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ABSTRACT

Coupled atmosphere—ocean dynamics in the North Atlantic is studied by means of a simple model,
featuring a baroclinic three-dimensional atmosphere coupled to a slab ocean. Anomalous oceanic heat
transport due to wind-driven circulation is parameterized in terms of a delayed response to the change in
wind stress curl due to the North Atlantic Oscillation (NAO). Climate variability for different strengths of
ocean heat transport efficiency is analyzed. Two types of behavior are found depending on time scale. At
interdecadal and longer time scales, a negative feedback is found that leads to a reduction in the spectral
power of the NAO. By greatly increasing the efficiency of ocean heat transport, the NAO in the model can
be made to completely vanish from the principal modes of variability at low frequency. This suggests that
the observed NAO variability at these time scales must be due to mechanisms other than the interaction
with wind-driven circulation. At decadal time scales, a coupled oscillation is found in which SST and

geopotential height fields covary.

1. Introduction

The spatial and temporal structure of the North At-
lantic Oscillation (NAO) can be described by internal
atmospheric dynamics (e.g., Feldstein 2000; Thompson
et al. 2003) especially on intraseasonal time scales. Nev-
ertheless, on longer time scales, there are a growing
number of indications that the slight redness of the
NAO spectrum is likely to be due to external forcing
arising from the interaction of North Atlantic atmo-
spheric variability with other components of the climate
system (Czaja et al. 2003; Stephenson et al. 2000). On
decadal and interdecadal time scales, one likely source
of this external forcing is variability in air-sea fluxes
associated with changes in the North Atlantic Ocean
circulation.

The NAO drives variability in the North Atlantic
Ocean, affecting the mixed layer (Frankignoul and
Hasselmann 1977; Battisti et al. 1995), the wind-driven
circulation (Frankignoul et al. 1997), and thermohaline
circulation (Delworth and Greatbatch 2000). More-
over, evidence of the response of the NAO to North
Atlantic sea surface temperature anomalies has been
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found both in observations (Czaja and Frankignoul
2002; Rodwell and Folland, 2002) and in general circu-
lation model (GCM) studies (Rodwell et al. 1999; Sut-
ton and Hodson 2003).

To what extent there is a two-way coupled interac-
tion between the atmosphere and ocean over the At-
lantic in middle to high latitudes is not yet clear—see
the discussion in Marshall et al. (2001a). The problem is
made difficult by the long time scales of variation of
ocean dynamics, for which few data are available, and
the competing effects of many processes that make in-
terpretation of coupled GCM integrations very diffi-
cult. For this reason much use has been made of ideal-
ized models in which processes can be studied in isola-
tion of others. Barsugli and Battisti (1998) used a 1D
model of the atmosphere—ocean mixed-layer system.
They showed how temperature equilibration between
the ocean and atmosphere would lead to reduced heat
flux on long time scales and hence reduced damping of
anomalies. This would foster SST and atmospheric vari-
ability at low frequencies, with the effect of “redden-
ing” the NAO spectrum. Marshall et al. (2001b) and
Czaja and Marshall (2001), however, added a represen-
tation of air-sea flux variability induced by interactive
ocean dynamics and found a reduction of variability at
low frequency and hence a “blueing” of the NAO spec-
trum. This phenomenon would take place, they argued,
at time scales longer than a delay time ¢, dependent on
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the response time of the ocean to changes in the forc-
ing, perhaps 10 yr.

In this paper, we revisit these idealized results with a
simple, yet more realistic model. The model comprises
a quasigeostrophic three-dimensional atmosphere
coupled to a slab ocean model. A parameterization of
anomalous heat transport—a “Q flux”—due to vari-
ability in ocean circulation is included by slaving it to
atmospheric circulation as a delayed response to
changes in the modeled NAO.

In section 2 the model equations are briefly de-
scribed. We study the modes of variability of the
coupled model and the passive response of the atmo-
spheric component to prescribed SST anomalies. The
parameterization of the Q flux is also described and
discussed. In sections 3 and 4 we analyze the coupled
response to the Q flux parameterization. Section 3 con-
centrates on interdecadal time scales, and section 4 con-
centrates on decadal time scales. We summarize, dis-
cuss, and conclude in section 5.

2. Model and methodology
a. Model formulation

The model is of intermediate complexity. The atmo-
spheric component, taken from Marshall and Molteni
(1993, hereafter MM93), is based on the quasigeo-
strophic (QG) potential vorticity (PV) equation on the
sphere, discretized on three vertical levels (200, 500,
and 800 hPa), at a spectral horizontal resolution of T21.
The ocean comprises a slab SST mixed layer forced by
air-sea heat fluxes, Ekman advection, and a parameter-
ization of anomalous heat transport by ocean circula-
tion. Atmosphere and ocean are coupled via a surface
flux of sensible and latent heat, computed using bulk
aerodynamic formulas, that forces the mixed layer on
the ocean side and induces a potential vorticity forcing
in the atmospheric model on the other.

The MM93 model has been used in a number of stud-
ies of atmospheric dynamics, data assimilation, and at-
mospheric predictability. Despite its simplicity, the
model has a remarkably good climatology and variabil-
ity with a plausible stationary wave pattern, Pacific and
Atlantic storm tracks, and maxima in low-frequency
activity at the end of the storm tracks. D’Andrea and
Vautard (2000) show comparisons of the model clima-
tology with observations. A coupled version similar to
that described here was used by Ferreira and Franki-
gnoul (2005) to study the transient response of the at-
mosphere to SST anomalies.

The equation for the atmosphere is

Dq_ ,
S, =5 +51Q) - D, (M
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where D/Dt represents the total derivative and q is the
quasigeostrophic potential vorticity on the sphere dis-
cretized on three levels. Dissipation is represented by
D, and S and S’ are source terms. The full vertically
discretized expression of the atmospheric equations of
the model is given in appendix A.

Here, S is a spatially varying time-independent forc-
ing designed to represent sources of potential vorticity
that result from processes not explicitly included in the
model. It is constructed empirically as in MM93 (see
appendix B) to keep the model’s mean state close to
that of an observed wintertime climatology.

The additional source term S’(Q;) represents the PV
forcing induced by the air—sea surface heat flux Q,. As
described in detail in appendix A, the heat flux has the
effect of changing the thickness of the atmospheric
quasigeostrophic layers; a flux out of the ocean' induces
an increase in thickness, that is, a negative streamfunc-
tion anomaly at 800 mb, and a positive streamfunction
anomaly at 500 mb. Note that the net PV forcing by
anomalous air-sea heat flux is zero: when integrated
over all levels of the atmospheric model, the vertical
integral is exactly zero.

The turbulent air—sea heat flux Q; is given by the
bulk formula

1
o= pacpa(l + E)IMSICD(Ta — SST), )

where |uy| is the surface wind speed, which is taken
equal to the wind at the lowest level (800 mb), and 7,
is the surface air temperature. Here, 7, is computed by
T, = kT,, where T, is the temperature in the 500-800-
mb layer and k is a constant coefficient that is tuned; B
is the Bowen ratio, parameterizing the effect of latent
heat flux, that is taken equal to 0.5.

In this study coupling between the mixed layer and
the atmosphere is implemented only over the North
Atlantic basin, thus precluding study of Pacific coupled
air-sea interaction or variability in the Pacific driven by
the Atlantic. The SST equation is given by

1

J
H_tSST = h (Qs + Qek + Qé + Sc)’ (3)

o“po'tm
where Q. is the advection of the mean observed sea
surface temperature gradient SST (where the hat indi-
cates “observed”) by Ekman currents:

Qek = pocpohmvek ’ VSS*T’ (4)

! We adopt the following convention: Q, is positive if directed
into the ocean, thus warming the ocean and cooling the atmo-
sphere.
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and V is given by

Vck

(=7, 7)) and 7= p,Cplulu;, (5)

poth

where u, is taken, as above, from the model’s wind at
800 hPa.

In the SST equation, S, is a flux correction term de-
fined in a similar way to the term S of the PV equation,
as described in appendix B. Geostrophic advection of
heat by the ocean is represented by Q and is param-
eterized as described in section 2b.

A list of symbols and values of model parameters (for
both the atmosphere and ocean) is given in Table 1;
they are in general taken from the wintertime standard
U.S. atmosphere.

DOMINANT PATTERNS OF OCEAN—ATMOSPHERE
INTERACTION

As a preliminary illustration of the dynamics of the
coupled model, the first empirical orthogonal function
(EOF) of the monthly mean SST, and 500-hPa stream-
function anomaly over the Euro-Atlantic region are
shown in Fig. 1. To produce this figure, an extended
integration of the model was performed setting Q, = 0
in Eq. (3). The streamfunction EOF has a dipolar struc-
ture reminiscent of the NAO. This map is in fact the
Atlantic portion of a rather zonally symmetric annular
mode that results from hemispheric EOF analysis (not
shown). The pattern of the first SST EOF also shows a
dipolar structure with zero line around 50°N explaining
around 37% of variance. The main difference between

TABLE 1. Key model parameters and their values.

Symbol Meaning Value

h, Thickness of the 500-800-mb 3500 m
layer

o Vertical stability parameters in 578 X 107° s* kg2
the 1-2 layer

o, Vertical stability parameters in 225 X 107° s> kg2
the 2-3 layer

Ap Interval of pressure between 300 mb
levels

Po Ocean water density 1030 kg m ™3

Cpo Ocean water specific heat 4000 J kg~ K™

h,, Depth of the oceanic mixed 100 m
layer

Pa Air density at sea level 12254 Kgm™3

Cpa Air specific heat 1000 J kg ' K !

Cp Bulk aerodynamic drag 0.0013
coefficient

R Ideal gas constant 287 J kg K™!

fo Coriolis parameter at 45°N 107 4s71

B Bowen ratio 0.5

k Ratio of 7, and T, 1.09
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F1G. 1. First EOFs of (top) 500-hPa streamfunction (trans-
formed into geopotential height, contours every 15 m, and nega-
tive contours dashed) and (bottom) SST anomaly (contours every
0.1 K; negative contours dashed) in the control model. The frac-
tion of variance explained is reported above each panel. The
EOFs are scaled so that they display the typical amplitude of SST
and 500-hPa monthly anomaly for one o of their respective time
series.
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the modeled and observed SST EOF is found in the
tropical Atlantic Ocean, where observations indicate
another center of variability, anticorrelated with the
center of the basin, giving the classic “tripole” structure
(see, e.g., Cayan 1992). The poor representation of
tropical dynamics in the QG atmosphere is probably
responsible for this error.

The equilibrium response to a prescribed constant
SST anomaly having the same pattern and sign of SST
EOF1 is shown in Fig. 2, where, for clarity, the stream-
function response of the model is transformed to geo-
potential height (GPH). An SST EOF1 pattern having
a maximum amplitude of two standard deviations of
PC1, equivalent to a maximum value of 1.5 K in the
southern lobe of the dipole, was prescribed, and a 2 X
10° days integration was carried out. The response is
equivalent barotropic and has the form of a negative
phase of the model’s NAO, with a high over warm SST
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F1G. 2. Atmospheric response to a prescribed SST anomaly hav-
ing the pattern of the first EOF of SST and an amplitude of 2 o.
Geopotential height at three vertical levels. Contours every 5 m,
zero line omitted, and negative contours dashed. Gray shading
refers to 99% confidence in a Student’s ¢ test.
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to the north and a low over cold SST to the south. The
equivalent barotropic response is due to transient eddy
flux of positive (negative) vorticity over cold (warm)
water. This mechanism was shown to be at work in
virtually the same model as that used here by Ferreira
and Frankignoul (2005). In their paper, a warm (cold)
SST anomaly results in an anomalous diabatic heating
(cooling) of the lower layers of the atmosphere, which
creates a baroclinic response as predicted by linear
theory. This initial response modifies the transient eddy
activity and thus the convergence of eddy momentum
and heat fluxes. The latter transforms the initial baro-
clinic response into an equivalent barotropic one. The
full evolution from a linear baroclinic response to an
equilibrium barotropic one takes place in 3 to 4 months.

Other studies of model response to SST anomalies
still show a certain degree of disagreement and depend
on season, geographical location, and on the model
used. Nevertheless, a broad consensus seems to be
emerging (see Kushnir et al. 2002 and references
therein), postulating a barotropic response of 15 to 20
geopotential height meters at 500 hPa K~' of SST
anomaly, set by transient eddy flux. This is broadly in
agreement with the behavior of our model.

b. Parameterization of ocean heat transport

To focus on the impact of geostrophic current
anomalies V; on the SST, we choose to define Q, in Eq.
(3) as a time-dependent but spatially fixed heating/
cooling anomaly as follows:

04(x, ¥, 1) = =p,Cpoh, V' g - VSST = Q(x, y) q(0).  (6)

In Eq. (6), h,, V, represents the geostrophic current
anomalies integrated over the depth of the mixed layer,
VSST represents the mean SST gradient, Q is the non-
dimensional spatial pattern of the Q flux, and ¢ is its
time series, in watts per squared meters. Note that Eq.
(6) does not represent the effects of mean advection by
geostrophic currents and hence does not include the
“spatial resonance” mechanism proposed by Saravanan
and Mc Williams (1998).

The choice of the Q flux pattern is meant to repre-
sent the impact of the NAO on the wind-driven circu-
lation. As discussed in Marshall et al. (2001b; see also
the recent reviews by Marshall et al. 2001a and Visbeck
et al. 2003), the NAO drives an anomalous horizontal
gyre straddling the mean separation of the subpolar and
subtropical gyres, the so-called “intergyre” gyre. When
the latter circulates anticyclonically it transports heat
northward, warming the subpolar gyre and cooling the
subtropical gyre. Consistent with the role of ocean cur-
rents, which can only redistribute heat and do not cre-




































