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ABSTRACT

An atmospheric general circulation model (AGCM ), a simplified atmospheric model (SAM) of surface heat
flux, and various idealized analytic models have been used to investigate the atmospheric response over the
North Atlantic to SST anomalies, including a general cooling associated with a weakened thermohaline circulation.
Latent heating dominates the surface heat flux response, while sensible heating plays an important secondary
role. The total heat flux response is weaker than presumed in recent studies using ocean models under highly
idealized surface boundary conditions. This implies that stability of the thermohaline circulation to high-latitude
freshening in more sophisticated coupled systems (that incorporate either AGCMs or models like SAM ) will
be increased.

All three kinds of atmospheric models exhibit nonrestorative behavior away from the anomaly peak that is
primarily associated with the advection of cooled air eastward. This simple picture is complicated in the AGCM
by the fact that the winds weaken over the SST anomaly, which helps to moderate the response.

Analytic models for atmospheric temperature forced using imposed surface temperature anomalies highlight
conditions under which a nonrestorative response can arise. Previous work has shown that the length scale of
spatially periodic anomalies partially determines the magnitude of the response in a diffusive atmosphere. Here
the authors show that this scale dependence has much wider applicability by considering more localized anomalies
and by the inclusion of advective transport processes.

The modification of the response by sea ice changes and the absence of any statistically significant change in
the basin-averaged hydrological cycle are also discussed.
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1. Introduction

The response of three-dimensional ocean models
under highly idealized upper boundary conditions
(BCs) to high-latitude freshening includes a general
cooling in the region, a collapse of the meridional
overturning, and a freshening far beyond that due to
the original perturbation. This so-called “polar halo-
cline catastrophe™ (Bryan 1986) is associated with
feedback mechanisms that depend upon the BC on
temperature (e.g., Power and Kleeman 1993, 1994;
Zhang et al. 1993; Power et al. 1994; Rahmstorf and
Willebrand 1995). This BC can be expressed as

Q(1) = @* — «(T(1) = T*), (1)

where Q( 1) is the net surface heat flux out of the upper
level of the ocean model, O* is a fixed background
value, k = —(Q(1) — Q*)/(T(1) — T*) = —AQ/AT
is a heat flux response coeflicient, 7(1) is the upper-
level temperature of the model, and 7* is a reference
temperature. If a negative value is assigned to « (as is
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almost always the case), then AQ/AT is positive and
so deviations in T(1) away from 7T* are dampened. If
heat were then added to the upper ocean of the model
from an additional source then this damping would
tend to restore the upper-level temperature toward 7%,
so it is commonly referred to as a restoring BC. It is
interesting to note, however, that when (1) is applied
in conjunction with a fixed surface salt flux (a com-
bination sometimes referred to as “mixed BCs”), it
can have a destabilizing influence on the climatology
of the model (Power and Kleeman 1993, 1994; Zhang
et al. 1993; Power et al. 1994; Rahmstorf and Wille-
brand 1995; Power 1995). In fact, if weaker restoration
is employed (i.e., || is reduced, k < 0), ocean models
under mixed BCs become increasingly less sensitive to
freshening at high latitudes, to the point where no col-
lapse occurs for even very large initial perturbations.
This is significant because the application of the re-
storing condition in the context of climate change is
uncertain (e.g., Power and Kleeman 1993, 1994; Zhang
et al. 1993; Gildor et al. 1994; Mikolajewicz and Maier-
Reimer 1994; Power et al. 1994; Rahmstorf and Wil-
lebrand 1995). For example, Bretherton (1982),
Schopf (1983), Frankignoul (1985), Zhang et al.
(1993), Kleeman and Power (1995), and Rahmstorf
and Willebrand (1995) have presented evidence show-



2162 JOURNAL OF CLIMATE VOLUME 8
:" AGCM Q total (W/sq m) ; Obs Q total (W/sq m)

RN
iy

I I R T

© SAM Q total (W/sq m)

ing that the rate at which anomalies are damped is very
much a function of its horizontal extent—the greater
the extent the weaker the restoration. This is because
the underlying atmospheric processes, which lead to
the decay of the SST anomaly and the timescales as-
sociated with these processes, are also scale dependent:
heat loss by longwave emission to space is believed to
dominate the ultimate erosion of global-scale anom-
alies, whereas advective transport processes act to erode
smaller-scale anomalies. ,

Additional uncertainty regarding the restoring BC
arises because the bulk of SST anomalies at midlati-
tudes are believed to be forced by heat flux anomalies,
which arise from atmospheric changes on daily,
monthly, and even interannual timescales (Namias and
Cayan 1981; Frankignoul 1985; Cayan 1990, 1992),
s0 it is not clear how appropriate a restorative heat flux
response to midlatitude SST anomalies is on climatic
timescales. :

Fi1G. 1. The total surface heat flux (Q) over the North At-
lantic calculated by (a) the AGCM, (b) Oberhuber (1988) using
the Comprehensive Ocean Atmosphere Data Set (Woodruff
et al. 1987), and (c) the Simple Atmospheric Model (SAM).

" The contour interval is 25 W m~2 in all plots; Q is positive
out of the ocean.

Various studies (Ratcliffe and Murray 1970; Palmer
and Sun 1985; Frankignoul 1985; Rind et al. 1986;
Lau and Nath 1990; Kushnir and Lau 1992; Deser
and Blackmon 1993; Peng and Mysak 1993; Kushnir
1994) have discussed the atmospheric response to
midlatitude SST anomalies. These studies have em-
phasized the role played by baroclinic disturbances and
storm track shifts in determining the average response,
the potential for the response to depend nonlinearly
on the sign of the anomaly, and the relocation of mid-
latitude rain belts. Rind et al. (1986) determined the
response of a coarse AGCM (atmospheric general cir-
culation model) to a large and extensive SST anomaly
in the North Atlantic. This anomaly was based upon
a CLIMAP (1981) reconstruction of the Younger
Dryas cooling (11-10 000 years BP). They found that
the anomaly forced a reduction in evaporation, and
that this led to a reduced net heat flux out of the ocean.
Judging by their plots of SST anomaly (A7) and total
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FiG. 2. The SST anomaly obtained by Power and Kleeman (1994) that is used
in most of the experiments described here. Contour interval: 0.2°C,

heat flux response (AQ), the response coefficient was
around —10 W m™2 °C~! (and therefore restorative)
but exhibited a good deal of spatial variation. This is
consistent with the results obtained by Lau and Nath
(1990), which showed that the fluctuations in the
combined latent and sensible heat flux were typically
—20 to —10 W m™2 °C~! in their 30-year integration
of an AGCM. Frankignoul (1985) summarized addi-
tional work, which highlighted the importance of air
temperature changes in reducing the heat flux response.
The heat flux response in the studies Frankignoul dis-
cussed provided a negative feedback on the original
SST anomaly with « typically —20 W m~2 °C~!, al-
though the precise response differed from one model
to another (in fact no simple relationship between SST
and heat flux seemed to exist in one of the integrations
discussed). Frankignoul (1985) also mentioned the
ability of the atmosphere to help move midlatitude
SST anomalies farther east via atmospheric advection.

Here we will force two atmospheric models using
SST anomalies derived from an ocean model in which
the production of North Atlantic Deep Water is sub-
dued. If the values of x in the response indicate that
the restoring BC is valid and the magnitude is similar
to that employed in the earlier ocean modeling studies,
then we can have more faith in their assessment of
climatic stability.

Both an AGCM and a simple heat flux response
model (Kleeman and Power 1995) will be used to de-
termine the response to the SST changes. Simple an-
alytic models, similar to that described by Schopf
(1985), will be used to help interpret some of the salient
features of the response evident in the more sophisti-
cated models. The simpler models provide a convenient
framework in which most of the mechanisms that un-
derlie the response can be studied and understood.
They will also be used to briefly explore the impact of
sea ice changes, consistent with the imposed SST
changes.

While the emphasis here is on the heat flux response,
the AGCM freshwater flux response (the change in R
+ P — E, where R is the runoff, P the precipitation,
and E the evaporation ) is also determined in an attempt
to see if the reduced temperatures produce an increase
in the freshwater delivered to the North Atlantic. The
importance of this feedback remains uncertain as some
studies point to only a small modifying role (e.g., Wang
and Birchfield 1992; Power et al. 1994 ), whereas others
(Rind et al. 1986; Duplessy et al. 1992; Nakamura et
al. 1994) suggest a destabilizing role of fundamental
importance: cooled surface temperatures are associated
with an increase in P — E. In a coupled atmosphere-
ocean mode! this would serve to diminish both the
overturning and, because of a reduction in the north-
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FI1G. 3. The AGCM heat flux response to the SST anomaly depicted in Fig. 2: (a) total, (b) latent,

(c) sensible, (d) net surface radiation, and (e) « =

f61f',,

—AQ/ASST. Units: W m~2 for (a)~(d) and W m™2

°C~! for (e). Shading in (a)-(d) indicates that the change is significant at the 95% level. Negative

values indicate that the SST anomaly is damped.

ward advection of relatively warm water, the surface
temperatures even further.

The atmospheric models and the derivation of the
SST anomalies used to perturb their climatologies are
described in more detail in the following section. The
results are presented in section 3 and are summarized
and briefly discussed in section 4.

2. The atmospheric models and the SST anomaly
a. The AGCM

Most features of the AGCM have been described by
Bourke et al. (1977), McAvaney et al. (1978, 1991),
Bourke (1987), Hart et al. (1988, 1990), McAvaney
and Colman (1993), and Power et al. (1993). The
equations are solved using a spectral transform tech-
nique (Bourke et al. 1977) with rhomboidal truncation

at wavenumber 21. Sigma coordinates are used in the
vertical with nine unequally spaced levels.

Both the boundary layer and the vertical diffusion
parameterizations are similar to those given by Louis
(1982). Penetrative convection is treated by a mass
flux scheme (Tiedtke 1989), and shallow convection
is the same as that described by Tiedtke (1984).
Evaporation over the oceans is enhanced by em-
ploying a modified exchange coeflicient at low wind
speeds (Miller et al. 1992). Gravity wave drag is de-
termined using the formulation of Palmer et al.
(1986), while radiation is treated using a modified
version of the Fels and Schwarzkopf (1975) scheme.
The diagnostic cloud scheme calculates cloud frac-
tions in three distinct layers, and the cloud fraction
is evaluated in each of these layers from the relative
humidity via simple formulas.
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FIG. 3. (Continued)
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The control simulation was integrated for a total of
7.5 years with both diurnal and seasonal forcing. The
first 6 months were discarded to allow the model to
equilibrate. Some of the strengths and weaknesses of
the simulation have been discussed by Power et al.
(1993). The total heat flux from the AGCM and ob-
servations (Oberhuber 1988) are presented in Figs. la
and 1b, respectively. There is generally good agreement
between these fields. In particular, both show large up-
ward fluxes extending from Florida northeastward
across the North Atlantic, although the AGCM appears
to underestimate values over the Gulf Stream. Over
Davis Strait to the southwest of Greenland, the model
upward flux is low compared with the observational
estimate, which is primarily due to lower latent heat
fluxes. West of Africa the AGCM heat flux out of the
ocean is greater than the observational estimate. This
is due to a large local latent heat flux and low values
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of the downward SWR (shortwave radiation) asso-
ciated with cloud distribution in the AGCM.

b. The simple atmospheric model

Until quite recently, ocean modelers have employed
restoring formulae like Eq. (1) in studies dealing with
climatic stability. The simple atmospheric model
(SAM) of surface heat flux used here represents an
attempt to provide a more realistic response while
avoiding the computational cost of a full AGCM. SAM
has been described in detail by Kleeman and Power
(1995). It consists of a single layer, which models the
atmospheric layer in turbulent contact with the un-
derlying surface. This includes the boundary layer as
well as a portion of the cloud layer. The surface fluxes
of both latent and sensible heat over the ocean are cal-
culated using bulk formulae:

FIG. 4. Change in the AGCM (a) zonal and (b) meridional wind at the lowest sigma level
in meters per second.






