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Abstract

A major objective of this paper is to propose the mechanism that generates the vari-
ability in thermohaline structures, which was actually observed at intermediate depths
of the North Atlantic subtropical-subpolar gyres, with interdecadal time scales. The ob-
served variability is first compared with the climatological mean thermohaline structures
and related to the observed variability in the wind stress curl over the North Atlantic.
This data analysis yields two hypotheses: 1) a primary cause of the observed variability
in thermohaline structures was the weakened wind stress curl, and 2) the thermohaline
variability caused by a uniform change in the wind stress curl was different between the
western and eastern portions in both subtropical and subpolar gyres.

In order to test these hypotheses, a four-level model, which is driven by wind stresses
and surface buoyancy flux, is constructed with thermohaline structures represented by a
temperature field. The model is used to examine responses of the subtropical-subpolar
thermohaline field to a sudden and uniform change in wind stress curl. The model demon-
strates that the uniformly weakened wind stress curl generates the thermohaline change
with different tendencies between the western and eastern domains in both subtropical
and subpolar gyres, similar to the observed pattern.

The thermohaline change with different tendencies between the western and eastern
domains is not related to a previous linear theory, which is associated with the local
Ekman pumping and the long baroclinic Rossby wave. In this study, the responses of the
subtropical-subpolar thermohaline field are examined on the basis of a non-linear theory,
which is associated with nonlinear advection in addition to above two mechanisms. The
model solutions are analyzed using an analytical method: i.e., the characteristic curves
associated with both a linear wave propagation and nonlinear advection effects.

The mechanism which generates the thermohaline change with different tendencies
between the western and eastern domains is summarized as follows: the 1st baroclinic

velocity field is weakened by the vertical shift of the temperature field in both subtropical

and subpolar gyres. This process almost corresponds to the linear response. The weakened




Ist baroclinic velocity field forms temperature anomalies in the thermocline, which have
different tendencies between the western and eastern domains in both subtropical and
subpolar gyres. The formation areas of temperature anomalies are related to the mean
horizontal temperature structures, which are maintained by the wind stresses and sur-

face buoyancy flux. The propagation of temperature anomalies along the characteristics

generates the horizontal shift of temperature field.




1 Introduction

The oceans have the large heat capacity as compared to the atmosphere, and also
the ability to transport heat over large distances. Thus, the oceans are likely to play a
key role in setting the time scale for the interdecadal climate variability (O’Brien, 1992).
In the mid-latitude, the large-scale oceanic circulations transport heat poleward at in-
termediate depths, and the heat transported poleward is transferred to the atmosphere
by air-sea interactions. The cumulative effect of air-sea interactions in the mid-latitude
1s important in the zonally asymmetric part of the atmospheric circulation, and hence
horizontal distribution of climate. Kushnir (1994) suggested that the interdecadal vari-
ability of sea surface temperature in the mid-latitude North Atlantic might be governed
by a basin-scale dynamical interaction between the large-scale oceanic circulation and
atmosphere. The large-scale oceanic circulation is mainly related to the thermohaline
structures at intermediate depths. Thus, the interdecadal variability in thermohaline
structures at intermediate depths might be fundamental as the oceanic process which
drives the interdecadal climate variability.

The interdecadal variability in the thermohaline structures was actually observed at
intermediate depths of the North Atlantic. The time series of temperature at the Pan-
ulirus Station (located near Bermuda) in the subtropical North Atlantic showed that
temperature decreased with a maximum value of 1°C in the 0 to 1200m depth range
throughout 1960’s(Talley and Raymer, 1982; Roemmich, 1985). Levitus (1989) described
basin-scale changes in the thermohaline structures at intermediate depths of the North
Atlantic during the 1955-1959 and 1970-1974 periods. A major feature in the basin-scale
changes was that the thermohaline change had different tendencies between the western
and eastern portions in both subtropical and subpolar gyres (see Fig.1a and Fig.1b). Fur-
thermore, Greatbatch et al. (1991) and Greatbatch and Xu (1993) discussed changes in
the transport of volume and heat between the 1955-1959 and 1970-1974 periods, based on

the diagnostic calculation using density data from Levitus (1989). They showed that the




Gulf Stream was considerably weaker in the 1970-1974 period than in the 1955-1959 pe-
riod. However, the previous studies have not yet clarified the mechanism which generated
the observed variability in the thermohaline structures.

A major objective of this paper is to propose the mechanism which generated the
observed variability in the thermohaline structures at intermediate depths of the North
Atlantic. A main feature of the observed variability is that the thermohaline change had
different tendencies between the western and eastern domains in both the subtropical
and subpolar gyres. We particularly propose the mechanism which formed the horizontal
pattern of the observed thermohaline change.

Although the previous studies did not establish the mechanism which generated the
observed thermohaline variability, possible mechanisms were suggested. The temporal
variability of the wind stress curl could change the thermohaline structure at interme-
diate depths because of the vertical displacement of the thermocline. This process was
responsible for the observed shoaling of the density surface (hence, cooling/freshening)
at intermediate depths in the western subtropical gyre throughout 1960’s (Talley and
Raymer, 1982; Roemmich, 1985; Levitus, 1989). In addition, the change in convection
could play a major role in modifying the thermohaline structure at the upper few hundred
meters of the subtropical ocean through the isopycnal flow. This process was responsible
for a decrease in potential vorticity of the Subtropical Mode Water throughout 1960’s
(Tally and Raymer, 1982; Levitus, 1989), although the cause which changed convec-
tion was not discussed in these papers. Furthermore, Levitus (1989) suggested that the
change in the thermohaline structure of the subpolar gyre was affected by ” Great Salinity
Anomaly”; the cooling and freshening began at the upper ocean (0-200m) of the Northern
North Atlantic in the mid-1960’s, and then the cold and flesh water propagated around
the subpolar gyre during the 1960’s and 1970’s (e.g., Dickson et al., 1988).

Several mechanisms might cause the observed thermohaline variability. In this paper,

the observed thermohaline variability is examined through the response to the observed

variability in the wind stress curl over the North Atlantic. In addition, the observed




horizontal pattern of thermohaline change with different tendencies between the western
and eastern portions, is examined through the non-linear response of the ocean to the
wind variation. A simple level model is used to examine the mechanism which generated
the observed thermohaline variability.

The problem studied by using the simple numerical model is to clarify the dynami-
cal response of the horizontal temperature fields in the mid-latitude thermocline to the
decadal variation of the wind stress curl. This problem with respect to the time-dependent
thermocline structure on the mid-latitude  plane ocean, has been theoretically studied.
Most of the previous studies focused on the local Ekman pumping and the non-dispersive
long baroclinic Rossby waves which were mostly excited at the eastern boundary (e.g.,
Anderson and Gill, 1975; Anderson and Killworth, 1979). Recently, Liu(1993a, b, 1994)
studied the time-dependent thermocline structure in a ventilated thermocline model. His
studies emphasized the effect of the ventilation in adding to two mechanisms above. This
paper also pays attention to non-linear advection effects on the time-dependent thermo-
cline structure.

Although Liu (1993a, b, 1994) gave us the physical insight on the time-dependent
thermocline structure in the interior region of the subtropical gyre, these cannot answer
the following questions: 1) what is the variation of the thermocline in the subtropical-
subpolar system which includes the western boundary, and 2) what is the variation of the
thermocline in the subtropical-subpolar system which is driven by combined wind and
buoyancy flux. This paper tries to answer these questions. Thus, the simple numerical
model used in this study is represented by the subtropical-subpolar closed system which
includes the western boundary, and driven by the wind stress and surface heat flux.
Furthermore, we interpret the dynamics of the time-dependent thermocline structure in
the model by using an analytical method; i.e., the characteristic curves associated with a
linear wave propagation and non-linear advection effects.

This paper is organized as follows: in section 2, the horizontal spatial pattern of

the thermohaline change shown by Levitus(1989) is compared with the climatological




mean structure, then the temporal and spatial variation of the wind stress curl over the
North Atlantic is examined, finally we summarize observational evidences. In section 3,
the numerical model and governing equations are first described, and next the outline
of numerical experiments is explained. In section 4, the dynamics of time-dependent
horizontal temperature fields in the thermocline are preliminary discussed based on the
level model used in this study. In section 5, the results of numerical experiments are
presented. First, the model solutions are compared with the observational evidences in
the North Atlantic. Second, the steady state solutions are analyzed. Third, the time-
dependent solutions are analyzed. In addition, the variation in the meridional circulation
is discussed. In section 6, we discuss generally the results of numerical experiments. In

section 7, conclusive remarks of this paper are given.

2 Observational evidences in the North Atlantic

2.1 Spatial pattern of the variation in the temperature and

salinity structures

Figures 1a and 1b quoted from Levitus (1989) show the horizontal temperature and
salinity structure changes at 500m depth in the North Atlantic during the 1955-1959
and 1970-1974 periods, respectively. Both temperature and salinity changes exhibit a
same spatial pattern with different tendencies between the western and eastern portions
in subtropical and subpolar gyres. Such feature of the horizontal spatial pattern is de-
scribed as follows: temperature/salinity decreased in the northwestern subtropical gyre,
whereas increased weakly in the southeastern subtropical gyre, on the other hand, tem-
perature/salinity increased in the western subpolar gyre, while decreased in the eastern

subpolar gyre in the 1970-1974 period than in the 1955-1959 period.

Figures 1c and 1d show the climatological annual mean horizontal temperature and




salinity structures at 500m depth in the North Atlantic derived from Levitus (1982),
respectively. Comparing Fig.1la with Fig.1c, and Fig.1b with Fig.1d, we notice the ge-
ographical relationships between the temperature/salinity structure changes and these
mean structures. In the subtropical gyre, the western and eastern portions, which are
characterized by the different tendencies of temperature/salinity changes, are separated
by a dashed curve in Fig.1c and Fig.1d; this curve is characterized by points at which mean
isothermal/isohaline contours turn from southward to eastward direction. This feature in
the mean temperature/salinity structures is more remarkable at the subsurface (Fig.2),
because this is related to the subtropical front. The region where temperature/salinity de-
creased significantly in the subtropical gyre was confined to the south of the Gulf Stream
system. On the other hand, in the subpolar gyre the region where temperature/salinity
decreased existed both on and east of the North Atlantic Current; this is identified by
mean isothermal/isohaline contours which extend northward with the strong gradient.
The region where temperature/salinity increased in the subpolar gyre existed west of the
North Atlantic Current.

Above geographical relationships suggest the dynamical interaction between the tem-
perature/salinity structure changes and mean temperature/salinity structures. As shown
in Fig.1, the horizontal structure of mean temperature field is similar to that of mean
salinity field, and the horizontal spatial pattern of the temperature change was also sim-
ilar to that of the salinity change. Thus, it is suggested that the salinity change was
generated by the same mechanism as temperature one.

The vertical feature of the temperature structure change is shown in Fig.3a. In this
figure, the cooling region at the western subtropical gyre is found in the depth range of
the 100 to 1300m, and the weakly warming region at the eastern subtropical gyre is also
found in the depth range of the 200 to 1300m. The depth range of the 200 to 1300m

approximately corresponds to the permanent thermocline (Fig.3b). It is considered that

the observed thermohaline change mainly occurred in the permanent thermocline.




2.2 Temporal and spatial variability of the wind stress curl

The interdecadal variation of the wind curl (for the alternative of wind stress curl)
over the North Atlantic is examined as a primary cause of the observed thermohaline
structure change.

For this purpose, we analyze the monthly mean atmospheric pressure on the ground
in the Northern hemisphere during 1946-1988 period, which is compiled over 10° squares
in the latitude and longitude ranges by Japan Meteorological Research Institute. Our
algorithm of the wind curl calculation is described below. The annual mean atmospheric
pressure is first derived from the monthly mean one, and then the annual mean wind
is calculated by using the thermal wind relation on the spherical coordinates. Finally,
the annual mean wind curl is calculated. The annual mean wind curl is arranged in the
region north of 30°N, because the atmospheric pressure is not available in the south of
20°N throughout all period analyzed in this paper.

Figure 4a shows the distribution of the climatological annual mean wind curl averaged
during 1952-1988 period. The distribution in Fig.4a is consistent with the prescribed
wind stress curl (e.g., Hellerman and Rosenstein, 1983). Furthermore, Figure 4b shows
the difference of the wind curl between 1955 and 1970; these years are selected as the first
ones of two periods when Levitus (1989) compared the thermohaline structures, because
the wind field varies the thermohaline structure with the time lag. Figure 4b indicates
that the magnitude of the wind curl decreased over the subtropical and subpolar gyres
except the portion near the eastern boundaries of both gyres in 1970 comparing with in
1955. Figure 4c shows the temporal variations in the magnitude of the wind curl in both
subtropical and subpolar gyres. It is shown that the magnitude of the wind curl in the
subtropical gyre decreased in the period between 1952 and 1971, on the other hand, its
magnitude in the subpolar gyre increased in the period between 1952 and 1959, and then

decreased to 1971. As a result, Figure 4 shows that the magnitude of the wind curl over

the subtropical-subpolar North Atlantic decreased throughout 1960’s.




2.3 Summary of observational evidences

The results discussed in subsections above are briefly summarized as follows:

1) The thermohaline structure change at intermediate depths of the North Atlantic be-
tween 1955-1959 and 1970-1974 periods is characterized by the horizontal spatial pattern
with the different tendencies between the western and eastern portions in both subtropi-
cal and subpolar gyers. The horizontal pattern of the thermohaline change is geographi-
cally related to the mean horizontal thermohaline structure at intermediate depths of the
subtropical-subpolar gyres.

2) The observed thermohaline structure change mainly occurred in the permanent ther-
mocline.

3) The magnitude of the wind curl (hence, wind stress curl) over the subtropical-subpolar

North Atlantic decreased throughout 1960’s.
Above observational evidences yield two hypotheses:

1) A primary cause of the observed thermohaline structure change in the subtropical-
subpolar gyres was the weakened wind stress curl over the North Atlantic.
2) The thermohaline change due to a uniform change in the wind stress curl was different

between the western and eastern portions, through dynamics in the ocean.

The second hypothesis cannot be explained by the traditional linear theory (e.g., An-
derson and Gill, 1975) based on the vertical shift of the thermocline, because the uniform
change in the wind stress curl causes the unidirectional vertical shift of the thermocline
under the linear theory. Thus, we focus on the horizontal shift of the thermocline through
non-linear advection effects in adding to its vertical shift. A simple numerical model is
used to examine responses of the subtropical-subpolar thermohaline field to the weakened

wind stress curl. As for the numerical experiments, it is possible to investigate only tem-

perature variation for simplicity, because it is suggested that the salinity variation was




generated by the same mechanism as temperature one.

3 Description of the numerical model

3.1 The model and governing equations

The model used in this study is the four-level model, which is relatively coarse
to resolve the temperature stratification but it is useful to analyze the numerical results.
The four-level geometry in this model is shown in Fig.5a; the uppermost level (50m)
corresponds to the Ekman layer, the second (225m) and third level (225m) correspond
to the thermocline, and the deepest level (3500m) corresponds to the deep ocean. Our
interests are mainly in the horizontal temperature structures in the second and third
levels. The two-level representation of the thermocline is employed to resolve the lowest
baroclinic component in the thermocline. The horizontal plane (Fig.5b) is a rectangular
closed basin, with the meridional distance of 4560km extending approximately from 15°N
to 55°N and the zonal distance of 4080km. This basin scale corresponds to the subtropical-
subpolar system in the North Atlantic Ocean. A rigid lid and flat bottom are assumed.

Density p may change as temperature and salinity varies. Based on observational
evidences, salinity contribution to density is neglected. Thus, density p is given by tem-

perature T' as,

P = pc[l i a(T K Tc)] (3'1'1)

where p. and 7. are reference scales, and a = 2.5 x 107* °C~! is the thermal expansion

coefficient.
Three-dimensional Navier-Stokes equations are simplified by the following assump-

tions. Hydrostatic and Boussinesq approximations are used, and nonlinear advection

terms are omitted. As a result, the governing equations are written as




0 1 0 o°

giu—fv = —;0*%[7-+—AMHVE{U+AMV@U (3.1.2)

giv + fu = —Pioc%p + A Vv + AMVE;Q"U (3.1.3)

.(% Sl (3.1.4)

%u+ %v 5 %w =0 (3.1.5)

%T—k —(%(UT) + %(UT) + (%(’LUT) = Apu V3T + ADV%T + CA(T) (3.1.6)

where V%, = §%/0x?+6%/8y®. The zonal, meridional and vertical coordinates are denoted
by z, y and z respectively, along with the corresponding velocities u, v and w, p is pressure,
po = 1 gm cm™2 is reference density, and f = fo + B(y — yo) is Coriolis parameter for
the mid-latitude 8 plane (centered at yo = 35°N), where f; = 8.365 x 10™° s~! and
B = 1.873 x 1071 ecm™! s7!. Furthermore, Ayp, Apu, Aumyv and Apy are the lateral
eddy viscosity, lateral eddy diffusivity, vertical eddy viscosity and vertical eddy diffusivity,
respectively. The term C'A in the heat equation represents convective adjustment.
There are the boundary conditions to be satisfied. The east and west walls of the

basin are impermeable, noslip and insulating boundaries:

== 2T:O (3.1.7)
oz

The southern and northern boundaries are slip, impermeable and insulating boundaries:
0 0

g =Y = 2k
3yu v ByT 0 (3.1.8)

The surface boundary condition for temperature can be written as

Ay =T = (T*(y) = T} (3.1.9)

where v = 30 cm day ™! is the air-sea interaction coefficient, T*(y) is the reference tem-

perature which is assumed to be zonally uniform (Fig.6), and T} is temperature of the




uppermost level. The wind stress applied to the uppermost level is zonally uniform, and

is only meridionally variable,
Anv(, v) = (v, 0)/po (3.1.10)

The wind stress profile (Fig.6) to obtain a steady state of temperature and velocity is given
by a simple sinusoidal expression, but this profile is shifted to the plus direction in order to
avoid the coastal upwelling or downwelling at the southern or northern boundary. Thus,
we notice that the meridional profile of Ekman pumping is somewhat different from that of
previous theoretical studies through the difference in Ekman transport (Fig.7). However,
the wind stress profile in this study forms the same barotropic subtropical-subpolar gyres
as that in the previous studies.

The method to integrate the model equations is similar to that of Bryan (1969). The
horizontal resolution of the model is 120kmx120km. This horizontal grid spacing sets
about 4 grid points on the western boundary current; for 8 = 1.873 x 107 cm~! s~! and

Appu = 5% 108 cm? s71, the Munk scale is J/Aapp/B ~140km. The model parameters

are summarized in Table.1.

3.2 Outline of the numerical experiments

A steédy state of temperature and velocity is quoted for 400 years of integration,
after which time the dominant heat balances are approximately steady in the thermocline
yet still evolving in the deepest level (recall the diffusive time L?/Apy ~ 1000 yrs). We
believe that this integration time is sufficient for investigating the interdecadal variation
of the horizontal temperature structure in the thermocline.

The experiments to investigate the variation of the horizontal temperature fields are
executed by using this steady state as an initial condition. In the experiments, the ways
changing the wind stress curl (07%/0y) are shown in Fig.8. In Experiment 1 (hereafter
EX1), the magnitude of the wind stress is decreased. This decrease results in the uniform

decrease in the magnitude of the wind stress curl on both subtropical and subpolar gyres.
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The experiment 2 (hereafter EX2) is a counterpart of EX1; this is executed for the increase
in the magnitude of the wind stress. This increase results in the increase in the magnitude
of the wind stress curl on both subtropical and subpolar gyres.

These experiments are executed for the sudden change in the magnitude of the wind
stress curl. The rate of change is 18% of the steady state value. This rate is referred to
the observational evidence in Fig.4. The integration time of these experiments is 20 years.
As a result of the numerical experiments, this time is sufficient for investigating most of

the transient motions in the thermocline.

4 Preliminary considerations

In order to interpret the results of numerical experiments analytically, we employ
two equations which is useful to describe the variation of the horizontal temperature struc-
ture in the thermocline of the interior region. In this section, we derive these equations
according to our four-level model, and consider the dynamics in the interior region based
on these equations. Furthermore, we consider briefly the dynamical response of the tem-
perature structures at the eastern/western boundaries to the variation of the wind stress

curl.

4.1 Dynamics based on the planetary geostrophic equations

In this paper, attention is directed to the interdecadal time-scale, and hence large-
scale variability in the ocean, so that the time-dependent motions are quasi-geostrophic.

According to this assumption, the governing equations shown in section 3.1 are rewritten

as




0

5,P = P9 (4.1.3)
b%u+ é%qu-j—zw:O (4.1.4)

0 0 0 0 5 o?
égT-f' —8—2—3(UT) 4 @(’UT) 4 5;('LUT) = ADHVHT+ ADVB—ZET o CA(T) (415)

This system of equations are generally called the planetary geostrophic equations (e.g.,
Colin de Verdiére, 1988).

In the level model described by the planetary geostrophic equations, the vertical ve-
locity shears are related to the horizontal temperature shears through the thermal wind

relations. Thus, (4.1.1) and (4.1.2) by using (4.1.3) and (3.1.1) give

A
U, — Ug = ?L {H2T2 -+ H3T3} (417)

where A = (g @)/(2 po) is a constant, and L{ } = (—8/8y, 8/z) is a vector operator.
The subscripts denote the levels which are described in Fig.9.

Here, we define the total depth except the uppermost level H = H; + H; + H3 and
the thermocline depth h = H; + H,. Hereafter, H is simply called the total-depth, and
h is called the thermocline-depth. Then, (4.1.6)x (H;/h — Hy/H)+(4.1.7)x(Hs/H) and
(4.1.7) x (Hz/ k) give, respectively

Hs A H,H.
e F‘*}-L {F+ = —Tz)} (4.1.8)
g o2 Hy A (4.1.9)
where
f —}1; {(Hiu, + Hyu,) — hU} (4.1.10)
i %(ul —u,) (4.1.11)

1
U = Z(Hu, + Hyu, + Hyu,) (4.1.12)

14




and

I' 2 HiTh+ D+ HT (4.1.13)

6 — HlTl -+ H2T2 (4114)

u’ and u" represent two types of vertical velocity shear, and U represents the velocity
averaged over the total-depth.

Above velocity components correspond to the following decompositions of a vertical

velocity profile:

_ ) i - : '
i ' 1 1
w, |=U| 1|+ 1 + u” _% (4.1.15)
h
. By i 1 i | H; | i 0 |

The vertical profiles of these components are schematically shown in Fig.10. Hereafter,
U, u' and u” are called the velocity-structure-0, 1 and 2, respectively.. The total-depth
integrations of the velocity-structure-1 and 2 (hence, transports) are zero, respectively.
Although these velocity components defined above do not correspond to the normal modes
derived from the linear equations, these have similar structures to the normal modes. This
decomposition is useful to analyze the non-linear system in this level model because of
the direct connections with temperature fields. Namely, u” depends on the horizontal
gradient of ©. Furthermore, if the second term on the right hand side of (4.1.8) is
neglected (the validity of this approximation will be checked later by solutions of the
numerical experiments), u' depends on the horizontal gradient of I'. Thus, (4.1.8) is
replaced by
,Hz A

uNﬁ}—L {T'} (4.1.16)

Sverdrup vorticity balance gives the velocity-structure-0 as BV = fw;/H in the
interior region. Furthermore, w; is approximately equivalent to the Ekman pumping;
wy = —curl(T/ f). Therefore, the velocity-structure-0 depends only on the distribution of
the Ekman pumping. On the other hand, the vertical-structure-1 and 2 depend on I' and

©, respectively. Therefore, the horizontal structures of I' and © determine the baroclinic

15




features in this model. Dynamically important variables in this level model are I", ©, U,
u’ and u”.

The equations to predict I' and © are obtained by using the temperature conservation
equation (4.1.5). Integrating (4.1.5) over the total-depth and over the thermocline-depth

give

&F + V {UlHlTl + 11'2H2T2 + ’lL3H3R} + w1T01 = ADHV2F 4 FOI Sy CA(T) (4117)

(%E—)+V {u.HiT\ + u, HoTo} + wi Tor —wsTos = AppV?O+ FO' + F2 4L CA(T) (4.1.18)

where Tp; and Ty3 are the temperatures at the interfaces between levels. According to the

gird-spacing in our model, these variables are expressed as

SR

Tor = 02 ; (4.1.19)
ST T

Tos = 2;“ 2 (4.1.20)

In addition, F°! and F® are the vertical eddy thermal fluxes between levels. These terms

are given by

77 AEN
FRE s o el 4.1.21
DVH0+ Hl ( )

Ty — T3
FS o B e 4.1.22
DY I ( )

The advection terms in (4.1.17) and (4.1.18) are separated into the velocity-structure-
0, 1 and 2, respectively, such that

ulHlTl o u2H2T2 -+ 'LL3H3TE; = UF -+ hu’(% == T3) -+ Hl’IL”(Tl P Tz) (4123)

ulHlTl + u’2H2712 T (U S o 'LL’)@ < Hl'lL”(Tl = Tg) (4124)

Here, we ignore the third term on the right hand side of (4.1.23) for simplicity. Then,

(4.1.23) is replaced by

S)
ulHlTl + ’LL2H2T2 + U3H3T3 ~ UI' + hu’(ﬁ = T3) (4125)
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The validity of the truncation of the velocity-structure-2 will be checked later by solutions

of numerical experiments.

The substitutions of (4.1.16) and (4.1.14) into the second terms on the right hand side

of (4.1.25) and (4.1.24) give, respectively

0
gr + (AV)I' = -Wi(Tos — %) + FO' 4 CA(T) + ApyV°T (4.1.26)
0 © S
2929 +(BV)® = —Wi(Tp — -};) 2. Wg(ﬁ — To3) + F 4+ CA(T) — F% + ApyV?6
| (4.1.27)
where
B = {U+v'}+ Bl (4.1.29)
and

TN L {_e_/ﬂ}

H J
o H1H2 Tl—Tg
Bl = X . L{ 7 }

These equations are non-linear 1st-order partial differential equations of I and ©, except
the horizontal diffusions. Both A and B are composed of two terms; the first one is the
horizontal advection, and the second one means the wave propagation which is explained
below. The right hand sides of (4.1.26) and (4.1.27) represent the forcing terms, which are
composed of the vertical heat advection, vertical heat diffusion, convection and horizontal
diffusion.

The terms Al and B1 are separated into two parts, namely

Al = —,\%{9% (e/h—Tg),0}+,\h—[lj-‘i}{@(@/h Ta)s~= 8(6/}1 Ts)} (4.1.30)
H1H2 H,H, 0
Bl = {(T1 13),0} + A h 7{%(T1—T2),—5;(T1~T2)} (4.1.31)

The first terms in the above equations correspond to the non-dispersive long baroclinic

Rossby wave, which is generated by the mass convergence/divergence due to the [ effect.
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On the other hand, the second terms are likely to represent the wave, which is generated
by the heat convergence/divergence due to the vertical shear of geostrophic currents. The
similar equation to (4.1.26) and (4.1.27) has been used in order to study the thermocline
structure in the steady subtropical gyre; i.e., Cushuman-Roisin (1984) to continuously
stratified ocean, Luyten and Stommel (1986) to 2.5-layer model, and Huang (1993) to
two-level model with a constant temperature in the lower level. However, the equations
of these previous studies do not have the effect which corresponds to the second term
in (4.1.30) or (4.1.31). Thus, we briefly compare the layer model with the level model
under the planetary geostrophic equations. The 2-layer model and 2.5-layer model do
not have the mass convergence/divergence due to ageostrophic effects except the 3 effect,
so that these models have only non-dispersive long baroclinic Rossby wave. However,
The 3.5-layer model has the mass convergence/divergence due to the vertical shear of
geostrophic currents, which seems to represent the vortical wave caused by potential
vorticity gradients. This wave in the 3.5-layer model might be the counterpart of the
wave which is represented by the second term in (4.1.30) or (4.1.31), although the layer
and level models cannot be exactly compared through the reason that potential vorticity
is not conserved in the level model. How important are the second terms in (4.1.30) and
(4.1.31)7 The numerical experiments will demonstrate that the second term propagates
heat with the same significance as the first term. Therefore, it is considered that the
second term is essential to predict the variation in the horizontal temperature fields.

The equations (4.1.26) and (4.1.27) predict the temporal and spatial variations of I'
and © fields, respectively. I" and © advect/propagate along characteristics ! formed by
A and B based on these equations. Therefore, the horizontal structures of I' and © can
be diagnosed by the characteristics which are drawn by using the solutions of numerical
model.

Our interest in this study is the dynamical response of the horizontal temperature fields

!Characteristics mean paths, along which I' or © propagates/advects; i.e., stream lines drawn by A

or B.
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in the thermocline to the decadal variation of the wind stress curl. In the system derived
above, the horizontal structure of © represents the horizontal temperature structure in
the thermocline. Therefore, (4.1.27) gives the intrinsic considerations concerned with the

variations of the horizontal temperature structure in the thermocline.

4.2 The basic equations for the analytical method

In this subsection, we consider the long-term variation of © on the basis of (4.1.27).
First, the perturbation equation of (4.1.27) is derived to clarify the mechanism by which
variations of © occur. The perturbation method can be applied, when the non-linearity
in the temperature variations is weak. The validity of this method will be checked later
through the comparison of EX1 with EX2. Equation (4.1.27) is briefly rewritten as
0

=6+ (BV)O=F (4.2.1)

where F represents the forcing terms on the right hand side of (4.1.27).
All variables are divided into the steady component ({ }¢) and time-dependent com-

ponent ({ }'), namely

8 = 60+€9’
B = B0+€B/

F = Fy+¢eF

where € < 1. Then, the equation consisting of the order (€) terms is given by

%(—)' + (B'V)6g + (BoV)0' = F' (4.2.2)

This equation describes the time-dependent ©’. The local time-variation of ©' is caused
by the variation of characteristics, the advection/propagation of ©" along characteristics,

and the variation of the forcing terms. Here, the variation of characteristics is given by

B ={U+ v} + ,\H‘hHQL {Tl ; I } (4.2.3)
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The variation of U is caused by the Ekman pumping change based on the Sverdrup
balance, and the variation of u’ is caused by the I' variation through the thermal wind
relation. In addition, the variation of the wave propagation term is generated by the
variation of the stratification in the thermocline. The © variation is strongly related to
the I" variation through the variation of u'.

By using the same method for ©, the perturbation equation of I' is derived from
(4.1.26), such that

0

&F' + (A'V)[o + (A V)Y =G’ (4.2.4)

where G is the variation of the forcing terms. This equation describes the time-dependent
| 5

The equations (4.2.3) and (4.2.4) are the basic equations to describe the temporal and
spatial variations of © and I, respectively. We will analyze these variations based on

(4.2.3) and (4.2.4) in section 5.

4.3 Dynamics at the eastern/western boundaries

The response in the coastal region to the variation of the wind stress pattern has
been studied for the linear problem. For example, Gill and Clarke (1974) investigated
the coastal upwelling induced by the changing wind patterns on the f-plane ocean, and
then Anderson and Gill (1975) solved this problem on the mid-latitude (-plane ocean.
Furthermore, Davey (1983) studied the baroclinic response to the thermal forcing on
the mid-latitude B-plane ocean by using two-level model. In this subsection, we mainly
consider the linear response of I' along the eastern/western boundaries on the f-plane
ocean to the variation of the wind stress curl based on the four-level model.

We derive the linear equation concerned with the time-dependent I' on the f-plane

ocean. The governing equations in section 3.1 are simplified to

—fv= % (4.3.1)
po O
0 1 0
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0

0 0 0
Sk + b—yv - B 0 (4.3.4)
0 0 0 0

The cross-differentiation of (4.3.1) and (4.3.2) with f=constant yields

v+ f(Vgu) =0 (4.3.6)

otozr

The velocity-structure-1(w') is dealt with independently, under the assumption that the

velocity-structure-1 is approximately equal to the 1st baroclinic model. The substitution

of (4.1.16) into (4.3.6) gives

h
ey e

e gl (4.3.7)

The equations (4.1.17) except the horizontal diffusion and (4.1.25) give the linearized T’

conservation, namely

g |
1 4 V() = ~Wiy(T — ) + F* + CA(T) (4.3.8)

where ' = ©/h — T is assumed to be a constant along the coast. Substituting of (4.3.7)

into (4.3.8) gives

G , 0°
51“ e = a%r =K (4.3.9)
where
1 . hH; .
[ O ai,- 4.3.10
AH ( )
I
K = —WalTyi ~ ﬁ) + FO' + CA(T) (4.3.11)

The normal flow at the eastern/western walls is zero. Thus, (4.3.2) gives the boundary

conditions at the eastern/western boundaries such that

fu=——v———p=0 (4.3.12)
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This equation is applied for the velocity-structure-1, then

d*

e | F =0 4.3.13
The similar equations to (4.3.9)-(4.3.11) and (4.3.13) were derived by Davey (1983) for

two-level model with thermal forcing.
This system of equations is analytically solved for the given initial and forcing condi-

tions (Gill and Clarke, 1974). The solution near the eastern boundary (z = Xg) is
i
i A K(y— Lft)dt exp{(z — Xg)/L} + K(y)t{1 —exp{(z — Xg)/L}} (4.3.14)

where T’ is an arbitrary time. On the other hand, the solution near the western boundary

(x=0)is
i / (y + Lft)dt exp(—z/L) + K(v)t {1 — exp (—z/L)} (4.3.15)
At the eastern and western boundaries, the solutions are reduced to

Fas [) “ Ky — Lt)dt (4.3.16)

T
P / K(y + Lft)dt (4.3.17)
0

where Lf is the Kelvin wave speed. The variation of I" depends on the information
carried by thé Kelvin wave. As for the response of I' to the variation of wind stress curl,
the dominant change in the forcing terms described by (4.3.11) is considered to be the
change of the Ekman Pumping (w;).

In the linear system, the variation of © along the coast is described by the same
equation as that for I' except the Kelvin wave speed. However, if the non-linearity, such
as the change in horizontal heat advection, is important, the coastal variation of © could
be significantly different from that of I'. The numerical experiments in section 5 will
demonstrate that the variation of © at the subtropical western boundary is affected by

the non-linear advection.
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5 Results of numerical experiments

5.1 The comparison of the North Atlantic with the model re-
sults

Steady temperature distributions in the model are compared with those in the
North Atlantic subtropical-subpolar system. Figures 11a and 11b show the horizontal
distributions of the vertically averaged temperature and temperature stratification in the
thermocline of the North Atlantic, respectively. On the other hand, Figures 11c and 11d
show the horizontal distributions of © * and T; — T3 in the thermocline of the model,
respectively.

The characteristic features in the temperature fields shown in Fig.11a are summarized
as follows: 1) the strong horizontal temperature gradients in the Gulf Stream system;
2) the temperature structure related to the subtropical front, i.e., the turns of isotherms
from southward to eastward direction in the subtropical interior region (indicated by a
dashed line in Fig.11a); 3) the isotherms which extend northward with strong gradients
due to the North Atlantic Current, the eastward turns of these isotherms in the northern
subpolar gyre, and the homogeneous temperature fields west of these isotherms in the
subpolar gyre. Above three characteristic features, which are considered to be the main
structures in 'the North Atlantic, are clearly identified in the © field (Fig.11c).

On the other hand, the characteristic features in the temperature fields shown in
Fig.11b are summarized as follows: 1) the strong stratification along both the southern
perimeter of the subtropical gyre and the Gulf Stream system; 2) the weak stratification
in both the recirculation region and the northeastern region of the subtropical gyre; 3) the
relatively strong stratification in the central subpolar gyre, and the weak stratification in
both the eastern and western subpolar gyres. Above three characteristic features in the

stratification in the North Atlantic thermocline are clearly identified in the 7} — T3 field

2©/h and I'/H are simply termed © are I' throughout this paper, respectively. Notice that terms in

figure captions are correct.
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(Fig.11d).

As mentioned above, the model reproduces the main thermal structures of the subtropical-
subpolar system in the North Atlantic, although the complete agreement cannot be ob-
tained because of the simplification of the model ocean, such as the coast line, bottom
topography and wind stress distribution.

Next, the horizontal pattern of the temperature structure change in the model ther-
mocline, which is caused by the sudden decrease in the magnitude of the wind stress curl,
is checked with the observed horizontal pattern in the North Atlantic shown by Levitus
(1989).

Figure 12a shows the difference between the © field after the 20 years of integration
and that in the steady state. As shown in Fig.12a, temperature decreases in the north-
western subtropical gyre and weakly increases in the eastern subtropical gyre except the
southeastern corner. Figure 11c indicates that these two regions are separated by a dashed
curve in Fig.11c; this curve is characterized by the points where the isotherms turn from
southward to eastward direction in the subtropical interior region. Furthermore, signif-
icant decrease of © is seen to occur south of the extension of the subtropical western
boundary current.

On the other hand, Fig.12a shows that © increases in the southwestern subpolar gyre
except the western boundary current, and decreases in the northeastern subpolar gyre.
Figure 11b indicates that above two regions can be separated by the line connecting the
points at which isotherms of © turn from northward to the eastward direction.

Above spatial patterns of the temperature structure change agree well with those of
the observed change at intermediate depths shown by Levitus(1989) (see Fig.la in section
5.1), except in the southeastern corner of the subtropical gyre and the western boundary
current of the subpolar gyre. In two regions above, the model predicted temperature is
affected by the temperature variation on the opposite boundaries at each gyre, because
the Kelvin wave propagates along the closed boundary. This results in the disagreements

between the model predicted temperature and observed one.

24




Based on the comparison between the observations and model solutions, we believe
that the weakened wind stress curl over the North Atlantic could play an important role
in generating the temperature variation observed in the North Atlantic. The numerical
model has demonstrated that the uniformly weakened wind stress curl causes the temper-
ature variation with the different tendencies between the western and eastern domains. In

the following subsections, the mechanism which generates this spatial pattern is clarified.

5.2 The comparison of EX1 with EX2

The variation of the © field for EX1 is compared with that for EX2. Figures 12a
and 12b show the difference between the © field after the 20 years of integration and
that in the steady state for EX1 and EX2, respectively. Comparison between Fig.12a and
Fig.12b shows that there is no major difference between EX1 and EX2 in both spatial
pattern and amplitude of the © difference, except the amplitude with reversed sign.

As mentioned in section 4.2, the variation of © is analyzed by using two perturbation
equations (4.2.4) and (4.2.2), which are derived assuming the weak non-linearity of the
temperature variation. If this assumption is appropriate, the response of © field for EX1
should be reversal of that for EX2. The similarity between the © difference for EX1
(Fig.12a) and that for EX2 (Fig.12b) indicates the validity of this assumption.

The weak non-linearity of the temperature variation suggests that the oceanic response
to the sudden change in the wind stress curl is similar to its response to the gradual change
in the wind stress curl, which is much realistic.

In the following subsections, we will analyze the time-dependent motions for EX1,

because time-dependent motion for EX2 is essentially the same as that for EX1.

5.3 The steady state of I' and O fields

The steady state solutions are first examined in this subsection before discussing

the time-dependent solutions. Figures 13a and 13b show the I' and © fields, respectively,
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whereas, Figures 13c and 13d show the velocity-structure-1(w’) and velocity-structure-
2(u"), respectively. The flow pattern of the velocity-structure-1 (Fig.13c) is along isotherms
of I' (Fig.13a), indicating that the approximation used in (4.1.16) is appropriate. The flow
pattern of the velocity-structure-2 is also along isotherms of ©

The horizontal structure of the I' field is nearly the same as that of the transport stream
function (Fig.13e) representing the linear wind driven circulations in the subtropical-
subpolar system, except the width of the western boundary current in the subpolar gyre.
In contrast to the width of the western boundary current in the subtropical gyre which
almost corresponds to the Munk scale (m ~140km, hence the width of the real
boundary current is two or three times this scale), the width of the western boundary
current in the subpolar gyre is by a factor of about two lager than that in the subtropical
gyre (Fig.13a and Fig.13c). This is explained in terms of characteristics of I' given by
(4.1.28). Figure 14a shows characteristics of I' drawn by using the numerical model in
the steady state. We can see that the characteristics of I' emanating from the eastern
boundary cannot reach the western boundary in the subpolar gyre, because wave prop-
agation is significantly inhibited by advection effects (velocity-structure-0). Therefore,
the baroclinic current at the western boundary in the subpolar gyre cannot be scaled by
m, but may be scaled by the boundary layer width which depends on the advec-
tion and horizontal diffusion of I' (see (4.1.26)). Namely, this width is represented by
Apr/U >100Km as Apg = 5 x 10° cm?s~! and U < 0.5 cms~!. This type of boundary
layer was first discussed by Bryan and Cox (1968).

On the other hand, the © field is considerably different from the I" field. The charac-
teristics of © are shown in Fig.14b. The subtropical front is located just on the boundary
between two families distinguished by the different starting points of characteristics. This
is consistent with the generation mechanism that the subtropical front is formed by the
intersect of the characteristics (Cushuman-Roisin, 1984; Kubokawa, pers. comm., 1995).
The dashed curve in Fig.11c, which indicates the boundary between the western domain

with temperature decrease and the eastern domain with temperature increase, is identi-
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fied at the eastern end of the subtropical front. On the other hand, in the subpolar gyre
the line connecting the points at which isotherms turn northward to eastward direction
(Fig.11c) does not fit the boundary between two families of characteristics of © , but this

fits the western edge of the region suffered from the active convection (Fig.15).

5.4 The immediate response of I' and © fields

With the sudden decrease in the magnitude of the wind stress curl, Ekman trans-
port and Ekman pumping change all over the basin within the inertial period (1/f),
namely about one day in the mid-latitude ocean. Furthermore, the barotropic velocity
fields are adjusted all over the basin, after the barotropic long Rossby wave emanating
from the eastern boundary reaches the western boundary. Since the zonal basin width
is about 4000km and its wave speed in the mid-latitude is about 100m/s, it takes about
one day for this wave to across the basin. The 1st baroclinic Kelvin wave changes the
temperature and velocity structures at the eastern boundary. Since the speed of this wave
is about 2m/s, it propagates along the eastern boundary from the southern end to the
northern end (4500km) in one month. Thus, the I' and © fields at 30 day after the sudden
decrease in the magnitude of wind stress curl are shown for the immediate response of
the ocean.
The immediate change in the I' field (Fig.16a) is first analyzed. The immediate change
in I' over the interior region is described by (4.2.4). The I" field locally responds as

6 I
_EFI ~ G (5.4.1)
where

r E /
2= Wl,('];_[— — To1)o + (WI)O(E —Tor)' + F°V + CA(T)' + Apu VT’ (5.4.2)

The first term on the right hand side of (5.4.2) is most dominant, representing the change
in the vertical heat advection associated with the change in the Ekman pumping. As
shown in Fig.16a, this effect results in the zonally uniform and meridionally sinusoidal-

type decrease of I' in the subtropical interior region. On the other hand, I' in the subpolar
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interior region increases with the smaller amplitude than that in the subtropical interior
region, because the stratification and the amplitude of the Ekman pumping in the subpolar
gyre are weaker and smaller than those in the subtropical gyre.

The other dominant term of G’ is the change in convection. As shown in Fig.16a,
the highest I' anomaly is formed in the western region just on the boundary between
the subtropical and subpolar gyres. This anomaly is caused by the weakened convection
associated with the decrease in the southward Ekman transport. Above process is verified
by the fact that the region with the highest I" anomaly (Fig.16a) corresponds to the region
suffered from active convection (Fig.15).

[" decreases at the eastern boundary of the subpolar gyre (Fig.16a), because the coastal
Kelvin wave propagates the I' anomaly from the subtropical region to the subpolar region.
The decrease of I' along the subpolar eastern boundary intensifies the zonal gradient of
[' along the boundary. According to the thermal wind relation, the velocity field along
the eastern boundary is northward in the subtropical gyre and southward in the subpolar
gyre (Fig.16b).

The © field responses immediately by the same mechanism as the I' field except
in the western boundary current of the subtropical gyre (Fig.16c). © in the northern
half of the subtropical western boundary current decreases much more than that in the
subtropical interior region, because of the reduction in the horizontal heat advection due
to the weakened velocity-structure-1. Therefore, the change in the velocity-structure-2 is
northward in the subtropical western boundary current (Fig.16d). The © variation in the

subtropical western boundary current is dominated by the non-linear process.

5.5 The long-term response of I' field

The equation (4.2.3) shows that the change in characteristics of © is caused by
the variation in the velocity-structure-1, which is related to the time-dependent I'. Thus,

before discussing the time-dependent ©, we will analyze the time-dependent I' in this

subsection.




Figures 17a and 17b show the time series of the I' and u’ anomaly fields for 4 years of
integration, respectively. These figures show that the I' field is adjusted gradually from
the eastern boundary to the western boundary, after the I field has responded locally.
A meridionally extending stripe of the intensive velocity anomalies is identified in each
picture of Fig.17b. These stripes show fronts of the westward propagating wave which
has been excited immediately at the eastern boundary. Figure 14a shows that this wave
front propagates westward along characteristics of T\

The process mentioned above is represented by the following equations derived from

(4.2.4);
0 :
EFI ~ G' for the local response (5.5.1)
(AgV)IY ~ G" for the remote response (55.2)

These equations represent the linear response of the I' field, which is similar to that
in Gill and Anderson (1975); i.e., the vertical shift of the thermocline caused by the
local Ekman pumping change and the long Rossby wave propagation from the eastern
boundary. However, characteristics in Fig.14a are significantly different from the zonally
extending characteristics which are drawn by the long Rossby wave in Gill and Anderson
(1975), because of the advection and the other wave in (4.1.28).

The equatlion (4.1.28) shows that Ay are composed of the advection and two types
of waves; one is the non-dispersive long Rossby wave (hereafter called type-1 wave), and
the other is the wave caused by the heat convergence/divergence due to the vertical
shear of geostrophic currents (hereafter called type-2 wave). The contributions of the
type-2 waves to characteristics of I' and © are examined. Figures 18a and 18b show the
characteristics of I' and © without the type-2 waves, respectively. Comparison between
Fig.14a and Fig.18a shows that the propagating course and time in characteristics of T’
(Fig.14a) are significantly different from those without the type-2 wave (Fig.18a). The
difference between Fig.14a and Fig.18a indicates the importance of the type-2 wave for the

time-dependent I'. On the other hand, comparison between Fig.14b and Fig.18b shows
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that the propagating course and time of characteristics of © (Fig.14b) is similar to those
without the type-2 wave (Fig.18b), except in the eastern domain of subtropical gyre. The
similarity between Fig.14b and Fig.18b is based on the reason why the advection effects
mainly determine characteristics of ©.

More long-term response of I' is examined. Figure 19 shows the time series of the I’
anomaly fields for 20 years of integration. The variation of the I' field at 5 year (Fig.19a)
shows the decrease of I' all over the subtropical gyre and the increase of I' over the
subpolar gyre except its perimeter. At the perimeter of the subpolar gyer, I' decreases
through the coastal Kelvin wave. The time series of I' anomaly fields from 5 to 20 year
(Fig.19b, ¢, d) clearly show that adjustment occurs in the region where the characteristics
of westward propagating wave pass by, while the variation of I" continues in the subpolar
western region where the characteristics of the westward propagating wave cannot invade.
The adjustment in the I" field in the subpolar western region is considered to occur under

the effects of the horizontal diffusion (Fig.20).

5.6 The long-term response of © field

The dynamical response of the horizontal temperature field in the thermocline, i.e.,
the © field, is described. In this subsection. we focus on the mechanism to generate the
temperature change with different tendencies between the western and eastern domains
in both subtropical and subpolar gyres.

Figure 21 shows the time series of the © anomaly fields for 4 years of integration.
Figure 21 demonstrates that the © anomalies move from east to west, after the © field has
responded locally. Comparison between the time series of the © anomaly fields (Fig.21)
and that of u' anomaly fields (Fig.17b) shows that the spatial pattern of the © anomaly
fields changes in the region where the westward propagating wave of I" has passed. The ©
anomaly field at 4 year (Fig.17d) shows that © decreases intensively in the northwestern
subtropical gyre and © increase weakly in the southeastern subtropical gyre, whereas

© increase in the southwestern subpolar gyre and decrease in the northeastern subpolar
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gyre.

The process mentioned above is dynamically described by the following equations

derived from (4.2.2) and (4.2.3);

5826' ~ F'" for the local response (5.6.1)
%9’ ~ —(B'V)0y — (BoV)©®' + F' for the remote response (5.6.2)

where

B ={U+u} + ) (5.6.3)

HiHy o [Ty~ T ’
h f

The long-term response of ©, hence the remote response described by (5.6.2), is generated
through three mechanisms; the change in characteristics, advection/propagation of the
© anomaly along characteristics and the change in forcing. The dominant factor to
change characteristics is examined by estimating each term in (5.6.3) (Fig.22). Figure
22 shows that the change in the velocity-structure-1 (u') (Fig.22b) dominates the change
in characteristics all over the basin except near the boundary between the subtropical
and subpolar gyres. Near the gyre boundary, the change of the wave propagation term
(Fig.22c), in adding to the change in the velocity-structure-1, contributes the change
in characteristics, because the change in convection modifies temperature stratification.
The dominant factor to change characteristics of © in (5.6.3) is mainly the change in the
velocity—struéture— k.

Based on the above process, the dynamical response is summarized as follows: First,
the © field varies all over the basin through the vertical shift of thermocline associated
with the Ekman pumping change. Then, characteristics of © are modified mainly through
the change in the velocity-structure-1, which is caused by the I anomaly propagating from
the eastern boundary. The change in characteristics of © generates locally the © anomalies
with different tendencies between the western and eastern domains; i.e., 1) the intensive ©
decrease south of the extension of the subtropical western boundary current, 2) the weak
© increase near the subtropical front, 3) the intensive © increase north of the extension

of the subtropical western boundary current, and 4) the © decrease in the northeastern
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subpolar gyre. The geographical feature of the formation areas of © anomalies depends
on the steady © structure, which is maintained by the wind stress and surface buoyancy
flux. The generated © anomalies propagate simultaneously along the characteristics of
©. In the subtropical gyre, the propagation of the © anomalies intensifies the different
tendencies between the western and eastern domains, because characteristics of © are
consisted of two families which is separated by the subtropical front. In the subpolar
gyre, the propagation of © weakens gradually the contrast of the © change between
the western and eastern domains, because characteristics extend from only southwestern
boundary.

Figure 23 shows more long-term variation of © anomaly fields for 20 years of integra-
tion. This figure indicates that the © fields vary with signiﬁcant magnitude until 10 year.
The adjustment of the © variation is examined by estimating each term on the right hand

side of (5.6.2). Here, the change in forcing in (5.6.2) is given by

S o © Q)
F' = —W/(To, — 7;)0 = Wa'(z — Ta3)o — (Wh)o(To1 — Z), o (Ws)o(z — To3)'
+F%' + CA(T) — F® + AppV?e' (5.6.4)

Figure 24 shows the dominant terms in (5.6.2) after 10 years of integration. The heat
balances in the eastern domains of the subtropical and subpolar gyres are as follows: at
the southeastern subtropical gyre, the cooling caused by the upward Ekman pumping
anomalies (Fig.24c, d) is balanced mainly by the heating caused by the change in charac-
teristics (Fig.24a) and the advection/propagation of the © anomalies along characteristics
(Fig.24b); at the northeastern subpolar gyre, the cooling caused by the change in charac-
teristics (Fig.24a) is balanced mainly by the heating caused by the advection/propagation
of the © anomalies (Fig.24b). On the other hand, The heat balances in the west-
ern domains of the subtropical and subpolar gyres are as follows: at the northwestern
subtropical gyre, the cooling caused by the change in characteristics (Fig.24a) and the
advection/propagation of © anomalies (Fig.24b) is balanced by the heating caused by

the downward velocity anomalies (Fig.24d) and the horizontal diffusion (Fig.24e); at the
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southwestern subpolar gyre, the heating caused by the change in characteristics (Fig.24a)
and the advection/propagation of © anomalies (Fig.24b) is balanced by the cooling caused
by the upward velocity anomalies (Fig.24d) and the horizontal diffusion (Fig.24e).

In the contrast to the heat balances in the eastern domains, in the western domains
the forcing change associated with the Ekman pumping anomaly (Fig.24c), the change
in characteristics (Fig.24a), and the advection/propagation of the © anomalies (Fig.24b)
are not in balance. Therefore, the variation of the © field continues much longer in the

western domains than in the eastern domains (see Fig.23).

5.7 The variation of the meridional circulation

The subtropical-subpolar system in the model is driven by the wind stress and
surface heat flux. Therefore, the meridional circulation is consisted of the Ekman cell due
to the wind stress and the thermal cell due to the surface heat flux. In this subsection,
we discuss on the variation of the meridional circulation caused by the change in the
magnitude of the wind stress curl.

Figure 25a shows the steady meridional circulation, which is derived from zonal inte-
gration of the meridional velocity at each level. In this figure, the Ekman cell corresponds
to a remarkable cell, which is related to both the Ekman transport in the Ekman layer
and its conservation flow in the upper thermocline. On the other hand, the thermal cell
corresponds to a weak cell, which is related to both the northward transport in the upper
thermocline and the southward transport in the lower thermocline and deepest level.

Figure 25b shows the meridional circulation anomaly at 20 years of integration caused
by the weakened wind stress curl (for EX1). Figure 25b demonstrates a single anomaly
cell, which is formed by both the northward transport anomaly in the Ekman layer and
the southward transport anomaly in the lower thermocline and deepest level. Here, the
northward transport anomaly in the Ekman layer completely corresponds to the Ekman
transport anomaly given by 7,/f. The single anomaly cell is not ascribed to the linear

response of the meridional circulation, because the structure of the anomaly field is dif-
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ferent from that of the steady field. The single anomaly cell is based on the combined
effects of the weakened Ekman cell and the intensified thermal cell.

On the other hand, Fig.25¢c shows the meridional circulation anomaly at 20 years
of integration caused by increase in the magnitude of the wind stress curl (for EX2).
Comparison between Fig.25b and Fig.25c shows that the meridional circulation anomaly
for EX2 is completely the reversal of that for EX1.

The structure of the meridional transport anomaly depends on the change in the tem-
perature field. In order to clarify the relation between the meridional transport anomaly
and the change in the temperature field, we employ the thermal wind relations described
by (4.1.16) and (4.1.9). The equations (4.1.16) and (4.1.9) are zonally integrated, respec-

tively, and then

Xe H A
Lw s, = ﬁaf{F |xe =T |xw} (5.7.1)
Xe FC 4
./Xw 'U//d.'E — —h—:a-jf— {e IXe —0 wa} (572)

where X, and X,, denote the eastern boundary and the western boundary, respectively.
The meridional transports of each component are determined by only temperatures in the
eastern and western boundaries.

Figure 26a shows three components of the steady meridional transport, and Fig.26b
shows the anomalies of three components at 20 years of integration for EX1. These figures
demonstrate that the velocity-structure-2 varies so as to intensify the thermal circulation.
Figure 27a shows the difference between the I anomaly in the eastern boundary and that
in western boundary, whereas Fig.27b shows the difference between the © anomaly in the
eastern boundary and that in the western boundary. We can see that the profiles shown in
Fig.27a and Fig.27b are consistent with the anomalies of the velocity-structure-1 (Fig.26a)
and velocity-structure-2 (Fig.26b), respectively. It is shown that the significant decrease
of © in the subtropical western boundary leads to the intensification of the thermal
circulation for the velocity-structure-2. This intensive decrease of © in the subtropical

western boundary is caused by the non-linear effects associated with the reduction in the
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velocity-structure-1 (see Fig.16 for the immediate response and Fig.19 for the long-term
response). The horizontal structure of change in the velocity-structure-2 after 20 years
of integration is shown in Fig.28. This figure shows that in response to the weakened
wind stress curl the velocity-structure-2 changes so as to intensify the western boundary

current.

6 Discussion

The horizontal spatial pattern of temperature change in the thermocline caused by
the weakened wind stress curl has been predicted by a simple numerical model. We have
shown in section 4.1 that the horizontal spatial pattern of the model predicted temperature
change is similar to that of the observed interdecadal change in the thermohaline structure
at intermediate depths of the North Atlantic, which was reported by Levitus (1989). In
particular, we have pointed out that the observed relation of the horizontal spatial pattern
of temperature change to the mean horizontal temperature structure is well reproduced
in the model. The agreement between the model predicted temperature change and the
observed one indicates that the weakened wind stress curl over the subtropical-subpolar
gyres played an important role in generating the observed interdecadal change in the
North Atlantic. However, the numerical model used in this study is simplified; it assumes
flat bottom, mid-latitude closed basin, and lower vertical resolution. Thus, it is worth
discussing several problems arising from the simplification of the model.

Our numerical model ignores the bottom topography, such as the mid-Atlantic ridge,
which is important for the dynamics in the North Atlantic. The bottom topography
generates the topographic Rossby wave through the topographic 8 effect, and mainly
results in the change in barotropic flow field. Therefore, the bottom topography modi-
fies the temporal and spatial structure of characteristics formed by combined effects of

advection and wave propagation (see Fig.14). Further study is necessary to investigate

to what extent the bottom topography modifies the temporal and spatial structure of




characteristics, because horizontal temperature variations in the thermocline depend on
the structure of characteristics. In addition, the bottom topography generates the bottom
pressure torque (called JEBAR), which might cause the temporal variation of transports
when density structure near the bottom changes temporally. The change of transports
caused by JEBAR leads to the change in the horizontal advection of heat and salt so
that the thermohaline structure in the thermocline might be modified. Greatbatch et al.
(1991) and Greatbatch and Xu (1993) show that a weakening of Gulf Stream through-
out 1960’s is traced to a change in JEBAR associated with bottom topography on the
western side of the mid-Atlantic Ridge. Further study of the JEBAR effect associated
with mid-Atlantic Ridge is necessary for the complete understanding of the response of
the thermohaline structure to the decadal variation of the wind stress curl.

Although we have shown here that the observed thermohaline change in the North
Atlantic was caused by the weakened wind stress curl, there is another possibility that
the observed change was caused by the self-sustained oscillations of the oceanic circula-
tion. This process is supported by the fact that the Bryan/Cox ocean general circulation
models exhibit the interdecadal variability under the mixed boundary conditions (Weaver
and Saratik, 1991). The thermohaline structure change demonstrated by these models,
however, seems to be confined in the subpolar region, so that this process cannot explain
the change in the thermohaline structure all over the North Atlantic, though it could be
appropriate for the explanation of the thermohaline change in the subpolar gyre.

The numerical model used in this study resolves only two lowest vertical modes in the
thermocline. Thus, we should discuss whether the generation mechanism of temperature
variation presented in this study can apply for the continuously stratified ocean. The main
horizontal features of mean temperature fields in the thermocline of the North Atlantic
have been reproduced by two vertical modes in the thermocline. Therefore, we consider
that two level representation of the thermocline is sufficient for investigating dynamics in
the thermocline.

In the level model represented by lower vertical resolution, density structure depends
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on the vertical grid spacing through the vertical density advection. lkeda (1987) compared
two level model represented by the centered difference with that represented by the up-
stream difference, so that he showed that density structures were different between them.
Therefore, it is worth examining the model which uses the up-stream difference in future,
although our model has vertically four levels.

Our numerical model forms the mid-latitude closed system. The temperature distri-
bution reproduced near the eastern and western boundaries is not correct because of the
Kelvin wave propagation along the southern and northern boundaries. As mentioned in
section 4.1, this effect leads to the disagreements between the model predicted tempera-
ture change and the observed one at both the subtropical eastern boundary and subpolar
western boundary. The realistic model including all over the North Atlantic is needed to

resolve this point.

7 Summary and conclusion

We have first discussed the thermohaline variability at intermediate depths of the
North Atlantic throughout 1960’s, and specified the following characteristic features of

the observed variability:

1) The horizontal pattern of the thermohaline change shown by Levitus (1989) had the
different tendencies between the western and eastern portions in both subtropical and
subpolar gyers. The horizontal pattern of the thermohaline change geographically relates
to the mean horizontal thermohaline structure at intermediate depths of the subtropical-
subpolar system.

2) The observed change in the thermohaline structure mainly occurred in the thermocline.
3) The magnitude of the wind curl (hence, wind stress curl) over the North Atlantic

subtropical-subpolar system decreased throughout 1960’s.

Above observational evidences have yielded the following hypotheses:
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1) The weakened wind stress curl over the North Atlantic caused the observed thermoha-
line change in the thermocline of the subtropical-subpolar system:.
2) The thermohaline change due to a uniform change in the wind stress curl was different

between the western and eastern portions, through dynamics in the ocean.

In order to test these hypotheses, a four-level model, which is driven by the wind stress
and surface heat flux, has been constructed with thermohaline structures represented by
a temperature field. The model has been used to examine responses of the subtropical-
subpolar temperature field to a sudden and uniform change in the wind stress curl. The
model] has shown that the uniformly weakened wind stress curl generates the thermoha-
line change with different tendencies between the western and eastern domains in both
subtropical and subpolar gyres, similar to the observed pattern.

Under the uniformly weakened wind stress curl, the thermohaline change with different
tendencies between the western and eastern domains is not related to the linear theory
(e.g., Anderson and Gill, 1975), which is based on the vertical shift of the thermocline
caused by the Ekman pumping change and the long baroclinic Rossby wave propagation.
In this study, the responses of the subtropical-subpolar temperature field have been related
to the non-linear theory, which is based on the horizontal shift of the thermocline due
to the advection effects in adding to its vertical shift. The model solutions have been
analyzed using an analytical method: i.e., the characteristic curves associated with both
a linear wave propagation and non-linear advection effects.

The major implications of the numerical experiment are as follows:

1) The spatial pattern of the horizontal temperature variation in the thermocline is prin-
cipally related to two mechanisms; one is the formation of the temperature anomalies,
and the other is the distribution of the temperature anomalies.

1-1) The formation mechanism of temperature anomalies is as follows: the vertical
shift of the thermocline caused by the weakened wind stress curl results in the reducfion

of the velocity-structure-1 (similar to the 1st baroclinic mode), so that the change of the
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horizontal heat advection forms temperature anomalies in the thermocline. The mean
horizontal temperature structure in the thermocline, which is maintained by combined
wind stress and surface buoyancy flux, plays an important role in forming temperature
anomalies.

1-2) The temperature anomalies are distributed along the characteristics of the verti-
cally integrated temperature in the thermocline(hence, heat content in the thermocline).
The spatial pattern of characteristics which consist of the western and eastern domains
1s important to distribute temperature anomalies.

2) The thermal circulation is intensified by decrease in the magnitude of the wind stress
curl. On the contrary, this circulation weakens by increase in the magnitude of the wind

stress.
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Table 1. Summary of parameter values used in this study.
Auwuw: Lateral eddy viscosity. Auv: Vertical eddy viscosity,
Aow: Lateral eddy diffusivity. Apv: Vertical eddy diffusivity.

AMH AMV ADH ADV
(cm?/s) (cm?/s) (cm?/s) (cm?/s)

2% [G° b 5X10° 1.0
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Fig.17 Time series of (a) ['/H anomaly and (b) velocity-structure-1(u’) anomaly from
O-year to 4-year. These anomalies show the difference for every one month. Dashed line
in (a) indicates negative value. Contour interval in (a) is 5 x 1073 °C. Bold arrow in (b)

shows velocity difference more than 0.03cm/s.
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Fig.18 Characteristics of (a) I' and (b) © except the contribution of type-2 wave. Solid
lines indicate characteristics which emanate from the eastern boundary. Bold solid lines

indicate characteristics which emanate from the western boundary. Bold dashed lines

indicate fronts which advance every one year.
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Fig.19 Differences of I'/ H for (a) 5-yr minus 0-yr, (b) 10-yr minus S-yr, (¢) 15-yr minus

o-yr and (d) 20-yr minus 15-yr. Dashed lines indicate negative values. Contour interval
is 0.01°C.
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Fig.20 Change of the horizontal diffusion in (5.4.2) for 20-year minus O-year. Hatched

area indicates positive value. Contour interval is 5 x 10~5 °C em i




4560

4560

4080

4080

(km)

(b)

4080

4080
(Km)

(Km)

Sepo el

c) 3-yr minus

(

YT,

yr minus O-yr, (b) 2-yr minus 1-

) =

)

2-yr and (d) 4-yr minus 3-yr. Dashed line indicates negative value. Contour interva

a

(

Fig.21 Differences of ©/h for

S

1

l

0.02°C.




()

4560

(b)

(Km)

N
\
‘%%\\\\\\\\\

4560

(c)

4560

(Km)q

i T | i gy

N\
T

/// §§§\

| \
\\\\\\\\\\\\\\\\\\\\\\Q\\\

80
km)

(Km) :

‘\\‘\\\\\\\\\\\\\\\
N
‘¢§§§& \\

R

ja
"
\

(

4080
(km)

Fig.22 Change in each component of —(B'V)6; in (5.6.2) for 4-year minus O-year. (a)
U, (b) v and (c) A(H1Hz/h)L{(T1 — T3)/f}. Hatched area indicates positive value.

Contour interval is 5 x 10~° °C e¢m s~ L.
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Fig.23 Differences of ©/h for (a) 5-yr minus O-yr, (b) 10-yr minus 5-yr, (c) 15-yr minus

10-yr and (d) 20-yr minus 15-yr. Dashed line indicates negative value. Contour interval

is 0.05°C.
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Fig.26 (a) Decomposition of the meridional transports in the steady state into the

velocity-structure-0, 1 and 2. (b) Same as in (a) except differences for 20-year minus

O-year in EX1. Unit is Sv (10° m3s1).
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Fig.27 (a) Difference of I'/ H for 20-year minus O-year in EX1. Solid line and dashed line

indicate values at the western boundary and eastern boundary, respectively. Bold solid

line indicates difference of values at both boundaries. (b) Same as (a) except ©.
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Fig.28 Difference of the velocity-structure-2 for 20-year minus O-year in EXI.










