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ABSTRACT 

We have coupled Lorenz’s (1960) two-layer atmospheric model to a “copper plate” 
ocean to obtain a simple model that can be used to  study the effects of large-scale sea 
surface temperature (SST) anomalies on the dynamics of the atmosphere. With 104 
degrees of freedom, the atmospheric model mimics the observed northern hemisphere 
energy cycle in fair detail. In three experiments, each lasting one year, we consider 
an ocean ( a )  with fixed temperature that depends only on latitude; ( b )  with fixed 
large-amplitude SST anomalies; and ( c )  with temperature determined by heat exchange 
with the air. Only in ( 6 )  are significant dynamical effects observed. These consist of a 
weak monsoon response in the subtropics and a tendency for storms to  intensify over 
warm water at higher latitude. Experiment (c) developed SST anomalies that resemble 
the observed anomalies; however, the atmosphere and ocean in (c) differ insignificantly 
from the atmosphere and re-computed “slave ocean” in (a), even when the flows are 
averaged in reference frames moving with the anomalies. Our results suggest that the 
atmosphere may be too noisy to  be much affected by SST anomalies on time scales 
over which the anomalies are themselves predictable. 

1. Introduction 

We wish to study the effects of large-scale 
sea surface temperature anomalies, such as 
those described by Namias (1959), on the dynam- 
ics of the overlying atmosphere. By “anoma- 
ly” we mean the instantaneous departure of 
the sea surface temperature (SST) from its 
long-term time average. The persistence of SST 
anomaly patterns over time scales of months 
has led many people to believe that a better 
knowledge of these anomalies and their influ- 
ence on the atmosphere could lead to improve- 
ments in long-term weather predictions. How- 
ever, the associated heating anomalies are very 
small compared to  many of the other fluxes 
tha t  balance the heat budget of an atmospheric 
column; and it has therefore proved difficult 
to envision specific mechanisms by which SST 
anomalies might affect the weather. Our task 
is to  weigh the relative importance of these two 
opposing features: long term persistence versus 
weakness of the signal. 

The problem is complicated by the atmo- 
sphere’s intrinsic lack of exact predictability. 

By this we mean that the equations governing 
atmospheric motion are ill-posed with respect 
to initial value problems in the sense that per- 
turbations in the initial conditions at the small- 
est scales lead to completely different solutions 
after finite times. The cause of the growing 
difference is the propagation of the initial per- 
turbation from the smallest to the largest scales 
of motion via the nonlinear terms in the Navier- 
Stokes equations. We can define an  atmospheric 
predictability time scale, T,, as the time re- 
quired for a perturbation in the flow at the 
scale of the separation between weather ob- 
serving stations to reach the largest scales of 
motion. Theoretical and numerical estimates 
for T, range between 5 days and about 3 weeks. 

The existence of a limiting predictability 
time, T,, for the atmosphere has important 
implications for the problem under study. First, 
it underscores the importance of studying forc- 
ing fields (such as SST) which have themselves 
a predictability time that is longer than T,. 
The predictability time for sea surface tempera- 
ture, To,  is of the order of months because of 
the high heat capacity of the oceanic mixed 
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layer and its relatively sluggish motion. Thus, 

and knowledge of the SST pattern ought to 
permit forecasts longer than T A  provided there 
is some significant connection between SST 
state and the state of the atmosphere above. 

However, the limit on exact predictability 
suggests that this connection might at best be 
statistical. Consider the following hypothetical 
experiment: Imagine an ideal atmosphere whose 
external forcing fields (continents, oceans, solar 
heating, etc.) are freely controlled by us. Let 
V ( t )  be any functional of the state of the at- 
mosphere at time t. Let (1) denote some stand- 
ard state for the forcing fields and let (2) de- 
note some other forcing state (for example, a 
state with fixed SST anomalies). Now imagine 
two experiments beginning from the same ini- 
tial conditions but subject to the different forc- 
ing conditions (1) and (2). Let V , ( t )  and V,( t )  
be the outcomes of these experiments. 

We should not be surprised if, after times 
longer than T A ,  the two outcomes no longer 
resemble one another. However, it is mislead- 
ing to attribute all of the difference V ,  - V, to 
the different forcing conditions (1) and (2). At  
any time, in fact, the major part of V ,  - V I  is 
apt to be random, i.e. unpredictable; but we 
are interested only in that part of V, - VI that 
can be predicted. The predictable part of Vl - Vl 
will not be removed by statistical averaging. 
Therefore, we should compare not the outcomes 
themselves but rather their statistics. 

It is plausible that the statistics of V depend 
only on the forcing (not on the initial condi- 
tions) and that the statistics change when the 
forcing changes. However, we should still want 
to know whether the statistical difference be- 
tween V ,  and V ,  is large or small compared to 
the likely random differences. 

For fixed forcing conditions, V ( t )  is a sta- 
tionary stochastic process with ensemble mean 
(V) which is independent of time. We find <V> 
by averaging V ( t )  over many realizations, or, 
as is commonly done, by assuming V ( t )  to be 
ergodic and averaging in time. The time-aver- 
age estimator 

T is large enough if t > 17 * I R (7) I < 1 where 

of V. See section 3fo; a further discussion. 
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is a random variable with expected value ( V )  
and standard deviation proportional to T-* for 
large enough T.' That is, the average of V 
over a record of length T is "within" const/T* 
of ( V ) .  

Now suppose <V,)  and ( V 2 )  are the ensem- 
ble averages of V subject to the different fixed 
forcing conditions. Then the time, T,, required 
for a change in forcing from state (1) to state 
(2) to  make itself felt above the natural noisiness 
in V is given roughly by: 

I ( V,) - (V,) I - const,/Tj'a + const,/Ttra 

We might call T, the "significance time scale" 
for V. 

The pertinence of T, to our problem is that 
if T ,>To for any realizable change in SST 
state, then such changes are useless as long 
term predictors of V because they are them- 
selves destroyed by random processes before 
they can produce statistically significant chang- 
es in V .  I f ,  on the other hand, T, > T,, then 
the field of SST may be a useful predictor of 
the quantity V. Said another way: if To > T,, 
then the long persistence of SST anomalies 
overcomes the weakness of their heat fluxes; 
but i f  T, > To, then the opposite is true. 

By means of a mathematical model, we can, 
in principle, estimate the quantities <V>, 
const, and T, and thereby determine if and 
how knowledge of SST anomalies can help to 
extend forecasts. In  the following pages we 
present the tentative results of such a study. 
By way of overall summary, we find that, for 
several quantities of interest studied in our 
simple model, T, is of the order of To or longer, 
so that knowledge about SST anomdies would 
not greatly extend forecasts. However, our 
conclusions depend on the many simplifying 
assumptions we have made and may well be 
altered by future work. 

2. Themodel 

We are interested in the behavior of the 
coupled ocean/atmosphere system over time 
scales of months-the time scales in which 
SST anomalies are observed to appear and dis- 
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appear. Such times are long compared to T, 
and to the energy transit time through the 
atmospheric spectrum. Consequently, we re- 
quire a somewhat sophisticated model for the 
atmosphere-one t.hat correctly simulates the 
many nonlinear processes that maintain the 
global general circulation against dissipation. 
In  order to accommodate nonlinear transfers of 
energy over a range of scales, the atmospheric 
model must be a numerical one. As such, it 
must be both economical and computationally 
stable with respect to the relatively long time 
integrations required for statistical averaging. 
To satisfy these requirements, we have adopted 
a simple atmospheric model invented by Lo- 
renz (1960). 

Our ocean model can likely be far simpler, 
because a time scale of months is possibly still 
short compared to the time required for ocean 
currents to greatly alter an SST anomaly pat- 
tern whose features are several thousand kilo- 
meters in diameter. To begin with, we will 
ignore ocean motion altogether; our model 
ocean will be a stationary heat reservoir cover- 
ing the globe. 

In the two-layer version of Lorenz's atmo- 
spheric model the dependent variables are: 

w +-c the stream function a t  250 
mb, 

w --t the stream function at 750 
mb , 

8 + a  the potential temperature 
at 250 mb, 

e --(J the potential temperature 
at 750 mb, 

.$(p)dp the vertical average of the 
velocity potential .$ ( A p  = 

500 mb). 

In  terms of the above variables, the two-layer 
equations take the form: 

Veyt + J ( y ,  V a y  + f )  + J ( t ,  '7%) = P ,  (1) 

V a t t  + J ( t ,  V'y + j )  + J ( y ,  Vat )  - V.(fVx)  = P, 

(2) 

where 

b = a{($). -(+)"I = 0.124 

and 

x = RJC, 3 (gas constant)/(heat capacity at 
constant pressure). 

Here P,, P,, He, H ,  are the friction and heat- 
ing terms. The above equations are very nearly 
the conventional quasi-geostrophic approxima- 
tion, except that the variability of coriolis para- 
meter, f ,  is retained in all terms. The method 
of vertical differencing incorporates the bound- 
ary conditions w = dp/dt = 0 a t  p = 1 000 mb and 
p = O .  The vertical velocity a t  500 mb is as- 
sumed to be w600 = ApVax. 

Lorenz showed that, under adiabatic condi- 
tions, the eqs. (1-5) conserve the sum of 

AP K = - [Vy * Vy + V t  * Vt]  
9 

and 

2bC,Ap [(8')'+ (a')'] 
A = -  (7) [a] + [a + (@)' + (at)a]l'z g 

which are the vertical-finite-difference analogs 
of the kinetic and available potential energy 
per unit area. Here, the brackets ([ 1) denote the 
area average over a region on whose boundary 
the normal velocity vanishes; and 

8' t e -[el, of = u -[a] 

The requirement that the vertically-differenced 
eqs. (1-5) conserve quantities that are analo- 
gous to the adiabatic invariants of the exact 
equations accomplishes two things: 

1. It virtually assures computational sta- 
bility of the differenced equations. 

2. It permits us to analyze the energy budget 
of solutions to the differenced equations. 

For a detailed development of the differenced 
equations and energy invariants the reader is 
referred to Lorenz's original paper. 

We complete the set of model equations with 
a thermal equation for the ocean: 

We solve the eqs. (1-5, 8 )  spectrally by ex- 

Tellus XXVIII (1976), 3 



LARGE SCALE AIR-SEA INTERACTIONS 23 1 

panding the dependent variables in terms of do$ 1 
spherical harmonic functions: dt re' (n. m> (r.s) 

C C (d'd +t:e:)E,"Zj _ -  -- 

-bC,k(k+ I ) & =  2 ~f Cl(4~/3)"~{2-r(r-t 1) 
and then truncating the series to include only 

certain pre-chosen harmonics. Here, - k(k +- l ) }  &i' (13) 

(r . s= f )  

where u is the colatitude, 'p the longitude, and R=2n 
P," an associated Legendre's function. Y y  has 
m oscillations running east-west around the 
globe and 12- I m I zero-crossings between the 
north and south poles. As is well known, the 
spherical harmonics comprise a complete set of 
orthogonal functions and satisfy the eigenvalue 
relation 

where re is the earth's radius. 

ferential equations are as follows: 

k(k-t-1)-= -- 2 (y ,"y:+t ," t : ) r (r+l )  

The complete set of coupled ordinary dif- 

a d  1 
dt ~t ( n .  rn) (r. s) 

In the above equations the symbol C(,,.,) 
refers to that part of Cz=o Xi:-,, that includes 
only the finite set of "velocity harmonics"- 
the harmonics chosen to represent y and z. 
Similarly, C,,,,, refers to that part of C:=, 
S;:-_, that includes only the "thermal har- 
monics" representing e, u, ,y, and Ow. To re- 
duce the possible number of degrees of free- 
dom, we assume that the flow is symmetric 
about the equator. In  this case, the velocity 
harmonics include only functions Y ," for which 
n-lml is odd; whereas the thermal harmonics 
have n-lml even. The expressions A,":; and 
EZ:L are the Adams and Elsasser integrals de- 
fined by: 

A,";{- loz s i n a d u ~ ~ d q j y n y r y ~  m s j  

and 

James (1973) gives a formula for evaluating 
these integrals. In  eq. (13), it can be shown 
that A:ii' = 0 unless r = k f 1. Thus 0," is coupled 
to .,"+, and z,"-~ via the thermal wind relation. 

Under adiabatic conditions, the spectrally- 
truncated differenced equations conserve the 
sum of the spectral truncations of (6) end (7).  
We shall refer to 
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and The terms (a) can, if one desires, be thought 
of as an Ekman friction in which case 

n+O, m>o 

the kinetic and available potential energy 
in mode n-m. 

We solve the prognostic equations (9-12, 14) 
with a predictorlcorrector time-stepping scheme. 
Although there is no prognostic equation for 
x ,  we can obtain a set of diagnostic equations 
for x: in terms of the prognostic variables y, 
t, 8, u, 8, by replacing (1 3) with its time deriva- 
tive and substituting from eqs. (10) and (11) 
for dt { /d t  and dO’,/dt. The resulting equations 
can be simplified in their general form and 
solved by Gaussian elimination on the com- 
puter. 

It remains to specify the friction and heat- 
ing terms. They are: 

where ys and 8, are the surface stream function 
and air temperature (eq. 23). The terms de- 
signated by letters represent the effects of: 

(a) friction with the ground, and 
(b) between levels; 
(c) net radiational convergence, mean sensible 

and latent heat transfer and small-scale ver- 
tical mixing in driving the atmosphere toward 
a steady state: 8 =O*, u =u* that would prevail 
in the absence of large-scale flow; 

(d) anomalous latent and sensible heat ex- 
change between the ocean and lower tropo- 
sphere; and 

( e )  small-scale horizontal mixing. 

In  (d) the anomalous heat flux from ocean to 
atmosphere is assumed to obey: 

so that 

where D is the depth of the oceanic mixed 
layer (assumed constant) and suscript w re- 
fers to ocean variables. We express the surface 
variables in terms of the model variables by: 

ys = y - ’ y t .  e, = O - ~ U  (23) 

If y and 0 are linear in pressure then y =2. 
However, it  is more realistic to assume that 
the variables are linear in height, in which case 
y = 1.6 for a “standard atmosphere”. 

The above extremely crude parameteriza- 
tion abstracts the atmospheric heating field 
into two parts: a part that is correlated with 
the temperature of the lower bounding surface 
and a part that is independent of it. Both parts 
are characterized by equilibrium states (O*, u*; 8,) 
and return time scales (l/kT, l/h; 2/1,). we 
have tentatively assumed that these time 
scales are equal: 

1 1 2  
k, h I. ,  

and adjusted their values, along with the other 
parameters in (1&19), to obtain a model gen- 
eral circulation whose spectral energetics agree 
reasonably well with Saltzman’s (1970) sum- 
mary of the observational data. The values we 
arrived a t  are the following: 

- = - = _  

1 1 
2.55 days; 

k* I? 
- = 67.9 days - =  

1 
- = 41.6 days and 00 days 
1% 
u* = 12.5 C 
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Table 1. The set of harmonics wed in the experi- 
mento described in  this paper 

Harmonic n-m refers to y? 

Velocity harmonica 
w a 3  11-6 1479 17-12 
3-0 6-3 9-6 12-9 15-12 
1-0 4-3 7-6 1&9 13-12 

Thermal harmonics 
6-0 
4-0 7-3 10-6 13-9 18-12 
2-0 6 3  8-6 11-9 14712 
0-0 3-3 6 6  9-9 12-12 

and 

J 

The value of k* corresponds to Apk*/e,g = 3.12 
cmsec-l in (20). Our choice of A1 corresponds 
to A - 22.3 ly day-l deg-l which is smaller than 
the value of 63.1 used by Doos (1962). The two 
extreme values of A, correspond to D = 9.3 m 
and D - 00 (constant temperature ocean). The 
eddy viscosity is quite modest; at the highest 
wavenumbers considered it amounts to only 
about one fourth the ground friction. 8*, which 
is assumed proportional to yi is sketched in 
Fig. 4. 

We do not permit the model to determine 
its own globally-averaged temperature but set 
6," -8Lo - 0 throughout. Thus the only globally- 
averaged temperature of physical significance 
is u:, which is porportional to the average tem- 
perature difference between 250 mb and 750 
mb. For u! only, we use 

(23,): = - (h i- a) (u: - a?) 

instead of (18). u* is chosen so that the equilib- 
rium d is less than its value in Nature. I n  this 
way, we model implicitly the destabilizing in- 
fluence of water vapor in the earth's atmos- 
phere. 

The computer program that solves the model 

The time required for the propagation of order 
one error from the smallest scales resolved in our 
model to the largest scales was found to be less than 
three days. 
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equations is written in a general form that ac- 
cepts any basic set of spherical harmonic func- 
tions. The choice of specific set is to some ex- 
tent arbitrary, but the chosen harmonics should 
accommodate spectral energy transfers ana- 
logous to those which are known to be import- 
ant in the real atmosphere. Table 1 presents 
the set of harmonics we have used in the experi- 
ments in section 3. It consists of a zonal flow 
and 4 zonal wavenumbers, each with 3 degrees 
of freedom in the north-south direction. The 
chosen zonal harmonics are just sufficient to  
resolve the classical three-cell (two Hadley, one 
Ferrel) structure of the general circulation. 
Our restrictive choice of harmonics drasti- 

cally under-represents the influence of the higher 
wavenumbers in the flow, whose principal dy- 
namical effect is assumed to be the destruction 
of accuracy in deterministic forecasts on a time 
scale of T,? We assume a priori that for times 
longer than T,, only the slatistica of the large- 
scale flow are pertinent; and we direct our re- 
search to the questions: 

1. How do the stationary statistics of our 
atmosphere change when the properties of the 
ocean model are changed? 

2. How long must one average to detect these 
statistical changes above the random noise in 
the large-scale flow? 

Our approach is strictly valid only if unre- 
solved small scales exert no ocean-sensitive ef- 
fects on the large-scale statistics, and if the 
random noise in large-scales can be reason- 
ably well mimicked by a model that includes 
only large scales. 

While a rigorous justification of our method 
awaits careful experimentation with higher- 
resolution models, we are encouraged by the 
resemblence of some statistics of our simple 
model with those based on real observations. 
Fig. 1 compares the model energy cycle, aver- 
aged over 357 days, with Saltzman's (1970) 
observed energy cycle (band averaged in zonal 
wavenumber m )  for winter and summer. The 
overall agreement between model and atmos- 
phere is good except for the model wavenum- 
ber 3. Further experiments have shown that 
the situation improves considerably when we 
include mountain ranges and large-scale sta- 
tionary heating, which are known to force the 
very long waves. Fig. 2 compares the model 
average flow fields with the observations. Gen- 
erally speaking, our simulation resembles the 
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m=1, 2, 3, 4 
Model: 

3-3, 5-3, 7-3 
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1 

m = 5 ,  6, 7 
Model: .14 

: .16) ‘*”’ 7-6 ,  9-6, 11-6 
3 -0 .ll 

C3.31 (2.8) C.307 
(-15) 

i 

AVAILABLE 
POTENTIAL ENERGY 

z 
0 

.36& 
C.731 V, 

v, 
0 
- 

KINETIC ENERGY 

.10 - 
*C.Gll 

r3.001 
(1.70) 

27 1. 
C. 961 
(-08) 

Z 

% +  .46 
0 

CC r.521 
(.19) 

w a 

24 - 
c.123 
(.09) 

. .. 

.10 .2 .08 .9 w 
c.31 ( . 3 )  1.141 C.71 (-7) C.06 1 

Observed: m = O  Observed: m = 0 

2-0, 4-0, 6-0 1-09 3-01 5-0 .60 
12.1 C. 481 

(1.65) 

m=5, 6, 7 
Model: d T !  6-6, 8-6, 10-6 .61 

11.053 .C1.91 (1.4) C 1 z  
(.78) 

Model : 
9-9911-9.17-9 

.5 1-62 
C.91 (.6) C.66 

I 

I 1 

m=1, 2, 3, 4 
Model: 

(-30) 

C7.91 (4.3) 

.20 
t 

c1.103 

m = 8 ,  9, 10 
Model : 

10-9,12-91 14-9 
3.0 

c2.11 (1.8) c.111 7 (.lo) 

I I 

Pig. 1. Comparison of the model energy cycle averaged over one year with Saltzman’s (1970) observations 
(band averaged in zonal wavenumber m) for winter (in brackets) and for summer (in perentheses). Boxes 
give energy in 106 joule m--2 and the arrows give energy flux in watt m-%. The definition of energy quantities 
and the spectral truncation differ between our model and the Saltzman data, so that the comparison is 
not intended to be exact. The conversion arrows give the gain of kinetic energy in each band from the total 
available potential energy. 
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SOON I I 

I I 
I I 

I 

.-- - -. 1 *---- 

I ,,' _- 60"- \. 1 , ' _-_  

ZONAL VELOCITY COMPONENT, m/sec 

Pig. 2. Average flow quantities in the model and 
in the real atmosphere. The average temperature 
presented is the actual temperature minus the 
temperature at 36 N. Observations are from Oort 
& Rasmusson tables A8, A9, and F8. 

atmosphere under winter conditions except for 
the imposed equatorial symmetry. 

The method of spectral solution has been 
applied extensively to Lorenz's model (minus 
the ocean) by other investigators. However, 
ours is the f i r s t  application (of which we are 
aware) that allows the static stability u to vary 
in space. The static stability is known from both 
theory and experiment to exert an important 
control on flow in rotating, differentially- 
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heated fluids. Moreover, static stability and 
SST may be correlated in Nature; Namias 
(1973) has shown that when SST anomalies are 
large, there is sometimes good correlation be- 
tween SST anomaly and the thickness (tem- 
perature) of the air below 750 mb. 

Solving eqs. (9-14) with the harmonics in 
Table 1 amounts to time-stepping 164 coupled 
nonlinear real ordinary differential equations. 
With a time step of 0.25 days, one year's cli- 
matic simulation requires about 3.25 minutes 
of CPU time on a 7600 computer at  8 cost of 
about $32. 

3. Three experiments 

In this section we present the results of three 
experiments in which the model equations were 
solved with the harmonics in Table 1 subject 
to  the forcing (15-19, 24). The three experi- 
ments are: 

I. A control run (CR) in which the Se8 sur- 
face temperature is fixed (12, =0) and depends 
only on the latitude. 

11. A run (WM) with fixed large-amplitude 
SST anomalies that resemble the observed 
anomalies in shape. 

111. A mixed-layer run (ML) in which the 
ocean is free (Iz ,+O) to adjust its temperature 
by heat exchange with the atmosphere. The 
mixed layer depth waa taken to be 10 m. 

The mixed layer experiment waa actually 
performed first. We then used the time aver- 
age of the zonally averaged sea temperature in 
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Table 2. Energy cycles of the three experiments 

Significance 
357-day average Estimated B parameter 

Quantity m I-CR 11-WM 111-ML I I1 I11 %I1 %I11 

Kinetic energy 
in zonal 
wave number m 
(lo6 joule m-z) 

Available pot. 
energy in m 
(lo6 joule m-a) 

Conversion 
of APE to 
KE inm 
(watt m-l) 

Generation of 
APE in m 
(watt m-z) 

Transfer of 
APE to  
m by 
temperature 
advection 
(watt m-x) 

transfer of 
KE to  zonal 
flow by m 
(watt m-a) 

Gain of KE by 
m due to  wave 
interactions 
(watt m-2) 

Gross static 
stability 
( loK joule m-2) 

Nonlinear 

0 
3 
6 
9 

12 

0 
3 
6 
9 

12 

0 
3 
6 
9 

12 

0 
3 
6 
9 

12 

0 
3 
6 
9 

12 

3 
6 
9 

12 

3 
6 
9 

12 

12.06 
0.94 
3.02 
2.95 
0.92 

45.46 
0.64 
1.07 
0.51 
0.17 

0.30 
0.15 
0.61 
0.62 
0.08 

2.89 
- 0.27 
- 0.46 
- 0.24 
- 0.10 

- 2.39 
0.41 
1.00 
0.80 
0.18 

0.01 
0.14 
0.12 
0.03 

0.04 
-0.11 
- 0.08 

0.14 

166.01 

11.90 
1 .oo 
2.80 
3.00 
0.87 

45.57 
0.74 
1.02 
0.54 
0.16 

0.29 
0.19 
0.54 
0.68 
0.07 

2.87 
- 0.27 
- 0.44 
- 0.25 
- 0.09 

- 2.39 
0.45 
0.92 
0.86 
0.16 

0.02 
0.13 
0.12 
0.03 

0.03 
- 0.08 
-0.10 

0.14 

165.98 

12.32 
0.87 
2.82 
2.80 
0.82 

45.73 
0.62 
1.15 
0.50 
0.17 

0.33 
0.15 
0.56 
0.60 
0.08 

2.85 
- 0.26 
- 0.50 
- 0.23 
- 0.09 

- 2.34 
0.39 
1 .oo 
0.77 
0.18 

0.01 
0.10 
0.12 
0.02 

0.04 
- 0.07 
- 0.08 

0.11 

165.78 

0.10 
0.09 
0.20 
0.31 
0.07 

0.38 
0.04 
0.08 
0.05 
0.01 

0.02 
0.02 
0.06 
0.07 
0.02 

0.05 
0.02 
0.04 
0.02 
0.01 

0.05 
0.03 
0.08 
0.08 
0.03 

0.01 
0.01 
0.01 
0.003 

0.02 
0.03 
0.03 
0.01 

0.19 

0.12 0.24 
0.07 0.11 
0.14 0.36 
0.23 0.26 
0.06 0.40 

0.55 0.75 
0.04 0.06 
0.07 0.12 
0.05 0.05 
0.01 0.01 

0.01 0.02 
0.02 0.02 
0.04 0.05 
0.07 0.06 
0.02 0.02 

0.08 0.10 
0.02 0.03 
0.03 0.06 
0.02 0.02 
0.005 0.01 

0.07 0.08 
0.04 0.04 
0.07 0.09 
0.08 0.08 
0.02 0.02 

0.01 0.004 
0.01 0.01 
0.01 0.02 
0.003 0.004 

0.02 0.01 
0.02 0.02 
0.03 0.02 
0.02 0.01 
0.17 0.23 

0.76 
0.43 
0.63 
0.10 
0.40 

0.11 
1.19 
0.35 
0.28 
0.75 

0.43 
1.00 
0.70 
0.38 
0.29 
0.14 
0.07 
0.35 
0.27 
0.74 

0.04 
0.64 
0.54 
0.38 
0.12 

0.75 
0.54 
0.04 
0.33 

0.28 
0.48 
0.28 
0.03 
0.10 

0.77 
0.33 
0.35 
0.26 
0.95 

0.23 
0.12 
0.38 
0.19 
0.02 

0.63 
0.07 
0.51 
0.16 
0.12 

0.21 
0.21 
0.38 
0.21 
0.45 

0.35 
0.20 
0.03 
0.18 
0.01 

0.08 
1.27 
0.05 
1.53 

0.10 
0.68 
0.01 
1.20 
0.55 

ML for the fixed ocean in CR. For experiment 
I1 we superimposed the longitudinally-sinusoi- 
dal SST anomaly pattern of Fig. 3 on the stand - 
ard ocean of CR. Because the anomalous heat- 
ing field in experiment I1 resembles the heat- 
ing fields hypothesized in various linear theo- 
ries of atmospheric response to large-scale sta- 
tionary heating (for example, Smagorinsky, 
1953), we will refer to experiment I1 as the 
“weak monsoon” (WM) experiment. Each of 
the three experiments was allowed several 

months of simulated time in which to reach 
statistical equilibrium. Then the equations 
were stepped for 357 days and dl the data 
was saved. Some averaged properties of CR 
have already been given in section 2. 

We begin our analysis of the three experi- 
ments by showing that the different ocean 
models cause no statistically significant dif - 
ference in tho globally-averaged energy cycle. 
First, however, we describe the very simple 
format we have used to compare statistical 
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13.65 1 I 80.N - I 13.45 - 
13.25- 

Fig. 4. Average static stability, u, in experiment 
WM (degrees centigrade). 

averages: Let V ( t )  be any quantity and sup- 
pose we wish to compare the average of V in 
run 1 with its average in run 2. We divide each 
run of length T into N subintervals of equal 
length TIN and form the average of V over 

each subinterval. Let V be the average over the 
i th subinterval. Then the average of V over the 
entire record in run j is: 

i 

We assume that the subintervals are suffi- 

ciently long so that and V are independent 
random variables if i + k .  Then the variance of 

V ,  assumed independent of i, is given by the 
(unbiased) estimator: 

i k 

i 

and the standard deviation of 7 is: 

b - u/Nt 

We define a "significance parameter" for the 
difference between Vl and V ,  by: 

81.2 = 171 - V * l / ( 4 +  6,) (25 )  

When Sl,* is larger than unity then V1 and VB 
differ by a statistically significant amount.' 

For example, if Vl and V ,  are Gaussian with < Vl) = < V,), then the probability that S1.a exceeds 
unity is 31.7%. Most of the quantities analyzed 
appear not to be Gaussian, however. 
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Fig. 5. (a) The variance of sea-level potential 
temperature (Op=@-dz in deg, in CR and (b)  
in WM; and (c) the field of significance parameter 
for the averages in (a) and (b ) .  

For large S1,, we have the following (biased) 
estimate of the quantity T ,  defined in section 1: 

1 
T,--  T 

G.9 

For Sl,, c 1 we can say only that T ,  T. If 
V ( t )  contains significant energy a t  perioda 
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13.8 c 8.0 8.0 
- 

4.0 - 30" 
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Fig. 6. (a) Tkvariance of potential temperature at 500 mb (81)2 in CR and ( b )  in WM; and ( c )  the transient 
conversion w'0' (deg cm sec-l) in CR and ( d )  in WM. 

longer than TIN then the above method under- 
estimates the significance of the difference be- 
tween v1 and v2. Since all of the model vari- 
ables analyzed in the above manner had com- 
puted spectra that were white or blue at peri- 
ods exceeding one month, we have chosen T = 

357 days and N = 10. 
Table 2 summarizes the global energy cycles 

of the three experiments. The quantities tabu- 
lated are the same as those diagramed in Fig. 1 
for CR only. From the last two columns of 
Table 2 we see that if statistical differences 
exist between the three energy cycles, they ap- 
parently cannot be detected above the random 
noise in time averages of one year or less. 

Of course, it is not especially surprising that 
spme-time averages should be similar in the 
three experiments, because all three have the 
same time-longitude averaged sea temperature. 
It is more likely that the experiments have 
different average spatial distributions of cer- 
tain quantities and that the distributions are 

correlated in some way with the SST anomaly 
pattern. Fig. 3 shows the average surface stream 
function in WM. A stationary signal is present 
in the form of a low level ridge centered near 
the meridian of maximum cooling. At upper 
levels, the ridge becomes a trough that is 
barely detectable in the strong westerly flow. 
The signal in Fig. 3 is statistically significant 
(SI. II exceeds 3.0) and agrees approximately 
with linear theory. It is interesting, however, 
that the maximum response occurs in the sub- 
tropics (25  N lat.) and not a t  the latitude of 
maximum anomalous heating (44 N). This is 
apparently because the strong nonlinearities 
associated with mid-latitude storms would 
completely disrupt a weak stationary wave. 
The average stream function in CR is independ- 
ent of longitude. 

The large SST anomalies in WM have no di- 
rect influence on the average flow a t  middle 
and high latitudes; but they may affect the 
travelling storms that pass through these re- 
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Fig. 7. Spectra of surface air temperature and 10 x 
sea surface temperature at 46 N in ML. Spectra 
are band-sveraged over 6 frequencies. 

gions. Fig. 4 shows the average static stability 
field in WM. A region of low static stability 
occurs just downwind of the region of maxi- 
mum surface heating and a stable region occurs 
downwind of the maximum cooling. From linear 
baroclinic instability theory, we anticipate that 
the storms might intensify as they pass through 
the region of low static stability and weaken 
in the region of high stability. One possible in- 
dex of storm intensity is the variance of po- 
tential temperature which is mapped at sea 
level in Fig. 5a for CR and Fig. 5b for WM. 
The field of S , ~ , ,  for the averages in Figs. 5~7-b 
is given in Fig. 6c. From Fig. 56 it does indeed 
appear that storms intensify in the region of 
low static stability. A spectral analysis of the 
temperature records at stations A and B in 
Fig. 5b verifies that the larger variance of es 
at station A is primarily caused by the intensi- 
fication of disturbances with periods between 
3 and 9 days. 

Figs. 6u-b show the variance of potential 
temperature at 500 mb in the same two ex- 
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periments. Again in WM, fl is a maximum 
in the region of low static stability. Somewhat 
surprisingly, however, also shows a maxi- 
mum in CR (Fig. 0a).  The maximum in CR is 
not correlated with a minimum in static stabil- 
ity and occurs purely by chance. 

Still another index of storm intensity is the 
quantity 

where w is the vertical velocity (cm sec-I) a t  
500 mb. The above expression is proportional 
to the conversion of potential to kinetic energy 
by transient motions. The field of (27) is con- 
toured in Fig. 6c for CR and in Fig. 6d for 
WM. In  Fig. 6d the intensity index is 40% 
greater a t  station A than at station B. How- 
ever, as we see from Fig. 6c, the model atmo- 
sphere is so noisy that a disparity of more than 
20% can be accounted for by chance alone. In  
summary, it appears that SST anomalies as big 
as +4C can influence the pattern of storm in- 
tensity if they persist for as long as a year. 
However, the effect they produce is no more 
than twice as large as could be expected by 
chance alone. 

Experiment ML developed SST anomalies of 
about the same magnitude and extent as those 
observed in Nature. As in the observations 
(Namias, 1972), the model SST anomalies show 
good correlation with the atmospheric flow on 
the scale of quasi-stationary waves (model 
wavenumber m = 3). In the model, a t  least, this 
correlation is not surprising; because 1, < 1, the 
model ocean acts like a low-pass filter to the 
atmosphere with a cutoff at period 260 days 
for D = 10 m. Fig. 7 shows the surface air tem- 
perature and SST spectra a t  45 N in ML. The 
peaks a t  30 days, 7 days, and 3.5 days cor- 
respond to waves with discrete wavenumbers 
m =3,  6, 9. In the model, as in the real atmos- 
phere, most of the energy is at periods between 
1 and 30 days; but the SST spectrum is red. 
Table I11 gives the contribution of the various 
zonal wavenumbers to the globally -averaged 
temperature variances in the air and water and 
to the total correlation coefficient, r, between 
the air and SST anomalies. Although most of 
the air temperature variability occurs in the 
storm scales (m =6,  9), the ocean, with its high 
impedance to short time scales, responds chiefly 
to rn = 0 and 3 which together account for 94 yo 
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of the total correlation between air and SST 
anomalies. We have spectrally analyzed the 
globally-averaged surface air temperature vari- 
ance and found that periods longer than 20 
days account for 75% and 65% respectively of 
the variance in wavenumbers 0 and 3. 

We have visually analyzed the fields of 
SST and 24-day-running-mean-averaged stream 
function at 750 mb for the full record in ML. 
We find that the SST anomaly pattern changes 
most rapidly during blocking episodes when the 
kinetic energy in wavenumber 3 is a maximum. 
Such episodes occur at irregularly spaced in- 
tervals of 50 to 75 days. Between the episodes 
the SST pattern shows a remarkable persistence. 

In  order to determine whether or not the 
SST anomaly patterns affect the weather in 
ML we have tried the following procedure: We 
have computed 8, from eqs. (14, 19) using the 
surface air temperature BS obtained in CR. We 
refer to the O , ( t )  so obtained as the “slave 
ocean” for run CR. In both the slave ocean 
and the ocean in ML the maximum SST anoma- 
lies occur near 50 N. Fig. 8 shows the longi- 
tude, vo(t), of the maximum (positive) SST 
anomaly a t  50 N for ML and for the slave ocean 
in CR. In both cases the glob of warm water 
moves to the east on average. 

We now introduce an averaging method 
which has proved useful in analyzing the slowly 
moving SST fields. At every time step we deter- 
mine v0(t) and translate the picture of the flow 

Table 3. The contribution of the various zonal 
wavenumbers m to the globally-averaged variances 
of 8: = 8 ,  ~ 8, and 8; = 8 ,  - 8, and their average 
spatial correlation coefficient r 
The bar (-) denotes time average; the brackets 
([ 3) denote space average; and 
= [e:,8:1/([(ef)a11’2[(e’,)2]1’2) 

Zonal 
wavc- 

_ _ _ _ _ ~  ~ 

0 0.23 0.033 0.032 0.045 
3 1.30 0.065 0.072 0.095 
6 2.17 0.006 0.007 0.009 
9 1.11 0.0004 0.0004 0.0006 

12 0.57 0.0001 0.0002 0.0003 

Total 5.38 0.105 0.111 0.149 

zo 

- 
< 

- i 
- . 
E I 
0” 60” O”E 

Fig. 8. The longitude, v0(t), of the maximum 
positive SST anomaly at 50 N for the slave ocean 
in CR (left) and for ML (right). 

until qo(t) coincides with the zero meridian. 
The average of all the translated pictures- 
which we call the “composite average”-is the 
average flow seen by an observer moving with 
the SST anomaly. We emphasize, however, that 
all of the quantities so averaged are themselves 
measured in the reference frame attached to the 
earth. 

Fig. 9a  shows the composite average SST 
anomaly pattern in ML and the corresponding 
composite average of the 24-day-running-mean- 
averaged stream function anomaly at  750 mb. 
As in the real observations (Namias, 1972), 
warm spots are correlated with anomalous geo- 
strophic wind from the south and high pressure 
to the east. Fig. 96 shows the corresponding 
composite averages for the slave ocean in CR. 
In  Fig. 9 b the SST amplitude and the phase lag 
between pressure and temperature are smaller 
than in Fig. 9a; but these differences can be 
quantitatively explained by taking into ac- 
count the f a c t  that the slave ocean adjusts its 
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-05- - - - - - - .. 

Fig. 9. (a) The composite average SST anomaly (broken line) and 24-day-running-mean-averaged stream 
function anomaly at 750 mb for ML and ( b )  for the slave ocean in CR. The maximum anomalous wind speed 
is 1.6 m sec-l. (c) The composite average transient conversion (deg cm sec-l) in ML and (d )  in CR. 

temperature without changing the temperature 
of the overlying air. Except for the slight dif- 
ference in phase lag, the composite averaged 
atmospheric flow fields (such as the 750 mb 
pressure in Figs. 9a-b) are remarkably similar 
in ML and CR. This similarity supports the 
view that SST anomaly patterns are the result 
rather than the cause of low-frequency motions 
in the atmosphere. 

Do the SST anomalies affect the pattern of 
storm intensity in ML? The composite average 
static stability in ML and CR show similar 
patterns, although there is a slight (0.1 C) tend- 
ency for lower stability over warm water in 
ML. Figs. 9 c d  show the composite average 
conversion of potential to kinetic energy by 
transients in ML and in CR. The quantity con- 
toured is: 

rn 
I f  

we - 
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where (f) denotes the time average in the ref- 
erence frame fixed on the earth and (") de- 
notes the moving (composite) time average. 
The storms are actually less intense over warm 
water in ML than in the corresponding location 
in CR. The differences between Figs. 9c-d are 
therefore almost certainly not statistically sig- 
nificant. 

4. Conclusion 
The experiments summarized in section 3 

suggest that the atmosphere may simply be too 
noisy to be much affected by mid-latitude SST 
anomalies on time scales over which the anoma- 
lies are themselves predictable. However, 
this conclusion may depend critically on the 
many simplifying assumptions we have made, 
especially our rather extreme abstraction of 
the atmospheric heating field in which we ex- 
plicitly neglect complicated radiation and con- 
densation processes. Even accepting the format 
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of eqs. (15-19), arguments can no doubt be 
made that the values of the forcing coefficients 
should be greater or smaller than the values we 
have used. Here, we simply restate that our 
values for the atmospheric friction and heating 
coefficients were arrived a t  by the somewhat 
novel approach of tuning the model to the ob- 
served energy cycle. This method may be 
preferable to a direct estimation of the forcing 
parameters, because it incorporates the diffi- 
culty of allowing for the effect of the infinite 
vertical diffusion rate within layers upon the 
average fluxes of momentum and heat. To 
oceanographers the ten-meter mixed layer will 
seem to shallow; but we can easily argue that 
1 should be two or three times the value quoted 
in section 2, in which case D could be as large 
as 30 m with no change in A,. More serious, 
perhaps, is our neglect of ocean currents. I n  
mid-latitudes, at  least, anomalous north-south 
advection of the mean horizontal temperature 

gradient in the ocean could conceivably com- 
pete with anomalous surface heating as the 
cause of SST anomalies. Finally, by omitting 
continents, we have neglected important sourc- 
es of warm and cold air. 

However, granting all of the above objec- 
tions, the results of this study may still be 
noteworthy both because of the great current 
interest in airlsea interactions and because the 
large primitive equation models (which do the 
best job of simulating climate) cannot yet be 
run economically enough to answer statistical 
questions about what is essentially a statistical 
problem. 
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