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Abstract

A two-dimensional vertical section model is described. The model takes den-
sity data along a section as input and calenlates the velocity through the section
referenced to the bottom. We have used it to analyse changes in the cireulation
of the North Atlantic by taking as input the objectively analysed density data
of Levitus(1982,1989) for the climatological annnial mean and for the pentads

1955-59 and 1970-74.

Sections along 55.5°W, 64.5°W, 545N and 23.5°N have heen considered
and estimates of the poleward heat transport through 51.5°N and 23.5°N have

been made. Ekman transports are calenlated using the Hellerman and Rose

stein(1983) wind stress field and wind stress analysed by da Silva and Levitus for

the period 1945-1989. At 54.5°N, mass halance is

achieved by combining with
the absolute transport calculations of Cireatbatch et al.(1991), giving values for
the poleward heat transport of 0.6PW, 0.7PW and 0.5°W for the climatological
annual mean and the pentads 1955-59 and 1970-74, respectively. The estimated
error is £0.2PW. These values compare well with previous estimates obtained
using surface heat flux calculations and suggest that the poleward heat transport
in 1970-74 may have heen marginally less than in 1955-59. We have performed
a similar calculation for 23.5°N, this time by requiring mass balance through

the section assuming that the northward transport and flow temperature of the



Floridi Current was the same in each pentad and equal to the climatological an-
nual mean value, an assumption we believe to be justified. The calculated heat
transports are 1.2PW, 1L.OPW and 0.8PW for the climatological annual mean
and the pentads 1955-59 and 1970-74, respectively, with an error of £0.3PW. The
climatological value agrees with previons estimates at this latitude and there is
again the snggestion that the 1970-74 value is less than the others, particularly
in comparison with the climatological annual mean. Along 54.5°N, the reduced
heal transport. in 1970-74 is attributed to a deeper North Atlantic Current and a
warmer return flow in the Labrador Sea. Along 23.5°N, on the other hand, the
southward flow over the interior of the North Atlantic is more surface confined
in 1970-74 than in the climatological case.

Other results concern the vertical distribution of the absolute transport changes
diagnosed by Greatbateh et al.(1991). Along 55.5°W, the transport of the Gulf
Stream referenced to the bottom was some 305w less in 1970-74 than in 1955-59,
a change mmparah’lc in magnitude to that found by Greatbatch et al.(1991).
However, the maximum change found by Greatbalch et al. is displaced to the
south of that referenced to the bottom, indicating the importance of changes in
hottom velocity. Greatbateh et al. also considered a case in which the density
below 1500 m is assumed to have remained unchanged between the pentads, and
diagnosed a transport change for the Gulf Stream of over 20Sv. On the other

hand, the change in transport referenced to and above 1500m is only 7Swv, in-



dicating that even in this case, changes in bottom velocity play an important
role. There is a suggestion in the model results that in the 1970-74 pentad, the
northern recireulation gyre of the Gulf Stream was weaker than in both 1955-59

and the climatological case.
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Chapter 1

Introduction

The North Atlantic has been subjected to intensive study and most of its
general cirenlation patierns have heen discovered. The salient feature is the two
gyres, one is the subtropical gyre, which is anticyclonic (clockwise in the northern
hemisphere), another is the subpolar gyre, which is cyclonic (anticlockwise in the
northern hemisphere).

A schematic chart of the surface current is shown in Fig. 1.1, following that
presented by Sverdrup et al (1942) and discussed by Stommel (1965). A clockwise
gyre can be casily identified and is conventionally called the subtropical gyre. 1t
starts with the North Equatorial Current. As this current flows to the west, v
is joined from the south by the South Equatorial Current, part of which crosses
the equator into the North Atlantic. The combined flow splits into two parts

when it reaches the Caribbean Islands. One, which flows on the north side is



Figure 1.1: Chart showing the chicf fealures of the surfacc-water circulation of
the North Atlantic circulation, according to Sverdrup ct al (1942, fig. 157).

called Antilles Current, whereas another flows on the south side into the Gulf of
Mexico and, from there, escapes between Florida and Cuba to become the Florida
Current. The Florida Current meets the Antilles Current off the coast of Florida

to become the Gulf Stream and the combined current continues to flow north-cast

alongshore until it reaches about Cape Hatleras, where the eurrent brea

iy
from the North American coast. The Gulf Strean then flows north-cast towards
the tail of Grand Banks of Newfoundland at about 40°N, 50°W. From there,
part of the flow turns sonthward to closc the gyre system, whereas the other
part continues to go northeast, which is called the North Atlantic Current. This
current also divides as it flows northeast, with part of the North Atlantic Current

flowing between Scotland and Iceland to join the circulation of the Norwegian,



Greenland and Arctic Seas, part turning south past Spain and North Africa to

complete the subtropical gyre and to feed into the North Equatorial Current, and

with the remainder flowing westward on the southern side of Iccland, in what is
called the Irminger Current. OIF the southern coast of Greenland, this current is
joined by the Bast Greenland Current, The circuit of the gyre is completed to
the west, by a branch of the Labrador Current (probably offshore from the shelf
break).

This shallow circulation in the North Atlantic is primarily wind-driven in most
regions and has been studied and interpreted by numerous authors. Sverdrup
(1947) showed how the main features of the equatorial surface currents could
e attributed to the wind as a driving agent. In 1948, Stommel explained the
westward intensification of the wind-driven circulation. Combining most previous

1 1o dasceibad

work, Munk (1950) obtained analytic ions which qualitatively

the main features of the wind-driven circulation in terms of the observed wind
field.

Although wind driving probably dominates the shallow circulation, to about
00 m or so, the effects of density changes, in driving what is called the ‘ther-
mohaline’ circulation, is also very important, playing the dominant role in the
deep cirenlation. For the North Atlantic, when warm salty water spreads into
the northern North Atlantic, it is cooled by both sensible and latent heat loss.

This covled salty water sinks to the deep ocean, forming the North Atlantic
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Figure 1.2: Chart showing the global stucture of the thermohaline circulation cell
associated with NADW production. The circled values are volume fluz in Sverdrup
which are ezpected for uniform upwelling of the NADW with a production rate of
20 Sverdrup. Adapted from Gordon, 1986, Fig. %a.



Deep Water (NADW). The NADW from the two northern sites (Labrador Sea
and the Greenland Sea - Norwegian Sea overflow) moves southward within the
dewp layer, in what is called the Deop Westorn Boundary Undercurrent, while
the warm salty upper layer water is drawn into the northern North Atlantic,
forming the general pattern of the thermohaline cireulation. As NADW moves

over most of the middle and low latitude areas of

sonthward, it gradually ris
North Atlantic. Gordon (1986) pointed out, that NADW may spread and upwell
throughout the Atlantic Occan and is exported to the Indian and Pacific Oceans

by the Antarctic Circumpolar Chirrent, returning water to the upper layer within

the Antarctic region and into the thermocline (fig. 1.2). The upper layer water
then returns to the Atlantic Ocean from two possible routes - Drake Passage from

the Pacific or the south of Africa from the Indian Ocean, closing an extraordinary

loop after a journey through the world ocean. Because of the difficulty of mak-
ing measurements in the deep water, the thermohaline circulation is much less
well known and less well described dynamically than the upper-layer circulation.
However, the thermohaline circulation is now being given widespread attention
by oceanographers due to its possible important role in generating variability on
time scales of decades to thousands of years (e.g. Gordon, Zebiak and Bryan,
1992) and in transfering heat in north-sonth direction.

It has long been known that incoming solar energy exceeds outgoing infrared

energy at low latitudes while the reverse is true at high latitudes. However, the



heat surplus at low latitndes and the heat deficit at high latitudes have been

bronght into balance, thanks to the poleward heat transfer in the atmosphere
and ocean. Although the mechanisms for this heat transport have been studied
for over a century, the relative importance of sea and air as the predominant heat
transfer medinm had been diseussed thronghout the period. In 1856, M.F.Maury
expressed the view that the sea was primarily responsible for maintaining the

global energy balance. Later in 1933, Bjerknes, Solberg and Bergeron (1933)

regarded the contributions of sea and stratosphere as negligible and assigned the

leading role in transferring heat to the troposphere, In recent years, the work

of VonderHaar and Oort, 1973, and Qort and Vonderlluar, 1976, indicated that
the ocean carries more heat than was previously suspected, and thus stimulated
much recent interest in the subject of meridional heat flux by the ocean. It is,
therefore, of interest to estimate the poleward heat transport throngh various

sections in North Atlantic,

Historically, there are several methods for caleulating occan heat transport.

The traditional method, i.e. the surface heat balance method, is to exami

air-sea exchanges of all types of heat energy to calenlate the local sources and

sinks, and then integrate over an entire polar cap extending from the pole to a

fixed latitude to obtain the poleward heat flux necessary Lo maintain cquilibrinm.

More recently, calculations have bean made by the so ealled dircet method, using

knowledge of heat content and mass transport by the ocean (e.g., Bryan,



and Hall and Bryden, 1982). In the past, the direct method has been the least

used yet, has also been given more and more attention. 1t is this method we have

used Lo estimate: heat transport, through various sections in the North Atlantic.

The details will be elaborated later.

Froas it Fisuses

in the large-sc of

Our knowledge of the i
the North Atlantic is much more limited than the general picture of the circu-

lation given carlier. Only in recent years has the magnitude and importance of

this variability come to e approciated (Gordon, Zebiak and Bryan, 1992). For

example, in recent, series of papers, Levitus (1989a,b,¢,1990) has shown that the
thermohaline structnre of the North Atlantic underwent some remarkable changes
hetween the two pentads 1955 - 1959 and 1970 - 1974, He found that, on constant-
depth surfaces, the subtropical gyre(500-1300m) of the North Atlantic was colder
and fresher during 1970-1974 compared to 1955-1959, with characteristic magni-
tudes of temperature and salinity decreases of order of several tenths of a degree
centigrade and 0,025 — 0.10 /oo, respectively. At intermediate depths the east-
ern portion of the subpolar gyre was also colder and fresher during the 1970-1974
pentad whereas the western portion of the subpolar gyre exhibited higher temper-
atures and salinities during 1970-1974 compared to 1955-1959, with characteristic
magnitudes of temperature and salinity changes similar to those observed in the
sublropical gyre (fig. 1.3). In the tropics, there were increases in temperature and

salinity, yet with magnitudes smaller than those in the subtropical and subpolar
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Figure 1.3: Temperature (in degrees Celsius) and salinity (per mil) differcnces
for 1970-197f minus 1955-1959 at 500-m depth, according to Levitus (1989%, fiy.
7,8)
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Figure 1.4: Steric sca level differences in units of dynamic centimeters
(1 dynem = 1000 cm?s™2) for 1970-197f minus 1955-1959 for the 0- to 1500-m
depth interval, according to Levitus (1990, fig. 4).

gyres. Comparing 1970-74 with 1955-59, potential density surfaces were found
to have risen in the subtropical gyre, which is consistent with the relatively large
changes in temperature and salinity on constant-depth surfaces in the subtropical
gyre. Upward displacements of approximately 25m occurred for surfaces below
the 26.9 kg m™> potential density surface. Maximum displacements of any sur-
faces were approximately 175m, which occurred for the 26.5 kg m™3 potential
density surface. In contrast to the shoaling which occurred in the subtropics.
isopyenals in the western portion of the subpolar gyre, immediately to the north
of the Gulf Stream and south of Atlantic Canada, increased in depth by as much
as 100m. These changes suggest a substantial weakening of the Gulf Stream

during 1970-1974 compared to 1955-1959.




i

A calculation of i dal variability of the steric sea lovel and geopo-
tential thickness of the North Atlantic Occan also reveals large changes. The
geopotential thickness is defined as the vertical distance between two isoharic
surfaces and depends on the density of the water in between. For two isobaric

surfaces pa (upper) and py (lower), the geopotential thickness is:

-y = /"ml,. .y
n

where c is the specific volume (o = 1/p). If the upper surfce is the free surface,
then the departure in this thickness from a standard reference thickness is called
the steric sea level. Levitus showed that, comparing 1970-1974 to 1955-1959 for
the 0- to 1500-m depth interval, steric sea level underwent. substantial changes

(fig. 1.4). The steric sea level decreased by up to 175 dyn in the cast

central portion of the subtropical gyre, whercas in the western part of this gyre,
differences are of the order of 10.0 dyn em. The castern boundary of the Atlantic
Ocean exhibited sea level decreases on the order of several centimeters( 5 dyn
cm) between the 1970-1974 and 1955-1959 pentads. lowever, in the western
subpolar gyre(north of the Gulf Stream and south of Atlantic Canada) steric sea
level increased by an amount up to 7.5 dyn em.

Further work has been carried out. by Greathateh et al.(1991). These anthors
attempted an inference of the change in volume transport between the pentacds

using di: of the cirenlation in the North Atlantic, following

the diagnostic model of Mellor et al.(1982). The model caleulates transport

10



from specificd density and wind stross fields by integrating westwards along f/H
contonrs from the eastern boundary, where a condition of no transport normal to
the boundary is applicd. Tlere [ is the Coriolis parameter and H is the depth of
the ocean. The model is arranged on a 19 x 1° grid for the North Atlantic Ocean
using realistic: bottom topography, wind forcing and density data. The density
data used in the caleulations were that of Levitus(1982,1989,b,c:1990) and the

s was derived from the Comprehensive Ocean Atmosphere Data Set

wind si
(COADS) by da Silva(1991). They studied three basic cases: the climatological
mean stale and the pentads 1955-1959 and 1970-1974. From their results, they
showed that, the transporl of the diagnosed Gulf Stream is some 30 Sv less for
the 1970-1974 pentad than for the 1955-1959 pentad, 20 Sv of which being due
0 a dramatic decrease in the strength of the diagnosed subtropical gyre (fig.
1.5). This 30 Sv change is roughly one-third of the total climatological mean
transport through 55°W estimated by Richardson (1985). Although roughly half
this transport change was attributed to density changes in water below 1500m
depth and, us such, may not be reliable, even a change of 15-20 Sv is significant.
Wind stress was found to play very little role in the calculation of the transport
change between the pentads. Almost all the information was contained in the
density field.

Given the large changes in the thermohaline structure at the North Atlantic

between 1955-1959 pentad and 1970-1974 pentad, it is clearly of interest to ex-



Figure 1.5: Transport streamfunction calculated using (a) 1955-1959 wind and
density data (8) 1970-197f wind and density data, according to Greatbalch el
al.(1991, fig. 8). The contour interval is 10 Sv and the zero contour is not
drawn. Dashed contours indicate ncgnliluzz values; solid contours, positive values.



amine the vertical structure of the transport change diagnosed by Greatbatch
o al.(1991). For example, how much of the transport change takes place ref-
erenced Lo the bottom or referenced to some assumed level of no motion, as
in the calenlations of Worthington(1976,1977) ? How much did the poleward
heat, transport. change between the pentads? The question arises as to whether
or not. these changes are fundamentally wind-driven or whether they arise as
a result. of changes in the thermohaline circulation of the North Atlantic. Re-
cently, Weaver and Sarachik(1991) have shown that the Bryan-Cox ocean general
cirenlation model (Bryan, 1969; Cox, 1984) exhibits decadal time scale oscilla-
tions in its thermohaline circulation when run in an idealised ocean basin using
‘mixed” houndary conditions, corresponding to having a fixed atmospheric state.
A decadal variation in the poleward heat transport is a feature of their results.
If such variations oceur in reality, they could be expected to have an effect on
the overlying atmosphere and this could, in turn, feed back to the ocean. Indeed,
decadal oscillations in both globally averaged and Northern Hemisphere aver-
aged surface air temperature have been noted (Ghil and Vautard, 1991). Viewed
together, these resulls suggest that decadal oscillations may be a feature of the
coupled-ocean atmosphere system, as originally suggested by Bjerknes(1964), and
are therefore of considerable interest from the point of view of climate variability.

In this thesis, we develop a two dimensional, density-stratified model to study

the development of currents, volume transport, heat transport and sea level across



a section of either latitude or longitude in order to try and answer some of the
questions posed above. The model is a generalization of the standard geostrophic
velocity computation. It takes density data on a vertical seetion as inpnt and
calculates the velocity field through the section referenced to the bottom. Sections
along 55.5°W, 23.5°N and 54.5°N have been considered and caleulations of the
poleward heat transport through 23.5°N and 54.5°N have heen made, using data
for the climatological annual mean and for the pentads 195559 and 1970-74 from
Levitus(1982; 1989a,b,c). AL 54.5°N, the non-zoro hottom velacities required

to achieve mass balance are obtained using the absolute transport

sulations

of Gireatbatch et al.(1991) and at 23.5°N using data from the Florida Straits

(Niiler and Richardson,1973; Larsen, 1992). In addition to the Hellerman and
Rosenstein(1983) wind stress field (used in the climatological annmal mean case
to estimate the Ekman transport), wind stress fickds analysed by da Silva and
Levitus (personal communication) are used.

The plan of this thesis is as follows. In chapter 2 we describe the lel

and its formulation. In chapter 3 we present diagnostic results obtained using
the objectively analysed density data of Levitus(1982,1989a,h,¢,1990). Finally,

chapter 4 provides a summary and discussion.



Chapter 2

The Model

In this chapler we derive the basic equations of the model and discuss their

validity. The methods for calculating volume transport, heat transport and sea

level are also presented.

2.1 The Governing Equations

The model is a two-dimensional vertical section model. It assumes an infinite
extent perpendicular Lo the section with no variability along that direction. We
include vertical mixing of momentum and bottom friction in the model formula-
tion in order to show that in a two-dimensional setting, it is natural to calculate
the velocity through the section referenced to the bottom. This is a simple gener-
alisation of the steric sea level method described by Csanady(1979). It should be

i 1ifFe e Sy

noted, however, that there is no si between



velocities through the section and geostrophic velocities caleulated referenced to
the bottom.

We shall consider two cases : one in which the section is along a line of
longitude and the other in which it is along a line of latitude. In the case of a

line of longitude, the cquations governing the model are

1)
(22)
(2.3)
v+ 520 (@24)
whereas along a line of latitude, the equations are
hom Lo (25)
=¥ (26)
_— (21)
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Here A is longitude, ¢ is latitude, = is the vertical coordinate measured
upwards with z = 0 at the sca surface and z = —H at the ocean hottom;

11 = (A, ) is the depth of the ocean; u,v, and w are the velocities in the A, ¢

and z directions, respectively; a is the radius of the earth; po is a representative

value for the density of sea water; p is the pressure; p is the specified densit;
(77, 7%%) are turbulent Reynold’s stresses and ¢ is the acceleration due to gravity.

Among the two sets of equations, (2.1), (2.2), (2.5) and (2.6) are the horizontal

momentum equations, (2.3) and (2.7) are the hydrostatic equation, and (2.4) and

(2.8) are the continui i Tn the hori | ions ((2.1),
(2.2) and (2.5), (2.6)), the balancy is b-l.cen the Coriolis force, the horizontal
pressure gradient force and the vertical mixing of momentum.

It should be noted that the local time-derivative, non-linear advection and
horizontal Reynolds stress gradient terms have been omitted from the momentum
equations (2.1}, (2.2), (2.5) and (2.6). This means that we are working with the

set of i i with the jon that the d

halance is geostrophy, but which also include vertical mixing.
The problem of parameterization of bottom stress in terms of the proper-
ties of mean flow has often been discussed. Usually, the bottom stress can be

faitly accuratoly determined from a quadratic drag law involving the actual near-
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bottom velocity - the velocity above a thin wall layer. For a steady state or

long-time-scale model, where many high frequency flows have been averaged, the
parameterization of bottom stress may be shown Lo reduce Lo a linear formula,
i.e. the shear stress cquals a constant ( of the dimension of velocity) times the
near-bottom velocity (see Csanady, 1982). ln this thesis, a paramoeterization of
bottom stress in terms of bottom velocity, using a lincar

law, is used, i.e.

S

), et i) (2.9)
Po

where (7%, 74%) is the bottom stress, (s, 0) = (1, ) evaluated at bottom = =

~H and r is the (linear) bottom friction cocflicient.

When assuming zero surface wind stress, for both sets of equations, the hound-

ary conditions at the sea surface (= = 0) and ocean bottom (z = =) are
(7%, 7%) = (0,0) (2.10)
and
(75, 1) = rluy, m) (2.11)

respectively. Here (72%,75%) is the surface stress.
The rigid-lid approximation at z = 0 and the kinematic condition at = = — /I

give,




w=—(ull, +0ll,) al z=-H (2.12)

We shall now work with the equations (2.5)-(2.8), .. a section along a line

of latitu nilar results are valid for the system (2.1)-(2.4). Let us begin by

vertically integrating (2.8) using (2.12) to give

w_
PZe

where

ww=(f "" udz, /_"" viz)

is the vertically integrated volume transport. It follows that if either the eastern

or western boundary is a coastline, as will always be the case in this thesis, then
U=0 (2.13)

We can also vertically integrate (2.6) using (2.10), (2.11) and (2.13) to obtain
=0 (2.14)

where oy is the velocity through the section at the bottom.

Similarly, in the case of the section along a line of longitude (eqns.(2.1)-(2.4)),
V=0 (2.15)

(provided there is a coastline at one end of the section) and hence
u=0 (2.16)
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Equations (2.14) and (2.16) show that the assumption of no v

ions per-
pendicular to the section leads naturally to the conelusion that, velocities should
be referenced o the bottom. Of course in reality, bottom velocities are unlikely
to be zero. To allow for non-zero bottom velocities, variations in the dircction
perpendicular to the section must be considered; g by using a model formu-
lated in three-dimensions, such as that of Mellor et al.(1982). In ehapter 3, results
from our two-dimensional, vertical-seetion model will be combined with the di-
agnostic calculations of Greathatch et al(1991) in order Lo estimate Leansport
associated with non-zero bottom velocities. 1 should be noted that onr model is
very similar to that of Csanady(1979) which was used by him to calenlate steric
sea level in the Mid-Atlantic Bight, Scotian Sell and Grand Banks regions of
the eastern seaboard of North America. The only difference is in the parameteri-

sation of the bottom friction which in the case of Csanady was in terms of cither

bottom geostrophic velocity (the case most similar Lo ours) or vertically averaged

velocity.

The set of equations have been closed and, next, we move on to the algorithm

of solution,

2.2 The Method of Solution

The solution procedure s similar Lo that used by Lynch el al.(1992) and

Greatbatch and Goulding(1992) and requires the use of a simple parametorisi

20



tion for the vertical mixing of momentum. To do this, we shall use a uniform
vertical eddy viscosity cocfficient. It should be noted, however, that this is not
important for the results we present since the calculated velocities do not differ

Iy from geostrophic velocities I to the bottom. We first sepa-

rate: the pressure term p into two parts, one due to surface pressure and another

due to the non-uniform density of the fuid column, using (2.3)/(2.7) by writing

p=ptr (217)

where

(2.18)

and py is the pressure at z = 0. We then write the momentum equations((2.1),

(2.2), (25), (2.6)) in the form

ifq—ai’z{ua—z}=lz+a (2.19)

where i = /=T and g = u+ i, In the case of (2.1) and (2.2),

idp
p= ——cL 2.20
apo 99 @20
and
i Ops
V=P 2.21
ar 06 @2

In the case of (2.5) and (2.6)
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with surface and bottom boundary conditions

vg:=0 at z=0

vge=rq b z=—Il

(2:23)

(2.21)

where both R and G are complex. G is thal part of the horizontal pressure

gradient due Lo the gradiont of pressure ab z = 0. . is that part which arises

from the density stratification.

We now follow a procedure similar to that wsed by Lynch et al. (1992) and

define gy and g, by:

ifqr = R+ (vqr:):

v =0 al z=0
v =rqy  al z=-ll

and

ifqr=1+(vqs):

22
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Vi =0 ab z=0 (2.26)

Ve = at z=-H

It should be: noted that, given the density field, R can be calculated using
(2.18) and cither (2.20) or (2:22), from which it follows that both ¢, and g, are
Known (uantities that can casily be caleulated.

Since (¢ is independent of the vertical coordinate, and since (2.19) is a linear

equation, ¢ can be written in terms of ¢ and g as

a=n+Gq (2.271)

where gy s the solution to (2.19) with forcing R and Gas is the solution with
forcing (7. The problem is now Lo determine the unkuown G.

To do this, we hegin by vertically averaging equation (2.27) to give

@i +Gq (2.28)

where an overbar indicates vertical average. Using (2.13) or (2.15), whichever
appropriate, it now follows that G can be expressed in terms of g1, ¢2 and the
vertically averaged flow throngh the section. For example, if the section is along

a line of latitnde (equations (2.5)-(2.8)),

a={09-n}m (220)

where

(w8 = (/_"H url:,/_q” ods)

23



is the vertically averaged velocity. Substituting into (2:27) then gives
i +¥{(u.ﬁ) -q,} (2.30)
T2

E

—II now gives an expression for the hottom velocity,
@ = (tty ), and hence the bottom stress, (77, 7)/po = r(wp, ), in terms of the

known quantitics g1, g2 and the unknown . In the case of a line of latitude,

o= Tm(g) = o1 + 1w (2.31)
where g, uz, vy, v are all real and given by,
w v = (= alo /G2
y+ ivz = (/G2 (2.32)

and the subscript “0” denotes evaluation al z = —/1,

We now use (2.14) to set v, = 0. & can now be calelated from (2.31),

(2.33)

Subsequently, G can be: obtained by eqn (2:20) and then substitute into (2:27) to
obtain the velocity field (u, v).
Similarly for a section along a line of longitude, V = 0 and, as above, we

obtain

w, = Real() = w + usit (2.34)
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Grid Arrangement
Figure 2.1: Grid Arrangement
and, putting w, = 0 from (2.16), we obtain,
e Y
a=-o (2.35)

To solve q; and ¢; (and hence (u,v)), a finite difference scheme employing
centred-differencing is used. The grid arrangement of the dependent variables
w, v, wand pis shown in Fig. 2.1. In the horizontal, the w, p, and H are stored
in the same grid point, with the u, v point stored in between. In the vertical, only
wis stored at the edge of cach = level, whereas u, v, and p are stored at the middle
puint of cach z level. When values of H al (u,v) is needed for the calculation of
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;

velocity field, two point ing is In all the ¢

1 uniform

grid spacing is used in both the horizontal and vertical directions.
The total velocity field has now been solved. We can, therefore, further devive
the volume transport, heat transport(provided the potential temperature ficld is

known) and steric sea level, which will be elaborated in next section.

2.3 The Calculation of Volume Transport, Heat
Transport and Steric Sea Level

It is straightforward to calculate the volume transport throngh the section. |

N

case of a line of latitude, the volume transport M () is given by

Ao
M) = ] / |, Vi acos gy (2.36)

I
where X is the longitude at the eastern boundary. The integration of 2 s from
~H to 0, ie. from the bottom to the surface. The integration of A is from

eastern boundary. Integrating the volume transport from the castern houndary

1o western boundary gives the total volume transport, throngh the section.

Similarly, volume transport through a section of longitude M(4) is given by,

M) =~ A ’ /_' '” wilsudp (2.37)

where @, is the latitude at the northern boundary. The integration of ¢ is from
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northern houndary, Integrating the volume transport from northern boundary
Lo southern houndary gives the total volume transport through the section.
Taking w and v in (2.36) and (2.37) to be the velocity calculated by our
model, M will be the (geostrophic) transport referenced to the bottom that is
associated with the density field. We shall call this transport My. When we
disenss the mass balance for a section of latitude, we shall also estimate the
Ekman transport (Mgx) through the section due to the surface wind stress and
the transport. associated with non-zero bottom velocity (Mp). Therefore the

absolute volume transport, M is split into three parts,

M = My + Mp + Mgx (2:38)

with

/ * Tacospdzda (2.39)

and
Ao g0
Mp= A vy /  acosédzdA (2.40)
where v, is the non-zero bottom velocity and 7y is the eastward (in the case of a
line of latitude) component of the surface wind stress.
The Ekman transport (Mgy) is estimated using the Hellerman and Rosen-
stein(1983) wind stress field (used in the climatological annual mean cases) as well
as the wind stress fields analysed by da Silva and Levitus (used in the two pentad

cases and in the climatological annual mean cases). The volume transport asso-
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ciated with non-zero hottom velocity (Mpg) is caleulated by substracting the Ay
and Mgy from the absolute volume transport. At 54.5°N, this absolute volune
transport is obtained using the transport calculations of Greatbateh ot al.(1991)
and at 23.5°N using data from the Florida Straits (Niiler and Richardson, 1975
Larsen, 1992).

In order to calculate the heat transport. throngh a section, we need Lo kiow
the potential temperature as well as the velocity fiold. Potential temperature 0 is
defined to be the tlemperature of sea water raised adiabatically and isentropically
to the ocean sutface, i.e. to a reference pressure of | atm. Civen the in situ
temperature and salinity ficld from Levitus data, the potential temperature can

be calculated according to Bryden’s(1973) cmpirical polynomial,

0(P,T,S) = T — P(3.6504 x 107* +8.3198 x 10~°7" — 5.4065 x 10771
+4.0274 X 10797%) — P($ — 35)(1.7439 x 107*
—2.9778 x 1077T) — P*(8.9309 x 1077 — 3.1628 x 10737
+2.1987 x 107'°7) + 4.1057 x 107°(5 — 35)1”*
—P*(—1.6056 x 10710 4 5.0484 x 10727 (2.41)

where (P, T, $) is in °C as a function of salinity §

30 < § < 40), temperature

T (in °C with 2 < T' < 30, and pressure P ( in bars and 0 < P < 1000 ).
Strictly speaking, heat transport can only be caleulated for a section through

which there is zero net mass transport (Montgomery, 1974; Bryan, 1982), for,
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otherwise, the results will depend on the units chosen for temperature. However,

it is conveniont to define the heat transport function HT(A) as

nroy=- [ * / ‘:’ peyu0dz acos ddA (242)
vihinre i thes sy, e, T Uhe apecific heat at constant pressure; v is the absolute
velority throngh the section, and 0 is the potential temperature in degree Celsius.
pey can he assumed 1o have & uniform value of 0.00409PW2C=1Su=1 within the
fimits of the present caleulation. Integrating from the eastern boundary to the
western houndary gives the poleward heatflux through the east-west section.

Since our model calculates the velocity field referenced to the bottom, it is

convenient to split [T into three parts, as we did for the volume transport.
HT =HTr+ HTp + HTex (2.43)
1T’y is the thermocline part of the heat transport given by
HT7()) = e 0 dzd\ 44
' )_—[_/_H pevrfacosddz (2.44)

where vp is the velocity field referenced to the bottom and calculated by our
model.  HTy is that part of the heat transport associated with the bottom

velocity vy and is given by
2 0
HT5() = — /\ w / ., Perbacosgdzd (2.45)

and 1Ty is the heat transport associated with the wind-driven Ekman trans-
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port and is given by

HTgr())

acosdzd (2.46)

where Os is the sea surface temperature and 7y is the castward (in the case of
a line of latitude) component of the surface wind stress. [t shonld he noted
that this decomposition is different from that followed by most previous authors
(e.g Bryan, 1962, 1982, Hall and Bryden, 1982; Molinari et al, 1990), but is the
most natural to use with our model. However, it has the disadvantage that the
individual parts, i.e. HTr, HTg and HTpy (but not their sum, when iutegrated
all the way across the basin), depend on the units used for potential temperature,
Since in this case we use °C, this is equivalent to assuming a return flow for cach

component at 0°C (difficulties in defining the temperature of the return llow and

hence in defining exactly what is meant by each component of the heal transporl.
are discussed in Bryden, Roemmich and Church, 1991).

The steric sea level can also be calculated. Usually, the technigue of com-
puting dynamic height suffers from some limitations, particularly in regions of
variable bottom topography. Often, a level of no motion is assumed and the
velocities are calculated referenced to this depth. Clearly, problems arise if the
ocean is shallower that the depth of the assumed level of no motion. lelland-
Hansen (1934) suggested a method which extends isopyenals horizontally under
the bottom of the ocean from their point of intersection with the slope. This cor-
responds to assuming that the geostrophic velocity at the bottom is always zero
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and is cquivalent, to the method of Csanady(1979). Since our model calculates
the velocity referenced to the bottom, we can use the model to calculate steric
sea level in regions of quite general hottom topography. We shall usually take the
level of no motion Lo be at the greatest depth on the section. Calculations refer-

enced 1o 1500m will also be presented for comparison with Levitus(1990). With

this in mind, we caleulate the dynamic height by integrating G (see eqn.(2.21)

and (2.23)) using the: relation

7= gpon (247)
where 7 is the upwards displacement of sea level from some reference level. As
discusscd carlier, the integration starts at the point of greatest depth. The sea.
level at thus point is obtained by vertically integrating the hydrostatic equation.

Assuming p =0 al z = ~H, we have

= po;
w=-/ ("P—u")dz (2.48)
Here the reference density po is chosen so that the sea level is not far from zero.
After acquiring 1o, we use eqn.(2.21) and (2.23) to integrate towards the coast
and henee, the whole sea level field can be constructed. Of special interest is the

comparison of sea level changes between the 1950s and 1970s.
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2.4 Data

The hydrographic data set used in this thesis is the data compiled and
analysed by Levitus (1982). His results were based on the data which were
obtained from the National Oceanographic Data Center (NODC), Washington,
D. C., and represent all the data available in the occanographic station data
file (SDF) as of the first quarter of 1978. The SDF file contained about 500,000

hydrographic casts consisting mainly of Nansen casts along with several thousand

ity and salinity-t ture-depth casts.

The objectively analysed data are available at 1° resolution in both latitude
and longitude and at the standard levels from surface to sea floor, i, ab the
depths of 0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300, 400, 500, 600,
700, 800, 900, 1000, 1100, 1200, 1300, 1400, 1500, 1750, 2000, 2500, 3000, 3500,
4000, 4500, 5000, 5500 metres. As claimed by Levitus, the objective analysis
procedure substantially smooths out features with wavelengths of less than several
hundred kilometers. A detailed description of data sources, quality control, and
the objective analysis procedure for constructing the data ficld is given by Levitus
(1982).

In this model, the input density data of Levitus(1982, 1989a,h,c) is transfered
to the model grid by means of linear interpolation. It is worlh noting that some-
times the input density and bathymetry data do not always match. In particular,

it sometimes bappens that the bathymetry data indicate: that the water depth s
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less Uhan that indicated by the density data, in which case, density data below
the depth indicated by the bathymetry data are discarded. The other possibil-

ity i that the bathymetry data indicate a depth greater than does the density

data. In such cases, density data are created by extending isopycnals horizon-

tally, as in the method of Helland-Hansen(1934). This procedure is also carried
out whenever density data is required below the bottom in order the caleulate
the velocity field. Cirid points at which extrapolated density data meet from
two sides are dealt with by calculating the velocity using density data from one
side only. This approach ensures that the impact of the extrapolation precedure
on the velocity field is kept to a minimum (it should be noted that extending
isopycnals horizontally ensures that the velocity at the ocean bottom is always
2010).

As noted carlier, when calculating the Ekman part of volume transport and
heat transport, we shall use the Hellerman and Rosenstein(1983) wind stress field
(wsed in the climatological annual mean case to estimate the Ekman transport),
and the wind stress fields analysed by da Silva and Levitus (personal communica-
tion). The da Silva and Levitus wind stress fields are derived from COADS data
by analysing cach individual ship observation, making  correction for the Beau-
fort Seale (Kanfeld, 1981; da Silva, Young and Levitus, 1992) and an adjustment
for ancmometer height to 10m (Cardone et al., 1990; da Silva, Young and Levi-

tus, 1992 ). Details can be found elsewl although a inary ison,




using different wind stress climatologies to drive a nume

I model, can be found

in Fanning et al.(1992). 1t is these wind stress fields we nse for the two pentads,

We shall also show the effect of using da Silva and Levitus’s climatology, rather

than that of Hellerman and Rosenstein, in the climatological case.

In all the model runs to be described we use a uniform ve

cal eddy viscosity

coefficient of » = 0.001m2s™! and a bottom friction coeflicient of » = 0.001ms=1,
(Both values are quoted as being reasonable by Csanady (1982)) 1t follows
that except very near the equator, the Ekman layer depth \/i/J is less than
10m and is only 3m at 45°N. Since the diagnosed velocity through the section
is geostrophic everywhere except within an Ekman layer depth of the top and
bottom, it follows that these velocities, as calculated by the modl are geostrophic

almost everywhere (departures from geostrophy will also occur in regions where

the geostrophic velocity varies in the vertical on a scale of order the Ekman layer

depth; there are no such regions in our analyses). The modal will bo used to
diagnose the velocity field from the known density field, with the reslts heing

shown in the following chapter.



Chapter 3

The Model Results

We applicd the model to four sections - two sections through 55°W and 65°W

longitude and two sections through 24°N and 54°N latitude (fig. 3.1).

3.1 Section through 55°W and 65°W longitude

We use these two sections to study the velocity structure and transport, par-
ticularly that of the Gulf Stream. The Gulf Stream is of central importance to
the general circulation of North Atlantic and a great deal of attention has long
been given to the understanding of the Stream’s mean velocity structure and
transport, (c.g. Stommel, 1965). But because of the swiftness and variability of
the current, it is difficult to obtain direct long-term measurements. According to
the review of the North Atlantic circulation by Worthington(1976), the average

transport of Florida Current(off Florida) is 30 Sv(with variations from 15 to 38



degree N

degree W

Figure 8.1: The position of the four scclions being studied
Sv according to other studies using the clectromaguetic method). The transport
increases north-east to 85 Sv off Cape Hatteras and to 150 Sv by 65°W and then
decreases eastward to 37 Sv at 40°W (Knauss, 1969).
Two methods have been used to estimate the absolute Gulf Stream transport,

clions were made across the

for the region 50 — 70°W. In the first, velocity s
Stream using transport floats — instruments that fall frecly through the water
and directly measure transport per unit width. The second method combines
geostrophic(baroclinic) velocity sections with absolute velocity measured by deep
floats or current meters, Both methods have the problem that it is very diflicult

to determine the limits or edges of the Stream. Velocity sections nsually show a




complicated pattern of meanders, multiple crossings of the Stream, eddies, coun-

tercurrents and small-scale embedded jets. These features frequently change from

seetion Lo seetion, and it is not obvious which of them to include as Gulf Stream

transport. Moored current meter measurements under and near the Stream re-

veal large amplitude time-dependent 1} jons (e.g. Schmitz, 1980). How to

suitably combine these strongly fluctuating velocities with the more stable hydro-

graphic and geostrophic features is still unsolved. It is noticed that using the deep
float or current meter velocity tends o increase the transport over the geostrophic
transport, referenced to the sea floor by large amounts. Fuglister(1963) reports
an inerease from 88Sv relative to zero velocity at the sea floor to 1475v with float
velocitios whereas Robinson et al, (1974) report transport of 77Sv referenced to
the sea floor and an absolnte transport of 2265v.

We now show results obtained using our model along 55°W. We begin with
this section so that we can compare our results with those of Richardson(1985).

We took a section along 55°W and between 8 —45° /N and applied the diagnostic

madel to study the transport and velocity. Three sets of density data - namely,
19505, 19705 and climatological annual mean data, all from Levitus, have been
used Lo first diagnose the velocity and subsequently, calculate the volume trans-
port throngh the section,

Figure 3.2a,b shows the model-calculated velocity field through the section

(positive being castward) referenced Lo 1500m, and to the bottom, respectively.
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“Phe density field is the annual mean from Levitus (1982), and so should be rep-
resentative of the climatological mean state. In figure 3.2a, the calculation is per-
formed using 20 cqually spaced 2 levels at a horizontal resolution of 1°. In figure
3.2h, the calculation is performed using 80 equally spaced z levels at a horizontal
resolution of 1%, In all the caleulations, there is no bettom velocity(according
1o aqn (2.16)). Therefore, the velocity field shown is actually velocity referenced
to 1500m and the ocean bottom respectively. From the figures, we can clearly
identify the Gull Stream Lo be the eastward flow centered near 40°N, extending

from 36N to 44°N, approximately 900 km wide. It has a maximum surface veloc-

ity of 17 ams=! referenced to the bottom, centered near 40°N. The Gulf Stream

is bounded by the southern countercurrent between 31°N and 36°N which flows
wostward,

Comparing these ligures with the contoured zonal velocity section along 55°W

in Richardson’s paper(his figure 6b) reveal good agreement in the main features.
Iis ligure (reproduced here as fig. 3.3) is the velocity from drifters, floats, and
current meters with the wind drift velocity removed. Note that his velocity is

the absolute velocity and not the velocity referenced to the bottom. There are

some similarities hetween the directly measured velocity(Fig. 3.3) and the model-

caleulated velocity(Fig. 3.2a,b). The upper level Gulf Stream is similar - both

are centered near 40°N and have approximately the same width. In fig. 3.3, the

maximum surface velocity referenced to the bottom is about 20 cms™, which is
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agrecable to 17 ems™" in Fig. 3.2a,b. Both show that the Stream is bounded on

the south by a countercurrent.

Lariruce

Figure 3.3: A reproduction of Figure 6b from Richardson, 1985. Contoured zonal
velocity section (cm s=') along 55° W and through the Gulf Stream from drifters,
Poats, and current metérs, with the wind drift velocity removed. Eastward velocity
is shaded. Dots indicate centers of bozes used in calculating velocily czcept at 000
m, where they show current meter locations.

Fig. 3.3 shows the subsurface Gulf Stream is bounded on the north by a
westward flowing countercurrent with a width of 300 km. Because this counter-
current is bottom intensified, it disappears in Fig. 3.2b which only shows velocity
referenced to the bottom, not absolute velocity. In general, the model-calculated
velocity(Fig. 3.2a,b) and the directly measured velocity(Fig. 3.3) agree well in
showing the size, shape and velocity of the Gulf Stream.

We further investigate the transport calculated from the model along this

55°W section. Fig. 3.4 shows the transport referenced to 1500m and to the
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Lottom, respectively, both being obtained from the velocity field shown in fig.

3.2a,b. The castward Gnll Stream transport referenced to the bottom and the

northern boundary is about 60 Sv and the total transport budget across 55°W

north of 35°N is about 50 Sv. Richardson estimated the volume transport of

the Gulf Stream by integrating latitudinally and vertically the velocity data ob-

tained from drifters, floats, and current meters. He claimed in his paper that the

ate of the volume transport of the Gulf Stream is 93 Sv, approximately 37

percent of which, or 34 $v, is independent of depth - the barotropic part. It is this
barotropic component that has been impossible to estimate with hydrographic

data alone. The depth dependent part of volume transport, i.e. 59 Sv, is very

41



close to the transport referenced to the bottom calculated from the model.

Similar calculations have also been performed using data from 1970-1974 and

1955-1959 to study the variability between the two pentads. Fig. 3.5, 3.6 and
3.7 show the velocity fields referenced to 1500m and to the bottom which are
calculated from the model using 1970-1974 data, 1955-1959 data and the dilfer-
ence between the two, respectively. When viewing these figures, it should bhe
remembered that the model calculates the velocity field referenced Lo the bottom
and that the figures do not, therefore, show the absolute velocity field throngh
the section, but rather its vertical structure, The Gulf Stream is also clearly
evident in both cases with a maximum surface velocity of 0.18ms=" in 1955-59
and 0.14ms" in 1970-74. This shows a weaker Gulf Stream in the carly 1970s
compare to the late 1950s, with a maximum surface velocity drop of about 4
cms™'. The velocity in 1970-1974 decreases over the whole depth range in the

Gulf Stream region, especially in decp water where a considerable decrease oc-

curs. There is also evidence of a westward counterenrrent near 35°N in the late

1950's that is a much weaker feature in the later pentad. The difference field
(Fig. 3.7) shows a banded structure, with the vertical shear tending to be of e

same sign throughont the water column and with changes in the density field i

the deep water, below 1500 m, making a significant contribution. As noted hy

Levitus(1989c), density changes below 1500 m may not be refiable hecanse of in-

sufficient data. Given this note of cantion, the Gulf Stream nonctheless appears
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as a shallower feature in 1970-74 than 1955-59. This means that the vert

shear in the deep water is reduced in the later pentad, as would be consistent
with a weakened deep western boundary undercurrent and/or northern reciren-
lation gyre (Hogg et al, 1986). The latter can be seen in fig. 3.3 (this is the

westward flow near 4000 m depth and 40°N).

Fig. 3.84,b, 3.92 show the volume transport in 1970-1974, 195

954 and 1970-
74 minus 1955-59, respectively, all being caleulated from the velocity field, The
differences of velocity field results in a big drop of volume Lransport referenced to
the bottom, from the 1970-1974 pentad to the 1955-1959 pentad, of up to 30 Sv
to the southern end of the Gulf Stream, However, fig, 3.7 also shows a decrease
of velocity in the southern conntercurrent during 1970-1974, which implies a
weaker countercurrent. Hence, the weaker castward Gulfl Stream in 1970-1974 is
somewhat compensated by a weaker westward countercurrent, with rosull that
the total transport budget referenced to the bottom north of 30°N only drops

een the diff

hee field

about 5 Sv (see fig. 3.9, upper panel). Comparisons o

referenced to 1500m to that refercuced to hottom show that in the former, the

eastward transport of the Gulf Stream drops unly 7 Sv in 19705, whereas it drops
30 Sv in the later. This arises hecanse of the significant difference of velocity
between the two pentads in the deep ocean (as can be scen in Fig, 3.7h).

Superimposing an externally specified absolute transport through the seetion

to our results allows us to investigate the volume transport associated with the
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non-zero hottom velocity. Fig. 3.8a,b plots the absolute transport diagnosed by
Greathateh ot al.(1991) for the 55°W section and compares it to the transport
caleulated referenced Lo the bottom. Fig 3.9b(lower panel) plots the change in
these transports 1970-74 minus 1955-59 and also the difference between these

. The change in surface Ekman transport is such a small part of this

difference that it, can almost entirely be attributed to changes in bottom velocity.
Clearly, ehanges in bottom velocity play an important part in Greatbatch et al.’s
results. North of about 42°N, bottom velocities are required to become more
castward and hetween 42 and 40°N, more westward. This is consistent with a
weakening of the northern recirculation in the slope region to the north of the
Gulf Stream. (In the calculation of Mellor et al.(1982) this is a very barotropic
feature, as can be scen from Mellor et al.’s Figs.14 and 15.) Greatbatch et al.
adso calenlated the transport change implied by the density changes above 1500 m
only (see their Fig.12h). This calculation gives a total eastward transport change
across the Gulf Stream of about 205v through 55°W, roughly three times the
castward transport change calculated referenced to 1500 m shown in fig. 3.9a.
‘I'his is interesting because it shows thal even if the density changed only at
depths above 1500m, significant changes in the velocity field below 1500m can
still oceur. 1t is casy to understand how this can be by referring to equation (19)

in Greathateh et al. (or, equivalently, equation (6) in Holland(1973)) i.e.
BY =& (b curllz?) + k- curl(pV H)) @.1)
Po
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where & is a unit vector in the vertical upwards direction, £ is the surface wind
stress, B = L4 (the northward gradient of the Coriolis parameter) and py is

the bottom pressure. This says that the southward transport across a line of

latitude is due to the curl of the surface wind stress and the bottom pressure

torque (the first and second terms on the right hand side, respectively; hottom
stress has been neglected). As noted hy Greatbateh ot al. the difference in the
wind stress curl between the two pentads makes only a very small contribution in
eqn.(3.1), from which it follows Lhat the change in transport, must be associated
with changes in the bottom pressure torque and, thercfore, hottom velocities
(Holland, 1973). This is true no matter where in the water column the density
changes responsible for the transport. change ocenr, as long as the corresponding
change in the north-south transport cannot be accounted for hy the wind stress
curl term in (3.1).

The study of the dynamic height difference field, which also represents the
change in steric sea level, reveals significant, difference between two pentads. The
steric sea level difference field (fig. 3.10) for the 0 to 1500m depth interval exhibits
steric sea level during 1970s increase as large as 8 dyn em in the Gulfl Stream
region but decrease in the central portion of the subtropical gyre region, up to

about 7 dyn cm along 55°W section. This calculation is the same as the steric sea

level calculated by Levitus(1990) (see fig. 1.3) directly from the density field with

an assumption of a depth of no motion at 1500m and agrees with his results, the
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Figure 3.10:
only difference heing that our model now allows the calculation to be extended

into water shallower than the assumed level of no motion (this is in essentially

Uie same way as described by Csanady(1979) as discussed in chapter one). The
steric sea level difference field for the 0 to the bottom depth interval is calculated
referenced to the deepest depth on the section, assuming that the bottom pressure
at that depth was the same in both pentads. The effect of referencing relative to
the deepest depth rather than 1500m is to increase the magnitude of the signal
bt doos ot change its general character. Fig. 3.10 also reveals that, referenced

to the deepest. depth on the section, steric sea level during 1970s increase more

in the CGull Stream region, up to 15 dyn em.
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One final point to note is that the transport of the Gulf Stream referenced to

the bottom through this section ix about 5780 when calenlated using the annual

mean density data of Levitus(1982), 6550

ng density data from 1955-59 and

only about 40Sv using density data from 1970-74. All except the 1970 value

agree well with Richardson’s(1985) estimate of 5980 referenced to the hottom
(this includes the Ekman transport which should be added to our calenlations
but in fact amounts to only about 1Sn). Worthington(1977) noted a dramatic
increase from 1974-75 to 1977 in the transport calenlated for the Gull Stream
from section data using 2000m as a level of no motion.

We continne our study by taking a section along 65°W and hetween 19.5 —

43.5°N. Of particular interest is the interpentadal sterie sea level difference field,

especially those for lalifax and Bermuda, which Tie on e section.

Figure 3.11a,h shows the velocity field across this 65°W scetion referenced to

1 negati

1500m and to the bottom, respectively, with positive heing castward

being westward. The annnal mean density data from Levitus (1952) is used 1o

4 to

represent the climatological mean state. In fignre 3.11a, the

evels in the vertical and a resolution of 1" in the

1500m. 20 equally spaced

horizontal are used to calenlate the velocity. i lignre 5110, the case refereneed

to the bottom, 80 equally spaced z—levels in the vertical and a resolution of 1
in the horizontal are used. Onee again, according Lo equation (2.16), bottom

velocity is zero. It follows that the veloeity field is that referenced to 1500m
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and the hottom respectively. The fignres show hasically similar featires 1o those

found along 55°W. The Gulf Stream can also be elearly identified by the strong
eastward flow. However, compare to 55"W scction, the position of this flow
moves a bit south, centering near 38.5°N and extending from 35°N to 42°N, with

approximately the same width as that of 55°W seetion. The maximum surface

velocity oce

rs near 38.5°N and has a magnitude of about 17 ems™" referenced

to the bottom. In the south, the Gulf S

cant is also honnded by the southern
countercurrent which flows westward.
Figure 3.12 shows the transport, calenlated from the model along this 65°W

section, referenced to 1500m and to the hottom re

ively. The Gulf Strein
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transport, referenced o the bottom is about 60 Sv, which is about the same as
that, along 55°W section and also agrees well with the depth dependent part of
volume transport, estimated by Richardson.

Figgure 3,138 shows the dynamic height field calculated from the model along

651 section, assuming a level of no motion at the deepest depth. The reference

density is 1040 kg m™ in a constant density water column. We can see that the

level at the northern end of the Gulf Stream is about 90 dyn cm lower than

that at the southern end of the Gulf Stream. This is due to the strong eastward
current.

We move on to investigate the interpentadal variability between the two peri-
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ads by using 1970-1974 and 1955-1959 pentad data. The velocity field calculated
from the model using 1970-1974 data, 1955-1959 data and the difference between
the two are shown in figures 3. 14a,b and fig. 3.15, respectively. The Gulf Stream
i again weaker in the carly 1970s compare to the late 1950s, with a maximum
surface velocity drop of about 2.5 ems=, rather smaller than that aloug 55°W
seetion. The velocity in the 19708 decreases in the Gulf Stream region, but

ine

in the deep water underneath the Gulf Stream, especially under the
southern part of the Gulf Stream region. This results in little changes in volume

transport(decrease by 3 Sy fig. 3.16) iu the Gulf Stream region referenced to the



hottom. This small difference is also compensated by the difference due to the
sonthern countercurrent so that the bottom-referenced volwme transport. hudget
north of 30°N almost remains the same between the two pentads,

Figure 3.17 shows the dynamic height difference field for the 0 to 1500m depth

interval and for the 0 to the bottom depth interval

, respectively. T the former
case, the steric sea level during the carly 1970s inereases by as much as 2.5 dyn
e at the northern side of the Gulf Stream but, decreases in the central portion of
the subtropical gyre region, with a peak magnitude of 7 dyn em in the southern
end of the Gulf Stream. Al these featnres can be confirmed by comparison with
Lovitus’s(1990) calenlation(sec Fig, 1.4). The dynamic height difference field for
the surface to the bottom depth interval, shows similar steric sea level changes to

that for the 0 to 1500m depth interval, except for the difference south of 30"N.

1tis worth noting that, from figure 3.17, the steric

alovel for the carly 1970x
increases about 2 dyn cm right up Lo the coast of Nova Scotia, but decreases

about 6 dyn cm at Bermnda(32°N). Fignre 3.18 shows annnal me

anomaly sea

level records from Halifax and Bermuda, using the observed sea level data from

tide gauges. Both time sories exhibit stati

ically significant temporal variability.
Averaging the yearly mean sea level anomalies for each pentad, we note that, at
Halifax the 1955-1959 and 1970-1974 period exhibited average anomalies of 0.2

em and 2.0 cm, respectively, This results in a 18 em increase of sea level in the

early 1970s compared to the late 1950s. This incre

grees quite well witl figure
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817, which shows an increase of about 2 dyn em to the coast of Nova Scotia.
Roemmich(1985) found a 10 em decrease in both sea level and steric sea level

from the 1955-19

9 pentad Lo 1970 at Bermuda, His results then indicate a sharp

inerease in hoth quantities until abont 1974, when both quantities attained their
1955-1959 maxima. When averaging over the 1970-1974 period, the decrease in

sei level from the 1955-1959 pentad to 1970-1974 pentad is in good agreement

with the steric sea level changes revealed in figure 3.17.

The above studies along two sections, 55°W and 65°W, show similar features

of the Gulf Stream in its shape and size. The estimates of the velocity and

volume transport. referenced 1o the hottom are also supported by previous works

of varicus o | ! of the signi changes between

two pentads, 1955-1959 and 1970-1974, are also attempted and some interesting
resnlts have been presented. Next, we continue our jouruey to study two sections

along two tines of latitude, 24°N and 54°N.
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3.2 Section through 54°N and 24°N latitude

| ling of the general circulation of

A lot of effort has been spent on the

the North Atlantic. Although the general pattern of the general circulation of the
North Atlantic, the subtropical and subpolar gyres, has been agreed upon, the
quantitative details of the subtropical and subpolar gyres, such as the velocity
structure and poleward volume transport and heat transport, still remain poorly
understood. In particular, the poleward heat transport by ocean currents has

bean given widespead attention by hers during the last decade. For

anumal mean conditions, the Sun heats the Earth unevenly, with the greatest
insolation occurring at the tropics and the least at the poles. This gives rise to a
global meridional heat flux from the tropics to the polar region in order to balance

the ocean-atmosphere system. Undoubtedly, the ocean plays an important role

in contributing to this heat transport, for otherwise the planet we live on would
have a much harsher climate everywhere. However, it was not until 1970s when
several important papers (VonderHaar and Oort, 1973; Oort and VonderHaar,
1976; Bunker, 1976) convincingly suggested that the ocean heat transport might

be in i to the heric heat transport. In this section

we will show some results along 54°N and 24°N latitude,
We niow start by showing results obtained using our model along 54°N. The
section i Laken along 542N latitude and between 55°W to 10°W, crossing the

whole North Atlantic. The same three sets of density data as before, i.e. Levitus
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(1982; 1989a,b.c) have been used to diagnose the velocity field and then calenlate
the poleward volunie and heat transport.

Fig. 3.19a,b show the model-calculated volocity ficld through the section
(positive being northward) referenced to 1500m and the bottom, respectively.

The density field is the annual mean from Levitus (198

y and so should be
representative of the climatological mean state. I figure 3.194, the ealeulation
is performed using 20 equally spaced z-levels at a horizontal resolntion of 1%, In
figure 3.19b, the calculation is performed using 80 equally spaced z-levels at a
horizontal resolution of 1°. As before, there is no hottom velocity (according to
eqn (2.14)). Therefore, the velocity field shown is actually velacity referenced to
1500m and the bottom, respectively. The figures show northward flow across the
eastern part of the section which can be identified as the north-castward North
Atlantic Current. The wide current is from 47°W to the west coast. of Burope
in the upper 250m and from 35°W to the west coast of Europe in deep waler,

It has a maximum surface velocity of 4 ems™" referenced to the hottom and the

velocity decreases with depth, getting very weak in deep water. On Ui western

side of the North Atlantic, there is a southward flow along the continental shell

and upper slope with a maximum surface velocity of 4 ems™ referenced Lo the

bottom. This southward flow can be identified as the Labrador Current.
Comparing these figures with the maps of the lorizontal geostrophic cieoulis

tion at two levels (100m and 1000m) by Olbers et. al.(1985)(fig. 3.20), we can
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Figure 3.20: Maps of horizontal geostrophic circulation referenced to 2000 m al
(a) the upper panel, 100 m depth and (b) the lower pancl, 1000 m depth, eccording
to Olbers et. al.(1985), fig. 6
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Figure 3.21: Volume transport using annual mean data
find gowl agreements in main features. They also used Levitus' (1982) climato-
logical hydrographic data. Their figures were obtained by the classic calculation
of the geostrophic velocity nsing the thermal wind relations. The borizontal ve-
loities are referenced to 2000m, where a level of no motion is assumed. The

s 519N agrees quite well with that calculated from our model, both

profile
qualitatively and quantitatively. Both show the broad North Atlantic Current in
the east, part of the ocean with return southward flow in the west.

We further investigate the transport calculated from the model along this
51N section (integrating westward from the eastern boundary). Fig 3.21 shows

the transport referenced Lo 1500m and Lo the bottom respectively. The transport

o
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of the North Atlantic Gurrent referenced to 1500m s abont 25 Sv and the one

referenced to the bottom is about 40 Sv. The return sonthward flow in the west.

is very weak with only about 5 $v. This indicates that the southward return flow,
particularly the Labrador Current, may have a strong barobropic part. which can
allow the total budget of vohume transport be equal to zero, whicl i required

by the conservation of mass. The ma

Dudget is summed in Table 5.1 (see page

82).

We also attempted to investigate the bottom velocity by imposing an ex-

ternally specified absolute transport, through the section on onr vesults. e

externally specified absolute transport is obtained from the results of Greathateh
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Figure 3.23: Bollom uclocity in annual mean case
et al.(1991), being plotted in fig. 3.22. Their results show an essentially similar
transport. of the North Atlantic Current to that from our model, but, exhibit a
large amonnt of transport in the west continental shelf and slope region. The
difference field (with Ekman transport also being removed) is also plotted in fig,
.22, which ropresents the transport due to the bottom velocity, Tt clearly indi-
cates a skrong barotropic southward flow in the west continental shelf and slope
region, with a maximum velocity of 20 ems™' (fig. 3.23). This is what Lazier
and Wright(1992) call the “deep Labrador Current”, as distinct from the shelf
break jet traditionally called the Labrador Current (Lazier and Wright present

evidence from envrent meter data for the existence of the“deep” current).
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Fig 3.24 exhibits the heat transport relerenced to 1500m (defined nsing equa-
tion(2.44) but. with vy substituted by the velocity referenced to 1500m and set
Lo zero bhelow 1500m) and to the bottom respectively (defined as before in eqn

(2444)). The heat, transport, of the North Atlantic Current referenced to 1500m

is abonut. 1.0 petaw; anel that, referenced 1o the bottom is abont 1.1 petawatts.
Again, the weak southward return flow referenced to the bottom contributes little
beeause it has a strong harotropie part, which can not be obtained from the model.

Having the volume transport due to the bottom velocity as shown iu fig. 3.2, we

ransport. due 1o the hottom velocity (fig. 3.25)(defined

can calenlate the heat
by cqu. (245). We can sce that most of the heat transport due to the bottom
velacity is in the continental shelf and slope region at the western end of the sec-
Lo, with an amount of abont -0.4 pelawatis(negative means southward). Fig.

3,25 al

shows the Bkman heat transport of about -0.09 petawatts, indicating a

wward component of the wind. The sum of these three heat trans

prevailing e
port. components, i.c., the Ekman heat transport, the heat transport referenced
to the hottom, and the heat transport due to the bottom velocity, gives the total
heat budget of poleward heat transport of about 0.6 petawatts carried by ocean
currents towards the pole. This result agrees with previous estimates based of
surface heat balance calenlations (Hastenrath, 1980; Bunker, 1976). This net
northward heat t ansport is mainly due to the relatively warm water carried by

the North Atlantic Current to the north, whereas on the west side, the relatively

T
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Figure 3.26: Dynamic height for the boltom depth internal using annual mean
dala

cold water carried in the Labrador Sea to the south, That is why that although
the volume transport is nearly zero across the section by conservation of mass,
therc is net poleward heat transport.

Fig. 3.26 exhibits the dynamic height ficld for the surface Lo the bottom in-

terval. The reference density is 1035.7 kg 1= in a contant density water column.
The plot clearly shows that in the cast part of the scetion, the dynamic height

increases eastward, representing the North Atlantic Current. flowing northward

as the flow of the subpolar gyre system, In the western end, the dynamic height,
increases westward, indicating a southern flow.

Similar caleulations have also been performed using 1970-1974 data and 1955-
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Figure 3.27: Velocily ficld using 1970-197f data. (a) the upper panel, referenced
1o 1500 m (b) the lower panel, referenced to the bottom. The contour interval is
0.005 ™", with dashed contours indicating southward velocity and solid contours

hward. The minis and i values are given in ms™'.
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Figure 8.28: Velocily ficld using 1955-1959 dala. () the upper pancel, vefevenced
to 1500 m (b) the lower pancl, referenced Lo the botlom. The contour rwal is
0.005 ms™', with dashed contours indicaling southward velovily and solid contours

i The min and i values are given in ms=".
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Figure 3.29: Velocily ficld diffcrence 1970-197 minus 1955-1959. (a) the upper
pancl, referenced to 1500 m (b) the lower panel, referenced to the bottom. The
contour inlerval is 0.005 ms=", with dashed contours indicating southward velocity
and solid contours northward. The minimum and mazimum values are given in
st



1959 data to study the interpentadal

fability between the two periods. Fig.

3.27a,b, 3.28ab and 3.29a.b show the velocity field calenlated from the model

using 1970-1974 data, 1957

1959 data and the difference hetween the o, re-
spectively, with (a) the upper panel, being that referenced to 1500 m and (b) the

lower panel, referenced to the bottom. During 1955- 1959 and 1970-197.4, the llow

pattern is basically the same as that of annual mean case, i.e., with the northward
North Atlantic Current on the cast side and with a southward return flow on the
west side of the ocean. However, fig. 3,29 suggests that, comparing 1970-1971
to 1955-1959, the North Atlantic Current became weaker in ils cast part. but,
stronger in its west part, both by a maximum magnitude of abont 2 ems™', This
is consistent with the northwestward shift of this part of the subpolar gyre noted
by Greatbatch et al.(1991). The return sonthward flow also appears to be a more
pronounced feature in the 1970-74 pentad. As along 55°W, the difference field
(fig. 3.29) shows significant shear both below and above [500m depth with the
shear being of basically the same sign throughont the water column.

The differences in velocity field between 19701974 and 1955-1959 give

to

the differences in volume transport, heal transport, steric s

wel, Lo mention

a few. Fig. 3.30, 3.31 and 3.32 exhibit the volume transport during 1970-1974,

1955-1959, and the difference between the two, respectively. Comparing to 1955
1959, the transport referenced to L%nc bottom of the North Atlantic Current. in-

creases about 8 Sv in 1970-1974, bul this increase is compensated by the stronger
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return sonthward flow in 1970-1974, leaving the total differences in volume trans-
port. referenced to the hottom across the section almost zero. Figure 3.32 also

indicate that a large part of the transport change referenced to the bottom oc-

curs due to changes in velocity at or below 1500m (the transport is integrated
westwards from the castern houndary). By contrast, the volume transport’ in
19705 and 19505 themselves indicate that a large part of the bottom referenced
transport in each pentad ocurs referenced to 1500m, this being especially so in
1955-59 when the transport referenced to 1500m varies between about, two-thirds
and three quarters of the total referenced to the bottom.

Apain, we impose the externally specified absolute transport through the sec-
tion to our results.  Fig. 3.30, 331 and 3.32 also show the plots of volume

transport caleulated by Greatbatceh et al.(1991) for 1955-59, 1970-74 and the dif-

ference field 1970’s minus 1950%s. Also shown is the transport due to the bottom

velocities obtained by subtracting the transport referenced to the bottom and
the wind-driven Ekman transport (which totals about 25v in each pentad when
integrated across the basin) from that calculated by Greatbatch et al.(1991). It
is interesting that in the 1950’s almost all the transport takes place referenced

Lo the bottom. This is also true of the climatological annual mean case (fig.

3.22). In the 1970-74 pentad, the northward transport referenced to the bottom

generally exceeds that di d by Greatbatch et al., indi the need for

southward bottom velocities in some latitude ranges (e.g. near 20°W). It is also



of interest that in cach pentad (and also the climatological anmual mean case
as discussed before), mass balance can only be achieved by having a barotropic
southward flow west of 50°W in the slope region off the const of Labrador in what
Lazier and Wright(1992) call the “decp Labrador Current”. One worrying aspect
of this is that there is no evidence of vertical shear associated with a deep western
boundary undercurrent in the transport calculated referenced Lo the bottom, in-
dicating that this is a very weak feature in the Levitus(1982,198%,byc) data ses

(probably because of the smoothing associated with the objective anal . The

possible error due to this missing deep western boundary undereurrent (DWBU)

will be discussed later. Looking at the difference field (Fig. 3.32), it is clear that,
the transport associated with the change in the bottom velocity is an important
contributor to the total change in transport hetween the pentads. The tendency

for bottom velocities to be more southward in the castern part, of the seetion is

indicated by the upward trend as one moves Lo the west in the hottom transport
curve in Fig, 3.32. The mass balance in each pentad is summarised in Table 3.1,

Fig. 3.33, 3.34 and 3.35 show the heat, transport. referenced to the bottom (as

defined in eqn (2.44)) during 1970-1974, 19

1959, and the difference between
the two, respectively. The heat transport referenced to the bottom earried by the
North Atlantic Current (from the coast of Europe to about 35°W) is the same
during two pentads period, indicating the water in 1955-1959 is, on average,

warmer than that in 1970-1974, given the fact that the volume transport in

81



54,5 Climatology | 1955:59 | 1970.74
relative to 1500 m 26.7 28.3 25.8
relative to bottom 33.0 31.8 2.2
( -30.6 -29.9 -30.2
transport due to bottom velocity
(-31.2)
-2.4 1.9 -2.0
surface Ekman transport
(-1.8)
S4.50N Climatology | 1955-59 | 1970-74
HTy00 0.9 1.03 0.89
Ty 1.09 1.16 1.05
-0.43 -0.38 -0.49
HT,
(-0.43)
-0.09 -0.08 -0.07
Wy
(-0.07)
TOTAL 0.58 0.69 0.49
(0.59)

‘Table 3.1: Volume transport (in Suerdrups) and Heat transport (in pclamalls)
d In

through 54°N. Positive

and negative,

climatology case, figures in brackets are calculated using da Silva and Lcmtus

wind stress,
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Figure 3.35: lcal transport differcnce 1970-1974 minus 1955-1959
1955-1959 is about 20 percent less that that in 1970-1974. The stronger return
southward flow in 19701974 gives rise to a drop of the heat transport referenced
to the bottom, a magnitude of about 0.12 petawatts. Having the bottom velocity
(ubtained as above) and the potential temperature field, we can calculate the
heal. transport, associated with this bottom velocity (see eqn. (2.45)), which is
also shown in Fig. 3.3, 3.34 and 3.35. The heat transport due to the bottom
velocity in 1970-1974 s about 012 petawatts less (i.e. more southward) than that
in 1955-1959. (sce lig. 333, 3.34 and 335, and also in Table 3.1.) Combining
the difference of the heat transport referenced to the bottom, 0.12 petawatts

uthward, the Ekman ¢ 0.01 northward and the difference

84



due to the bottom velocity. 0.12 southward, the total heat budget in 1970- 1971
drops about 0.2 petawatts, as being summed up in Table 3.1,
The Table 3.1 also includes the heat transport. decomposition in the annual

mean c;

It indicates a climatological annual mean northward heat transport

of 0.6 PW as noted previously. The values caleulated for 1955-59 and 1970-
T4 are 0.7PW and 0.5PW, respectively. 1t is not clear whether these values
are significantly different from cach other. It is diflicult to estimate the error
in the calenlations at this latitnde. The higgest source is likely to be in the
representation of the DWBU, which as we saw when discussing Fig. 3.22, appears
as a barotropic flow in the continental slope region off Labrador. One way to
assess this error is Lo assume that all the transport associated with this flow
where at a potential temperature representative of this low. If we take this to be
5°C, then since the vertically average potential temperature in Uhis part. of the
section is 2.5°C, it follows that this contribution to the northward heat transport
in equation (2.46) will be increased, leading to a revised estimate for the anmal

mean northward heat transport of 0.8PW - i.c. an increase of 0.2P°W. 1L shonkd

be noted, however, that it is unlikely all the 305 required Lo s

fisly mass balince
through this section takes place in the DWUC, so that, the 0.2PW represents an
upper bound on the magnitude of this error. It should also b noted that, this

estimate of error does not include the effect of eddies. It is clear from the table

that the difference between the pentads oceurs partly hecause of the change in the
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heat, transport due L the Lransport referenced to the bottom and partly because

of the change in the heat transport, associated with the bottom velocities.

The study of the dynamic height difference field, which also represents the

change in steric sea level, reveals differences between two pentads. The steric

sen level difference field for the 0 to 1500m depth interval (fig 3.36) shows that
the sterie sea level during 1970s increase by as much as 4 dyn cm in the west
continental shelf and slope region, and decrease by as much as 5 dyn cm in the
western side of the North Atlantic Current compared to the 1950s. The increase
is because of the stronger southward return flow (referenced to the bottom) in

the west part of the s

ction during 1970-1974 whereas the decrease pattern is



duie to the stronger northward North Atlantic Current on its west part. Levitus's
calculation (see fig. 1.4) of the dynamic height difference fiell calenlated dirvectly

from the de

with an assumption of a depth of no motion at 1500w agrees

very well with onr results.

We now turn to the section t 1N and be-

the subtropical gyre
tween 755~ 17.5°W, i.e., from the Bahama Islands to the west coast of Afriea. OF
particular interest is the total poloward heat, transport across the North Atlantie,

which includes not, only the heat transport. from the section we are studying,

but also that from Florida Current. The latter part is taken from other anthor's
results,
Figure 3.37a,b show the velocity field across this 24°N seetion referenced to

1500m and the bottom, respectively, diagnosed from the model, with positive
being northward and negative being southward. Both figures ropresent the elima-
tological mean state and are calcnlated using Levitus (1982) annual mean density

data. They show that th

ction is dominated by southward flow, stronger in
the upper 1000m of the water column, with a maximmm value of 3 ems=" near

surface and weaker towards the hottom. The upper layer southward flow is the

flow which Leetmaa et al.(1977) and, later, Roemmich and Wnseh(1985), asso-

ciate with the wind-driven gyre. On the west end of the section, there ¢
northward flow concentrated down to about 1000m, with a magnitude of up o

2.5 ems™'. This can be identified as the northward Antilles Current,
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Figure 3.87: Northuard velocity field using annual mean data. (a) the upper
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contour inferval is 0.005 ms™", with dashed contours indicating southward velocity
solid contours northward. The minimum and mazimum values are given in
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Figure 3.38 exhibits the volume transport referenced Lo 1500m (considering
only the water column above 1500 m) and to the bottom, respectively, which is

calculated from the model along this 24°N section. It shows that the transport

referenced to 1500m increases steadily Lo a value of 2080 near 65°W, after which

it drops again by about 85 in as: tion with the Antilles Current. Also plot-

ted in Fig. 3.38 is the geostrophic transport a

ated with the wind-driven gyre
assuming a linear vorticity balance (i.c. the difference between the flat-bottomed
Sverdrup transport and the Ekman transport) as given by the climatological an-

nual mean wind stress of Hellerman and Ros and

nstein (1983) and da Silva

Levitus, The similarity between these curves and the transport referenced to
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1500m (in particular, their common slopes) is the same result as found by Leet-
i et al.(1977) nsing the Bunker(1976) wind stress field. However, as pointed

ont by Roenmich and Wnsch(1985), there is also a thermohaline com:ponent to

the cireulation throngh the section, Indeed, the total bottom-referenced trans-
port through the section (inchuding the Antilles Current) is 285v to the south.
This is halanced by 650 of northward Ekman transport and the 309v northward

flaw in the Florida Current, implying that an additional 85 must flow southward

tion with non-zero bottom velorities.

through the section in associ

Similar to what we did for the 54°N section, we attempted to estimate the
transport due to the bottom velocity by imposing an externally specified abso-
lute transport. through the section on onr results. The attempt to impose the
absolute transport. diagnosed by Greathatch et al(1991) did not give satisfactory

resuilts hecanse their total transport through the section from the west coast of

Afica to Bahama is only about 16 $v southward. This, in turn, requires the
same amonnt of water flow northward through Florida Strait by conservation of
volume. This amount (16 $v) obtained by Greatbatch et al. is far less than
the measured transport of about 30 Sv through the Florida Straits (Niller and
Richardson, 1973; Larsen, 1992), possibly because of the big errar of Greatbatch

et al.’s model in low latitude where the Coriolis parameter f is small. Instead

of using Greatbateh et al.’s results for this 24°N section, we assume that the

total southward transport through the section must be balanced by the north-
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Figure 3.39: Vertically avcraged polential lemperature along 24°N

ward flow through the Florida Straits. We take the northward flow through the

Florida Straits lo be the 29.55v annnal mean transport, between Miami and Bi-

mini as found by Niiler and Richardson(1973) rather than the 3.

250 annual
mean transport given by Larsen(1992) for the transport, east of Jupiter Tulet

further north (Larsen attributes this difference to flow through the Northwe

Providence Channel).
When calculating the heat transport, we adopted an approach very similar
to that used by previons authors (Hall and Bryden, 982 Rocnmuich and Wan-

sch, 1985; Molinari et al.,1990). By conserving the mass through the scction, we

require some 85 of southward transport associated with non-zero bottom veloc-
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Figure 3.40: Heal transport using annual mean data

ties through the section in the case of the climatological annual mean transport.

shows the vertically averaged potential temperature along 24°N, which
s that, except. for the Mid-Atlantic Ridge region and the coast regions,
srtically averaged potential temperature is nearly uniform throughout the
ing use of the fact that the vertically averaged polential temper-
ature on the section is almost uniform from cast to west (see Hall and Bryden,
1982, Fig.3 and Levitus, 1987, Fig.1), we do not need to know how this transport

is distributed across the se

ion. This makes evaluation of the bottom velocity
part of the heat transport in equation (2.45) a straightforward matter.

The heat transport referenced to the bottom shown in figure 3.40 exhibits a



itude of about 1.5 | hward) carried by the southward ocean
transport. across the full width of this section. excluding the Florida Straits.
The Ekman heat transport is shown in figure 3.2, which is about 0.6 petawatts
northward when using wind stress of Hellerman and Roseustein (1983), and is
about 0.5 petawatts northward when using wind stress of da Silva and Levitus.
The northward Ekman heat transport is a direet rosult of the prevailing casterly
trade wind. Combining the Ekmau part and the part referenced 1o the hottom
gives rise to a southward heat transport of 1.6 petawatts. As mentioned hefore
the part associated with non-zero bottom velocity can he casily calenlated by
making use of the fact that the vertically averaged potential temperature on the

section is almost uniform. If we can estimate the lieat transport throngh the

Florida Straits, the total poleward heat transport across the ocean can U
obtained.
We estimate the heat transport through the Florida Straits by using Larsen’s

(1992) results. He estimated the heat flux into the North Atlantic to be,

Q(t) = pCyllrc(t) — O (DT (1) (3.1)
where 8-(t) is the flow temperature of the northward moving Florida Current,
Oy (t) is the flow temperature of the southward moving North Atlantic cast of the
Florida Straits, and T(t) is the transport of the Florida Current. Here the flow

temperature is the velocity weighted potential temperature. Ile assumed that
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Oy a() has the constant value 9.43°C and 0p(t) has the constant value 19.10°C,
the latter heing based on the measurements taken in the Florida Current. Based
on 4170 daily mean values, he obtained the heat flux into the North Atlantic to be
1.27 petawatts, with transport of the Florida Current T(2) being 32.2 Sv. Doinga

ation, we can derive the heat, trausport of the Florida Current alone

simple
Lo he pCy0u(L)T(L) - 231 petawatts northward. In this calculation, we assume
the volume transport of the Florida Current to be 29.5 Sv rather than 32.2 Sv used
by Larsen(1991) but continue to use a flow temperature of 19.10°C. 29.5 Sv is the
value more appropriate at this latitude (24°N). Considering every component of
heal transport, across 24°N, we obtained a total poleward heat transport. of about
1.2 pelawatls, in excellent agreement with the previous estimates of 1.2PW by
cach of Hall and Bryden(1982), Roemmich and Wunsch(1985) and Molinari et
al.(1990) for 25°N, 24°N and 26.5°N, respectively. When the wind stress field
of da Silva and Levitus is used instead of Hellerman and Rosenstein(1983), the
climatological annual mean value gives a similar result. This is summarised in
Table 3.2 (page 98).

Similar calculations have also been performed using 1970-1974 data and 1955-
1959 data to study the interpentadal variability between the two periods. Fig.
3.4lab, 3.42a,b and 3.43a,b show the velocily field calculated from the model
using 1970-1974 data, 1955-1959 data and the difference between the two, re-

spectively, with (a) the upper panel, being that referenced to 1500 m and (b)
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Figure 3.41: Velocily field using 1970-197 data. (a) the upper pancl, referenced
Lo 1500 m () the lower panel, referenced Lo the boltom. The contour interval is
0.005 ms™, with dashed contours indicating southward velocity and solid conlours
northward, The minimum and mazimum valucs arc given in ma™".
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Figure 3.42: Velocity field using 1955-1959 data. (a) the upper panel, referenced
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0.005 ms~", with dashed contours indicating southward velocity and solid contours

northward. The minimum and mazimum values are given in ms=1.
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23.5°N Climatology 1955-59 197074
relative to 1500 » -12.2 -13.3 -17.3
relative to the bottom -27.7 -28.2 +31.7
-7.8 -6.1 -3.4
transport due to bottom velocity
(-6.8)
6.0 4.8 5.6
surface Ekman transport
(5.0)
Florida Stralts 29.5 29.5 29.5
23.5% Climatology 1955-59 1970-74
HTys00 -1.18 «1.29 -1.52
HTy -1.51 -1.63 -1.95
-0.17 -0.14 -0.08
HTy
(-0.15)
0.60 0.50 0.55
HTgy
(0.50)
Florida Straits 2.31 2.31 2.31
TOTAL 1.23 1.04 0.84
{1.16)

Table 3.2: Volume transport (in Sverdrups) and Heat transport (in petawatts)
through 24°N. Positive represents northward and negative, southward. In the
climatology case, figures in brackets are calculated usir; 3 Silva and Levitus’

wind stress.
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the lower panel, referenced to the bottom. West of 50°1V, we see large oscil-
lations in the 1970-74 pentad, with strong southward flow extendiug down to
the bottom being partially balanced by return flows on either side. 1t is known

that this is an area of strongly variable flow, with variations on space scales of

hundreds of kilometers (Roemmich and Wunsch, 1985; Schinitz et al. 1992) and
on a characteristic time scale of 100 days (Lee et al., 1990). Variability in this
region is also a feature of the Kiel version of the WOCE Community Model, as
discussed by Béning et al.(1991). Interestingly, this variability does not appear
in our annual mean case here. One reason for this may he the smoothing inherent
in the Levitus(1982) data set, another the “composite” nature of the data set.
This raises a question as to whether the large oscillations in the 1970-74 case
are real and, in particular, if they may be the result of inadequate sampling.
One further point to note is that all three cases, climatological annual mean,
1955-59 and 1970-74, show an increase in the southward transport helow 1500
m starting at about 60°W in association with what may be the manifestation of
the Deep Western Boundary Undercurrent (DWBU) in the model. It should he
noted, however, that this is farther east and is associated with somewhat weaker
vertical shear than the DWBU identified by Rosenfeld et al. (1989) and Leaman
and Harris(1990) just cast of the Bahamas at 26.5°N.

Figures 3.44, 3.45 and 2 46 exhibit the volume transport during 1970-1974,

1955-1959, and the difference between the two, respectively. The figures show
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Figure 3.45: Volume transport using 1955-1959 data
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Figure 3.46: Volumc transport difference 1970-1974 minus 1955-1959
that in the pentads 1955-59 (Fig. 3.45), most of the bottom-referenced transport
was confined above 1500m and in 1970-74 (Fig, 3.44) there is a tendency for
the flow at and below 1500m to be northward in the region to the east of G17W .

This strougly suggests that in 1970-74, the southward transport, helow 1500m was

considerably reduced in comparison with the climatological annual mean and also
in comparison with 1955-59. The mass balance for cach of the pentads 1955-59
and 1970-74 is also presented in Table 3.2 (results in the climatological casc differ
slightly if the climatological annual mean wind stress of da Silva and Levitus

is used, as indicated by the figures in brackets. For the two pentads, da Silva

and Levitus wind stress data is used). As in the annual mean case, we take the
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Figure 3.47: lcal transport using 1970-1974 data
northward flow throngh the Florida Straits to be the 29.55v, assuming that the
transport of the Florida Current is the same in both pentads and equal to the
elimatological annual mean transport. This is a major assumption that may not
be true. However, we know of no authoritive transport data for the Florida Straits
for the pentad 1955-59. Rather, we appeal to Larsen(1992), who noted that cable-
derived transport data for the periods 1969-74 and 1981-90 (including 1970-1974)

shows no long-term trend. Using 29.55v as the northward flow through the

Florida Straits in hoth pentads, we see that the bottom transport required to
achieve mass balance is only 35v in 1970-74 compared to 65v in 1955-59.

Adopting the same approach as used in annual mean case, the heat transport
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can be calenlated in both pentads. For both pentads, we use the same “fow”
temperature for the Florida Current as that of the cimatological mean. Fig.
347, 3.48 and 349 show the heat transport, during 1970-1974, 1955-1959, and the

clween the two, respectively. Table 3.2 sums up the heat transport.

difference
For the 1970-74 pentad we obtain the total poleward heat transport of 0.8PW
and for the 1955-59 pentad, LOPW, indicating a reduction of 0.2PW between
the pentads. 1t is interesting to note that the heat transport in both pentads is
smaller compared Lo that of the climatological annual mean. Tabie 3.2 indicates
that the reason for the lower total heat transport in the pentads compared to
the climatological annual mean is the greater southward transport associated
with /[Ty, i.c. the heat transport referenced to the bottom, in each pentad.
Comparing 1970-74 with 1955-59, we see that the effect of increased southward
1Ty is partially compensated by slightly increased northward Ekman and bottom

nd /T, in 1970-74 compared to 1955-59.

ransport, 17

he
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Chapter 4

Summary and Conclusions

In this thesis, the velocity stricture of the North Atlantic is evaluated through
four sections, two across a line of longitude - 55°W and 65°W, two across a line
of latitude - 24°N and 54°N. In order to accomplish this task, we have developed
a two-dimensional, vertical-section model to diagnose the velocity structure, Our
objective is to understand the velocity structure associated with the circulations

(both wind-driven and thermohaline) in the North Atlantic and the interpentadal

changes between the 1970-1974 and 1955-1959 pentads. Further, we also calen-

lated the volume transport, poleward heat transport and sea level to investigate

the changes between 1970-1974 and 1955-1959.

This density-stratified model is a lization of the standard geostrophic

velocity computation which calculates the velocity field from density input. The

model includes the vertical mixing of momentum and parameterises the boltom



stress in terms of hottom velocity in order to show that in a two-dimensional,
vertical-section model, it is natmral to reference velocities to the bottom as dis-
cussed in Chapter 2. By making use of independent estimates of the absolute
transport and estimates of the Bkman transport from wind stress data, informa-
tion can be obtained on the transport. due to non-zero bottom velocities. This
enables ns to analyse the volume Lransport, heat transport and sea level across
the seetions.

The results along 55.5°W show that referenced to the bottom, the eastward
transport. of the caleulated Gulf Stream was some 305w less in 1970-74 than in
1955-59, in general agreement with the results of Greatbatch et al.(1991). How-

ever, the i transport reducti f d to the bottom is shifted from

that obtained by CGreathatch et al.(1991), indicating the imp of changes

in bottom velocity in the latter calculations. This is shown to be the case even if

the density s

sumed Lo be the same in each pentad below 1500m.

The resulls along 64.5°W show that the calculated transport of the Gulf
Stream also underwent dramatic changes between 1970-74 and 1955-59 pentads.
It is also suggested Lhat the steric sea level during 1970-74 increases by about 2
dyn em right up to the coast of Nova Scotia, but decreases about 6 dyn cm at
Bermuda, compared to 1955-1959.

The caleulations of poleward heat transport across 54.5° N and 23.5° N for each

of the climatological annual mean, 1955-59 and 1970-74 cases are also attempted.
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As discussed in the introduction, a change in the poleward heat transport from
the 1955-59 to 1970-74 pentads would be especially interesting because of the
important role played by the poleward transport of heat in maintaining the equi-
librium of the earth’s climate system (see Bryan, 1982 and Weaver and Hughes,
1992). Rintoul and Wunsch(1991) have noted that heat transport caleulations
carried out using smoothed data (such as Levitus, 1982;1989a,b,¢) can he in error
due to the inadequate representation of the western houndary eurrents. Indocd,
we have noted that the DWBU (deep western boundary undercurrent) at both
23.5°N and 54.5°N may not be adequately represented in our data sets. On the
other hand, Molinari et al.(1990) made use of Levitus(1982) data in the region
east of the Bahamas in order to estimate the annnal cycle of heat transport at

26.5°N. Their annual mean northward heat transport across 26.5°N is 1.20°W

and is the same as found by other investigators at this latitude (1all and Bry-

den,1982, and Roemmich and Wunsch, 1985). They also found that including
data from Rosenfeld et al.(1989) for the region immediately to the cast of the

Bahamas, which included a better represention of the DWBU, did not have a

significant influence on the calculation. This gives us confidence that our caleu-
lations are meaningful.

Calculations of the poleward heat transport throngh 54.5° N indicate values of

0.6PW,0.7PW and 0.5PW for the climatological annual mcan case and the pen-

tads 1955-59 and 1970-74, respectively. The cli logical value is in ag
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with previous estimates based on surface heal balance calculations (Hastenrath,
1980; Bunker, 1976). However, given that we estimate the error to be 0.2PW it
is not clear how significant is the difference between the pentads. However, there
is the suggestion, at least, that the poleward heat transport was marginally less
in 1970-74 than in 1955-59 and this is attributed to a combination of a deeper
(and therefore colder) North Atlantic Current in 1970-74 compared to 1955-59
and a warmer return flow in the Labrador Sea in the later pentad.

Along 23.5°N, the calculated poleward heat transports are 1.2PW, 1.0PW
and 0.8PW for the climatological annual mean, 1955-59 and 1970-74, respec-
tively. In the elimatological annual mean case, a similar value is obtained if the

wind stress field of da Silva and Levitus is used instead of Hellerman and Rosen-

stein(1983). The climatological value agrees with previous estimates (Hall and
Bryden, 1982; Roemmich and Wunsch, 1985; Molinari et al., 1990). Between
the 1970-74 and 1955-59 pentads, the model results suggested a reduction of
0.2P°W. ILis not clear exactly how significant this difference is. Hall and Bry-
den(1982) and Molinari et al. (1990) indicate that the error in their calculations
is £0.3PW. Given the similarity of the methods used, this is probably a good
measure of the error in our calculation too. This suggests that the difference of
0.4PW between the 1970-74 case and the climatological annual mean may be
significant. Our calculation does have the additional assumption, however, that

the volume Lransport and the “flow” temperature of the Florida Current are the
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same for each calculation. We have already noted, however, that Larsen(1992)'s
data provides support for this assumption in the case of the volume transport. To
assess the assumption of a constant“flow” temperature, we note that to achieve
an increase in the northward heat transport through the Straits of 0.4PW (and
thereby cancel out the 0.4PW reduction) would require an increase in the flow
temperature to 22.4°C, an increase for which there is no precedent in the avail-
able data. We may tentatively conclude that the poleward heat transport throngh
24°N in 1970-1974 appears Lo be less than the climatological mean value.

We are not aware of previous work that has diagnosed an interannual change
in the poleward heat transport of the ocean. Roemmich and Wunsch(1985) com-
pared the International Geophysical Year (1957) section along 24°N with a scction
made in 1981 and could find no difference in the calculated poleward heat Lrans-
port for the two sections. If the differences in heat transport we have calenlated
are real, then they are quite exciting. Experiments using idealised basin geon-
etry and surface forcing with the Bryan/Cox Ocean General Cireulation Model

have already raised the ibility that the 1 haline cireulation in the ocean

could exhibit decadal-time-scale variability (Weaver and Sarachik, 1991) and such
variations would be expected to be associated with changes in the poleward heat,
transport. Such variations could, in turn, have an effect on the atmosphere and

be part of the natural variability of the coupled ocean-atmosphere system, us

suggested by Bjerknes (1964).
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