling 
horizontal resolution roughly from 18 km to 9 km increases mean eddy kinetic 
energy (EKE) by an order of magnitude or more. In some regions, such as the 
southern Labrador Sea and the Gulf of Alaska, EKE distribution from the 1/12° 
model compares well, both in magnitude and spatial distribution, with estimates 
from observations. Model and altimeter estimates of EKE in the sub-Arctic Pacific 
both show high values associated with the Alaskan Stream and low values in the 
western Gulf of Alaska and deep Bering Sea. The model EKE values are less than 
the altimeter EKE values along the shelf break in the central Bering Sea. Spectral 
analysis of model and altimeter-measured sea surface topography suggest that the 
9-km grid is not sufficient to fully resolve eddy features with wavelengths shorter 
than 100–150 km. Presented regional analyses imply that spatial resolution of order 
few kilometers is needed to fully represent eddy energetics in the Arctic Ocean.

Ocean Modeling in an Eddying Regime
Geophysical Monograph Series 177
Copyright 2008 by the American Geophysical Union.
10.1029/177GM16

1. INTRODUCTION

The primary focus of this chapter is to analyze the simulated 
eddy kinetic energy (EKE) in increasingly high-resolution model 
configurations of the pan-Arctic region and to illustrate the 
gains realized from doubling model resolution from 18 km to 9 
km. The comparison is between two regional coupled ice ocean 
models with many similar characteristics (Figure 1, Table 1).  
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The initial question: “Is the 9-km model better at simulating 
ocean and sea-ice dynamics and distribution of properties than 
the 18-km model?” can be answered with a qualified yes. Yes, 
in that better representation of the bathymetry has an immediate 
positive impact on the modeled circulation in several regions 
of the Arctic Ocean and its adjacent seas, where bathymetry 
is the controlling factor, such as the Barents Sea, the Chukchi 
Sea, and the Canadian Arctic Archipelago (CAA). Another 
yes, in that several narrow boundary currents that were absent 
or poorly represented in the 18-km model appear or become 
stronger and better defined in the 9-km model. An example of 
this will be shown in the Labrador Sea. Another yes, in that  
volume transports through Bering Strait, Fram Strait, and the 
Barents Sea are approaching observed values [Clement et 
al., 2005; Maslowski et al., 2004], with the acknowledgment 
that even at ~9-km resolution, transport through the CAA is 
still possibly underrepresented. Finally, the ability of the 9-

km model to reasonably represent eddy kinetic energy in the 
southern Labrador Sea and the Gulf of Alaska and to decrease 
the gap between modeled and observed values in the northern 
Labrador Sea from a factor of 10 to a factor of 1.22 indicates 
greater skill at simulating ocean energy levels, which in many 
regions determine observed conditions.

The representation of certain aspects of Arctic Ocean and 
sea ice characteristics are significantly improved in the 9-
km model [NPS Arctic Modeling Effort or (NAME)] when 
compared with output from a previous 18-km model [Par-
allel Coupled Arctic Program or (PCAP)]. However, there 
are unknowns and shortcomings in the simulation of certain 
features that the 9-km model shares with the 18-km version, 
such as the representation of bottom boundary layer or tid-
ally induced regional mixing and currents, verification of 
which is made difficult by a lack of observational data. The 
focus in this chapter will be to illustrate how representation 

Table 1. The 18-km (PCAP) and 9-km (NAME) Model Configurations and Key Parameters. Bdry-boundary, rpt-repeat, Sal-Salinity, 
pe-processing elements, PHC-Polarscience Center Hydrographic Climatology, ASRC-Arctic Region Supercomputing Center, ETOPO5-
5-minute Gridded Global Relief Data from the National Oceanic and Atmospheric Administration.

Parameter 18-km Model 9-km Model

ocean model LANL POP, free surface LANL POP, free surface

ice model Hibler (1979) Hibler (1979)

horizontal grid 368 ´ 304 1280 ´ 720

vertical levels 30 45

bathymetry IBCAO + ETOPO5 modified ETOPO5/IBCAO

initialization fields PHC 2.0 PHC 1.0

atmospheric forcing ECMWF ECMWF

restoring fields
surface PHC 2.0 monthly mean PHC 2.0 monthly mean
Lat. Bdry PHC 2.0 annual mean PHC 1.0 annual mean

restoring timescale
surface Temp (365 d), Sal (120 d) (0 – 20m) Temp/Sal (30 d) (0 – 5m)
Lat. Bdry 30 d 10 d

timestep
ocean 20 min 8 min
ice 120 min 48 min

horizontal diffusion 
coefficients

tracer -4.00 ´ 1018 -5.00 ´ 1017

momentum -1.00 ´ 1019 -1.25 ´ 1018

vertical diffusion 
coefficients

background 
diffusion

0.1 0.05

background 
viscosity

1 0.2

spinup integration 
completed

10-yr rpt 1979–1993 mean, 3 ´ 
1979–1981 cycle (9 yr)

27-yr rpt 1979–1993 mn, 6 yr rpt 
1979, 3 ´ 1979–1981 cycle (9 yr)

diagnostic integration 
completed

1979–1998 1979–2004

approximate integration 
time

~28 h/yr on 64 pe, ARSC T3E-900 ~168 h/yr on 128 pe, ARSC T3E-900

Figure 1. The 18-km PCAP model domain (a) and 9-km NAME model domain (b). The 18-km model image has been rotated 26°. Ap-
proximate distance scale is equivalent to one hundred 9-km model grid points and fifty 18-km model grid points. The 500- and 2500-m 
contours are shown in black.
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of EKE in the pan-Arctic region has been improved because 
of the resolution increase.

The most significant finding is that inadequately resolv-
ing the basic large scale circulation can adversely impact a 
model’s ability to properly represent water mass formation, 
distribution, and interactions due to advection, which will 
then impact heat, salt, and possibly mass balances. Under-
representation of eddies and eddy kinetic energy will also 
impact the transport and mixing of water mass properties. In 
essence, improvements gained through perfecting subgrid-
scale parameterizations will not help coarser models be-
cause improper representation of the circulation will inhibit 
or prevent water mass interactions. As shown by Siegel et al. 
[2001], eddy kinetic energy and the generation of eddies in-
crease with increases in resolution, and at higher resolutions 
the rate of increase slows somewhat. Their highest resolu-
tion experiment, a 1.56-km resolution wind-driven, closed-
basin, quasi-geostrophic ocean model, is approximately six 
times the resolution of the 9-km model discussed in this 
report. This indicates further increases in resolution should 
continue to result in improvements in the representation of 
mesoscale and smaller scale processes in the Arctic Ocean.

The 18-km model used here is similar to that used by 
Maslowski et al. [2000, 2001] except for the bathymetry data
set, which was derived from the International Bathymetric 
Chart of the Arctic Ocean (IBCAO) [Jakobsson et al., 2000] 
and interpolated onto the model grid [Marble, 2001].

The remainder of this chapter will first briefly discuss im-
provements gained through the increase in resolution in the 
following order: (1) representation of the bathymetry and 
circulation in regions where bathymetry is the major control-
ling factor; (2) the representation of shelf break and coastal 
boundary currents; and (3) the increase in eddies and eddy 
kinetic energy noted in the 9-km model. Analyses of mod-
eled eddies and EKE are organized in three separate regions: 
subpolar North Atlantic, subpolar North Pacific, and the Arc-
tic Ocean. The choice of model output used was made based 
on its availability at the time of particular regional analyses. 
Every effort has been made to compare equivalent depths 
and regions. The NAME model domain is shifted ~26° to 
the west when compared to that of PCAP. Therefore, 18-km 
model images, when placed next to 9-km model images, have 
been rotated 26°.

2. Subpolar North Atlantic

2.1. Labrador, Nordic, and Barents Seas

2.1.1. Bathymetry Impacts. It is obvious that increased 
resolution will result in improved representation of the geo

graphy and bathymetry within a model domain. Higher sam-
pling along a coastline or a vertical section will capture higher 
frequency variations in that profile. Some smoothing will oc-
cur and many small features will still be missed, but as resolu-
tion increases, features attain a more realistic shape. What is 
less clear is what resolution will ensure enough of the hori-
zontal and vertical variations have been captured to accurately 
simulate the circulation and mass balances.

As discussed by Maslowski et al. [2004], the 9-km model 
exhibits considerable skill in representing the mean circula-
tion in the Barents Sea, a region where bathymetry is a ma-
jor controlling factor in the circulation [e.g., Pfirman et al., 
1994]. Circulation in the PCAP Barents Sea (Plate 1a) ex-
hibits many similar features to the 9-km model. Yet due to 
poorer vertical resolution and the resultant representation of 
the bathymetry in the Barents Sea, specifically Great Bank 
and Central Bank, PCAP displays pathways that are not in 
agreement with the observed circulation in the Barents Sea 
[Ozhigin et al., 2000] nor with the modeled circulation from 
the NAME model (Plate 1b). There appear to be two paths 
the warm Atlantic Water follows through the Barents Sea, 
with larger velocities and more concentrated currents along 
the northern path (Plate 1a). This dynamical difference has 
significant physical implications on volume and property 
fluxes and on the nature of the water mass transformation 
that takes place in the Barents Sea. The placement of the pri-
mary pathway of warm Atlantic Water through the Barents 
Sea farther to the north also impacts the oceanic frontal struc-
ture as well as the ice edge, which in turn force the region’s 
ecosystem.

2.1.2. Boundary Current. Boundary currents are crucial in 
the transport of volume, heat, salt, and freshwater through-
out the Arctic Ocean and the subpolar seas [Rudels, 1987; 
Aagaard, 1989, Rudels et al., 1994]. The Labrador Sea plays 
a key role in the global thermohaline circulation as one of 
the few deepwater formation regions in the world [Broecker, 
1991; Skyllingstad et al., 1991]. Furthermore, variations in 
the transport of cold, fresh Arctic Ocean outflow, as well as 
sea-ice and icebergs, by boundary currents such as the East 
and West Greenland Currents, the Baffin Current, and the 
Labrador Current precondition the Greenland Sea and the 
Labrador Sea for deep convection and deep water forma-
tion. Large freshwater outflows can alter deep convection in 
either area [Dickson et al., 1988, 1996; Visbeck et al., 1995]; 
therefore, proper representation of these currents is crucial.

Labrador Sea boundary currents are narrower and stronger 
in the 9-km model as represented by the mean velocity in 
the top 180 m when compared to the 18-km model (Plate 
2). Improved representation of northward flow through 
Davis Strait is apparent as well as bathymetric effects on the 
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southerly flowing Baffin Land/Labrador Current. The width 
of the western branch of the Baffin Land/Labrador Current 
traveling around the 500-m contour at the mouth of Hudson 
Strait is ~50 km in the 9-km model versus ~100 km in the 
18-km model. The separation of the West Greenland Current 
into several branches of westward flow across the Labrador 
Sea [Cuny et al., 2002] is more distinct, as are the interactions 
between the current along the Labrador coast and the shelf 
break current. The proximity of the 18-km model boundary 
and modifications made to the coastline must be taken into 
account in the behavior of the coastal current south of 55°N 
and representation of the northward intrusion of North At-
lantic Current meanders into the Labrador Sea (Plate 2a).

2.1.3. Eddies and Eddy Kinetic Energy. Eddies play a sig-
nificant role in oceanic circulation in that they can result in the 
propagation of significantly different water masses outside of 
their place of origination [Gent et al., 1995] and their dissipa-
tion transfers momentum between length scales and transfers 
properties between water masses. Their size is governed by 
the scale of the Rossby deformation radius defined as:

	 R = (g¢D)1/2/f	 (1)

where g¢= gΔρ/ρ is the reduced gravitational acceleration, 
g is the acceleration due to gravity, Δρ/ρ is a characteristic 
density difference ratio for the fluid over the vertical scale 
of motion D, and f is the Coriolis acceleration [Pedlosky, 
1987]. In the Arctic Ocean, due to high latitude (i.e., large 
f  ) and relatively weak vertical stratification, this scale, 
hence the size of eddies, is on the order of 0 (10 km) or less 
[Manley and Hunkins, 1985; D’Asaro, 1988; Plueddemann 
et al.,1998; Pickart et al., 2005]. In the sub-Arctic regions, 
the eddy radius increases to 20 km or more in the Labrador 
Sea [e.g., Pickart et al., 1996] and 25–100 km in the Bering 
Sea/Gulf of Alaska [Okkonen, 1993; Schumacher and Sta-
beno, 1994; Stabeno and Reid, 1994; Crawford et al., 2000; 
Ladd et al., 2007].

Proper eddy parameterization in coarser resolution models 
is found to be important insofar as eddy-topography interac-
tions contribute to propelling and sustaining narrow boundary 
currents [Nazarenko et al., 1997, 1998]. Semtner and Chervin 
[1992] presented results from the first eddy-resolving global 
ocean circulation model and since then, further improvements 
in the efficiency of model codes and supercomputer capabili-
ties have allowed continued resolution increases in many ap-
plications, which have broadened our view of the intensity and 
distribution of eddies in the oceans. These resolution increases 
do come at considerable computational cost (cf. Table 1 for 
this limited regional example). There is a vigorous and con-
tinuing discussion about finding the proper balance between 

resolution increases and parameterizations that will allow 
long integrations to accurately simulate circulation at multiple 
length scales and maintain mass and property balances.

Because the high spatial resolution of the 9-km model al-
lows analysis of eddies theoretically down to a scale of ~30 
km, we investigate the distribution of eddy kinetic energy 
(defined as EKE = (u¢2 + v¢2)/2, following Stevens and Kil-
worth [1992]). These calculations are done for monthly and 
daily fluctuations, referred to the annual mean. The monthly 
average data sets used in EKE calculations represent the av-
erage of all timesteps in that month (roughly 5400 timesteps), 
whereas a daily snapshot represents the last timestep out of 
the approximately 180 timesteps during one day. In addition, 
due to storage and integration time considerations, the daily 
snapshots contain only surface velocity components among 
other limited variables.

The annual mean velocity components, u
_
 and v

_
, were sub-

tracted from the daily velocity values or monthly average 
velocity values to obtain u¢ and v¢. EKE was calculated for 
the region including the northern Norwegian, Greenland, and 
Barents Seas. The annual mean surface EKE for the 9-km 
model, calculated from monthly average output, was found 
to represent approximately 15% of the annual mean surface 
EKE calculated from daily snapshots (8.40 cm2/s2 versus 
54.53 cm2/s2; with standard deviations about the means of 
12.6 cm2/s2 versus 70.2 cm2/s2, respectively).

A comparison of the EKE calculated in a similar region 
using output from the 18-km resolution model [Maslowski 
et al., 2000] shows area-averaged monthly mean EKE in the 
9-km model exceeds EKE in the 18-km model by a factor 
of 5.

A comparison of model 1993–1997 mean surface EKE 
with similar multiyear mean EKE values deduced from ob-
served surface drifter data [Cuny et al., 2002] indicates that 
the 9-km model is able to reproduce the geographic distri-
bution of EKE maxima similar to that observed (Plate 3). 
Model EKE values match those observed in a northern ex-
tension of the North Atlantic Current, the lower right corner 
of Plates 3a and 3b. Farther north, however, the model EKE 
values are roughly 20–30% lower than the observed values. 
The maximum daily surface EKE in the region in Plate 3a is 
~1542 cm2/s2, the annual mean ~113 cm2/s2 with a standard 
deviation about the mean of 168 cm2/s2.

The difference in EKE in the northern Labrador Sea may be 
due to differences in the atmospheric forcing between daily-
averaged, relatively low-resolution, and spatially smoothed 
European Center for Medium-Range Weather Forecasting 
(ECMWF) data prescribed in the model and the real condi-
tions experienced by surface drifters. Another potential cause 
of the difference may be due to model resolution. As latitude 
increases and vertical density stratification decreases, the  
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internal Rossby radius decreases. The North Atlantic Cur-
rent is well stratified in comparison to the nearly vertically 
homogeneous waters of the northern Labrador Sea, thus the 
Rossby radius within the North Atlantic Current is larger and 
the model is able to reproduce the observed eddy kinetic en-
ergy. That the 9-km model is able to reproduce the observed 
spatial distribution and magnitudes of EKE is quite signifi-
cant, especially when compared to EKE values calculated in 
a similar region using output from a coarser resolution ~18-
km model. The 9-km model values are 10 times larger than 
the 18-km model values.

Results presented above indicate that the 9-km model was 
able to accurately represent the mean levels of EKE observed 
in the southern Labrador Sea. Whether the difference between 
modeled and observed EKE in the northern Labrador Sea is a 
function of latitude and vertical stratification or the significant 
differences between the model and actual atmospheric forc-
ing adds uncertainty to any conclusions drawn about 9-km 
model performance in this region. However, comparison of 
snapshots of EKE in the top ~45 m of the Labrador Sea clearly 
indicates that EKE is significantly underrepresented in the 18-
km model (Plate 4). The southern maximum in EKE in the 18-
km model (Plate 4a) corresponds to energy within a branch of 
the North Atlantic Current that extends to the north, then east. 
Geographic distribution of EKE maxima in the 9-km model 
are in reasonable agreement with the observed means (Plate 
4b). The underrepresentation of EKE in the 18-km model may 
cause insufficient mixing of water from the West Greenland 
Current with surface water in the central Labrador Sea. This 
would in turn impact the degree of stratification, which would 
affect overturning and deepwater formation.

Dramatic differences exist in the distribution of 0- to 45-m 
eddy kinetic energy in the Nordic Seas between the two mod-
els (Plate 5). When viewed as an aggregate, the concentration 
of increased EKE in the 9-km model appears to define the path 
of the North Atlantic Current passing south of Iceland, and 
the Norwegian Atlantic Current as it travels north, along the 
west coast of Norway (Plate 5b). Indication of such a pathway 
is absent in the distribution of 18-km model EKE (Plate 5a). 
There is an order-of-magnitude difference in EKE statistics 
computed for the regional snapshots discussed previously (Ta-
ble 2) as well as in the statistics computed for similar regional 
annual mean surface (0–20 m, PCAP level 1; 0–5 m, NAME 
level 1) EKE values (not shown).

The 9-km EKE in the model is still underrepresented 
due to inadequate resolution, the use of mean atmospheric 
forcing to drive the model during spinup, and the monthly 
mean output used in many of these calculations. The in-
ternal Rossby radius of deformation is about 6 km in the  
St. Anna Trough (U. Schauer, personal communication) 
and a model would require a grid cell spacing on the order 

of 1–2 km to be able to reasonably resolve features of that  
scale.

Considerable seasonal variability is noted in the 9-km 
model EKE distribution in the Labrador Sea (Plate 6) in 
qualitative agreement with limited observational estimates 
[White and Heywood, 1995]. The winter EKE maximum in 
the Labrador Sea, the majority of which remains ice-free 
year round, is due to an increase in storm activity during the 
winter months. The daily EKE maximum in the Labrador 
Sea in wintertime is roughly 25% larger than the summer 
maximum, 2400.1 versus 1919.8 cm2/s2, respectively. The 
Labrador Sea winter mean EKE, 135.6 cm2/s2, is ~1.7 times 
the summer mean of 80.2 cm2/s-2 and there is more vari-
ability in the values in the wintertime, with winter standard 
deviation about the mean ~205 cm2/s2 and summer standard 
deviation about the mean ~150 cm2/s2.

3. Subpolar North Pacific

3.1. Gulf of Alaska

The 18-km (PCAP) model domain did not include the 
subpolar North Pacific (Figure 1), therefore we analyze and 
present results from the 9-km (NAME) model in this section 
on the Gulf of Alaska, and the following section will focus 
on the Bering Sea. We examine individual eddies and their 
frequency, along with associated impacts on the surrounding 
water masses.

Observations and models have identified the region south 
of the Aleutian Island Arc, in the vicinity of the Alaskan 
Stream, as an area of high eddy activity [Maslowski et al., 
2008; Crawford et al., 2000; Reed and Stabeno, 1999; Ok-
konen, 1992]. Large (mean diameter of 160 km) and long-
lived (1–3 years) anticyclonic eddies have been observed 
propagating along the Alaskan Stream at an average speed 
of 2.5 km d-1 [Crawford et al., 2000]. Sea surface height 
anomalies (SSHA) approached 72 cm. Similarly, model 
results show anticyclonic eddies with a mean diameter of 
168 km and SSHA of 62 cm [Maslowski et al., 2008]. Using 
satellite altimetry, Crawford et al. [2000] recorded the pres-
ence of six anticyclonic eddies during a 6-year period (Sep-
tember 1992–September 1998). Over this same time frame, 
modeled SSHA also show six eddies propagating westward 
south of the Aleutian Island Arc (Figure 2).

Model simulations over a 25-year period (1979–2003) 
showed a total of 20 anticyclonic eddies crossed a north-
south line (~173.5°W) in the Alaskan Stream just east and 
south of Amukta Pass [Maslowski et al., 2008]. These ed-
dies, with SSHA greater than 30 cm, make for an average of 
0.8 per year. Twelve of the 20 eddies had SSHA greater than 
50 cm for an average of 0.5 per year.
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Plate 3. Horizontal distribution of eddy kinetic energy (cm2/s2) in the Labrador Sea. (a) 1993–1997 annual mean, 0–5 m (model 
level 1) calculated from daily model output. EKE contours 100, 200, 300, 400, 500, 600, 700, and 800 cm2/s2 in black. (b) Eddy 
kinetic energy deduced from surface drifter data released in North Atlantic Ocean and Labrador Sea in during 1993–1997. (After 
Figure 7 from Cuny et al. [2002].)
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The propagation of one of these large eddies affects the 
flow of the Alaskan Stream by shifting the westward veloc-
ity core offshore by 70–155 km, depending on the size (or 
diameter) of the eddy and the particular location along the 
Aleutian Island Arc. As an example, Figure 3 shows the  
offshore displacement of the Alaskan Stream just east and 
south of Amukta Pass (~173.5°W) in December 1993 due to 
an eddy. (This eddy is shown when it was further upstream in 
April 1993 in Figure 2 as eddy 2.) The 25-year mean veloc-
ity structure shows speeds up to 70 cm/s at the surface, with 
speeds exceeding 5 cm/s as deep as 2000 m. The velocity 
core is typically located near the slope; however, as Figure 
3 shows, an eddy can cause a large horizontal displacement, 
in this case ~155 km offshore. During the eddy passage, the 
maximum surface speed slows to 55 cm/s. However, the to-
tal westward volume transport through this cross section is 
actually higher during eddy passage (60 Sv) compared to the 
long-term mean (53 Sv), due to the widening and deepen-
ing of the velocity core. In fact, speeds of more than 5 cm/s 
reach the bottom at a depth of 5000 m during eddy passage.

This eddy, which we use as an example, was in the vicin-
ity of Amukta Pass from October 1993 to February 1994 
and caused significant changes in the salinity structure of 
the region over this period. During the eddy’s approach, low 
salinity waters that typically lie over the shelf are drawn off-
shore to the south by more than 200 km. In addition, the 
eddy is responsible for bringing relatively salty water up the 
slope and into Amukta Pass. During the passage of the eddy, 
monthly mean volume transport and salt flux anomalies 
through Amukta Pass reached 1.25 Sv and 40 million kg/s, 
respectively. Below the euphotic zone, salinity is positively 
correlated with nutrient concentrations (P. Stabeno, personal 
communication). This means that eddy-induced upwelling 
along the slope has the potential to supply the Aleutian 
shelves with nutrient-rich water.

3.2. Bering Sea

Eddies in the Bering Sea are primarily found in the basin 
and along the slope in the Bering Slope Current (BSC) re-
gion. Our model results and observational data [Okkonen, 
1993] indicate that the lifetimes of eddies in the Bering Sea 
are typically a few months to a year and tend to be shorter 
than those in the Gulf of Alaska, which range from 1 to 3 
years. Another difference between these two regions, based 
on model results, is the presence of both cyclonic and anticy-
clonic eddies in the Bering Sea basin, whereas the Alaskan 
Stream is more prone to large anticyclonic features.

To better understand the ability of the model to represent 
realistic energies, we compare TOPEX altimeter observations 
along orbital ground track D79 (located along the shelf break 

region of the central Bering Sea) with model results for 1994–
2001. Figure 4 shows power spectra of observed SSHA along 
this TOPEX ground track and modeled SSHA interpolated at 
points corresponding to the TOPEX ground track locations. 
At longer wavelengths (greater than ~200 km), the observed 
and modeled spectra exhibit similar energies. However, the 
modeled energy drops off more rapidly than the observations 
at shorter wavelengths, causing the spectra to diverge. Peaks 
at ~40 and ~20 km can be seen in the model spectrum and an 
increasing amount of noise shows up at shorter wavelengths 
in the altimeter spectrum. Interpolating 9-km gridded model 
output to the 6.2-km TOPEX sample spacing likely caused 
spatial aliasing, which shows up as peaks at the shortest wave-
lengths in the model spectrum.

The BSC is a predominant feature of the Bering Sea; how-
ever, this current has been described as more of a system 
of eddies rather than a continuous current [Okkonen, 1993]. 
Model results show eddies with diameters ranging from 90 
to 325 km are frequently found in the Bering Sea basin, 
with a high concentration along the downstream portion of 
the Bering Slope Current region to the northwest [Clement 
Kinney et al., 2008]. For example, in November 1993, a cy-
clonic eddy with a diameter of 145 km is located just south 
of Zhemchug Canyon (ZC) (Figure 5). We can also see an 
anticyclonic feature adjacent to the cyclonic eddy, suggest-
ing dipole formation due to the presence of the canyon.

The eddy’s presence in the canyon strongly affects the local 
distribution of salinity. Vertical sections of salinity anoma-
lies at BSC (not shown) and ZC (Plate 7) show high salin-
ity water being upwelled and pushed onto the shelf when the 
eddy is present, during November 1993. Monthly mean sa-
linity anomalies approach 0.12 in the surface water and are 
even higher near bottom (up to 0.18). Velocities are relatively 
strong (monthly mean up to 12 cm/s) and directed on-shelf.

It has been suggested [Paluszkiewicz and Niebauer, 1984; 
Okkonen, 1993; Mizobata et al., 2006] that topographic 
planetary waves generated by baroclinic instabilities are re-
sponsible for eddy generation along the Bering slope. The 
modeled eddy described above had a diameter of 145 km and 
period of ~90 days, which is similar to observations made 
by Paluszkiewicz and Niebauer [1984; 140 km/84 days] and 
Okkonen [1993; 184 km/72 days]. Based on these results and 
the assumption that deep Bering Sea water is high in nutri-
ent concentrations [Clement et al., 2005], it can be inferred 
that mesoscale eddies are responsible for providing the Ber-
ing Sea shelf with nutrient-rich water from the basin. The  
location, duration, and frequency of eddy activity would then 
be highly important to ecosystems on the shelf. As seen in the 
model results, the Zhemchug Canyon region appears to be a 
prime location for eddy activity and subsequent upwelling of 
salty, nutrient-rich water.
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4. Arctic

4.1. Chukchi Sea, Beaufort Sea, and Canada Basin

The Arctic Ice Dynamics Joint Experiment (AIOJEX) of 
1972 was the first study to identify subsurface mesoscale ed-
dies in the Arctic Ocean [Manley and Hunkins, 1985]. Over 
the 14-month time frame, a total of 127 eddies were identi-
fied between 50 and 300 m depth. They ranged in diameter 
from 10 to 20 km and were predominantly anticyclonic with 
an anticyclonic/cyclonic eddies ratio of 5:2. Later work by 
D’Asaro [1988] revealed the presence of vertical pairs of 
counterrotating eddies in the Beaufort Sea. Although poorly 
sampled, it was observed twice that anticyclonic eddies in the 
upper water column (but below 50 m) were associated with 
deep cyclonic features. Plueddemann et al. [1998] were able 
to clearly observe 10 eddies in 23 months of data collected by 
a drifting buoy equipped with an ADCP in the Beaufort Gyre. 
Again, a predominance of anticyclonic eddies was noted (9 of 
10); however, no observations of a deep counterrotating eddy 
were made, possibly due to a lack of samples in deep enough 
water. Modeling work by Chao and Shaw [1996] showed how 
a pair of counterrotating eddies might occur in the Beaufort 
Sea. A pulse of either lower or higher density water could 
create a shallow eddy with a deep counterrotating eddy; 
however, the shallow one is more quickly dissipated due to 
surface friction exerted by sea ice. Pickart et al. [2005] sug-
gest two general mechanisms for formation of eddies found 
in the Canada Basin: current-topographic interactions (prima-
rily in Barrow Canyon) and hydrodynamic instability. In this 
section, we will first examine the energetics of the Chukchi 
and Beaufort shelves and then later describe eddies found in 
deeper waters of the slope and basin. We use results from the 
9-km model instead of the 18-km model, due to its ability to 
better represent smaller features and the small Rossby radius 
of deformation found in the Arctic Ocean, as noted earlier.

Modeled eddy kinetic energy at 20- to 26-m depth on the 
Chukchi and Beaufort shelves from the 9-km model is highest 
during the summer and autumn (Plate 8). Values of more than 
500 cm2/s2 are found in shallow water (<50 m deep) in Bering 
Strait and near Point Barrow. However, these high values of 
EKE are likely due in large part to fluctuations in current speed 
and also current reversals, rather than actual mesoscale eddies.

More interestingly, EKE values up to 10 cm2/s2 are found 
along the Beaufort shelf break and in the Canada Basin 
throughout the year. In an attempt to more closely examine 
these features, we created animations of monthly “snaphots” 
of EKE for 5 years (1985–1989). “Snapshots” represent the 
last timestep of each month. Five-year mean (1985–1989) 
values of the horizontal components of velocity were used 
as the “long-term” mean in calculating the EKE. We com-
pleted the same exercise for several depth levels from 20–26 
to 395–478 m. A typical EKE distribution is shown in Plate 
9 for July 31, 1986, at 268–326 m. At least five anticyclonic 
and three cyclonic eddies are visible, with most present in the 
Western Beaufort Sea, especially near the Barrow Canyon 
outflow. Eddies that are located along the Beaufort slope ap-
pear to be associated with the Barrow Canyon, and are an im-
portant means of communication between the shelf and basin 
[Pickart et al., 2005]. In addition, there is a large anticyclone 
off the northeast corner of the Chukchi Cap. Eddies were 
commonly found inside the black box (Plate 9); therefore we 
examine the vertical structure of one of these eddies in the 
following paragraph.

After careful examination of the vertical structure of EKE 
over the 5-year period and over the entire water column, we 
found that it is sometimes possible to have a vertical pair 
of counterrotating eddies. Plate 10 shows EKE and velocity 
on November 30, 1985 (left), at three representative depth 
levels. The shallower, anticyclonic eddy is at ~15- to 100-m 
depth, with speeds up to 5 cm/s-1 and a diameter of ~75 km 
(Plate 10a). The lower, cyclonic eddy (Plate 10c) has a larger 
diameter (~110 km) and is found at depths from 150 to well 
below 400 m. Rotational speeds are slightly higher for the 
cyclonic eddy, reaching 5.5 cm/s-1.Weak and unorganized 
flow exists at depths ranging from 100 to 150 m between the 
two eddies. Six months later (on May 31, 1986), the shallow, 
anticyclonic eddy has dissipated, but the deeper cyclone re-
mains intact (Plate 10). In fact, this eddy has a lifetime of 18 
months versus only 6 months for the upper one, likely due to 
surface wind forcing and friction from the overlying sea ice 
[Chao and Shaw, 1996].

A vertical cross section of salinity and density (sq) through 
these counterrotating eddies (along the black line shown in 
Plate 10) is shown in Plate 11. On November 30, 1985, in the 
upper 50 m, the doming of the isopycnals (and isohalines, as 

Table 2. Eddy Kinetic Energy (cm/s) Statistics for the 0- to 45-m Regional Snapshots Presented in Plates 4 and 5

Model Labrador Sea EKE Nordic Seas EKE

Maximum Mean Std Dev Maximum Mean Std Dev

PCAP58 132.50 4.90 9.20 269.40 4.70 13.30
PIPS 3998.00 70.40 203.70 4959.00 43.50 142.70
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Plate 7. Vertical section of salinity anomaly across Zhemchug Canyon (section location shown in Figure 5) during November 1993. 
Contour lines indicate the across-slope velocity (positive onto the shelf; cm/s). Modified from Clement Kinney et al. [2008].

Plate 6. Horizontal distribution of surface (0–5 m, model level 1) 1993–1997 eddy kinetic energy (cm2/s2) in the Labrador Sea for 
different seasons: (a) winter (J-F-M) average; (b) summer (J-A-S) average. EKE contours: 8, 18, 32, 50, 72, 100, 200, 400, 600, 
and 800 cm2/s2.
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well) is readily apparent, with vertical displacements up to 
~20 m. In addition, sea surface height shows a local high 
centered over the eddy (not shown). A depression of the iso-
pycnals and isohalines occurs below 50 m depth (likely due 
to the accumulation of water above) and shows even greater 
vertical displacements (up to 30 m). After the shallow eddy 
has dissipated on May 31, 1986, the upper water column is 
characterized by much flatter isopycnals and isohalines (Plate 

11, right). However, below 150 m the depression of the iso-
pycnals is still present, indicative of the cyclonic circulation 
that is seen in Plate 10f. The black dashed boxes in Plate 11 
correspond to the three depth levels shown in Plate 10.

Modeled eddies occurred frequently throughout the 5-year 
period (1985–1989). However the diameters of these eddies 
were typically 80–150 km, which is significantly larger 
than observations (10–20 km) [Manley and Hunkins, 1985; 

Figure 2. Modeled monthly mean sea surface height anomaly associated with six eddies propagating along the Alaskan Stream 
during the period September 1992 through September 1998. Shading represents the total SSHA (cm). Modified from Maslowski, 
et al. [2008].
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Figure 3. Vertical sections of the along-shore velocity during 1979–2003 mean (upper) and December 1993 (lower) along a line just 
east and south of Amukta Pass (~173.5°W) in the Alaskan Stream. The dashed lines indicate the position of the velocity cores.

D’Asaro, 1988]. As mentioned earlier, the 9-km horizontal 
grid cell spacing limits the model’s ability to properly repre-
sent small eddies in this region that is characterized by such 
a small Rossby radius of deformation. On the other hand, the 
model simulated several eddies (both cyclonic and anticy-
clonic) in the Canada Basin and was even able to represent a 
pair of counterrotating eddies comparable to observations by 
D’Asaro [1988] and simulations by Chao and Shaw [1996]. 
Similar to predictions by Chao and Shaw [1996], the upper 
anticyclone dissipated first, in May 1986, and the lower cy-
clone lasted until May 1987.

5. Summary and Conclusions

Significant improvements in model skill are realized 
through a doubling of resolution, from 18 to 9 km. Increas-
ingly realistic bathymetry due to higher resolution both in 
the horizontal and vertical direction, improves the simula-
tion of topographically steered flows, which in the case 
of the Barents Sea and other coastal areas can change the 
representation of ocean circulation as well as regional dis-
tribution and transformation of water masses. As a result, 
the long-term circulation patterns in the Barents Sea agree 
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well with published maps [Maslowski et al., 2004; Ozhigin 
et al., 2000]. The Atlantic Water flow through the Barents 
Sea, from the merging of portions of the North Cape Cur-
rent and the Norwegian Coastal Current south of the Central 
Bank to the St. Anna Trough outflow, is more realistically 
defined. Calculations of EKE indicate a response to seasonal 
variability as well as areas of increased activity apparently 
associated with bathymetric features. Reducing the model 
grid spacing, from 18 to 9 km, has resulted in an increase 
in EKE by a factor of 5 in this region. It is expected that 
further increases in resolution will increase model EKE lev-
els in the Barents Sea. Five numerical simulations using a 
closed basin quasi-geostrophic ocean model, varying only 
in horizontal resolution (from 25 to 1.56 km) and viscosity 
coefficients, and therefore Reynolds number (Re), indicated 
a continual increase in EKE with increased resolution [Sei-
gel et al., 2001]. Seigel et al. [2001] also found that the rate 

Figure 4. Eight-year mean (1994–2001) power spectra for model 
(gray line) and TOPEX altimeter (black line) sea surface height 
anomalies along TOPEX orbital ground track D79 (located along 
the shelf break region of the central Bering Sea).

of increase slows somewhat at the highest Re, indicating the 
possibility of a regime where eddy variability becomes in-
sensitive to further increases in Re.

Boundary currents become narrower and stronger at 9-km 
resolution and the appearance of opposing boundary cur-
rents demonstrates a significant increase in horizontal and 
vertical shear. The representation of circulation within and 
around the model Labrador Sea is significantly improved. 
Better boundary current representation results in improve-
ments in water mass transport around the perimeter of the 
Arctic Ocean as well as outflow through the Norwegian and 
Labrador Seas.

Comparison of the distribution of 0- to 45-m eddy kinetic 
energy in the Nordic/Labrador Seas between the two models 
shows dramatic differences (Plates 4 and 5). When viewed 
as an aggregate, the concentration of increased EKE in the 
9-km model appears to define the path of the North Atlan-
tic Current passing south of Iceland, and the Norwegian 
Atlantic Current as it travels north, along the west coast of 
Norway (Plate 5b). Indication of such a pathway is absent 
in the distribution of 18-km model EKE (Plate 5a). Based 
on EKE statistics computed for the regional daily snapshots 
(Table 2), there is an order-of-magnitude difference in mag-
nitude between the two models. This increase in eddy ki-
netic energy between the 18-km model and the 9-km model 
has resulted in simulated values matching observed values 
in the southern Labrador Sea. However, 8–10° to the north, 
modeled values are about 20–30% lower than the observed. 
A definitive judgment on model skill in representing EKE 
in this region is difficult to make due to the differences in 
the atmospheric forcing between that used in the model and 
actual conditions. Another factor may be model resolution 
being just at the threshold of capturing features of a size on 
the order of the internal Rossby radius of deformation in the 
southern Labrador Sea and too coarse farther north.

Similarly in the Gulf of Alaska, EKE distribution from the 

9-km model compares well, both in magnitude and spatial dis-
tribution, with estimates from observations. Model and altim-
eter estimates of EKE in the sub-Arctic Pacific both show high 
values associated with the Alaskan Stream and low values in 
the western Gulf of Alaska and deep Bering Sea. The model 
EKE values are less than the altimeter EKE values along the 
shelf break in the central Bering Sea. Spectral analyses of 
model and altimeter-measured sea surface topography sug-
gest that the 9-km grid is not sufficiently fine to fully represent 
eddy energy levels at wavelengths shorter than 100–150 km.

Eddies are commonly simulated in the central Arctic 
Ocean in the 9-km model in similar regions as reported 
from observations. However, their typical size (i.e., di-
ameter) ranges from 80 to 150 km compared to the 10- to 
20-km range of observed eddies [e.g., D’Asaro, 1988]. We 
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Figure 5. Velocity vectors (cm/s) and sea surface height anomaly contours (cm) during November 1993 in the vicinity of Zhem-
chug Canyon. Straight black lines indicate the positions of two cross sections (ZC, Zhemchug Canyon; BSC, Bering Slope  
Current). Solid gray lines represent bathymetry (m). Inset shows the geographic location.
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Plate 8. Eddy kinetic energy during 1987 at a depth of 20–26 m from the 9-km model for (a) winter (J-F-M), (b) spring (A-M-J), 
(c) summer (J-A-S), and autumn (O-N-D). Red lines indicate bathymetry.
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Plate 9. Modeled eddy kinetic energy (cm2/s2; color shading) and velocity (cm/s; vectors) in the Western Arctic from the 9-km 
model on July 31, 1986, at a depth of 268–326 m. Red lines indicate bathymetry. The black box indicates the region of interest for 
Plate 10.

Plate 10. Modeled eddy kinetic energy (cm2/s2; color shading) and velocity (cm/s; vectors) at (a, d) 42–53 m, (b, e) 99–122 m, and (c, f) 
326–395 m from the 9-km model on November 30, 1985 (left) and May 31, 1986 (right). The black line shows the location of a vertical 
cross section shown in Plate 11.
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hypothesize that given the limiting resolution of 9 km the 
model attempts to represent integrated energy of multiple 
smaller eddies averaged over a larger area of a modeled 
eddy. It is clear that significant increases in model resolu-
tion beyond 9 km are necessary to fully resolve eddies in 
the central Arctic. In addition, more observational data are 
needed to allow verification of modeled EKE distribution 
over larger areas.

Presented regional analyses imply that spatial resolution on 
the order of a few kilometers is needed to fully represent eddy 
energetics, in the Arctic Ocean. In addition, validation of other 
model results against observations (not shown) indicate that a 
similar horizontal resolution is required to properly represent 
buoyancy-driven narrow coastal currents (e.g., Alaska Coastal 
Current or Norwegian Coastal Current; Maslowski and Wal-
czowski [2002]), small-scale bathymetry (e.g., Barrow Can-
yon), and land futures (e.g., passages through the CAA). Fi-
nally, more realistic and higher temporal and spatial resolution 
atmospheric forcing is needed for eddy-resolving ocean simu-
lation. All these features might play a critical role in the large 
scale ocean dynamics as well as affect sea ice cover variability 
and freshwater advection and export into the North Atlantic.
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