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ABSTRACT

The generation of interannual and near-decadal variability in the formation of mode waters in the western
North Atlantic is investigated in the realistic framework of an isopycnic coordinate ocean model forced with
atmospheric data from 1946 to 1988. At Bermuda, the model reproduces quite well the observed potential
vorticity and isopycnal depth anomalies associated with the subtropical mode water (STMW). Heat storage and
preconditioning of the convective activity are found to be the important factors for the generation of STMW
variability, with persistence of cold (warm) conditions, associated with anomalous heat loss (gain) over the
western subtropics, being more significant for the generation of the simulated variability than are strong anomal ous
events in isolated years.

In the Labrador Sea, the model captures the phase and order of magnitude of the observed near-decadal
variability in the convective activity, if not its maximum amplitude. The simulated potential vorticity anomalies
are, as observed, out-of-phase with those in the western subtropics and correlate well with the North Atlantic
Oscillation (NAO) at near-decadal timescales, with the oceanic response lagging the NAO by ~2-3 years. These
results support the idea that the variability in water mass formation in the western North Atlantic can be attributed,
to alarge extent, to changes in the pattern of the large-scale atmospheric circulation, which generate sensible
and latent heat flux variability by modifying the strength and position of the westerly winds and the advection
of heat and moisture over the ocean. To the authors' knowledge, this is the first time that the interannual and
near-decadal subsurface variability associated with STMW and Labrador Sea Water, and its relationship to the

NAO, has been simulated in an ocean general circulation model.

1. Introduction

Understanding the processes associated with the ob-
served low-frequency variability in the climate system
of the North Atlantic has been a major concern of the
scientific community in recent decades (ACCP 1992;
WCRP 1995). Severa studies have been carried out in
order to investigate the mechanisms responsible for the
observed sea surface temperature (SST) variability (e.g.,
Bjerknes 1964; Deser and Blackmon 1993; Kushnir
1994; Delworth 1996). These studies were motivated in
part by the important role played by SST in the coupling
between ocean and atmosphere, and were made possible
by the availability of observationa datasets [such as the
Comprehensive Ocean—Atmosphere Data Set (COADS)]
representing the SST variability on interannual and longer
timescales.

Recently, there has been increasing interest in inves-
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tigating the long-term variability in subsurface layers of
the ocean, since it isrecognized that this variability may
in turn affect the SST variability. It has been demon-
strated, for example, that winter SST anomalies can be
preserved in the seasonal thermocline bel ow the summer
mixed layer and may reappear at the surface in subse-
guent winters (Alexander and Deser 1995). Subducted
anomalies, which are transported away from their for-
mation region by the large-scale circulation, can also
feed back upon the surface in remote regions, estab-
lishing teleconnections that may account in part for the
long-term memory of the ocean (Latif and Barnett
1994). Zhang et al. (1998) tracked anomalous warm
water from the subduction region of the midlatitude
North Pacific to the Tropics, from the early to the late
1970s, and suggested that these anomalies may have
influenced the EI Nifio events of the 1980s. Decada
variations in the formation rates and properties of Lab-
rador Sea Water (L SW) have been traced to intermediate
depths in the western North Atlantic midlatitudes with
a time delay of approximately 6 years (Curry et al.
1998).

Observations of long-term subsurface variability in



SEPTEMBER 2002

the North Atlantic (e.g., Levitus 1989) are sparse (both
in space and in time), and evidence of the associated
forcing mechanisms is not yet conclusive. Only a few
locations, which have been continuously monitored,
provide long-term records of water mass properties.
Based on analysis of data from the Panulirus station
(32°10'N, 64°30'W), located in the western subtropical
gyre, variability on interannual to near-decadal time-
scales in the formation rates and properties of Subtrop-
ical Mode Water (STMW), or 18° Water, has been shown
to occur (Talley and Raymer 1982; Joyce and Robbins
1996). STMW isformed by subduction through the base
of the winter mixed layer, in aregion of strong surface
heat loss. Expecting the observed variability to be
caused by changes in surface forcing, and consequently
in convective activity, Jenkins (1982) and Talley and
Raymer (1982) were however unable to strongly cor-
relate this variability to surface heat flux anomalies.
Notwithstanding these results, Marsh and New (1996)
and Hazeleger and Drijfhout (1998) were able to sim-
ulate the changes in potential vorticity (PV) observed
to occur in the STMW core in the 1960s and 1970s by
forcing a numerical model with idealized heat flux
anomalies. Talley (1996), however, notes that the ob-
served PV anomalies of STMW are well correlated with
the anomalies in sea surface salinity (SSS), invoking
nonlocal advective processes to explain the variations
observed in the data. Long-term recordsfrom OWSBra-
vo (56°30’N, 51°00'W), in the central Labrador Sea,
demonstrate that the formation rates and properties of
LSW also have nonstationary characteristics (Lazier
1981; Taley and McCartney 1982; Lazier 1988). The
thickness and potential temperature of LSW have been
shown to possess negatively correlated near-decadal
variations (Curry et al. 1998). Low production of LSW
corresponds to periods of weak surface heat loss in the
Labrador Sea (McCartney and Talley 1982), and also
to the occurrence of intense freshwater surface anom-
alies that enhance the vertical stratification and reduce
convection (Lazier 1981).

It has been noted (Dickson et al. 1996; Houghton
1996; Joyce et al. 2000) that the decadal variability in
convective activity in the North Atlantic western sub-
tropical gyre and in the Labrador Sea have near opposite
phases. Dickson et al. (1996) suggest that this asyn-
chronicity isimposed by the spatial and temporal scales
of the atmospheric forcing, which can be characterized
by referring to the North Atlantic Oscillation (NAO).
When the NAO index (the pressure difference between
the Azores high and Iceland low atmospheric systems)
is high, the heat loss is intense in the Labrador Sea due
to strong westerlies and cold air advection, but is low
in the western subtropical gyre due to the inflow of
warm and moist air (Cayan 1992); when the NAO index
is low, the westerlies shift southward, intensifying the
storminess (Dickson and Namias 1976; Rogers 1990)
and the outbreaks of cold and dry continental air over
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the western subtropics, thus enhancing the heat loss in
that region and reducing it in the Labrador Sea.

In the present study, the generation of interannual and
near-decadal variability in the formation of mode waters
in the western North Atlantic is investigated in the re-
alistic framework of an ocean general circulation model
(OGCM) forced with monthly atmospheric COADS
fields from 1946 to 1988. The objectives of this work
are (i) to evaluate which part of the observed and sim-
ulated variability can be attributed to changes in the
upper-ocean buoyancy, in particular those changes re-
lated to surface heat flux variability, and (ii) to inves-
tigate to what extent the heat flux anomalies contribute
to the observed phase differences between the convec-
tive activity in the western subtropical and subpolar
basins. The model setup and the atmospheric forcing
fields are described in section 2. Results from the nu-
merical simulations are presented in section 3 for the
simulated surface anomalies, in section 4 for the vari-
ability in the renewal of STMW in the western sub-
tropics, and in section 5 for the intensity of convection
in the Labrador Sea. The results are then summarized
and discussed in section 6.

2. Model configuration and forcing

The ocean numerical model is the Miami Isopycnic
Coordinate Ocean Model (Bleck et al. 1992; Bleck and
Chassignet 1994), configured with realistic topography
and stratification. The computational domain is the
North and equatorial Atlantic Ocean basin from 28°S
to 65°N, including the Caribbean Sea and the Gulf of
Mexico. The bottom topography is derived from a dig-
ital terrain dataset with 5" latitude— ongitude resolution
(ETOPO5) by averaging the topographic data located
in each grid box. The horizontal grid is defined on a
Mercator projection with resolution given by 1° X 1°
cos(¢), where ¢ is the latitude. The vertical density
structure is represented by 15 isopycnic layers (o, val-
ues of 24.70, 25.28, 25.27, 26.18, 26.52, 26.80, 27.03,
27.22, 27.38, 27.52, 27.64, 27.74, 27.82, 27.88, and
27.92), topped by a dynamically active Kraus—Turner
surface mixed layer. The vertical discretization was cho-
sen to provide maximum resolution in the upper part of
the ocean. In such a model, the water mass formation
can be unequivocally related to mass exchanges between
the surface mixed layer and the subsurface layers.

Open ocean boundaries are treated as closed, but are
outfitted with buffer zones 3° wide in which temperature
T and salinity S are linearly relaxed toward their sea
sonally varying climatological values (Levitus 1982).
The buffer zones restore the T and S fields to clima-
tology in order to approximately recover the vertical
shear of the currents through geostrophic adjustment.
At the surface, the model is driven by both mechanical
and diabatic forcing. The momentum flux is given by
the longitudinal and latitudinal components of the wind
stress and the mixed layer stirring rate by the oceanic
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friction velocity. The thermodynamic forcing consists
of the heat flux (radiative plus turbulent) implemented
with the bulk formulations computed with prescribed
atmospheric variables and model SST, and of the fresh-
water flux (evaporation minus precipitation, which is
implemented as a virtual salt flux and is independent of
the model solution) [see Paiva and Chassignet (2001)
for details]. Freshwater river runoffs are implemented
by adding observed values, based on Perry et al. (1996),
to the precipitation field at the grid point nearest to the
river mouth.

The model was initialized from the Levitus (1982)
climatology and was spun up from rest for atotal of 20
years with atmospheric data derived from the COADS
monthly climatology (da Silva et al. 1994). A detailed
discussion of the spinup can be found in Paiva and
Chassignet (2001). After the spinup phase, the model
was integrated for an additional 43 years by adding
monthly atmospheric anomalies from the year 1946 to
1988 to the climatological forcing used in the 20-yr
spinup. A smooth transition from the climatological
forcing was obtained by linearily weighting the anom-
alousfieldsin theinitial year, with weightsvarying from
0 to 1 from January to July.

In afirst experiment (hereafter EXPI), monthly var-
iability was added to the wind stress ('), to the friction
velocity (uy), to the wind speed (W'), to the air tem-
perature (T.), and to the specific humidity (q,). The
prescription of atmospheric variables in the heat flux
formulation impliesarestoring of the model SST toward
a prescribed equilibrium temperature (Paiva and Chas-
signet 2001) and does not allow for the atmosphere to
respond to oceanic SST anomalies (Luksch and von
Storch 1992; Seager et al. 1995, 2000). Observational
and numerical evidence (Cayan 1992; Kushnir 1994;
Delworth 1996; Halliwell 1998; Seager et al. 2000),
however, indicate that in the North Atlantic, on thetime-
scales of interest in this study (interannual to near-de-
cadal), the variability in the buoyancy of the upper ocean
associated with SST anomalies is primarily an oceanic
response to anomalous atmospheric forcing, with sur-
face heat flux anomalies dominating over horizontal ad-
vection and vertical mixing variability. Our strategy is
analogous to that used by Battisti et al. (1995) and Hak-
kinen (1999), with the T and g, fields including the
effects of horizontal atmospheric advection, which is
important in the present study for the representation of
continental air outbreaks over the ocean.

Atmospheric W', T, and g, lead to variations in the
sensible (Q.) and latent (Qy) heat fluxes. The variance
of Q. and Q, has been shown by Cayan (1992) to dom-
inate that of the radiative fluxes during wintertime in
the extratropics when the formation of mode water oc-
curs through subduction and/or convection (Marshall et
al. 1993; Marshall and Schott 1999). The largest Q,
occurs from the Tropics to midlatitudes and the largest
Q: from mid to high latitudes, while at mid latitudes
Q' and Qlare strongly correlated and tend to be rein-
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forcing (since cooler air is usually dryer). The surface
freshwater flux is prescribed from the COADS monthly
climatology (i.e., no anomalies). The modeled sea sur-
face salinity is therefore not constrained to remain close
to climatological values (Paiva and Chassignet 2001)
and the generated SSS anomalies (hereafter SSS') are
free to propagate.

In order to isolate those changes in subsurface vari-
ability that are due to local atmospherically forced con-
vective anomalies from those possibly due to displace-
ment of isopycnal surfaces associated with variability
in the Ekman pumping and/or in the intensity of the
wind driven gyres [as observed by Miller et al. (1998)
in the North Pacific], two additional experiments were
performed. In EXPII, the surface forcing isthat of EXPI
with the exception of the wind stress, which in EXPII
has only the climatological component. In contrast,
anomalies only of wind stress are considered in EXPIII,
while the remainder of the forcing is based on the sea-
sonal climatologies.

Studies concerning SST variability generally focus
on wintertime atmospheric and oceanic conditions since
the low stratification makes SST a good indicator of the
upper-ocean heat content (Cayan 1992). The present
study also focuses on the wintertime surface fields since
these determine the properties of the newly formed wa-
ter masses. Subsurface variability is, however, charac-
terized by summer conditions (when the mixed layer is
shallower), which most likely indicate the water mass
properties acquired by subduction and/or convection in
the previous winter. Results from the model simulations
were archived monthly and were analyzed for the period
from 1947 to 1988. In order to generate anomalies of
the simulated fields, monthly mean values (for the 42-
yr period with anomal ous forcing) were subtracted from
the model data at each grid point, and alinear trend was
further removed from the resulting time series.

3. Surface variability

In this section, the simulated anomalies of sea surface
temperature (hereafter referred to as SST') and of the
surface heat flux are presented and discussed. Since the
focus of this study is on the generation of subsurface
variability, one needs to first evaluate the model skills
in reproducing the observed surface anomalies, which
induce variability in the surface layer buoyancy and in
water mass formation.

Previous studies (Bjerknes 1964; Kushnir 1994) have
pointed out that the observed SST’ patternsin the North
Atlantic are coherent in the zonal direction. In order to
provide a visual impression of the amplitude and time-
scales of the SST variability, a comparison of the win-
tertime (January—March average) SST’ from the model
and the observations, averaged in 10° wide latitude
bands, is shown in Fig. 1. The SST’ order of magnitude
is 1°C, and variations with biannual and near-decadal
timescales are clearly discernible. Longer timescalesare
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FiG. 1. Zonally averaged (in 10° lat bands) wintertime SST anomalies: observations (thin solid
lines), EXPI (thick solid lines), and EXPII (thick dashed lines).

also apparent in this figure, which shows the warm
(1950s) and cold (1970s) periodsin the extratropicsthat
were documented by Kushnir (1994). As demonstrated
in Fig. 1, EXPI captures reasonably well the time and
amplitude scales of the variability seen in the obser-
vations. The poorest agreement is that in the 50°—60°N
zona band around 1970, when the model SST' has a
weaker amplitude than that observed and the intense
cooling in the model lags observed values by ~2-4
years. Analysis of individual time series (not shown)
indicates that the mismatch occurs primarily in and near
the Labrador Sea, which in reality (though not in the
model) was the site of the ‘‘Great Salinity Anomaly”
at that particular time (Dickson et al. 1988).

The skill of the model in simulating SST’ is also
attested to by high values of the correlation coefficient
between observed and simulated SST anomalies (hot
shown). The distribution of the correlation coefficient
over the model domain is very similar to that obtained
by Battisti et al. (1995) and Hakkinen (1999), with val-
ues greater than 0.4 over most of the domain (coeffi-
cients greater than or equal to 0.39 are statistically sig-
nificant at the 99% level). The model performs partic-

ularly well in mid latitudes, to the south and southeast
of the Gulf Stream and North Atlantic currents (where
correlation coefficients exceed 0.6-0.8), which are the
regions in which mode waters are ventilated in the sub-
tropical gyre (McCartney 1982). Lower correlations oc-
cur at higher latitudes, in the vicinity of thelateral buffer
zones, in which surface properties are relaxed toward
climatological values derived from Levitus (1982), thus
inhibiting the development of the SST anomalies. In the
Labrador Sea and east of Newfoundland, an additional
factor leading to the lower correlation is possibly the
effect on the observed SST anomalies of ice melting
(Deser and Blackmon 1993), which is not incorporated
in the present study. The correlation between observed
and simulated SST' is improved everywhere in the
North Atlantic during summer, aresult also obtained by
Battisti et al. (1995) and Hakkinen (1999).

In order to better describe the basin-scale modes of
SST variahility, an EOF analysis was carried out for the
observed and simulated anomalous fields. The first two
EOFs of simulated SST" account for 25% and 15% of
the total variability, respectively, and agree well with the
first two modes computed from observations. The spatial
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FiG. 2. (d) EOF 1 [solid (dashed) lines are positive (negative) contours; the contour interval
is 0.5°C] and (b) time series of EOF 1, of model (EXPI) wintertime SST anomalies.

distribution and time series of the first EOF derived from
the model results (hereafter EOF1 SST) are shown in
Fig. 2. The dipole pattern at mid and high latitudes, with
greater variability in the western basin, resembles that of
the second EOF in the analysis of Deser and Blackmon
(1993). Note that these authors considered data from the
beginning of the century so that their first EOF is dom-
inated by a centennial timescale with single polarity in
the entire basin. The spatia pattern of EOF1 SST is also
representative of the composite analysis (the difference
between warm and cold years) of Kushnir (1994) and
Battisti et al. (1995). Thetime series of EOF1 SST shown
in Fig. 2 also displays biannual and near-decadal oscil-
lations, which are observed in the zonally averaged SST'
presented in Fig. 1.

Another indicator of model performanceisthesurface
heat flux. The first EOF of the surface heat flux vari-
ability derived from the model results (hereafter EOF1
HFLX), which accounts for 38% of the total variability

in the data is shown in Fig. 3, and agrees well with an
EOF analysis performed with the COADS observations
(not shown). Both the spatial pattern and timescales of
EOF1 HFLX and EOF1 SST are highly similar, with
positive heat flux anomalies into the ocean correspond-
ing to SST warming and negative heat flux to SST cool-
ing. EOF1 HFLX is also in very good agreement with
the first EOF of latent plus sensible heat flux variability
presented by Alexander and Scott (1997), simulated in
an atmospheric model forced with climatological SST,
thus suggesting that EOF1 HFLX is representative of
an internal mode of variability in the atmosphere. This
mode has been associated with the existence of varia-
tions in the atmospheric circulation correlated to the
NAO (Zorita et a. 1992; Kushnir 1994). A dipole pat-
tern in the buoyancy of the wintertime mixed layer of
the ocean (associated with EOF1 SST) is consistent with
a scenario in which atmospheric forcing (characterized
by EOF1 HFLX) leads to the observed out-of-phase
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heat flux anomalies.

variability in the water mass formation in the L abrador
Sea (LSW) and in the western Atlantic (STMW).

The SST’ simulated in EXPII are comparable to those
in EXPI, as shown in Fig. 1. Both the correlation co-
efficients between the simulated and observed anoma-
lies and the EOF modes of SST’ and heat flux anomalies
in EXPII (not shown) are aso highly similar to those
of EXPI. These results are consistent with those of Bat-
tisti et a. (1995) and Delworth (1996), which show that
the magnitude of the SST’ can be quantitatively ac-
counted for by the heat flux anomalies, whilethe oceanic
advection plays only asecondary role. In EXPIII (which
is forced with anomalies of the wind stress but not of
the heat flux), the simulated SST’ are very weak (not
shown) and concentrated primarily along the Gulf
Stream, and the correl ation coefficients between thesim-
ulated and observed SST’ (not shown) are below (or
close to) the significance levels over the entire domain.
This result is not unexpected since, in that experiment,

the heat flux formulation implicitly restores the model
SST to climatology, thereby inhibiting the devel opment
of SST anomalies (Seager et al. 2000; Paiva and Chas-
signet 2001).

EXPIII is useful, however, to shed some light on the
processes associated with the sea surface salinity anom-
alies (SSS'), the variability of which is directly related
to variations in the advective fields since the sea surface
salinity is not constrained by observations (Paiva and
Chassignet 2001) and no E — P anomalies are present
in the forcing. Near-decadal variations in the Gulf
Stream transport, with magnitude ~5 Sv (Sv = 10° m?
s 1), are observed in EXPIII as a consequence of the
variability in wind stress curl over the subtropical gyre.
While there are no continuous direct measurements of
Gulf Stream transport variability to which to compare
the model results, hydrographic data indicate that the
Gulf Stream was weaker in the early 1970s than in the
late 1950s by ~6 Sv (Sato and Rosby 1995) and that
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FiG. 4. (a) Salinity anomaly at Bermudain EXPIII (thick solid line) and from observations: dashed—dotted
line from Joyce and Robbins (1996) for the 0—200-m depth interval, and dashed line from L. D. Taley
(1999, personal communication) for o, = 26.2. (b) Salinity anomaly at Bermuda (thick solid line) and Gulf
Stream transport anomaly (thin solid line) lagged by 3 yr, in EXPIII. Both curves in (b) are normalized by
their respective standard deviations. The transport anomaly has been smoothed with a low-pass filter with

cutoff frequency of 8 yr.

it strengthened around 1975 (Worthington 1977), in
agreement with the simulated variations. SSS anomalies
simulated near Bermuda in EXPIII have phase similar
to that of the observed anomalies (Fig. 4a) for the near-
decadal signal. These anomalies correlate well with the
simulated transport variability for a 3-yr time lag (Fig.
4b), in agreement with the Talley (1996) hypothesis of
an advective source for the salinity variations at Ber-
muda. It is unclear, however, if the weaker magnitude
of the simulated SSS’, when contrasted to observations,
reflects the absence of surface freshwater flux anomalies
inthe model or deficienciesin the model advectivefield.

4. Subtropical mode water variability

Subtropical Mode Water (STMW) is a major con-
stituent of the upper thermocline in the western sub-
tropical gyre (Worthington 1959). Its formation is as-
sociated with subduction through the base of the shoal-
ing mixed layer at the offshore flank of the Gulf Stream,
and its vertical homogeneity is acquired through deep
convection driven by intense wintertime buoyancy loss
(McCartney 1982). In this section, the model results
representing the simulated STMW variability under
anomalous atmospheric forcing are compared to obser-
vations, and the importance of the surface heat flux in
generating the observed variability is assessed.

In the present simulations, of the model layers that
exist in the North Atlantic subtropical gyre, only layers
5 (o, = 26.18), 6 (0, = 26.52), and 7 (o, = 26.80)
are ventilated directly in the western portion of the gyre.
The time evolution of the vertical layer structure at the
model grid point closest to the location of the Panulirus
station is shown for EXPI in Fig. 5a. A bias toward
higher than observed SSS in the subtropics (Paiva and
Chassignet 2001), simulated during the spinup phase,
contributes to an upward migration of the isopycnals
and to the simulation of denser than observed STMW
(which is represented in the model by layer 7).

The low-frequency variability in the STMW at Pan-
ulirus is manifested in the model by variations in the
relative amount of mass (thickness) of layers 6 and 7
and by the corresponding variations in the depth of the
interface between these two layers, as seen in Fig. 5a.
The Talley and Raymer (1982) time series of observed
isopycnal depthsat Panulirus (their Fig. 4) isreproduced
herein Fig. 5b, with the data extended through the 1980s
(Talley 1999, personal communication) and overlaid by
the time series of the model summer interface depth.
Asshown in thisfigure, the model reproduces quite well
the near-decadal oscillations present in the data. These
oscillations are characterized by the accentuated shoal -
ing of the isopycnals observed to occur from approxi-
mately 1964 to 1971, and to a lesser extent in the late
1970s, separated by a period of deeper isopycnals sim-
ilar to that seen in the initial part of the observed and
simulated records.

A useful mode water tracer (McCartney 1982) is its
potential vorticity (PV), which for negligible relative
vorticity can be defined as

fo
Po 9Z
where f isthe Coriolis parameter, p, areference density,
and the partial derivative denotes the vertical density
gradient. By virtue of their vertical homogeneity (and
low density gradient), mode waters are characterized by
aPV minimum in the water column, with negative (pos-
itive) PV anomalies indicating greater (smaller) than
average formation of a particular mode water. A dis-
cretized version of Eq. (1) (New et al. 1995) was com-
puted for layer 7, representing summer conditions, and
the time evolution of the model STMW PV anomaly
(hereafter referred to as PV') is shown in Fig. 5¢c. The
low-frequency variability agreeswell with that observed
by Talley and Raymer (1982) in their representation of
the STMW PV anomaly in density space for the 1954—
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Fic. 5. Time evolution at Bermuda for (a) model (EXPI) layer structure (thick lineis the base of the mixed
layer, and thin lines are the base of layers 5, 6, and 7, from top to bottom); (b) depth of interface between
model (EXPI) layers 6 and 7 in Sep, detrended and added to its mean value (thick line), and observed depth
of 26.4, 26.5, and 26.6 (from top to bottom) o, surfaces (thin lines), from L. D. Taley (1999, personal
communication); and (c) potential vorticity anomaly of model (EXPI) layer 7 (thick line), and from obser-
vations (thin line) within the depth range 200-400 db (Joyce and Robbins 1996), normalized by their

respective standard deviations.

78 period (their Fig. 3). Both in the observations and
in the model, there is an indication of (i) a period of
relatively uniform conditions prior to the early 1960s,
which in the model exists from the late 1940s, prior to
the time of the observations; (ii) an intensification of
the ventilation around 1964, with negative PV’ and in-
creased production of a denser mode water persisting
until approximately 1971; (iii) a comparatively abrupt
and intense reduction of the ventilation, with an overall
PV maximum for the entire period of observations near
1975; and (iv) a recovery of the ventilation and PV
conditions characteristic of the initial part of the record
to the 1980s.

For comparison, Fig. 5¢ also includes the PV anom-
alies in the dbar pressure range 200—400, based on ob-
servations, redrawn from Joyce and Robbins (1996).
While the curves in Fig. 5¢c compare well, there is an
indication that the model PV’ lags that of the obser-
vations by ~1-2 years. Whether thislag isareal feature,
or an artifact arising from the different ways in which
the two curves were computed, is unclear. If real, it
could indicate a delayed response of the model to the
forcing, or simply the fact that the Panulirus location
in the model is not identical to that in reality, with

respect to the simulated and observed circulation of the
western subtropical gyre.

From Fig. 5a, it is apparent that there is little cor-
relation between the simulated PV (or the interface
depth) anomaly at Bermuda and the local convective
activity, as expressed by the depth of the simulated win-
tertime (March) mixed layer (the correlation coefficient
is 0.2). Marsh and New (1996) found similar results
analyzing data from the Panulirus station. When the PV
anomalies at Bermuda are correlated to the depth of the
March mixed layer at different model grid pointsin the
western Atlantic, the correlation coefficients are ob-
served to increase in the northeast direction, reaching
a maximum of 0.68 at 36°N, 60°W. This is consistent
with STMW not being formed at Bermuda, but rather
being advected through the location of the Panulirus
station by the recirculation of Gulf Stream water in the
Sargasso Sea (Fieux and Stommel 1975; McCartney
1982). Aswill be shown in the remainder of this section,
the low-frequency signal of the STMW PV’ observed
in the model resultsis, in fact, generated northeastward
of Bermuda and is advected by the mean flow through
the location of the Panulirus station.

The correlation coefficients between PV’ at Bermuda
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Fic. 6. (a) Correlation coefficient between the PV’ of STMW (layer 7) at Bermuda in EXPI and the wintertime SST'
in the western subtropics (contour interval 0.1). (b) Asin (a) but for PV’ at Bermuda and layer 7 PV’ in the western
subtropics. The filled circle is the position of Bermuda. The open circles along the segment line are the positions used in
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the PV’ computations shown in Fig. 8.

and SST' over the western subtropical gyre are shown
in Fig. 6a, with the maximum correlation of 0.87 ob-
served to occur northeast of Bermuda. Wintertime SSS
anomalies are weak in EXPI, and SST' is a good in-
dicator of the density (and buoyancy) variability of the
mixed layer. The fact that PV’ at Bermuda correlates
better with SST’ than with mixed layer depths indicates
that the controlling factor in the STMW variability is
not so much the depth of wintertime convection as the
density of the mixed layer, which determines the par-
titioning of the subducted water among the model layers
that are ventilated in the western subtropical gyre. The
correlation coefficients in Fig. 6a are above the 99%
significance level over alarge area in the western At-
lantic, as expected, since SST anomalies in the model
and in observations have spatial scales on the order of
~1000 km in the subtropics.

In order to represent the spatial scales of the simulated
PV anomalies, we have correlated the time series of PV’
at Bermuda (Fig. 5¢) with PV’ computed in a similar
way at different model grid points over the western
Atlantic (Fig. 6b). The variability simulated at Bermuda

is coherent over alarge areain the Sargasso Sealimited
to the northwest by the Gulf Stream front (the position
of which corresponds roughly to the 0.6 contour in Fig.
6a, and to the 0.2 contour in Fig. 6b) and extending to
~50°W, ~28°N. This result is corroborated by a prin-
cipal component analysis carried out for the anomalies
of the depth of the interface between layers 6 and 7
(Fig. 7), representing summer conditions. While the
time series of the first EOF mode (Fig. 7b), which ac-
counts for 38% of the total variance, captures the near-
decadal oscillations observed and simulated at Panulirus
(Fig. 5b), its spatial distribution (Fig. 7a) shows the
maximum variability to be centered to the northeast of
Bermuda (where wintertime convection is at a maxi-
mum), whence it spreads primarily to the south and
southwest in the Sargasso Sea.

In order to follow the evolution and propagation of
the STMW PV anomaly, Fig. 8 showsthe PV’ computed
at five different model grid points, which are distributed
from the center of convective activity to ~500 km
southwest of Bermuda, following approximately the di-
rection of the mean flow in layer 7. The positions of
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FiG. 7. (a) EOF 1[solid (dashed) lines are positive (negative) contours; the contour interval
is 30 m] and (b) time series of EOF 1 of the depth of the interface between layers 6 and 7

in Sep (EXPI).

these grid points are denoted by the circles along the
line segment in Fig. 6b. The time lags between the dif-
ferent curves in Fig. 8 indicate a propagation speed on
the order of 1 cm s, which corresponds to the mag-
nitude of the flow simulated in layers 6 and 7. The
magnitude of the PV anomalies decays with time due
to internal mixing (New et al. 1995).

Since the formation of STMW (and its low PV) is
associated with intense wintertime buoyancy lossin the
Gulf Stream region, the observed and simulated PV var-
iability at Bermuda can be expected to be associated
with variability in the surface buoyancy flux. However,
previous investigators have found little correlation be-
tween the two quantities (Jenkins 1982; Talley and Ray-
mer 1982). EXPII was designed to isolate the effects of
surface heat flux anomalies by eliminating the mechan-
ical response of the ocean to the wind stress anomalies.
The time evolution of the PV’ at Bermudain EXPI and
EXPII iscompared in Fig. 9, which indicates that EXPII
successfully simulates the near-decadal oscillation ob-

served in EXPI and in observations. The magnitude of
PV’ at Bermuda in EXPIII (which includes 7' but not
the anomalies related to the thermodynamic forcing) is
much smaller than in the other experiments, and can be
recovered to a good approximation by subtracting the
PV’ in EXPII from that in EXPI.

In order to represent the variability of the surface heat
flux in the western subtropical gyre, the average win-
tertime (January—March) heat flux anomaly (hereafter
QF’) was computed over a region extending from 28°
to 40°N and 56° to 80°W, and is also shown in Fig. 9.
There is little difference among the values of QF’ com-
puted from both of the model experiments and from
observations, and the quantity shows only a small de-
pendence upon the size of the area within which the
average was computed. There is also good agreement
between QF' and EOF1 HFLX (contrast Figs. 3b and
9). This indicates that both the averaged flux and the
first EOF of the heat flux are representative of the sur-
face heat flux variability in the western Atlantic. This
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Fic. 8. STMW PV’ (normalized by standard deviation) in the west-
ern subtropics, at the locations indicated in Fig. 6. A low-pass filter
with a 5-yr cutoff frequency has been applied to PV’ at each station,
and the curves are offset by 0.15 standard deviation.

also means that the area over which QF' is computed
dominates the first EOF mode computed over the entire
basin.

While there is some visual correlation between the
anomal ous atmospheric forcing (QF') and the variations
of PV at Bermuda for near-decadal timescales (Fig. 9),
the magnitude and phase of the simulated variability do
not correlate well over the entire period. Taley and
Raymer (1982), in a similar comparison using obser-
vations for the 1954—72 period, note that the apparent
trend of weakening heat loss observed in the 1960s is
not followed by an expected increase in PV'. In fact, a
minimum in PV’ was reached at the end of that decade.
Those authors, however, presented their resultsin terms

normalized varaibility
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Fic. 9. STMW PV’ at Bermuda in EXPI (dashed line) and EXPII
(solid line) and the wintertime downward surface heat flux anomaly
averaged within latitudes 28°-40°N, longitudes 56°—80°W (solid line
with circles). All curves are normalized by their respective standard
deviations.
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Fic. 10. STMW PV’ at Bermudain EXPI (dashed line) and EXPII
(solid line) and the integrated wintertime downward surface heat flux
anomaly in the western subtropics (solid line with circles). All curves
are normalized by their respective standard deviations. The heat flux
and the PV’ curves are offset by two standard deviations.

of the total heat flux instead of its variability, and it is
difficult to clearly distinguish from their figures al of
the timescal es associated with the heat flux and potential
vorticity variability.

The results shown in Fig. 9, in which the heat flux
and potential vorticity anomalies are compared, suggest
that the PV’ fields are not a direct response to the high
(biannual) frequenciesin the atmospheric forcing (QF'),
as evident, for example, in the intense cooling events
around 1960. It is therefore possible that long-term heat
storage, associated with the tight recirculation in the
Sargasso Sea, and preconditioning of the convective ac-
tivity play an important rolein the process of generating
the observed and simulated STMW PV anomalies (Jen-
kins 1982). In order to verify this assumption, the in-
tegral effect of the heat flux anomalies over the western
Atlantic has been computed by integrating QF’ (from
an arbitrary initial level) for the duration of the model
experiments (Fig. 10). To a first approximation, the in-
tegrated heat flux anomalies, in which the importance
of individual extreme events is minimized, correspond
well with the PV anomalies at Bermuda. In particular,
the high PV’ in the early 1950s can be interpreted as
an oceanic response to a succession of moderately warm
winters, while the decreasing trend in PV’ in the late
1950s and in the 1960s (as well as the magnitude of
the PV’ minimum in 1970) can be interpreted as a re-
sponse to an integral cooling, resulting from a succes-
sion of anomalously cold winters. This analysis indi-
cates that the STMW variability at near-decadal time-
scales can be explained, to alarge extent, as an oceanic
response to variations in the surface heat flux in the
western subtropical Atlantic.
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Fic. 11. Time evolution of model (EXPI) layer 12 thickness anom-
aly in the Labrador Sea (solid line) and of the thickness of the ob-
served LSW core (dashed line, redrawn from Curry et al. 1998).

5. Variability in the Labrador Sea

The Labrador Sea is one of the major sites within
which deep convection takes place in the North Atlantic.
In the central Labrador Sea, this deep convection, driven
primarily by intense wintertime heat loss to the atmo-
sphere, leadsto the production of the cold (and rel atively
fresh) LSW (Lazier 1981; Talley and McCartney 1982),
with the thickness of the LSW core being directly pro-
portional to the intensity of convection (Curry et al.
1998). In this section, the simulated variability in con-
vective activity (and water mass formation) in the Lab-
rador Sea is compared to observations, and its response
to the surface forcing is investigated.

Under anomal ous forcing, convection and water mass
formation in the Labrador Sea undergo intense inter-
annual and near-decadal variations in the model simu-
lations. As discussed in Paiva and Chassignet (2001),
ventilation in the model is very sensitive to the surface
conditions. During the spinup phase, the simulation of
dlightly fresher and warmer surface wintertime condi-
tions leads to the formation of a lighter than observed
water mass in the Labrador Sea, with the mixed layer
ventilating primarily layer 12 (o, = 27.64). The time
evolution of the layer 12 thickness anomaly for EXPI
(computed at the grid point closest to OWS Bravo) is
shown in Fig. 11 and is compared to observations of
LSW thickness. To a first approximation, the model is
able to capture the phase and order of magnitude of the
observed near-decadal variability, if not its maximum
amplitude. In a manner similar to that in redity, the
simulated water mass production in the Labrador Sea
was reduced in the late 1960s and early 1980s, while
intense convection in the early 1970s and around 1985,
corresponding to the simulated negative SST anomalies,
led to arestoration of the production levels observed in
the 1950s. The mechanical effect of the wind stress
anomalies (7' in EXPIII) has only minor impact on the
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Fic. 12. Simulated March mixed layer depth anomaly at the po-
sition of OWS Bravo in the model in EXPI (solid line) and wintertime
upward surface heat flux anomaly in the Labrador Sea (dashed line).
Both curves are normalized by their respective standard deviations.

convective activity in the Labrador Sea, and EXPII,
which does not include 7', reaches results very similar
to those of EXPI.

It is important to note that the observed advection of
intense freshwater anomalies into the central Labrador
Sea, corresponding to the great salinity anomaly of
1969—70 (Dickson et al. 1988) and the “‘lesser great
salinity anomaly’’ of the early 1980s (Curry et al. 1998;
Belkin et al. 1998), was not represented in the model.
Accordingly, the simulated SSS variability isvery small
in comparison to that in the observations, and the sim-
ulated variability in convective activity is caused pri-
marily by the surface heat flux variability. The anom-
alies of the simulated March mixed layer depth (rep-
resenting the convective intensity) correlate reasonably
well (correlation coefficient —0.67) with the wintertime
(January—March average) heat flux anomalies averaged
over the Labrador Sea (Fig. 12). This correlation is re-
duced for the heat flux computed for individual months
(March anomalies, e.g., instead of seasonally averaged
anomalies) but is not strongly dependent upon the size
of the domain within which the fluxes are averaged.

6. Summary and discussion

In this study, the atmospherically forced low-fre-
guency variability in water mass formation in the North
Atlantic Ocean has been investigated in a redlistic
OGCM forced by COADS atmospheric fieldsfrom 1946
to 1988. In particular, this investigation addresses the
questions of whether, and to what extent, realistic sur-
face heat flux anomalies can generate the observed in-
terannual and near-decadal variability in the convective
activity of the western Atlantic basins and the observed
potential vorticity anomalies of STMW and LSW.

The surface heat flux anomalies were indeed found
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Fic. 13. Comparison between the NAO index of Hurrell (1999, personal communication), and
the model (EXPI) LSW (dashed lines) and STMW (solid line) PV anomalies. Both PV’ curves
were low-pass filtered (thick lines) with the same weights (1, 3, 5, 6, 5, 3, 1) applied to the NAO
index. All curves are normalized by their respective standard deviations.

to be the primary forcing mechanism that generated in
the model near-decadal variations in the potential vor-
ticity of the STMW and in the depth of isopycnal sur-
faces in the western subtropics, in good agreement with
observations at the Panulirus station (Bermuda). The
potential vorticity signals originated to the northeast of
Bermuda and were advected by the mean flow through
the location of the Panulirus station at speeds on the
order of 1 cm s*, with their magnitude attenuated along
the trgjectory due to internal mixing. The horizontal
scale of these western subtropics potential vorticity
anomalies is on the order of ~10° lat by ~15° lon. The
anomalies occupy most of the Sargasso Sea and are
limited in the west-northwest direction by the Gulf
Stream front. These results support those from obser-
vations (Molinari et al. 1997), which show that the tem-
perature variability from the surface to 400 mis coherent
over alarge area of the western subtropics.

The simulated STMW potential vorticity signals are
associated with changes in the buoyancy of the winter-
time surface mixed layer, the timescales of which are
represented in the first EOF modes of both the simulated
heat flux and the SST anomalies in the model domain.
Heat storage and preconditioning of the convective ac-
tivity were shown to be the important factors for the
generation of STMW variability with persistence of cold
(warm) conditions, associated with anomalous heat 10ss
(gain) over the western subtropics, being more signifi-

cant for the generation of the simulated variability than
were strong anomalous events in isolated years. The
residence time can be long in the recirculating waters
of the western subtropical region east of the Gulf
Stream, and the upper ocean has a ‘‘memory’’ of pre-
Vious years.

In the Labrador Sea, the model was able to capture
the phase and order of magnitude of the observed near-
decadal variability in the convective activity, if not its
maximum amplitude. The agreement between model
and observations, despite the absence in the simulations
of the freshwater anomalies of 1969—70 and early 1980s,
highlights the importance of the surface heat flux var-
iability in driving the observed convective anomalies.
Dickson et a. (1996) have pointed out that the gener-
ation and advection of the Great Salinity Anomaly and
the surface heat fluxesin the Labrador Seaare connected
phenomena, associated with the NAO.

At near-decadal timescales, the PV anomalies of
STMW at Bermuda and of LSW near OWS Bravo are
consistently out of phase with one another in the model
simulations (Fig. 13) as well as in the observations.
When time series of PV’ are calculated for a region
located to the northeast of Bermuda (where STMW is
actually formed in the model), this out-of-phase char-
acter can also be extended, to a certain degree, to in-
terannual timescales (not shown). This asynchronicity
in the water mass formation in the western subtropics
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and in the Labrador Sea is consistent with the dipole
pattern of the wintertime SST (and buoyancy) anomalies
in the North Atlantic. In order to characterize the time-
scales associated with the atmospheric variability (and
with the anomalous forcing in the model), the NAO
index from Hurrell (1999, personal communication) is
also shown in Fig. 13. While the NAO presents near-
decadal oscillations very similar to the PV’ (for both
STMW and LSW), there is an indication that PV’ lags
the NAO index by approximately 2—-3 years, indicative
of the slow oceanic response time to the atmospheric
forcing (Curry et al. 1998).

Variability of the NAO represents changes in the pat-
tern of the large-scale atmospheric circulation, which
generate anomalous sensible and latent heat flux by
modifying the strength and position of the westerly
winds and the advection of heat and moisture over the
ocean. When the NAO is high, strong winds and con-
tinental cold air advection (associated with the north-
westerly component of the winds) over the Labrador
Sea intensify the heat loss to the atmosphere (Dickson
et al. 1996), coinciding with periods of intense convec-
tion and low LSW PV’ (Fig. 13). At the same time,
inflow of warm and moist oceanic air reduces latent
heat loss (the dominant component of the surface heat
flux from the tropics to midlatitudes) in the western
subtropics (Cayan 1992; Zorita et a. 1992), which is
followed by low production (and high PV') of STMW.
When the NAO is low, the Atlantic storm track shifts
southward along with the westerlies (Rogers 1990;
Joyce et al. 2000), intensifying the outbreaks of cold
and dry continental air over the western subtropics
(Marsh and New 1996) and increasing the latent heat
lossin that region, and the strongest renewal (and lowest
PV') of STMW are simulated (and observed) at Ber-
muda (Fig. 13). Reduction of convection in the L abrador
Sea (and high LSW PV') accompanies the reduced heat
loss during the low NAO periods.

These results support the idea that the variability in
water mass formation in the western North Atlantic can
be attributed, to a large extent, to changes in the pattern
of the large-scale atmospheric circulation, which gen-
erate sensible and latent heat flux variability by modi-
fying the strength and position of the westerly winds
and the advection of heat and moisture over the ocean.
To our knowledge, this is the first time that the inter-
annual and near-decadal subsurface variability associ-
ated with STMW and LSW, and its relationship to the
NAO, has been simulated in an ocean general circulation
model.

The present work represents an attempt to simulate
and to understand the oceanic subsurface low-frequency
variability within the framework of an ocean-only mod-
el. This approach precludes an investigation of possible
coupling mechanisms, by which the simulated oceanic
state could feed back upon the atmospheric circulation.
By restricting the coupling with the atmosphere, how-
ever, it becomes possible to investigate the ocean re-
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sponse to specific forcing mechanisms, such as in this
study the impact of surface heat flux anomalies upon
the water mass formation. It is the ability to retain a
large degree of realism while isolating important phys-
ical mechanisms in process-oriented studies, combined
with a spatial and temporal coverage that is ordinarily
absent from observations, that makes OGCMs an es-
sential tool for the investigation of the ocean climate
and its variability.
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