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Abstract

We investigate the response of the North Atlantic to wind and atimospherie
pressure forcing with a two-dimensional, fine-resolution barotropic model. The model
domain extends from the equator to 65°N and from 100 W 1o [1“I5 with a resoln
tion of 1/37 in latitude and 2/5% in longitade. The foreing lield to drive the model
is the twice-daily wind and atmospherie pressure data from the Buropean Center
for Medinm Range Weather Forecasts (ISCMWI). The model results are compared
with sea lovel observed al coastal tide gauges, volmme transport derived from voltage
measirements made using a submarine cable across the Florida Straits, and hottom
pressure data collected on the Labrador and Newfoundland Shetl, The time seales
being studied range from several days Lo scasonal.

The primary model experiment is a two-year (1985-1986) ron driven by hoth
wind and atmospheric pressure foreing. Three one-year runs are used to determine
the contributions from the individual forcing, and the inflnenee of Hadson Bay on the
Labrador Shelf. Model results show the best agreement, with observed sea level data
at locations with broad shelves where the stratilication is weak. Significant, colierence
between observed and modeled adjusted sca level is obtained at periods heyond ~3

days, at fonr representative stations along the western boundary. Contribntions from



atmospheric pressure forcing are not important for periods heyond ~2-3 days. The
primary model experiment explains the observed volume transport variation through
the Florida Straits at synoptic time scales, which is mainly due to wind. The model
captures the variation at longer time scales in 1985, but not in 1986. The exclusion
ol adveetion by the mean flow may be the reason for the drop of coherence at ~10
days in the case ol the Florida Straits volume transport and at ~i2 days in the case
of sea level at Fernandina Beach, Florida,

Model ontput is also coherent with the observed hottom pressure data from
the Labrador and Newloundland Shelf. The signilicant, non-isostatic response in the
observational data at synoptic time scales is reproduced by model experiments with
the Huodson Bay-Hudson Strait system included, with energy peaks at ~2-6 days.
The contribution from atmospheric pressure forcing is only important in generating
the energy peak at ~2-6 days when the Bay /Strait system is included, verifying the
Helmholtz-like resonance mechanism proposed by former researchers. Wind florcing
dominates over atmospheric pressure forcing at synoptic time scales. In particular,

the wind over Hadson Bay-Hudson Strait is shown to be important.
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Chapter 1

Introduction

The motivation of the present study is to determine how well a simple barotropic
model, driven by realistic wind and atmospherie pressure forcing, can explain vari-
ability in observed sea level, volume transport and bottom pressure data from the
North Atlantic. The time scales examined span from several days to seasonal, the
periods at which the barotropic respouse is expected to dominate,

Atmospherie foreing (wind and pressure) is one of the major excitations and
energy inputs to the occan. Other foreing may come from the variation in the relative
position of the carth with the moon and sun, causing tides; or the uneven heating and
fresh water input at the ocean surface, whic! -lrives the thermohaline circulation. In

reality, the atmospheric forcing consists of a broad-band spectrum, both in time and



space. The nature of the occanie response to external foreing depends largely on the
spatial and time scales.

The effeet, of atmospherie pressure forcing is evident in inducing sea lovel vari-
ations. A major part ol the sca level response can be modeled using the inverted
barometer (1B) approximation (Gill and Niiler, 1973). The 13 approximation im-
plies an equilibrinm occanic response in which sea: level gradients perfectly offset the
horizontal gradients in atmospherie pressure fields. The 1B response is dynamically
unimportant as there are no currents associated with it s the deviation rom 113,
or the non-isostatic response associated with atimospherie pressure foreing, thal is
of dynamical interest. The recent work of Ponte et al. (1991), Ponte (1993) and de
Young et al. (1994) addressed the breakdown of the 1B approximation nsing coarse
resolution numerical models, A general conelusion can be drawn from these stud-
ies is that the 1B approximation is generally valid al periods heyond 2 days, but,
failure at longer periods oceurs over extensive regions. The non-isostatic sea level
variation tends to amplify near boundaries, lowever, these models are too coarse
to examine the response al the coast and in shelf regions, where more observational
data ave available. Garrett ot al, (1985) found a signilicant, non-isostatic response ad,
synoptic time scales (~2-10 days), in the sea level data at Nain, Labrador. Wright, ot,
al. (1987) attributed this imusual response to the influence from a resonant, response

2



of the Thadson Bay- Hudson Strait system to atmospherie pressure foreing. Clearly
models capable of resolving the shelf arcas and adjacent shallow seas are called for to
clarily this point.

Studies of the oceanic response to wind stress foreing have been snmmarized
in section 12.4 of Gill (1982). Using a numerical model nnder idealized wind fore-
ing, Anderson et al. (1979) studied the transient, response of the ocean at short (up
to 100 days) and long (up to years) time scales. They showed that at short time
scales, a rapid barotropic adjustiment takes places within a few days, giving rise to a
topographically modified Sverdrup flow in the ocean interior. This response is essen-
tally the same as in an unstratified occan. In the meanwhile, baroclinic adjustment,
modilies the barotropic response and at long time scales a linal state with all the -
motion being conlined near the surface is established. At midlatitudes, the baroclinic
adjustiment is so slow thal barotropic dynamics is expected to be important al sea-
sonal time scales. Gill and Niiler (1973) obtained the same result based on a scaling
argument. Greathateh and Gonlding (1989, hercinafter referred to as GG) presented
Lheir results on the scasonal variations in the North Atlantic, with a 1° x 19 resolution
barotropic model run using the monthly mean seasonally varying surface wind stress
forcing of Hellerman and Rosenstein {1983).  Their model suecessfully reproduced

the phase of the scasonal cycle in adjusted sca level, corrected for the steric effect,



at stations along the southeastern scaboard of the United States and at St Johin’s,
Newfoundland. The model also reproduced the scasonal exele of volume transport
through the Florida Straits. althongh it underestimated the amplitude,

Wind forcing plays a rvole partly hy causing local wind sel-up and partly by
changing the large seale ocean cirenlation.  Processes celated to wind forcing in
coastal waters vary from storm surges, coastal trapped waves, to coastal cireulation
(Csanady, 1982). Greatbatch el al. (1990) applicd the same model as GG's Lo Lhe
Labrador and Newfoundland Shelf. Their model had a finer resolation (1744 51 /1¢)
to resolve the Shelf, and introduced the influence of the rest of the North Atlantic by
combining the output of GG's coarse resolution North Atlantic at the open bonndary.
Scasonal variation in sea level was studied. A similar study, by de Young et al, (1992),
addressed the variation at synoptic timescales. Contributions from hoth local set-up
and large scale influenee were fonnd Lo be important on the Shell,

As is well known, there are several large mmmerical ocean cirenlation models
presently being run by a number of rescarch groups in the world, "The most distin-
guished models are the Bryan-Cox-Semtner mocel (see eug., Bryan, 1969; Cox, 1984)
and its successors, c.g., the free-siurface version of Killworth et al. (1991) and the
eddy-resolving WOCE-CME (the World Ocean Cirenlation Experiment, Commnnity

Modelling Effort, sce Bryan and Holland, 1989}, These models; intended Lo investi-



gate the overall motions in the world vecans., form the mainstream of the munetical
ocean circulation studies. As these large models are physically complex and computa-
Lionally costly, simple models can provide some help, in certain aspeets. to understand
the behavior of the more complex models, For example, Fanning et al. (1994) stud-
ied the scasonal transport. variations through the Florida Straits using a barotropic
model forced with different, wind stress climatologies. They made a comparison of
their simple model results with those of Boning et al. (1991), who used the Kiel ver-
sion of the WOCE-CMIE. Both agreement and disagreement between the two models
were lound, providing insight into the dynamical processes at work.

The model used in the present work is similar to that nused by GG. The rigid-lid
approximation as used in their model is now relaxed and the integration is performed
in the time domain (GG did their caleulations in frequency space by replacing 9/ot
with /w, this method being feasible only for a lincar system). The rigid-lid approx-
imation climinates surface gravity waves and enables large time steps to be taken,
and is adopted by most versions of the Bryan-Cox-Seminer model exeept that of Kill-
worth el al, (1991). Two of the reasons Killworth et al. argued in favor of free-surface
models are (i) it enables the direct assimilation of altimetric data into ocean models,
which will play an important role in the generation of ocean prediction models, and

(i1) it allows tides to be included, which are believed to play a role in alfecting mixing



processes. The study of the non-isostatic response to atmospherie pressure forcing
also needs a frec-surface model. We also expeet sarlace gravity waves to play some
role in the high frequeney response, since the basinwide resonance for the North At-
lantic has a period of about a day (Ponte ot al., 1991). Morcover, although not done
hiere, nonlinear interactions of tidal enrrents and their interactions with atmospheric
driven currents, the effects of which cannot casily be removed by harmonic analysis,
can only be included with a free-surface model.

The nse of forcing fields, imore representative of reality, was called Tor hy Wille-
brand et al. (1980). The forcing ficlds adopted to drive the model in the present
work counsist of the wind and atmospherie pressure dataset fron the Furopean Cen-
ter for Medinm Range Weather Forecasts (ECMWIE), These data are a combination
of observations mnd maodel noweast results and arve the hest available data to nse i
regions where observations are sparse. ECMWE forcing was nsed hy Ponte (199:3)
and de Young et al. (1994) to study the non-isostatic response of sea level in their
global models. The ECMWE wind forcing was used also by de Young et al. (1992)
their study of the bottom pressure variability on the Labrador shelf. The EKCMWI?
data arc twice-daily and long time series are available, This enables onre study on the
model behavior to cover a wide period range, from several days to many ionths,

Our model results will be compared with three observational datasets. They

6



are, respectively, sea level from an array of tide ganges along the coast around the
North Atlantic; the daily mean volume transports through the Florida Straits, as
derived from voltage measurements using a. submarine cable (Larsen, 1992); and
bottom pressure data collected on the Labrador and Newfoundland Shelf between
summer 1985 and simmer 1987 (Wright et al., 1988).

The plan of this thesis is as follows. In the next chapter, an introduction to
the model and the design of the model experiments is given. Comparisons of the
model results with observational data are given in chapters 3-5. The resulis for sea
level variations al stations along the coast of the North Atlantic are presented first
(chapter 3), followed by an investigation on the volume transport variation through
the Florida Straits (chapter 4). An intensive study on the bottom pressure variability
on the Labrador and Newfoundland Shelf is reported in chapter 5. Summary and

conclusions are provided in chapter 6.



Chapter 2

The Model

2.1 The Governing Equations

We work with the vertically integrated, lincarized shallow water equations for a homo-
geneons ocean, forced by wind and atmospherie pressure vaviation (e.g., Gilly 1982).

In spherical coordinates, these are

oy ! d 0 )
TR (/)[m(llu) + ;-)-(7,( Iyeosg) =0 (2.1)
du . g 0 P (r) — ') \
— — 2 P = —— — — A LA ¢ .
o)} win ¢ 0 @ cos ¢ A "t /),,g) poll Al (2.2)
v ) g i Pa (T4. _ T,"I') .
—_— D 2.. gy = =L 5 h o . .:
gu THbIn b= = gtk T A (2.4)



where A s longitude, ¢ is latitude, u and » are the castward and northward compo-
nents of velocity, 9 is the upwards displacement of sea level, p, is atmospheric pressure,
2 the rotation rate of the carth, a the radins of the carth, ¢ the aceeleration due to
gravity, p, is a representative density for sca water (taken here to be 1025 kg m™?),
I is the depth of the ocean. 7 and 77 are the castward and northward components
of the surface wind stress, which are computed following Large and Pond (1981). 7
and 7% are the bottom stress components, which can be related to the velocity field

cither by a lincar hottom friction law
(i 78)/ po = r(u,0) (2.4)

or by a quadratic law

—
N
ot

~

1/2
(1 1) pa = k(e + %) 2 (u,0)
with 7 and &, the lincar and guadratic bottom friction coeflicients respectively, both
empirical constants. Finally, [ and [* represent the effeets ol horizontal eddy vis-

cosity and can be parameterized as (see Bryan, 1969)

I *u [ () du i . 2tan ¢ dv
r\ —_ RS R i o — 1 2 _ ' . *
/ a?cost pINE T atcos (')q’)(( o8 (/)(')(f)) + a? [(1 = tan®g)u cos (/) E2) (2.6)
. 1 A 1 v | 2tan ¢ du
¢ _ — tan? —| (2
T a?cos? N2 + atcos ¢ ()(]5 (( o (/)() />) [(l tan® ¢)v + cos ¢ 0/\] (2.7)

To close the problem we need to set the lateral bonndary condition. As onr
model domain covers almost. the whole North Atlantic basin (from the equator to
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65°N). we close the north and south houndaries just as at the coast. A\ “no-slip”
condition is set along all the bonudaries, including boundaries of islands, 'The equator
is a natural boundary as it as acts as a waveguide, i.e., disturbances are trapped in
the vicinity of the equator (Gill, 1982).

The above problentis a linear one i the linear law of hottom {riction is adopted,
(the advection terms have been neglected because the veloeities in the solution are
small). The nonlinearity introduced by the gnadratic law is expected to he animpor-

tant.

2.2 The Metbhod of Solution

Unlike models involving the rigid-lid approximation, our mass-conservition cqua
tion (2.1} includes the free-snrface variation. This avoids the introduetion of a stremn-
function to replace the velocity components. Thus we must, work with the primitive
cquations,

A finite-difference method, similar to that designed by Heaps (1971), is used
to solve the above problem. The centered differencing for the spatial diflerential
operators is performed on the staggered C-grid of Mesinger and Arvakawa (1976), with

an 5 grid-point snrrounded by two ¢ points ab the same latitude and two o points
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al the sane longitude (see Figd of GG). A forward-in-time differencing scheme is
applied to equation (2.1) to calenlate . A backward-in-time scheme is applied to
cquations (2.2) and (2.3) to caleulate w and v, except that the lateral friction terms
are treated explicitly, The Coriolis terms are calenlated by averaging the updated
values of o at four v-grid points surrounding a u-grid point. or averaging v at four
w-grid points surrounding a o-grid point.  The bottom friction terms are treated
implicitly for the lincar case but of a mixed type for the quadratic case (the part
k(4 v2)Y4 s explicit).

The most important stability condition for the finite-difference scheme described

above is the Courant-Friedrichs-Lewy (CFL) criterion

(2.8)

where As is the minimum grid spacing between grid points of the same variables, For
onr model domain with a resolution of 1/3° in latitude and 2/5° in longitude, (2.8)
requires the maximum time step 1o be no larger than 60 seconds. We nse a time step

of 60 seconds in our model experiments and the caleulations are found to be stable.



2.3 The Inverse Barometer Effect

In equations (2.2) and (2.3), the atmospherie pressure termy, p, /pog, can be replaced
by
I

— g = — (0 — ) (2.9)

of

where 77 is a spatial average of py, 7, is the surface clevation called the inverse
harometer(IB) response. In the atmospheric pressurc-only case, =y, iimplies an
equilibrinim oceanice response in which sca level gradients perfeetly offset the horizon-
tal gradient in atmospheric pressure lields (Gilly 1982). No currents are generated
when the 1B response is established (refer to equations (2.2)-(2.3)). For Lhis reason,
Lhe pressure-indnced sca level slopes are not dynamically signilicant and are nsually
subtracted from observed sea level data. 1t is the remaining part, namely the adjnsted
sea level 9’ delined by

0= = (2.10)

that is of dynamical interest,

In calenlating 5, with equation (2.9), the spatial average of atmospherice pres-
sure, e, should be compited over the global oceans to ensure the total volume of
sea water is constant, (taking the sea water to be incompressible). The T3 response

involves contributions from hoth local and nonlocal atimospheric: pressire floetna-
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tions, e 7, can change with P even when the local p, remains constant, (Ponte et
al, 1991). If 77 is constant, then the “local” 1B approximation results, i.e. changes
in sea surface elevation are induced only by changes in local atmospheric pressure (|
mbar increase in p, corresponds to approximately 1 cm decrease in 7,). In reality,
however, 1, varies with time (see Fig, 3 in Ponte, 1993), and the nonlocal influence
ol atmospheric pressure [lnctuations must be taken into account. The 1B response
of sea level calenlated with equation (2.9) can be removed from observed sea level
(according to equation (2.10)) to compare with model-calculated adjusted sea level.

Since the model in the present study is not global, but has a limited domain
(the North Atlantic), the average of p, over the model domain is nused in (2.9) to
caleulate the 1B response of the model. This ensures the total volume of sea water
within the model domain is constant. Model-caleulated adjusted sea level is then
obtained using (2.10) to remove the 1B response from model-calculated se.. level.

Adjusted sea level can be related to variations in occan hottom pressure, pj. In
a miiform density ocean and following the hydrostatic approximation, the relation is
derived as

o = poytt’ + T’ (2.11)

with 77" is the time-varying part of 7, the atmospheric pressure averaged over global
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occan, and 7' is the adjusted sea level, The local 113 response has no contribution
to bottom pressure variation. The contribution from the nonlocal 1B response, Py,
is estimated to b small compared with ' (the amplitude of 7577 is only ~ 1.5 mbar
from the BECMWI datay see Fig. 3 in Ponte 1993). In Chapter 5 we compare the
model-calenlated adjusted sea level directly with observed bottom pressureg e, | em

increase in adjusted sea level corresponds to ronghly T oimbar inerease in pj.

2.4 Model Experiments

The bottom topography adopted in onr model experiments is the same as that used
by Bryan and Holland (1989) iu their eddy-resolving general circnlation model, ex-
cept that our model domain extends from 0°N Lo 65°N and from HO"W to 1471 and
the Hudson Bay-Hudson Strait system is included (Fig. 2.1). The resolution is 1/3°
in latitude and 2/5° in longitude, giving an equal grid spacing i the north-sonth and
cast-west directions of about 37 kin at 34N, Fhis topography is stepwise (with 30
discrete depth levels) and designed for three-dimensional, level models, The topogra-
phy of the Hndson Bay/Hudson Strait is first extracted from a digital terrain dataset
(with a resolution of 17129 x 1/12¢), then lincarly interpolated to the 2/5° 1 /3°

grid and diseretized to the closest diserete level) and finally ierged with the North
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FFigure 2.1: Bottom topography of the model domain. The contonr interval is 500m.



Table 2.1: List ol model experiments

# Forcing Field Model Domain
EXP1  wind and pressure  whole domain
[EXP2  pressure only whole domain
cXP3  wind and pressure  Hudson Bay elosed
EXP4  pressure only Hudsou Bay closed

Atlantic topography. In some of the model experiments, the Tudson Bay Hudson
Strait system is elosed in order to determine its influence on the Labrador and New-
foundland Shelf.

The model input is provided hy the wind and atmospheric pressure ficlds from
the Enropean Center for Medinm Range Weather Foreeasts (ECMWI). The KCM W
data is twice-daily (sampled at 0 and 12 hour GMT cach day) with a spatial resolution
of 2.5° x 2.5°, These data are interpolated Lo the same resolution as the topography
using the technigue of Akima (1978) and then lincarly interpolated to cach time step.

The model experiments deseribed in the following chapters are listed in Ta-
ble 2.1, The primary experiment, EXP1, is a two-ycar (1985-1986) calenlation using,
both wind and atmospherie pressure foreing over the whole domain, i, the Hudson
Bay-Hudson Strait system is included. Resnlts of this experiment, in comparison
with obscrvation, reveal the general behavior of our harotropic model. 'The remain-

ing experiments are designed to determine the influence of individnal factors, 1BXP2
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is applied to the whole domain, but using pressure {orcing only. EXP3 and EXP4 are
run using the model domain exeluding the Tadson Bay-ludson Strait system, the
former being driven by bhoth forcings and the latter with atmospheric pressure forcing
only, These two experiments are designed to determine the influence of the Hndson
Bay Hudson Strait system on bottom pressure on the Labrador and Newfonndland
Shelf, EXD*2, EXDP3 and EXP4 arve ran for one year. The model runs start, from a
state al rest. An test experiment shows that, the results are independent of initial
condition about, two weeks alter the model started.

Quadratic hottom friction with & = 2.5 x 107 and a horizontal cddy viscosity
coeflicient of Ay, = 107 m%~" are nsed in all of the above experiments, These values
of b and Ay reproduce the right pattern of amphidromic points under tidal forcing,
suggesting their appropriateness for our study. For models driven by monthly or sca-
sonal mean wind fields, the curvents will he weaker and thus cause a weaker damping.
In that case, the lincar formy of the hottom friction is usnally used (e.g.,GG). To test
the sensitivity of the model to the botiom friction formulation, we make two short

e

rims nsing the linear bottom friction law with r = 5 x 107" ms~!

, one under both
wind and atmospherie pressure foreings and the other under pressare forcing only.
The results of the two tests are compared with those of EXPT and EXP2 respectively.

Figs, 2.2-2.4 show that, for both wind and atmospheric pressure forcing, the
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Figure 2.2: Adjusted sea level at 5 tide ganges along the western houndary, from
models runs under both wind and atmospherie pressure forcing, Solid lines are from
EXPI, using the gquadratic hottom friction with & = 2.5 2 107*, Dot-dashed lines are
from the same model exeept that ncar bottom friction with r = 5 2 10 s Vs

used. Loeations of the 5 ganges are shown in Fig. 3.1,
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Figure 2.4: Same as Fig. 2.2 hut, for the volume transport. through the Flovida Straits.

model gives almost the same results using quadratic bottom friction with b = 2.5 <

[0-% as it does using lincar bottom friction with r =5 x 107hns™" ) at least as far as

the along-coast and across-shell adjusted sea level (and bottom pressure), as well as
the volume transport through the Florida Straits is concerned. T'his means that, at
least on the shell and near the coast, onr choice of gnadratic bottom friction in the
model runs to be deseribed gives results comparable to those obtained asing linear
hottom friction with r = 5x 10" s~ The latter corresponds Lo a damping, time, ',1,
of 4.6 days for a depth of 200m and 23 days for a depth of 1000m. Putting kju] = »
with & = 2.5 x 107 and » = 5 x 107hns™! pives [u] = 0.2ms7, a typical value

obtained in the shelf regions for both cases.

We wish to study the contribution of *wind-only” from the above experiments,
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lines are obtained by subtracting the results of EXP2 from EXP1. Dot-dashed lines
are from a test driven by wind only, using the same guadratic bottom friction as in
EXPL and EXP2.
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This is carriecd ont, for the lNudson Bay-lnudson Strait system included case, by
substracting the results of EXP2 from EXPL; and for the Bay/Strait system exchided
case, by subtracting the results of EXP4 from EXP3. The accuracy of this process is
not. gnaranteed becanse of the use of quadratic bottom friction, hut can he assessed
from Figs. 2.5-2.6. These figures show that, for the Bay/Strait system included case,
the adjusted sea level obtained by subtracting the results of EXP2 from EXP1 is in
agreement with that obtained from a test experiment driven by wind lorcing only,

nsing Lhe same gnadratic bottom friction as in EXPL and EXP2.
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Chapter 3

Variations of Sea Level

3.1 Introduction

Sea level data have been collected at o greater number of stations and over longer
periods than most, other observations for the occan. Interpreting these data provides
one means Lo nnderstand the variability in the ocean. An example (Maul et al., 1990)
is the attempt to infer variations of the Florida Current. from the sea level ohserved
at nearby tide gauges, particularly becanse long-period transport, measnrements were
unavailable hefore the advent, of the cable data (Larsen, 1992).

Sea level variations can be attribiuted to wind and atmospherie pressare fore-

ing, large scale ocean current. and thermohaline changes. Blaha (1984) analyzed the
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monthly sca level flnctiations observed in the South Atlantic Bight (from Koy West
to Norfolk). The effect of atmospheric pressure was treated as an inverse barome-
ter, Local heating and cooling al the sea surface results in an annual cycle of sterie
sea. lavel within the upper layer of water. Contributions from the local winds were
determined by a multiple regression method. These tiree effeets were removed from
the observed sea level time series. The residnal component was investigated for its
relationship to the fluctnations of the Gulf Stream. It was found that the scasonal
sea level signal in and to the north of the Florida Straits appears similar to that ob-
served in the Caribbean and Gulfl of Mexico, suggesting a common underlying driving
mechaunism in these regions.

A study of the monthly mean sea level from an extensive array of tide ganges
along the coast. of the North Atlantic was provided by Thompson (1986). The spatial
scale of sea level change was fonud to be large. Coherent signals were found within
three distinet groupings of tide ganges: one located on the eastern boundary and on
the western boundary two groups, respectively north and south of Cape Hatteras, A
regression method similar to that of Blaha (1984) was applied to determine the effects
of local winds and scasonal cycles. Sea level variation along the castern houndary
was [ound to he related to changes in the flat-bottomed Sverdrup transport of the

North Atlantic and henee the large-scale wind field, the correlation between the two

|



increasing with decreasing frequencey. At the western boundary, it was speculated
that changes in the Gull Stream would have contributions,

As mentioned in Chapter [0 GG's results from a coarse resolation (195 1)
North Atlantic model foreed by monthily mean seasonal wind stresses achicved some
suceess i explaining the part of scasonal sea level variation caused by wind foreing,
Follow-up studies of Greathateh et al. (1990) and de Yonug ot al. (1992) with line-
resolution models investigated the variability on the Labrador and Newlonndland
Shelf, at scasonal and synoptie time scales, respectively. These models were solved in
[requency domain and thus preventing a statistical study over a wide frequency hand.
The use of the rigid-lid approxiniation made these niodels isappropriate to stady the
non-isostatic response to atmospheric pressure. These shorteomings are overcome in

the present study.

3.2 Model Results

Modecl-calenlated sea level is compared with observations at 15 tide ganges, situated
around the North Atlantic. Locations of these stations are listed o Table 3.1 and
shown in Fig. 3.1, Observations from these stations, sampled al 6-honr intervals,

were obtained from the Marine Environmental Data Serviee, Harmonie analysis is

26



Table 3.0 List of tide gauges where model output. of sea level is compared with
observations. Locations are shown in Fig. 3.1.

#£ Station Latitude  Longitude
(“N) (“W)
I St John's, NF 47.57 H2.68
2 Halilax, N.S. 14,38 63.35
3 Portland, ME 43.41 70.18
1 Atlantie City, NJ 39.21 74.29
5 Hampton Roads, VA 37.02 76.23
6 Charleston, SC 3248 79.58
7 Tort Pulaski, GA 32.03 80.54
8 Fernandina Beach, I°L 30.30 81.26
9 MHaulover Pier, FL.~ 25.75 80.25
10 Reykjavik, leeland 61.09 21.58
It Newlyn, Britain 50.00 534
12 Brest, France 49.23 4.30
13 La Coruna, Spain 43.22 8.24
14 Lagos, Portugal 37.05 8.40
15 Las Palmas, Spain 28.08 15.27




Figure 3.1: Locations of tide ganges along the coast as listed in ‘Table 3.1
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performed on cach record to remaove the dominant tidal signals. A Tow-pass [ilter with
entoll at 32 hours is applicd to the data to remove any residual energy below | eycle
per day. The 1B response of sea level, calenlated by taking the average of atmospheric
pressire over a global ocean domain, is then removed to obtlain the adjusted sea level
for observational data.

As stated in Chapter 2, the 1B response of model-caleulated sea level is caleu-
latedd by taking the average of p, over the model domain. This is removed from the
model output of sea level fickds to extract the time series of adjusted sea level at these
gauges. A low-pass lilter with entofl at. 1.5 days is performed on the modeled time
series for comparison with observations.

Time series of adjusted sea level obtained from observation and our primary
model experiment, EXPL, are plotted in Figs. 3.2 and 3.3, for l-year duration from
July 1985 to June 1986, Agreement between model and observation is found at all
the ganges at the western boundary except Haulover Pier (Miami). At the castern
boundary, there is little agreement, except perhaps al Newlyn and Brest. Failure
of the model to reproduce the observations at Reykjavik may be attributed to our
nurealistically closed northern boundary which passes through Iceland. The reason
for the disagreement ab Hanlover Pier, La Coruna, Lagos and Las Palmas needs Lo
be explored, We shall return to this in the next section.
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Figure 3.2: Time series of adjnsted sea level for tide ganges along the western honned-
ary, for I-year duration from July 1, 1985 to 30 June, 1986, Solid lines are [romn
observation and dot-dashed lines are from 1EXPI. The mumber hefore the station
name corresponds Lo the station nmmber shown in IFig, 3.1.
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Figure 3.4: An expanded view of Fig. 3.2 for the first 2 month of 1986 at 4 stations
along the western boundary, Solid lines are from observations and dot-dashed lines
{from 1EXP1,
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To examine the behavior of the model at stations where good agreement hetaween
model and observation is found, we chose four stations along the western houndary.
namely St. John’s, Halifax, Hampton Roads and Fernandina Beach, These stations
are representative of the Grand Banks of Newfonndland, the Scotian Shelf, the Middle
Atlantic Bight (north of Cape Hatteras) and the South Atlantic Bight (south of Cape
Hatteras), respeetively. The helhavior of the model at short periods is illustrated in
Mig. 3.4, an expanded view of Fig. 3.2 for the first two months of 1986. Short-period
events (about several days) are well captured by the model. The model is quite in
phase with observation at all the four stations and estimates the right amplitude
ol variation at the three northern stations, but underestimates the amplitude at
Fernandina Beach,

Statistica' analysis is performed at the four stations selected above. Coherence
between observation and EXP1 is well above the 95% confidence level for all the four
stations at periods beyond 3 days and the model results are in phase with observation
(IMig. 3.5). The coherence peaks shift from ~3-8 days at Fernandina Beach to ~5-15
days al. Hampton Roads. A drop in coherence is found at ~12 days at Fernandina
Bva('l!.

Power spectral density and variance conserving spectra plots (Figs. 3.6 and 3.7)
show that EXI'I gives asimilar trend of energy distribution with that of observation at
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Figure 3.5: Coherence squared and phase lag between observed and model-calelated
adjusted sea level, al 4 stations at the western boundary, Solid curves are observi-
tion vs. EXPL; dot-dashed curves are observation vs, [KXP2. Coherence above the
horizontal dashed lines is significant at, the 95% level. Positive phase means thit
observations lead model.
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Figure 3.8: 2-year (1985-1986) time series of adjusted sea level at 4 stations along
the western boundary, after performing a low-passed filter with a cutoll period of 60
days. Solid lines are from observation and dot-dashed lines from XL,

the four stations. Energetic peaks at periods below 20 days are generally reprodueed,
but the model underestimates the energy for the two southern stations,  Another
feature is that the model nnderestimates the energy density at periods beyond 30
days, for all of the four stations.

The inability of the model to capture the longer time scale variability of ad-
justed sea level can be illustrated more clearly by performing a low-passed filter with
a cutofl period of 60 days to both the observed and modeled time series (17g, 3.8).
Althongh the model captures some of the variation at periods of several months,
discrepancies between model and observation at longer time scales are evident. The

model underestimates the amplitude of variation al scasonal thme scales in the obser-

36



501 (a) stiohno

"E8

(b) halifax

{c) hamproad

D J
1985 month 1986

[Figure 3.9: Time series of adjusted sea level at 4 stations along the western boundary,
after performing a high-passed filter with a cutofl period of 60 days, for [-year duration
from July 1, 1985 to June 30, 1986. Solid lines are from observation and dot-dashed
lines from EXPL.

vation, except at Halifax, where the variation at seasonal time scales is rather weak.
A major contribution to scasonal variation in sea level, as we know, comes from the
sterie effect, a process not inclnded in our model. The weak scasonal variation in the
observational data of Halifax corresponds to a weak steric response there, as suggested
by Thompson (1986). In contrast to the situation at long time scales, performing a
corresponding high-passed filter clearly shows that the model hehaves best at shorter
time seales, especially to the north of Cape Hatteras (Fig. 3.9).

The contribution from the atmospheric pressure forcing to adjusted sea level

is demonstrated by the results of EXP2, as shown in Fig. 3.10. Comparing with
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Figure 3.10: Time series of adjnsted sea level in the first, 2 month of 1986 at 4 stations
al the western boundary. Solid lines are from observation and dot-dashed lines are

from EXP2.

38



Fig., 3.4, it is clear that EXP1 gives better agreement, with observation. Statistical
analysis (Figs. 3.5-3.7) shows that coherence peaks above the 95% confidence level
ab periods helow 3 days, and that the energy density inereases with decreasing time
scales. Power spectral density and variance conserving spectra plots (Figs. 3.6 and
3.7) demonstrate the general trend that the atmospheric pressure driven non-isostatic
response becomes inereasingly significant as frequency increases. This is consistent
with the conclusion of Ponte ot al. (1991), who found that the non-isostatic cffect

dominates the IB response al periods shorter than ~2-3 days. Our analysis does not

resolve periods shorter than two days.

3.3 Discussion

The agreement, hetween modeled and ebserved adjusted sea level varies with location
and time scale. This provides clues to investigate the essential physic s determining
Lhe observations.

IFirst it is evident that all th ganges where good agreement, is obtained are at
coastal locations with broad shelves, whereas stations showing poor agreement have
narrow shelves offshore (Figs, 2.1 and 3.1). The immediate conclusion is that the

model can well reprodnce the sea level variation on broad shelves. As our model is
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purely harvotropic, this result is consistent with the argument of Huthanee (1992),
that on a shell with width L > NI/ f (where N s the buovaney {regueney, 1 the
water depth, and { the Coriolis parameter), stratification effects tend to be weak and
Lhe sea level responses are dominated by the barotropie Kelvin wave and the gravest.
mode of coastal trapped waves, Typical valnes of N~ 0.05s~" and 1/ ~ 200m
give L > 100km. Clearly poor agreement is obtained at stations located on shelves
narrower than this width,

The effects of stratification in shelf regions may take the form of bharoelinic
Kelvin waves, Pares-Sierra and O’Brien (1989) showed that an 11 Tayer model can
capture the features of sea level variation at seasonal and interanpunal time scales,
along the eastern boundary of the North Pacific. They argued that the bazoclinie
Kelvin waves wonld combine with the topographic Rosshy waves along Lhe castern
boundary, thus the hybrid (part Kelvin and parl shell) wave activity should be rel-
cvant. In fact, the theory of hybrid waves (Clarke, 1977; Wang and Moores, 1976;
ete.) has been suecessfully used in explaining the character of wina-foreed variability
at shorter time scales (hours and days) (see e.g., Battisti and Iickey, 1981).

A weakness in the present model is that adveetion by the mean flow has not.
been included. Mean flow can carry information downstream and thns distort the
response.  Greatbatch and Li (1990) showed, nsing a barotropic vorticily cquation
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model applied to an idealized domain, that this influence might be significant near the
western boundary and in the inertial recireulation region. Thus the mean flow of the
Loop Current/Florida Current system might play a role in communicating the wind-
field variation in the Caribbean and Gulf of Mexico northward to the Florida Straits.
This might be responsible for the drop of coherence at ~12 days at Fernandina Beach.
Similar influence might exist in other regions. For example, the Labrador Current
might, influence the sea level response at St John's,

The sterie ellect, which has not heen removed from the observational data, may
cause the diserepancy found al scasonal time scales. The least discrepancy is ob-
tained at Halilax, where the amplitude of the steric response is almost zero (Thomp-
son, 1986). In studying the seasonal cycle of sea level variations with barotropic
moedels, a proper correction of steric effect must be performed (see GQG).

As mentioned earlier, the contribution of wind forcing comes from local set-up as
well as large-scale circulation. At the western boundary, results from regression anal-
ysis (Blaha, 1984; Thompson, 1986) have revealed that local winds exhibit significant
contribution to sea level variation at all tide gauges except Miami. We would there-
fore conchude that our model can reproduce the contribution from the local winds,
especially on the broad shelves, as onr model grid-spacing of ~37 km at midlatitude
conld not. resolve the topographic variation on shelves narrower than this. At the
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western boundary, the influence from the Gull Stream is expected to be important,
particularly to the south of Cape Hatleras. In the nest chapter we shall examine the

ability of the model in reproducing the volunte transport through the Florida Straits.
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Chapter 4

Variations of Transport Through

the Florida Straits

4.1 Introduction

Volinme transport, through the Florida Straits as been measured by several methods.
The Florida Current, which passes through the Straits, carrics on average about 30 Sv
of water (Niiler and Richardson, 1973; Larsen, 1992) directly into the Galf Stream.
Monitoring the current is therefore an important measure of climate variability in
the North Atlantic region (Molinari et al., 1985). A time scries of the transport,
with time seales ranging from subtidal to interannual, has been derived from voltage
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measurements using a submarine cable under the enrrent at 27°N (Larsen 1992).
Reproducing the variability in this time series provides a stringent test for any North
Atlantic cirenlation model, as noted by Boning ¢t al. (1991).

There have been a number of studies on the seasonal evele of transport. using nu-
merical models (Anderson and Corry, T985; Fanning ot al., 19945 GQGY. These models
are all at a resolution of 1V x 1* and are forced by monthly mean scasonal varying wind
stress ficlds and incorporate the realistic topography of the North Atlantic. Anderson
and Corry (1985) presented the results from hoth a two-density-layer model and a
single-layer barotropic model, The important conclusion is that helow annnal time
scales, most of the response in their baroclinie model can be captured by a unilorm
density, barotropic version of the model, The work of GG and Fanning et al, (1994)
wilh linear barotropic models produced similar scasonal eyeles to that of Anderson
and Corry’s. Fanning et al. (1994) compared the responses using, different. wind stress
climatologies and showed that the scasonal eyele calenlated depends strongly on the
wind stress climatology used to drive the model.

The relevance of wind forcing to the variation of Lransport throngh the Florida
Straits, al periods from days Lo scasonal, is addressed by Sehotd el zl. (1988) and Lee
and Williams (1988, hercinafter LW), Schott et al, (1988) noted the similarity in the
anmmal cycle of transport to that of the along-channel wind stress component within
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the Straits and the wind stress eurl in the vicinity., At periods below seasonal, a simple
dissipation model could acconunt for the portion of transport variability colherent with
along-channel wind forcing (Schott ot al., 1988). LW showed that a wind-forced
channel model can provide a good estimation of the observed transport variation at
synoptic time scales of ~4-10 days. This analysis was for the winter period from |
December 1983 to 1 Mareh 1984, LW also [ound that, for a 2-year period from 9
April 1982 1o 9 April 1984, this simple model could estimate the scasonal changes
in observed transport. However, they have to use a different integration time scale,
an empirical parameter in their caleulation, to capture the variability at different
periods. LW argued that this might he related to the differences in the time and
spatial scales of the relevant, wind forcing. A numerical model with a sufliciently large
model domain should avoid the arbitrary choice of the integration time scale. The
above studies provide enconragement for further investigation of volume transport

variations through the Florida Straits with a barotropic model under realistic wind

lorcing,.
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Figure 4.1: De-meaned volume transport variation through the Florida Straits at
27°N, for (a) 1985 and (h) 1986. Solid lines are cable data of Larsen (1992), dol.-
dashed lines arve from EXPI.

4.2 Model Results

Two-year (1985-1986) time series of de-meancd volnme transport through the Florida
Straits at 27°N, both rom the cable data of Larsen (1992) and EXPL, are presented
in Fig. 4.1. The cable data are daily means corrected for tides and geomagnetic noise,
A low-pass filter with a cutoll period of 1 day is applied to the model-calenlated time
series Lo remove the energy helow 1 day. Better agreement, belween maodel outpnt andl
observation is found in 1985 than in 1986, The model does quite well in capturing
the short period (of several days) variation features in bhoth years, This can be seen

more clearly by applying a high-pass filker with cutofl period of 60 days to the above
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Figure 4.2: High-frequency variation of volume transport, obtained by performing a
high-pass filter with cutoll period of 60 days to the time series shown in Fig, 4.1,
Solid lines are cable data and dot-dashed lines are from EXPL.

Lime series, as shown i FPig. 4.2, The model does well at estimating the amplitude
of variation in the cable data, and the two are geperally in phase.

The model shows less ability to esitmate the long time scale (several months to
seasonal) variation in the cable data, as can be seen from Fi-, 4.1, or more clearly,
by applying a low-pass filter with entoll period of 60 days to both the observed
and modeled time series (Fig, 4.3). Greater diserepancies are fonnd in 1986 than in
T985. In 1985, a signal at scasonal time scale is present in the observations, and it
is captured, to some extent, by the model. In 1986, the long time scale variation is
missed by the model. As can be seen in Figs. 24 and 25 of Larsen (1992), the long

Linme scale variation in 1985 is closer to the mean seasonal eyele obtained by averaging
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Figure 4.3: Low-frequency variation of volume transport. obtained by performing a
low-pass filter with entofl period ol 60 days to the time series shown in Mg, 4.1, Solid
lines are cable data and dot-dashed lines are from [EXPL.

over the nine-year period of 1981-1990, hat this is not. true in 1986, A Lwo-year time
series is, however, not long enongh to get the mean seasonal eycle.

Statistical analysis (Fig. 4.4) shows that, significant, coherenee is oblained at,
periods beyond 3 days in 1985, in the range of 3-50 days in 1986 as well as for the
two-year analysis. A drop in the coherence, cither for the two-year analysis or for
cach year individually, occurs al ~10 days. Coherence peaks significantly above the
95% confidence level are obtained at the period range of 3-8 days. LW’'s simple
channel model produced similar results. The best agreement between their model

and observation was obtained in winter with strong along-channel wind forcing, with

highest, coherence in the period band of 4-10 days. Our model behaves maoderately
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Figure 442 Coherenee squared and phase lag between observed and modeled volume
transport. (a) is for the two-year duration of 1985-1986, (b) and (c) are for 1985 and
1986 separately. Coherence above the dashed lines is significant at the 95% level.
Positive phase means observation leads model.
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Figure 4.5: (a) Power spectral density spectra and (h) variance conserving speetra
ol volume transport throngh the Florida Straits. Solid line arve for cable data, dot-
dashed lines for EXPI, and dashed lines for EXP2. The 9% conlidence error hars
for power spectra estimation are shown at the upper vight, corner of (a).

well throughout the year (coherence sqnared ~0.3-0, 1), in capturing the short, time
scale variation (as shown in Figs. 4.1 and 4.2.). Signilicant. colierence oblained at
periods of 20-50 days, for the two-year analysis, indicates that, our model does hetter
than LW’s channel-model did in this period range. 1t should be noted that their
empirical choice of integration period is avoided in the present, numerical maodel,

Power spectral density and variance conserving spectra plots (g, 4.5) show

that EXP1 produces a similar trend ol power spectral density distribution as the

observations, but overestimates the variance in the period range ~4-15 days, and un-
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derestimates the variance heyond 20 days. Results from the model under atmospheric
pressure furcing only (EXIPP2) show that the pressure forcing has negligible influence

on the variation of volnme transport through the Florida Straits in our model.

4.3 Discussion

One conclusion to be drawn from these results is that some of the variation of the
Florida Current transport al synoptic scale can be explained by barotropic dynamics
and attributed mainly to wind forcing. We did not separate the effect of local wind
from the remote effect, but the agreement of our model behavior with that of LW’s at
this time scale indicates the local wind effect should be more relevant. Remote wind
foreing may also be important, particnlarly at longer time scales. In modeling the
scasonal cyele with monthly mean scasonally varying wind ficlds, previons barotropic
model] studies showea that winds north of 35°N (Fanning et al. 1994), or even north
of 50°N (GQG), play a role at Florida Straits. However, results from the Kiel version
of WOCE-CME model found winds north of 35°N have little influence (Boéning et
al., 1991), suggesting the influence of processes not captured by the lincar barotropic
dynamies.

As mentioned at Chapter 3, the mean flow of the Loop Current/Florida Current



system might, play a role in communicating the wind-lield variation in the Caribbean
and Gulf of Mexico northward to the Florida Straits. Excluding this effect in the
present model might be responsible for the drop of coherence at periods ~ 10 days.
In fact, comparing the coherence of volume transport (1ig. «1.4) and that of sca. level
at Fernandina Beach (Fig. 3.5), one notes that the two are quite similar. Further
work incorporating the advection by the mean flow, such as that obtained from the
large-scale eddy-resolving general civeulation model (e.g., Holland and Bryan, 1989),
is required to clarily this subject.

Problems remain as to variability at long time scales. The great difference in
the cable data at long time scales between 1985 and 1986 (IFig. 4.3) indicales strong
year Lo year variability. It scems likely this is associated with baroclinic dynamies
not included in onr model. However, it is intrigning to understand what, canses the
dramatic change in the Florida Current in 1986.

Previons studies of Anderson and Corry (1985), GG and Fanning el al. (1994)
showed that the barotropic models conld well capture the phase of the mean scasonal
cycle although underestimate the amplitnde. As strong year to year varialion exists,
two-year’s calenfation is not long enongh 1o get the mean seasonal eyele. Model runs
covering other years (for which we have cable data) are called for to hirther investigate
this point.
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Chapter 5

Variations of Bottom Pressure on
the Labrador and Newfoundland

Shelf

5.1 Introduction

The sea level analysis at St Johin’s in Chapter 3 provides evidence that the barotropic
model conld explain the observed sca level variability on Labrador and Newfoundland
Shell. We can investigate the response in this region by comparing model results with
a bottom pressure dataset collected on the shelf (Wright et al.,1988).
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Previous studies on the variability on the Labrador and Newloundland Shelf,
both [rom empirical regression analysis and numerical modeling, have revealed the
basic dynamic features, but some inconelusive aspeets still remain, At the scasonal
time scale, wind forcing contributes a major part to the non-isostatic variation of sea
level, as found by Thompson et al. (1986) from an cmipivical regression analysis of sea
level at Nain, Labrador, and by Greatbatcel ot al. (1990, hereinalter GDGC) nsing
a fine-resolution numerical model of the Shell driven by the seasonally varying wind
stress field of Hellerman and Rosenstein (1983). GDGOC incorporated the intluence of
the North Atlantic wind forcing from the coarse resolntion model of GG oand found
that this influence drives a signilicant part, of the sca level variation on the Labrador
Shelf.

Interesting questions remain al synoptic time scales. Garreld el al. (1980) nuscd
an empirical regression analysis Lo show that the respouse of sca level al Nain o
atmospheric pressure foreing is significantly non-isostatic in the period range of ~2-10
days, which can not be explained by simple dynamical models. This result motivated
the work of Wright ol al. (1987), who argned that the non-isostalic response was
due to a Hehmboltz-like resonance response as the Hudson Bay-1udson Strait system
adjusts Lo variations in atmospheric pressure. Wright of al. used an analytical odel

as well as a crude numerical model Lo demoustrate this eflect, and showed that, it



might, be significant in the period range ~2-6 d:vs, associated with the Helmholtz-like
resonance frequency. They concluded that this influence explained the discrepancy
found by Garrett, et al. (1985). They also claimed that the variation of wind over
the Hndson Bay also has an iniluence, but diseussed this in less depth. Webster and
Narayanan (1988) applied a simple barotropic model, a streamfunction mod<el with a
rigid-lid, in an attempt to explain the observed current, variability on the Labrador
shelf. They found that, in the period range of 2.8-5.5 days, volume transport through
Hudson Strait, induced by both the variation of atmospheric pressure over Hudson
Bay and the along-strait wind forcing over Iudson Strait, significantly contributes to
the current variability on the northern part of the shelf. However, their model was
less successful in the other period ranges they studied, namely 1.8-2.8 days and 5.5-11
days. FFor the longest period range (5.5-11 days), they argued that the failure might
e caused by forcing not included in the model, e.g. the wind forcing within Hudson
Bay, pressure forcing over the Canadian Arctic Archipelago, and wind forcing over
Ballin Bay.

The sea level data used in these previous studies were collected from one coastal
gauge ale Nain, Labrador, From summer 1985 to summer 1987, bottom pressure data
were colleeted at an array of pressure gauges on the Labrador and Newfoundland
Shell (Wright, et al., 1988). The wide spatial distribution and sufficiently long time
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duration of this dataset allow for a more thorough investigation to deteet and examine
the variability on the shell. Middleton and Wright (1988) used a dynamical mode
fitting technique to explain the hottom pressure variability on the Labrador Shelf
in terms of the propagation ol coastal trapped waves (("I'Ws), generated by the
atmospheric pressure variation over Tudson Bay and remote wind forcing (Lo the
north of the Shelf). In a later stidy (Mida.eton and Wright, 1991), they included
the ellect of local wind forcing, and the offshore inflnence through a “Kelvin wave”
mode. An additional factor, the scatlering of C'TWs as they propagating over the
rugged topography of the Shelf, was taken into account by Wright et al. (1991). They
found that, from multiple regression analysis, the amplitude of C'T'W deereases mueh
more rapidly along the shell than it would on a smooth shelf, where it is dissipated by
frictional stresses alone. They demonstrated the influence of the rugged topography
using a nnmerical model inder restricted boundary conditions. Another noticeable
feature in their work is that the “offshore” inflnence on the bottom pressure variability
is simply represented as the pressure near the shelf break  a ernde approximation.
An investigation using this bottom pressure dataset and numerical modeling
was carricd out by de Young et al, (1992, hereinafter DGGV), They applied a model
like that of GDGC except that it was driven nsing twice-daily KCMWI® wind forcing.

The model was solved in the frequency domain and investigated three diserete periods



(namely 4, 8 and 12 days) at synoptic timescales. The influence of remote forcing from
the rest of the North Atlantic heyond the shelf; incorporated using the coarse North
Atlantic model of GG driven by ECMWE wind forcing, was found to be important at
the northern end of the shelf. Strong colierence hetween model and observation was
obtained at the two shorter periods at sites near the coast, and on the shell, but the
model nnderestimates the amplitnde of variation in the observational data. Fitting
a complex constant to their madel results can dramatically improve the coherence,
indicating some forcing mechanisms missed in their model. One obvions weakness
in their work is that their attempt to study the influence from the Hudson Bay-
Hudson Strait system was unsuccessful because of the difficulty of incorporating the
Hudson Strait. houndary condition. The rigid-lid approximation adopted in their
maodel prevented the study of the non-isostatic response due to atmospheric pressure.

["rom the above snmmary of previous work, we fiud that in order to reproduce
the bottom pressure signal of the observational data, a model capable of including
atmospherie pressure foreing, the influence of the Hudson Bay-liudson Strait system
and the rest of the North Atlantic is needed. The suceess of the work of DGGV (and
onr resilts in the previons two chapters) enconrages the use of ECMWF wind and
atmospheric pressure as the foreing field to drive the model used in this thesis. Results

(rom the four experiments listed in Table 2.1 and their comparison with observation



Table 5.1: Bottom pressure gauge information. Locations ave shown in I¥g. 5.1,

#  Station Depth  Latitude  Longitude Start. Length
(m) (°N) (“W) Date  (days)
I Brownell <h B2 6:3.85 12/ 8/8h 40T
2 llebron <h  BH8.IS 6G2.62 12/ 8/85 30T
3 Nainl <h  B6.55 G1.68 11/ 8/86 357
4 Nain? 204 56.55 G032 IS/10/85 202
5 Naind 175 56.95 54,26 I7/1o/sn 292
6 Naind 571 B7.05 H8.96 IT/H0/86 202
7 Hamiltonl 109 53.63 55.74 T/T/8H 390
8 Hamilton?2 M5 53.84 55.13 T/ T/8H 390
9  Hamilton3 200 53.73 n3.61 6/ T/8Hh 390
10 Hamiltond 600 H4.01 52.80 6/ T/85 390
[l Grandl 183 4740 51.80 2/ 486 372
12 Grand2 98 16.86 48.72 2/ 4/86 372

data are shown below.

5.2 Model Results

Bottom pressure data (Wright et al., 1988) at 12 sites are compared with model
output of adjusted sea level (1 em change in sea level corresponds to roughly 1 millibar
variation in bottom pressure, as diseussed in Chapter 2). Positions of the 12 ganges are
listed in Table 5.1 and shown in Fig. 5.1. The 10 gauges located on the Labrador Shelf
were deployed in the snmmer of 1985 for abont one year, The remaining two ganges

are chosen from another 17 ganges deployed in the summer of 1986 as representative
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Figure 5.1: Locations of hottom pressire ganges as listed in Table 5.1
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for the Grand Banks ol Newfoundland. Note that only our primary model experiment
(EXP 1) extends to the Tatter half of the year 1986, when observed data at sites 11-12
are available. Tidal constitnents in the observational data have been removed by
harmonic analysis. A low-passed filter was then applied, which passed essentially all
of the energy at periods beyond 2 days and less than 2% of the encergy at periods less
than 1 day. A low-passed filter with a entofl period of 2 days is applicd to the model

output to remove the high frequencey noise.

5.2.1 Time series

Time series of bottom pressure variation for T months in 1986 from hoth obscrvation
and EXP1, are presented in Fig, 5.2, The best agreement. hetween madel and obser-
vation is obtained at sites 11-12 on the Grand Banks, where the model reprodnees
even Lhe detailed features in the observations. Good agreement is also found at sites
located at the coast and the inner part of the shell, althongh with detectable diserep-
ancies. Toward the shell hreak, the discrepancies inerease, consistent witl the resull,
of DGGYV.

To compare the behavior of different experiments, selected tirneseries in Lhe first

two months of 1986 at five representative sites, namely sites 1,2/4,8 and 12, are plotted
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Figure 5.2: Time series for T months in 1986 of observed and modeled bottom pressure
variation al 12 sites on the Labrador and Newloundland Shelf. The time duration is
from January | to 31 July for sites 1-10, from June | to December 31 for sites 11-12.
Solid lines ave from observation and dot-dashed lines are from EXPL. The number
hefore the station name corresponds to the station mumber shown in Fig. 5.1.
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Figure 5.3: Selected time series at sites 1,24 and 8 for the first 2 months in 1936.
Solid lines are from observation. Model results are for cases driven by both wind and
atmospheric pressure foreings, with dot-dashed lines from EXP1 (Hudson Bay open)
and dashed lines from EXP3 (Hudson Bay closed).
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Figure 5.4: Same as Fig. 5.3 except that the model results are for cases driven by
atmospheric pressure only. Dot-dashed lines are from EXP2 (Hudson Bay open) and
dashed lines are from EXP4 (Hndson Bay closed).
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Figure 5.5: Same as Fig. 5.3 except that the model results are {or “wind-only” driven
cases. Dob-dashed lines are oblained by subtracting the results of EXP2 from EXPI
(Hudson Bay open) and dashed lines by subtracting EXP4 from EXP3 (Hudson Bay

closed).
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Figure 5.6: Sclected time series Tor site 12 at Grand Banks for the first, 2 months in
1986. Solid lines are from EXP1 and compared with, in (i), the dot-dashed line from
EXP3 (wind and pressure driven cases); in (b), the dot-dashed line from X2 and
dashed line rom EXP4 (pressurve-only driven cases); and in (¢), the dot-dashed line
obtained by subtracting the result, of EXP2 from EXP 1 and dashed line by subtracting
EXP4 from EXP3 (“wind-only” driven cases). No observational data are available
for this period.
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in Figs.5.3-5.6. ig. 5.3 and Fig. 5.6(a) compare the results of EXP 1 and EXP3,
denoting the influence from the Hudson Bay—-Hudson Strait system under hoth wind
and atmospheric pressure forcings. The dilference between the two is distinguishable
for events al time scale of several days, at, the four northern sites. Note one event at
the end of January is captured by EXP1, but missed by EXP3. On the Grand Ranks
(site 12), the influence from the Bay/Strait, system is barely detectable.

Figs. 5.4, 5.6(h) and Figs. 5.5, 5.6(¢) show, respectively, the influence from the
Bay/Strait system for the atmospherie pressure-only and “wind-only” driven cases.
The results for the “wind-only” driven cases (IMigs. 5.5 and 5.6(c)) arc obtained by
simiply subtracting the results of atirospheric pressurc-oniy driven cases from those
under both foreings. These plots show that the atmospheric pressurc-only driven
cases are more influenced by the Bay/Strait system, the influence of this system
heing signilicant atl all sites. The second point to note is that the contribution from
wind forcing, with or without the Bay/Strait system, is more important than that
from atmospherie pressure forcing. The results of statistical analysis stated below
are intended to provide a better understanding of the behavior of different models at

different, time scales.

o
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5.2.2 Statistical analysis

Results of coherence analysis are presented in Figs, 5.7-5.12. For the range of periods
(beyond 2 days) resolved by the analysis, coherence signilicantly above the 95% con
fidence level and good phase fit between observation and EXP I, are obtained at sites
[, 2,3,4,7, 8 and 12 (result at site 11 is quite similar with site 12). (Solid curves in
Figs. 5.7(a)-(b), 5.8, 5.10 and 5.12(a)). The coherence peaks at synoplic time seales
(~2-12 days) are obvious al. these sites,

Across Nain Bank (Fig. 5.8) and Hamilton Bank (I%ig. 5.10), colicrenee level
decreases significantly from the coast to the shell break. Colierence peaks at synoptic
time scales are still detectable at sites 5,6,9 and 10, but some are only marginally
above the 95% confidence level.

With the lludson Bay-lIndson Strait system included, models driven by atimo-
spheric pressure only (EXP2) and “wind-only” (EXP1 with EXDP2 subtracted) still
generate coherence peaks on the Labrador Shelly as illnstrated by the dashed and
dot-dashed eurves in Figs. 5.7(a)-(h), 5.8 and 5.10. Coherence between observation
and EXP2, the atimospheric pressurc-only driven case, decreases down (sonthward)
the shelf, whereas the influence from wind forcing increases. The contribution from

atmospheric pressure forcing is important from the north end of the shelf to Nain
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Figure 5.7: Coherence squared and phase lag between observed and modeled bottom
pressure variation at sites 1-2. In (a) and (b), the models are for Hudson Bay open
cases, The solid eurves are observation (OB) vs. EXPI; dot-dashed curves OB vs.
EXTP2; and dashed curves me OB vs. EXP1 with EXP2 subtracted. In (¢} and (d),
the models are for Tudsou bay closed cases, The solid curves are OB vs, EXP3;
dot-dashed curves OB vs, EXP4; and dashed curves are OB vs, EXP3 with EXP4
subtracted.  Coherence above the horizontal dashed lines is significant at the 95%
level, Positive phase means observation leads model.
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3-6 across Nain Bank, solid lines are OB vs. EXPI; dot-dasherd eurves OB vs, X2
and dashed curves are QOB vs. EXP1 with EXP2 subtracted.
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Figure 5.9: Same as Fig. 5.7(¢) and (d) for Hudson Bay closed cases but at sites 3-6

across Nain Bank. solid curves are OB vs, EXDP3; dot-dashed curves OB vs. EXPd;
and dashed curves are O3 vs. EXP3 with EXP4 subtracted.
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Figure 5.10: Same as Fig. 5.8 but at sites 7-10 across Hamilton Bank.
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Figure H.11: Same as Fig. 5.9 but at sites 7-10 across Hamilton Bank.
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Figure 5.12: Coherence squared and phase lag, at site 12 on the Grand Banks, of (a)
OB vs. EXPI; (b) EXPI vs. EXP2 (dot-dashed curves) and BEXPL vs, KXP1 with
EXP2 subtracted (dashed curves); and (e) EXPL vs. EXP3 (solid enrves), KXP]
vs. EXP4 (dot-dashed curves) and EXP1 vs, KXP3 with EXPA subtracted (dashed
curves). Coherence above the horizontal dashed Tues is significant, at the 95% level.
Positive phase means the first leads the second in o pair,
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Bank, but not on Hamilton Bank and the Grand Banks (Fig. 5.12(a)). Wind foreing
is important at all the periods resolved,

Closing the Bay/Strait system. coherence peaks at synoplic time seales de
creases dramatically. especially at periods of ~ 325 days (as shown in igs, 5.7(e) (d),
5.9 and 5.11). Although coherence peaks at synoptic time seales still exist at most,
sites, they are generated by wind forcing only and located at periods of ~6-10 days,
particularly at and to the north of Nain Bank. No coherence peaks are generated hy
atmospherie pressure foreing only when the Bay/Strait svstem is elosed,

On the Grand Banks (site 12), as no observational data are available for the
period when EXP2, EXP3 and EXP1 are von, only coherence hetween EXTPE amd
these experiments is calendated. The results (Mg, H5.12(h) and (¢)) show that at
periods beyond ~3 days, coherence hetween EXPE and EXP3, the two wind and
pressire driven cases, and between EXPL and the “wind-only” driven cases are high
and the inflnence of the Bay /Strait systen is weak., The inflnence of the Bay /Steait
system for the atmospheric pressive-only drviven cases is detectable at site 12,

The ability of the models to reproduee the energy distribution in the observed
bottom pressiure variation and the contribition from individnal forcing and Lhe -
luence of Hudson Bay-Hudson Strait system are demonstrated in the varianee con-

-

serving spectra plots in Figs. 5.03-5.16. At the north end of the shelf, sites 1-2, and
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Figure 5.15: Same as Fig.5.13 but for sites 7-10 across Hamilton Bank.
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on the Grand Banks, sites =12, EXP1 explains quite well the energy distribution at,
synoptic time scales of ~2-12 days. An energy peak at periods of ~2-6 days is gen-
erated at all sites by EXPL, being fairly coincident with observation at sites 1-2 and
11-12. 'The model overestimates the energy peak at site 3, the coastal gauge at Nain.
Peaks in the observational data at the inner site of Nain Bank and Hamilton Bank
(sites 4, T and 8) tend to shift 1o a higher frequencey band (corresponding to periods of
2-3.5 days). This tendency, however, is not, captured by the model. Another feature
Lo be noticed is that the observations exhibit. an increase in energy with deercasing
frequency at periods heyond synoptic time scales, at all sites except at sites 11-12 on
the Grand Banks. This featitre, however, is not, captured by the model.

The signilicant contribution from atmospheric pressnre forcing only with the
Bay/Strait system inchided (results of EXP2), is to generate the energy peaks at
periods of ~2-6 days. The “wind-only” driven cases also generates peaks at this
period range. Contributions from the two at periods of ~2-6 days are comparable on
the Labrador Shelf, but the effeet of wind dominates that of atmospherie pressnre at
other periods and at all the periods on the Grand Banks.

For cases driven by both wind and atmospheric pressure forcings, closing the
Bay /Strait. system canses a signilicant veduction in energy densily at ~2-6 days pe-
riod, at and to the north of Hamilton Bank. The energy peak induced by atmospheric
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pressure only, as found in the Thidson Bay open case, now disappears totally, (los-
ing the Bay/Strait svstem also causes changes in cnergy induced by “wind-only™ at.
this period range, especially at the northern end of the Shell, T'he influence of the

Bay/Strait system on the Grand Banks is unimportant.

5.2.3 Contour maps

Contour maps of adjnsted sea level (corvesponding to hottom pressure) from KNI al
four continuous days at the end of January 1986 are given in Fig. 5,17, Variations of
hottom pressure on the Labrador Shelf, in the form of coastal trapped wave (CF'W)
propagation, are evident. Significant changes within the Hadson Bay Hudson Strait,
systemn, generated by both wind and atmospherie pressure foreings, can be noliced,
These changes propagate along Hudsou Strait, which connects udson Bay 1o Lthe
onter ocean, and influence sea level (bottom pressire) on the Labrador Shelf., Driven
by atmospheric pressure only (Fig, 5,18 from EXP2), both the changes within the
Bay and on the Shell diminish significantly, indicating the important role played by
wind foreing. Changes within Hudson Bay, cansed by atmospherie pressure lorciung,
ouly, still have an influence on the Labrador Shelf. Closing, the Bay/Strait systeun,

but maintaining both forcing terms (g, 5.9 from 15X173), the contonr pattern is
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Figure 5.17: Contours of adjusted sea level obtained from EXP1 at 12 GMT, 28-31
Jannary 1986, The contour interval is 5 em. Thinaer solid lines are positive and
dashed lines ave negative, The thick solid lines are zero,
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similar to that obtained from EXDP L, but significant. differences can he observed on
the Labrador Shell (compare maps of Janary 30 in Figs. 5.17 and 5.19). Without
the Bay /Strait system, atmospheric pressure forcing itsell (Fig. 5.20 from EX1’4) can
account, for almost, none of the variation (compare maps of January 29 in Figs. 5.20

and 5.18). This indicates that the important contribution of atmospheric pressure

foreing comes from the Bay/Strait system.

5.3 Discussion

The above resulls show that EXP1 can explain the observed bottom pressitre variation
on the Labrador and Newfoundland Shelf, at synoptic time scales of ~2-12 days .
Colierenee at longer time scales is also quite signilicant, although the model does not
capture the tendeney of increasing energy with deercasing frequency on the Labrador
Shell, The suecess of the barotropic model indicates the relatively unimportant role
played by stratification in the bottom pressure variability at synoptic time scales. In
fact, Middleton and Wright (1989) estimated the buoyancy frequency N to be 2-3 cph
at 10 m and deereasing to 0.5 eph at a depth of 400 m or greater. Comparing with
the values for the Bastern Australian Shelf, N ~ 5.7 eph at 100 m and N ~ 2.9 cph

at depth of 4100 m (Chureh et al., 1986), one can draw a conclusion that the Labrador
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Shelf is weakly stratified.

Numerical experiments suecessfully reveal the influence from the Hudson Bay
Hudson Strait system on the Labradov Shelll a hypothesis proposed by Weight ot
al, (1987) and later extended by Webster and Naravanan (1988). [6 is contirmed
that under atmospheric pressure variation, the Bay/Strait system does generate a
significant non-isostatic response on the Labrador Shelf at synoptic thme seales, with
energy peaks centered at 2-6 days, corresponding to the Helmholtz-like resonance
frequency (~3.4 days) as deduced by Wright o al. (1987). Closing the Bay/Strait
systenm, the energy peak induced by atmospheric pressure disappears,

Comparing the result, of the atimospherie pressurc-only driven case with that
of the “wind-only” driven cases, we find that wind lorveing is more important, than
atmospheric pressure forcing.  Energy peaks at periods of 2-6 days also drop by
closing the Bay/Strait system, indicating that winds over the Hudson Bay Hndson
Strait must be included to explain the nousual non-isostatic response on the Labrador
Shelf first reported by Garrett et al. (1985). The model driven by both foreings gives
better agreement with observations than driven by individual forcing,

The relevance of coastal trapped waves (CTW) propagation in explaining the
variability on the Labrador Shelf has heen disenssed by Middleton and Wright, (1991).

Our finding that the influenee from the Bay/Strait systemn deercases down Lhe Shelf
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indicates the scattering of CTWs by the rugged topography of the Shelf. Our pri-
mary experiment, EXP1, gives the best agreement, with observation at the north end
of the Shelf, being the origin of CTWs; and on the Grand Banks, where the CT'Ws
arc expeeted Lo have been dissipated throngh scattering as they propagate over the
rugged topography of the Labrador Shell. However, weaker agreemaent 1s obtained in
hetween, e, on the Nain Bank and Hamilton Bank, and especially at the offshove
sites. I may be that the topography data used in the medel experiments does not
properly represent the real topography of the Shelf and slope. A topography with
higher resolution, more representative of the rugged nature of the Shelf; should be
adopted to examine this efleet.  Another possible reason may be the exclusion of
stratilication in the barotropic model. Stratification may be important in aflecting
the propagation of shell waves, particularly in the presence of strongly varied topo-
graphic leatnres, However, DGGV did an experiment by incorporating the eflect of
stratification throngh a JEBAR (the Joint Effect of Baroclinity And Topographic
Relief) term, which did not exhibit significant difference fromn their purely barotropic
Case,

Toward the shell break, the model shows poor agreement with observation, a
result. consistent with that of DGGV. The imperfect formulation of topography and
the exelusion of stratification may still cause the discrepancy. Other factors may also
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be responsible. One candidate is mesoscale eddies on the Labrador Shell. Mesoscale
ice-edge meanders ol the Labrador coast have bheen observed in satellite imagery
(LeBlond. 1982; Tkeda, 1987) and might bhe expected to play important roles at the
shell break.

Finally, regions not included in our model domain, such as Ballin Bay and
the Canadian Arvetic Archipelago, as claimed by Webster and Narvayanan (1988),
may also have influence on the Labrador Shelf, particularly at fonger time scales.
Oue interesting extension of this work would be to include Ballin Bay in the maodel

domain.



Chapter 6

Summary and Conclusions

'

The barotropic response of the North Atlantic to wind and atmospheriec pressure
forcing is studied with a two-dimensional, fine-resolution barotropic model. The
model domain extends from the equator to 65°N and from 100 °W to 14°F with a
resolution of 1/3¢ in latitude and 2/53° in longitude. The forcing field used to drive
the model is the twice-daily wind and atmospherie pressure data from the European
Center for Medinm Range Weather Forecasts (ECMWIT). The agreement obtained
hetween model results and observational data suggests that the ECMWFE data provide
redistie foreing ficlds.

The primary model experiment, EXP1, is a two-year (1985-1986) run driven by
both wind and atmospheric pressure forcings, Three one-year runs are designed to
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determine the contribution from individual foreing and the influence from the Hindson
Bay--1ndson Strait system, They are, respectively, BEXP2, atmospherie pressure-only
driven, applied to the whole domain as in EXPL; KNP, driven by both foreings,
and EXP4, by atmospheric pressure only, applied to a domain with the Hudson
Bay-Hudson Strait, system excliuded. The response to *wind only™ forcing is derived
by simply subtracting the results of EXP2 from EXP1 or EXP4 from XT3, as one
parameter tests show that nonlinearitios introduced by our choice of guadratic bottom
[riction arce not important.
The time scales being studied range from several days to seasonal. Compared
-with the sea level data observed at tide ganges along the coast, EXDPL gives hest
agreement with observation at locations with a broad shell, where the stealification
effect is expected to be weak, Significant coherence hetween observed and maodel-
aleulated adjusted sea leve is obtained al periods heyond ~3 days, at four repre-
sentative stations along the western houndary. A drop in coherence at ~12 days is
found at Fernandina Beach, Florida, which may he due to the exelusion ol adveetion
hy the mean flow in lincar barotropic models. The sterie effect nob removed Trom
the observational data is one reason for the diserepancies al longer time seales, ‘The
contribution of atmospherie pressiure in inducing the non-isostatic sea level response
is negligible at periods beyond ~2-3 days, but not. in special regions as on Labrador
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Shelf.

Compared with the canle data of Larsen (1992), EXP1 well explains the volume
Lransport, viriation through the Florida Straits al synoptic time scales (~3-8 days).
This result is consistent. with that of Lee and Williams (1988) from a simple channel
model forced by local winds, indicating that the local wind forcing is important at
synoplic time scales. Significant coherence between observation and model is obtained
al periods up Lo H0 days. A drop of coherence at, ~10 days is found, suggesting, once
again, a possible role for advection by the mean flow, not included in the present
model. The model does guite well in capturing the variation at longer time scales in
1985, but not, in 1986, As the cable data exhibit strong year to year variations taking
place during this period, this provides an interesting question for further study.

Model experiments explain the variability in the bottom pressure data from
the Labrador and Newfoundland Shell. The significant. non-isostatic response in the
observational data at synoptic time scales (~2-12 days) is reproduced hy model ex-
periments with the Hudson Bay-ludson Strait system included, with energy peaks
at ~2-6 days. The contribution from atmospheric pressure forcing is only important
in generating the energy peak al ~2-6 days when the Bay/Strait system is included.
This verilies the hypothesis proposed by Wright et al. (1537) that the Hudson Bay-
[Tudson Strait system generates a Helmhboltz-like resonance response as it adjusts
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to variations in atmospheric pressure. Our *wind-only™ experiments show that the
wind forcing within the Tudson Bay -Hudson Strait system is also important at this
frequency band and must be included in explaining the Bay /Strait system inlluence,

The cross-shelfl behavior of the model shows a decreasing colierenee with obser-
vation toward the shell break. consistent with the work of de Young et al, (1992). The
propagation and scattering of coastal trapped waves (CTWs) are relevant to explain
the along-shelf hehavior of the models. Diserepancies between niodel results and ob-
servation on the Shelf indicate that the topography nsed in our model experiments
(same as that used by Bryan and Holland (1989) in their eddy-resolving general eir-
culation model) is not correctly representing the rugged topography of the Labrador

Shelf,
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