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ABSTRACT

Two lincar models of the North Atlantic, a linear barotropic model and a linear two-
density layer model, are employed to investigate the effect of using dilferent wind stress
climatologies on the model-calculated transport. Particular emphasis is placed on the
model-calculated response at the Florida Straits. The model domains extend from 10°8
to 65°N and 100°W to 159E at 1° x 1° resolution. The wind stress climatologies are those
of da Silva et al.(1993a; hereafter DS), Hellerman and Rosenstein (1983; hereafter HR), Ise-
mer and Hasse (1987; hereafter IH) and Trenberth et al. (1990; hereafter T'R). Comparing
the resuits at the Florida Straits, we find that for each climatology, the barotropic model
shows maximum northward transport in the summer and minima in the fall and late winter,
in general agreement with transport ieasureinents from cable data (Larsen, 1992). How-
ever, the amplitude of the model response differs considerably between the climatologies.
In the case of DS the range (maximum transport minus minimun transport) is 2.8 Sv; HR,
3.6 Sv; TR, 5.2 Sv and IH, 5.9 Sv, compared to a range of 4.6 £0.4 Sv derived from cable
data. When the JEBAR (Joint Effect of Baroclinicity And Relief; Sarkisyan and Ivanov,
1971) forced transport is also considered, using the two-layer model, the amplitude of the
model-calculated response changes slightly in each case, with ranges of 3.35v, 3.95v, H.85v
and 6.15v for each of DS, HR, TR, and IH respectively.

We have also conducted experiments using a 1/3° x 1/3° version of the model applied
to the region extending from 5°N to 420N, and 100°W to 70°W. The Bahama/Antilles
Island Arc are resolved in this model. Transport through the boundary at 70°W is specified

from the 1° x 19 calculations referred to above. The details of the model-calenlated response
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are particnlarily sensitive ta the precise choice of grid point used to represent, the offsijore
boundary of the Florida Straits, If we choose the Grand Baliama Islands, the cases with
transport specified on the castern boundary yield ranges of 13850, 2880, .05 and 3,19
for each of DSCHR, TR and T vespeetively, 11 instead, we choose a region between the
Ciraned Babama Isband, aued Andros Tstaud (the Providence Channel area) the /39 % 1/3"
model calenlated results agree quite well with our 12 x 17 resnlts. This is a consequence
of the Tact that even at 1/3° 1737 resolution. we still do not properly resolve the Florida
Straits, b fret,in the model the Straits are much too shallow (roughly half the depth of the
trine Florida Straits). and henee, does not receive as ninch information aloug f/H contours
as in the 1P x 1" ease. or as the grid-point in the vicinity of the Providence Channel.

The inereased range in the Hl case compared to HR in our 1" x 1Y case is in general
agreeent with the finding of Boning ot al.(1991h) using the Kiel version of the model that
forms the WOCE Community Modelling Effort, However, whereas Boning et al, claim that
winds north of 353V Lave little influence on the seasonal response of their model at the

nu

Florida Straits, we find that winds uorth of 35°N play an fimportant role in our model,
The reason for the behaviour of the Community Model is not clear but may be associated
with advection by the western boundary enrvent. In our maodel, we show the importance
of forcing by the meridional component of the wind, although forcing througl the zonal
cotnponent also plays some role in explaining the differences between the cases enn under

the dilferent climatologies.  We also show the importance of forcing associated with the

meridional component of the wind along the continental slope region north of the Straits,
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CHAPTER 1 INTRODUCTION

The Flwida Current is a major comtributor to the circulation of the Nerth Atlantic
sond the transport of heat from the equatorial regions to higher latitudes; as sueh it plays an
important role in the eliniate variability of the North Atlantic. The Florida Current passes
hetween the southiern 1ip of the Florida coast, and Cuba, at which point it turns northeast,
into the Florida Strails, a natural bottleneek bounded on the west by the Florida coast
and an the east by the Babamas island are (Andros Island, Grand Bahama Island, Great
Abaveote)osee Fig 1L This uatural bottleneck provides an excellent region within which
the transport at the core of the Florida Carrent can be measured, without the problems
assoriated with meanders in the flow.,

The pioneering work of Niiler and Richardson{ 1973) indicated the Florida Curread hiad
a mean teansport of oaghly 30 Se. (1 S0 = 1021 aud suggested an annual rango
(naximunm transpor) minns minimum transport) ol roughly 8.2 §». These anthors fitted
an annual eyvele to their data, indicating that maximum northward transport occurs in
swmmer, and mintmmn transport in the fall and late winter, Figure 1.2 shows the monthly
anomalios of Nifler and Richardson®s data: that is, monthly means with the annual mean
remved. Note also the transport ieasurements of Brooks(1979) ave incuded with the
Niiler and Richardson data to il the gaps in their data set. These transport estimates were
hased onacseries of dropsonde mieasiurements (a total of 3682 dropsonde measurements from
13 transecets from Miami to Bimini Island). Each set of transeet measurements lasted a fow
weeks, overa period of several years (a total of 85 days of measurements spanning 196G.1-

970 and were not corrected for tidal transport variations. The fact that the measurements
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remored) of transport measurements through the Florida Straits as measured by Niiler

and Richardson(1973) with Brooks(1979) and STACS PEGASUS cruises

(after Leaman ot al., 1987).



were not distributed uniformly over the year, combined with high frequency fluctuations,
makes it difficult to accurately define the seasonal cycle and distinguish interannual, and
tidal variability present in the transport measurements.

Subsequent measurements by the STACS {Subtropical Atlantic Climate Studies) pro-
gram which utilized PEGASUS profiler measurements, indicated a similar seasonal cycle to
that described by Niiler and Richardson, with a much higher annual range of roughly 13 Sv
(Leaman et al.; 1987). The STACS transport measurements, corrected for tidal variations,
indicate an absolute maximum occurring in May, and minimum occurring in November,
with a secondary maximuin and minimum in August and March respectively, sce Fig.1.2.
The STACS data set, although comprehensive (a total of 19 cruises, lasting 130 days over
the period 1982-84) is not long enough to produce a long-tern-mean picture of the Florida
Straits seasonal transport cycle owing to interannual variability of the Florida Current,
Taken together, however, a general picture does emerge, with a Florida Current showing
maximum northward transpert in the summer months with a minimum in the fall and late
winter.

Recently Larsen(1992) has produced a comprehensive time series of transport mea-
surements at 27°N based on the voltage drop across an abandoned communications cable
between a point 16 km east of Jupiter Inlet, Florida, and Settlement Point, Grand Bahama
Island, sce Fig.1.3. The method which allows this measurement, although quite ingenious,
is not new, and was first suggested by Faraday in 1832, Faraday noted that an clectro-
motive force (EMF) would be induced in a conductor which moves across a magnetic field

(motional induction). In the present case, seawater acts as the conductor, and as it moves






across the lines of force created by the carth’s magnetic field, an EME is produced, defined
by

E=B.L.v

with v being the current speed, L the width of the current, and £ the strength of the earth’s
magnetic field component mutually perpendicular to both v and L. Faraday attempted to
apply this idea to measure flow of the Thames river in England, but was unsuccessful
because of problems associated with the capper electrodes he utilized. Young et al.(1920)
were, however, able to successfully measure the tidal currents in the Faglish Channel using
this technique. Several sources of error inherent to this method (e.g. geomagnetically
induced voltage variations, instability of cable-ocean contacts, and others) are discussed in
detail by Larsen. Perhaps the greatest limiting factor is the need to determine the voltage
calibration factor, which must be specified to convert the measured voltages into transport
measurements. The voltage-transport equation for the Florida Straits, reduces to the simple
linear equation;

V(1) = CoAby(t)

where C, is the voltage calibration factor, A®y is the motionally induced voltage, and ¥
is the corresponding volume transport, The STACS program provided an excellent ineans
of defining the necessary voltage calibration factor since cable voltage measurements and
PEGASUS profile measurements were recorded simultaneously. Based on 137 days of daily

mean profiling derived transport values, Larsen defines the voltage calibration as €, =
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2042 + 006 8 eV vielding an estimated errorin cable derived transport measurements
of 1LY,

Iased upon this analysis, and a total of A862 daily wean voltage values spanning 1969-
1990 (1969 1971 aml 19%1-1990). Larsen found the anmusl mean Florida Straits transpor
ton b 328 e, eonsistent with Niiler aml Richardson™s 30 Se. The seasonal eyele, prodieed
by removing the anpnal mean Trom the monthly means (see Larsen’s table 12.), exhibits a
browd masimum northward transport occurring in July-August followed by a sharp drop

0.

ta s minimum in October-November, with an annual range of 1.6 Se. Utilizing the data

comtained in Larsen's Table 12, we ean estimate the orror asse Ciated with the calenlation of

the seasonal evele o be raughly 40,2 Se for each monthly mean (this is obtained by taking
the standard deviation given by Larsen and dividing by the square root of the numbey
ol daily measnrements),  Note that since the majority of measurements were collected
in the period TOST-1990, there 35 the possibility that Larsen’s seasonal anomalies reffect
imterdecadal cirealation changes. The upper laver return flow of the thermobhaline coll
transports ronghldy 1252 through the Florida Straits (Sehmitz ot al. 1992). Recent analysis

ol historical hydrographie data (Levituse 1989a,b.e: 1990) indicates that major changes have

ocenred i the thesmohaline structure of the North Atlantie. In the idealised studies of

Weaver and Sarachik(1991) the modelled thermshaline civeulation undergoes oscillations on
slecidal time seales indicating that the thermohaline flow through the Florida Straits may
ndergo oseillations on sinilar e seales, There is, therefore the possibility that Larsen’s

ditie may overestimate or naderestimate the seasonal Florida Corrent transport variation,

ity AL o LSt
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Nonetheless, Larsen’s cable data set is the most comprehensive set of measurements made
to date and serves as a standard against which to compare the results in this thesis,

Leetmaa et al. (1977) ctaimed consistency between the flat-bottomed Sverdrup trans-
port at the latitude of the Florida Straits when the wind stress enrl of Bunker(1976) is
integrated across this latitude (sce alse Leetmaa and Bunker, 1978),

Trancport Ancmaly at the Flarda Straite
K S e namniy mensat bttt henne meintie Siadiiets nadians Riannas S R
Fargen (130, ve A

Transport (Sv}

-2 F o
-3 A 1 1 1 1 2 i 3 1 1 ]
J F H A M J J A s < H 1]

Month

Figure 1.4: The scasonal variation of transport through the Florida Straits, as derived from
cable data by Larsen(1992). It should be noted that the annual muan has been
removed and that the units are Sverdrups (1Sv = 10%ms71),

In Chapter 4 we find remarkable differences in the amplitude of transport produeed in this

manner, by merely applying different wind stress dimatologies. Wanselr and Rocnnnich

(1985) also cast considerable doubt as to whether the flat-bottomed Sverdrup halance can

ever hold in the ocean. Further discussion of the validity of the flat-bottomed Sverdrup



balanee at the Ltitude of the Florida Straits can be found in Roemmich and Wunsch { 1985).
awd Sehimitz et al, (1992). At seasonal time seales, integrating the wind stress across this
atitode sugpests o Florida Current with a seasonal range of approximately 25 Se. and
maxitmun northward transport in February-March, and minimum in Qctober-November.,
The Gaet that neither the amplitude nor phase predicted by flat-bottomed Sverdrup theory
are consistent with nbservations snggests that dypamics responsible for the mean flow are
different from those poverning the seasonal response,

Veranis and Stommel{ 1956) studied the midlatitude response of a continuously strat-
ified, flt-bottomed ocean. to seasonal wind stress variations,  These authors show the
response shauld consist of both barotropie and baroclinie forced variations (by barotropic
we e Lhe response associated with the vertically inlegrated velocitios. while hm'nclinivh
refers {o the remainder), Indeed. Veronis and Stommel found weak. but significant currents
in the deep ocean, suggesting a possible role for the effects of bottom topography. This was
conlirmed ina later study by Gill and Niiler( 1973} who showed that in the ocean interior.
thie harotropie respanse at midlatitudos due to seasonally varying wind stress foreing should
be deseribed by the topographic Sverdrap relation, This is an equilibrium response which
neglects the density stratification of the ocean, and balances transport variations by the
combined elfect of windstress over topography. These authors also suggest the baroclinic
response should be o purely local one with no significant. role for baroclinic Rossby waves
on seasonal time scales,

Auderson and Corry (1985a) have investigated the dynamics of seasonal variations in

western boundary currents. They showed that the flat-bottomed Sverdrup balance was

9



unlikeiy to hold at the annual period for the North Atlantic. This is because for periods
much less than the time taken for wind-generated baraclinie Rosshy waves 1o completely
compensate for the effect of variable bottom topography (see Anderson and Killworth, 1977,
Anderson ot al. 1979) the ocoan response is primarily that for a homogeneous ocean aml
thus strongly alfected by the bottom topography. a result consistent with the cenclusions
of Veronis and Stommel., and Gill and Niiler diseussed ahiove, Nuderson and Corry indicato
that at midlatitudes, on seasonal time seales, within the contest of linear theory, variations
in the transport of western boundiney currents can he due to harotropic Rossby waves, with
an additional response associated with the passage of internal Kelvin waves over pealistic
hottom topography.

In a companion paper. Auderson and Corey (19880 herealter AC) investigated the
seasonal transport variation through the Florida Steaits utilizing a linear two density layer
model of the North Atlantic. Their model employed dynamies Binearized about o state
of rest, incorporated realistic coastlines and bottom topography, extending from 10785 Lo
H0°N and 1001V to 0“1V, and was forced by seasonal anomalies of windstress propared
by Hellerman from the Bunker and Goldsmith(1979) data. It should be nated |:l|::|. sinee
their model was linear they removed the annual mean windstress and drove L model with
the seasonal anomalies (monthly means of windstress with the aonnual moan removed ). AC
snecessfully reproduced the obsorved phase of the seasonal cyele throngh the Florida Straits,

but underestimated the amplitude,
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Figure 1.5: Transport (Sv) through the Florida Siraits as predicted by Anderson
and Corry(1985b) for (a) their two-density-layer model including realistic
bottom topography when forced by scasonal anomalics of wind stress; (b) as in (a)
but for a homogencous flat-bottomed ocean; (c) as in (a) but using a homogencous

occan; (d) the contribution to (a) due to JEBAR (sec tezt). (from Anderson

and Corry, 1985b).
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Figure 1.5 indicates their model response associated with (a) the two density layer
madel response at the Florida Straits, (#) the flat-hottomed Sverdiup transport, (¢) the
response associated with a homogeneous ocean including 1ealistic topography, and (d) the
contribution to Fig.1.5(a) of baroclinic effects over realistic topography (JEBAR, Sarkisyan
and

Florida Strolts

—2.0 .
~= r 2 0.0025 1.0
rz 0.0010 oz1,0
— r z 0.0050 ogz0.%
—3.0 T T T T T T T
J FM AMJI J A S O N D J F M
MONTH

Figure 1.8: The scasonal transport varialion through the Filorida Strails as predicted by
Greatbatch and Goulding(1989) for three of their model experimments. Here v is the
lincar boltom friction cocfficient, whilc a denotes the length seale (in dogrees) used
in their Gaussian smoother of topography. (from Greathateh and Goulding, 1989).

Ivanov, 1971).The noted cffects due to JEBAR were attributed to the passage of i Kelvin

wave, generated ta the north of the Florida Straits, as it passed over the sealistic topography

in the shelf region. The seasonal transport variation predicted by AC's model achieves a
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vange of 3.5 S0 sfightly lower than Larsen’s cable derived transport. The phase. however
imlicates o maximon northward transport in July-Angust dropping abruptly to a minimum
in October-Noveuber, consistent. with Larsen(1092), (compare Fig.1.5{a) and Fig.1.1).

Fneonraged by ACTs results, particularily the ability of a homogeneous ocean including
realistic topography to capture much of the two-density-layer model’s results (compare
Fig LACa) and Fig.1.o(e)), “ireathateh and Goulding(1989; hereafter GGQ) considered the
response of a linear, single-layer barotropic model of the North Atlantic. GG's model
utilized realistie coastlines and topography, and extended from 10°5 to 80*A aud 1001 1o
0°W. GG atilized the seasonal anomalies of Hellerman and Rosenstein( 19835 hereafter 1IR).
Figure 1.6 indicates the seasonal Cransport variation produced by GG for several values of
friction they used. Again. these authors captured the correct phase of the observed seasonal
transport through the Florida Straits, (compare Fig. 1.6 and ig.1.4), although they also
anderestimated the seasonal range compared to Larsen. (Compare their lowest friction case
with a range 4.1 Se with Larsen’s L6 Se). Furthermore, while the model of AC extended
to anly S0°N, GG's model extended to 80N and indicated that wind foreing north of
H0UN significantly influenced their model-caleulited transport variation at the location of
the Florida Straits,

More recently, Bining et al. (1991D) have discussed output from the Kiel version of
the WOCE-CME (the World Ocean Circulation Experiment, Community Modelling Effort;
Bryan and Holland, 1989). This is an eddy resolving model of the North Atlantic driven by
seasonally varying surface forcing. Two different wind stress climatologies were used, those
of TR and Isemer and Hasse (19872 hereafter ). In common with AC, the model captures
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The model reanlts discussed by Béning et al.(1991b) were averaged over the last 5 years
of integration. Including a further 3 years of integration in this average (Bdning, personal
communication) leads to 10sults using the IH elimatology that are closer to the cable derived
measurements of Larsen (see Fig.1.8), with a range of 4.65v. This is still larger than the
vange fonnd under HR, but indicates a dependence on the averaging period used. It also
supgests that estimates of the seasonal signal from observations are likely to depend. in a

similar way, on the length of the measurement period, as we have already discussed.

Tranaport knoraly at the Florida Stralts
‘ L] ¥ L} v L] L] L | L L] )
CHE (S yr., ave,) -+—
CHE (8 yr. ave,) -+-
Larsen (15%2) -@-

Transport {5v)

Figure 1.8: The annual eycle of transport through the Florida Strails as calculated by
the Kidl version of the WOCE-CME under 11l forcing using:
(i} & years of oulput (Béning ¢t al.(1991); :
(ii)including an additional & ycars, making 8 ycars output in total,

Also shown is the cable derived annual cycle from Larsen(1992).
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Boning et al. (1991b) also compared their model solutions with those obtained by
AC and GG As seen in Fig Ly, the WOCE-CME under HR wind forcing agroes well witly
GG and AC. This snggests that model-calenlated transport variability through the Straits
is more sensitive to the wind forcing applied than the wadel conliguration, and further
snggests that linear barotropic dynamies is playing a fundamental role in the CME model
restlts.

Given the sensitivity of the CME results to the wind stress climatology used, and the
apparent agreement between the linear models and the CME when run under HR wind
foreing, the question arises as to whether o lincar model will exhibit similar sensitivity to
the CME when deiven with different wind stress elimatologios, 1L may then be possible (o
use these maodels and model intercomparisons to assess the importance of linear, barotropic
dynamices in determining the CME results, In the present. work, we follow AC aml GG n
utilizing a simple, linear, barotropic maodel of the North Atlantic, similar to that of GG and
a linear two-density-layer model similar to that of AC, extending from 105 to 6N amd
100" 10 15" K, The maodels are foreed using various wind stress elimatologios. In particular
we extend the work of Boning ot al. (1991a) by investigating uot only HR (19%3) and Hi
(1987) wind foreing, but also the climatologies of ‘Irenberth ot al. (19905 horeafter "I'RY,
and da Silva et al. (1993a; hereafter DS). Each of these climatologios utilize diflerent data
sources and methodologies in the production of the wind stresses, The present work will
concentrate on the impact using these different cimatologies has on the wodel-caleulated
seasonal transport variations through the Florida Straits and over the North Atlantie as

whole.
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The organization of Lthis thesis is as follows. Chapter 2 outlines the models employed.
and details the parameters used. Chapter 3 briefly outlines the wind stress data sets and
points out the major ditferences in the way they were compiled,  Chapter 4 provides a
comparison of the flat-bottomed Sverdrup transports ealeulated for each climatology. while
Chiapter 5 prosents rosults obtained from each model for the North Atlantic as a whole, In
Chapter G, attention is concentrated on the model-caleul. ted transports through the Florida
Straits when realistic bottom topography is included, while Chiapter 7 preseuts some high-
resalution model rosults for the Flovida Straits area. Finally, Chapter 8 presents a sunmary

and discussion.
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CHAPTER 2: THE MODELS
2.1: The Barotropic Model

The barotropic model is the same as that described by Greatbatch and Goulding (1989),
except that we now include lateral mixing of momentum and solve the governing equations
in the time domain rather than the frequency domain. The vertically integrated equations
of motion for an occan of uniform density and linearized about a state of rest, can he written

in spherical coordinates as:

Ou B g Opm ™™ ru \ )

ol 1= Tiosgon T poni ~ T ML (2.1.1)
dv _gdm T v " o
gt Iv= 0 9e T oo~ AN (2.1.2)

0 0
— _— 08 @) = 2.1
aA(Hu)+ ad,(llvrocc/)) 0 (2.1.3)

where

~ a?cos? ¢5X

- 2 1
ct = [Viv F(l tan qS) vt 2sin¢ Ou]

a? a? cos? GOA

— 2 :
o [Viu-}- (l f::n d.'a)u 2sin¢ (')v]

are the horizontal Laplacian terms renresenting the horizontal mixing of momentum, V32 iz

the horizontal Laplacian operator in spherical coordinates,

1 0%4 1 J 9A
24 _ “ -
Vid = a? cos? ¢ QN2 + a cos ¢ ¢ (cos¢a¢)

and Ay is the horizontal mixing coefficient; /1 = H (A, @} is the realistic bottom topography
for the domain; A is longitude, ¢ is latitude and (u, v) are the (A, ¢) components of velocity

respectively; f = 2Qsin¢ is the Coriolis parameter, ) the Earth’s rotation rate, a is the
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radins of the Farth: (74.7%) are the castward and northward components of the surface
wined stress respectively: ¢ is the aceeleration due to gravity: pg is a representative density
for sea watersand ris a linear bottom friction coefficient.,

In writing (2.1.3) the rigid-lid approximation has been made. This is achieved by
requiring, the vertical velocity at the surface to be zero, Effects due to the variation in sea
lovel. 7. will arise as the equivalent pressure distribution on the rigid, level, upper surface
al the wodel, Employing scale analysis of the continiity equation indicates that the loeal
time derivative of the sea level term is order f2L2 /gy with the velocity terms scaling as

order 1. Therefore, we neglect the sea lovel variations provided

(<

eloarly the case Tor typical values at midlatitudes (ie. where L = 1W08m, f = 107571,
e gy = W00ms™  with Iy = 10%m). Note, however, that we have implicitly assuined
time seales, T > O(1/ f)oso that employing the rigid-lid approximation filters out higher
requency mations, o, tides, barotropic Kelvin waves, ete. Employing the rigid-lid approx-
imation. does allow us to utilize the non-divergent nature of the flow and define a volume

transport streambimetion ¥ with
Vo =—aull Uy =avl cosd (2.1.1)
Taking the vertical component of the curl of the momentum equations,
(_%(2.[.‘2)— %((‘Uﬁg’)(‘é.l.l))

atd making nse of (2. 1.4) we obtain the following equation for the barotropic streamfunction:
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where J{AL ) is the Jacobian aoperator defiued as

J(AB)= =S (2.1.6)

2.1.1 : Physical Interpretation of the Governing Fauations

Equation (2.1.5) is a vorticity equation and has a simple interpretation, "Fhe first group
of terms represent. the time rate of change of rolative vorticity and its dissipation by botfom
friction, the second represents flow acrass lines of planelary potential vorticity, f/H, The
vorticity input is provided by the first two terms on the right hand side. The first is the
vorticity input by the wind stress in conjunction with gradients of topography; the second
is the vorticity generated by the curl of the wind stress. The final term in (2.1.5) is the
dissipation of vorticity through the lateral mixing of momentum.

Gill and Niiler (1973) indicate that in the ocean interior, away from boundaries, e
response assoctated with the vertically integrated horizontal currents due Lo seanonally

varying wind stress should be deseribed by the topographic Sverdrap relation,

d(/ ([ Ca oy
{3{;,; (Ti\ll,\) - J;\_ (ﬁlll:;,)} = /; { lu.~.4f;”2 I _IF

o d 4 _d_ A .
moll {r‘),\( )= o (7% o /')} (2.1.7)
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so that gradients of transport (V¥), and gradients of planetary potential vorticity (V(f/H#))
are parallel. The planetary potential vorticity contours (f/H) for the North Atlantic are
strongly affected by the shelf/slope topography along the eastern seaboard of Canada and
the United States, (see Fig.2.1), indicating that transport ¥ will be guided along the con-
tinental boundary of the eastern seaboard, an effect we will return to in Chapters 6 and 7.
Information in this model propagates along f/H contours from cast to west, as in Stom-
mel’s mnodel for western intensification (Stommel, 1948). In the case of the Florida Straits
this means that the important f/H contours are those to the north and east, along the
continental slope, as discussed above. It also indicates that the Florida Straits transport in
our model will be strongly affected by wind forcing along these f/H contonrs, i.e. to the
north and east,

Dissipation arises in our model in two forms: a linear bottom stress term (the terms
r/H? in (2.1.5)) and a horizontal mixing of momentum term (the Ay term in (2.1.5)).
Parameterizing the bottom stress in terms of the vertically averaged velocities (u,v) is
strictly only valid for the case we consider here, that of a2 weakly stratified or harotropic
ocean. The effect of friction in our model is the same as in Csanady's theory on the
arrested topographic wave (Csanady, 1978), that is, in the form of diffusion analagous to
the heat conduction equation. Here, transport, ¥, is diffused across planetary potential
vorticity contours, (f/H contours), with the direction of long wave propagation playing
the role of the time coordinate in the analagous heat conduction cquation. Ideally we
would prefer to use realistic values for our friction paramecter, r; however, we need friction

to control computational instabilities arising from grid point noise. The use of hottom
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fiiction doves, however, damp all scales of motion indiscriminately, reducing the amplitude
of the model predicted results, We therefore use the smallest value of the linear hottom
fiiction coeflicient, r, that allows the model to retain computational stability, and include
Interal friction, (the lateral mixing of momentum terms in (2.1.1) to (2.1.5)), which tends
primarily to damp smaller scale features. In general the lateral mixing coefficient, Ay can
vaty a great deal in the ocean (cf. Webster, 1965). Its precise form is unknown, so for
simplicily a constant value of Ay; is employed, We now proceed to discuss the manner in

which (2.1.5) is solved numerically.

L v ‘JI v 4’ v

Figure 2.2: The Arakawa C-Grid
2.1.2 : Numerical Solution Technique

'To solve (2.1.5) we use centered differencing to rewrite (2.1.5) in finite difference forin
on the staggered C.grid of Mesinger and Arakawa(1976). The wind stress (t*,7%), and
tapography are stored at 7 points, while the streamfunction is calculated at ¥ points (sce

Fig.2.2). The formmulation of (2.1.5) is completely implicit except for the lateral mixing of
I p g
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momentum which is explicitly caleulated. This can be weitlen as;
& lp“+‘ o) \]J""+1 COS A d g R A ens t,’fl
N — - S S RN S, S )
AN | H cash o I N L cos o thh H |

0[Pty @ [ reasoun ")
. L D A L
Tal a,\{ ITE }+(’)d; IE ha ( Z

alt (O [ rint! Q[ el O oy 0 \ }
= ——y — _—— B — (e -'1/ A\ 2.1.10
Po {ih\( z ) U«J)( ] )} Fadtd {n,\‘ ppleos it p (2110

with A representing the time step, w4 1 denoting the current time-step,and n denoting,

the last time-step. Ouee W4 is known from (2.1.5), (2.1.1) can be used tasolve for (u, 0)
which in torn are used to caleslate the horizontal wising of momentum term in (2.1.0)
tequired for the next time step. The method of solution relies on the tridiagonality of the
resulting matrix equation for (2.1.10) to perform Gaussian elimination aud invert the matrix
equation to solve for Y+1,

The implicit treatment of the friction and Cortolis terms can amonnt o i considerable
saving of computer integration rosts, To see this, consider the following, simple exiimple of
the friction equation:

cu o
ar TreEa

where \ represents some foreing function, n the final steady state, the analytic solution is

= \/r. The friction equation can be fnite differeuced either implicitly as:

M"+I —

'l'll,”+ H — RS
N + \

ar explicitly as

"‘IJ.+1 . ”'h.
+ rut = X“+I




I we cansider the unforeed implicit case first, we can write;
w*t (1 + rAl) = u™

Following Vo Neumanu’s method we look for a solution of the form ™ = A", which upon

stnplifying redoees Lo

l

A= ————

(1 ++4l)
The CI'L (Courant, Friedrichs and Leay, 1926) stability criterion stipulates that, in general,
JA] <= 1 however, in this form, there is the possibility of allowing negative values for A, which
pive rise Lo the computational made (a steady oseillating grid point wave). Instead, wo apply
the more stringent eriterion, 0 < A < 1 a condition clearly satisfied by this example for any

AL 0, Note that for At > 1le foreed case reduces Lo

41
"n+| - \

—_—

'

ic. the steady state solwtion. I we now consider the explicit case, following the above

anilysis we obtain the CI'L eriterion
0<(A=1=-rAl)< |

which implies that Ar < 1/r. This stmple example indicates the advantages of the implicit
treatment of the friction and Coriolis terms. Indeed with Ajpy set to zero, (2.1.10) is stable
lor any time step. Wdeally, we would like to treat the Laplacian mixing terms implicitly i
as well, However, treating the Laplacian mixing of momentum implicitly would change ¢

(2.1.5) from a seeomd to a Tourth order equation in W and would require a computationally
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more expensive solution technique than we etploy here, Treating the Laplacian mixing of
mormentum explicitly does, however, present a limitation on the maodel's ellicieney sinee it
defines an upper bonud on the allowable time-step. In order to describe the bound on the
allowable time step imposed by the inclusion of the lateral mixing terms, we consider the

two dimensional dilfusion equation

du ‘ Y s O n
ar - T\ T g

Using centered differeneing, this can be rewritton as:

; Andt . RYTTAY; . .
u}‘j =ul; + AT {";‘L+I.j +oui - .Zu,}".,-} + TR {";'..r N IR 2up b o(2000)

where I, j denote spatially whore the point lies on the grid meshs o denotes the last time
stepy w4 1 denotes the current time step; A is analagous to AN in Fig.2.2; amd Ay is
analagous to A¢ in Iig.2.2. Using Von Nenmaun’s method we look for a solution of the
form w}; = Uyl 5O Lty (whope [ = /=), substituting into (2.1, 1) and simplifyiog,

we obtain:

- l/"{l + 24 Ot (""“"'A” LY ')]

At Ay?

If we cousider a grid-point wave, for which kAw = 1Dy = 7, then this rednees Lo

| !
/n+| = /" — — ———
{ { {l (L ITEAY] ( AT + : ”2)}

If we look for a solution of the form U™ = AA™ as before, we obiain the CFL stability

criterion which reguires

] l
A 1 (Z\x_.lz + ZF) -
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Thetefore, the thne step for the barotropic model is limited only by the choice of the
zonal and meridional grid spacings (AX, &¢) and choice of the fateral mixing of momentum
cooflicient, Ay, 4 point we return to in section 2.2.5,

fustead of taking proper account of the irregnlar coastline of the North Atlantic, we
follaow GG oand work in o rectangular domain in (A, @) space, treating the land mass as
shidlow water, Iy pasticalar, the continental margins are treated as land of 0.5m depth,
while small islands (Cuba, Hispaniola) are treated as water of 1.0 depth. The wind forcing
terms ave sl to zero over the land and the houndary condition ¥ = 0 is implemented at the
repinbar boundary of the reetangular domain, equivalent to specilying no normal flow at the
ool domain boundaries, The relatively high friction over the land mass (note the terms
in e/ i (2.1.0)) ensures W o~ 0 there, Since ¥ ~ 0 over the land, it follows from (2.1.1)
that the velocities are small there as well. A more detailed deseription of the topography,

prid resolution, and other parameters will be given in sections 2.2.4 and 2.2.5.



2.2: The Two Density Layer Model

The two density layer model is similar 1o that deseribed and ulilized by Anderson and
Corry (1985a,b) (herealter AC). The model is composed of two superposed layers of unilorm
density pyp and pa. The upper layer is assumed to be of uniform undisturbed depth 11,
while the nndisturbed depth of the second layer is dependent. on the depth of the ocean at
that point (ie. Iy = I — ), as portrayed in Fig2.3. The finite jump in density between
the two layers represents the ocean’s thermocline/pyenaocline, the downwards displacement
of which is measured by 75 as shoown in Fig.2.3, In spherical coordinates, the linearized
equations of motion for the upper and lower layers of the two density layer model are given
H B

Layer |

du -g thy T o\
- [y = g A d AL 2.2.1
al fo acosch AN pyll FAuki ! )
ih o iy T i .
o g = -2 + A 2.2.2
il + a (e t ol AL ( )
i 1, duy o _ ey .
m + m —'—)—/—\— + 5‘7'(0, costh) » =) (2.2.3)

Here, (2.2.1) and (2.2.2) are the momentum equations in the upper layer, while (2.2.3) i
the continuity equation ‘o the upper layer after having wmade the simplification of neglecting

the sea-surface elevation torm 3y as compared Lo gy, sinee 1350 o g Fhisis the forn of
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1 he rigid-lid approximation applicable 1o the baroelinic mode Note that we must also satisfy
Lhe rigid-1td approximation applicable to the barotropic mode as discussed in seetion 2.1,

Layer 2

iy -1 o N ity A .
22 ey —— g g B 2 L) 2.2.4
i I acos {!j (12 g JA 1, +Auks ( )
il -1 iy O 71 “h
—— By = — S = — g'—= } — - AL 2.2.5
g t/w= {-" o g | T Tk (2.25)
i i 7} J
_—— — — Py [ 5Y — 91 S = 2. .(.
i + L eos {(’)/\(”'u") + (')(/)(”" "2 m“/))} 0 (2:2.6)

(2.2.1) and (2.2.5) are the momentunt equations for the lower layer, while {2.2.6) is the
continiity equation for the lower layer. Here (L:;)L':f) are the horizontal Laplacian terms
(as delined in seetion 2,1) representing the horizontal mixing of momentum in cach layer,
the subseript g referring to the layer in guestion. Ay is the horizontal mixing coeflicient;
H o= AL o) is the realistic bottom topography for the domain; 17 is the difference hetween
this and the wndisturbed depth of the upper layer T, (ic. Hy = I — 11); A is longitude,
o i latitude and (o) ave the (A, ) components of velocity in each layer respectively
(q = L2); [ =2 sing is the Coriolis parameter, §2 the Eartl’s rotation rate, « is the

radius of the Earths 7, 7% are the eastward and northward components of the surface wind

" is the reduced gravity (defined

stress respectivelys g is the aceeleration due to gravity; ¢
as g{m = M l/m)i po is a representative density for sea water; » is a linear bottom friction
coetlicient; iy is the sea level height measured upwards, and 7, is the interface clovation

(model thermorline /pyenocline) measured downwards.
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Figure 2.3: Schematic diagram indicating the definition of variables used ir the

two-density-layer model.
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Combining (2.2.3) and (2.2.6) we can write;

fnens

() 7] ,
{(%X(lll'u, + Iyu,)+ 7% [(1hv + 1121)2)(,'0.‘5(/)]} =0 (2.2.7)

which is analagous to (2.1.3) and allows the introduction of the barotropic streamfunction

Wosueh that

awll = =W, ; avll cosp = W, (2.2.8)

whrre

! ]
—l-,-(lhm + Hous) } v= -ﬁ-(lll'nl + 1lywm) (2.2.9)

i =

are Lhe bharotropic (vertically averaged) volocities.  Forming the barotropic part of the

solution, we take

[H(2.2.1)+ 1 5(2.2.1)]
i

anl

[I11(2.2.2)+ H3(2.2.5))]
7]

whiclh, employing the definition of the barotropic velacities ( eq.(2.2.9)) yvields the analagous

forms of (21.1) and (2.1.2);

il -y oo gy Oy Ty

O rp=2 YN : A : 2.9.10

o It fteosd N t ol + acospll JN I 7 (2 )
e g iy ™ gl re ,
0 - _ = ol » 'l , l
o TE e Y Y e 0~ Y F (2211

Here (FNJ7") are the terms arising from the horizontal mixing of momentuwm(L£;), £3) in

the initial equations. Taking the vertical component of the curl:

0
A

)
(2.2.11) = —(cos¢(2.2.10))
¢
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and using the definition for the barotropic steeamlunetion, ¥ (see (2.2.8)), vields the fol-

lowing equation for the mass transport streamfunetion

g [ d v, A [Vocosd I\ _ 1 )
H {('L\ (” cos (1)) + i ( it )} + (\D —ﬁ) =yihd ('lh n
i fm i [ urcosh a [ (7 [T caso
{”{‘Tﬂ (TI)—T(/’( I )}+l'u{‘)'\ (.’7)_?)‘7’( i ~)}

() (]
{EW —_ —r-; (('n.-:c/)f\)} (2.2.12)

il

where J(A, B)is the Jacobian aperator defined by (2.1.6). In order 10 solve (2.2.12) we lirst
require solutions of (ua, my) and g, which are easily obtained by utilizing the definition of

the baroelinie veloeities (i, #), defined as
=ty —uy ; D= — 0 (2.2.1)

Utilizing (2.2.9) and (2.2.13) we may rowrite the lower Layer veloeilios, (g, m), as

/) —ity oy =04 ﬂln (2.2.11)

tr =ty ii

(2.2.14) together with the definition of the barotropic streamfunction, allows s Lo recast

(2.2.12) as

J ¢ r v, 1) i) T Y o OOS h _j:-
E\.{('()—/-l--ﬁ) /] ('().‘:r,f)}+%{(i)l +77) " } a (‘1’, ”)
ot . l _ i i i) ( it ros _4{;
=gl J (1].). i arll, o \ 772 5 IE

a | \ 1, N i i . —_(_)_
+I’0 {T H)w/)”, T TE + — ol )A (r ) Y ‘r tmu,f;)j

(‘)f"" i) . T\ 9 r
+ady {—d—,\— - 6:/—) (eos §F )} (2.2.10h)
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In arder Lo ohtain the equations necessary for solving the baroclinic velocities (1. d)
wo first form {(2.2.4) — (2.2.1)} and {(2.2.5) — (2.2.2)}. These, together with (2.2.13) and

(2.2.14) allow us to define the momentui and continuity equations for the baroclinic part

s
it . g iy vl v ™
—_— e = —e e 1,67 2.2,16
N ! arosh X i, I polly T Aug ( )
v g vl e T
Al =00 rihe T8 (,G" 2.2.17
ot TN e T T T el Y (2.2.10
where (G, ¢%) are the terms arising from the horizontal mixing of momentum,( L,,,L"") in

the initial squations. Finally to obtain the equation governiag the motion of the interface

(or made] pyenacline/thermoeline), we form {(2.2.6) - (2.2.3)} 1o obtain

dp Il it
M all cosd { ((')/\ /(“ cos (/'))}

I Hya\ ofly, (. M\ 9 _ N
Y e {("+ 17 ) A +(”+T 9! Mh2cos ) (2.2.18)

Note that (2.2.10), (2.2.16), (2.2.17) and (2.2.18) completely specify the solution for the

two density layer model,

22,1 Physical Interpretation of the Governing Equations

Note that comparing (2.2.15) with (2.1.5), the primary differences are the additional
termns involving o and (@, 7#) which arise diue to the baroclinic nature of the t\v‘o density
layer model. Indead. one can decompose the transport streamfunction, ¥, of (2.2.15) into
a part driven solely by the barotropic dynamics (that defined by (2.1.5)) and that part
driven solely by the baroclinic nature of the model, ¥;. The barotropic response will be

that deseribed in seetion 2,120 while the additional transport due to the inclusion of the
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baroclinic structure can be examined in terms of ¥;. We can solve for ¥; hy subtracting

(2.1.5) from (2.2.15) to yield:

2_ _‘2 Y Vi a o r\ Yyscos¢ /
aA {(at + H) Hcos¢} + d—¢{(.a—t :17) —T—} +J(whﬁ)

ot (L) —arity {2 (3 _ 2 (coss e (2
=g HIJ(QQ,H) arfll{aA(Hz) 3¢( T )}-{-MIJ\IN(. (2.2.19)

Equation (2.2.19) is a vorticity equation and has a simple interpretation along the lines of
(2.1.5). The first group of terms on the right hand side represents the time rate of change
of relative vorticity and its dissipation by bottom friction, the second represents flow across
lines of planetary potential vorticity, f/H. Vorticity can be generated here by the JIEBAR

term (SaxXisyan and lvanov, 1971), where
JEBAR=J 1
- 'h, II

The final terms in (2.2.19) are the terms involving (i, ®), which may represeat either a
source or sink of vorticily, and the lateral mixing of momentum. This terin arises since the
mixing term in (2.1.5) is not, in general, equal to that of (2.2.15). Note that JEBAR can

also be written as

JEBAR = k- (vn2 X v%) (2.2.20)

where £ is a unit vector in the vertical upwards direction. It follows that if JEBAR is
zero, then gradients of interface (V72), and gradients of topography (V(1/11}) are par
allel. So that in order for JEBAR forcing to be present we must have contours of 1
and H crossing one another at appreciable angles. Therefore, the manner with which

gradients in the interface are produced also produce the baroclinically (JEBAR forced)
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transport, W, in the two density layer model, The sources that generate interface dis-
placements, discussed further later, have been identified as being of two types, (1) that
due Lo Ekman pumping by the windstress curl forcing (e.g. White(1977), Meyers(1979),
White and Sane( 1981)), and (2) that due to bonpdary influences induced either locally
by the windstress (npwelling/downwelling) or associated with the propagation of coastally
trappedd internal Kelvin waves (e.g. White and Saur(1981), Mysak(1983), Johnson and
O'Brien(1090)).

Anderson ot al(1979) indicate that inclusion of the baroclinic field will significantly
madify the barotropic response over time scales of tons of years, while the barotropic re-
sponse has an order Iy /Hy € 1 weaker offect on the baroclinic response, so that there
is moeh less adjustment in the baroclinic field as a result of barotropic forcing. Likewise,
the direct topographic eflect will be weak in the baroclinic response (although not totally
negligable). I contrast, the effect. on the barotropic case is order Iy /1 3> | larger. There-
fore, the barotropic mode shows response to topography on its own rapid time scale but
will also ehange on the mucel slower time scale of the baroclinic mode, with the baroclinic
made essentially belaving as that for a flat-bottomed ocean. In a continnously stratified,
Nat-bottomed ocean, an infinite number of vertical modes exist, The horizontal structure
associated with eacl mode is deseribed by the shallow water equations. In the unforced.

inviseld case in cartesian coordinates, these are:

duy, Oy
o T T o
dr, U,
BT + fuy = —¢ Dy
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an, ou,, dv, -
ot + Hn (F:L— + —a-!-,-) =0

where n is the number of the mode, f is the Coriolis parameter, g is the acceleration due to
gravity, H,, is an equivalent depth that determines the mode wave speed ¢, = (¢11,)' /2, u,,
and v, are the velocities of each mode in the 2 and y directions, respectively, and 1, is the
effective displacement representing the pressure in each mode. The n = 0 mode describes
the barotropic case in which Hy is the ocean depth, the subsequent % modes are defined
by ¢,. These have the property that cg > ¢; > 1+ > ¢y > ¢ > g > -« The e, for
n > 1 depend on the stratification. ¢, is usually in the range 0.5 to 3 ms™! for the n = 1
(or primary) mode, the case we consider here. The total solution is obtained by surning
over all n modes (see Gill, 1982, Chapter 6), For the primary mode, we rewrite the shallow

water equations as:

du _ O

a._fv__g_a.;:_

W\ fy= gl
on ou v\ _
’aT+H‘(?9';+b—y)‘°

These are the equivalent equations of (2.2.16) to (2.2.18), expressed in cartesian coordinates
and neglecting the forcing terms, and topographic eflects, for simplicity. It can readily
be shown these equations give rise to a trapped Kelvin wave travelling along the coastal
boundary with wave speed, ¢ = /g’Hy with the coast on the right when travelling in the
northern hemisphere, the opposite is true for the southern hemisphere, The amplitude of

the Kelvin wave is confined within an e-folding distance of the Rossby radius (; = ¢/|f])
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of the coast. These equations also give rise to baroclinic Rossby waves, If we consider the

flow to be geastrophic to first order, then we may obtain the following;

c? an,

f? 0z =0

(7ﬂz+ﬂ

indicating a westward propagating baroclinic Rosshy wave of wave speed fc?/ f? (typically
4 x 107%ms™! at midlatitudes).

The first baroclinic mode Rossby wave can cross the equatorial Atlantic in roughly
i5 days, while at mid-latitudes, it can take decades. It follows that the baroclinic Rossby
waves will have little or no effect on the seasonal response of the midlatitude North Atlantic.
lHowever, the coastal Kelvin wave can effect the seasonal signal in a number of ways. Coastal
Kelvin waves travelling equatorward can effect the transport along the western boundary via
the JEBAR term (Anderson and Corry, 1985a,b). Kelvin waves can also excite equatorial
Kelvin waves which can modify the east-west pressure gradient along the equator as it
passes. Upon reaching the eastern boundary, the Kelvin wave will in turn excite poleward
prapagating waves, and baroclinic Rossby waves (see Moore and Philander, 1977, Anderson
and Rowlands, 1976), all of which can affect the transport via the JEBAR term. We now

proceed to discuss the manner in which (2.2.15) is solved numeric:lly.

2.2.2 : Numerical Solution Technique

Before proceeding to discussion of (2.2.15), we first consider the baroclinic equations
(2.2.16) through (2.2.18). The model uses a method suggested by Sielecki (1968) for an
E-grid and modified by Heaps (1971) to fit the C-grid. Note that in calculating the Coriolis

term in (2.2.16), the 4 neighboring values of ¥ are averaged. Likewise in Equation (2.2.17),
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the 4 neighboring values of #t are averaged to calculate the Coriolis term. We update (2.2.18)
using forward-in-time differencing, then update (2.2.16) and (2.2.17) using 13 at the new
time level, with the termns involving (r, r&) from the most recent solution of the barotropic
equation. In solving for (4, #), (2.2.16) is utilized to update all i values first, and then all #
values are updated using the most recent values of #. That is, backward time differencing
is used in (2.2.16) and (2.2 17), with the cxception of the Coriolis term in (2.2.17), which
uses forward time differencing. In this way, 7o, @ and 9 are all known at the same time
level. Treating the Coriolis parameter in this manner does, however, present a limitation
on the allowable timestep we can employ in the model, a point we return to shortly.

The solution of (2.2.15) follows approximately the solution of the barotropic model. We
again usc centered differencing to rewrite (2.2.15) in finite difference form ou the staggered
C-grid, with variables stored as in the barotropic model. Again, (2.2.15) is completely
implicit except for the lateral mixing of momentum, the frictional term arising from the
baroclinic velocities (i, %), and the JEBAR term which are explicitly caleulated. We again
expect our time step to be bounded by the grid resolution, (AX, A¢), and the magnitude

of the lateral mixing of momentum, Ay as in section 2.1.3;

1—4AHAt(—I-+ ! )>0

Az?  Ay?
or;
1 Az Ay?
2,2.2
at< 4A}f (A12+Ay2) ( l)
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However, we also have baroclinic effects in the two density layer model which are bounded by
two further CFIL criterion. First that arising from the treatment of the Coriolis parameter
in (2.2.16)

At S ]/Imar

where f,..; is the Coriolis parameter at the northern boundary, and

A< Bz

= Jae
due to the wave propagation in the model. Typically the limitation of the time step is much
stonger by the baroclinic effects than by the momentum diffusion effects (at midlatiudes,
for 1° % 1° resolution, 1/ finaz ~ 16000s, while Az/+v/2c ~ 35000s). By comparison, the mo-
mentum diffusion effects yields a typical value at midlatitudes (assuming Ay = 10°m2s™1)
of ~ 10%s. In order to retain computational efficiency, we simply take an integral num-
ber of baroclinic time steps, m, to each barotropic time step bounded by (2.2.21); that is,
(2.2.16)-(2.2.18) arc cach solved (time stepped) m times for every one time step (solution)

to (2.2.15). In this form the finite difference form of (2.2.15) can be written as;
9 { yht } 9 V3t cos g 9 { ¥n d [V3cosd
A\ Teosdf Y06\~ & @ \Teosg Yo 1" 7

B [ru3t | 9 [reosg¥gt! a1 J

A‘n+! ¢v"+l
crons (5°.3) 22 (3 (55) - 5 (25

H
P ' 9 ‘ 0 /% d (u"cos¢
+amdAitAy {;ﬁf.‘” " - -ﬂ(cos oL ")} — amrAtH, {EX (——2) ~ 3 ( I’ )}
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and the eguator, to be within the grid domain. The northern and southern boundaries
of the model domain are placed at G5°N, and 10°S respectively. The choice of these
boundaries resolves the region noted by GG as playing a role in their model results, (the
Labrador/Irminger Sea) as well as supplies a partial northern land boundary due to Baffin
Island, Greenland, and Iceland. Note, however, that the southern and northern boundaries
occur in open ocean regions. [t is therefore necessary to specify no wave propogation in
from these areas; a point we return to in the next section.

The boltem topography was supplied on a 19 x 19 grid by the Geophysical Fluid
Dynamics Laboratory (GFDL) at Princeton University, New Jersey, USA. As has been
noted by previous authors (see for example AC, GG), the bottom topography must be
smoothed to avoid the solution being contaminated by computational noise. Here, we

follow AC (see their appendix A) and employ 2 Laplacian smoother defined by:
-1 -

where

CHEG' = HIGY + BNl + HIGh + BT - 4By

Here n denotes the number of times the Laplacian smoother has been applied to the to-
pography data (n = 1 denotes 1 iteration). If one of the four neighbouring points is a land
point, a value of 400m replaces that point in LH,-“‘JT'. The extent of smoothing is dependent
on depth through the value of ¢ chosen. Here we follow AC and define o as

.1 H;; <1000m
@ ={ .14 (1500/4000)% 1000m < H;; < 1500m
14 (H; ;/1000)? 1500m < H;
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The smoother is applied ten times (n=10). If any depths (not land) are still less thawn 100m
depth after ten iterations. they are set to 400m depth. Alter cach iteration of simoothing,
the original coastline and istands are restored. The bottons topography produeed in 1his
manner is shown in Fig.2.1. At first sight this may appear to be qn oxceptionally strong,
smoothing function. However, since this is a Laplacian smoother, it will smooth grid point
features stronger than large seale features, The amount that shallow regions become deeper
is much less than the extent to which deep regions become shiallow owing to the depth
dependence of the smoothing parameter oo A comparison of selected longitndinal seetions
at various latitudes of the raw and smoothed topography is shown in Fip. 2.5, 1 s elear
that the gross features of the bottom topography remain wnelianged, while cortain areas,
(e.g. the Browasan Deep/Puerto Rico Trench, 207 N) have heen strongly smoothed,
2.2.4: The Choice of Model Parameters
(i) Tume Stop:

The model experiments 1o be deseribed use a linear bottom Fiction parinpeter of r
1.2 x 1074 s~ (corresponding 1o strong friction in a shelf region; Csanady, 1982} and the
same horizontal mixing coellicient as utilized by AC of Ay = 100057V As mentioned,

the model extends to 65N since [ = 2Q sindh, we have

|
Al < = ~ T00s
- f

and sinee meridians converge as we move northward, the minimum longituding) grid spacing,
is Aa = 47hm so

L\.
At 2 S 15000

Ve

12



where the clioice of our value for ¢ = 2.17ms~! is discussed in detail in (iii). At 65°N, Ay ~
2.5Az so that the CFL stability criterion for the barotropic part (with Ay = 109m2s-1)

bhecomes

1< B
~ 4.64Ay

~ 45000s

indicating that we can take 6 baroclinic time steps to every one barotropic time step. In
order for the model output to be calculated exactly at the middle of each month, we actually
use a baroclinic time step of At = 6574.58 with a barotropic time step of At = 39447s, in
this way, each month requires 400 baroclinic time steps, while requiring only 66 barotropic
time steps. This is a considerable savings since the elliptic inversion required at each time

step to solve (2.2.15) is computationally inuch more expensive than the CPU cost of each

baroclinic equation that requires solution.

(ii) ‘r'he Kelvin Wave Damper:

In order to prevent the growth and propagation of spurious Kelvin waves in the model,
a sponge bourdary layer is constructed on the open ocean boundaries of the model domain.
In their original work, AC applied a linear damping term, -y« into the equations governing
both the baroclinic velocities as well as the interface elevation (here a corresponds to each
of it, d, or 12). In this manner, the velocities as well as the interface decay to zero at the
ocean boundaries of their domain. However, Greatbatch and Otterson (1991), carried out a
number of experiments to determine the most favourable boundary conditions applicable for
a reduced gravity model. These authors indicate sponging only the interface while leaving

the velocities undamped yields results similar to applying a radiation boundary condition
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Comparison of Smoothed and Raw Topogiaphy at 2SN
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Figure 2.5: Longitudinal sections of topography at sclected latitude intervals comparing the
bottom topography before (raw), and after (smoothed) the Laplacian filter

has been applied (see tezt for details).
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Conmpsrison of Smoothed and Raw Topography at SN
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Figure 2.5: continued
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at the open ocean boundaries, while sponging both interface and velocities is counterpro-

ductive. The sponge utilized in our model is introduced into the continuity equation as

Width of Eponge on Northern Boundary
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Figure 2.8: The width of the sponge applicd to the model’s interface my for

the northern boundary.
a linear damping term, that is a term —y#, is added to equation (2.2.18) such that 7, de-
creases exponentially to zero at the northern and southern ocean boundaries. The damping

coeflicient, v is defined by:

TS

where ¢ is latitude, ¢,, is the latitude of the northern boundary, ¢, is the latitude of the
southern boundary, a is an e-folding length scale (here 1%) and g is a damping time scale,
here we use 49 = 107%s~!. The width of the sponge produced in this manner is indicated

in Fig.2.6 for the northern boundary of our basin (the width is identical on the southern
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boundary). Clearly the effect of this sponge is felt only within 3 grid points of the model

boundaries and will not affect the interior solution.

(iii) Choice of Kelvin wave Speed:
For an Immiscable two layer Nuid of different densities p; and p; and undisturbed
depths Iy and H3 respectively, and reduced gravity ¢’ = g(p2 -- p1)/pa, the iniernal Rossby

radius of deformation (R;) is defined by

where
oo (!J'(Hlﬂz))llz
(Hy + H3)

For Hy 3» I, (the case for the North Atlantic) this reduces to ¢ = /g’H; where ¢ is the
wave speed, and f is the Coriolis parameter. In a continuously stratified fluid, the internal
Rossby radius depends on the vertical stratification of the fluid column, the latitude, and the
acean depth. Seasonal fluctuations in R; (due to seasonal stratification changes) are small
(see Emery et al., 1984). To select ¢ for the North Atlantic model we utilize the internal
Rossby radii calculated by Emery et =, (1984). These authors utilized all density data
contained in the NODC (National Oceanographic Data Center, Washington D.C,, U.5.A)
data files (up to the end of 1979) and the UNESCO (1980) equation of state to calculate
the Brunt-Viisili frequency, internal Rossby radii, and external Rossby radii for the North
Atlantic and North Pacific for 5% x 5% squares. Figure 2.7 indicates the climatological annual

mean internal (upper value) and external (lower value) Rossby radii for the North Atlantic.
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The corresponding wave speed, ¢, produced from this analysis are contained in Fig.2.8 for
cach 5% x 5% square as in Fig.2.7, while Table 2.1 indicates the latitudinal average of the
internal Kelvin wave speed, ¢, and baroclinic Rossby wave speed for each 5° latitude band.
The average over all 146 observations in the North Atlantic results in an average internal
Kelvin wave speed of 2.17ms ™}, Utilizing this value and the corresponding baroclinic Rosshy
wave speed, (8c?/f?), Fig.2.9 indicates the comparison between the latitudinally averaged
theoretical, and analysed baroclinic Rossby wave speed, showing excellent agreement for all
latitudes.

At higher latitudes, due to weak stratification the internal Kelvin speed is small
(¢ = .94ms~") however, the models wave speed is a constant value of 2.17ms=!. ‘This
may be considered a deficiency in the model since it allows internal Kelvin waves, and
hence the baroclinic Rossby waves to propagate too fast at higher latitudes. There is a
numerical compensating factor here. Anderson et al.(1979) considered the effect of north-
south propogation speed errors associated with internal Kelvin waves travelling along an
eastern or western boundary (sece their appendix B) due to their coarse grid resolution (see
also Hsieh et al., 1983). These authors indicate that as the numerical radius of deformation
decreases with increasing latitude, so does the speed of the coastal wave, even though the
numerical value should be constant. In this sense, the modelled internal Kelvin waves will
actually slow down as they move northward as they should, while they will speed up to
a maximum of ¢ = 2.17ms~! as they move southward. Having now defined the intornal

Kelvin wave speed, the reduced gravity, as well as densities in each layer are fully specified
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by the value of #1; utilized in the model. Here, we follow AC and choose Hy = 100m,

yielding; g’ = 4.70890 x 10~ 2ms~?
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Figure 2.7: Aunual mean external (upper number) and internal (lower number) Rossby

radii (in km) for 5° x 5° squares in the North Atlantic. (from Emery et al. (1984).
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CHAPTER 3: THE WIND STRESS CLIMATOLOGIES

The wind stress fields used to drive the model are those of da Silva, Young and Levi-
tus(1993a; hereafter DS), Helleriman and Rosenstein(19%3: hereafter HR), Isemer and Hasse
(1987; hereafter 1), and Trenberth, Large and Olson {1990; hercafter TR). Estimates of

the surface wind stress 7 are commonly based on the bulk acrodynamic formula

Z
7= pa (1012 03,0)

where the stress vector is assumed to be parallel to the surface wind (nominally at 10
m), (1,v) are the ecastward and northward vector components of the surface wind; |U|
the wind speed; p, the density of air at the surface; Cp is the drag coeflicient dependent
on wind speed and an atmospheric stability factor, (Z/L), with Z the height above the
sea surface (1°m), and L is the Monin-Obukhov Iength. L gives the height at which the
magnitude of the buoyant kinetic energy produced in a non-peutral air column equals the
purely mechanical kinetic energy in the equivalent neutral case. (Z/L) is a function of the
air temperature, sea surface temperature, and relative humidity. Prior to the 1970’s, the
majority of wind speed estimates were based on ship observations of the sea state, and had
to be converted to wind speed through the Beaufort equivalent scale. Systematic errors in
this estimation are a primary source of error associated with individual estimates predating
the wide-spread use of ship anemometers. Another scurce of error arises due to the choice
of a value for the drag coeflicient, Cp.

As has already been mentioned, the climatologies employed here differ in terms of the

methodology used to produce them and the data sources employed in their production.
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lere we give a briel overview of the analysis used in vach, A more detailed deseription can
be found in the original reforences.
(1) DS:

The DS wind stress fields are based on indiviiual ship observations givenin the COADS
Compressed Marine Reports 5 (CNR-5) Produet 10 (Slutz et al. TOSBY. About 70 million
surface marine observations from the period F95-80 are ased to produce a global climatol
opy and anomalies, The wind stress is computed for each individual ship observiction using,
the Large and Pond (198 1) formulation of the deag coefficient. \Wind estimates hased on seq
state are converted to nes™" using the Raufold(1981) seimntitic Boanfort seale, Tu addition,
a stability dependent procedure is omployed to convert wind speeds Trom The average ship
ancmometer height of 20 m to the standard 100 reference level required for the eviduation
of the wind stress. The wind stress estimates have becn averaged into 17 by 17 hoxes,
objectively analyzed by the same procedure desertbed tn Levitus® Climatologieal Atlas of
the World Qceans (1982). A detailed diseussion of the effect of these corrections over the
global oceats can be fonund in da Silva el al.(F9%8a.h).

We believe the DS wind stress elimatology ta be the most representative of the actnal
wind stress over the ocoan of all the climatologies used here. This is because of the way
the DS climatology has been constructed: taking account of the seientific Beaufort seale
{ Kaufeld, 1981) and a correction for ship anemomoeter height, hefore caleaiting the sipess,
Furthermore, unlike H, these corrections were made Lo the individual ship observations, in

an effort 1o reduce bias in the ealculited momentum fluxes,



(i) HHR
The HR wind stress elimatology employed over 35 million ship observations catalogned

I using

between 1870-1076. Wind estimates based on sea state wers converted 1o ms~
the old WMO (1970) Beaufort equivalent seale which has been shown to introduce biases
in climatological wind speeds (Isemer and Hasse 1091, da Silva ot al. 1993b). 1R then
eruployed o second-degree polyromial it of Bunker's (1976) drag coeflicients to create the
wind stress on a 2% 5 2° prid over the entire globe, The wind stress fiolds were then
interpolated amd heavily smoothed 1o fill data deficient boxes. The resulting monthly mean
wind stress lokds wope obtained on a 122 1¢ grid from the Geaphysical Fluid Dynamies
Laboratory at Princeton University, New Jorsev, USA,
{ord) 110 ¢

L returned to the Buuker(1976) data set, and in order to make them consistent with
Nanfeld's(1951) Beanfort equivalent seale, corrected Bunker's monthly mean wind speeds
using o two pariieter Weibull distribution.  Subsequent to the Beanfort correction, the
wonthly mean wind speeds were converted to a standard reference hoight of 10m using
a constant 93% reduction factor typical of neutral conditions.  The monthly mean wind
speeds were then converted to monthly mean wind stresses through use of a “step function™
drag, corflicient fornulation based on Banker's (1976) drag coeflicients which had been
reduced b constant factor of 21%. The drag coeflicients reduced by this amount, are
slightly Farger than those of Large and Pond (1981) for wind speeds botween 10 -20 m
~ Voand slightly smaller in other ranges (see Boning ot al, 1991a, Fig.2), 11l also use

additional information from Bunker's data set to acconunt for the fact that they work with



wean values instead of individual observations,  da Silva et al, (19934, have shown that
although s procedure gives acenrate wind speed corrections (assmmning an appropriate
Weibull distribution is used), significant error can ocenr in the calculation of wind stress,
In particular. the nonlinearity in the bulk acrodyamic formula for wind stress ultinately
requires the consideration of jndividual observations and a detailed stability correction,
Consequently. we beliove T overestimates the Beaulort seale correction for most of the
North Atlantic. Since our grid domain extewds from 10°5 1o 65°N we follow Boning, e
alLl{1991a) and merge the TH wind stress field (defined from 0°8 10 6598V ) indo the THR windd
strosy field betwoon H°N and the equator, using a linear woightod avorape,

(i) TR :

TR took a somewhat different approach and employved seven years of wind speads com
puted from wind analyses provided by ECMWIE (the Enropean Centree for Medinm Ringe
Woeather Forecasting) for the period 1980-86. The wind specds were individually computed
fromt twice daily 1000mb wind analyses. produced by FCMWIEL TR then employed the Large
and Pond (1981) drag cooflicients ntilizing the climatological inonthly mean COADS air sea
temperature and humnidity differences to compute the stability correction, The twice daily
wind stross fiolds were then averaged to compnte monthly means. By using twiee daily
data, TR ameliorate the spatial/tomporal sampling problem Chat plagnes maost data sets
based on surlace marine observations, Hlowever, hecanse of the Lirge iterannual variability
of surface winds in the North Atlantic, the question remains to whal extent this seven year
average is representative of the climatology, The TR climatological manthly wmean wind
strosses were obtained on a 2.5° 7 2.5° grid over the globe from the National Center for
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Amsphoerie Rosearch (NCAR) Bonlder, Colorade, US.AL These data were then inter-
pulated toa regular 17 7 1% grid over the globe using the interpolation scheme of Akima
(197%). Akima’s scheme employs gquintic polvnomials to place the 2.5° x 2.5° gridded data
on o 17217 prid while preserving the plobal shape and properties of the field. In particular,
this interpulation schome susures that the fiest derivative is continnons and consistent with
the original diata, thereby ensuring that the curl of the wind stress remains equivalent to
the curl of the wind stress on the original grid.

Sinee oor maodels sre inear, we follow other anthors (AC, GGY and drive them with
seasomal anomalios of wind stress: that is, ionthly means of wind stress with the annual
mean removed, Linear interpolation hetween the middle of each month is used 10 provide

the wind stress fields at a given time step.



CHAPTER 4: EVALUATION OF THE FLAT-ROTTOMED SVERDRUP RESPONSE
A measure of the representativeness of each wind stress climatology can be gained by
calculating the flat-bottomed Sverdrup transport for each case. The conventional Sverdrup

balance is a linear vorticity balance expressed as

BV =k-V x7- fu(z,) (4.1)

where & is a unit vector in the vertical upwards direction, 7 is the surface wind stress, f is
the Coriolis parameter, w is the vertical velocity at the reference depth =, #is the latitudinal
derivative of the Coriolis parameter, and V is the meridional vertically integrated transport
above depth z,, given as

0

V= vdz

If we assume that 2, can be chosen so the motion becomes so weak below this depth
that w(z,) =0,

BV =k.Vx7 (4.2)

This is the flat-bottomed Sverdrup balance, which holds for a flat-bottomed ocean, with =,
taken to be the total depth. Equation (4.2) is equivalent to assuming the wind stressis the
only force acting on the ocean, and motion due to the wind stress is confined Lo the upper
ocean. The work of Anderson and Killworth(1977) provides a mechanism for the ability
of the flow to be isolated from the bottoin topography, and hence allow the flat-hottomed
Sverdrup balance to exist in an ocean with realistic hottom topography. Anderson and

Killworth (1977) investigated the spin-up of a two-layered ocean under an applied steady
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wind stress. Model results indicated that as more wind-generated baroclinic Rosshy waves
cross the basin, the flow becomes increasingly isolated from the hottom topography, until all
flow is confined to the upper ocoan. At midlatitudes this compensation effect takes decades,
while at subpolar regions, it may never exist. This effect was subsequently confirmed in the
three-dimensional studies performed by Anderson et al.(1979),

In the rlassical theories of the wind-driven ocean circulation (Stommel, 1948; Munk
1950) the transport associated with the flat-bottomed Sverdrup flow is balanced by an op-
pusite flowing, frictional western boundary current. At the latitude of the Florida Straits,
Lretmaa ot al.(1977) showed that this transport, when computed from the climatological
annnal mean wind stress field of Bunker(1976), compares well with the annual mean trans-
port through the Straits and is ~ 30Sv (compare with 32 Sv, Larsen, 1992). Wunsch and
Roemmich (1985), however, cast considerable doubt as to whether the flat-bottomed Sver-
drup balance (as distinct from the linear vorticity balance of (4.1)) can ever hold in the
accan. Following Holland(1973), and taking z, as the depth of the ocean, H, we can rewrite
(4.1) as

1 1. .
pV = [k-Vx(p,,VH)+k-Vx(F)] (4.3)

where we have used the kinematic boundary conditicn

u,l - .__!__ E’_’{ q¢2£{_
=1 = ﬂCOSQs uaA + vcos aqf)

and the geostrophic approximation to the momentum equations so that

J(po, ) = fpow)z=_p
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[l:‘-V X (prll)} is the bottom pressure torque, and py is the bottom pressure. 1t is
apparent that if the bottom pressure torque is everywhere zero, then (4.3) again reduces to
the flat-bottomed Sverdrup relation, (4.2). In Holland (1973),it was the interaction between
the thermohaline circulation and the bottom topagraphy that lead to the bottom pressure
torques responsible for enhancing the gyre circulation above that of the flat-bottomed case.
A further discussion of the validity of (4.2) can be found in Roemmich and Wunsch (1985)
and Schmitz et al. (1992).

Here we consider the Sverdrup transport mainly to serve as a measure of the curl of
the wind stress to the cast of the Florida Straits and use it to indicate the differences in
the curl associated with each climatological annual mean wind stress field. ‘To compute
the flat-bottomed Sverdrup transport we note that equ.(2.1.7), for a flat-bottomed ocean,

reduces to the spherical equivalent of (4.2),
0Ny, =420y 9 > }
(8¢) ¥, = p 3)\(T ) ad’(cosq{or ) (4.4)

We therefore compute ¥ by integrating the wind stress curl from the eastern boundary,

where ¥ = 0, along f/H contours (lines of latitude) to the western boundary, to obtain

af s Yy d A .
(a—¢) Yw = -—;;/E {-é-;\-(r¢)— %(mm[or )}dA (4.5)

Vw specifies the required transport across a given latitude due to the curl of the wind
stress.

Figure 4.1 indicates the flat-bottomed Sverdrup transports obtained by integrating
(4.4) with W = 0 at the castern boundary and using the curl of the climatological annual
mean wind stresses of (a) DS, (b) HR, (c) I, and (d) TR. Each exhibits a similar structure
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Figure 4.1: The flat-bottomed Sverdrup transport calculated from the annual mcan wind
stress of (a) DS; (b) HR; (¢) 1; and (d) TR. The contour intcrval is 55,

with dashed contours indicating negative values.

61



Latitude N

Streamfunction
Interval = 5.0 Sv
Time : Annual Mecan
Hellerman—Rosenstein

65.29 0w
>

508.88

35.e8

20.082 B

5.02 oo <
-10.08 P o s PR Jt S TR N

120,00 60,90 602,20 40.88 20,89 p.20

Longitude W

Figure 4.1: continued

62




Latitude N

Streamfunclion
Interval = 5.0 Sv
Time : Annual Mecan

Isemer-Hasse
65 .08 g R N * 2 e . A s
l\;:nC::’ ____—""
& -‘--l“‘: i A
: "".’.'2.-': i
58.e0 73 G Nt

35, 00} :
20,00
h'e
s
5.00
-10.90
100,00 80 .00 66.08 40,00 20.90 ¢.008

Longilude W

Figure 4.1: continued
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ter that of Pestpgan el Bunker 11975) fsee their Fig.d) with o subtropical gvree soparating
Pronn the enast e Capes Hatteras and iosubpolar exre in the northern part of the basin,
Iy the case of HR fareing (Fig. 1)) the subtropical svre transport is ~ 355 and
the - ubpolar evie -2 108500 DS an the other laond (Figl 0G0 exhibits o somewhat weaker
athitrapical and ~nbipolae evre of -2 3080 ad ~ 3585 tespoctively, TR (Fig L)) wind
forecine eive o ~abtropical exte of ~ 3085 and a subpolar evre of ~ 3a85e The Lger
sutbpolat exte tiamsportin this caseds also o fearare of the T ease e Fia 30 (e)) whieh exhibits
somnew hat intensified subirapical and sabpolie gvres of ~ 1085 and ~ 60852 respectively.
Note that DSCOTH Gond TR each exhibit swo maxima wear Ulorida, The intervening dip has
perhivps been lost due 1o the smoothing used by HR 1o produee their wind stress field.
Vigure L2 compares the western houndary transports, Wy defined by equ(-1L5). in
eachcase (Chese tesnlts are also sunomarized in Table 11 for each 3% titude), We see that
the Sverdenp trnsports agree reisonably well below 20° NV, Howover, north of 200V magor
departictes ocenr. For exanmple, at the bitade of the Florida Straits (255" V) HR gives
TRANe, DS 10685 e, TR 27,080 and T 32.85e, (the CNE moan transport the Florda
Straits shows spmibar belaviour with HI giving 203 Seoand TH o giving 29,1 5r) indicating
diferences of gpore than 108 e Dilferenees of this magnitude are connnon further north.
Ao~ 17N all climatologies begin their transition to the subpolar regime, with T difforing
froon DS and TR by some WS e and from HR by ~ 1385 e, The final major departure oceurs

at ~ 3% = GOVN where both TH and TR differ from HR and DS by ~ 205,



Sverdrup Transport at the Western Boundary for the Annual Mean Climatologies
65

60

55
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45
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Transport ' {Sv)

Figure 4.2: Latitudinal profile of the flat-bottorned Sverdrup transport at the western

boundary calculated fromn the annval mean wind stress fields of DS, HIt, 11, and TR.
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“lLatitude ~ Wind Stress Climatology
(°N) bS HR 1H TR

T7655 119 <1087 211 -14.0
60.5 -33.2 -443 .49.9 -58.8
55.5 96 201 .216 -1).3
50.5 22 00 5.7 -12.3
145.5 3.7 84 2.7 12.1
10.5 0.7 69 5.2 5.5
35.5 208 24.0 21.7 26.9
30.5 30.2 359 364 306
25.5 19.6 239 329 210
20.5 88 94 1.5 4.2
15.5 03 .04 -1.7 0 -3.8
10.5 -6.8 -10.0 -10.6 -7.8
55 -21 0.5 5.5 0.6
EQ. 10.4 102 101 95
-5.5 87 105 105 87
-9.5 1.0 1.8 18 11

—
-—

Table 4.1: Wiy, at 5° latitude intervals, calculated Jrom the annual mean climatologies of

DS, HR, HI and TR. Units arc in Ro,
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The flat-bottomed Sverdrup relation is valikely to hold at seasonal time sealos, “1he
time required for baroclinic Rossby waves, emanating from the castern boundary, to com-
pletely compensate for the effect of variable bottom topagraphy can be many decades at
mid-latitudes (Anderson and Corry, 1985a).

Seasonal Svardrup Transport at the Fleorida Stralts

20 A ¥ ¥ ) L} T \J ¥ ¥ T
.- ps 4—
RO HR <e-m

Transport (Sv)

-20 A | 1 1 1L oA A A I 2 |
J F | A L} J J A [ ] 4] N D
Honth

Figure 4.3: Flat-bottomed Sverdrup transport at the Florida Strails celevlated from the
seasonal wind stresses of DS, R, 1H, TR.

Niiler and Richardson (1973) noted that the scasonal transport variation observed at the

Florida Straits is out of phase with that predicted by flat-bottomed Sverdrup theory, This is

illustrated by comparing Fig.4.3 with Fig.1.4. Figure 4.3 depicts the flat-bottomed seasonal

transport variation at the Florida Straits {that is with the annual mean removed) for each

of the climatologies, and indicates, in cach case, a seasonal transport variation of much

greater magnitude and with a different phase from that observed. For each elimatology, the
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makimstn transport now ocours in Febrapry-Marel while the iminiimmm ocenrs in October-
Neowewher, Noto the DS HR and TR transports are quite similar (to within 550). The 11
case diflers most from these in the early part of the year, but also exhibits fwo minima in
the Lall (Gin September and Novemwber) rather than the single minimsum in Qctober seen in
the ather cases, There are also some differenees to be found in the anpnual range (maximm
winns minimn ) R and TR giving 25800 DS 2180 while T gives 318, The farge
differences hetween Fig, L8 aud Fig Lo indicate the tnportanee of inclnding realistic hottom

tapagiaphy ol seasonal thne seales.
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CHAPTER 5: THE NORTH ATLANTIC RESPONSE

In this soction we deseribe the large-scale North Atlantic results obtained from the
barotropic niodel (see eqn.2.1.5), as well as that part forced by the baroclinic terns in
the two-density layer model {see oqn.2.2,19), obtained utilizing realistic topography and
the seasonal anomalies of wind stress, Each model begins from a state of rest. Appendix
A shows the model-calenlated transport streamfunction fields produced by the barotropic
model from the second year of integration, at a time corresponding to the middle of each
month. Appendix B shows the baroclinieally forced part of the transport streamfunetion
fields produced by the two-density layer model from the third year of integration, at a
time corresponding to the middle of each month, In the fullowing description, it should bhe
noted that “cyclonic” corresponds to counter-clockwise rotation and “anticyclonic”™ to ¢lock-
wise rotation, with cyclonic(anticyclonie) eirculation abont negative(positive) anomalies of
streamfunction. (The opposite is true in the Southern hewmisphere.)

Figure 5.1 is thought to represent the long time mean annual cireulation of the North
Atlantic as inferred originally by Mellor et al.(1982) from historical hydiographic data, In
the present text, we include this figure to allow an interpretation of the seasonal changes
which occur in the large scale features of the North Atlantic. Figure 5.1 was produced by
the diagnostic calculations of Greatbatch et al.(1991) using Mellor ot al’s model and the
mean HR wind stress fields, with Levitus’(1982) mean density data as inputs. In particular,
th diagnosed Gulf Stream separates from the American coast at Cape Hatleras and reaches
a maximum transport to the south of the Grand Banks of Newfoundland of ~ 80 Su. As an

example, this compares, with the 93 Sv estimate of Gulf Stream transport near 55°W given
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driven by each of the wind stress climatologies of da Silva, Young and Levitus(19934; DS),
Hellerman and Rosenstein(1983: HR), Tsemer and Hasse (1987; HI), and Trenberth, Large
and Olson (1990; TR). In the following analysis, we will concentrate on the subpolar gyre
defined by the cyclonic gyre extending roughly 45°N to 65°V, (see Fig.h.1) and the sub-
tropical gyre defined by the anticyelonic gyre extending roughly 15N to 45N (see Fig.h.1)
independently. Recall that the wind stress ficlds used to drive the model are seasonal anoma-
lies, or departures from the long time mean. It follows that the results presented hege are
transport anomalies, or departures from the long time mean.
(i) The DS barotropic response

The barotropic model, when driven under the seasonal wind stress anomalies of DS
exhibits a cyclonic circulation in the subpolar regime of roughly 2 Sv in January, which
expands without intensifying into February. By March, the cyrlonic anomaly has shifted
somewhat southward and weakens, before collapsing in April. Note the appearance of a
weak ‘tongue’ of cyclonic transport extending beyond the Flemish Cap in January; by
February this tongue has expanded along the shelf/slope region on the eastern seaboard of

the United States. It intensifies slightly in March, before weakening in April and collapsing
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in Aav. Tn June, o weak antievelonie anomaly begins to form in the Labrador Sea, which
bovomes enhancod slightly and extends along the shelf/slope in July and August. before
collapsing, in Septetther, and reforming only slightly in Qctober and Deceniber,

In the subtropical regime, the DS case exhibits a rather intense anticyclonic anomaly
vanging Trom 7.5 in Jannary, to its maxinn value of 8 8¢ in February, and weakening
to G Se i March, Tn April this antievelonie anomaly weakens considerably, before com-
pletely collapsing in May. By June, o weak eyelonic anomaly begins to form, this intensifies
through July and August. reaching a maximnm of 8 5 in September-Qetober. In Novem-
her the evelonie featitre weakens slightly to ronghly 5 5¢ before reversing completely (o an

anticvelonie transport ancmaly in December,

(i) "The 1R baroltopic respabse

Not surprisingly, these resalts and those of GGland AC compare favonrably for those
regions where the maodel domains overlap. Tlere, however, the transport values are slightly
lower in some months, possibly due 1o the inclusion of the extra frictional effects in Chis
model arising from the lateral mixing of momentumn, as well as the different smoothing
techniques employed in the treatiment of topography as compared to GG,

The HR driven madel results indicate a somewhat enbanced cyelonie anomaly in the
subpolar gyre of roughly 3 Se in January, This cyclonic anomaly intensifies to over 5
Sein February, then weakens slightly and shifts southward in March, before collapsing in
April-May, Note a tougue of eyvelonie anomaly also extends along the shelf/slope margin

in February and Mareh eareying ronghly 2-3 S along the cast coast, which also collapses
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in April-May, In June. a weak anticyelonic anomaly begins to form in the subpolar gyre
region. this tntensifies in July to roughly 3 S and extends along the shelf/slope rogion
as o tongue of anticyelonie transport. The antievelonic foature then weakens in Aupust
September. bofore collfapsing in October-November, while in Decomber this intensifios to
over - 8e in the subpolar gyre and across the Mid Alantic Ridge (MAR).

In the subtropical regime, an antieyelonic cirenlation of 9 to 11 S oxists from Jannary
through to Mareh, This featnre weakens in April to 3.8 and collapses, heing, roplaced by a
evclonie anomaly which begins 1o form in May, In June-July-August, this evelonie anomaly
intensifies to over & Sr before reachibg its masimmn of 10 5S¢ in September October, Ry
November, this feature weakens slightly before undergoing a complete reversal in Decomber,

being replaced by an anticyelonic anomaly.

(iii) The HI barotropic respouse

The TH deiven madel resalts indicate a rather intense anomalons eyclonie eirenlation
in the subpolar gyre of over 5 So in January, with a tongue of cyclonie Lransport anamaly
extending along the shellf/slope with a maxiimum ofl Cape Hatleras (35" N ) of 3 S Thewe
featnres intensify considerably in Febroary to over 8 Sw, while in March, the subipaolar
cyclonic anomaly shifts southward and weakens to 5 So, before collapsing in April May
when it is replaced by the formation of & weak anticyclonic anomaly, This anticyelonie
anomaly begins intensifying in June-July to over 2 8vin the Labrador/Inminger Sea, and 5
Sn east of Cape Hatteras, in the shelf/slope region. In Augnst-Septemher the anticyelonie

feature in the subpolar gyre weakens slightly before undergoing o completo reversal in
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October 1o a evelonie anonaly of ronghly 5 9 r. which in turn collapses in November, |y
Dacomhor. o rather intense antievelonie anomaly forms with over 6 e contained in the
subpolar pyre and over the MAR,

[n the subtrapical regime, an antievelonic transport anomaly ranging from 7 to 12
S oxivts From January to Mareh, In May, this feature reverses to a eyclonic anomaly of
toughly 2 8o which exists in this state through to July when it begins to intensifv. The
intensification procerds until & maximum eyelonic anomaly exists in the subtropical regime
of roughly 10 8¢ fromn September through to November, at which time a complete reversal

occurs 1o an antieyelonic anomaly of 8 S¢ in December.,

(ie) The “I'R barotropic response

The model-results, when driven ander the seasonal wind stress anomalies of TR exhibits
aevelonie circulation in the Labrador Sea region of ronghly 3 Sein January. The overall
picture of the North Mlantic in Januvary resembles the December circulation anomaly of
e other cases. The eyeluni ap-analy intenstfios to over 7 Sv in February, with a tongue
of streamlunction anomaly in the shelf/slope region of roughly 3 So. The cyclonic anomaly
reverses to an antieyelonic anomaly in March of roughly 3 S, with the cyelonic anomaly ofl
Capoe lHatteras indieating roughly 3 50, These features continue into April before collapsing
completely in May, In June-July-Angust. an anticyelonic anomaly is formed and begins to
intensify to- S before undergoing a complete reversal in September to a cyclonic anomaly

—

which intensifies into November to rouglly 7 Sv before weakening to 4 Sv in December.
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In the subtropical gyre. an antievelonic anomaly of roughly 5 Se appears in Jannary,
before intensifyving 1o 10 Se in February and Marelh. This weakeas considerably 1o 2 Sein
Aprile May, and Juneo while a s S eyelonie anomaly covers muech of the Laitude hand 3073
to A07.V . T Julvs a evelonie anomiady of 3.9 forms and begins to intensify in August hetore
reaching a maximum of 9-10 §e in September-Oetober, this redaees slightly in November
to ronghly 6 Sr. hefore undergoing a complete roversal into Decomber when anintense (9
Se) anticvelonie anomaly forms over the western subtropical gyre region,

In general, the above results, together with Figho indicate an endivnesd subpalar
gyre i the fall (September, October, November) and late wintor (lmuary, Febraary, and
Mareh). with a somewhat reduced transport in the spring (A pril, May) and greater veduetion
in sammer Glune, July, Angust). The subtropical gyre indicates an enhanced transport
winter (Januwary, Fobruary, Marel) with o redaced transport beginning in summer (Jane
July) and reaching a minitonm in fall (September-November), These resulls, owever, like
those of GG and AC are unable to explain the observed annual eyele of transport in the
Gulf Stream off Cape Hatteras (Halkin and Rossby, 1985) which seems to he baroclinie in
nature. In a related study, Fanning(1991) was unable to ascertain whether these effects
were due Lo the seasonal changes in the density stratification of the North Atlantic, o
that study, Fanning attempted to diagnose the scasonal JEBAR-driven teansport variation
in the North Atlantic using the climatological monthly mean Levitus (1982) density data,
However, due to the appearance of “bull’s eyes™ in the potential encrgy field with length

scales approximately that of Levitus® smoothing function, this was unsurcessful.

70

iam ot



second year of integration, here we consider model output from the third year of integration.
High energy baroclinic Kelvin and first-mode Rosshy waves have a tremendous effect on the
transport in the equatorial regime. This tends to mask the response at midlatitudes, so
we exclude that region in the present analysis. 1t is important to note that the transport
depicted in Appendix B is exceptionally weak (compare 0.3 Sv contour interval with that of
Appendix A’s 1 Sv contourinterval), and have little effect on the North Atlantic’s transport
as compared to the barotropic model’s response. lere we will discuss the bazoelinically
forced transport in very general termns since the particular details are relatively unimportant.
We point out only the similarities and differences, the reader is referred to the fignres in
Appendix B for more details. Recall that the wind stress fields used to drive the model
are seasonal anomalies, or departures from the long time mean, it follows that the results
presented here are transport anomalies, or departures from the long time mean.

The subpolar regime in January contains a cyclonic anomaly in all cases except for DS
which indicates a collapsed state at this time of year. By February a cyclonic anomaly begins
forming in the DS case, while the HR and TR cyclonic anomalies inteusify slightly, and the
IH case collapses. In March the IH case's cyclonic anomaly has reformed, while the DS, HRQ
and TR cases’ cyclonic anomalies are expanding. Expansion continues through April in the
DS, HR and IH cases, while the TR cyclonic anomaly begins to collapse. By May, the DS
and TR rases indicate collapsed anomalous subpolar gyres, while the HR cyclonic anomaly
hegins to collapse and an anticyclonic anomaly begins forming. In June, all cases oxhibit
a collapsed anomalous subpolar gyre, except for Il which exhibits a cyclonic anomaly in

the Labrador Sea, and an anticyclonic feature forming below Greenland. The DS and ‘TR
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I comparison, Fig. A5 shows the seasonal anomalies produeed by the WOCE-CME
(the World Ocean Cirenlation Experiment, Comnunity Modelling Effort: Bryan and Hol-
Pand, 1USS) when IR wind Toreing is employed. As has been previously mentioned, this is
an eddy resalving model of the North Atlantic driven by seasonally varying surface foreing,
T he mode] results shown here, were obtained from Frank Bryan (personal conmmication)
and are averaged over the last 5 vears of maodel integration, The general features noted
when analysing the HR response, also apply 1o the CME results. Note, however, that even
averaging over the last live years of model integration has not removed the strong eddy
activity in the CNE. Nevertheless, the general agrooment between onr model ad the CNE
in the TR case does suggest that linear dynamics plays @ role in determining the seasonal

response of the CAIE,

5.2 The Large Seale Baroelinie Ocean Response
Appendix B indicates the large scale acean response produced by integrating (2.2.15)
atd romoving the response associated with (2,1.5) to obtain the barochinically foreed trans-

port fichd Tor the North Atlantie, that is. the transport defined by;

o ! r l[‘.l hY (? U T ql.’ & U8 (fj f
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Following the previons analysis. we concentrate on the subpolar gyre extending fromn ronghly
45N 1o G5V N and subtropical gyre extending from roughly 15°8 to 45°N independently,

(see Figd ), Since the two layer maodel’s response does not change significantly beyond the



cases cach exhibit an anticyclonic feature forming in the subpolar region in July, while the
Il and HR cases contain both cyclonic and anticyclonic features in the subpolar gyre at
this time of year. The anticyclonic anomalies in cach case expand and intensify through
to October when they begin to weaken. By November the anticyclonic features begin to
collapse, and are fully collapsed in the DS, HR for December, while the Il case o‘xhibits a
cyclonic anomaly beginning to form in the Labrador Seca, and TR exhibits an anticyelonic
anomaly at Lhis time of year.

The subtropical gyre indicates a relatively enhanced anticyclonic anomaly in Jannary
in all cases (as compared to the subpolar gyre), these features begin to collapse in Febru-
ary when cyclonic anomalies begin to form. By April-May the cyclonic anomalivs begin
intensification, and by July-August, the cyclonic anomalies are collapsed and anticyclonic
anoamlies begin spreading over the subtropical gyre in the HR and HI cases. These anticy-
clonic anomalies begin to weaken in the DS, HIR and IH cases in September, while actually
expanding in the TR case. The TR case exhibits an anticyclonic feature throughout the
rest of the year, weakening only slightly in October and November. The DS, HR and 11
anticyclonic anomalies continue weakening into October with cyclonic anomalies beginning
to form in the DS and IH cases. By November-December, each of DS, HR and [1 exhibit
cyclenic anomalies, with the DS anomaly almost fully collapsed.

These results are somewhat disappointing. As compared to the barotropic response, we
see that inclusion of the first baroclinic mode alone, has very little effect on seasonal time
scales, confirming the earlier studies of Veronis and Stommel(1956), Gill and Niiler(1973),

Anderson et al.(1979), and Anderson and Corry (1985a,b). In Chapter 6 we examine the
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models response at the Florida Straits, The discussion, and experiments in Chapter 6 con-
centrate on Lhe barotropic model’s response to the various wind stress climatoiogies owing
to the much larger response in the barotropic transport field. However for completeness we
do include the response associated with the baroclinically forced transport at the Florida

Straits.
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CHAPTER 6: MODEL RESPONSE AT THE FLORIDA STRAITS

At 19 x 19 resolution, the bottom topography as supplied by GFDL does not explicitly
contain the Bahama Islands (sce Fig.2.4), and unlike AC, we have not artificially constructed
them here. In order to compare with observations and results from other models, we follow
GG and consider the transport between the coast and a location at 25.5°N, 78.5°W (two
grid points offshore of Miami) to correspond to that of the Florida Straits. This is cquivalent

to the region chosen by AC (sce Rosenfcld et al., 1989, Fig.5). The depth of water at this

Transport Anomaly at the Florida Strafits

Transport (sv)

Figure 8.1: The model-calculated scasonal cycle of transport (Sv) through the Florida
Straits when realistic Lopography is considered.
grid point is 939.5 m in our smoothed topography, a depth similar to ihat in the deepest

pa:t of the Straits. In order to test the sensitivity of our results to this choice, we shall also
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show results obtained by cheosing instead each of the three grid points further offshore (see

Fig.6.3).

Month Larsen DS HR IH TR

Jan.  -1.03 049 -0.69 -144 025
Feb. 0.07 .0.78 -1.19 -222 .2086
Mar. -093 -0.61 -1.08 -1.92 .0.64
Apr.  -0.23 .0.05 0.33 -0.35 0.10
May  -023 031 049 099 0.49
Jun. 0.67 070 082 169 134
Jul. 227 165 205 3.72 298
Aug, 237 108 117 216 1.59
Sep.  1.37 -0.27 -0.43 .0.01 -0.29
Oct. -093 -1.16 -1.50 -1.74 .1.45
Nov. -2.33 -0.49 -0.60 -1.40 -2.25
Dec. -1.03 0.14 0.66 044 0.08

Table 6.1: Summary of obscrved {cable-derived) and model-calculated seasonal transport
variations through the Florida Straits. Units are in Sv.

Figure 6.1 shows the barotropic model-calculated seasonal transport anomaly through
the Straits obtained from each of the different wind stress climatologies (see also Table
6.1). In cach case, the seasonal variation in transport is quite similar to that observed {cf.
Tig.1.4), with the maximum transport in July-August and a minimum in October-November
(although the absolute minimum occurs in February in the IH case). The amplitude of the
model-calculated response is quite different in cach case, with ranges of 5.95v, 5.25v, 3.65v
and 2.85v for each of IH, TR, HR and DS, respectively. In comparison to Fig.1.4, we see
that the amplitudes predicted by IR and DS are too small, while IH and ’I“R are t00 large,

The range in the IR case is in cxcellent agreement with the results of AC, GG and the
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WOCE-CME with R wind forcing (Bryan and Holland, 1989; Boning et al., 1991b) and
the Il case also agrees in range with the WOCE-CME under H forcing (Boning et al.,

1991b). These CME results are obtained from 5 year averages of

. Trahesport Anoasly at the Florida Straite
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Figure 6.2: Comparison of the model-calculated seasonal cycle of transport (Sv) with
that of Béning et al. 1991, when 1H wind forcing is used.

CME output. Figure 6.2 compares our IH case with the CME under 1 forcing for both §
year (Bdning et al., 1991b) and 8 year averages (Boning, personal communication) of CME
output. This shows that our linear model agrees quite well with the 5 year average (indeed,
from June to October, the two model results are virtually identical) but that agreement is
less good when incorporating a further 3 years of CME output. In the CME experiments,
1H wind forcing was applied only for the 8 years over which these averages were taken (in

the 1o of the 5 year average, this was over the first 5 years). I is possible, therefore,
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that the baroclinic structure of the CME evalves over the 8 year period and that even the
8 year case may not be in statistical equilibrium. Of course, this also indicates a role for
additional dynamics present in the CME but not in our barotropic model. For example,
the baroclinic structure in the WOCE-CME can lead to transport being driven through the
JEBAR term. This effect was noted by AC in their model (see Fig. 1.4(d)) and had the

offect of enhancing northward transport in their model in the first 8 months of the year and

reducing transport

JEBAR Forced Transport at the Florida Slraite
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Figure 8.3: The model-caleulated seasonal cycle of transport (Sv) through the Florida
Straits considering baroclinic €ffects over realistic topography (JEBAR) only.
(sce text for detatls).

thereafter. This is broadly consistent with the difference between our barotropic model

result and the 5 year average CME case in Fig.6.2; and indeed, when we consider the
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JEBAR forced component of transport in our two-density layer model (see Fig.6.3) our

results tend Lo agree with those of AC.

Traneport Ancewaly at the Florida Strafte
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Figure 6.4: The model-calculated scasonal eycle of transport (Sv) through the Florida

Straits produced by the two-density layer model.

Figure 6.3 indicates the transport at the Florida Straits obtained by removing the
strictly barolropic part of the transport from the two-density layer model’s transport field
(see (2.2.19). In general, we sce that the baroclinic structure of the two layer model leads to
more northward transport in the sununer (July-Angust), and reduced transport in the fall
(October-November) camnpared to the barotropic case. The exception is the HI climatology
for which there is more northward transport throughout the year. In particular, in the DS
case there is an additional 0.56 Sv northward transport in July, with a reduction of 0.23

Sv in November. Similarily, in the LR case there is an additional 0.37 Sv in April and a
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reduction of 024 89 in October. Ou the other and. in the TH case there is 0.61 Sv more
northward transport in September, without any reduction in transport at any time in the
conrse of the year, Finally the TR baroclinically forced transport indicates an inereased
transport of 0.7 S0 in Angust, with a redueed teansport of 0.13 §v in November compared
to the barotropic model, When the baroelinically forced transport is taken into account,
the amplitade of the maodel-calenlated response changes slightly in each case (see Fig.G.1),
with ranges of 6,150 5.850 3,950 and 3350 for cach of HTL TR, HR and DS, respeetively,
Note the rauge in the DS case is now in closer agreement with the results of AC, GG and
the CMEF vuder HR loreing,.

The peueral agrecmoent botween our model aud the CME in the HR and [H ecases
(especially the & year average), and the ability of our model to capture the increase in range
found when the CME is run with 1 forcing, does suggest. that linear dynamics plavs an
impartant role i determining the seasonal response of the CME at the Straits. As we shall
see Later, this conelusion is not supported by other experiments carried ont using our model
amd the CME, The response associatod with the JEBAR foreing in the two-density layor
madel does not appreciably alter our earlier results obtained from the barotropic model,
Hener we now concentrate our analysis on the single layer, baratropic model.

Figure 6.5 shows the model-calentated seasonal transport between the coast and each
ol the three grid points further oflshore from that used to produce Figure 6.1 (i.c. 25.50N ¢
TTAMETEAMY and 7AW Considerable differences are again found between each case.
AU 2RANTTA the results are guite similar to those in Fig.6.1. This shows that the
dillferences in Figure 6.1 are not particular to our choice of grid point to represent the
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offshore boundary of the Florida Straits in our model. As we move further otfshore, the
pattern begins to resemble more that obtained from the flat-bottomed Sverdrup relation
(Fig.4.3) in all but the IH case (this too starts to look more like Fig.4.3 further offshore
again). The DS case always has the smallest range, with the summer peak collapsing faster
in the DS and HR cases, and the fall minimum decpening faster in the HR and ‘TR cases.
Béning et al.(1991b) carried out a number of experiments designed to determine where
the important wind forcing occurs that drives the seasonal transport viriations through
the Florida Straits (these are their experiments 2A,B,C). They concluded that wind forcing
north of 35° N was not important, but that wind forcing over the Caribbean/Florida Straits

area was important, These results are NOT consistent with our model, as we shall now
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Figure 8.5: As Figure 6.1, bul showing the modcl-calculated scasonal cycle of transport

between the coast and grid points along 25.5°N at 77.5°W, 716.5°W and 75.5"W.
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Figure 6.5: continued
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iMustrate (indeed. GG who ased a model essentially the same as ours, demonstrated o
role for wind forcing north of 30N in their model resnlts), This is becavse jo one lin
ear. harotropic madel, information propagates in the direction of long topograpliic wave
propagation. implying that it is regions to the north and east of the Florida Straits, partic
ularly along the continental slope region, than are important, as we noted when discussing,
equ.(2.0.7), and (2,1.8). However o difliculty arises with Boning et al’s experiments, Tis
is heeanse the wind forciog is kept fixed in Gme in parts of theie model domain and then
merged in buffer zones (of 3 width) to regions where the full, seasonally varving wind fore
ing was maintained, However, within the butfor zones, a spurions foreinge will oceur thiongh
the curl of the wind stress term in equa(2.1.5) (1his s the second grovp of terms on the right
hand side). A better way to assess the iinportanee of wind forcing, in different regions is to
stmply zero ont the foreing terms in (2.1.5) in certain parts of the model domain AFTER
the curl has been ealeatated, In this way, the curl is the same where it is non zero, as it i
in the experiments with the forcing applied overywhere, Unfortunately, onve a model with
baroclinic strineture is used (sneh as the CME, or our two-density layer model), this proee
dure cannot be applied. However, we can use onr barotropic model to assess the magnitnde
of the error introduced.

We therefore conducted three experiments using T wind forcing (the same as wsml by
Boning ot al 1991h. in their experiments). In the first of these cxperiments; the Toreing,
terms in (2.1.5) are as before, exeept that they are set 1o that of January north of 35°Y

(experiment 1 in Fig.6.6), In the second, a 5% buffer zone is applied between 307 - 3598 4y
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which the wind stress is linearly weight-averaged from the seasonally varying wind stress
field bolow 30°N to January’s wind stress field north of 35°N {experiment II in Fig.5.6).

Transport Anomaly at the Plorida Rreits
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Figure 6.6: Modcl-caleulated transport through the Florida Straits using 1H forcing when
(i) Jorcing is applied over the entire model domain (standard case); (ii) the wind forcing
terms in (2.1.5) are fized at those of mid-January north of 35°N (EXP.1); (iii) a 5°
buffer :one is used to merge the scasonally varying wind stress south of 30°N with
mid-January’s wind stress north of 35°N (EXP.11); and (iv) as EXP.1 but with the
wind forcing terms set to zero north of 358N (EXP.III). See tezt for details.

‘This experiment uses the same wind stress field as used by Boning et al. in their experiment

2B. The third experiment is the same as experiment 1 except that the forcing terms in (2.1.5)

are set 1o zero north of 35°N (experiment 111 in Fig.6.6). Each of the experiments exhibits

a phase similar to that of our standard case (also depicted in Fig.6.6) in which the forcing
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is applied over the entire domain. Exp.lT is similar to that of AC shown in their Pig.0b
(AC zeroed out the wind forcing north of 30°N and west of 40°W). Comparing with the

Transport at The Flatida Strsits
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Figure 6.7: Comparison of CME and baretropic modcl-calculated transport through the
Florida Straits using IH forcing when (i) forcing is applied in the CME over
the cntire model domain (standard case); (ii) CME transport when a 5° buffer zone is
used to merge the seasonally varying wind stress south of 30°N with 1nid-January’s
wind stress north of 35°N (Ezp.2B); and (iii) as in (ii) ezcept for the barotropic
model (EXP.11). Sec tezt for details,
standard case, it is clear that wind forcing north of 359N is an important part of our model
response at the Florida Straits. Diflerences between Exp.l and Exp.l indicate the flow
driven by the spurious curl which exists in the 5° buffer zone cxtcnding. between 30°N

and 359N in Exp.Il. The spurious curl drives a decper minimuin in winter (roughly 0.4Sv
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deeper) while driving more northward flow thronghout the rest of the year (approximately
1.2 ~ .45 0 more), except, for September-Qctober, when the spurious curl adds some 1.5 —
2,050 northward transport.

Given the goneral agreement, we found before between the CME and our simple, linear
barotrapic model, it is interesting that Exp.Ilin Fig.6.6 fails to show an increase in transport
in the summer comparable Lo that in Boning et al.’s experiment 2B, since both experiments
are driven under identical wind foreing (see Fig, 6.7). Clearly, dynamics not included in
our linear model mast he playing a role in mainiaining the seasonal variation of transport
in the CME, 'The equation governing the volume transport streamfunction in the CME can

e wrilten
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+ JEBAR + ADVECTION + FRICTION
JEBAR is the Joint Effect of Barveclinicity And Relief (Sarkisyan and Ivanov, 1971); AD-
VECTION refers to terms arising from the advection terms in the momentum equations;
and FRICTION to the friction terms in the model, Compared to equation (2.1.5), the
most important diffevence is the appearance of the JEBAR and ADVECTION terms on
the right-hand side, (it is important to note that the CME's JEBAR term includes full
density stratification, and should not he confused with the rather simple representation
in the two-density layer madel). Given that the CME is an eddy-resolving model, these

will exhibit time fluctuations associated with tmesoscale eddies. However, they also contain
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longer time scales that could be important for driving the seasonal eyele in the moddl, For
example, it is possible for adveetion of the density field by the mean flow of the western
boundary current system to influcnce the barotropic transport through the JEBAR term.
Greatbateh and Goulding(1992) give an example in which this effect allows fnformation to
be carried in the opposite direction to that of long-tepographic wave propagation in an ide
alised model calculation. Also, Greathateh and Li{1990) have discussed how the presence
of a (barotropically stable) mean flow can modify wind-driven variability in an idealised,
barotropic ocean model. They fonnd that their solutions were influenced by hoth adveetion
by the mean flow and the madification of the wmnbient potential vorticity fiekd by the mean
flow. It remains to be seen if these effects are important for determining Flovida Straits
transport variations, something that will have to be investigated using a model thal inchudes
a proper representation of the density field, and advective meclianisms,

Figure 6.6 indicates the importance of wind foreing to the north of 35% N in our model,
In arelated experiment, we investigated the model’s respouse to foreing sonth of the Florida
Straits (25°N) to assess the role, il any, wind forcing over the Caribbean has on our model
results. To facilitate Lhis, we ran the model with the forcing torms in (22.1.5) appiied only
1o regions sonth of 25°N and zero north of 259N, The results (not shown) show o very
weak response at the Straits, with a range of only 0.158 0. This shows that in our model,
wind forcing south of the Straits has an insignificant effect on the seasonal variation of
transport through the Straits. This agrees with AC (see tleir Fig.Oh, but neote that, in their

experiment, non-zero wind forcing extended up to 309N).
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Next we investigate the importance of wind foreing by each of the meridional and zonal
components of the wind stress for each elimatology, Eigure 6.8 shows the model results in
vach case. As previously demonstrated by AC (see their Fig.7), the meridional component
is the most important for determining the model-calculated seasonal transport variations at
the Florida Straits (compare Fig.t.8 with ig.6.1), although the zonal component does play
some role iy the winter months. Looking only at the meridional compouent (Fig.6.8D), we
see that once again, DS wind foreing gives the smallest range (maximum minus minimum)
and that in the summer months, I gives the largest northward anomaly. We also see that,
as far as the meridional compounent is concerned, HR and TR give rather similar behaviour
- much groater differences are evident in the zonal component. It follows that most of
the difference between HR and TR in Fig.6.1 can be attributed to differences in the zonal
component, of the wind stress (apart from Januvary when it is the meridional component
that leads to the differenee). There are also large differences between the IH and HR cases
due to foreing by the zonal component of the wind stress throughont the vear (Fig.6.8a).
It follows that although the meridional component is impertant in determining the overall
shape of the model-calewlated signal in Fig.6.1 (in particular, the summer maxi;num and
fall minimum), much of the difference between the cases using the different wind stress

climattologies can be attributed to forcing by the zonal component of the wind stress, with

the meridional component also playing a role in the DS and 111 cases.
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Figure 6.8: Modcl-calculated scasonal cycle of transport (Sv) through the Florida Straits
when (a) only the zonal component of wind stress is applicd and (b) only the

meridional component of wind stress is applied.
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We now decompose our model response at the Florida Straits into parts associated
with each of the forcing Lerms in (2.1.5) f.e.

(i);":‘rJt cos rj:%%

(i) 3274

()24 { & (%) = & (7 cos9) }

The results are shown in Fig.6.9 (the standard case refers to forcing with all the forcing
terms in (2.1.5) included). These indicate that for each wind stress climatology, the model-
calenlated transport from January through to August is driven by the meridional and curl
terms ((1i) and (%i) above) with the term involving the zonal component ((i) above) giving
a contribution of the opposite sign (the exception is the TR case in January and July).
In the fall {from September to November), it is the zonal and meridional terms ((i) and
(i) above) which produce the fall minimum, with the curl forcing acting oppositely. The
exception is the TR case in November for which the curl term also acts to produce the
minumum. Finally, the northward transport indicated in December in the standard cases
is completely dependent on the zonal forcing term for its existence, the cur] and meridional
forcing acting oppositely in that month.

It is important to note that the meridional component of wind stress in conjunction
with longitudinal gradients of topography is capable of independently nroducing the bulk
(on average, roughly 70%) of the standard model-calculated response. Clourly this term
will be particularly large in the continental slope region where the east-west gradient of the
topography is large. In light of this, we now consider a final set of experiments in which

forcing using the Il climatology is confined to the western shelf/slope region only; that is,
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Figure 6.9: That part of the model-calculated scasonal cycle allributable to cach of the
Jorcing terms in (2.1.5) for (a) DS; (b) HR; (c) IH; and (d) T'R. “UsHy” refers to
the 72 cos qb%% term; ‘Tylfz" to the 145%} term, and “curl forcing” to the
1 {—ax (%) - -5% (% cos ¢)} term. The standard case, in which

all forcing lerins are used to drive the model, is also shown,
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the forcing terms in (2.1.5) are non-zero only in water of depth less than 3000m bounding the

coast and north of 25N and west of 40°W (sce Fig.6.10). In the first of these experiments

Shelf/Slope Region

65,008 7
50 .08 U
: o
’d
‘- 4‘
A s :
'g S
3 20.00 N o %
:
5.08 -
&
S S |
-19.08% - Aot
100,00 80.00 60.80 49,08 26.06  2.00

Longitude W

Figure 6.10: The haiched region shows that part of the model domain in which the forcing
lerms are non-2ero in the shelf/slope ezperiments (see Figure 6.11).

(full forcing in Fig.6.11) we include all forcing terms in (2.1.5) over the shelf/slope region,

while in the second, we consider only the forcing due to the terin 7% £/, in (2.1.5) (the “Ty

only” case in Fig.6.11). The results, shown in Fig.6.11, indicate that both these experiments

are quite successful in reproducing not only the phase, but much of the aunual range of the

standard case. In particular, when all forcing terms are included over the shelf, the model

captures roughly 70% of the standard case’s annnal range (cf. 4.15v for the shelf/slope
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forcod case with 5.9S5v for the standard case). Furthermore, the case considering only vie
meridional foreing term ((if) above) over the shelffslope does almost as well, indicating

Transport Anoasly at the Florida Siraite
[} v T | Y Y Y v e 1 T —¥
standerd case 40—
full foreing 4=
vk 17 m]y e )

‘Transport [Sv)
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Figure 6.11: The modcl-calculated response when Il forcing is confined to the hatched
region in Figure 6.10, “full forcing” refers to all forcing terms non-zero in this region;
“Ty only” to having only the f¢%% term non-zero in this region. Also shown is
the standurd casc in vhich all forcing lerms are applied throughout the entire
model domain,
the dominance of this term in this region. This result can be understood in terms of the
inviscid, steady state solution to (2.1.5) (the topographic Sverdrup relation). Consider
the eastern seaboard to be approximated by a latitudinally straight coastline, .with the

shelf /slope varying only in the longitudinal direction, and the surface wind stress to be
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northward and spatially uniform. We can then write the topographic Sverdrup relation as

f _ "A o
J (.;,, q)= "’
Assuming an f-plane, this reduces to
¢
r
W, = ———
¢ rof

which is simply the Ekman transport. It is clear therefore, that an increased northward wind
stress (the case for the summer) will drive more flow across the shelf/slope. This will lead to
a divergance of the flow from the coast, information about which will be carricd southward,
along the f/{i contours to the Florida Straits region, by long topographic waves. The
northward transport at the Straits must then increase to balance the net off-slope Ekman
transport, with this transport occurring in the frictional boundary layer necessary to satisfy
the coastal boundary concition. A similar situation exists in the fall and late winter when
the wind stress anomaly is southward, in which case, the transport through the Straits must
be reduced.

Figure 6.12 shows results from a further decomnposition of this case. The forcing termn
(i} is the only non-zero forcing term, and this is nonzero only in sclected latitude ranges
over the shelf/slope region. As with Fig.6.6, we again see that regions north of 35N (in-
deed, even north of 45°N) contribute to the model response. The importance of forcing in
the shelf/slope region to the north of the Straits is consistent with the linear, barotropic

dyramics employed in our model. This is because, as was noted earlier when discussing
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(2.1.5), and the CME, infurmation in our modei propagates in the direction of long, to-
pographic wave propagation which in this case, is southward along the continental slope
(cf. Csanady, 1978). We have also run similar cases in which we have used f/H contours
to define the outer edge of the shelf/slope region. Choosing the f/H contour passing over
the 3000 n isobath at the latitude of the Florida Straits (rather than ilie 3000m isobath
itself as in Fig.6.10) gives results that differ little from those shown in Fig.6.11, even when
the restriction to regions west of 40°W is lifted. This shows the importance of “difTusion”
across f /1 contours from deep water, as in the model of Csanady(1978), for explaining the

difference between the full forcing and standard cases in Fig.6.11.
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Figure 6.12: As Figure 6. 11, but when the r¢’%—§ is the only non-zero term.

25°N - 35°N means that this term is further restricted to be non-zcro only

in the lotitude range 25°N ~ 35°N. Similarly in the other cases.
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CHAPTER T HIGH RESOLUTION MODEL RESULTS

Oue feature of GG model results we have previously noted was the sensitivity of
thetr model to the smoeothing of topography. and the valne of the Bvear bottom friction
coefficient. (see Fig. 1.5), Indeed, owing to the similarities between our madels we expeet
the same to hold for our model results, Furthermore, owing to the sensitivity in our model
to the forcing due to the weridional component of the wind stress in conjunction with
longitudinal gradients in topography (the teeme 7940y in (2.0.5)) we expeet thal inereased
resolution of the maodel geometry should significantly increase the accuracy of onr model
resulis,

By increasing onr model resolution, we can reduce the degree of smoolhing ol bt
tom topography necessary Lo maintain model stability sinco features are hotbor resolved.
Furtheemore, this allows selection of a hottom [riction coeflicient, and Literal mixing of
momentum coeflicient more applicable to the shelf/slope vegions, Finally, by moving 1o
higher resolution, we ablain a more acenrate representation of the Florida Straits, as well
as the longitudinal gradients in topography which, as we have seen, play an fimportant role
in our model results.

llore we examine the robustness of our earlier 1 2 17 resalts using o 1/37 ~ 1/3”
resolution, limited area version of our model as applied to the Florida Straits region, In
addition Lo the seasonal wind stress anomalies of DS, HR, T and ‘TR, the model is driven
by flow through the open eastorn (ocean) boundary specified from the 17 217 North Atlantie

valculation described in Chapter 6,
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Figure 7.1: The limited-arca, 1/3° X 1/3° resolution bottom lopography, smoothed as

outlined in the text, The contour interval is 500m,
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We solve (2.1.5) on a 1/3° x 1/3° grid bounded by latitudes 5N and 42°N, aud
longitudes 100°W and 70°W. The western, northern, and southern boundaries are c¢losed
by requiring ¥ = O there as before. However, along the castern boundary, ¥ is specified
using output from the r = 1.25 x 10~%ins™'; Ay = 10%m2s™? case described in Chapter
6. The eastern boundary transport data is lincarly interpolated from our 19 x 19 results
to the 1/3° x 1/3° grid employed here. Linear interpolation from the center of each manth
provides the necessary castern boundary condition for cach time step. In eases deseribed
as “ no inflow ", ¥ = 0 along these boundaries.

The seasonal anomalies of wind stress (those of DS, HR, I, and TR) are interpolated
from 1°x 1° to the 1/3° x 1/3° grid employed here using the scheme of Akima(1978) which,
as we mentioned when discussing the wind stresses of TR in Chapter 3, preserves the curl
of the wind stress,

The topography employed here is smoothed using the Laplacian smoother as detailed in
section 2.2.4. Here, however, we no longer impose the constraint of a minimum depth of 400
m during the application of the Laplacian filler. Furthermore, the continental boundaries,
as well as islands are now treated as shallow water of 9.1 m depth. The topography produced
in this manner is depicted in Fig.7.1. Note the model geometry now clearly resolves the
Grand Bahamas Island, as well as Andros Island (see Fig.1).

The results to be described were obtained using a value of r = 5 x 10™*ms=1 and
Ay = 103m?2s™!. For comparison, Csanady(1982) indicates values of r applicable to the
shelf/slope regions within the range 2.5 x 10~*mms~! < r < 1073 ms~" indicating the current

value for r lies in the low to moderate friction range for a shelf/slope region.
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Figure 7.2: The model-calculated scasonal cyele: of transport (Sv) belween the coast, and
the Grand Bahama Island. (a) The “no inflow” cases refer to those with ¥ = 0 on the
castern boundary, (b) The “inflow” cascs refer to those with ¥ specified from the

1° x 1° model studies of Chapter 6 (sce tezt for details).
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In order to perform a more direet comparison with Larsen’s cable data, we first examine
the transport between the model’s Grand Bahama Island and the coast, Figure 7.2 indicates
the model-caleulated transport between the coast and the Grand Bahama Island for hoth
(a) “no inflow™ and (b) “inflow™ cases, that is with ¥ specifiecd from the 12 x 17 mdel
results, or set to zero along the eastern boundary. The curves for each climatology indicate
a seasonal cycle similar to that of Larsen (Fig. L) and the 1" x 1" model results, Fig.6.1.
Note, however, the transport range is redueced in hoth cases as compared to the [ x 1 case
of Fig.6.1.

In the *no inflaw™ cases the model-caleulated seasonal ranges vary widely, with Che
DS and TR cases indicating the lowest range (0.60 So and 0.61 o respectively) while the
IH and HR cases do much better (141 and 2.02 So respectively). The “no inflow™ cases
_ré\prosont the importance of local (within the limited area model domain considered hepe)
wind forcing, and seems to indicate that for the 1 awd HR cases, local forcing is mucl
more hmportant than for the TR and DS cases. The differences between the “inflow™ and
“no inflow” cases indicates the importance of wind foreing exterior to the maodel donmain
utilized here, Examination of Fig.7.2a-b indicates a much higher transport in all cases with
“inflow” (in fact, twice as large in the DS and IH cases, while the TR case exhibits five
times the model response compared with “no inflow™), Whereas, in our earlier experiments
we found that the Il and TR transports were too large in the Florida Straits, we now find
these climatologies exhibit transport ranges lower than Larsen’s cable data, Compare the

I range of 3.12 Sv produ-ed here, with the 5.9 S» of Chapter 6, and Larsen’s 4.6 805 also
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compare the TR range of 3.02 Sv produced here, with the 5.2 §v of Chapter G, and Larsen's
data. The DS and HR cases with “inflow” fare the worst with transport ranges of anly 1.32
Sv and 2.82 Sv respectively. This result can be understood in terms of the structure of
the f/H contours in the area of the Grand Bahama Island. In our 1° x 1° case, the Grand
Bahama Island was unresolved, allowing information from a wider range of f/ Il contours to
propagate to the model Florida Straits. In the 1/3° X 1/3° case the proximity of the istand
with the coast shallows the Florida Straits during smoothing of the hottom topography.
so that the maximum depth of the Florida Straits is just over 500 m, roughly half the
depth of the 1° x 1° case. This indicates that the range of f/J contours able to enter the
1/3° x 1/3° model’s Florida Straits is half that of the 1° x 1° case and hence limits the
information entering this area due to forcing to the north and east of the Straits. Indeed,
examination of Fig.7.3, the f/H structure in this area, indicates the isiands act to divert
f/H contours out of the Florida Straits, to the cast of the Grand Bahama and Andros
Islands. Due to the convergence of planctary potential vorticity contours in this area, we
see intense gradients in f/H and therefore also expect this region to be one of strong
dissipation. Future work will have to address the problems associated with using smoothed,
high resolution topography. That is, smoothing the topography in such a manner that a
realistic depth for the Florida Straits is maintained, while at the same time removing grid
scale features which can destroy computational stabilily.

Next, we note that when choosing a grid point corresponding to that utilized in Chapter
6 (ie/ 25.5°N, 78.5°W, see Fig.7.1) we find that the 1/3° x 1/3° resolution niodel results

(“inflow” cases) agree quite well with our earlier analysis, see Fig.7.4. Choice of other grid
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points in this region yields similar results. This increased range arises from the fact that
the current points lie further offshore as compared to the GGrand Bahama Island, in a depth
of 950 m (c.f. 939.5 m in the 1° x 1° case), and hence are receiving information about wind
forcing from a larger range of f/H contours. Furthermore, there is a role for the diffusion
across f/H contonrs from deeper waters as we discussed in conjanction with Fig.6.9, an
effect which also helps to account for the increased range at this grid-point.

To gain more insight into these results we now consider “plan-views” of the model-
calculated streamfunction for the limited area model domain cases. Appendix C shows
both “inflow” and “no inflow” boundary conditions, for each of the months of January,
July, and October. In the “inflow” case for January (Fig.C.1a) there are large positive
values of transport in the deep waters to the east of the Florida Straits, which implies an
enhanced northward transport offshore of the Bahama/Antilles Island arc at this time of
year. Note, with the exception of the TR case, the Florida Straits lies within a tongue of
negative streamfunction anomaly which extends along the eastern seaboard of the model
domain (sce also the corresponding figures in Appendix A). The fact that this feature is
virtually non-existent in the “no inflow” case (Fig. C.1b) indicates the reduced flow at this
time of year in our model is a result of the inflow boundary condition applied on the eastern
boundary. It follows that the response is associated with forcing to the north and east of
the limited-area domain {north of 42°N, east of 70°W) and its presence accounts for the
reduced transport in January from the “no inflow” to the “inflow” case of Fig.7.2. A similar

situation exists for the October case (see Fig.C.2a,b). As well, in July an anticyclonic
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Figure 7.4: Comparison of the 1° x 1° resolution model-calculated scasonal cycle of
transport (Sv) with that of 1/3° x 1/3° resolution scasonal cycle of transport at
the corresponding location, for each of the seasonal climatologies of (a) DS;

(%) HR; (c) 11T; and (d) TR.
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anomaly extends along the slope with a cyclonic anomaly existing ofl-shore, this feature is
virtually non-existant in the *ne inflow™ case (Fig. (L3b) and indieates the enhanced low
at this time of year in our model is again a result of foreing to the north and east of the
limited-area domain, consistant with onr eavlier findings.

The fact that f/II contonrs are constrained to follow topography (the continental
slope in this case) explains why the values of ¥ offshore in deep water in Pigs.Clla-Ca Gl
to penetrate across the continental stope and influence the model response at Lhe Fleoida
Straits. As we noted when discussing (2.1.7), in Lhe absence of forcing, the topographic
Sverdrup balance reduces to

V\va_fnz()

i
indicating that streamlines are canfined Lo follow lines of planetary potential vorticity, which
as we have just pointed out are dominated by the continental shelf/slope in the Nortl
Atlantic. In this sense, not only is the information from deeper waters ollshore exeluded
[rom having a dominant effect (the incluston of friction does #llow dilfusion across these
contours to some extent), but also the existence of the tongue of streamfmetion anomaly
in Figs.C.la-C.3a can be seen as being guided along the continental slope to the Florida
Straits, consistent with the linear, harotropic dynamics employed in ons model. This is
hecause, as was noted carlier when discussing (2.1.5), and the CME, information in our
model propagates in the direction of long, topographic wave propagation which in this case,

is southward along the continental slope {cf. Csanady, 1978).
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CHAPTER 8: SUMMARY AND CONCLUSIONS

In this thesis, the wind-forced response of the North Atlantic is evaluated. In order to
accomplish this task, we have developed two of the simplest possible numerical models that
can he used for this purpose; namely, a linear, single layer, barotropic model, and a linear
two-density layered model. The models extend from 10°S to 65°N and 100°W to 15°FE
and have been utilized to study the scasonal variability of the Florida Straits transport.
The madels are driven with the seasonal anomalies (monthly means with the annual mean
removed ) of wind stress as derived by each of da Silva et al. (1993a; hereafter DS), Hellerman
and Rosenstein (1983; hereafter HR), Isemer and Hasse (1987; hereafter IH) and Trenberth
ct al. (1990; hereafter TR). In particular, we study the effect each of these different wind
stress climatologies has on the model-calculated seasonal transport variation.

Forcing the models with each climatology leads to a model-calculated, seasonal trans-
port variation at the Florida Straits similar to that observed, with maximum northward
transport in the summer and minima in the fall and late winter. However, each climatology
produces differing ranges (that is maximum minus minimum transport). In the barotropic
model with 1° x 1° resolution, the HR wind stress field gives an annual range of 3.65v, DS
2.85v, IH 5.95v, and TR 5.25v. By comparison, Larsen’s {1992) cable-derived transport for
the Florida Straits indicates an annual range of 4.6 4 0.4 Sv. This indicates that compared
to Larsen, the amplitudes of the IR and DS cases are oo small, while IH and TR are
too large. We find that whereas the meridional component of the wind stress is the most
important for determining the overall cycle of transport calculated by the model, differences

in the zonal component play an important role in determining the differences between each
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case, We have also seen that the forcing term due to the meridional component of the wind,
in combination with the cast-west gradient of topography, is very important for determining
our model response. Furthermore, forcing through this component is particularly significant
along the continental slope region to the north of the Straits. This contrasts with Boning
et al.(1991b) whs concluded, using the Kiel version of the WOCE-CME, that wind forcing
north of 359N played little role in their results. We suggest that this may be becanse of
advection (e.g. of the density field) by the mean flow in the CME cexperitments. On the
other hand, our simple, lincar models can account for the increasa in the amplitude of the
model-calculated seasonal signal found by Boning et al.(1991b) when using T wind forcing
rather than HR. Indeed, the ranges calculated by our mode} using HR and 111 wind forcing
agree well with the CME results.

It is disappointing that the DS wind stress fields give the sinallest amplitude of all our
cases. We believe the DS wind stress climatology to be the most representative of the actual
wind stress over the ocean of all the climatologies used here. This is because of the way
the DS climatology has been constructed; taking account of the scientific Beaufort scale
(Kaufeld, 1981) and a correction for ship anemometer height, before calculating the stress,
Furthermore, unlike IH, these corrections were made to the individual ship observations,
in an effort to reduce bias in the calculated momentum fluxes. One possible reason for
the discrepancy is that the wind stress climatology is compiled from data collected over a
different time period (actnally 1945-89) than the cable data. We have checked this and run
the 1° X 1° model with a modified DS wind stress climatology that uses data only from the

months for which there is cable data. The result is shown in Figure 8.1. The range of the
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maodel-calenlated solution is increased slightly over the standard barotropic DS case (3.05v,
as against 2.85v before), but is still less than the range found in Larsen’s data. Perhaps
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Figure 8.1: A comparison between the DS (1°x1°) case and Larsen’s cable data, but when
the data used to compile the wind stress climatology is taken only from those months
Jor which there is cable data.
the discrepancy is saying that linear, barotropic dynamics is not enough to explain the
observed scasonal variation of transport through the Straits 7 Certainly, the wide range in
the amplitude of our model response, which is dependent only on the wind stress clima-
tology used to drive the model, suggests that obtaining agreement between a model and
observations is not enough in itself to determine the essential dynamics responsible for the
abservations, Rather, intercomparisons between experiments using models of differing com-

plexity are required, e.g. the intercomparison we have made between our linear, barotropic
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model and the WOCE-CME. Indeed, it scems likely that much is to be gained by explaining
the discrepancies between results obtained using models based on different dynamies.

In addition to the barotropic results previously discussed, we have also run cases with
a linear, two-density layer model at 1° x 1° resolution. similar to that of Anderson and
Corry(1985b). The results do not difler greatly from those of the barotropic model. When
the JEBAR (Joint Effect of Baroclinicity And Reliel) forced transport is also considered
the amplitude of the madel-calculated response changes slightly in cach case, with ranges of
6.15v, 5.85¢. 3.95v and 3.35v for each of IH, TR, HR and DS, respectively. ‘The range in
the DS and HR cases come into closer agreement with the cable data, but still muck Jower
than the other climatologies.

Experiments using a 1/3° x 1/3° version of the model applied to the region bounded
by 5°N, to 42°N, and 100°W to 70°W generally confirms our carlier analysis that wind
forcing exterior to the Florida Straits is important for our model results. When the castern
houndary is closed, the model-calculated ranges between Grand Bahama Island and the
coast are; 0.6 Sv, 2.0 Sv, 1.4 Sv and 0.6 Sv for each of DS, R, I, and TR. When flow
through the eastern boundary is specified from our 12 x 1° resolution model results, the
model-calculated ranges between Grand Bahama Island and the coast are; 1.3 Sv, 2.8 §'v,
3.1 Sv and 3.0 Sv for each of DS, HR, IH, and TR. Again, these results are inconsistent
with Boning et al.(1991b) who concluded, using the Kiel version of the WOCE-CMF, that
wind forcing north of 35°V played little role in their results.

The details of the model-calculated amplitude in the [/3° x 1/3° resolution results

are particularily sensitive to the precise choice of which grid point is used to represent the
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Florida Straits. If we choose the Grand Bahama Islands, the cases with transport specified
an the eastern boundary yield ranges of 1.35v, 2,85v, 3.05v and 3.1Sv for each of DS, HR,
TR, and I respectively. If instead, we choose a region hetween the Grand Bahama Island,
and Andros Island (the Providence Channel area) the 1/3° X 1/3° model-calculated results
agree quite well with our 12 x 1° results. This would appear to be a consequence of the fact
that even at 1/3° % 1/3° resolution, we still do not properly resolve the Florida Straits. The
1/3° » 1/3° resolution Florida Straits essentially do not receive as much information along
S/ 1 contours as in the 19 x 1° case, or as the grid-point in the vicinity of the Providence
Channel because, as a result of smoothing the topography, the model Straits are too shallow
in the 19 x 19 rase. Future work wili have to address the problem of using high resolution,
smoothed topography, while maintaining a realistic depth for the Florida Straits.

The general agreement between the barotropic and two-density layer model, and their
failure to reproduce some, but not all of the CME results points to the possible importance
of non-linearity and, in particular, advection by the mean flow in determining the observed
scasonal transport variations at the Florida Straits. We noted, when discussing this problem
in Chapter 6, that advection by the mean flow can carry information in the direction opposite
to that of long, topographic wave propagation. Indeed, Greatbatch and Goulding(1992)
give an example of this effect in which the important process is advection of the density
field (and subsequent forcing of the barotropic flow field via JEBAR - 'the Joint Effect of
Baroclinicity And Relief). It remains to be seen if this process is important in the case
of the Florida Straits (and also similar advective effects found in the idealised calculations

of Greatbatch and Li, 1990), a topic for future research. Advection is, nonetheless, one
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way that information could be cartied from the Caribbean to the Straits. Schott and
Zantopp (1985) noted that the seasonal variation of the wind stress curl over the Caribbean
is similar to that of transport through the Straits, but offer no physical explanation for any
connectionn between the two. Also, Schott et al.(1988) have shown that a frictional model
based only on the along-Straits wind stress can reproduce the observed transport variations
provided a different dissipation time is used for difTerent time scales of variability (a similar
“local” mode] has been described by Lee and Williams, 1988). ‘T'his contradicts our finding
that remote wind forcing, north of 35°N, plays a role in determining onr model-caleulated

transport variations.
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