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Sea Surface Temperature Anomalies, Planetary Waves, 
and Air-Sea Feedback in the Middle Latitudes 

CLAUDE FRANKIGNOUL 1 

Laboratoire de Physique et Chimie Marines, Universit• Paris VI, Paris 

The mechanisms that contribute to the generation and damping of large-scale mid-latitude sea surface 
temperature (SST) anomalies are discussed. The SST anomalies reflect primarily the response of the 
upper ocean to the changes in air-sea fluxes that are associated with daily weather fluctuations. Heat flux 
forcing is dominant in the lower middle latitudes, while wind-driven entrainment may be most effective in 
the high latitudes; advection by anomalous Ekman current is generally less important, and Ekman 
pumping is negligible. The SST anomalies decay in part because of entrainment effects associated with 
mixed-layer deepening and oceanic mixing and in part because of heat exchanges with the atmosphere. 
The three approaches commonly used to model the evolution of SST anomalies are reviewed: case 
studies based on monthly or seasonal anomaly maps of the large-scale SST and atmospheric anomalies, 
numerical simulations with one-dimensional mixed-layer models, and stochastic forcing models. We 
stress the similarities in the different approaches and discuss their main advantages and limitations. The 
response of the atmosphere to mid-latitude SST anomalies is considered. First, we discuss the poorly 
known relationship between SST anomalies and diabatic heating. Using a crude assumption for the 
air-sea coupling, we consider a two-layer quasi-geostrophic channel model and discuss the stationary 
wave response to SST anomaly forcing and the resulting air-sea feedback. It is found that the back 
interaction of the SST anomalies onto the atmosphere causes a weak SST anomaly damping at large 
scales and a strong one at small scales; the air-sea coupling should also act as an eastward propagator 
for the SST anomalies. The response of more realistic linear wave models to prescribed diabatic heating 
is then reviewed, and it is suggested that realistic mid-latitude SST anomalies have a weak influence on 
the atmospheric circulation, corresponding to changes in the geopotential height of 10-30 m at most. 
This order of magnitude is consistent with the results of general circulation model experiments and with 
the limited climate predictability associated with mid-latitude SST anomalies. 
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1. INTRODUCTION 

It has long been known that large-scale air-sea interactions 
play an important role in the variability of both ocean and 
atmosphere on monthly and seasonal time scales. In the early 
1960's there developed a belief that anomalous ocean temper- 
ature could influence the atmospheric circulation in a persist- 
ent manner, and there have been a growing number of studies 
aimed at determining the role of the oceans in the observed 
short-term climate changes. For climate forecasts, both the sea 
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surface temperature anomaly impact and its evolution have to 
be predicted, and work proceeded in the two directions. Con- 
comitantly, there has also been a need to obtain accurate 
model predictions of oceanic mixed-layer depth and temper- 
ature, as well as a strong interest from the fisheries community 
in forecasting oceanic thermal anomalies, since their biological 
implications can be important. 

The dominant scale of the sea surface temperature (SST) 
anomalies, which are defined as the departures from the long- 
term seasonal mean, is large, nearly basin-wide. It can be illus- 
trated by the strong SST anomaly observed in the North Pa- 
cific during the winter of 1976-1977 (Figure 1), which has 
often been used in sensitivity studies with atmospheric general 
circulation models (GCM's). Quite a similar anomaly was also 
observed during the winter of 1980-1981 [Namias and Cayan, 
1981], and the pattern corresponds closely to the dominant 
mode of SST variability. This is clearly seen in a decompo- 
sition of SST anomalies in terms of empirical orthogonal func- 
tions (EOF's), which provides a description of the SST varia- 
bility in terms of orthogonal patterns ordered in a decreasing 
sequence with regard to their contribution to the total vari- 
ance. EOF's have been calculated for different oceans by Davis 
[1976], Weare et al. [1976], Weare [1977], and others, and 
they are illustrated for the North Pacific in Figure 8 below. 
The scale is largest for the most energetic patterns, and it 
decreases with decreasing contribution to the total variances 
(red spectrum). Observations [e.g., Saunders, 1972] suggest 
that there is another energy peak at wavelengths of the order 
of 100 km, which is presumably associated with mesoscale 
eddies. There is also some coupling between the dominant 
mid-latitude and tropical SST anomalies, particularly for the 
"El Nifio" mode which dominates the Pacific [Weare et al., 
1976] and the global [Hsiung and Newell, 1983] variability. 
However, mid-latitude and tropical SST anomalies have dif- 
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Fig. 1. SST anomaly (degrees Fahrenheit) in the North Pacific for the winter of 1976-1977 [from Namias, 1979]. 

ferent time scales and behavior. For our purposes we can 
therefore discuss the mid-latitude SST anomalies separately, 
keeping in mind that they have a relation to the tropical ones. 

The surface temperature anomalies extend throughout the 

oceanic mixed layer [White and Walker, 1974; Barnett, 
1981b], which has a large heat capacity. As a result, the SST 
anomalies are rather persistent, with a typical e-folding time of 
3 months. Observations show a scale dependence for the per- 

4C)• 40 40" 

z• zo- •- I I I 1 
I•' I• e 140' I•' 180' I•' 140' 120 e 

r •T• • Thickness • Winter r SST• vs Thickness OM Spring 

5• 50' 

.O2 

.. .. - 
I•' 16• 14• I•0 e I• • I• 14• I•O ß 

'r S• • Thickness • •mmer r S•DM • Thickness • Foil 
Fig. 2. Isopleths of correlations between SST and 1•7• mbar thickness anomalies for winters, springs, summers, 

and falls of 1947-1971. Isopleths are drawn for each 0.2 with centers indicated by numbers. Shaded areas indicate when 
correlations at one grid point exceed the 5•o level of significance [from Namias, 1973]. 
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sistence, seen in Figure 19 below, where the e-folding time for 
North Pacific anomalies ranges between 5 months at the larg- 
est scales and 1 month at the smallest. Areal averages have an 
even longer duration, and fluctuations with a period of several 
years are observed for the whole North Pacific [Namias and 
Cayan, 1981]. In contrast, the dominant atmospheric patterns 
show generally very little persistence. The SST anomalies have 
been observed to propagate eastward in the middle latitudes. 
Namias [ 1959] and Favorite and McLain [1973] have suggest- 
ed that the North Pacific SST anomalies are advected along 
the gyre, while Michaelsen [1982] has found from an EOF 
analysis in the frequency domain that the main anomaly pat- 
tern was expanding both in size and in intensity as it moved 
eastward across the North Pacific. This suggests that complex 
ocean-atmosphere interactions are involved in the generation, 
propagation, and decay of the SST anomalies. 

In the 1960's the two most important advocates of large- 
scale ocean-atmosphere interactions were Namias [e.g., 
Namias 1959, 1963, 1969], who mostly stressed the middle 
latitudes, and Bjerknes [e.g., Bjerknes .1966, 1969], who em- 
phasized the tropics and the global scale. The middle latitudes 
received most attention at first. The early empirical studies 
emphasized the relationships between SST and atmospheric 
circulation anomaly patterns. Contemporary correlation re- 
ceived much attention, and it was shown that anomalies in 
one medium could well specify anomalies in the other (Figure 
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Fig. 3. Principal data and estimand patterns for predicting 
autumn sea level pressure from July SST (upper panel), and winter sea 
level pressure from October SST (lower panel). The patterns shown 
have an amplitude corresponding to one standard deviation of the 
principal data amplitude, but the sign is arbitrary, with both patterns 
reversing together. The contour interval is 0.25øC for SST, with nega- 
tive anomaly shaded, and 1 mbar for sea level pressure, with arrows 
indicating geostrophic flow direction [from Davis, 1978]. 

2). It was also often speculated that SST anomalies arise 
through positive ocean-atmosphere feedback processes, by 
which the presence of an SST anomaly would modify the 
atmospheric circulation in such a manner that the anomaly is 
strengthened [e.g., Namias, 1963]. Since the atmospheric pat- 
terns generally have much less persistence than the SST anom- 
alies, it was believed that SST anomalies could be used for 
climate forecasts, even though the question of cause and effect 
was left somewhat unanswered. Subsequently, Davis [1976] 
estimated the lag correlation between SST and sea level pres- 
sure anomalies over the North Pacific and demonstrated that 

the atmosphere was driving the ocean, rather than vice versa. 
Similar results were found by Trenberth [1975] and Haworth 
[1978]. These findings were substantiated by the numerical 
simulations of Salmon and Hendershott [1976] and the sto- 
chastic climate model of Frankignoul and Hasselmann [1977], 
who showed that SST anomalies could arise in response to the 
natural variability of the air-sea fluxes. The stochastic model 
provides a useful framework for understanding the origin of 
the SST variability. Atmospheric variables have a time scale of 
a few days and are essentially unpredictable on the longer 
time scale of SST anomalies. Hence the air-sea fluxes act on 

the ocean as a white noise forcing, and "random walk" SST 
anomalies develop. 

Although this picture of an essentially passive ocean in the 
middle latitudes was confirmed to zero order by later studies 
[e.g., Frankignoul and Reynolds, 1983], it also became clear 
that SST anomalies in certain seasons and at certain locations 

were significantly correlated with subsequent atmospheric pat- 
terns. In 1976, Namias demonstrated that summer SST anom- 
alies in the Aleutian area are significantly correlated with the 
atmospheric flow over the North Pacific and with air temper- 
ature and precipitation in the United States in the following 
fall. The difference with Davis's [1976] earlier result was due 
to the use of seasonally stratified statistics. Davis [1978] found 
that up to 20% of the variance of autumn and winter sea level 
pressure anomalies over the North Pacific could be predicted 
from summer and fall SST anomalies (Figure 3), while there 
was no skill in the other seasons. Davis also found that sea 

level pressure was an equally effective predictor, however, so 
that the role of the ocean was not entirely clear. Later work by 
Barnett [1981a] suggested that SST anomalies in the equa- 
torial Pacific may have been the origin of both correlations. 

Attempts to verify these empirical studies with simple or 
complex atmospheric models have not been very successful 
[e.g., Egger, 1977' Salmon and Hendershott, 1976' Spar, 1973' 
Houghton et al., 1974; Chervin et al., 1976]. In particular, only 
GCM experiments with highly amplified mid-latitude SST 
anomalies showed a significant effect of these anomalies on 
the atmospheric circulation [Kutzbach et al., 1977; Chervin et 
al., 1980]. Although the failure in detecting the SST effects was 
partly due to the small number of GCM runs and to the 
resulting weakness of the signal-to-noise ratio, there has been 
a growing feeling among many researchers that mid-latitude 
SST anomalies have few effects, if any, on the atmospheric 
circulation. On the other hand, GCM studies showed a larger 
sensitivity to tropical SST anomalies [e.g., Rowntree, 1972; 
Shukla, 1975; Julian and Chervin, 1978], which has produced a 
gradual shift of interest toward the low latitudes. This has 
been fueled by the recent emphasis on teleconnections between 
tropical and extratropical latitudes [Hotel and Wallace, 1981] 
and by the increasing awareness of the global impact of_the El 
Nifio Southern Oscillation phenomenon. 

Yet there are still some indications that mid-latitude SST 
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anomalies have some influence on the atmospheric circulation. 
Indeed, the extensive literature on statistical climate fore- 
casting, as summarized, for example, by Namias and Cayan 
[1981] and Barnett and Sommerville [1983], indicates that the 
SST anomalies are effective predictors of short-term climate 
changes. Most work has been done for climate prediction over 
the United States, and results differ somewhat because of dif- 
ferences in techniques and data. Nonetheless, it is generally 
found that Pacific SST anomalies show significant forecast 
skill over certain regions, particularly during the cold season. 
The skills are weak but better than random and better than 

the skills based on simple persistence or on atmospheric pre- 
dictors. The skills are also better for seasonal forecasts than 

for monthly ones [Harnack, 1979]. Because of the inter- 
relation between SST anomalies in different regions, the 
oceanic locations that contribute most to the predictability 
have not yet been clearly established, in particular the relative 
role of mid-latitude and tropics. Barnett [1981a] has suggest- 
ed that tropical SST anomalies were more effective as predic- 
tors for the North American temperature changes, although 
significant predictive skill was associated with the mid-latitude 
anomalies (Figure 4), while Harnack [1982] has stressed the 
importance of the North Pacific SST field. Surface air temper- 
ature fluctuations over Eurasia are only weakly related to 
prior SST anomalies in the Atlantic, where the most impor- 
tant regions are the eastern Atlantic and the equatorial zone 
[Barnett et al., 1984]. 

A second sign of SST anomaly impact is found in recent 
sensitivity studies with atmospheric GCM's. With the increase 
in computational capabilities and the development of more 
powerful methods of statistical analysis, GCM experiments 
are beginning to show that mid-latitude SST anomalies have a 
significant influence on the atmospheric circulation [e.g., 
Hannosch&k and Frankignoul, 1985]. The effects are weak, 
and their precise origin is not yet understood. Nonetheless, the 
magnitude of the SST anomaly-induced changes is of the 
same order as that predicted by simpler atmospheric linear 
wave models. 

It seems timely therefore to attempt a review of the large- 
scale air-sea interactions in the middle latitudes. In the present 
paper we shall discuss both the causes and the effects of the 
sea surface temperature variability, with the main focus on the 
dynamical aspects. Lack of time has limited our discussion of 
the observations and has prevented us from considering the 
teleconnections with the low latitudes. The paper is organized 
as follows. In section 2 we establish the governing equations 
for the large-scale SST anomalies. We then discuss the scales 
and strength of different atmospheric forcing mechanisms, and 
we consider the damping and feedback processes that control 
the SST changes. In section 3 we review the SST anomaly 
modeling problem, stressing the similarities between three 
commonly used approaches: case studies, numerical simula- 
tion of mixed-layer variability, and statistical modeling. Sec- 
tion 4 deals with some aspects of the atmospheric response to 
existing SST anomalies. First, we discuss the relation between 

Fig. 4. (Opposite) (Top) Ability of seasonal SST anomalies to 
hindcast fluctuations in surface air temperature one season in advance 
during the period 1902-1972. Contours are the percent of variance 
accounted for by the SST model; NS indicates regions for which no 
significant model could be constructed. (Bottom) Percentage of over- 
all hindcast skill accounted for by individual SST predictor regions. 
For example, 41% of the winter forecast skill over North American 
came from the eastern equatorial Pacific in the preceding year [from 
Barnett, 1981a]. 

SST and diabatic heating anomalies; then we use a simple 
linear wave model to describe the stationary atmospheric re- 
sponse and the resulting air-sea feedback. Results of more 
realistic linear wave models are then reviewed briefly (a full 
account of forced planetary wave theory can be found in the 
recent literature [e.g., World Meteorological Organization, 
1980; Held, 1983]). Finally, we touch upon some results of 
GCM experiments with prescribed SST anomalies in the 
middle latitudes. 

2. SEA SURFACE TEMPERATURE ANOMALY DYNAMICS 

2.1. Governing Equations 

The observations show that the upper layer of the ocean is 
generally well mixed by turbulent motions, with a nearly uni- 
form distribution of temperature and salinity. The transition 
between the turbulent mixed layer and the stratified water 
below occurs in a thin entrainment zone which can have large 
gradients of density and velocity. The depth of the mixed layer 
varies on a day-to-day basis but also undergoes strong season- 
al variations. In the spring the daily solar warming becomes 
larger than the nighttime cooling, which results in the progres- 
sive buildup of a strong vertical temperature gradient at a 
shallow depth. The seasonal thermocline remains near the sur- 
face throughout summer. In early fall the wind increases, and 
the surface water starts to lose more heat to the atmosphere 
than it gains from the sun. This results in the erosion of the 
seasonal thermocline and the deepening of the mixed layer, 
which persists until late winter (Figure 5). Below the largest 
depth reached by the mixed layer, no significant seasonal 
change in temperature and salinity is observed in the middle 
latitudes, and the variability is dominated by internal wave 
and quasi-geostrophic motions. 

To understand the SST variability on the relatively short 
climatic time scales of interest in this paper, it seems sufficient 
to consider the dynamics of the near surface oceanic layers. As 
summarized, for example, by Niiler and Kraus [1977], the 
main features can be described with a slab or integral model 
of the mixed layer, where it is assumed that temperature, salin- 
ity, and horizontal velocity are uniform within the mixed layer 
and that the entrainment zone is thin enough to be modeled 
as a discontinuity in the different variables. Considerable sim- 
plifications then arise by vertically integrating the governing 
equations through the mixed layer. 

The conservation equation for heat is 

jj T+ V . + Fzz + v . (v'T') 

+ •zz (wtTt) - pCp c•z c] (1) 
'where the circumfiex denotes ensemble mean and superscript t 
turbulent fluctuations. Here T is the temperature; v and w the 
horizontal and vertical velocity; q the penetrating flux of 
shortwave solar radiation; p the water density and Cp its spe- 
cific heat; V = (c¾c•x, c¾c•y); and (x, y, z) the coordinates, posi- 
tive eastward, northward, and upward, respectively. If the 
variations of the free surface are neglected, integration of (1) 
from the surface (at z = O) to just below the mixed layer (at 
depth z = -h) yields 

h• r+hv. Vr+(r- T+)we 

-- tchV2T + • 
Q-Q+ 

pC•, 
= o (2) 
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Fig. 5. Daily averaged values of (a) sea surface temperature, (b) mixed-layer depth, (c) insolation (QS) and surface heat 
flux plus back radiation (QA), and (d) u, 3 at weathership P (50øN, 145øW) during the 1963 season. Dashed lines represent 
the long-term (24 year) values [from œ1sberry and Camp, 1978]. 

where T and v denote temperature and velocity in the mixed 
layer, and the subscript plus indicates values at the bottom of 
the entrainment zone. To derive (2), we have used the incom- 
pressibility condition V. v + •w/& = 0, which reads, after 
vertical integration, 

V. (hv)- w+ - v+ ß Vh = 0 (3) 

The entrainment velocity w e is defined by 

= A( ) We kOt q- V' (hv) (4) 
with A = 1 for •h/•t + V ß (hv) > 0 and A = 0 otherwise. This 
function has been introduced because entrainment (adding 
stratified water to the mixed layer) causes changes in the 
mixed-layer temperature, whereas detrainment (leaving behind 
mixed-layer water because mixing is not strong enough to 
reach the bottom of the mixed layer when heat is added) does 
not change the mixed-layer temperature [Kraus and Turner, 
1967]. We have also introduced a horizontal diffusion coef- 
ficient tc to parameterize horizontal mixing. In (2), Q denotes 

the net heat flux across the air-sea interface (positive upward). 
We shall neglect the heat flux Q + at the bottom of the mixed 
layer, which is a reasonable approximation except when the 
seasonal thermocline is at shallow depth and solar radiation 
penetrates below the mixed layer (see Simpson and Dickey 
[1981] for downward irradiance effects). Since we have as- 
sumed that the mixed layer is homogeneous, (2) describes the 
rate of change of the sea surface temperature. Under light 
winds, there may also be diurnal temperature changes in the 
first few meters, but this effect need not be considered for the 
time scales of interest here. 

The equation for the conservation of salinity can be treated 
similarly. However, salinity has generally little influence on the 
mixed-layer dynamics in the middle latitudes, and it will be 
neglected here. Salinity effects are discussed by Miller [1976]. 

The horizontal momentum equation can be written as 

• + •'. V• + *•zz • +fnA• + P 
+ v t. V v t + • = 0 (5) 
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where p is the pressure, n the vertical unit vector, f = 2f• cos •b 
the Coriolis parameter, f• the angular velocity, and •b the 
latitude. Equation (5) can be integrated vertically as before 
[see Stevenson, 1983; Schopf and Cane, 1983]. For our pur- 
poses it is sufficient to note that the large-scale currents in the 
upper layers can be divided into ageostrophic and quasi- 
geostrophic components. The ageostrophic or Ekman currents 
are wind driven and vary primarily on the inertial time scale. 
At low frequencies there is an approximate balance between 
friction and Coriolis forces, so that if we make the reasonable 
assumption that the Reynolds stress vanishes below the mixed 
layer, the Ekman current is zero below the entrainment zone, 
and the mass transport is given by [Gill and Niiler, 1973] 

hfnAv•s = r/p (6) 

Here x denotes the surface wind stress, and the index E the 
Ekman current; divergent effects have been neglected, as well 
as the effect of surface waves. 

In mixed-layer models, the depth h of the mixed layer is 
determined by the turbulent kinetic energy budget. The verti- 
cal integration of the kinetic energy equation through the 
mixed layer is rather elaborate and involves various assump- 
tions and parameterizations as discussed, for example, by 
Niiler and Kraus [1977] or Gatwood [1979]. A simplified form 
for the energy budget is 

«%[o•gh(T -- T+) -- m•lv - v+ I •] 

1 o•ghQ 
= m0u, 3 +- •- eh (7) 

2 pC v 

where u, is the friction velocity related to the surface wind 
2 

stress by Ixl = pu, , g is gravity, • is the coefficient of thermal 
expansion such that •p/•T = -•, and e is the turbulent dissi- 
pation. On the left-hand side the first term is the rate of work- 
ing needed to lift and mix the denser entrained water, and the 
second term is the rate of mean flow energy reduction by 
mixing across the mixed-layer base. On the right-hand side the 
three terms represent the wind generation of turbulent energy, 
the rate of potential energy change produced by the surface 
fluxes, and the turbulent dissipation, respectively. The parame- 
ters m0 and rns are empirical constants which are often used as 
tuning parameters. During detrainment the depth of the mixed 
layer is determined by the relation 

mu, (8) 
2 pC v 

which expresses the balance between energy input by wind 
stress and by surface heat exchanges and the turbulent dissi- 
pation. The mixed layer is basically decoupled from the ther- 
mocline. During entrainment a number of physical regimes are 
possible, which may vary with the particular model [see Niiler 
and Kraus, 1977; Price et al., 1978]. 

To understand the mechanisms governing the rate of 
change of SST anomalies, it is sufficient at this stage to consid- 
er the heat content equation (2). If each variable is decom- 
posed into a seasonally varying mean (denoted by an overbar) 
and an anomaly (denoted by a prime), the SST anomaly equa- 
tion can be written in a form appropriate to time stepping' 

dT' Q' (hv)'. V(T+ T') h' OT 

dt - pc•,h h h •t 
A B C 

(T'- T+')(v•e + we') (T- T+) 
- fi --•-• we'+ •cV2T ' (9) 

D E F 

where the terms of the right-hand side describe the effect of 
the following processes: 

A anomalies in the net surface heat flux; 

B temperature advection by anomalous current; 
C anomalies in the mixed-layer depth; 
D anomalies in the temperature jump in the entrainment 

zone; 

E anomalies in the entrainment velocity; 
F horizontal mixing. 

Also, 

d • 
- + v 

dt •t 

is the time derivation following the mean motion. Mean prod- 
ucts of anomalies like (hv)' ß V T' primarily contribute to T' at 
zero frequency and have been neglected, as well as some of the 
contribution of the horizontal mixing, since our eddy diffusi- 
vity parameterization is very crude anyway. We have also 
neglected •T'/•t as compared to •T/•t in term C. Indeed, 
seasonal changes strongly dominate the SST variability in ex- 
tratropical regions (in the North Pacific the rms value of •T/•t 
is found to be typically 5 times larger than that of •T'/•t). 

Three types of terms can be distinguished. The first ca,tegory 
represents the effect of the atmospheric forcing on the SST 
anomalies via heat flux (A), wind-driven currents (B), mixed- 
layer depth changes (C), and entrainment (D and E). The 
second category represents the effects of the variability in the 
ocean interior, mainly quasi-geostrophic eddy motions, which 
distort the upper layer by horizontal advection (B) and verti- 
cal motion near the mixed-layer base (C-E). The third cat- 
egory includes all terms that contribute to the damping of SST 
anomalies; atmospheric feedback (mainly via A), oceanic feed- 
back (D), and horizontal mixing (F); vertical mixing below the 
mixed layer could have been included as well by keeping Q+ 
in (2). 

Before discussing the solution of the SST equation, these 
three types of terms are considered in more detail. 

2.2. The Atmospheric Forcing 

In the middle latitudes the largest exchanges of heat, mo- 
mentum, and energy at the air-sea interface are associated 
with the passage of eastward traveling cyclones and anti- 
cyclones at the synoptic and larger scales. The dominant time 
scale of the atmospheric forcing fields is a few days, and it is 
much smaller than that of SST anomalies, even though sub- 
stantial SST changes may occur over short periods (Figure 5). 
Changes in the mixed-layer depth also occur on relatively 
short time scales because the mechanical inertia of the mixed 

layer is small. 
Since the weather changes irregularly and is largely unpre- 

dictable beyond a few days, the frequency spectra of the atmo- 
spheric field are approximately white at low frequencies 
(except for the seasonal peaks (Figure 6)), where the variance 
is dominated by the "white noise extension" of the daily wea- 
ther fluctuations [Madden, 1976]. Wave number-frequency 
analysis reveals that the time scale of the atmospheric fluctu- 
ations increases at very large scales, so that the dominant 
period at the planetary scales is of the order of 20-30 days 
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[Willson, 1975]. Hence the frequency spectra of the fields that 
are dominated by the largest scales (geopotential height, pres- 
sure) start falling off at larger periods, as illustrated by the 
surface pressure spectrum in Figure 6. Some redness is also 
found at very low frequencies, in part as a result of tropical 
and extratropical SST variability. Nonetheless, the surface 
fluxes are quadratic or higher-order functions of the atmo- 
spheric variables, and they are strongly dominated by the 
short time scale weather changes. Thus they can be considered 
in a first approximation as short time scale stochastic pro- 
cesses. Note also that at low frequencies the spectra are essen- 
tially symmetric in wave number space; i.e., there is no pre- 
ferred propagation direction [Willebrand, 1978]. 

Term A in (9) describes the influence of the surface heat flux 
variability on the SST anomalies. The heat flux is given by the 
sum of latent heat flux QL, sensible heat flux Qs, shortwave 
radiation Qsw, and longwave radiation QLw. The turbulent 
heat fluxes are generally estimated from the bulk aerodynamic 
formulae 

QL --' paLCLua(qs - qa) (11) 

Qs = paCpaCsua(T- Ta) (12) 

where the superscript a indicates atmospheric variables, L the 
latent heat of evaporation; u a, T a, and qa the wind speed, the 
air temperature, and the specific humidity at 10 m, respec- 
tively; qs is the saturation specific humidity at the sea surface, 
and CL, Cs are bulk exchange coefficients which depend on air 
stability and wind speed [e.g., Liu et al., 1979]. In climatologi- 
cal studies, the radiation fluxes are calculated from empirical 
formulae which are not too successful at reproducing direct 

observations and are often biased [Simpson and Paulson, 1979' 
Fung et al., 1984]. 

The level of variability of each heat flux component is a 
function of the location and the time of year: QL' and Qs' have 
maximum variance in fall and winter, whereas Qsw' varies 
most in spring and summer. However, it is the ratio Q'/h that 
determines the efficiency of the SST anomaly forcing, and it 
undergoes different seasonal variations. The geographical dis- 
tribution of the intensity of the heat flux forcing is illustrated 
for the North Pacific in Figure 7' the main spatial patterns of 
variability (Figure 8, middle panels) indicate a general de- 
crease in scale with decreasing variance, as is the case for SST 
anomalies. It is shown below that heat flux forcing is one of 
the dominant generating mechanisms for the SST anomalies. 

Term B in (9) includes the contribution of anomalous 
Ekman currents to the SST anomaly generation. The currents 
act mainly by distorting the mean SST gradient, since one has 
¾T >> ¾T' over most of the ocean. Using (6), one can express 
this contribution in terms of the surface wind stress and write 

-(hvt•)'. V(T+ T') --('r' An). V(T+ T') 
= (13) 

This formulation is consistent with the slab model of the 

mixed layer and is based on the assumption of vanishing cur- 
rent below the entrainment zone. Earlier studies of horizontal 

advection effects on SST anomalies [Namias, 1959, 1965, 
1972' Jacob, 1967; Clark, 1972' Adem, 1970, 1975] were based 
on Ekman's expression for the surface velocity of magnitude 
0.0127u•/(sin 0) •/2 and directed generally 45 ø to the right of 
the surface wind (northern hemisphere). This formula is incon- 
sistent with the small current shear and the lack of veering 
observed in the mixed layer [Davis et al., 1981], and it over- 
estimates the advection. To estimate the wind stress in (13), 
one uses the bulk formula z = •Cau•u •, where the drag coef- 
ficient Ca increases slowly with the wind speed [e.g., Garratt, 
1977]. 

The fluctuations in the surface wind stress are largest during 
fall and winter, but the SST anomaly forcing term (13) has a 
different seasonal modulation than does the heat flux forcing 
because it also depends on V T, which is generally largest in 
winter and spring. An estimate of the geographical distri- 
bution of the intensity of the anomalous Ekman advection 
term (slightly underestimated because the wind stress was cal- 
culated from low-passed wind data) is also shown for the 
North Pacific in Figure 7. It is most intense along the sub- 
arctic front where the mean temperature gradient is largest, 
but it has much smaller variance than the heat flux forcing 
term throughout the North Pacific. This suggests that the 
latter mechanism is more important for $ST anomaly gener- 
ation (see also Haney [1985]). Figure 8 shows that the charac- 
teristic scale of the Ekman advection term also decreases with 

decreasing variance. 
Terms C-E in (9) show the effects of mixed-layer depth 

variability, which is in part controlled by change in wind 
stress and heat flux at the surface. The energy budget (7) sug- 
gests that the main driving term is the energy input by the 
wind. Since this term is proportional to u, 3, it will have a 
skewed probability distribution with a majority of values 
below the mean and most of the contribution coming from a 
few large events during storms (Figure 5). The skewness of the 
other forcing terms which are quadratic functions in the atmo- 
spheric variables is considerably less [Elsberry and Camp, 
1978]. This does not prevent the fluctuations in u, 3 from 
being well correlated in time with the fluctuations in the wind 
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Fig. 7. Variance of monthly anomalies for (top) the heat flux forcing term Q'/pCp• and (bottom) the Ekman advection 
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stress and the surface heat flux (Figure 9). As discussed in 
section 3, terms C and E seem to be most important at high 
latitudes during spring and fall. During spring they largely 
control the transition between winter (deep mixed layer) and 
summer (shallow thermocline) regimes; during fall the en- 
trainment flux is largest, since the mixed layer is shallow and 
the temperature jump at the base of the mixed layer is maxi- 
mum [see Elsberry and Garwood, 1978]. 

Wind-induced anomalies in We' and h' also result from the 
divergence of the horizontal currents in the mixed layer which 
create vertical motions at its base. At low frequencies the 
Ekman pumping velocity is given by 

n. (VAx) (14) WE -- pf 
In contrast to the other atmospheric forcing terms, the wind 
stress curl has typically little energy at the synoptic scale but 
much energy at smaller scales. Thus Ekman pumping will 
generate mainly small-scale SST anomalies, with maximum 
effects at high latitudes where the wind is strong. Scaling argu- 
ments, as well as the numerical simulations of Haney et al. 
[1983], suggest that the Ekman pumping has negligible effects 
on the large-scale SST anomalies. It should be noted that 
changes in the thermocline depth may become dominant in 
upwelling regions, but this is outside the scope of this study, 

where we emphasize SST anomaly development in central 
ocean conditions. 

2.3. Damping and Feedback Mechanisms 

Although the physics of mixing and feedback processes are 
different, their dynamical role is basically similar' both pro- 
cesses control the amplitude of the SST anomalies and their 
persistence. Some of the relevant mechanisms are discussed 
below. 

Horizontal mixing. In (9), horizontal mixing has been rep- 
resented by an eddy diffusivity term that parameterizes the 
dispersive effect of "unresolved" motions. Obuko [1971] has 
summarized data from instantaneous dye release experiments 
in the oceanic mixed layer, which suggest an increase of the 
apparent diffusivity with the scale of diffusion; the available 
length scale extended to 200 km, where •c reaches 200 m e s-•. 
There is no evidence that the results can be extrapolated to 
include the dispersive effects of the strongly nonhomogeneous 
eddy field. Admittedly, our use of an eddy diffusivity is a poor 
parameterization of the effect of horizontal mixing. It is none- 
theless likely that •c = 500 m 2 s- • gives a reasonable upper 
bound for central ocean mixing at scales > O(1000 km). This 
corresponds to a SST anomaly decay time at least one order 
of magnitude larger than that observed (section 3). Hence 
horizontal mixing should play a negligible role in the damping 
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of large-scale SST anomalies. This disagrees with Adem's 
[1970, 1975] claim that horizontal mixing is important for 
SST anomaly modeling. However, Adem was using too large a 
value for •c (3 x 10 ½ m 2 s -•) in his numerical simulations. 
Daly [1978] found indeed with a more realistic model that the 
inclusion of such a high horizontal diffusivity always led to a 
deterioration of the SST anomaly hindcasts. 

Entrainment effects. Since by definition the entrainment 
velocity is a positive defined quantity, the mean entrainment 
term (T'-T+')V•e/h in (9) is normally positive during the 
mixed-layer deepening season and zero otherwise, causing a 
seasonal damping of the SST anomalies. Indeed, let us first 
assume that there is no temperature anomaly in the seasonal 
thermocline (T+' = 0). Then, the magnitude of an SST anoma- 
ly will decay exponentially with time as e-•et, where 

/'L e = Se/• (15) 

Neglecting in a first approximation the divergence term en- 
tering the definition (4) of the entrainment velocity, we can 
estimate the damping factor (15) from the mean rate of mixed- 
layer deepening. Figure 5 shows that at weathership P (50øN, 
145øW), /'L e increases from zero in summer to a maximum of 
about 2 x 10-7 s- • in early fall (a 2-month decay time) and 
then decreases slowly and tapers off to zero by late winter. We 
have used monthly mean mixed-layer depth given by Levitus 
[1982] to estimate roughly the yearly average of the damping 
factor /'L e over the North Pacific. Values correspond typically 
to a 5- or 6-month decay time, with an increase in the south- 
east North Pacific (Figure 10). The observed SST anomaly 
damping time is about 2 times shorter than these values (sec- 
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tion 3); hence the entrainment damping is likely to play a 
major role in the SST anomaly dynamics. Of course, Figure 10 
is only indicative, since divergence effects have been neglected, 
and we have assumed that there was no temperature anomaly 
in the seasonal thermocline or, from a statistical point of view, 
that T' and T+' are uncorrelated. 

A lack of correlation between T' and T+' is only plausible in 
a first approximation if vertical mixing is important in the 
seasonal thermocline and/or if anomalies are rapidly advected 
away. Otherwise, T+' will have the same sign as T' during the 
preceding winter, which would favor the reappearance of the 
anomaly during the following fall when the mixed layer dee- 
pens again ['Namias and Born, 1970]. White and Walker 
[1974] have found some evidence of downward propagation 
of temperature anomalies into the thermocline at a speed of 
50-100 m yr -x, consistent with a vertical diffusivity of the 
order of 2 x 10 -s m 2 s-x in the main pycnocline [White and 
Bernstein, 1981]. These studies are suggestive of significant 
vertical mixing effects, which could have been modeled by 
keeping a heat flux term (2 +' in (9). It is difficult to speculate 
on the net influence of vertical mixing on the SST anomaly 
behavior, since it will increase the SST anomaly damping but 
reduce the strength of the entrainment flux via a positive cor- 
relation between T' and T+'. In any case, SST anomaly data 
[Namias and Born, 1970; Walsh and Richman, 1981] clearly 
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Fig. 10. Yearly averaged value of 2,- t = [½,/•]- t estimated for the 
North Pacific (in months). 

show a seasonal modulation of the damping rate and in par- 
ticular the expected fast decay in the deepening season (Figure 
11). 

Atmospheric feedback. Since mid-latitude SST anomalies 
have some influence on the atmospheric circulation on the 
hemispheric scale, it is somewhat misleading to discuss how 
the atmospheric response can locally enhance or destroy the 
SST anomalies. However, this section may shed some light on 
the SST anomaly behavior and will prepare for the more thor- 
ough investigation of feedback effects in section 4.2. 

The main feedback between SST anomalies and atmospher- 
ic forcing arises through the surface heat flux term A in (9). 
This can be evaluated by considering the change in the heat 
flux forcing term induced by T', which is given formally by 

•'a = •'• pCt, • (16) 
where a positive value indicates negative feedback. Because 
the heat flux has primarily a much shorter time scale than T', 
2a should be estimated on the SST anomaly time scale. Antici- 
pating the approach of section 3.3, we have used the angle 
brackets to denote ensemble mean for given T', or an average 
over many realizations of the atmospheric fields. Assuming in 
a first approximation that the surface wind field is not affected 
by T', we find from (12) that the feedback due to the sensible 
heat flux is given by 

2e• "' P•CtfCsu• O (T' - (T•')) (17) '•' pCt,• OT' 
where u • denotes an appropriate mean wind velocity. To find 
similarly the feedback due to the evaporation, we have to 
estimate how the specific humidity in (11) will be affected by 
the SST anomaly. For simplicity, we assume that the relative 
humidity R• remains constant and use the Clausius-Clapeyron 
equation to relate the saturation vapor pressure to the temper- 
ature. To first order in T'/T, we find 

1.2 x 10 •ø 

qs'-- qa, • •2 e-S388/t(T '-- RhT •') (18) 
(we have neglected the effect of a mean air-sea temperature 
difference). Unless I(T•')l is larger than IT'l, the feedback via 
the turbulent heat fluxes is always negative. 

The degree of adjustment of the air temperature to a change 
in SST mainly determines the feedback strength, which de- 
pends therefore on the thermodynamics of the atmospheric 
boundary layer and on the dynamical response of the tropo- 
sphere to vertical transports of heat. If the air temperature 
were not affected by the presence of an SST anomaly 
½(T">/c•T' =0), the turbulent heat fluxes would cause a 
strong negative feedback. For Cs= C,. = 1.3 x 10 -3, •= 
290øK, Rh=0.8, u•=8 m s-•, h =60 m, one finds 2•s 
+ 2a,. = 2.1 x 10- • s-•, which corresponds to a ,-• 1.8-month 

decay time. However, the air temperature adjusts somewhat to 
the SST, and the negative feedback should be weaker. Because 
of the difficulties in separating cause and effect in field data, 
there has been no direct estimate of the air temperature ad- 
justment from observations. An estimate can be obtained from 
prescribed change experiments made with atmospheric 
GCM's, since in these experiments (discussed in more detail in 
section 4.4) the SST anomaly remains fixed. In the experi- 
ments of Kutzbach et al. [1977] with the National Center for 
Atmospheric Research (NCAR) model, the mean change in air 
temperature was about three quarters of the imposed SST 
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anomaly, and the mean change in turbulent heat flux was 
about 20 W m -2 øC-1, yielding 2Qs + 2QL -- 8 x 10 -8 S-1, or 
a 4.6-month decay time [Frankignoul, 1979]. However, differ- 
ent GCM's behave differently. Figure 12 suggests a somewhat 
weaker feedback in the anomaly experiment with the Goddard 
Laboratory for Atmospheric Sciences (GLAS) model discussed 
by Shukla and Bangam [1979]. Here the change in net surface 
heat flux was about 16 W m -2 øC-1 (note that the apparent 
lack of scatter in Figure 12 arises from the data presentation). 
In an experiment with the Goddard Institute for Space Studies 
(GISS) model II [Frankignoul, 1985] there was no simple rela- 
tion between SST and surface heat flux anomalies, so that the 
concept of a local feedback was not directly applicable. 
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Fig. 12. Changes in the net surface heat flux versus SST anomaly 
in mid-latitude experiments with the GLAS model. Grid point values 
have been grouped into IøC intervals, and only the standard devi- 
ations of the heat flux anomalies are indicated (from J. Shukla, per- 
sonal communication, 1983). 

SST anomaly-induced changes in the radiation fluxes or the 
atmospheric forcing may also cause feedback. Namias [1963, 
1969, 1976] has argued that warm SST anomalies increase 
sensible and latent heat exchanges and hence increase the 
cloudiness and favor cyclogenesis; cold SST anomalies would 
have the opposite effects. Since shortwave radiation generally 
dominates the net radiation balance, this would normally 
create a negative feedback. However, causes and effects are 
not unambiguously differentiated in this scenario, and we 
know of no reliable observation on the relation between 

cloudiness and SST anomalies in the middle latitudes. Some 

GCM results have suggested an increase in cyclonic activity 
and precipitation above warm SST anomalies in mid-latitudes 
[Chervin et al., 1980] (see also Salmon and Hendershott 
[1976]). In the GLAS GCM, however, the shortwave radi- 
ation does not seem to contribute to feedback, whereas the 
back radiation contributes a weak negative feedback (J. 
Shukla, personal communication, 1983). 

A different mechanism has been postulated by Bjerknes 
[1959], who argues that a cyclonic wind anomaly will induce 
divergent Ekman current on the oceanic surface layer and 
hence upwelling, "thus exposing the water at the ocean surface 
to more mixing with the cold water." Conversely, an anti- 
cyclonic wind anomaly should create downwelling. Since 
warm (cold) SST anomaly may increase (decrease) the cyclon- 
icity (see discussion above), the associated change in Ekman 
pumping could act as a negative feedback. However, we 
expect this effect to be very small. 

2.4. The Eddy Noise 

At moderate and large scales the oceanic variability at 
depth is dominated by quasi-geostrophic "mesoscale" eddies. 
The eddy field is strongly inhomogeneous, with a high vari- 
ance near the western boundary currents and less eddy ac- 
tivity in the central and eastern parts of the oceans [Richman 
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et al., 1977]. The importance of the eddy modulation of the 
SST depends therefore on the geographical position. Near the 
Gulf Stream the eddy signal is so strong that the meandering 
of the stream and the formation and evolution of rings can be 
routinely monitored from satellite SST observations [e.g., 
Maul et al., 1978]. In more quiet regions the eddy distortion of 
the mixed layer is smaller but still contributes significantly to 
the SST variability [Voorhis et al., 1976; Frankignoul, 1981]. 

The main eddy signal appears to be the distortion of the 
surface temperature pattern by the eddy surface current vg', 
which is represented by term B in equation (9). The temper- 
ature gradient is generally dominated by the mean meridional 
temperature gradient VT; thus the dominant eddy signal is 
-%' •/•y. Since eddy currents become more zonal at low 
frequencies as a consequence of the/• effect [Rhines, 1977], the 
eddy modulation of the SST should become less effective on 
time scales larger than a few years. The eddy modulation 
should be largest in winter and spring, when the meridional 
temperature gradient is maximum. 

Eddies may also change the SST by advecting vertically the 
mixed-layer base and modifying entrainment. Stevenson 
[1983] found that the maximum modulation in typical Mid- 
Ocean Dynamics Experiment (MODE) conditions occurred in 
the fall, with an amplitude of about 0.35øC. Using % = 0.1 m 
S-x, VT -- 5 x 10 -6 øC m-x, and a characteristic frequency of 
2 cycles yr-x, we find for comparison that horizontal advec- 
tion effects have a typical amplitude of 1.25øC. This signal is 
much larger and compares well with the amplitude of the 
observed mesoscale SST changes. 

Since the characteristic length scale of eddy currents is 
much shorter than that of the atmospheric forcing fields dis- 
cussed above, the eddy signal can be considered in the present 
context as a low-frequency, short-scale noise. Most climato- 
logical studies are based on SST anomaly data averaged over 
rather large grids, typically 5 ø x 5 ø. Except in data-poor re- 
gions or near strong oceanic fronts, the spatial averaging 
made to construct such gridded data appears sufficient to 
largely filter out the eddy noise. 

3. SEA SURFACE TEMPERATURE ANOMALY MODELING 

We shall distinguish three ways of modeling SST anomalies. 
The most accurate approach is to solve numerically the 
system of equations (2), (3), (5), and (7), which determine the 
mixed-layer evolution for given initial conditions and hourly 
or daily atmospheric forcing. This has been done quite suc- 
cessfully with one-dimensional models of the mixed layer; ad- 
vection was either prescribed or neglected. Unfortunately, only 
a few data sets provide sufficiently detailed and accurate at- 
mospheric and oceanic data for this purpose. 

The second approach consists of estimating the terms in (9) 
with monthly or seasonal anomaly data, which is equivalent 
to using a low-passed filtered version of the governing equa- 
tions. Unfortunately, the mixed-layer dynamics is not linear at 
short time scales, and only limited accuracy can be expected. 
Also, only part of the forcing terms can be estimated on the 
ocean basin scale. Monthly maps of the surface wind can be 
estimated from synoptic data or from ship reports, but their 
accuracy is questionable. Monthly values of SST and surface 
heat flux are even less acc.urate, and there are practically no 
data on the mixed-layer depth variability. 

The third approach is a statistical one in which the gov- 
erning equations are used to predict the mean statistical 
properties of SST anomalies rather than to simulate determin- 
istically particular realizations of the air-sea interaction pro- 

cesses. The analysis is greatly simplified by the fact that on the 
time scale of SST anomalies the atmospheric forcing in middle 
latitudes can be represented, to a first approximation, as a 
stochastic white noise process. 

Following a chronological order, we shall first review briefly 
the deterministic studies that were made with time-averaged 
data and then discuss a few results obtained with numerical 

models of the mixed layer. The bulk of this section is devoted 
to the statistical studies. It should be stressed that these three 

approaches correspond only to different ways of looking at 
the same problem and the same physical mechanisms. 

3.1. Case Studies of Large-Scale 
SST Anomaly Developments 

The first attempts at modeling the evolution of SST anoma- 
lies were made by Namias [1959, 1965], who tried to repro- 
duce observed cases of monthly or seasonal SST anomaly 
changes in the North Pacific. In these studies, Namias con- 
sidered only the advection of the mean temperature gradient 
by anomalous surface currents that he had estimated from 
monthly maps of surface geostrophic wind. Jacob [1967] sug- 
gested that the inclusion of advection by the mean current and 
anomalous heating would improve the simulations. Later, 
Namias [1972] discussed a case where the mean advection 
along the North Pacific gyre seemed to play a major role 
while heat exchanges had only small effects. Different results 
were obtained by Adem [e.g., Adem, 1970, 1975], who found 
with his strongly diffusive model (section 2.3) that heat forcing 
alone led to some predictive skill, whereas horizontal advec- 
tion brought no improvement. Clark [1972] has discussed 
more systematically a few case studies in the North Pacific, 
also using monthly or seasonal data. His results suggest that 
SST anomalies can be rather well specified from the heat flux 
forcing. In general, including the effect of anomalous horizon- 
tal currents did not improve the simulation when •T/•t was 
(properly) estimated by centered differences (Figure 13). Note 
that in all the above studies, the Ekman advection was over- 
estimated, since Ekman's formula for the surface flow was 
used (section 2.2) and, indeed, the estimated SST anomalies in 
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Fig. 13. Isopleths of observed SST anomaly change (degrees 
Kelvin) for December 1969 (solid lines). The forward slashes show 
regions of negative temperature anomaly change. Isopleths of SST 
anomaly change' (degrees Kelvin) computed from temperature advec- 
tion and surface heat transfer (dashed lines). The backward slashes 
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1972]. 
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Fig. 14. Monthly mean temperature anomaly observed at different depths in the North Pacific during September 1976 
(first column), November 1976 (second column), and January 1977 (third column). Simulated temperature anomaly for 
November 1976 (fourth column) and January 1977 (fifth column). The contour interval is 0.5øC at 10 m and 0.2øC at the 
other levels. Negative anomalies are shaded [from Haney, 1980]. 

the presence of anomalous advection were too large. Clark 
[1972] also investigated the effect of mixed-layer depth varia- 
bility by estimating monthly values of h'(•/h at weathership P. 
This term turned out to be about 2 times larger than the heat 
flux forcing term in spring, comparable in summer, and negli- 
gible otherwise. The large role of mixed-layer depth variability 
during the transition between winter and summer regimes (i.e., 
the appearance of the seasonal thermocline) has been stressed 
by Elsberry and Garwood [1978]. Three cases of SST anoma- 
lies in the North Atlantic have been thoroughly investigated 
by Daly [1978]. He could not estimate the effect of mixed- 
layer depth variability, but he considered the other terms in 
(9). The model predictions compared well with observations 
for forcing by anomalous heating-and advection. The contri- 
butions of the two mechanisms were comparable, presumably 
because the cases are in high-latitude winter conditions where 
the wind is strong; Ekman pumping did not seem to contrib- 
ute significantly to the SST anomaly changes. 

With the development of multilevel ocean circulation 
models, more sophisticated case studies of large-scale SST 
anomalies have been undertaken for the North Pacific. Except 
for convective adjustment, there is practically no repre- 
sentation of the mixed-layer physics in the work by Haney et 
al. [1978] and Huang [1979], but a crude parameterization of 
wind mixing was introduced by Haney [1980]. These models 
had been spun up to a seasonally varying steady state. Case 
studies of SST anomalies were carried out by prescribing an 
additional anomalous forcing field interpolated from observed 
monthly means, and/or an initial SST anomaly configuration. 
Haney et al. [1978] and Huang [1979] mainly investigated the 
effect of anomalous advection, while Haney [1980] also in- 
cluded anomalous heat exchanges and wind mixing. Haney's 
simulation of the SST anomaly observed in the North Pacific 
during fall and winter 1976-1977 is reproduced in Figure 14. 
The anomaly patterns are well simulated at the upper levels 

where the water is well mixed, but the amplitude is too large, 
possibly due to an overestimation of wind mixing and vertical 
mixing. The latter mechanism and, to a lesser extent, surface 
cooling were contributing most to the SST anomaly devel- 
opment. Even though such calculations are rather spectacular, 
they hardly bring more understanding than the earlier diag- 
nostic studies. However, Haney [1985] has recently made a 
10-year simulation using winds from a 6-hourly surface analy- 
sis, which represents the daily weather fluctuations. Although 
the hindcast SST anomalies have a much too small amplitude 
because the heat flux forcing was neglected, they correlate well 
with the observations, demonstrating that the use of tridimen- 
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Fig. 15. Cumulative net surface heat flux (from observations) 
versus cumulative entrainment heat flux at the base of the mixed layer 
(from model) for 49 case studies of oceanic response to strong wind 
events [from Camp and Elsberry, 1978]. 
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Fig. 16. Best •t model (solid ½ur•e) and observed (dashed) tem- 
perature and mixed-layer depth during MILE [from Davis et al., 
1981]. 

sional ocean GCM's has become rewarding for SST anomaly 
studies. 

3.2. Numerical Simulations of the 
Mixed-Layer Variability 

There is a large body of work on the numerical simulation 
of the dynamics of the upper oceanic layers with one- 
dimensional mixed-layer models. Here we review a few hind- 
casting studies of the day-to-day changes in the mixed layer 
which document the main mechanisms of SST variability. A 
variety of mixed-layer models have been used, ranging from 
the "integral" models of Pollard et al. [1973] and Niiler 
[1975] to the turbulent closure model of Mellor and Durbin 
[1975]. These models have been reviewed by, for example, 
Niiler and Kraus [1977] and Garwood [1979]; hence no em- 
phasis will be given to the model peculiarities or the value of 
the different tunable parameters that they contain. 

Denman and Miyake [1973] first tested a mixed-layer model 
with observed meteorological data. They considered a 12-day 
period during spring at weathership P when shortwave radi- 
ation and wind mixing dominate and were able to reproduce 
very well the observed mixed-layer response. Longer simula- 
tions of observed SST variability were made by Thompson 
[1976, 1977], who simulated 1-year SST observations at wea- 
thership N (30øN, 140øW) with several mixed-layer models. 
The SST changes were well replicated, but that was largely 
due to the fact that the calculated SST was used with the 

observed air temperature to estimate the surface heat fluxes 
(11) and (12), so the model SST was strongly constrained to 
agree with the observed one (in view of the strong feedback 

discussed in section 2.3 and the good correlation between SST 
and air temperature). The mixed-layer depth was rather 
poorly reproduced. 

A systematic investigation of the relative importance of heat 
flux versus wind forcing was carried out by Camp and Elsberry 
[1978], who simulated 49 cases of oceanic response at wea- 
therships N, P, and V to strong wind events of 10- to 30-day 
duration during September-December. The best hindcasts 
were obtained at weatherships N and P (rms errors of 0.35øC 
for SST and 7 m for the mixed-layer depth) presumably be- 
cause of the large current and the stronger eddy activity at 
weathership V (34øN, 164øE). At weathership N and to a lesser 
extent at V the surface heat flux dominated the entrainment 

flux at the mixed-layer base (terms C-E in (9)), whereas the 
mechanical forcing dominated at weathership P (Figure 15); 
this is related to the geographic location of the three weather- 
ships. When the wind is stronger as in hurricanes, entrainment 
dominates even more the SST changes, although upwelling 
and horizontal advection may also become important [Price, 
1981]. 

Horizontal or vertical advection can play a significant role 
in less extreme conditions, as shown, for example, by Davis et 
al. [1981] in a study of the MILE data at weathership P. The 
Mixed-Layer Experiment (MILE) data are the most accurate 
and complete data set to date on mixed-layer variability, in- 
cluding near-surface currents and direct radiation measure- 
ments. During the experiment the air-sea heat exchanges were 
strongly dominated by the shortwave radiation. However, the 
heating alone could not explain the observed changes in the 
heat content which were also influenced by vertical advection, 
especially during storms. After correcting for advection, Davis 
et al. [1981] were able to simulate very successfully the ob- 
served changes in the mixed layer (Figure 16). 
. Unfortunately, the longer data sets available at weather- 
ships are of lesser quality, without radiation or current 
measurements. Their use generally results in a heat budget 
imbalance and a lack of accuracy of mixed-layer model hind- 
casts, in particular over long periods. This is discussed by C. 
Frankignoul and M. A. Cane (unpublished manuscript, 1985), 
who also showed that although the daily heat flux changes are 
slightly more efficient in generating SST anomalies at weather- 
ship N than the daily changes in the wind energy input, satis- 
factory simulations could be obtained by keeping the short 
time scale fluctuations in only one of the two forcing mecha- 
nisms and using climatological values for the other. This re- 
flects the good correlation between Q' and u. 3 (Figure 9) and 
may explain why good simulations of SST anomaly changes 
have often been made in case studies with only part of the 
atmospheric forcing. Note again that if the SST anomaly 
equations were linear, the mixed-layer models would generate 
at low frequencies the same anomalies as in the case studies 
based on averaged data. 

3.3. Stochastic Models and the Statistical 

Properties of SST Anomalies 

Because of the irregular and unpredictable character of the 
weather fluctuations, it is useful to interpret the SST anoma- 
lies as a stochastic process. This approach was pioneered by 
Mitchell [1966], but the usefulness of the stochastic modeling 
approach was only fully perceived when Hasselmann [1976] 
developed his theory of stochastic climate models. Using a 
two-time scale formalism, Hasselmann demonstrated that the 
excitation of the slowly varying climate system by random 
short time scale weather changes results in long time scale, 
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random walk climate fluctuations. This concept was applied 
to large-scale SST anomalies by Frankignoul and Hasselmann 
[1977], who showed that the statistical properties of the ob- 
served SST anomalies in the middle latitudes could be well 

reproduced by considering the response of the upper ocean to 
the day-to-day changes in the air-sea fluxes. 

To introduce the random walk character of the SST anoma- 

lies, we write the SST equation in the form 

dT'/dt = F (19) 

where F denotes all terms to the right-hand side of (9) (the 
eddy noise will be neglected). To separate forcing and feed- 
back in (19), we set F = (F)+ F', where the angle brackets 
denote ensemble average. Defining T' - 0 to correspond to an 
equilibrium temperature for which (F) = 0, we expand F with 
respect to T'. To lowest order in T', this yields 

dT'/dt = F'- /IT' (20) 

where F' will be referred to as the atmospheric forcing func- 
tion and /1----(r3(F)/r3T')r,=o as the feedback (positive for 
negative feedback). From (9) and (13), one has 

- 1 Q' (r'An) ß VT h' r2T F' • --• + pf + • + we'(T- T+) (21) 
where the approximate sign indicates that the feedback contri- 
bution of the terms in (21), mainly given by (16), has been 
subtracted. Note that the feedback/1 in (20) also contains an 
oceanic contribution. 

As mentioned earlier, the atmospheric forcing function F' 
can be represented as a stochastic process with a characteristic 
time scale r r of a few days, much shorter than the SST anoma- 
ly time scale r T. Thus F' acts in (20) as a white noise generator 
for time scales much larger than re, which would result in the 
absence of feedback effects in a linear increase with time of the 

SST anomaly variance. However, feedback and dissipation 
play a role, and a statistically stationary SST anomaly re- 
sponse is obtained. Hasselmann [1976] has shown that in the 
general case the evolution of the climate sysem is governed by 
a Fokker-Planck equation for the probability density distri- 
bution of climate states in the climate phase space. However, 
the feedback is essentially linear in the case of SST anomalies, 
so that their statistical properties can be established directly. 
We first consider the case where the mean advection term in 

(20) is small and may be neglected and when there is no 
appreciable seasonal modulation of the forcing and the feed- 
back. The SST anomaly equation then takes the form 

and one has 

for 0) << re • and 

c3T'/c3t = F'-- /IT' (22) 

Fee(O) 
FTT(0) ) • 0) 2 q- /l 2 (23) 

H 

Rrr(r) • • Fee(O) e -xN (24) 
for r >> re, where the notation Fxx(0)) denotes the power spec- 
trum of a variable x, and Rxy(r)= (x(t + r)y(t)) the covari- 
ance between x and y. Since atmospheric spectra are essen- 
tially white at periods larger than 10 or 20 days (section 2.2), 
Fee(o)) has been taken as a constant at low frequencies (zero 
frequency limit). At very low frequencies, 0),<< rT, atmospheric 
spectra may become red, reflecting the long-term variability of 

the climate system. In this case, Fee(o)) can still be considered 
as constant in (23); however, it now represents the level of 
forcing in the frequency range rv • << 0) << rr- •(two-time 
scale approximation). Relations (23) and (24) are characteristic 
of a first-order Markov process and provide a good repre- 
sentation of the SST properties in central ocean conditions 
(Figure 17). Note that an advantage of this approach is that 
the validity of the model (22) can be tested without any quan- 
titative information on /1 and on the atmospheric forcing 
fields, since Fee(O ) and/1 are parameters that can be estimated 
from SST anomaly data by a least squares fit method [Reyn- 
olds, 1978, 1979]. 

When the advection by mean current is not negligible, the 
SST anomaly spectrum has a more complex shape which de- 
pends on the scale dependence of the forcing and feedback 
processes. Advection creates significant coupling between 
neighboring regions; hence a nonlocal SST anomaly model 
must be used in statistical studies. Still, the advective sto- 
chastic forcing model can be tested against field data by con- 
sidering a vector form of (20) [see Lemke et al., 1980]; this 
approach has been applied successfully by K. Herterich and 
K. Hasselmann (unpublished manuscript, 1985) to North Pa- 
cific SST anomaly data. 

The validity of model (20) can also be tested locally if the 
advection terms are estimated from mean current data. Frank- 

ignoul and Reynolds [1983] have shown in this manner that 
the white noise forcing model is consistent with SST anomaly 
data over practically the whole North Pacific (Figure 18). The 
variance of the hypothetical white noise atmospheric forcing 
compared favorably with the parallel estimate of heat flux and 
Ekman transport forcing in Figure 7, suggesting that these 
terms contribute substantially to (21); the averaged feedback 
factor was (2.7 months) -•, consistent with our estimates in 
section 2.3 based on both oceanic and atmospheric damping, 
which seem therefore to be comparable. 

There is some indication that the SST anomalies of larger 
spatial scales have more persistence, as illustrated by the trend 
in/1 for successive EOF's in Figure 19, where the lower EOF's 
are associated with larger scales (see Figure 8). This is consis- 
tent with the lower atmospheric feedback predicted at large 
scales in section 4.2. Note that Reynolds [1978] estimated/1 in 
Figure 19 using a nonadvective model, so that the shorter 
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Fig. 17. SST anomaly spectrum at weathership I (59øN, 19øW) for 
the period 1949-1964, with 95% confidence interval. The smooth 
curve was estimated from relation (24) using sensible and latent heat 
flux forcing only, and I - (4.5 month)- • [after Frankignoul and Hass- 
elmann, 1977]. 
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Fig. 18. (Top) Distribution of the anomaly decay time 2-x (in months) estimated with the advective model (21). The 

SST data for the period 1947-1974 and the mean currents are estimated from ship drift. (Bottom) Distribution of the 
variance of monthly means (in 10- • • øK• s-•), corresponding to the white noise forcing estimated from the local model 
(23). The variance is practically identical to that obtained with (21) but covers a broader region. Stippled areas indicate 
where the model is not valid at the 95% level of significance Efrom Frankignoul and Reynolds, 1983]. 

lifetime of the smaller EOF patterns may be due in part to 
advection effects. 

Cross correlations and cross spectra provide more deter- 
mining signatures of cause-and-effect relationships than spec- 
tral shapes, and it was indeed by correlation analysis of sea 
level pressure and SST anomalies (plus a related predictability 
study) that Davis [1976] showed convincingly that the atmo- 
sphere was driving the SST variability rather than vice versa 
(Figure 20, top). If advection by the mean currents is neglect- 
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Fig. 19. Fitted value of 2 in (month) -x for successive empirical 
orthogonal functions in the North Pacific that are consistent with (24) 
at the 95% level of significance [after Reynolds, 1978]. 

ed, the covariance between atmospheric forcing and SST 
anomalies can be derived from (22), which yields 

RTI;-- Rz;z;- /],RTI; (25) 

ß -12 -6 0 6 12 
o 

•.6 

' (t) 

o ii Tv , , , --zz_- .... _-_--_ 

ß 

-12 -6 0 6 12 

LAG {month) 

Fig. 20. (Top) Observed correlation between the dominant em- 
pirical orthogonal function of SST and sea level pressure anomalies 
over the North Pacific as estimated by Davis [1976]. (Bottom) Theo- 
retical correlation for v = (8.5 day) -•, 2 = (6 month) -• without 
smoothing (dashed line) and as estimated from monthly averaged 
data (continuous line). 
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Assuming that F' could itself be represented as a first-order 
Markov process with a short decay time v-•, Frankignoul and 
Hasselmann [-1977] showed that the cross correlation between 
T' and F' is, to first order in 2/v, 

rr• • (•/v)•/•e• for z < 0 
(26) 

rTv '• (•/v)•/2(2e -• - e -•) for z > 0 

with try(r)= Rre(O/[Rrr(O)Ree(O)] •/•. When the SST leads 
the atmospheric forcing, the correlation is negligible; when the 
SST lags, the correlation has a positive maximum at small lag 
and then decreases slowly on the SST anomaly time scale. The 
predicted curve was found to be remarkably similar to that 
calculated by Davis, provided the effect of smoothing (using 
monthly anomalies) was taken into account (Figure 20, 
bottom). Since the actual atmospheric function was not 
known, it was assumed that the pressure is highly correlated 
in time with (21), which seems reasonable for the dominant 
EOF. Note here that the zero lag correlation in Figure 20 is 
quite large for the monthly anomalies, and it would be even 
larger for seasonal ones, although the SST is completely pas- 
sive in the model. This is due to averaging and illustrates that 
large simultaneous correlations between atmospheric and SST 
anomalies as shown in Figure 2 are not sufficient to dis- 
tinguish between cause and effect. 

In general, only some of the atmospheric forcing terms in 
(19) can be estimated from data, and they also may contribute 
to the feedback. Since data separation between forcing and 
feedback cannot be done easily, the "known" atmospheric 
forcing must be allowed to contribute to feedback in the cor- 
relation analysis. To do so, we write (22) in the form 

r3T'/r3t = H' + m'-- 2oT' (27) 

where 

H'= q'-- 2a T' (28) 

is the "known" part of the right-hand side terms in (9) which 
contribute a feedback term 2 a, q', and m' are the stochastic 
forcing terms, and 20 is the oceanic feedback. Thus one has 
2 = 2 o + 2 a, F'= m' + q'. For simplicity, we assume that q' 
and m' can both be represented as first-order Markov pro- 
cesses with the same decay time v-•, that the variance ratio 
between q' (or, to first order, H') and m' is n 2, and that their 
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Fig. 21. Predicted correlation between the atmospheric forcing 
term H' in (28) and the SST anomalies for v = (4 day) -•, 2 = (80 
day) -•, 7 = 0, and n 2= 2. The solid line corresponds to the case 
where the known function H' includes all feedback, the short-dashed 
line to the case where H' contributes half the net negative feedback, 
and the long-dashed line to the case where H' contributes a positive 
feedback equal to (minus) one-fourth the net negative feedback. 

correlation is 7. Then, one has Rqq('r)= tl2Rmm('r), Rmq('r ) = 
7rtRmm('r). If 2 a and 2o are •< 0(2) and n ~ O(1), one finds 

(!)1/2 (n+7) e• • rrH(z) • (1 + 2n7 + r/2) 1/2 
(1 + 2n7 + t12)l/22a 

- e x• for z < 0 

n(v2)•/2 (29) 
(!)•/2 (n+7) rTH(7) • (1 + 2n7 + t12) •/2 (2e-X*- e 

(1 + 2n7 + t12)•/22a -- e for z>0 
n(V2) •/2 

Relation (29) is illustrated in Figure 21. Although the exact 
shape of the cross-correlation function depends on the param- 
eters n 2 and 7, its general structure is solely determined by the 
relative value of 2a. When the "known" atmospheric forcing 
function H' does not contribute to feedback (2 a = 0), rrn re- 
sembles (26) with a smaller amplitude. When H' contributes a 
negative feedback (2a > 0) as expected for the heat flux, the 
correlation function takes a more antisymmetric appearance 
with zero crossing near zero lag, negative values when SST 
leads, positive when it lags. Finally, if H' were contributing a 
positive feedback, rrn would peak when SST lags but have the 
same positive sign throughout. As in (26), smoothing will in- 
crease the expected correlations and shift the maxima toward 
lags of 1. 

Although (29) has not been compared rigorously with field 
data, it was used successfully by Frankignoul and Reynolds 
[1983] to interpret the correlations between the dominant 
EOF's in Figure 8. In particular, some of the correlations 
between SST and heat flux had the antisymmetric aspect ex- 
pected from a negative feedback, suggesting that air-sea heat 
exchanges indeed contribute to damping existing SST anoma- 
lies. 

An advantage of the stochastic viewpoint is that it links the 
dynamics directly to SST predictability studies. Indeed, (22) is 
the usual first-order autoregressive model already used by 
Roden and Groves [1960] to make statistical predictions of 
ocean temperature, and often considered as the first guess in a 
sequence of linear models of increasing order. The statistical 
prediction of SST anomalies and related atmospheric fields 
has been discussed by Davis [1976, 1978] and Barnett and 
Hasselmann [1979]. It is of interest to stress that because SST 
anomalies are well represented by a stochastic forcing model, 
the predictability of SST anomaly changes is limited. As dis- 
cussed by Hasselmann [1976], the continuous and unpredict- 
able forcing by the atmosphere induces a diffusion in the SST 
anomaly phase space that rapidly offsets the determinicity of 
the trajectory induced by feedback and advection processes. 

The stochastic forcing model may be refined by taking into 
account the seasonal variability of the feedback (Figure 11) 
and of the atmospheric forcing. This is discussed by Ruiz de 
Elyira and Lemke [1982], who showed in particular that the 
covariance function for the SST anomalies then depends on 
the phase of the annual cycle. The cyclostationary model rep- 
resents significantly the autocovariances of SST anomalies in 
practically all the mid-latitude Pacific and explains in particu- 
lar the secondary peaks observed at time lags of about 12 
months [Ortiz and Ruiz de Elyira, 1985]. Barnett [1981a] has 
also shown how a seasonal dependence improved SST predic- 
tability studies. 

Another formal refinement in the stochastic forcing model 
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has been proposed by Blaauboer et al. [1982], who considered 
the SST variability induced by stochastic changes in latent 
and sensible heat flux. Modeling explicitly T a, qs, qa, and u a in 
(11) and (12) as stochastic processes, they arrived at an equa- 
tion similar to (22), except that the feedback was a stochastic 
coefficient. The solution involves elaborate algebra, but the 
results are of little interest, since the same SST response could 
be obtained by computing the fluxes directly from the bulk 
formulae. 

4. ATMOSPHERIC RESPONSE TO SST ANOMALIES 

Since the work of Smagorinsky [1953] the response of the 
atmosphere to large-scale, zonally asymmetric heating has 
been investigated in numerous studies. Most investigations 
were aimed at determining the origin of the large quasi- 
stationary planetary waves observed in the northern hemi- 
sphere atmospheric circulation, which can be forced by topog- 
raphy [Charney and Eliassen, 1949] and by the diabatic heat- 
ing associated with land and sea thermal contrast. A broad 
variety of atmospheric models has been used, ranging from 
simple linear wave models to high-resolution GCM's. In linear 
wave models, a zonally symmetric basic state is generally pre- 
scribed, and the steady state perturbation response is calcu- 
lated for given asymmetric forcing. In general, the diabatic 
heating is prescribed from observations. The earlier models 
are rather crude, often a fl plane channel atmosphere in uni- 
form zonal motion. However, the propagation of planetary 
waves is very sensitive to the vertical and meridional structure 
of the mean zonal wind [Charney and Drazin, 1961; Dickinson, 
1968], and most recent work has been based on numerical 
models with a realistic basic zonal flow. Many simulations of 
the northern hemisphere winter show a rather good agreement 
with the observations, and it is generally agreed that the rela- 
tive importance of topographic forcing increases with altitude 
[e.g., Lin, 1982], while thermal effects dominate near the sur- 
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Fig. 22. Scatter plot of monthly anomalies in latent plus sensible 
heat flux versus sea-air temperature difference at weatherships P, N, 
and D for the period 1948-1972. The data are for January and July, 
as estimated by Esbensen and Reynolds [1981]. The regression line of 
each variable on the other is indicated, and r denotes the COrrelation 
coefficient. 

face [Held, 1983]. In the northern hemisphere summer, diaba- 
tic heating seems to be the predominant forcing mechanism 
for the stationary waves [Egger, 1978]. 

A similar variety of atmospheric models has been used to 
investigate the extent to which the interannual variability of 
the stationary waves can be attributed to the influence of sea 
surface temperature anomalies. Since SST anomalies and the 
associated changes in the diabatic heating are small, linear 
wave models seem better adapted to this problem. However, 
there is much uncertainty in the link between SST and diaba- 
tic heating anomalies in the middle latitudes, and rather arbi- 
trary relationships have to be assumed. The problem does not 
occur with GCM's, since heat exchanges, cloudiness, and pre- 
cipitation are calculated. Unfortunately, the atmospheric re- 
sponse is small, and it is difficult to distinguish the signal 
forced by the SST anomaly from the model natural variability. 
Thus linear wave models and GCM each have serious draw- 

backs, and satisfactory results may not be achieved until the 
two approaches are combined. 

The next section introduces the governing equations for the 
atmospheric response to diabatic heating. After examining 
how SST anomalies and heating may be related in linear wave 
models, we introduce the main features of the stationary wave 
response in the simple framework of a two-layer quasi- 
geostrophic channel atmosphere. Results with more realistic 
models are then reviewed briefly. 

4.1. Stationary Wave Response to 
Diabatic Heating Anomalies 

The basic equations for large-scale atmospheric motions are 
the primitive equations on the sphere which can be written in 
pressure coordinates as 

du (f u tan 4) 1 0• dt + v + - F. (30) a a cos & 0• 

dv (f u tan 4•) d-] + + u +- = F (31) a a•'• 
Orb R T 
• + • = 0 (32) 
Op P 

with 

1 Ou 1 0 Oco 

a cos 4> 02 + (v cos d>) + = 0 (33) a cos •p &b •pp 
dT R q 

mT= + F T (34) 
dt Crar Cra 

and represent the horizontal momentum equations, the hydro- 
static assumption, the continuity equation, and the thermody- 
namic equation, respectively. Here, • = gz is the geopotential' 
2, •b, and p represent longitude, latitude and pressure, with 
p = paRT' a is the earth's radius' co = dp/dt is the vertical 
velocity in the p system; R is the gas constant for air' q is the 
rate of diabatic heating per unit mass due to radiation, con- 
duction, and phase changes. Fi represents friction and damp- 
ing processes in the i equation. 

In general circulation models, these equations are finite- 
differenced in space and time. In addition, there are elaborate 
parameterizations for heating and damping terms of the above 
and other variables (e.g., water content). In SST anomaly ex- 



376 FRANKIGNOUL' SEA SURFACE TEMPERATURE ANOMALIES 

periments, "anomaly runs" with a prescribed SST anomaly are 
compared to "control runs" where the sea surface temperature 
is fixed at its climatological value. 

In linear wave models, the atmosphere is in a prescribed 
steady state, and the heating is treated as a small stationary 
perturbation. In most studies, the basic state is independent of 
longitude, and the effect of transient eddies is neglected. If the 
mean wind is zonal, t2 -- t2(•p, p), the equations then reduce to 

a Ou' v'O• to, Off ( tan•p) acos•p 02 +- + - f+a v' 
1 

-- FJ 
cos •p 02 

(36) 

• off ( tan•b) 10•' acos•p 0• + f +2ff u'+- =F.' a a •"•' (37) 

1 Ou' 1 0 

acos•p 02 +•--(v'cøs•b)+ =0 a cos •p aqb •p (38) 

_ _ 

t2 OT' v' OT OT R q' 

a cos •p 0• + -- + co' re'T= + Ft' (39) a •-• Op ct, ap Cp a 
At the top of the atmosphere the amplitude of the response 
vanishes. A radiation condition prevents artificial reflections, 
although a rigid lid condition (w'= 0) may suffice in models 
with very high vertical resolution [Kirwood and Derome, 
1977]. In models with limited resolution the rigid lid condition 
that is generally imposed distorts the tropospheric wave pat- 
terns [Nakamura, 1976]. Nonetheless, coarse resolution 
models have often been used for simplicity, and there is some 
indication that even two-level models reproduce qualitatively 
the tropospheric response [œgger, 1977]. At the lower bound- 
ary, vertical motions are caused by convergence in the Ekman 
layer [Charney and Eliassen, 1949], and one has, in the ab- 
sence of topography, 

w'=we at P=Ps (40) 

where we is the Ekman pumping. 
Elimination of variables in (32), (36)-(40) would show how 

the anomalous diabatic heating forces the stationary waves. 
Of interest is that it is the vertical derivative of the heating 
rate within the atmosphere that plays the dominant role; sur- 
face heating also enters the problem (see, for example, Hendon 
and Hartmann [1982]). Sensitivity studies indicate correspond- 
ingly that the stationary wave response strongly depends on 
the vertical profile of the heating [Smagorinsky, 1953; $ankar 
Rao and $altzman, 1969; Hoskins and Karoly, 1981]. 

Unfortunately, very little is known on the distribution of the 
heating associated with mid-latitude SST anomalies, and most 
studies have investigated the influence of an anomaly in the 
diabatic heating, rather than that of a SST anomaly [e.g., 
Roads, 1980; Opsteegh and Van den Dool, 1980; Hoskins and 
Karoly, 1981]. This is useful for studying planetary wave dy- 
namics, but it is not satisfactory for investigating air-sea feed- 
back and the climatic impact of SST anomalies. For this pur- 
pose it is crucial to model explicitly the link between SST and 
diabatic heating. 

Observations in the middle latitudes show that the surface 

heat flux is highly correlated at low frequencies with the air- 
sea temperature difference. This is illustrated in Figure 22 for 
the turbulent heat flux at three weatherships; adding the radi- 
ation fluxes would only increase slighly the scatter. There was 
no significant geographical or seasonal dependence in the rela- 
tion, and only little correlation between heat flux and SST. 

Thus we may assume for simplicity that the surface heat flux is 
roughly given by 

Q = K*(T- T a) (41) 

with K*= 40 W m -2 øK -•. This is consistent with a lin- 

earization of the bulk formulae (11) and (12) and is in reason- 
able agreement with the mean heat flux data discussed by 
Haney [1971]. However, it is the heat released in the atmo- 
sphere that determines its response. The sensible heat is pri- 
marily inserted in the atmospheric boundary layer and is thus 
directly related to the sensible heat exchanged at the surface, 
but th, latent heat is only released during rainfall, which may 
occur remotely from the evaporation. 

Lacking observational evidence, some assumptions have to 
be made for the relation between evaporation and latent heat 
release. Here we shall assume for simplicity that, at least in 
winter conditions, the latent heat is mainly released locally. 
Indeed, it is the case for the climatological fluxes, where the 

.sensible heat flux and the latent heat release estimated from 
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Fig. 23. (Top) Pressure velocity co (10 -• mbar s -j) at 700 mbar, 

averaged for nine Januarys, 1971-1979. (Bottom) Vertical profile of 
the diabatic heating rate above the ocean estimated as the residual in 
the thermodynamic equation from data for the same nine Januarys 
(the value shown at 1000 mbar is a rough estimation using surface 
temperature for seven Januarys from 1973 to 1979). The curve labeled 
j corresponds to the region between 30øN and 45øN, 135øE and 
150øE; m to 30ø-45øN, 180ø-165øW; t to 30ø-45øN, 75ø-60øW; v' to 
45ø-60øN, 45ø-30øW. (From Masuda [1983].) 
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ULTRALONG WAVES 

LONG WAVES 

Fig. 24. Sketch of the relative phases and amplitudes of sea sur- 
face temperature T, air temperature T2, and surface heat flux into the 
atmosphere, Q, in the two-layer model, in the ultralongwave and 
longwave limits. 

precipitation data are approximately in phase during winter in 
the middle latitudes but not in the subtropics lEgget, 1976b; 
Ashe, 1979]. Furthermore, the mean vertical motion is upward 
above the ocean and downward above continental areas 

(Figure 23). Thus, even if a SST anomaly was inducing a local 
subsidence, the net motion would still be ascending, and con- 
densation could occur. Our assumption neglects the effects of 
water vapor advection but seems roughly consistent with data 
from the GISS general circulation model II. 

Thus, in an admittedly crude approximation, we assume 
that the diabatic heating anomaly is given by 

q'= K*(T'-- Ta')f(p) (42) 

where T" is air temperature at the bottom of the atmosphere 
and f(p) a prescribed normalized distribution for the heating. 
This seems better justified than the in-phase relationship be- 
tween heating and SST anomalies that has been used by Egger 
[1977] and others. In (42) the heating depends not only on the 
SST but also on the dynamical response of the atmosphere, 
and it may be nonlocal. This interplay between the heating 
field and the stationary wave response is referred to as the 
"sensible heating feedback," and it was first considered by 
Daas [1962]. 

The vertical distribution of the diabatic heating anomalies 
can be assumed to be similar to that of the climatological 
heating. Although the latter is poorly known in the middle 
latitudes (see discussion in the work by Dickinson [1980]), the 
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Fig. 25. Geepotential height response (meters) to an SST anomaly of IøK amplitude for the two-layer/• plane model 
in winter conditions for selected zonal wave numbers' rn = 1 (solid line), rn = 2 (long-dashed line), rn = 4 (short-dashed 
line), and rn = 6 (dashed-dotted line). The phase is with respect to the SST anomaly position. 
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heating mostly occurs below 500 mbar. Figure 23 (bottom) 
reproduces recent results from Masuda [1983], who remarked 
that the values above 500 mbar were unrealistic, due to the 
finite differencing of his data. Because of the above mentioned 
linear model sensitivity to the heating profile, it may be re- 
marked incidentally that although models with high vertical 
resolution provide a more accurate representation of the at- 
mospheric response to diabatic heating anomalies, they may 
not be more realistic than coarse resolution models. 

A different type of thermal feedback has been explored by 
Webster [1981], who argued that latent heat would only be 
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Fig. 26. (From top to bottom) Diabatic heating magnitude, phase 
difference between surface heat flux and SST, SST propagation speed 
(positive eastward), and feedback (positive for negative feedback) for 
the two-layer /• plane model. Notations and conditions are as in 
Figure 25. 

o 

40 

zo 

o I 
I I I 

I I I I I I Ii I I• I • 5 7 9 I I 15 

ZONAL WAVENUMBER 

Fig. 27. Approximate value of the SST propagation speed (posi- 
tive eastward) and feedback (positive for negative feedback) for the 
continuously stratified/• plane model in uniform motion. 

released where there is upward motion. To compute the dia- 
batic heating, Webster considered an initial sensible heating 
anomaly (unfortunately in phase with the SST anomaly) and 
estimated the latent heating from the model response. The 
calculation was repeated iteratively with the total heating until 
a steady state was achieved. This feedback associated with 
moisture convergence leads to a strong enhancement of the 
initial heating at low latitudes but is negligible at high lati- 
tudes (see also Kang and Han [1984]). During summer it 
could be important in the lower mid-latitudes [Webster, 
1982]. 

4.2. Air-Sea Feedback in l? Plane Models 

Several features of the stationary wave response to SST 
anomalies can be discussed simply by using a two-layer quasi- 
geostrophic model in the ,6 plane approximation. This analyti- 
cal model has severe limitations, but in off-resonance con- 
ditions it reproduces qualitatively many results of more realis- 
tic models lEgget, 1977]. First we describe the model response 
to diabatic heating, following Derome and Wiin-Nielsen 
[1971], Egger [1976a], and Roads [1980]. Then we present a 
new investigation of the model response to SST anomalies and 
of the resulting air-sea feedback. Since the two-layer model is 
inadequate when the heating profile changes rapidly with 
height, we also discuss briefly the feedback in a simple con- 
tinuous model. 

A two-layer model. The atmosphere is represented as a 
periodic ,6 plane channel with a rigid lid, where the mean 
zonal wind fi(p) does not depend on latitude. In the quasi- 
geostrophic approximation the governing equations for a 
small stationary disturbance are the linearized vorticity and 
thermodynamic equations, which are easily derived from (36)- 
(39): 

C • V2½, c • _f c• to'= 0 (43) + PV,' ap 
e½'oa a -Rq' 

- (44) fi Ox c•p Ox c•p t-• C;,"fp 
where •p'= •'/f is the geostrophic stream function and 6 the 
mean static stability, defined by 

• = -- , (45) 

Internal dissipation is omitted for simplicity. The vorticity is 
calculated for each layer, and the thermodynamic equation is 
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Fig. 28. (Top) Perturbation of the 800 mbar height (meters) due 
to a rectangular heat source q/C•, a • 10 -5 øK s -x (marked by dots) in 
a frictionless quasi-geostrophic /• plane channel (fix = 21 m s -x, 
fi2 -- 7 m s-x). (Bottom) Surface pressure perturbation (millibars) in 
the primitive equation hemispheric model with observed January 
zonal wind profile [from Egger, 1977]. 

estimated at the middle level. If the subscripts 1, 2, and 3 
denote the upper, middle, and lower levels, respectively, and if 
if2 = (/21 +/23)/2, the system of equations is 

/•1 X V2½1' 4- • •x Ap (D2' -- 0 (46) 
0 &P3' f 2' v:½; + + + = o (47) 

c3 c3 Ap RApq' (48) I•3 •X ½lt -- l•l •X ½3t-- • T (D2t -- Cpafp2 
where the surface wind is proportional to u3, Ap = P3- P•, 
and e is a surface friction coefficient. 

In general, the meridional scale is constrained artificially by 
the presence of the lateral walls. We prefer to keep it as a 
continuous variable, and we consider heating anomalies of the 
form q'= • cos kx cos ly, where k = m/a cos •b with rn = 1, 
2,... is the zonal wave number and I a meridional wave 
number (K 2 = k 2 + 12). Then 

½i ' = Re(•i e ø'") cos ly (49) 

for i = 1 and 3, where one has 

• -- -- i(K2ff3 -- fl) 4- • ct, a•p2Apk D 
•3 = i(K2a• - fi) RfO (51) 

c•,a6p2ApkD 
with 

D = Kn'ff•ff3 -- K 2 fl(ffl 4- if3)- 6Ap2 (/•12 4- /•3 2) 

The atmospheric response to the heating anomaly is easily 
discussed by considering asymptotic forms of (49M52) in the 
frictionless case. For ultralong waves (fl >> K2fi) the main vor- 
ticity balance is between advection of planetary vorticity and 
divergence. In the middle latitudes one has 
•Ap 2 and D < 0; hence the upper stream function ½• is 90 ø to 
the east or downstream of the heating, while ½3 has the same 

amplitude but lies 90 ø to the west or upstream of the heating. 
This highly baroclinic response is maximum at the lowest 
wave numbers, since ½ behaves as k-•. In the thermodynamic 
equation the mean zonal advection of heat balances the sum 
of diabatic and adiabatic heatings. The vertical velocity w is 
out of phase with the heating, while the air temperature T2, 
obtained from (32), is 90 ø downstream from the heat source. 

For shorter waves in the longwave limit (/• << K:•), it is the 
zonal advection of relative vorticity which balances the diver- 
gence effects. Since one has D > 0, the phases of ½ • and ½3 are 
as above, but now the motion is larger in the lower layer 
(½•/½3 "• fi3/fix), and its amplitude decreases rapidly with de- 
creasing scale. In the thermodynamic equation the main bal- 
ance is between diabatic heating and adiabatic cooling; w is in 
phase with the heating, while T2 is small but still 90 ø down- 
stream from the heat source. 

Resonance occurs between the two limits when D = 0. 

Then, the horizontal advection of heat exactly balances the 
adiabatic cooling, so that in the frictionless case the diabatic 
heating cannot be balanced. In mid-latitude conditions, reso- 
nance can occur at low zonal wave numbers; the meridional 
wave number is then slightly smaller than the resonant wave 
number of the corresponding barotropic flow, which is given 
by K 2 -- fl/ff [Egger, 1976a]. The resonant mode is equivalent 
barotropic, and no resonance is possible for the internal 
modes. Note that the resonant modes in more realistic zonal 

flows are still equivalent barotropic [Held, 1983]. 
Surface friction (e = 0) causes a shift in the position of the 

ridges and troughs, a tilt in the vertical axis of the standing 
waves, and it limits the wave amplitude at resonance. This is 
discussed by Egger [1976a]. 

To investigate the planetary wave response to a SST anom- 
aly T', we use the parameterizations (41)-(42), where the dia- 
batic heating is proportional to the local air-sea temperature 
difference, in the form J 

gK* 

q' = 2-X-•p ( T' - T2') (53) 
The use of the mid-tropospheric temperature to parameterize 
the air-sea heat exchange is unsatisfactory but follows from 
the simplicity of the two-layer quasi-geostrophic model. How- 
ever, it is not unreasonable, since near-surface and mid- 
tropospheric temperature fluctuations are normally well corre- 
lated and of the same order. 

Using the asymptotic results given above, we can link quali- 
tatively the stationary wave response to diabatic heating to 
the prescribed SST anomaly. Both in the ultralong wave and 
in the longwave limits, T: is 90 ø downstream of the heating. 
Equation (53) then implies that this diabatic heating was 
caused by a SST anomaly also located downstream of the 
heating. In the ultralong wave limit (Figure 24, top), T• is 
relatively large, and the SST anomaly was located a little less 
than 90 ø to the east of the heating. In the long wave limit 
(Figure 24, bottom), T• is relatively small, and the SST anoma- 
ly was only slightly downstream of the heating. 

To illustrate more quantitatively the model response to an 
SST anomaly in winter conditions, we have considered an 
anomaly of IøK amplitude, T'-cos kx cos ly, using •b --40 ø, 
Ap - 400 mbar (the rigid lid is at 200 mbar), e - 2 x 10 -6 s- • 
(6-day damping time), •21 = 18 m s-•, •3 = 6 m s-•, and 6 = 3 
X 10 -6 m 4 s • kg-:. For this basic flow, resonance can occur 

for rn between 1 and 5, and it is characterized by a large peak 
in the amplitude of the geopotential height at the correspond- 
ing meridional wave number (Figure 25). Note how easily the 
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Fig. 29. Linear wave response to a large, shallow diabatic heating centered at 46øN on the heavy cross in a 12-level 
model. (a) The 310 mbar height perturbation (contour interval 40 m). (b) The longitude-pressure section at 46øN of the 
vertical velocity (contour interval 0.2 mbar h-•). (c) The 928 mbar temperature perturbation (contour interval IøK). (d) 
The longitude-pressure section of the height field at 46øN (contour interval 20 m). Negative values are dashed. (From 
Hendon and Hartmann [ 1982].) 

choice of a channel width can be used to tune a • plane 
model. On the low wave number side of resonance the re- 

sponse has a moderate amplitude, with out-of-phase geopo- 
tential height perturbations of about 10 m at each level. On 
the high wave number side the response decays rapidly with 
increasing wave numbers, and it is trapped near the surface as 
predicted by the asymptotic analysis. Figure 25 represents the 
model response to the unit amplitude SST anomaly. Since the 
corresponding diabatic heating is wave number dependent 
and phase shifted with respect to the SST anomaly (Figure 26), 
the response differs from that to a prescribed heating. For 
instance, the relatively weak geopotential response found here 

at low wave numbers is primarily due to the weakness of the 
diabatic heating, which in turn is caused by the large air tem- 
perature response (see Figure 24). Although our analysis de- 
pends on the heating parameterization (53), this suggests that 
for SST anomalies of reasonable magnitudes, the atmospheric 
response is relatively small, except near resonance. However, fl 
plane channel models are known to produce an unrealistically 
large response in resonance conditions, and smaller values 
would be found if the mean zonal flow had a realistic meridio- 

nal structure and if meridional propagation was allowed 
[Egger, 1977;Held, 1983]. 

We can also estimate the back interaction of the atmo- 



FRANKIGNOUL: SEA SURFACE TEMPERATURE ANOMALIES 381 

9KM PRESSURE (MB) FOR CASE DMLA-C (DAYS 31-60) 
gO E 180 

SON 

60N 

3ON 

SEA--LEVEL PRESSURE (MB) FOR CASE DMLA-C (DAYS :31-60) 
180 

60N 

3ON 

60N 

30N 

0 0 

Fig. 30. Geographical distribution of the NCAR model response to a dipole mid-latitude superanomaly (DMLA), one 
30-day anomaly run minus one 30-day control run (C) for 9 km pressure and sea level pressure. Stippled areas correspond 
to rejection of the null hypothesis at the 95% significance level, using a univariate test. The prescribed change region is 
boldly outlined and labeled with a w for warm anomaly (max 12øC) and c for cold anomaly (max - 12øC) [from Chervin 
et al., 1980]. 

sphere on the SST anomaly, since heating of the atmosphere 
corresponds to cooling of the ocean. Its strength depends on 
the magnitude of the surface heat flux Q' per unit SST and on 
the phase shift between Q' and T'. The phase shift also tends 
to cause a zonal propagation of the SST anomaly, if it differs 
from 0 ø (negative feedback) or 180 ø (positive feedback). To 
evaluate these effects, we consider the simplest model for the 
SST anomaly, a copper plate mixed layer of constant depth h, 
without advection or dissipation. Then, one has 

pC• aT'lOt = -Q'/h (54) 

Now we assume that T' is given by T'= T'(t) cos k(x- ct) 
cos ly, and we use the model solutions above to express Q' as 
a function of T'. These results were obtained for fixed T' but 

would not be significantly altered if a weak time dependence 
had been allowed. The SST anomaly is found to decrease 
exponentially with time and to propagate eastward. Figure 26 
illustrates this tendency, using 100 m as typical winter mixed- 
layer depth. For comparison with section 2.3 the back interac- 
tion has been represented as a surface heat flux per unit SST 
anomaly; damping times are obtained by dividing by pCvh, so 
that 40 W m-2 øK- • corresponds to a 3.9-month decay time. 
At low wave numbers the heating per unit SST is weak and 
located west of the SST anomaly (Figure 24); hence there is a 
weak SST anomaly damping and a rapid eastward phase shift. 
As resonance is approached, there are large changes, but • 

plane models are not reliable near resonance, as pointed out 
above. At smaller scales the amplitude of the atmospheric 
response decreases rapidly, which increases the negative feed- 
back and decreases the eastward propagation speed. In the 
absence of air temperature adjustment the feedback tends to 
its limiting value K*. 

In summer conditions the mean zonal wind is weaker, and 
resonance can occur at smaller scales. Otherwise, the atmo- 
spheric response is similar to that in winter conditions, but the 
SST decay time should be shorter because the mixed layer is 
shallower. 

A continuous model. To investigate the effect of near- 
surface heating, we have also considered an unbounded fi 
plane model of constant Brunt-Vfiisfilfi frequency N and in 
uniform zonal motion t2, as used by Charney [1973] and Ped- 
losky [1979]. The heating profile decays exponentially with 
height and is given in z coordinates by 

q(z) = ?Qe -•z cos kx sin ly (55) 

where Q is the vertically integrated heating. Pedlosky [1979, p. 
365] has discussed the stationary response to such heating in 
much detail; hence no algebra will be given. With a radiation 
condition at large z, the response consists of a free and a 
forced part. If the wave number is small, the free part of the 
stationary wave response propagates vertically; if it is large, 
the waves are trapped in the vertical. The amplitudes are of 
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Fig. 31. Geographical distribution of th• r•spons• of th• NCAR Community Climat• mod•l to th• •int•r 197•1977 
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g•opot•ntial h•ight (m•t•rs) and (right) surfa½• air t•mp•ratur• (d•gr•s K•lvin) (right). Significan• l•v•ls ar• given in th• 
original paper [from Pi•c•er e• •1., 198•]. 

the same order as in the two-layer model, but note that there 
is no peak at resonance unless 3' tends to zero, because the free 
and forced parts of the solution compensate. 

For moderate friction it can be shown that the temperature 
response near the ground is given to a good approximation by 
the inviscid limit 

T a • sin kx sin ly (56) 

and is approximately one-quarter wavelength east of the heat- 
ing. If we assume that Q is equal to the surface heat flux and is 
parameterized by (41), the heating must again be upstream of 
the SST anomaly. The phase shift 0 • arc tg(3'K*/k•Cp a) in- 
creases with increasing zonal scale and vertical trapping and 
decreases with increasing mean zonal velocity, as noted by 
D66s [1962]. There is no meridional scale dependence. As in 
the two-layer model, the air-sea heat exchange should damp 
the SST anomaly and make it propagate eastward. This is 
illustrated in Figure 27 for U = 15 m s- • and 3' = 4 x 10 -• 
m-•. The SST anomaly damping, very weak at large scales, 
increases with the zonal wave number until it reaches its limit- 

ing value K*. The propagation is always to the east, but the 
phase speed is low except at the largest scales. 

Summary. In view of the simplicity of the/? plane models 
and of assumptions (41) and (42), our results should be viewed 
with caution. Nonetheless, both models predict that SST 
anomalies induce only a small atmospheric response. The air- 
sea coupling causes an SST anomaly damping (weak at large 
scales, strong at small scales), and it acts as an eastward pro- 
pagator for the anomalies (faster at large scales). The response 
to a local SST anomaly should of course depend on its wave 
number decomposition, and it might have been better depict- 
ed by a representation in terms of damped wavetrains. How- 
ever, a Fourier component representation was preferred be- 
cause it stresses the scale dependence of the air-sea feedback. 
As mentioned in section 3.3, the observed SST anomalies are 
more persistent at larger scales, which is consistent with the 
weaker atmospheric feedback predicted here at low wave 
numbers. It is more difficult to find observational evidence of 

the predicted eastward propagation, because the mean surface 
currents are also eastward in mid-latitudes. 

Note that other air-sea feedback mechanisms have been 
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suggested. Pedlosky [1975] has investigated the interaction 
between a finite amplitude cyclone wave, the atmospheric 
zonal flow, the oceanic wind-driven circulation, and an SST 
anomaly and found that small "seed" SST anomalies could 
grow by a finite amplitude feedback instability, while they also 
propagate eastward. However, the model involves drastic as- 
sumptions (e.g., baroclinic adjustment of the gyre on the SST 
anomaly time scale) that are not realistic. 

4.3. Linear Wave Response in a 
Spherical Atmosphere 

The spherical geometry and the latitudinal changes in the 
mean zonal flow can have a strong effect on the meridional 
propagation of the quasi-stationary waves; hence hemispheric 
or global models and the observed basic flow must be used to 
get a more realistic picture of the linear wave response to SST 
anomalies. Here we shall only survey a few results from pub- 
lished numerical simulations in order to estimate the mag- 
nitude of the SST anomaly influence, and the expected air-sea 
feedback. A good review of quasi-stationary waves in the ex- 
tratropical atmosphere has been given by Held [1983], and 
the interested reader is referred to it for an elegant discussion 
of wave propagation, zero-wind line effects, and other impor- 
tant theoretical issues. 

As a link to the previous section we first show Egger's 
[1977] comparison between two-layer hemispheric and /5 
plane model responses to a rectangular heat source (Figure 
28). Although the response is affected by the spherical geome- 
try and the wind profile, it has the same basic character in the 
two models. At low levels, a low with warm air is found down- 
stream of the heating, and a high with cool air is seen up- 
stream. However, the downstream low is deeper and the up- 
stream high less intense in the hemispheric model (friction in 
the channel model would reduce the response by 30%). The 
differences at the upper level (not shown) were somewhat 
stronger, due to meridional propagation. As noted by Roads 
[1980], the response to very localized forcing is predominantly 
an ultralongwave one, as expected from the higher sensitivity 
of the atmosphere at low wave numbers. 

This sensitivity is also demonstrated by Opsteegh and Van 
den Dool [1980], who have discussed the zonal wave number 
dependence of the linear wave response in another two-layer 
primitive equation model. Unfortunately, the heat source was 
latitude independent. Since tropical heating may also have a 
substantial influence on the middle and high latitudes, provid- 
ed part of it is in the westerlies [e.g., Opsteegh and Van den 
Dool, 1980; Webster, 1981; Hoskins and Karoly, 1981], the 
relative contribution of tropical and extratropical heating is 
difficult to distinguish. Nonetheless, it appears that, except for 
a smaller peak near resonance, the hemispheric model behaves 
roughly in the middle latitudes like the /5 plane model. Op- 
steegh and Van den Dool [1980] also showed that the atmo- 
spheric response to a small-scale heat source was stronger in 
spring and summer than in winter and fall, because of the 
weaker mean zonal flow (see also Webster [1982]). 

An insightful discussion of the linear wave response can be 
found in the work by Hoskins and Karoly [1981]. Using a 
five-layer primitive equation model, they investigated the 
effect of a localized thermal forcing at different latitudes and 
interpreted the results in terms of simple dynamical balances 
and wave propagation theory. In general, the low-level re- 
sponse was primarily confined to the neighborhood of the 
heat source, as in Figure 28, while in the upper troposphere 
the source generated wave trains similar to those given by 

barotropic models, which propagate along "great circles." For 
mid-latitude forcing, the low-level response was shown to be 
crucially dependent on the vertical distribution of diabatic 
heating, because of the importance of horizontal advection in 
the thermal balance. We shall not reproduce Hoskins and 
Karoly's argument explaining why the air should be warm at 
low levels downstream from a shallow heat source, while it 
should be cold for a deep source (see also Held [1983]), since 
the shallow heating case is the most relevant to the extratrop- 
ical regions. The linear wave response to shallow thermal forc- 
ing is illustrated in Figure 29 by a similar calculation from 
Hendon and Hartmann [1982], who used a 12-level model. The 
heat source peaks at 850 mbar and is distributed like a cosine 
square ellipse of axis 60 ø longitude and 30 ø latitude. It has a 
very large amplitude, corresponding to a 350 W m -2 surface 
flux. The high-level response is dominated by a nearly pole- 
ward propagating wave train which amplifies with latitude. 
There is also an equatorward wave path, better seen in vorti- 
city maps [see Hoskins and Karoly, 1981]. This quasi- 
barotropic response is seen at low levels, but the dominant 
features near the surface are a low with warm air downstream 

of the heat source and a high with cold air upstream. The 
amplitudes are large, but for typical SST anomaly-induced 
heating they should be moderate, with a geopotential height 
response of at most 20-30 m, consistent with estimates based 
on/5 plane models or on the work by Opsteegh and Van den 
Dool [1980]. 

Further discussion of the planetary wave response to diaba- 
tic heating in a spherical atmosphere can be found in the 
climatological context. We should stress that several investi- 
gations [e.g., Lindzen et al., 1982] have shown that the re- 
sponse was highly sensitive to the profile of the mean zonal 
wind, so that it is crucial that the latter be correctly specified. 

There is some indication that the linear wave responses 
discussed above remain relevant in more realistic conditions. 

Roads [1980] has investigated the effects of transiences and 
nonlinearities by comparing the response of a very low order 
two-layer GCM to that of the corresponding linear model. 
Except when the GCM moved into a linear resonant state, the 
linear prediction could be detected from the noise. In subse- 
quent experiments with channel models [Roads, 1981; Phillips, 
1982], the linear theory was found to be inadequate to predict 
the averaged nonlinear response to large forcing when the 
mean state was baroclinically unstable. However, in more re- 
alistic models, linear predictions compare quite favorably with 
the mean GCM state, as demonstrated for the climatology of 
the nine a-level Geophysics Fluid Dynamics Laboratory spec- 
tral model by Nigam [1983]. Hence the above mentioned dis- 
crepancies should be attributed to deficiencies in the channel 
models and limited sampling. The influence of asymmetries in 
the basic mean flow has been investigated with a barotropic 
model by Simmons [1982] and Simmons et al. [1983] for tropi- 
cal and subtropical forcing. The climatological standing waves 
were found to cause local barotropic instabilities in some cir- 
cumstances, resulting in a low-frequency variability, but this 
differs from the forced wave response considered here. 

The relevance of these studies to the mid-latitude SST 
anomaly problem is not obvious, since the heating was simply 
prescribed. If the parameterization (42) had been used, the 
phase relation between SST and heating would be essentially 
the same as on the/5 plane. Indeed, the temperature response 
in the work by Opsteegh and Van den Dool [1980] is about 90 ø 
downstream from the heating, and so is the low-level temper- 
ature in that by Hoskins and Karoly [1981] and Hendon and 
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Hartmann [1982] (Figure 29c). Thus the main characters of 
the air-sea feedback discussed in section 4.2 would remain 

valid. (Note that Hendon and Hartmann [1982] investigated 
the influence of sensible heating feedback on the response to a 
prescribed heating, but the link of the initial heating with 
changes in the boundary conditions was not discussed). It is 
more difficult to infer the amplitude of the response to SST 
anomaly forcing. However, a quantitative estimate is provided 
by a recent study with a two-layer model by Kang and Han 
[1984]. Using a refined version of (41) and (42) based on a 
linearization of the bulk formulae (11) and (12), they find that 
an elliptic SST anomaly centered at 40øN (peak at 3øK) 
creates a maximum 250-mbar height perturbation of less than 
30 m (patterns are as in Figure 29a). The dissipation was 
strong and the truncation severe. Thus one can speculate that 
height anomalies of up to 20 or even 30 m could be associated 
with realistic SST anomalies in the middle latitudes. Interest- 

ingly, Kang and Han [1984] predict that the response would 
be much larger if the SST anomaly were at the equator, be- 
cause of the strong cumulus heating feedback in the tropics 
(section 4.1). Yet, their model response has the same mag- 
nitude when the same heating is located in the tropics or in 
the mid-latitudes. This stresses again the need to represent 
explicitly the relation of heating to SST anomalies. Relation 
(41) is admittedly too simple, because it neglects humidity 
advection, but it stresses that the link is not local in the mid- 
latitudes. 

4.4. GCM Experiments With Prescribed 
SST Anomalies 

The GCM's, which are very similar to the models used for 
numerical weather prediction, are the most realistic models of 
the atmospheric circulation. The physical processes are repre- 
sented in an increasingly complex fashion and include in par- 
ticular the radiative transports, cloud physics, and boundary 
layer processes. GCM's have long been unsuccessful in es- 
tablishing the effects of mid-latitude SST anomalies. However, 
with the increasing computational capabilities and the devel- 
opment of more powerful statistical analysis procedures, a 
clearer picture is starting to emerge. 

The first experiments with mid-latitude SST anomalies [e.g., 
Spar, 1973' Houghton et al., 1974] were designed to test the 
observed correlations between atmospheric and oceanic pat- 
terns reported by Namias [e.g., Namias, 1969] and others, but 
the results were inconclusive because there was no signal-to- 
noise analysis. Some progress followed the introduction by 
Chervin and Schneider [1976] of a univariate test of statistical 
significance to analyze GCM results, even though a correct 
assessment requires the use of multivariate tests [Hasselmann, 
1979], as discussed below. At first, however, only experiments 
with highly exaggerated SST anomalies showed some clear-cut 
results. 

Using "superanomalies" of magnitude + 12øC in the six- 
layer NCAR model, Chervin et al. [1976, 1980] and Kutzbach 
et al. [1977] were able to detect both local and hemispheric 
effects for an SST anomaly in the North Pacific. The mean 
changes caused by the superanomalies were then used as a 
reference to interpret the smaller response to somewhat more 
realistic SST anomalies. The response consisted mainly of a 
change in the planetary waves, primarily at wave numbers 3 
and 4 (Figure 30), a direct thermal circulation with rising mo- 
tions over warm SST anomalies and, to a lesser extent, sinking 
motions over cold ones, and an intensification (decrease) of the 
cyclonic activity above warm (cold) anomalies. The heating 

anomalies were nearly in phase with the SST anomalies, 
implying a straightforward negative feedback for the latter 
[Frankignoul, 1979]. Such a direct behavior for the heating 
field is not found in more recent GCM's and may be due to 
the moist convection parameterization in this NCAR model. 
Chervin et al. [1980] showed that some of the features of the 
response and its amplitude could be predicted with a linear 
quasi-geostrophic /• plane channel, but no signal-to-noise 
analysis was performed for this intercomparison. 

Shukla and Bangaru [1979] have studied the response of the 
nine •r-level GLAS model to the large SST anomaly observed 
in the North Pacific during January 1977 (Figure 1). The em- 
phasis was on testing whether the abnormally cold temper- 
atures observed in eastern North America could be repro- 
duced, and there seemed to be some degree of success. How- 
ever, the relation to the prescribed SST anomaly was not 
clearly demonstrated. Rowntree [1979] has also evaluated the 
response of the British Meteorological Office's five-layer 
model to SST changes, but no evidence of a significant re- 
sponse was found for mid-latitude anomalies. 

A much larger ensemble of simulations was available in 
more recent SST anomaly experiments. Pitcher et al. [1985] 
have used the nine •r-level NCAR Community Climate Model 
to investigate the effect of the large SST anomaly in Figure 1. 
In different runs the observed SST anomaly pattern was multi- 
plied by 1.8, 3.6, - 1.8, and -3.6, allowing useful comparisons 
of the model response (Figure 31). Although the analysis 
rested only upon univariate tests of significance, it could be 
established that in the vicinity of the anomaly there, was a 
surface air temperature response of the same sign as the 
anomaly. Other features are of marginal significance at best: a 
weak temperature decrease over North America, downstream 
of the (mainly cold) SST anomaly; a weak high in the 700 
mbar height to the north of the negative anomaly, and a weak 
low to the south. There is also some suggestion of a very weak 
global response (zonal wave number 2 and Pacific/North 
American pattern). Tropical SST anomalies were found to be 
more effective in forcing both a local and a remote response 
within the model. 

Because different grid points and variables in GCM's do not 
provide independent information, univariate tests are not ade- 
quate to evaluate the global significance of sensitivity experi- 
ments. However, only a limited number of details (or parame- 
ters) can be considered with multivariate tests because the 
sample size is much smaller than the dimension of the GCM 
fields, and new analysis strategies had to be devised [Hassel- 
mann, 1979; Preisendorfer and Barnett, 1983; Hannosch6ck and 
Frankignoul, 1985]. 

A hypothesis-testing strategy where the anticipated GCM 
response to a prescribed change is represented by an a priori 
sequence of spherical harmonics was applied by Hannosch6ck 
and Frankignoul [1985] to the response of a preliminary ver- 
sion of the GISS GCM (the seven a-level model I) to the SST 
anomaly in Figure 1 (also multiplied by 1.8). In perpetual 
January conditions a significant response could be detected in 
the northern hemisphere, primarily of zonal wave number 1 
character and quasi-barotropic. However, the natural varia- 
bility in this model was also dominated by the lowest wave 
numbers, indicating that the model may be very sensitive at 
large scales. 

The more realistic nine •r-level GISS model II was then used 

with the same SST anomaly [Frankignoul, 1985]. Although 
only a local change in the low-level air temperature could be 
detected with univariate tests, multivariate testing for an a 
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priori sequence of large-Scale spherical harmonics permitted 
the detection of a significant tropospheric response. The signal 
extends throughout the northern hemisphere extratropics and 
is dominated by zonal wave numbers 3-5 at the 200-mbar 
level (Figure 32). Results were similar at lower levels, but the 
signal-to-noise ratio deteriorated rapidly toward the surface. 
Recent work (C. Frankignoul et al., unpublished manuscript, 
1985) shows that the GCM signal can be explained in terms of 
forced linear waves in a baroclinic model with the GCM zon- 

ally averaged basic state, provided the heating anomaly is 
specified from the experiments. However, the relation between 
the heating anomaly and the SST anomaly, clearly not a local 
one, remains to be established. 

It can be concluded that GCM's show both a local response 
to prescribed SST anomalies in the middle latitudes and a 
weak hemispheric one. The dominant scale of the latter is 
model dependent, and so are the amplitudes, but this should 
be explainable by the differences in parameterizations and in 
mean Zonal states. For realistic SST anomalies the geopoten- 
tial height response should not exceed 10-30 m, as suggested 
by Figures 30-32. Although it is not yet clear that these GCM 
results can be entirely predicted with linear wave models, the 
order of magnitude of the response is comparable. The weak- 
ness of the signal explains the difficulties in distinguishing it 
from the noise, and it is consistent with the limited success of 
statistical climate forecasts. 

5. DISCUSSION 

The dynamics of large-scale SST anomalies can be con- 
sidered to be fairly well understood in the middle latitudes. 
The SST anomalies primarily reflect the response of the upper 
ocean to the daily changes in air-sea fluxes. Because of the 
large thermal inertia of the oceanic mixed layer and the weak- 
ness of the dissipation and damping processes, rather large 
and persistent SST anomalies are generated by the storms and 
the synoptic weather systems. On the long SST anomaly time 
scale the weather can be considered in a first approximation 
as a short time scale stochastic process; hence the SST anoma- 
lies have a random walk character. 

The fluctuations in the surface heat exchange and the me- 
chanical energy input by the wind are most important for the 
SST anomaly generation; advection by anomalous Ekman 
currents is generally less important. The relative strength of 
the different forcing mechanisms varies with the location and 
the season, and they should all be included in modeling stud- 
ies. However, some degree of success has often been achieved 
with only part of the forcing because of the high correlation 
between the different atmospheric fields. 

The processes responsible for the decay of the SST anoma- 
lies are less well understood. Entrainment effects associated 

with the deepening of the mixed layer and oceanic mixing 
certainly play an important role, and there is evidence that 
heat exchange with the atmosphere also contributes to the 
SST anomaly damping. In this paper we have found that the 
quasi-stationary wave response to SST anomalies could ex- 
plain in part their increased persistence at large scales, because 
the air adjustment to an SST anomaly is largest at the largest 
scales. This air-sea coupling should also act as an eastward 
propagator for the large-scale anomalies. However, our analy- 
sis rests upon a crude parameterization of the relationship 
between SST anomalies and diabatic heating of the atmo- 
sphere, and further study is needed. 

Three approaches used to model the evolution of SST 
anomalies have been reviewed. Case studies are based upon 

monthly or seasonal maps of the large-scale SST and atmo- 
spheric anomalies. They can be rather satisfactory, but they 
suffer from the difficulty in estimating nonlinear relations (in 
the atmospheric forcing or the oceanic response) from low- 
passed atmospheric data. The problem does not arise when 
information on the daily weather changes is available. Thus 
simulations with one-dimensional mixed-layer models have 
been successful. However, for an accurate simulation of the 
long-term SST changes, advection must be taken into account. 
Because of the white noise character of the atmospheric forc- 
ing, the stochastic forcing models have also been quite suc- 
cessful, and they provide a useful link with the statistical pre- 
dictability studies. For a detailed hindcasting or forecasting of 
the SST anomaly changes, the most suitable modeling tool is 
nonetheless a three-dimensional ocean model with an em- 

bedded mixed layer, provided that the forcing by synoptic 
weather events is taken into account explicitly. 

To limit our topics, we have not discussed the connections 
between mid-latitude and tropical anomalies, although the 
global character of the E1 Nifio-Southern Oscillation (ENSO) 
and the teleconnection patterns are becoming better docu- 
mented [e.g., Horel and Wallace, 1981]. Observations suggest 
that ENSO events may initiate some of the SST variability in 
the middle latitudes [Barnett, 1981a; Reynolds and Rasrnusson, 
1983] via an atmospheric teleconnection. This should involve 
an increased persistence of some of the atmospheric patterns, 
which was not considered here. 

The main difficulty in modeling the influence of mid-latitude 
SST anomalies on the atmospheric circulation lies in the un- 
certainty in the relationship between SST and diabatic heat- 
ing. Most studies of the linear wave response to thermal forc- 
ing have considered the effect of a prescribed heat source, and 
attention should be devoted to the link with the SST anoma- 

lies. In this study we have assumed as a rough approximation 
that in winter conditions the diabatic heating anomaly will be 
proportional to the air-sea temperature difference. As a result, 
SST anomaly forcing is nonlocal and depends on the degree of 
adjustment of the air temperature. Using simple /• plane 
channel models, we have shown that the latter is more impor- 
tant at low wave numbers, which should decrease the climatic 
impact of the large-scale SST anomalies. However, the atmo- 
sphere is more sensitive to low wave number thermal heating, 
and the large-scale SST anomalies are still dominant. 

From our discussion of several studies of the stationary 
response to diabatic heating in linear wave models of various 
complexity, we have concluded that realistic mid-latitude SST 
anomalies have a weak influence on the atmospheric circu- 
lation, corresponding to changes in the geopotential height of 
10-30 m at most. The linear wave response is sensitive to the 
mean zonal wind profile, and again it depends on the relation- 
ship between SST and diabatic heating anomalies, which was 
not considered explicitly in most calculations. 

The link between linear wave studies and SST anomaly 
experiments with atmospheric GCM's is starting to emerge. 
The magnitudes of the SST anomaly-induced changes in 
GCM experiments are consistent with the linear wave model 
results, and even the response patterns seem predictable if the 
heating anomaly is specified from the GCM data. The GCM 
responses are model dependent, but this may be due to differ- 
ences in parameteriZations and mean flow conditions. How- 
ever, such response studies must be viewed with caution until 
the differences are fully understood. 

To conclude, we go back to the results of statistical predic- 
tability studies, which, as mentioned in the introduction, sug- 
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gest that mid-latitude SST anomalies have a very weak, but 
significant, impact on the short-term climate fluctuations. 
Figure 33 describes the observed low-frequency variability in 
wintertime conditions. The standard deviation of the 500 

mbar geopotential height in middle and high latitudes ranges 
between 40 and 110 m for monthly means and between 20 and 
80 m for seasonal means. If the mid-latitude SST anomaly 
effects are as suggested here, one would expect negligible 
impact on the monthly time scale but some influence on the 
seasonal time scale. Blackrnon et al. [1984b] have shown that 
the long atmospheric time scales appeared to be of a different 
nature than the intermediate time scales (10-30 day period). 
The latter show signs of wave dispersion and energy propaga- 
tion, while the longer fluctuations have fixed phases and are 
suggestive of a forced response. This is consistent with our 

Fig. 33. Standard deviation of 500 mbar height for (a) 90-day 
averaged data and (b) 30-day averaged data for 18 winters. The 
annual signal has been removed, and the contour interval is 10 m 
[from Blackmon et al., 1984a]. 

tentative conclusion: intermediate time scales in the atmo- 

sphere are dominated by blocking and other strong events, 
and they are not related to mid-latitude SST anomaly forcing. 
Longer time scales are affected by oceanic sources. The share 
of the mid-latitude SST anomalies in this forcing needs to be 
more firmly established, but it does not appear to be negligi- 
ble. 

NOTATION 

t time. 

(x, y, z) Cartesian coordinates. 
2, & longitude and latitude. 

V = (•/•x, •/•y) horizontal gradient operator. 
V 2 = (•2/•x •) + (•:/•y:) horizontal Laplacian. 

n vertical unit vector. 

a earth radius. 

f Coriolis parameter, equal to 9.35 x 10- 5 s-x at 
40øN. 

l• = df/dy /• parameter, equal to 1.75 x 10-xx m-x s-x at 
40øN. 

p pressure. 

v = (u, v) horizontal velocity. 
w vertical velocity. 

We entrainment velocity. 
w• Ekman pumping. 

ro = dp/dt pressure velocity. 
T temperature. 
ß geopotential height. 
½ stream function. 
g gravity, equal to 9.8 m s-2 
p water density, equal to 10 3 kg m-3. 

pa surface air density, equal to 1.2 kg m-3. 
• coefficient of thermal expansion for water. 

qa specific humidity. 
qs saturation specific humidity. 
R gas constant, equal to 287 J kg- • øC-X. 

Cp water specific heat equal to 4 x 10 3 J kg- • øC-•. 
Cp a air specific heat at constant pressure, equal to 

10 3 J kg- • øC- 1. 
L latent heat of evaporation, equal to 2.5 x 

106 J kg- •. 
x surface wind stress. 

u, friction velocity. 
Q surface heat flux (positive upward). 
q rate of diabatic heating per unit mass. 
h depth of the oceanic mixed layer. 

H density scale height of the atmosphere, equal to 
7000 m. 

a static stability. 
N Brunt-Viiisiilii frequency. 
tc horizontal mixing coefficient. 
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