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ABSTRACT

Seasonally varying currents and structures in the North Pacific Ocean are simulated by a baroclinic
ocean model. The model has satisfactorily reproduced the gross nature of current systems and density
fields as well as their seasonal variations in the North Pacific Ocean. The simulated fluctuations of
oceanic transport have been found to be closely related to the imposed meridional movement of the
atmospheric system. The vertically integrated transport is strong in late winter and early spring, with a
maximum in the Kuroshio region of 63 x 10° m® s~!, and weak in summer, with a minimum of
about 33 X 10° m® s!. All three major circulation gyres, namely, the subtropic anticyclonic gyre, the
subarctic and the tropic cyclonic gyres are intense in winter and broad and weak in summer. The sub-
arctic gyre almost disappears from the North Pacific basin in July. The simulated equatorial undercurrent
and countercurrent demonstrate significant seasonal changes. Both currents are strong but shallow in fall
and winter, and weak but deep in spring and summer. The simulated surface temperature agrees with
observations in midlatitudes, especially in summer, but it is higher than that observed in high lati-
tudes during winter. In the tropics, westward propagating baroclinic long waves having wavelengths of
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about 11 000 km are also shown in the simulation.

Most of the poleward flow of heat energy is transported in the upper layers, especially the surface
layer. The maximum heat transport occurs near 17°N in winter and near 25°N in summer.

The seasonal cycle of energetics shows that variations of the total barotropic energy follow the vari-
ations of the imposed winds with a lag of about one month and that the maximum baroclinic energy fol-
lows closely the maximum of the overall horizontal thermal gradient in the cooling cycle. This also
confirms that the large-scale baroclinic current is generally in geostrophic balance.

Simulated results are compared with observational data whenever appropriate. General agreement is
satisfactory. Discrepancies in comparisons are pointed out and improvements needed for the model are

discussed.

1. Introduction

This is the second part of numerical simulation
studies for oceanic anomalies in the North Pacific
Basin. In a previous paper (Huang, 1978; hereafter
referred to as I), the major objective of the simula-
tion studies, namely, to investigate large-scale low-
frequency fluctuations in the North Pacific Ocean in
response to normal and anomalous meteorological
conditions, was stated and the physical mode! was
briefly described. Also the long-term mean state of
the North Pacific Ocean under the annual mean
atmospheric forcing was described. Certain dynamic
and thermodynamic analyses in the model were
demonstrated and some comparisons of model re-
sults with observed data were presented.

The ocean and atmosphere are continually vary-
ing and all oceanographic and atmospheric observa-
tional studies reveal temporally and spatially varying
fields. Among the spectrum of variations in the
atmosphere and ocean, the most dominant, low-

frequency one is the seasonal cycle. Observations
have shown that magnitudes of seasonal variations
in currents are comparable to, in some places even
greater than, the mean values. Though numerous
studies have been devoted to oceanic responses to
unsteady atmospheric forcing (e.g., Veronis and
Stommel, 1956; Pedlosky, 1967; Lighthill, 1969), the
seasonal varying circulation and density in the ocean
remains poorly understood today.

Numerical simulation studies for seasonally vary-
ing motions and structures in a baroclinic ocean are
still relatively few (Cox, 1970; Friedrich, 1970;
Takano et al., 1974; Bryan et al., 1975), although
ocean simulations are numerous (e.g., Gormatyuk
and Sarkisyan, 1965; Bryan, 1969; Takano, 1969;
O’Brien, 1971; Bryan and Cox, 1972; Haney, 1974;
Bryan et al., 1975). Studies by Cox (1970) and
Freidrich (1970) were for the Indian Ocean and for
the North Atlantic Ocean, respectively. Takano et
al. (1974) studied the world ocean using a linear,
flat-bottom model. They pointed out that in spite of
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differences in grid size and in the shape of the bot-
tom, there was no significant difference between the
Indian Ocean circulation as reported by Cox (1970)
and their results. Both models produced about the
same seasonally varying equatorial currents and
Somali Current.

The present study concerns the large-scale, sea-
sonal variations in the North Pacific, with emphasis
on understanding of the heat and momentum fluxes
across the air-sea interface as well as within the
upper layers of the ocean. A nonlinear baroclinic
model possessing the actual coastal configurations
of the North Pacific Ocean, but having a flat bottom,
is used to carry out the seasonal simulation. This
paper is devoted to a description of the simulated
seasonally varying motions and structures in the
North Pacific Ocean. This seasonal state will be used
as the model climatology to investigate the dynamics
of large-scale thermal anomalies in the North Pacific
Ocean for the subsequent study.

2. Description of the model

The North Pacific Ocean model and its annual
mean climatology were described in I. The model is

based on the primitive equations with essentially all’

major physical processes incorporated, including
nonlinear advection terms. Temperature and salinity
are predicted from the conservation equations.
Since the model is designed for the study of large-
scale low-frequency motions in the ocean, external
gravity waves are filtered out by the rigid-lid approx-
imation. Other simplifications of the model are the
hydrostatic assumption, the Boussinesq approxima-
tion with respect to the density variations and a
closure approximation of eddy viscosities for sub-
grid-scale motions. The horizontal grid separation
for the whole North Pacific domain is 2.5° in both
latitude and longitude. There are 10 variable-thick-
ness layers in the vertical, seven layers of which
are located above the main thermocline. The total
depth is constant at 4 km. No-slip and insulation
conditions are applied to all solid boundaries and a
free-slip condition is applied at the equatorial
boundary. The transport streamfunction is constant
on all boundaries, including the equator. The
velocity and density in the ocean are produced by
the climatologically prescribed, seasonally varying
surface wind and a set of atmospheric variables,
such as insolation, air temperature, humidity,
cloudiness, etc., which couple with the oceanic

surface temperature to determine the surface heat

flux. Though bottom topographic effects are neg-
lected, there is still a small amount of energy ex-
change between the barotropic mode (the vertical
mean velocity) and the baroclinic mode (the devia-
tion of the horizontal velocity from its vertical
mean) due to the nonlinear effects. Horizontal and
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vertical eddy viscosities are 2.5 x 10® and 1.5 cm?
s~1, respectively, while diffusivities are 107 and 1 cm?
s7!, respectively. A time step of 4.2 h is used
throughout time integrations of this study. There are
five prognostic variables in the model, namely, the
horizontal components of the shear current u’, v’,
the vertically integrated streamfunction , temper-
ature T and salinity §, and there are three diag-
nostic variables, viz., the vertical component of
velocity w, the pressure field p and the density
field p. For numerical schemes and detailed in-
formation about computations (see Huang, 1978).

Note that ignoring the bottom topography in the
present study may involve errors in the transport
functions (e.g., Holland, 1967). However, we are
more interested in the large-scale, seasonal vari-
ations and, at a later stage, in the anomalous
phenomena existing in the upper shallow layers of
the ocean where the baroclinic velocity and season-
ally varying heat contents are not markedly affected
by topography (Gill and Niiler, 1973). More serious
limitations of the model are that no wind-stirred
mixed layer and no mesoscale eddy dynamics are
included. Thus the results from the present model,
with known weaknesses, are being compared with
available observations in order to establish a level
of simulation skill from which improved models
with more realistic parameterizations can be de-
veloped. '
3. Initial state, boundary conditions and time
' integrations

The initial state of the ocean model in this study
is the quasi-equilibrium state obtained after 60 years
of time integrations under the annual mean at-
mospheric forcing. As shown in I, the model has
demonstrated its ability to portray the large-scale
mean circulation patterns and mean density field in
the North Pacific Ocean. Comparisons show favor-
able agreement between the simulated currents,
temperature and salinity distributions and the avail-
able observational data.

In the present seasonal simulation, all prescribed
seasonally varying atmospheric forcing parameters,
as described in I, are fed into the model ocean at
the time step of every model day. The seasonally
varying climatological data were obtained as fol-
lows. Monthly values of the surface air temper-
ature, vapor pressure and zonal and meridional
geostrophic winds were obtained from a data tape
for the Northern Hemisphere Climatological Atlases
of Taljaard et al. (1974) and Jenne et al. (1974) from
the National Center for Atmospheric Research.
Monthly values of cloud cover were obtained from
Miller and Feddes (1971) and the solar radiation
from List (1963). These data were provided to us by
Dr. R. L. Haney at the Naval Postgraduate School.
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Fi6. 1. Vector plots of surface wind stresses for four typical days to represent four seasons for (a) 15 April (spring),
(b) 15 July (summer), (c) 15 October (fall), (d) 15 January (winter).

These seasonally varying atmospheric variables
were Fourier analyzed and only the first three
harmonics of the annual cycle were retained for
forcing the ocean. Statistics show that more than
95% of variances are within the first three pairs of
Fourier coefficients. The zeroth coefficients of the
seasonal forcing functions were replaced by the an-
nual mean part of the atmospheric forcing used in
the mean state integrations to eliminate possible
discrepancies between two atmospheric data
sources. Note that there are no time-dependent
evaporation and precipitation data available to be
imposed as the seasonal upper boundary condition
for the prediction of salinity. Therefore, the annual
mean evaporation and precipitation data for inte-
grations of the mean oceanic state are also used
for the seasonal simulation.

Surface wind stresses and heat fluxes are com-
puted using bulk aerodynamic formulas with the
continuously varying climatological atmospheric
parameters and the model-predicted sea surface
temperature, as described in 1. Fig. 1 consists of
vector plots of surface wind stresses for four typical
days at the middle of their respective seasons: 15
April (Fig. la) represents the spring season; 1§
July (Fig. 1b), the summer; 15 October (Fig. Ic),
the fall and 15 January (Fig. 1d), the winter. This
representative presentation is used throughout this
study. Notice that in Fig. 1 (as in some other figures)
scales selected automatically by the plotting routine
are different in Fig. 1b, where 1 dyn cm~2 is used,

from the other three graphs, where 2 dyn cm~2 are
used. Note also that half of the data points were
filtered out in all vector plots due to the same rea-
son. Fig. 1 shows that the winter wind stress
(Fig. 1d) is much stronger than that of the summer
(Fig. 1b), especially in the high-latitude region.
The seasonal monsoon effect is clearly indicated in
the wind distributions in summer and in winter
along the continental coastal regions and in the
subtropic western Pacific in particular. The north-
west winds along the California coast are stronger
in spring and summer than in winter.

Time integrations for the seasonal simulation of
the North Pacific Ocean under the time-varying
atmospheric forcing were carried out for about 15
years. Based on the most active mechanism in the
density adjustment, namely, the vertical advection,
the characteristic time scale for a layer depth scale
of about 1000 m with a moderate vertical velocity
of about 0.5 m day~! is about 6 years. We realize
that lower layers are not in quasi-equilibrium with
the seasonally varying boundary conditions after 15
years of integration. However, since the mean basis
of seasonally varying forcing functions was the long-
term annual mean values with which the ocean spun
up to a quasi-equilibrium state, the seasonal effect
at deep layers should be small. Based on scale
analysis as well as on observational data, seasonal
variations are mostly confined to the upper several
hundred meters from the surface. Numerical model
studies also indicated that there are little or no
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FiG. 2. Net downward heat flux at the surface during the 15th year of integration for (a) spring, contour interval in 80 ly day™?;
(b) summer, contour interval in 40 ly day~'; (c) fall, contour interval in 80 ly day‘f; (d) winter, contour interval in 80 ly day~'.

(Note: 11y day™ = 4.84433 x 1075 W cm™2).

temperature changes in response to the seasonal
variations below 300 m depth in the ocean (Wether-
ald and Manabe, 1972). As will be shown later,
the time-dependent varying motions and structures
in the ocean have demonstrated a seasonal quasi-
equilibrium state in the model for the last few
years, with a secular change of less than 6% of the
annual variation.

Net downward heat fluxes computed from the
continuously varying climatological atmospheric
data and the predicted sea surface temperatures
for the 4 typical days are plotted in Fig. 2. Away
from the equatorial region, where it is always being
directly heated, the ocean generally receives heat
energy from the atmosphere during summer and
early fall, while it feeds energy back to the at-
mosphere in winter and early spring. As shown in
Fig. 2, the most active heat exchange region in the
North Pacific Ocean is in the midlatitudes north-
east of Japan, where a maximum seasonal vari-
ation of 1200 ly day~! (0.058 W cm™2) is indicated.
The magnitudes and distribution pattern of the com-
puted heat fluxes generally agree well with ob-
servational seasonal variations of heat exchanges in
the North Pacific Ocean (Wyrtki, 1973). A slight
discrepancy in heat fluxes between the model
computations and those of Wyrtki (1973) based on
observed data may exist in the phase relation. The
former heating or cooling occurs about 10-15 days
earlier than the latter.

4. Discussion of results

In this section, the simulated seasonal variations
from the North Pacific Ocean model are presented.
The North Pacific Ocean is bounded by the huge
Eurasian continent in the north and west, by the
North American continent in the north and east and
by the South Pacific Ocean in the south. The domain
of interest to us is from the equator to 65°N in lati-
tude and from 120°E to 80°W in longitude. Three
prevailing wind zones, namely, the tropic trades,
the subtropic westerlies and part of the Arctic easter-
lies, exist in the area. Monsoon effects are also
strong in the coastal region, especially over the
Southeast Asian water. In winter in the Northern
Hemisphere, the Intertropical Convergence Zone
(ITCZ) is at its southernmost position (around 2°N) .
and atmospheric highs form over the continents
and lows over the oceans. Asiatic highs and Aleutian
lows dominate the area. During summer in the
Northern Hemisphere the ITCZ lies at its northern-
most position (~15°N) and lows are formed over
the continents. Pacific highs and Asiatic lows dom-
inate the area. Ocean circulations in the upper
layer of the North Pacific undergo considerable
variations in response to the shifting of the major
wind system. Wyrtki (1965) and Tsuchiya (1974)
found a good correlation between the positions of
the North Equatorial Countercurrent and the ITCZ.
Meyers (1975) and White (1977) correlated the sea-
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sonal variations in transport in the North Equatorial
Current region and in the midlatitude Pacific to the
wind field.

a. The vertically integrated transport

In a coarse grid ocean model such as the NORPAX
model the nonlinear effects in the momentum equa-
tions are relatively small, except near the equator
and at the western boundary. The vertically inte-
grated streamfunction in the ocean approximately
satisfies the Sverdrup relation for most of the area.
Fig. 3 shows transport streamflows on the four
representative days previously indicated. Since the
seasonal migration amplitude of the equatorial
trough is from 5°S to 12°N, centered in the Northern
Hemisphere most of the year, it has just crossed the
equator in early spring (15 April). The ITCZ lies
about 2-4°N and the wind system in the North
Pacific shifts from strong to moderate, moving
northward. The trade wind region occupies the area
from the Tropic of Cancer to the equator and a
small portion of arctic easterly shows up in the
northernmost latitudes in the North Pacific Ocean as
shown in Fig. 1a. As shown in Fig. 3a, a typical
three gyral circulation is simulated in the North
Pacific Ocean in response to the spring wind shown
in Fig. la. The middle one is a subtropic anti-
cyclonic gyre with a maximum transport in the
Kuroshio region of about 49 x 10 m® s~! and two
are cyclonic gyres in the tropic and subarctic region
with transports of 38 X 10° m3 s™' and 15 x 10% m?

JOSEPH C. K. HUANG
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s, respectively. As the season progresses to sum-
mer, the wind over the North Pacific is weaker
than at any other season (Fig. 1b). The oceanic
circulation in summer (Fig. 3b) maintains a pattern
similar to that in spring but all three gyres are
relatively weaker. The subarctic gyre almost disap-
pears. In fall the trades expand latitudinally to
near 20°N in the western tropics due to the shift of
the monsoon and the strength of the subarctic
easterly also increases. As shown in Fig. 3c, the
tropic gyre is the broadest of all seasons and the
transport of the subarctic gyre increases to about
25 x 108 m® s~!, while the subtropic anticyclonic
gyre remains similar in strength to that in spring.
Winds are much stronger in winter (Fig. 1d) and all
gyral circulations are strengthened, as shown in Fig.
3d. The subtropic anticyclonic gyre has a maximum
transport near the Kuroshio region of about 63
x 108 m?® s~!. The tropic gyre increases its max-
imum transport to about 46 X 10° m® s™! and the
subarctic gyre to about 33 x 10 m3 s~1. Note that
the subarctic gyre extends farther southward to
36°N along the Asiatic coast in the winter and more
subtropic warm water flows northeastward into the
Gulf of Alaska. As predicted by linear theory, the
transport function of the model follows the pattern
of the vertical component of the curl of wind stress.
The simulated Kuroshio transport agrees well with
the world ocean simulation of Takano ef al. (1974).

It is rather difficult to compare the simulated
transport, such as the Kuroshio, the Qyashio and
the North Equatorial Current, etc., with observa-
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tional data. There always exists the problem of the
width scale used for estimating the transport from
current measurements and the problem of selecting
the reference levels of no motion for the relative
transport calculations from the observational data.
However, insights into model verification are gained
through comparisons with observed data in spite of
these difficulties.

The most prominent phenomenon in the North
Pacific Ocean is the Kuroshio Current in the sub-
tropic anticyclonic gyre. Taft (1972) calculated the
transport in the region south of Japan (130-141°E)
relative to 800 db and found a maximum in his
third quarter (1 August—15 September) with no sig-
nificant differences between the first, second and
fourth quarters. Pavlova [1964 (from Taft, 1972)]
computed the average transport around 135°E rela-
tive to 1500 db and found no obvious maximum in
transport in either August or September. Based on
volume transport calculations relative to 1000 db
for 32 sections across the Kuroshio near 135°E,
Masuzawa (1972) stated that there is marginal evi-
dence that there are two maxima per year: one in
spring and the other in fall. Wyrtki (1961) com-
puted the geostrophic volume transport relative to
800 db in the southwest Pacific south of 25°N and
indicated that the Kuroshio east of Taiwan shows
the highest transport in April and the lowest in
December. The simulated integrated streamfunction
in the Kuroshio region shows a relatively high
transport in April and the lowest in November and
early December, which agrees with Wyrtki’s (1961).
However, the maximum simulated transport occurs
in late winter, January-February. There is no avail-
able observational data showing such a maximum
in winter. As to the magnitude of the Kuroshio,
Taft (1972) showed the relative transport around
139°E to be about 42 x 10° m?® s~! all year round,
except during August—September when it is about
25% higher. Nitani (1972) indicated that the trans-
port of the Kuroshio east of Taiwan is about 40
X 10% m® s7!, and that of the Kuroshio south of
the Kii Peninsula is about 65 X 10° m® s! on the
- average. The simulated Kuroshio agrees quantita-
tively well with these observational values. Worth-
ington and Kawai (1972), based on three deep sec-
tions across the Kuroshio in August and September
of 1965, stated that volume transports of the
Kuroshio in the Ryukyu, in the Shikoku and in
the Inubozuki sections are 59, 84 and 88 x 108
m?® s71, respectively, considerably larger than indi-
cated by the model simulation. As Takano et al.
(1974) pointed out, there is not enough reliable
seasonal observational data to estimate the Kuro-
shio transport so that comparisons can be made
comfortably with the simulated result.

In the tropic cyclonic gyre that composes all the
equatorial currents, the simulated North Equatorial
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Current system across 130°E (estimated from 10 to
20°N) shows a maximum transport of about 72
X 105 m® s7! in winter (January-February) and
about 64, 46 and 44 X 10° m® s™! in spring, summer
and fall, respectively, with an annual average of
about 56 x 108 m3 s~!. Sverdrup et al. (1942) esti-
mated that the transport of the North Equatorial
Current is about 45 x 10° m® s~'. Wyrtki (1961)
estimated it to be 38 x 10° m® s7!; Masuzawa
(1972), 48 x 10° m® s~! and Nitani (1972), 70 x 10¢
m? s~! near 130°E and 53 x 10° m3 s—! at 137°E. The
simulated seasonal transports of the North Equa-
torial Current agree qualitatively with these ob-
served values. Based on the trade wind zone
oceanography study data, Meyers (1975) stated that
the mean monthly values of westward volume trans-
port near 150°W, from 11.5 to 20.5°N, have a
maximum in fall (~24 x 10° m® s~!) and a minimum
in spring (about 12 X 10% m? s~!). Simulated trans-
ports of the North Equatorial Current around 150°W
do show a relative maximum in fall (40 X 106 m3®s~?)
and a minimum in early summer (25 X 10 m3 s™*).
However, simulated transports are about 50% higher
than Meyers’ values.

The simulated subarctic cyclonic gyre shows
strong seasonal fluctuation, from about 30 x 10 m3
s™! in winter to about 4 X 105 m® s~! in summer.
Reid’s (1973) analysis of the Boreas Exploration
showed 23 x 10® m® s7! in winter (relative to 1500
db) and Allen’s (1964) estimation is about 8 x 108
m3 s™! for summer in the Kamchatka Current
region. Further south in the Oyashio region, Hata’s
(1965) data show a southward transport across 43°N
of about 3 X 10° m?® s~! in winter and about 2 X 108
m?® s7! in spring and summer. The simulated trans-
port in the Kamchatka current region agrees satis-
factorily with Reid (1973) and Allen (1964). The
simulated transport in the Oyashio region also
agrees qualitatively well with Hata’s (1965), except
for winter.

b. The velocity

The surface layer current (10 m) is shown in Fig. 4.
It is mostly dominated by the Ekman drift, which
quickly responds to the wind. Most of the major
observed currents are portrayed in the model simula-
tion. In the midlatitude region from subtropic to sub-
arctic, the Kuroshio and the Oyashio, which
merge north of 40°N, form the beginning of the west
drift North Pacific Current. Near the North Amer-
ican coast, the North Pacific Current splits into the
Alaska Current flowing northward and the California
Current flowing southward. The Alaska Current
connects to the Aleutian Current, which passes
across the Aleutian Islands, instead of flowing along

‘the Aleutian Chain, due to the simplification of

the model geometry. The Aleutian Current flows
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into the Bering Sea and connects to the Kam-
chatka Current and the Oyashio to complete the
subarctic gyral circulation. The southward weak
California Current joins the beginning of the North
Equatorial Current flowing westward. The North
Equatorial Current branches northward into the
Kuroshio and southward to join the Equatorial
Countercurrent, which is more clearly discerned
in fall and winter, as shown in Figs. 4c and 4d.
Note that the simulated equatorial countercurrent
lies south of 2.5°N near the equator, instead of
at 5—10°N latitudes where it is generally observed.
The South Equatorial Current, which flows west-
ward near the equator, exists in the North Pacific
Ocean during spring and summer, but disappears
from the Northern Hemisphere in the West Pacific
during fall and winter, as indicated in Fig. 4.
Simulated currents in the open ocean are for the
most part strong in the equatorial region and rela-
tively weak in the mid-latitude region. In addition
to the stronger wind stress in the tropics than that
in the midlatitude, it is also expected from the over-
all dynamic balance in the ocean that, in the tropic
zone, the Ekman current will generally enforce the
geostrophic flow induced by the north-south density
gradient, while it opposes the geostrophic flow in
the mid-latitude. The surface current in the Kuroshio
region is essentially quite steady all year round,
with a relative maximum of 64 cm s™! in fall and
about 60 cm s™! in other seasons. However, the
simulated maximum current is located south of

Japan instead of along the Japanese coast, probably
due to the simplification in bottom topography.
The simulated Kamchatka current and the Oyashio
are much stronger during winter (6—10 cm s™!)
than in summer (1-2 cm s™1).

Taft (1972) analyzed the seasonal variations of
surface current speed in the Kuroshio south of
Japan from 130° to 135°E and from 135° to 140°E,
based on shiplog data. His curves are reproduced
in Fig. 5, together with the simulated curves at
two appropriately comparable points. All four
curves are rather similar; even the slightly down-
stream phase difference (~1 month) between the
curves at different locations is accurately simulated
by the model. However, the simulated current
speed is about 50% lower than the observed speed
and it has no minimum in May.

The most noticeable seasonal variation simulated
is in the equatorial region, where the surface
current is mostly the South Equatorial Current
under the influence of the southeast trade wind. The
strongest westward surface current occurs in spring
near 140°W, where the velocity reaches 75 cm s™!
(Fig. 4a). Intense upwelling, as will be shown later,
is also present in this region due to the divergence
of Ekman transport in the surface layer. The South
Equatorial Current disappears to the west of 160°W
in fall and winter when the Equatorial Counter-
current is clearly indicated.

Wyrtki (1965) and Tsuchiya (1974) indicated that
the variation of the North Equatorial Countercur-
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F1G. 5. Simulated (a) and observed (b) (Taft, 1972) seasonal variations of
surface current speeds for two aréas in the Kuroshio south of Japan

rent is closely related to the shift of the ITCZ in
the major wind system. In the eastern tropic Pacific
Ocean, the countercurrent is discontinuous or non-
existent in spring when the ITCZ lies near its
southernmost position (at latitude 2—6°N) and it is
strong, broad and extended east to the coast of
Costa Rica in fall when the ITCZ lies near its
northmost position (at latitude 11-15°N). The max-
imum surface speed of the Equatorial Counter-
current is generally observed in September (~40
cm s™1). The simulated seasonal variation of the
Equatorial Current agrees well with the observed
seasonal phase relationship. However, the simu-
lated current speed is generally about 50% lower
than the observed current speed.

Along the west coast of the North American
Continent, the California Current generally flows
southeastward. However, when the southerly wind
is dominating the west coast during fall and winter,
the implications for the existence of the Davidson
Countercurrent flowing northwestward near the
coast are clearly indicated in the simulated cur-
rent (Figs. 4c and 4d).

The simulated seasonal shift of the California
Current and the appearance of the California
Countercurrent in fall and winter support Wyrtki
(1965) and Schwartzlose and Reid (1971) in their
contention that the California Current flows strongly

southeastward parallel to the coast in spring and
summer and that the flow is mostly weak and off-
shore in fall and winter, while the northwestward
Davidson Current appears south of 27°N when the
wind is shifted primarily from the south in the
coastal area.

Simulated seasonal current patterns of the third
layer in the model at a depth of 60 m are shown
in Fig. 6. Over most of the North Pacific Ocean,
currents remain similar to these of the surface layer,
except that the Ekman deflecting effect is greatly re-
duced and the geostrophic influence is correspond-
ingly increased. The current flows mostly in the
zonal direction. The strongest current of this layer is
the simulated Kuroshio Current in spring, which has
a value of 49 cm s™!. The major difference be-
tween these currents and those at the surface is in
the equatorial currents. During spring, some indi-
cations for the formation of an Equatorial Under-
current are shown in the west tropic Pacific west
of 170°E as the current starts to flow eastward south
of the Phillippine Sea. As the season progresses,
the eastward flow extends further eastward, reach-
ing 160°W in summer, and nearly across the entire
basin during fall and winter (reaching 100°W in fall
and 130°W in winter). The eastward Undercurrent
is clearly discerned for all four seasons in the deeper
layers at 225 m depth as shown in Fig. 7. During
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spring and summer, there is eastward flow across the
entire basin on the equator, while the eastward
flow is weaker and broken in sections during fall
and winter. This implies that the model Under-
current is deep in the spring and summer (especially
summer) and is shallow in the fall and winter. The
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around 10°N, the thermocline is shallow and the
thermal gradient is sharp, resulting in a strong
Countercurrent in the upper shallow layers. In the
spring the thermocline is deep, resulting in a deeper
Countercurrent.

Along the North American coast, the simulated
California Current flows southward near the con-
tinent in spring and summer and shifts outward to
the open ocean during fall and winter, while a north-
ward, Davidson Countercurrent exists close to the
coast at this depth north of Baja California (Figs.
7c and 7d).

There is very little seasonal variation shown be-
fow 700 m depth. The simulated Kuroshio is still
strong (~15 cm s—!) but the Equatorial Undercurrent
is not detectable. At deep layers (below 1000 m
depth) an abyssal creep flowing southward in the
west Pacific is apparent and the southward current
under the Kuroshio reaches 4 cm s™.

The model simulated vertical velocity at 20 m
depth is shown in Fig. 8. In the open ocean, this
is mostly due to Ekman pumping, which is related
to the curl of wind stress. Intense upwellings
occur in the equatorial region and along the
western boundary in all seasons. The intense up-
welling along the equator does not penetrate very
deep, but that at the western boundary does. There
are always downwellings in the eastern tropic re-
gion near the Costa Rica Dome, but upwellings
at the coast. There are general broad weak down-
wellings in the subtropic region and upwellings in

the subarctic region. The strongest upwelling occurs
in spring (~2 x 102 cm s™') in the central equator.
In spring the active upwelling zone extends to about
5°N in the tropic region and a broad, weak down-
welling zone is found from subtropic to subarctic
region. Upwellings and downwellings are generally
weak in summer and become more intense in fall.
Downwelling in the subtropic region and upwelling
in the subarctic region are strong during the winter
season. Note that there is a distinct seasonal oscil-
lation in the upwelling along the west coast of
North America with a maximum in summer.
There are three Ocean Weather Stations (OWS) in
the North Pacific that have been monitored for
long periods of time. Their long record of data,
especially on temperature, is invaluable for deducing
statistically meaningful seasonal variations for their
representative areas. OWS Victor (34°N,164°E) is
located in the western subtropic east of Kuroshio.
OWS Papa (50°N,145°W) is in the eastern midlati-
tude and OWS November (30°N,140°W) is in the
eastern subtropic in the North Pacific Ocean. The
“simulated seasonal variations of transport functions
(Fig. 1a), velocities (Fig. 1b), surface current speeds
(Fig. 1c), temperatures (Fig. 1d), the observed
temperature (Fig. 1e) and the imposed climatology
of the wind stress curls (Fig. 1f) at three locations
are plotted as shown in Figs. 9, 10 and 11. The
observational data are obtained from Ballis (1973).
At OWS Victor, the model currents, both at the
surface layer and at the fifth layer about 150 m below
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the surface, are rather steadily eastward (Figs. 9b
and 9c). The northward surface component varies
slightly in response to the wind stress, which is
strong during winter. Transport is strong during
winter and weak during summer. The negative wind
stress curl is intense in winter, correlating with the
strong winter transport, and the wind stress curl is
weak in summer, correlating generally with the weak
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summer flow. Nevertheless, the correlations are not
equally obvious, being less apparent in summer. It
is probable that the flow near the Victor station is
still under the influence of the Kuroshio and its
meandering because there the local wind stress curl
bears no relation to the transport of the boundary
current.

OWS Papa is located near the eastern end of the
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North Pacific Current, where it begins to split north
and south. A close inverse correlation between the
surface wind stress curl and the cyclonic transport
is found at this location as indicated in Figs. 10a
and 10f. The summer transport is very weak as the
positive wind stress curl is almost null. Currents
are generally weak throughout the year, with a weak
maximum in late fall and early winter.

OWS November is south of the Papa station on
the eastern side of the subtropic anticyclonic gyre.
Here again a good correlation is found between
the negative wind stress curl and the anticyclonic
transport. Currents are weak but steady toward the
southeast. There are not many current or transport
measurements available at these stations for com-
parison with the simulated results. However, the
long and continuous temperature records provide
valuable verification of the model, discussed in the
next paragraph.

c. Temperature field

The most important single parameter in the ocean
to interact with the atmosphere is the sea surface
temperature. The simulated surface layer temper-
atures for 15 February, representing the coldest
month, and of 15 August, representing the warmest
month, are shown in Figs. 12a and 12b. The general
pattern of simulated temperatures and their vari-
ation from winter to summer closely resembles the
observed pattern. In general, there are stronger
temperature gradients in the midlatitudes, a broad
warm band of water in the western tropic region,
an isolated warm zone in the eastern tropic region

near Costa Rica and an equatorial cool zone from
the Central American coast to the central North
Pacific Ocean. In winter the sharp horizontal
temperature gradient zone exists from 25 to 45°N in
the western North Pacific, while in summer it is
pushed northward more than 10° latitude and the
meridional gradient is further strengthened around
40°N. The broad warm water in the western North
Pacific extends to 32°N in summer, but is limited to
south of 20°N in winter. The mean observed
surface temperatures for February and for August
are also reproduced in Figs. 12¢ and 12d. While
there is general agreement between the simulated
and the observed surface temperature patterns,
especially during summer, the simulated winter
temperatures in the subarctic region and the summer
temperatures in the tropic region are warmer than
observed.

Below the surface layer, the seasonal fluctuations
in temperature are similar to these of the surface
but with decreased amplitude and some phase shift
in time. Such seasonal fluctuations are more easily
examined at the OWS locations where observations
are available for comparisons.

Seasonal variations of the simulated and ob-
served temperatures at the surface and at 150 m for
the three ocean stations (Victor, Papa, November)
are shown in Figs. 9, 10 and 11. In the western
subtropics (Victor) the agreement between the simu-
lated surface temperature and the mean observed
surface temperature is very good both in magnitude
and phase of the annual cycle. At 150 m depth, the
agreement is satisfactory, except that the amplitude
is smaller in the simulation. At OWS Papa, the
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Fi16. 12. Simulated and observed (Masuzawa, 1972) surface temperature in the North Pacific Ocean for (a) simulated
February, (b) simulated August, (c) observed February, (d) observed August.

simulated annual cycle is also in good agreement
with the observed except that the amplitude is
smaller than the observation and the mean temper-
ature is somewhat warmer. At OWS November, the
agreement between the simulated and observed
temperature at the surface and 150 m is fairly good,
although, again, the amplitude in the seasonal cycle
is slightly smaller and the 150 m temperature is
slightly warmer in the simulation. Seasonal vari-
ations of sea surface temperature at two locations
published by Wyrtki (1965), one in the mid-latitude
eastern and the other in the tropic western North
Pacific Ocean, were also compared with the cor-
responding points simulated in the model. In both
cases, the phase and amplitude of the annual
cycle compare satisfactorily with the observation.

The seasonal variation of the monthly mean
temperature along the section from San Francisco
to Honolulu is reproduced from the monthly report
of the National Marine Fisheries Service (NMFS),
as shown in Fig. 13. The observed temperature
data are obtained from ships-of-opportunity. The
corresponding simulated temperature for the repre-
sentative days are shown in Fig. 14. As indicated
in Figs. 13 and 14, the gross features show some
resemblance. The thermocline is deep in winter and
spring, shallow in summer and fall. The temper-
ature is warm near Honolulu and cool near San
Francisco. The isotherms are inclined up from the
tropics to the midlatitudes. However, the major
deficiencies are the lack of an explicit seasonal

thermocline and the excessive thickness of the
permanent thermocline simulated in the model. This
produces a relatively constant vertical temper-
ature gradient from the surface down to 500 m and
results in a much higher temperature in the inter-
mediate water level. The simulated temperature at
500 m is about 5°C higher than observed, while
the simulated surface temperature is in good agree-
ment with the observed. This deficiency is obviously
due to the lack of effective thermocline dynamics in
the model.

There are no meaningful observational data avail-
able in the subarctic region for comparison with
the model. However, it appears that the simulated
temperatures in the subarctic region are generally
too high during winter and the amplitude of the
seasonal temperature change is smaller than ob-
served. A scrutiny of the initial condition and the
seasonal variation of temperature leads us to believe
that the discrepancies are probably attributable to
two deficiencies in the simulation. The first is the
summer (warm) bias of the atmospheric forcing data
of the annual mean ocean model as noted in I. The
second is the non-equilibrium state in the density
field due to insufficient annual cycles in the seasonal
integrations. The simulated annual mean surface
temperature, reported in I, is very similar in both
magnitude and pattern to the August surface temper-
ature in the seasonal simulation. The simulated
January surface temperature in high latitudes is
much lower than the annual mean surface temper-
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ature. This indicates that the seasonal atmospheric
forcing has gradually lowered the temperature at
high latitudes. However, the seasonal ocean model
has not reached an equilibrium state after 15 annual
cycles of integrations. This is indicated by the ex-
cessive feedback of heat energy from the high lati-
tude area in the North Pacific Ocean, as shown in
Fig. 2d, and by the existence of a remaining
moderately strong vertical temperature gradient in
the high latitude water column. Though the con-
vective adjustment mechanism in the model ac-
celerates the internal cooling process (Wetherald
and Manabe, 1972), which eventually cools the sur-
face temperature in high latitudes to approximately
the temperature of the bottom water, it decelerates
the external cooling in high latitudes by reducing
the heat loss from the ocean to the atmosphere,
which depends mostly on air-sea temperature dif-
ferences.
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d. Heat transport

The poleward transport of heat from the tropics
to high latitudes and its seasonal fluctuations
in the ocean are important questions connected
with global energy balance in the climate study.
Heat is transported from low latitudes to high lati-
tudes by the meridional component of velocity,
which is partitioned into a barotropic mode and a
baroclinic mode, and by horizontal diffusion due
to the existence of the meridional temperature
gradients. As pointed out in I, contributions
from the barotropic current to the total heat energy
transport are relatively small. Seasonal heat energy
transports in the model are shown in Fig. 15. As
the meridional current is strongest in winter, the
heat transport by advection then is the highest of
all seasons, at a maximum about 6 x 10'¢ cal s!
(2.51 x 10*® W) centered around 15°N. In spring the

o—o0 Totai northward heat transport
s—a  Heat transport by total current
o—eo Heat transport by diffusion
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heat energy transported by current advection, at-
tributed mostly to the upper layers of the ocean,
isabout4.6 x 10“cals™*(1.93 x 10> W) near 10°N.
The northern part of the North Equatorial Current
flows mostly westward and the meridional transport
of heat decreases poleward near 20°N. The north-
ward flow of the North Pacific Current is strength-
ened in winter and more heat is transported from
the subtropic region to the subarctic region. How-
ever, the east-west dimension of the North Pacific
Ocean is smaller in high latitudes and so the total
heat transport decreases latitudinally. As the season
progresses and the whole atmospheric system shifts
northward, the maximum northward transport of
heat by current also shifts accordingly. The latitude
of maximum advection of heat is near 25°N in fall.
Notice that there is a small amount of heat trans-
ported southward from 7°N to the equatorial re-
gion. As indicated in Figs. 5¢ and 7c, this is the
result of the weakening of the South Equatorial
Current and more southern components in the Equa-
torial Undercurrent and in the Countercurrent.

The heat transported by diffusion is relatively
small compared with the heat transported by ad-
vection in all seasons. The temperature along the
equator, due to strong upwellings there, is always
slightly cooler than its neighboring tropic water. A
broad mass of warm water always exists in the
western subtropic Pacific from 15 to 20°N. Based on
the temperature distribution, the contribution from
diffusion, which is always down gradient, is gen-
erally southward in low latitudes south of 20°N and
northward in middle and high latitudes. Maximum
northward heat transport by diffusion is around
30°N, where the maximum temperature gradient
exists year round.

Most of the heat is transported in the surface
layer where the current is generally the strongest
and the meridional thermal gradient is the largest.
The computed heat transport of the surface layer
(about 20 m thick) and of the seventh layer (about
300 m thick centered at 500 m depth) are shown
in Fig. 16. The negligible heat transport at the lower
level confirms that most thermal energy is trans-
ported in the upper hundreds of meters in the ocean.
The fact is that the heat transported by the surface
layer south of 15°N is larger than the maximum of
the total heat transports (Fig. 15), which means that
certain subsurface layers near the equator are trans-
porting heat in the opposite direction. It is proba-
ble that the deep equatorward transport is main-
tained by the barotropic advections. The largest
thermal energy transport is carried out in low lati-
tudes where, as indicated by Bryan et al. (1975), the
thermohaline transports are in the same direction as
the Ekman transports, while in the westerly zone,
the thermohaline transport is against the Ekman
transport. The simulated poleward heat transports
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are generally in good agreement with the results of
Sellers (1965) and of Vonder Haar and Oort (1973),
who indicate that the maximum poleward heat
transport by ocean currents lies between latitudes
20° and 30°N. The simulated seasonal variation
shows that the maximum heat transport in the North
Pacific Ocean is between 10° and 20°N in winter and
20° and 30°N in summer.

e. Annual baroclinic long wave

The presence of the eastern boundary tends to ex-
cite baroclinic waves (Veronis and Stommel, 1956).
In a recent study, White (1977) pointed out that due
to an interaction of the forced annual response in
the interior ocean with the eastern boundary, baro-
clinic long waves are generated from the east and
propagate westward at phase speeds of

_ 28'H\B
___fz_._,

where g’ is the reduced gravity and H, is the mean
thickness of the upper layer. Note that this baro-
clinic long wave is traveling at twice the speed of a
nondispersive Rossby wave.

A similar baroclinic long wave is observed in
the seasonal simulation. To determine the wave-
length and phase speed of the annual signal, the
differences between the parameter value and its
longitudinal mean are plotted layer by layer at 10-
day intervals for every grid latitude in the ocean
model. Baroclinic long-wave phenomena show in
most parameters in the tropic and subtropic areas,
especially near the equator. Fig. 17 shows the
consecutive time plots of the parameter u of the
fourth layer (~125 m) at 11.25°N latitude at inter-
vals of approximately 60 days. The estimated wave
length of the long baroclinic wave is about 11 000
km and the phase speed is about 34 cm s™!, which
agrees well with the computed phase speed from
4.1) for Hy = 125 m and g’ = 5.4 cm s~2. White’s
(1977) estimation from bathythermograph data
showed that the zonal phase speed at 11°N, with
an upper layer of 125 m depth, is approximately
40 cm s™! and the wavelength is approximately
12 000 km. Our calculations are in quantitative
agreement with White’s observational results. How-
ever, there is no evidence in the simulation to
indicate that phase speeds and wave lengths de-
crease with increasing latitudes as claimed by
White (1977).

C 4.1)

f. Energetics

As pointed out in Huang (1978), the overall sum
of kinetic and potential energy in the ocean domain
is conserved under the equilibrium state. We let K
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be the total kinetic energy
K = J Yapo V3V, 4.2)
Vv

which can be separated into two parts: one for the
barotropic mode,

K= J BDpV2dA 4.3)
A
and one for the baroclinic mode,
K' = f YooV 2dV, (4.4)
1 4

where the integration subscripts V and A indicate
that integrations are carried out for the whole
volume and for the whole surface area, respectively,
in the domain of interest. As defined in I, V is the
horizontal velocity vector and V and V' are the
vertical mean current and the shear current, re-
spectively. The total potential energy is computed
with reference to the ocean bottom and with mean
density as

¢=[ﬂm—mw+aﬂa @.5)

\ 4

where z is the depth from the mean sea surface and
po the mean density.
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Seasonal variations of the total kinetic energy, the
total potential energy, the baroclinic Kinetic energy
and the barotropic kinetic energy are shown in Fig.
18. It is seen that the barotropic kinetic energy is
about one order of magnitude smaller than the
baroclinic energy, while the potential energy is
about three orders of magnitudes greater than the
total kinetic energy. As pointed out before, the
baroclinic response is not in an equilibrium state yet
and this is also shown in the ® curve in Fig. 18.
The simulated potential energy has a minimum in
late winter and early spring and a maximum in late
summer and early fall, lagging the seasonal heating
cycle by about one month. The barotropic kinetic
energy, affected mostly by the wind stress, has a
maximum in winter and a minimum in late summer,
lagging the wind stress cycle by about one month.
The maximum Kkinetic energy of the baroclinic cur-
rent appears in late winter and the minimum occurs
in late spring. The total kinetic energy shows a
maximum in winter and a minimum in early summer.

VoLUME 9

Fig. 18 indicates an interesting difference between
the seasonal cycle of barotropic and baroclinic
kinetic energy. The barotropic kinetic energy in-
creases during the second half of the year and de-
creases during the first half, while the baroclinic
kinetic energy undergoes a slow buildup from late
spring until the following winter, followed by a rapid
decrease from winter to spring. The fact that the
maximum baroclinic energy is approximately in
phase with the minimum potential energy indi-
cates that the baroclinic response in the ocean
may depend more on the cooling cycle. Ocean water
possesses the maximum vertically homogeneous
depth in winter while the north-south horizontal
density gradients are also at a maximum. Large-
scale thermohaline circulations are generally in
geostrophic balance. Therefore, the total baroclinic
kinetic energy increases as the potential energy de-
creases in winter until the end of the seasonal
cooling cycle. Most vertical movements cease at this
time and the Kkinetic energy starts to decrease
when the heating and stratification begin. The
maximum potential energy in fall is used mostly to
enhance the vertical stratification that stabilizes
the ocean.

5. Summary and conclusions

Seasonal variations in the North Pacific Ocean
were simulated by a baroclinic ocean model. Start-
ing from the quasi-equilibrium state of the model
after 60 years of integrations under the annual
mean atmospheric forcing, integrations for the sea-
sonal variation were carried out for another 15 years
using time-dependent climatological atmospheric
parameters. Although the barotropic component of
oceanic current reached a seasonally quasi-
equilibrium state, the baroclinic part still noticeably
increased in energy after 15 years of integrations.
However, the secular increase in the total baro-
clinic energy was less than 6% per year and the
amplitude of the seasonal variation almost steady.

It is felt that the model has satisfactorily por-
trayed the major features and their seasonal vari-
ation in the North Pacific Ocean. The simulated
seasonal fluctuation of the ocean transport function
is closely related to the imposed meridional move-
ment of the atmospheric wind forcing. In general,
the simulated transport lies well within the range of
observed transport. However, simulated values are
closer to low estimates.

Basic features of all the major current systems in
the North Pacific Ocean are reproduced in the
model. The simulated surface Kuroshio is essen-
tially steady most of the year, with a relative
maximum of 64 cm s~ in fall and about 60 cm s™! in
other seasons. Major seasonal variations appear in
the upper 300 m of the ocean. The simulated
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Equatorial Countercurrent and Undercurrent
demonstrate significant seasonal change. Both cur-
rents are strong but not as deep in fall and winter,
and weak but deep in spring and summer, in agree-
ment with the available observations. Along the
North American coast, a northeastward Davison
Countercurrent is also indicated during fall and win-
ter, while the major California Current is shifted
off-shore when the southerly wind appears.

The simulated surface temperature matches the
observed surface temperature except in high lati-
tudes, where it is higher than the observed
temperature in winter. The discrepancy is probably
attributable to the lack of long seasonal integrations
to bring the model ocean to an equilibrium state
so that the high latitude surface temperature in
winter would be close to the deep water temper-
ature. As the initial state of temperature in high
latitudes is relatively too high, 15 years of seasonal
cycles is obviously not enough to cool the temper-
ature down to observational values. In the subsur-
face temperature distribution, neither the seasonal
nor the main thermocline are adequately simulated.

Most of the poleward transport of heat occurs in
the upper layers, especially the surface layer. The
simulated seasonal variation shows that the max-
imum northward heat transport in the North Pacific
Ocean is between 10 and 20°N in winter and be-
tween 20 and 30°N in summer.

An analysis of the basic average energetics
showed that the maximum total potential energy oc-
curs in summer and the minimum in winter, and
the maximum total kinetic energy occurs in winter
and the minimum in summer. The total barotropic
kinetic energy variation follows the wind cycle

with about a one month lag, while the total baro-
clinic kinetic energy variation depends mostly on
the cooling cycle. The latter reaches a maximum
in late winter.

The major limitations of the model, besides the
lack of sufficient resolution and constant viscosities,
lie in the exclusion of bottom topography and in
the lack of mixed layer dynamics. The former will
definitely improve the magnitude of the transport
function and the latter will improve the accuracy of
the prediction of the subsurface temperature struc-
ture. Another deficiency of this study is that no
seasonal variation of salinity was included in the
simulation because no seasonal evaporation minus
precipitation data were available. Time-integrations
for the seasonal simulation were not long enough to
reach an equilibrium state. However, an approxi-
mate quasi-equilibrium state is achieved for most
of the ocean domain and the secular change is small.
It is felt that general conclusions about seasonal
variations are still valid and that the present de-
ficiencies will not adversely affect the anomaly
experiments, which deal consistently with the dif-
ferent quantities given by the experimental results
and by the corresponding seasonal state. The fol-
low-up paper will report on the anomaly experi-
ments in the North Pacific Ocean.
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