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ABSTRACT

The vertical structure of meridional eddy heat transport (EHT) of the North Pacific was investigated by
analyzing the results from an eddy-resolving ocean general circulation model (OGCM) with a horizontal
resolution of /12°, while comparing with previous simulation results and observation data. In particular, the
spatial and temporal variation of the effective depth of EHT H, was investigated, which is defined by the
depthintegrated EHT (D-EHT) divided by EHT at the surface. It was found that the annual mean value of H,
is proportional to the eddy kinetic energy (EKE) level at the surface in general. However, its seasonal var-
iation is controlled by the mixed layer depth (MLD) in the extratropical ocean (>20°N). Examination of the
simulated eddy structures reveals that the temperature associated with mesoscale eddies is radically modified
by the surface forcing in the mixed layer, while the velocity field is not, and the consequent enhanced mis-
alignment of temperature and velocity anomalies leads to the radical change of EHT across the seasonal

thermocline.

1. Introduction

Various attempts have been made to estimate the heat
transport by mesoscale eddies, or eddy heat transport
(EHT), which constitutes an important part in the me-
ridional heat transport in the ocean (Wunsch 1999;
Roemmich and Gilson 2001).

Estimation of EHT from field observational data has
been restricted so far to regional oceans (Bryden 1979;
Bryden and Heath 1985; Bryden and Brady 1989; Bower
and Hogg 1996; Cronin and Watts 1996; Wunsch 1999;
Roemmich and Gilson 2001). Recently, estimation of
the global distribution of EHT could be realized by the
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availability of satellite data of altimetry and sea surface
temperature (SST) (Stammer 1998; Stammer et al. 2006;
Qiu and Chen 2005). It was found that EHT is significant
in the western boundary current and equatorial regions,
but is very small in the interior of ocean gyres.
However, information of EHT below the sea surface
is not available from satellite data, and an assumption
must be introduced for the vertical structure so as to
estimate the depth integrated value of EHT (D-EHT).
For example, Stammer (1998) assumed that the depth
averaged eddy kinetic energy (EKE) over the top 1000 m,
which is used to estimate D-EHT by using Fickian dif-
fusion, is approximated as one-tenth of the EKE at the
surface. Qiu and Chen (2005) assumed that the effective
depth of EHT H,, which is defined as D-EHT divided by
EHT at the surface, is constant. They estimated H, =
177 m in the subtropical North Pacific by averaging the
values of H, estimated from 102 Argo floats. It is natural,
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FIG. 1. Distributions in the North Pacific from the OGCM: (a) eddy kinetic energy (EKE) at the surface and (b) depth
integrated eddy heat transport (D-EHT).

however, to expect both spatial and temporal variation
in H.,.

On the other hand, recent progress in the eddy-
resolving ocean general circulation model (OGCM)
enables us to estimate D-EHT directly (Jayne and
Marotzke 2002; Meijers et al. 2007; Volkov et al. 2008).
Using an OGCM with a horizontal resolution of 4°,
Jayne and Marotzke (2002) reproduced the distribution
of D-EHT, and compared it with the estimation from
satellite data by Stammer (1998). They also showed
that the large values for D-EHT in the western boundary
currents and the Antarctic Circumpolar Current arise
from the meandering of the currents, while they arise
from tropical instability waves in the tropical ocean.
The horizontal resolution of /4° may not be sufficient
to resolve mesoscale eddies, and the estimation of
D-EHT from a higher-resolution OGCM is reported
recently: for example, the resolution of '/s° in Meijers
et al. (2007).

No serious effort has yet been made to clarify the
vertical structure of EHT from OGCM data. Jayne and
Marotzke (2002) calculated EHT in four different depth
ranges, and found that EHT is largely confined to the
upper 1000 m. Based on the analysis of observation data,
Qiu and Chen (2005) suggested that the misalignment
between temperature and velocity anomalies, which is
necessary for the generation of EHT, is largely confined
to the mixed layer depth (MLD).

The clarification of the vertical structure of EHT
provides essential information not only for the estima-
tion of D-EHT from satellite data but also for the pa-
rameterization of lateral mixing in coarse-resolution
OGCMs (Killworth 1998). It also helps us to understand
the dynamics of mesoscale eddies and their effect on
ocean circulation (Marshall et al. 2002). In this paper,
the vertical structure of meridional EHT is investigated
by analyzing the results from an eddy-resolving OGCM
with a horizontal resolution of Y/12°, and the evaluated
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FIG. 2. Zonally integrated D-EHT in the North Pacific (solid line). Dashed and dotted lines
denote the estimate from Qiu and Chen (2005) and Stammer et al. (2006), respectively. Shaded
areas denote the standard deviation associated with the solid line.

EHT is compared with the previous estimations. Espe-
cially the distribution of H, and its seasonal variation are
examined, and its relationship to the MLD and the
penetration depth of EKE is investigated. To clarify the
effect of the MLD on EHT, the structure of mesoscale
eddies is examined along with vertical profiles of various
variables. In this paper, EHT always refers to the heat
transport in the meridional direction.

2. Model

The OGCM used in this study [Research Institute for
Applied Mechanics (RIAM) Ocean Model (RIAMOM))]
is a primitive equation general ocean circulation model
with a free surface that assumes the Boussinesq and hy-
drostatic approximations. The model covers the Pacific
Ocean from 50°S to 65°N, 95°E to 70°W. The horizontal
grid interval is '/12° in both latitudinal and longitudinal
directions with 70 vertical levels. Its vertical grid intervals
are 10-125 m for the depth 0-2420 m and 200-250 m
below 2420 m. Note that the horizontal resolution of the
OGCM must be smaller than Y10° to resolve mesoscale
eddies globally (Smith et al. 2000). The advection of
momentum is treated by the generalized Arakawa
scheme (Ishizaki and Motoi 1999), which conserves po-

tential enstrophy as well as kinetic energy. It also uses an
improved advection scheme of tracers by Webb et al.
(1998) and the biharmonic diffusion for both momentum
and tracers. Vertical mixing is parameterized by the Noh
scheme, which was shown to reproduce realistic sub-
surface stratification (Noh and Kim 1999; Noh et al. 2002,
2007). The present OGCM was shown to reproduce
realistically not only the mean structure of the ocean, but
also the distribution of EKE and its seasonal variation
(Noh et al. 2007). The detailed explanation and general
performance of the model can be found in You (2005)
and Hirose et al. (2007).

The model was integrated from a state of rest with
the climatological mean temperature and salinity dis-
tribution of WOA94 (Levitus and Boyer 1994; Levitus
et al. 1994) and forced by the climatological forcing
of monthly mean wind stress and heat flux from the
National Centers for Environmental Prediction re-
analysis data with regression. The heat flux was given
by the combined boundary condition that uses both
the climatological flux and a restoring term with a re-
storing time scale of 30 days, similar to Noh et al.
(2002). The sea surface salinity was restored with a re-
storing time scale of 10 days. All lateral boundaries
adjoining the ocean were closed, and temperature and
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FIG. 3. Distributions in the North Pacific from the OGCM: (a) H,, (b) H,, and (c) H.
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salinity were restored to the climatological value at the
boundary.

The model was integrated for 25 years, which is long
enough for the upper ocean to reach quasi-equilibrium.
Three-dimensional prognostic variables were archived
at every model day of the final year and were used for
analysis. The OGCM data were analyzed only for the
North Pacific (0°-60°N, 120°E-80°W).
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3. Results
a. Distributions of EKE and D-EHT

Figure 1 shows the distribution of the annual mean
values of EKE at the surface and D-EHT in the North
Pacific obtained from the OCGM. Here EKE (=(u'u’ +
v'v')/2) and D-EHT (=pc, [ T'v' dz) were evaluated by
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FIG. 4. Meridional variation of the zonally averaged values in the North Pacific from the
OGCM at each season [Jan—-Mar (JEM): winter (blue); Apr—Jun (AMJ): spring (green); Jul—
Sep (JAS): summer (red); and Oct-Dec (OND): fall (yellow)] for (a) D-EHT, (b) H,, (c) Ha,

(d) Hy, and (e) EKE at the surface.

the time average of anomalous velocities and temperature
from the monthly mean, where p and ¢, are the den-
sity and heat capacity of water, respectively. Note that
the time scales for baroclinic eddies and tropical in-
stability waves are typically less than a month (Qiao
and Weisberg 1995; Stammer 1998; Gill 1982).

Analysis of EKE distribution reveals strong EKE
near the Kuroshio Extension and the eastern tropical
ocean, which is in agreement with previous results from
satellite altimetry data and eddy-resolving OGCMs
(Stammer 1997; Qiu 1999; Ducet and Le Traon 2001;
Maltrud and McClean 2005; see also Noh et al. 2007 for
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FIG. 5. Comparison of the meridional distribution of the zonally averaged H,, H,, and Hj from the OGCM in each
season. The black, green, and red lines represent H,, H,, and Hy, respectively (JFM, AMJ, JAS, and OND).

the comparison). In the tropical ocean, EKE is due to
tropical instability waves, while in the Kuroshio Exten-
sion region it arises from the meandering of the currents
(Jayne and Marotzke 2002). High EKE levels are also
observed along 20°N in the western Pacific, which is due
to baroclinic eddies generated along the Subtropical
Countercurrent (STCC) (Qiu 1999; Noh et al. 2007).

The distribution of D-EHT is highly correlated with
that of EKE, as is also shown in previous results (Stammer
1998; Jayne and Marotzke 2002; Qiu and Chen 2005).
Meanwhile, Fig. 1b shows that the D-EHT in the
Kuroshio Extension region changes direction alter-
nately along the path of the Kuroshio meandering jet,
as observed in previous studies (Wunsch 1999; Jayne
and Marotzke 2002; Qiu and Chen 2005). The strong
southward D-EHT appears in the eastern part of the
zonal band around 5°N in agreement with previous
OGCM results (Jayne and Marotzke 2002; Volkov et al.
2008) and field observations (Bryden and Brady 1989;
Baturin and Niiler 1997). The existence of the conver-
gence of EHT along the equator was also suggested by
previous modeling studies (Philander and Pacanowski
1986).

Figure 2 compares the zonally integrated D-EHT to
two estimates from observation data (Qiu and Chen
2005; Stammer et al. 2006). The existence of the D-EHT
directional change along the path in the Kuroshio Ex-
tension region, as shown in Fig. 1, implies that EHT is
often upgradient. Therefore, the estimation based on the
assumption of the downgradient EHT with positive eddy
diffusivity Ay, such as v'T" = —A,3T/dy by Stammer
et al. (2006), has a much larger EHT in the correspond-
ing latitudinal band (~35°N). On the other hand, sub-
stantially larger EHT is estimated by Qiu and Chen
(2005) in the latitudinal band 20°-30°N. It may be due to
the overestimation of H, in this region, as will be dis-
cussed in the next section. The present result is also in
general agreement with the previous eddy-resolving
OGCM data (Jayne and Marotzke 2002; Volkov et al.

2008), although the model resolution and the method of
evaluating EHT are different.

b. Distributions of H,, Hgy, and Hj,

To investigate the vertical structure of EHT, the dis-
tribution of the annual mean values of H, is shown along
with the distributions of MLD H, and of the penetration
depth of EKE H, (Fig. 3). Here H, is calculated from
H, = [v'T'(z)dz'T’(0), as in Qiu and Chen (2005),
and H, is obtained from the criterion AT = 0.5°C from
the SST (e.g., Monterey and Levitus 1997). Here Hj is
defined as the depth at which EKE decreases to 5 X
1073 m? s~ 2. The estimation of H; has not been made so
far, and the critical level of EKE to determine H, was
chosen rather arbitrarily to distinguish the EKE of the
upper and deep ocean most effectively; see, for example,
the vertical distribution of EKE shown in Smith et al.
(2000).

Large variability is found in the distribution of H, in
Fig. 3a, and its temporal variation is also very large,
often with a standard deviation over 100 m. Nonethe-
less, large values of H, appear in the regions with large
EKE and D-EHT, that is, in the Kuroshio Extension,
STCC, and eastern tropical ocean. One can also notice
that H, becomes negative around 10°N. In this region
the meridional gradient of the mean temperature 97/dy
changes its sign with depth owing to convergence and
downwelling in the subtropical gyre. As a result, EHT is
directed southward below the surface, while it is di-
rected northward at the surface.

Averaging H, over the whole domain leads to H, =
42 m, a substantially smaller value than the value sug-
gested by Qiu and Chen (2005): H, = 177 m. It is
probably due to the fact that the Argo data used by them
to evaluate H, was highly concentrated in the Kuroshio
Extension region where H, has larger values.

The OGCM also reproduces H,; values in good agree-
ment with climatological data (Monterey and Levitus
1997; Kara et al. 2003). While it increases with latitude in
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FIG. 6. Scatterplots of monthly mean values for (a) D-EHT vs H, in the zonal band 20°-50°N [circles, squares, and
triangles represent the data from the zonal bands 20°-30°, 30°—40°, and 40°-50°N, respectively, and black and white
symbols represent the western (<170°W) and eastern (>170°W) region]; (b) H, vs H, in the zonal band 20°-50°N [the
symbols are the same as in (a)]; (c) D-EHT vs EKE at the surface in the zonal band 0°~10°N; and (d) H, vs Hy in the

zonal band 0°~10°N.

general, the deeper MLD is found in the Kuroshio
Extension region, in the high-latitude ocean, and in
the convergence zone of the subtropical gyre near 15°N
(Fig. 3b). The local maximum of MLD is also observed
along 5°N, which is due to the meridional slope of MLD
in association with the North Equatorial Countercurrent
(NECC) (see, e.g., Wyrtki and Kilonsky 1984).

It is found that H is generally proportional to EKE at
the surface, although EKE is less penetrative in the
equatorial ocean (Fig. 3c).

One can notice from Fig. 3 that stronger correlation
exists between H, and Hy than between H, and H,. Large
values of both H, and H, are found in the Kuroshio Ex-
tension, STCC, and eastern tropical ocean. This suggests

that H, is proportional to H;—as far as its annual mean
value is concerned.

c. Seasonal variation of H,, H;, and Hy,

Although the annual mean value of H, is found to be
largely proportional to Hy, the question still remains as to
whether the seasonal variation of EHT at a given location
is affected by the strong seasonal variation of MLD. To
answer this question, we investigated the seasonal varia-
tion of the zonal mean values of D-EHT, H,, H;, H;, and
EKE at the surface (Fig. 4). Here the seasonal average is
calculated by averaging three-monthly values.

A remarkable feature in Fig. 4 is that the seasonal
variations of D-EHT and H, show different patterns
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FIG. 7. Vertical profiles of the zonally averaged values of T, d7/dy, EKE, and EHT in JFM: winter (blue), AMJ:
spring (green), JAS: summer (red), and OND: fall (yellow) at (a) 4°N east (>170°W), (b) 10°N, (c) 40°N west
(<170°W), and (d) 40°N east (>170°W). (Note that horizontal scales are different in all figures.)

depending on whether they are tropical or extratropical.
In the extratropical ocean (>20°N) the values of D-EHT
and H, are larger in winter and smaller in summer in
accordance with the seasonal variation of Hy. It is also
found that D-EHT almost disappears north of 50°N
where EKE is very low throughout the zonal band, as

shown in Fig. 1. In the tropical ocean (<10°N), however,
seasonal variations of D-EHT and H, are larger in fall
and smaller in spring, in accordance with the seasonal
variations of EKE and H,. In particular, the seasonal
variation of D-EHT is more closely related to that of
EKE, while the seasonal variation of H, is to that of H,.
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cases.

The seasonal variation of EKE follows that of the in-
tensity of tropical instability waves (Baturin and Niiler
1997; Qiao and Weisberg 1995). The seasonal variations
of EKE and Hj in the extratropical ocean are in-
significant compared to those in the tropical ocean.

Figure 5 shows the data of Figs. 4b—d replotted to al-
low for direct comparison between the meridional dis-
tribution of the zonally averaged H,, H,, and Hj at each
season. It illustrates clearly that H, is proportional to H
in general but tends to decrease with the decrease of H,
in the extratropical ocean. For example, H, is deeper in
winter than in summer in the extratropical ocean, al-
though H, remains invariant throughout the season. On
the other hand, H, is always proportional to Hy, in-
dependent of H, in the tropical ocean.

The correlation between these variables can be con-
firmed in scatterplots of the monthly mean values—that
is, D-EHT versus H, and H, versus H; in the zonal band
20°-50°N (Figs. 6a,b), and D-EHT versus EKE and
H, versus Hj in the zonal band 0°-10°N (Figs. 6¢,d). In
Figs. 6a and 6b different symbols are used to distinguish
the eastern and western parts. In the eastern part of the

extratropical ocean (Figs. 6a,b) H, tends to be smaller,
and D-EHT is negligible compared to the western part.

d. Vertical profiles of the zonally averaged T, dT/dy,
EKE, and EHT

To understand the relationship among H,, H,, and Hy,
we examined vertical profiles of the zonal averages of
mean temperature 7, its meridional gradient (=97/dy),
EKE, and EHT (:pcpT’v’) (Fig. 7). Latitudes are cho-
sen to represent the tropical ocean (4°, 10°N; referred to
as 4N and 10N, respectively) and the extratropical ocean
(40°N). In the case of 4°N, only the eastern part
(>170°W) is considered where strong EHT exists. In the
case of 40°N, the western part (<170°W) and the east-
ern part (>170°W) are shown separately to distinguish
the influence of the Kuroshio Extension (referred to as
40NW and 40NE, respectively).

The seasonal variation of EHT shows the same trend
as that of EKE in the tropical ocean. In 4N, both values
of EHT and EKE are very small in spring. They are
smaller at the surface but penetrate deeper in winter, as
compared to in summer and fall, which makes D-EHT
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smaller and H, larger in winter than in summer and fall,
as shown in Figs. 4a and 4b. The annual mean value of
aT/ay is very small at the surface but becomes large
below the surface near z = 100 m, reflecting the tem-
perature structure of the equatorial ocean associated
with the NECC. Note that EHT is always directed to-
ward the equator regardless of 97/dy in this region,
implying the negative eddy diffusivity below z = 200 m,
which was also suggested by Bryden and Brady (1989)
from the analysis of observational data. It also leads
to strong southward D-EHT, which is contrary to the
northward D-EHT obtained by using Fickian diffusion
(Stammer 1998).

The change of the sign of 97/dy with depth also ap-
pears in 10N. The positive value of 97/dy below the
surface here is due to downwelling at the center of the
subtropical gyre, as observed in Fig. 3b. This leads to
the change of sign of EHT with depth and, consequently,
leads to the negative H,, as shown in Fig. 3a. Very small
EHT in fall is attributed to small values of 97/dy and
EKE.

In 40NW, EHT varies rapidly across the seasonal
thermocline in summer, while it decreases gradually
with depth in winter. Meanwhile, in 4ONE, EHT disap-
pears below the seasonal thermocline. It indicates that

the decrease of H, in the presence of a seasonal ther-
mocline in the extratropical ocean is caused not only by
the disappearance of EHT below the thermocline, as
suggested by Qiu and Chen (2005), but also by the
change of its sign.

Finally, the fact that EHT always persists up to a far
greater depth below the mixed layer regardless of season
in 40NW but disappears below the mixed layer in 40NE
suggests that the annual mean H, is much larger in
40NW than in 40NE. It implies that the annual mean
value of H, is larger in the region with larger Hy, as
observed in Fig. 3.

e. Effect of a seasonal thermocline on the structure
of mesoscale eddies

Figure 7 shows clearly that EHT is significantly modi-
fied in the presence of a seasonal thermocline. To clarify
the process of how the seasonal thermocline affects EHT,
we investigated the structure of mesoscale eddies across
the seasonal thermocline. Figures 8-11 show the distri-
butions of temperature and velocity anomalies in the
vertical plane and in the horizontal plane above and be-
low the thermocline (z = 10, 200 m), together with the
vertical profiles of the mean temperature and EHT at
three different locations corresponding to the cases of 4N,
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40NW, and 40NE. Only the winter case is considered for
4N and 40NE, but both the summer and winter cases are
considered for 40NW.

The presence of mesoscale eddies, generated by baro-
clinic instability, induces a vertically coherent structure
of the velocity and temperature field that is in quasi-
geostrophic balance. The cases of 4N and 40NW reveal
that this temperature field is radically modified in the
mixed layer by surface forcing such as heat flux, wind
stress, and the turbulence generated by them, whereas
the velocity field is not (Figs. 8 and 9). Because of this,
the misalignment between the temperature and velocity
field is enhanced remarkably, away from the geostrophic
balance in the mixed layer, and EHT is substantially
modified from that generated by baroclinic eddies.
Furthermore, it is found that the misalignment between
temperature and velocity is particularly strong near the
seasonal thermocline, causing the strong deviation of
EHT from the surrounding values. Note that the ther-
mocline is much thicker in 4N (z ~ 30-150 m) than in
40NW (z ~ 20 m) because of the strong turbulence
generation by subsurface shear in the tropical ocean
(Noh and Lee 2008).

However, in 40NW winter, the modification of tem-
perature in the mixed layer is not strong enough to de-

stroy the eddy structure, probably because the heat flux
from the sea surface is distributed over a much greater
depth, while baroclinic instability is very strong (Fig. 10).
As a result, EHT in the mixed layer is not as strongly
modified in this case, although an abrupt change of EHT
still appears near the thermocline, as in Figs. 8 and 9.

In the case of 40NE, mesoscale eddy activity is very
weak, and there is virtually no EHT (Fig. 11). Note that
contour intervals are one order smaller here than in
Figs. 8-10. The EHT is mainly induced by the mis-
alignment between temperature and velocity anomalies
generated by surface forcing and, thus, is limited to the
mixed layer.

The sensitivity of temperature and velocity anomalies
to the seasonal thermocline can be clearly identified from
the vertical profiles of the autocorrelation of tempera-
ture and velocity anomalies; that is, p,, = T'(0)T"'(z)/
7'(0)* and p, = v'(0)v'(z)h'(0)* (Fig. 12). It is found
that p, decreases gradually with depth unaffected by the
presence of a seasonal thermocline. In 40NW, p,, de-
creases slowly with depth because of the presence of
strong mesoscale eddies. On the other hand, pr always
decreases sharply across the seasonal thermocline. In the
case of 40NW, p below the mixed layer remains posi-
tive, reflecting the presence of strong mesoscale eddies,
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but its value is much smaller in summer than in winter,
consistent with the fact that the vertical variation of EHT
is strong in summer and weak in winter (Figs. 9 and 10).
The effect of a seasonal thermocline on the structure of
mesoscale eddies illustrated above provides the clue to
the relationship between H, and H, in the extratropical
ocean, such as shown in Figs. 4-6. Examination of a large
number of profiles of EHT reveals that the EHT in the
Kuroshio Extension region shows strong vertical varia-
tion and often changes its sign with depth in summer
(Figs. 7cand 9), whereas it decreases gradually with depth
in winter (Figs. 7c and 10). On the other hand, in the
eastern part of the extratropical Pacific Ocean, EHT oc-
curs mainly within the mixed layer (Figs. 7d and 11). Both
effects make D-EHT and H, smaller in summer than
in winter. In the tropical ocean, H, is small throughout
the year without noticeable seasonal variation, whereas
EKE shows considerable seasonal variation (Figs. 7a,b).
Therefore the seasonal variations of D-EHT and H, are
mainly controlled by EKE in the tropical ocean.

4. Conclusions

In the present paper, the vertical structure of EHT
was investigated for the first time by analyzing an eddy-

resolving OGCM covering the North Pacific with a hor-
izontal resolution of 12°. Especially, the relationship
between the effective depth of EHT H,, the MLD H,,
and the penetration depth of EKE H) was clarified. It
was found that the annual mean value of H, is generally
proportional to Hj, but its seasonal variation is con-
trolled by H, in the extratropical ocean (>20°N).

Examination of vertical profiles revealed that the
decrease of H, in the presence of a seasonal thermo-
cline in the extratropical ocean is caused by the dis-
appearance of EHT below the thermocline in the region
with weak EKE (e.g., the eastern extratropical ocean)
or by the strong modification of EHT across the sea-
sonal thermocline in the region with strong EKE (e.g.,
the Kuroshio Extension region). The strong modifica-
tion of EHT across the seasonal thermocline was found
to be attributed to the fact that the temperature field
associated with mesoscale eddies is radically modified
by surface forcing in the mixed layer, while the velocity
field is not. In the tropical ocean, the seasonal varia-
tion of H, is mainly controlled by H; because the sea-
sonal variation of H, is insignificant compared to that
of EKE.

The information on H, obtained in this paper is
expected to provide information for the estimation of
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D-EHT from satellite data. Furthermore, the effects of
the mixed layer on the lateral mixing shown in the pres-
ent paper can be applied to improve the lateral mixing
scheme in the coarse-resolution OGCM, which cur-
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rently concerns mainly the parameterization of baro-
clinic eddies (e.g., Killworth 1998).
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