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Abstract. Variability of the Pacific Ocean is examined 
in numerical simulations with an ocean general circula- 
tion model forced by observed anomalies of surface 
heat flux, wind stress and turbulent kinetic energy 
(TKE) over the period 1970-88. The model captures 
the 1976-77 winter time climate shift in sea surface 
temperature, as well as its monthly, seasonal and long- 
er term variability as evidenced in regional time series 
and empirical orthogonal function analyses. Examina- 
tion of the surface mixed-layer heat budget reveals that 
the 1976-77 shift was caused by a unique concurrance 
of sustained heat flux input anomalies and very strong 
horizontal advection anomalies during a multi-month 
period preceding the shift in both the central Pacific 
region (where cooling occurred) and the California 
coastal region (where warming occurred). In the cen- 
tral Pacific, the warm conditions preceding and the 
cold conditions following the shift tend to be main- 
tained by anomalous vertical mixing due to increases in 
the atmospheric momentum flux (TKE input) into the 
mixed layer (which deepens in the model after the 
shift) from the early 1970s to the late 1970s and 1980s. 
Since the ocean model does not contain feedback to 
the atmosphere and it succeeds in capturing the major 
features of the 1976-77 shift, it appears that the midla- 
titude part of the shift was driven by the atmosphere, 
although effects of midlatitude ocean-atmosphere 
feedback are still possible. The surface mixed-layer 
heat budget also reveals that, in the central Pacific, the 
effects of heat flux input and vertical mixing anomalies 
are comparable in amplitude while horizontal advec- 
tion anomalies are roughly half that size. In the Cali- 
fornia coastal region, in contrast, where wind variabili- 
ty is much weaker than in the central Pacific, horizon- 
tal advection and vertical mixing effects on the mixed- 
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layer heat budget are only one-quarter the size of typ- 
ical heat flux input anomalies. 

1 Introduction 

Among the least understood aspects of climate varia- 
bility are the changes which occur on decadal time 
scales (e.g., Douglas et al. 1982; Folland et al. 1984; 
Peixoto and Oort 1992). These regime changes can oc- 
cur as gradual drifts over many years or as dramatic 
shifts in less than a year. In order to better understand 
man's long-term influence on the changing climate sys- 
tem, it is imperative to attempt to identify, diagnose 
and understand these interdecadal variations of the cli- 
mate system. 

One such shift in the climate system occurred in the 
Pacific Ocean during 1976-77 (e.g., McLain 1983; Nitta 
and Yamada 1989; Trenberth 1990; Graham 1991; Eb- 
besmeyer et al. 1991). Large-scale atmospheric and 
oceanic changes were first noted as a deepening of the 
Aleutian Low, a drop in sea surface temperature (SST) 
in the central Pacific and a rise in SST in the eastern 
Pacific (Namias 1978; Venrick et al. 1987; Kashiwabara 
1987; Nitta and Yamada 1989; Trenberth 1990; Tani- 
moto et al. 1992; Xu 1992). Other variables which un- 
derwent step-like changes in 1976-77 include tropos- 
pheric water vapor (Gaffen et al. 1991), zonal winds 
and chlorophyll-a content (Venrick et al. 1987), and 
the wave climate along the California coast (Seymour 
et al. 1984). Ebbesmeyer et al. (1991) composited nor- 
malized changes of 40 different variables in demon- 
strating the significance of the 1976-77 step over a 
broad array of environmental and biological systems of 
the north Pacific/western North America areas. 

Attention to this particular decadal shift, and others 
of this type, is crucial to understanding whether long- 
term changes in the climate system are anthropogenic 
or naturally induced. To identify greenhouse warming 
effects, we must be able to discriminate from natural 
variability in this intermediate low-frequency range. 
For example, Kashiwabara (1987) suggested that the 
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1976-77 shift in climate in the north Pacific Ocean 
could, among other mechanisms, be caused by persis- 
tently warm SST in the tropical Pacific, which can 
transmit a signal to the middle latitudes in celebrated 
fashion (e.g. Bjerknes 1969; Horel and Wallace 1981; 
Alexander 1990). Nitta and Yamada (1989) subse- 
quently demonstrated that tropical Pacific SST warm- 
ing, and a commensurate increase in atmospheric con- 
vective activity, indeed coincided with the 1976-77 
shift. A similar explanation of the tropical origin of the 
shift was advanced by Trenberth (1990), who suggested 
that a lack of La Nifias during the late 1970s and early 
1980s may have been the primary causal factor. Gra- 
ham (1991) showed that an atmospheric general circu- 
lation model (GCM) forced by observed global SST 
variations generates a shift in 700 mb heights over the 
extratropical north Pacific similar to the observed, and 
suggested that a change in background mean state of 
tropical SST is a better description of the cause of the 
shift, rather than changes in E1 Nifio activity. More re- 
cently, Kitoh (1991, 1992) and Graham et al. (1993, in 
preparation) have described atmospheric GCMs 
forced by anomalies of only tropical SST, only midlati- 
rude SST and global SST, the results of which clearly 
showed that the midlatitude response over the north 
Pacific can be excited by tropical SST anomalies alone. 
Although no clear reason for a step-like tropical ocean 
change has emerged, intrinsic ocean-atmosphere wave 
dynamics of the tropics may eventually provide the 
key. 

In this study, we seek to understand the 1976-77 cli- 
mate shift in the north Pacific Ocean as well as to clar- 
ify the importance of the atmosphere in driving low- 
frequency ocean variability. We use observed anomal- 
ies of the surface heat fluxes and wind stresses to force 
an ocean model constructed with complete physics 
(but no eddy variability). The ocean model response is 
free to evolve and is not constrained to reproduce the 
observed SST or other oceanic variables. We first de- 
termine if, given the observed anomalies of heat flux 
and wind stresses as forcing functions, the ocean model 
generates observed variations in north Pacific SST, es- 
pecially those associated with the 1976-77 shift in SST. 
If such variability is realistically simulated, the ocean 
model can then provide further insight into the low- 
frequency anomalous regimes in the ocean-atmosphere 
system because it contains a history of physical proc- 
esses that are not available from observations. These 
results represent the first hindcast of which we are 
aware that uses observed anomalies of total heat flux 
and wind stress as forcing for such a long time inter- 
val. 

We describe in Section 2 (and Appendix A) a 
layered ocean GCM which we have forced with ano- 
malies of total surface heat flux and wind stress de- 
rived from surface marine observations (Sect. 3 and 
Appendix B). We examine the model upper-ocean var- 
iability associated with the 1976-77 climate shift in Sec- 
tion 4 and discuss the physical mechanisms for the shift 
in Section 5. We summarize the results and discuss 
their relevance in Section 6. 

2 Ocean model 

The ocean model was developed by Oberhuber (1993) 
and consists of eight isopycnal interior ocean layers ful- 
ly coupled to a surface bulk mixed layer model, the lat- 
ter also including a sea ice model. The mixed layer has 
arbitrary density and a minimum depth of 5 m. The in- 
terior layers have fixed potential density and time- 
varying thicknesses (which may vanish) and can inter- 
sect the mixed layer or topography as the dynamics al- 
lows. The model solves the full primitive equations for 
mass, velocity, temperature and salt for each layer in 
spherical geometry with a realistic equation of state. In 
this study, the domain is the Pacific Ocean with realis- 
tic topography, extending from 70°S to 65°N and 
120°E to 60°W. The grid resolution is 77 by 67 points, 
but with enhancement near the equator and near the 
eastern and western boundaries. Open ocean resolu- 
tion in the middle latitudes is 4 degrees, which is suita- 
ble for modeling the large-scale variability in response 
that we seek. The conditions on horizontal solid boun- 
daries are no slip for velocity and thermally insulating 
for temperature. The model Antarctic Circumpolar 
Current, however, has periodic boundary conditions 
and unrealistically connects to itself from 60°W to 
120°E (half the global circumference). The surface 
boundary conditions for interior flow are determined 
by the bulk mixed-layer model which is forced by the 
atmosphere. Frictional drag acts between each layer 
but most strongly along the bottom boundary which 
has realistic topography. Horizontal Laplacian friction 
with variable coefficients and vertical diffusion (en- 
trainment between layers) is also included. For a full 
discussion of the dynamics see Oberhuber (1993), who 
used the model in Atlantic Ocean modeling studies, 
and Miller et al. (1992), who used an earlier version of 
this model for tropical Pacific Ocean circulation stud- 
ies. Appendix A documents the changes invoked be- 
tween the version studied by Miller et al. (1992) and 
the version used here. 

3 Forcing functions and model runs 

Since no ocean model is perfectly realistic, any model 
forced by observed heat fluxes (without any feedback) 
will establish an oceanic temperature climatology 
which will depart from that observed. To circumvent 
this problem, we have forced the model with observed 
anomalies of heat fluxes (Q') rather than using the 
complete observed heat flux fields. These observed 
anomalies are added to a mean heat flux field derived 
as follows. We first establish the model ocean climato- 
logy by forcing with observed long-term monthly mean 
wind stresses, turbulent kinetic energy (TKE) input 
and surface heat fluxes computed from bulk formulae 
using long-term monthly mean atmospheric observa- 
tions combined with model ocean temperature. After 
the oceanic system has reached an acceptably equili- 
brated state, monthly mean fields of the total heat flux 
(6) and sea surface temperature (~) are saved to be 
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used as forcing input (Q= Q+ Q')  for additional runs 
which include anomalous observed total heat fluxes. 

The observed Q'  anomalies should provide the 
mixed layer heat budget with a good representation of 
SST tendency, as long as heat fluxes dominate SST var- 
iability and provided that the model mixed-layer depth 
represents reality reasonably well. In regions where in- 
trinsic ocean variability dominates the generation of 
observed flux variability (which generally only occurs 
over smaller space scales than are of interest in this 
study, i.e., the ocean mesoscale), however, we would 
expect poor ocean model results. Insofar that natural 
ocean feedback processes are much weaker than the 
atmospheric driving, our results will thus provide a 
useful measure of understanding the upper-ocean re- 
sponse to atmospheric forcing as long as the model can 
successfully represent the physical processes involved 
in evolving such fields as SST and mixed layer depth. 
Luksch and von Storch (1992) caution that the use of 
observed air temperature and observed SST in com- 
puting even anomalous surface heat fluxes for forcing 
an ocean model can possibly 'build in' the observed 
SST to the simulation. In our present study, the ocean 
model does not have any feedback to the observed 
heat flux anomalies so that this argument does not ap- 
ply. For example, if the model SST is anomalously 
warm at a time when observed SST is anomalously 
cold, the observed fluxes might call for warming of the 
real ocean which would then result in increasingly 
warmer (and more erroneous) model SST. The model 
is clearly free to drift away from observed SST or any 
other atmospheric field which may constrain SST in 
nature through ocean feedback processes. 
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observations of rainfall variability over the oceans. We 
should point out, however, that long-term variations in 
rainfall may have an important effect on the upper 
ocean density structure and may be related to the cli- 
matic shift of 1976-77 which we are attempting to diag- 
nose or to other long-term variations in the oceanic 
state. Further experiments exploring this effect are 
therefore warranted. 

During the spin-up period, year-to-year changes in 
SST and MLD (mixed-layer depth) were monitored to 
help decide if the run had developed a stable and rea- 
sonable seasonally varying state (gauged by the small- 
ness of the drift in mean SST and mixed-layer depth, 
MLD). In general, the response in the north Pacific 
was much more equilibrated than that in the south Pa- 
cific, due mainly to the presence of model sea ice var- 
iability in the Antarctic Ocean which apparently re- 
quires a longer time scale for equilibration than the up- 
per-ocean of the north Pacific. Over mort of the north 
Pacific, the maximum SST drift was only a few hun- 
dreths of a degree from year 34 to year 35 of the spin- 
up experiments. 

After the spin-up period was complete, we stored 
the monthly mean fields of total surface heat flux, Q, 
and SST, 7~s, from the final year of spin-up. The field, 
(~, was used as the mean part of the forcing for all the 
subsequent runs discussed later. To verify that (2 was 
sufficient for mean forcing and to allow for initial drifts 
or adjustments in SST, we ran the model for an addi- 
tional 5 years with Q as the surface heat flux forcing. 
Since there was little change in mean SST in the north 
Pacific, we commenced the experiments outlined next 
from the end of that 5-year period. 

3.1 Spin-up 

During an approximately 35-year-long spin-up period, 
the model was forced (see Oberhuber 1993, for com- 
plete details of these forcing fields) by long-term 
monthly mean fields of atmospheric wind stress r (in- 
terpolated from a blending of ECMWF and Heller- 
man-Rosenstein analyses), and total surface heat 
fluxes (latent, sensible long wave radiation and insola- 
tion), derived from bulk formulae using model SST 
and long-term observed monthly-mean atmospheric 
fields of air temperature (from ECMWF analyses), hu- 
midity (COADS), wind speed ECMWF) and cloudi- 
ness (COADS) as inputs. These long-term mean fields 
are distinct from the flux and wind stress anomaly 
fields, formed from individual monthly COADS means 
by Cayan (1990, 1992a), as discussed later and in Ap- 
pendix B. The surface (mixed-layer) salinity field is 
stabilized near the observed climatological average by 
using Newtonian relaxation to the Levitus annual 
mean surface salinity (relaxation constant = 
5 x l 0 - 6 m / s ) ,  instead of using the poorly observed 
mean evaporation and precipitation (E-P) fields. The 
salinity in the interior ocean layers is allowed to evolve 
freely. Although it would be interesting to include E-P 
anomalies, we presently do not have a long-term set of 

3.2 Interdecadal forcing 

The wind stress field is composed of the r used during 
spin-up, plus monthly-mean anomalies, r ' ,  derived 
from the COADS observations (Cayan 1990) as fol- 
lows. In the extra-tropics, the COADS wind stress ano- 
malies are derived from monthly means of the product 
IV IV from individual wind velocity observations. 
Drag coefficients were taken from Isemer and Hasse 
(1987) and are weakly dependent upon wind speed, V, 
and air-sea temperature difference, AT. Since the 
COADS observations are very lightly sampled in the 
low latitudes, we used FSU wind stress anomalies 
(Goldenberg and O'Brien 1981) in the region _+ 20 ° la- 
titude. In an overlap region of approximately 5 ° lati- 
tude at 20°N, the COADS and FSU anomaly fields 
were smoothly merged. 

For the total heat flux anomalies, we adopted a sim- 
ilar strategy. We used O'  as determined by Cayan 
(1990, 1992a) from the COADS observations poleward 
of 20 ° latitude. The COADS latent and sensible fluxes 
were formed from monthly averages of products of in- 
dividual observations. Exchange coefficients were tak- 
en from Isemer and Hasse (1987) and are weakly de- 
pendent on wind speed and AT. A sample of the total 
heat flux anomalies, as seen by the model, is shown in 



290 Miller et al.: Pacific Ocean heat flux and wind stress anomalies 

~-, 20 
E 
"- 0 

co -20 
E 
o ~- 20 
~u 

0 

0 -20 

> 20 

C O  
_Q 
o 

0 

-20 

r 

1969 

i t , , i i i , i i , 

N Pac Basin 

i r i r I i 

1972 1975 
i I r i I i 

1978 1981 
YEAR 

I J  

ii1984 :a 1987  1990  

Fig. 1. Observed anomalies of total surface heat flux (latent, sen- 
sible, short wave and long wave) as input to the model for Case 1, 
averaged over key regions. (Top) The north Pacific basin wide 
region: 130°E-110°W and 20°N-60°N, (middle) the coastal re- 
gion: 135°W-120°W and 25°N-45°N, and (bottom) the mid-Pa- 
cific region: 180°W-150°W and 30°N-40°N. The anomalies (W/ 
m ~) are relative the the 1950-88 mean as computed by Cayan 
(1990, 1992a) from the COADS. The horizontal tick marks corre- 
spond to January of the indicated year. An interpolation scheme 
is used to input the observed 5 by 5 degree data to the model 
grid, plus a scheme for interpolating in time is used during the 
time stepping to deal with grid points which have no data for a 
given month. Note that, particularly for the basin wide region, an 
extended period of positive heat fluxes (indicative of warming 
the ocean) occurs during the 1970s. Since it is observed that the 
1970s were associated with an anomalously cool ocean state, and 
because model cases 1 and 2 warm significantly in response to 
this long-term forcing, we subsequently revised the heat flux cal- 
culations for case 3 (see Fig. 3) 

Fig. 1. In the low latitudes ( + 2 0  degrees latitude), 
there are many gaps in the ship weather  reports so we 
could not confidently apply the COADS flux anomal- 
ies there. We additionally felt it was inappropriate to 
use the observed Q '  in the tropical strip because there 
is evidence that the main effect of heat fluxes in the 
tropics is to damp SST anomalies (Liu and Gaut ier  
1990; Cayan 1990; Barnet t  et al. 1991). Thus, unless the 
wind-driven model SST reproduced the observed SST 
with nearly perfect  fidelity, the observed Q '  would try 
to damp an SST anomaly that 'wasn't there' ,  resulting 
in an excitation of model  SST anomaly with opposite 
sign as the observed. We therefore chose to invoke a 
Newtonian damping scheme for the low latitudes, 
+ 20 °, where we let Q '  = oz T/, where T/ is the model  
SST anomaly, relative to 2~,. The spatially variable con- 
stant, o~, was determined by analyzing the total heat 
flux output  of the E C H A M  T21 atmospheric model  
run forced, f rom 1970-85, with observed SST anomal- 
ies (Max-Planck-Institut, Hamburg,  private communi- 
cation). The constant, o~(x,y), was computed by re- 
gressing the observed T '  with the E C H A M  model 's  
Q '  output. Typical values of oz vary from 
- 1 0 W m - 2 C  -* in the eastern tropical Pacific, to 

near --40 W m - 2  C-1  in the western Pacific (see Bar- 
nett  et al. 1991, their Fig. 17). 

The month- to-month variations of T K E  input to the 
mixed layer are very difficult to estimate from monthly 
mean observations. However,  we felt that it was at 
least worth an at tempt at including the variability since 
observations show that mean zonal winds increased 
significantly over the Pacific in the late 1970s. Even a 
crude parameterizat ion for the increase in T K E  input 
to the mixed layer could help to diagnose the impor- 
tance of variations in entrainment  on the surface tem- 
perature  budget. Thus, we invoked the Weibull param- 
eterization of Pavia and O'Brien (1986) for relating 
mean wind speed cubed to monthly mean wind speed 
of COADS: 

V (1 + 3/C) 
{V3} ={V}3 F3(1 + l/C) (1) 

where the brackets indicate an average over a given 
month. Since V is not  a vector average, but rather an 
average of the magnitude of the wind, we feel that the 
parameterizat ion is reasonable. We chose as a rough 
estimate, C = 2, from the north Pacific regions shown 
by Pavia and O'Brien, which implies that 
{V~}~ 1.9{V} 3. After  relating mean cubic wind speed 
to u~. using eq. (A2) and removing its climatological 
field, we added the resulting anomalies (see Fig. 2) to 
the climatological monthly mean u~. (derived from the 
ECMW F  analyses) which were used in the model spin- 
up period. Note that (u3) ' is somewhat correlated 
with Q' due to the effects of wind speed on Q'. Also 
note that in the low latitudes ( +  20 °) the estimates are 
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Fig. 2. Estimates of the observed anomalies of u 3 (m3/s 3, scaled 
by 10-6) as defined by (1) and (A2), relative to the 1950-88 time 
interval, computed from the COADS; otherwise as in Fig. 1. Ne- 
gative perturbations are constrained never to exceed 80% of the 
mean value. Note that in the mid-Pacific region, there is signifi- 
cantly weaker TKE input during the early 1970s compared to the 
late 1970s and throughout the 1980s 
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rather patchy in space and time due to poor data cov- 
erage. 

3.3 Revision o f  the observed f lux anomalies 

We inspected areal averages of the observed north Pa- 
cific Q '  anomalies (a portion of which are shown in 
Fig. 1) and noted that long-period fluctuations occur in 
the COADS observations (see Ramage 1986; Cayan 
1990, 1992a; Michaud and Lin 1992). These low-fre- 
quency variations result in heat flux anomalies which 
look very suspicious and would result in unacceptably 
large shifts of the ocean model climatology over time. 
Specifically, the marine data contain substantial trends 
in wind speed, AT, and possibly Aq, the humidity dif- 
ferential at the air-sea interface, even when these data 
are averaged over the largest spatial scales (Cayan 
1992a). These are the fundamental variables which af- 
fect the bulk formulae fluxes most strongly. The wind 
speed trends have been noted by several previous au- 
thors (Ramage 1986; Cardone et al. 1990; Posmentier 
et al. 1989) and appear to be instrumental artifacts in- 
stead of natural variability. The problems in estimating 
AT from marine data have been noted by Barnett 
(1984) who attributed the long-period variations to the 
blending of SST measured by different instrument 
types (buckets vs. injection). Although we are unable 
to identify a simple instrumental bias that can directly 
account for the trends in AT and Aq, we have no rea- 
son to trust these wholesale decreases in oceanic AT 
and Aq, so we also treat these as spurious variability at 
the largest spatial scales. 

For cases 1 and 2, discussed later, we removed lin- 
ear trends in both wind speed and AT before comput- 
ing the heat fluxes using bulk formulae. Since that still 
proved to be inadequate, in case 3 we removed the first 
empirical orthogonal function (EOF) variability of AT 

and Aq along with a similar, nearly linear trend in wind 
speed. The resulting heat flux estimates proved satis- 
factory for the goals of this study. The details of this 
revision procedure are thoroughly discussed in the Ap- 
pendix B and examples of its effect are shown in 
Fig. 3. 

3.4 Interdecadal simulations 

We consider three basic forcing scenarios, hereinafter 
referred to as: 

case 1 (1965-1988) forced by ~-' and Q '  
case 2 (1970-1988) forced by T', TKE'  and O '  
case 3 (1970-1988) forced by ~-', TKE'  and revised Q'  

Our first long run, case 1, which commences in 1965 
and extends through 1988, uses the Q '  and ~-' anomaly 
fields of Section 3.3 as forcing. The second long run, 
case 2, extends from 1970-1988 and uses these same 
Q '  and T' fields but also includes our estimates of the 
month-to-month variability in the TKE fields from 
Eqs.(1) and (A2) which directly affect the entrainment 
velocity of the surface mixed layer via (A1). Our third 
long run, case 3, is forced by the same fields as case 2 
but with the revised Q'  forcing, 'high-pass' adjusted as 
discussed in Appendix B to remove the long-period 
shifts in heat flux which we believe are of questionable 
reality. As suggested, cases 1 and 2 indeed exhibit 
long-term shifts in SST with opposite sign to those ob- 
served, due to the unfiltered heat flux anomalies. Al- 
though cases 1 and 2 are de-emphasized hereinafter, 
they remain interesting in that can be directly com- 
pared to determine the relative efficacy of anomalous 
TKE in generating SST anomalies. The fundamental 
results of our analyses for cases 2 and 3 turned out to 
be quite similar so that the long-term shifts in SST due 
to the suspicious heat fluxes are probably not contami- 
nating our results. 
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Fig. 3. As in Fig. 1 but for the revised heat-flux anomalies (W/m 2) 
as input to the ocean model for case 3. These are the resultant 
'high-pass' versions of Fig. 1, after using the corrections discussed 
in Appendix B 

4 SST response: mode l  versus observations 

In order to draw attention to the large-scale variations 
of the north Pacific, we now focus on two key regions 
plus a north Pacific basin average. One key region is 
off the coast of California (designated coastal region), 
where substantial warming occurred during the 1976- 
77 climate shift, and is bounded by 135°W-120°W and 
25°N-45°N. The other is in the central Pacific (desig- 
nated by mid-Pacific region), where cooling occurred 
during the shift, and is bounded by 180°W-150°W and 
30°N-40°N. The basin average corresponds to 130°E - 
l l0°W and 20°N-60°N. 

For a general view of how the model is representing 
the seasonal thermal variability of the upper ocean, 
Fig. 4 shows the long-term mean and standard devia- 
tions of SST, MLD and the terms of the surface heat 
budget for case 3, governed by 

OTs + u. VT, + we (T, - To) - Q + K V  2 T, (2) 
o-7 pc,,H 
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where u is the horizontal current, we is the entrainment  
velocity, H is the mixed-layer depth, To is the tempera-  
ture of entrained fluid and K is the spatially variable 
horizontal diffusivity. We hereinafter  refer to the terms 
in (2) as SST tendency, horizontal advection, vertical 
mixing/entrainment, heat flux input and horizontal dif- 
fusion, respectively. Monthly means of these quantities 
are computed during the integration from which the 
climatological monthly means are computed and sub- 
tracted from the stored fields to obtain the anomalies. 
Horizontal  averages are then computed over the key 
regions. The well-known basic features of autumn and 
winter deepening and spring shoaling of the mixed 
layer are evident in Fig. 4. Typical anomalies in the 
depth of the monthly-mean mixed layer, averaged over 
the key regions, are 10-20 m. Also, the dominance of 
Q in establishing the mean heat content of the upper  
ocean (e.g., Gill and Niiler 1973; Barnet t  1981) is clear- 
ly seen in Fig. 4. Variability in the terms of the heat 
budget is clearly highest in the winter season. In sum- 
mary, Fig. 4 shows a midlatitude surface mixed4ayer  
heat budget which is reasonably consistent with what 
has been observed in nature. 

We next examine the nearly two-decade time series 
of key area averages of model and observed SST ano- 
malies for case 3 shown in Fig. 5. Both model and ob- 
served anomalies are defined with respect to their 
monthly-mean climatology for the 1970-88 time inter- 
val. As seen in Fig. 5, both the model and observed 
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Fig. 5. Time series of observed (dashed) and case 3 hindcast (sol- 
id) SST anomalies (° C) for (top) mid-Pacific, (middle) coastal 
and (bottom) north Pacific basin wide regions, relative to the 
1970-88 respective means. The horizontal tick marks correspond 
to January of the indicated year. The timing of the 1976/77 shift is 
indicated by the stippling. The COADS SST anomalies were fil- 
tered with a 1-2-1 filter. The amplitude of typical anomalies is 
slightly lower for the model than observed. The short term varia- 
tions in SST, particularly for the coastal region, are surprisingly 
similar considering the uncertainty in the observed heat-flux, 
TKE and wind-stress forcing fields. The anomaly correlation 
coefficients between model and observed are 0.67, 0.71 and 0.44 
for the mid-Pacific, coastal and basin wide regions, respectively 

SST variability contains activity on monthly, seasonal, 
annual and decadal time scales. Over the entire north 
Pacific, the model exhibits a long term variation in SST 
which is not evident in the observations and is likely a 
residual effect of the long-term variation of heat flux as 
described earlier. The longer time scale variability in 
the two key regions, in contrast, correlates quite well 
with the observations. 

The shorter period model SST variability in Fig. 5 
has many features in common with the observed, parti- 
cularly for the coastal region. The correlation coeffi- 
cients between the model and observed SST time se- 
ries in the coastal and mid-Pacific regions are 0.71 and 
0.67, respectively. These must be viewed with caution 
since the SST contains variability on all time scales and 
correlation is biased towards representing the time 
scales with the greatest variance; thus, the correlation 
values represent  some weighted average of the model 's  
ability to model shorter and longer term variations, in- 
cluding model drift. Highlighted by stippling in Fig. 5, 
the 1976-77 warming observed in the coastal region is 
evident in the model 's  response, as is the 1976-77 cool- 
ing of the mid-Pacific region. Note that the 1976--77 
shift is only subtlely evident when inspecting the time 
series in Fig. 5 because they include all months; the 
shift is readily seen when focusing on the winter 
months alone. 
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Fig. 6. Difference field of winter time (DJF) SST (o C) for the 
1976/77 through 1981/82 winters minus the 1970-71 through 
1975-76 winters for (top) model case 3 hindcast and (bottom) 
COADS observed. The large-scale pattern of mid-Pacific cooling 
and coastal warming has been captured by the model. Warming 

in the western equatorial Pacific has also been reproduced but 
the warming observed along the eastern part of the tropics does 
not occur in the model, apparently due to the Newtonian heat 
flux procedure which is invoked in the tropical strip (+ 20 ° lati- 
tude) 

To bet ter  reveal  the spatial pa t tern  of the model  
SST response to the 1976-77 winter t ime shift, we cal- 
culate the difference be tween SST after the shift and 
SST before  the shift. Following G r a h a m  (1991), Fig. 6a 
shows the winter t ime SST difference field for the six 
years after the shift (Dec 1976-Feb 1977 through Dec  
1981-Feb 1982) minus the six years before  the shift 

(Dec 1970-Feb 1971 through Dec  1975-Feb 1976). For  
comparison,  the same field derived f rom observations 
is shown in Fig. 6b. (Note that  other  chosen mult i-year 
intervals around the shift lead to similar results, but 
our choice leaves out the strong signal of the 1982-83 
E1 Nifio and thus provides a sharper  criterion for cap- 
turing the shift. Note  also that  the first two years of the 
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experiment seem to be influenced by poor initial con- 
ditions from case 1, i.e., SST anomalies are initially 
one-degree too cold.) As seen in Fig. 6, case 3 captures 
the essential feature of the observations, namely a 
warming in the coastal region and a cooling in the mid- 
Pacific region, although the modeled coastal region 

u~ 

does not warm as much as in nature. The other feature 
of the observations is a swath of warm water across the g 
southeastern north Pacific and throughout the equato- ~, 

Or) 

rial region. The model results exhibit a vestige of the ,~ 
swath, but the model equatorial Pacific region only 
shows a warming in the western half of the tropics. 
Since the model includes Newtonian damping rather 
than observed fluxes in the tropical strip we are not too 
surprised by the discrepancy. The modeled warming in 
the equatorial Pacific points to possible dynamic ef- 
fects of warming due to wind stress anomalies alone, 
since tropical air temperature increases are not essen- 
tial to cause SST warming in that important region of 
the tropics. This model result thus suggests that tropi- 
cal air-sea interaction may be more important than air 
temperature increases (e.g., due to greenhouse gas em- 
issions) in generating the observed warming of tropical 
SST. 

Case 2 has a 0.3°C warmer shift in the coastal re- 
gion and 0.3 ° C weaker cool shift in the mid-Pacific re- 

E 
gion. This is clearly due to our removing in case 3 the 
longterm warming effects of the COADS during the 
1970s, as discussed previously. The mid-Pacific cool 
shift is weaker in case 1 compared to case 2, evidently ku  

due to the lack of anomalous TKE input to the mixed 
layer. 

To gain insight on the large-scale patterns of SST 
variability we show in Fig. 7 the EOFs of the entire 
time series for the north Pacific in both model and 
COADS. The largest scale pattern seen in EOF-1 of 
the SST observations is also evident in the model 
EOF-1. Discrepancies include a displacement of the 
maximum amplitude roughly 10 ° southwards, too little 
warming in far eastern basin, somewhat weaker ampli- 
tude than observed and a much greater percentage of 
the SST variance being associated with it. The time 
variability of model and observed EOF-1 has a 0.66 
correlation, but the general feature of the 1976-77 shift 
is only weakly present. The second EOF of the model 
and observed SST anomalies corresponds only fairly 
well to each other in space and time (correlation 0.36), 
with the model again underpredicting variability north 
of about 45°N. The climate shift of 1976-77 is clearly 
evident in the time series of the observed EOF-2, but is 
less strongly apparent in the model analogue time se- 
ries. The third EOF of the model and observations ap- 
pears to be unrelated in spatial and temporal content 
(correlation 0.04). 

To focus on the winter time when the heat fluxes 
and wind stresses are highest in mean and variability, 
we also present a winter EOF analysis in Fig. 8. This 
shows EOFs for only the winter seasons, averages of 
December, January and February, i.e., just 19 points. 
Here, the comparison of model and observations is re- 
markable, considering the difficulty in modeling the 
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Fig. 7. EOFs of SST anomalies for all months of the 1970-1988 
time interval for (top) model case 3 hindcast and (middle) COADS 
observations. (Bottom) Time series of the E O F  coefficients for 
model and observations. The correlations between the model and 
observed time series are 0.66, 0.36 and 0.04, respectively 



Miller et al.: Pacific Ocean heat flux and wind stress anomalies 

i f )  

w 

O3 

W 

co 
. . . .  © 

....... ,9, a 

< 

Fig. 8. As in Fig. 7 but for winter (DJF) seasons of the 1970-1988 
interval. The degree of correspondence between modeled and 
observed EOF spatial structure and time variability is remarka- 
ble. The correlations between model and observed time series 
are 0.83, 0.78 and 0.74, respectively 
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oceanic seasonal cycle over a basin scale combined 
with the considerable uncertainty in the heat-flux and 
wind-stress observations. The spatial similarity be- 
tween the model and observed EOFs is much closer 
for the winter time fields than for the year-round 
monthly fields. Furthermore, the time variability of the 
EOFs compares surprisingly well among the model 
and observed, showing correlations of 0.83, 0.78 and 
0.74 for the first three EOFs. The 1976-77 shift is 
weakly evident in the first EOF and strongly repre- 
sented in the second EOF for both model and 
COADS. The relative importance of the EOFs in de- 
scribing the total SST variance, however, is more varia- 
ble; the three model EOFs describe 59, 11, and 9% of 
the variance, compared to the three observed EOF de- 
scribing 36, 20 and 13%. These winter EOF results sug- 
gest that since the forcing signal is stronger in winter, 
the signal in the response is stronger as well. Also, the 
model is less sensitive to errors in the forcing in winter 
because the MLD is deeper and hence less easily er- 
roneously perturbed (as a percentage of total depth) 
than the thin mixed layers of summer. 

We have thus found that this ocean model is capa- 
ble of generating a shift in mid-latitude SST similar to 
that observed, when forced by observed anomalies of 
total heat flux and wind stress. Furthermore, much of 
the time variability of the model SST fields compares 
well with the observed in the sense of reproducing 
large-scale patterns (EOFs) and regional averages. The 
good agreement in winter is particularly important be- 
cause winter is the period when the anomalous extra- 
tropical forcing is strongest. We, therefore, proceed 
with an analysis of the mixed layer heat budget to at- 
tempt to determine the reasons why the 1976-77 shift 
in oceanic SST occurred and to study further the rela- 
tive importance of terms in the heat budget which ex- 
cite large-scale SST anomalies. 

5 Mechanisms of SST variability 

To determine what physical processes caused the 
1976-77 shift in the mid-latitudes, we examine the time 
variability of the anomalies of the terms in the surface 
mixed-layer heat budget (Eq. 2), as well as MLD ano- 
malies, surface heat flux anomalies and SST anomal- 
ies. 

Inspection of the differences in amplitude of the 
anomalous driving and damping terms of the heat bud- 
get (e.g., Figs. 4, 9, 10) reveals that heat flux input 
tends to be the largest anomalous forcing term, in line 
with results of previous studies (e.g., Gill and Niiler 
1973; Frankignoul 1985; Haney 1985; Luksch et al. 
1990; Luksch and yon Storch 1992). In the coastal re- 
gion (Fig. 9), typical heat flux input anomalies tend to 
be about four times larger than the anomalous effects 
of either horizontal advection or entrainment. In the 
mid-Pacific region (Fig. 10), in contrast, which is nearer 
the stronger and more variable winds of the storm 
track (e.g., Haney et al. 1981), the anomalous effect of 
heat flux input is only twice as large as that of horizon- 
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Fig. 9. Time series of monthly-mean anomalies in the mixed-layer 
heat budget (top three curves: ° C/s, scaled by 0.2 x 10-s), and 
(bottom) SST anomalies (° C) from the model hindcast case 3 for 
the 1973-1980 interval in the California coastal region. The heat 
budget terms are for variations in horizontal advection, heat-flux 
input and vertical mixing/entrainment. Anomalies are computed 
with respect to the entire 1970-1988 interval. There is very little 
difference in the results for case 2 compared to case 3. The cause 
of the 1976-77 climate sift (highlighted by stippling) is due to a 
unique occurrence of warming by strong horizontal advection 
anomalies combined with persistent heat-flux input anomalies for 
a multi-month interval preceding the winter time shift (both indi- 
cated by hatching) 

tal advection and roughly the same size as entrainment  
effects. Although anomalous diffusion is only slightly 
weaker than horizontal advection, diffusion acts main- 
ly in opposition to the heat flux input terms. Since its 
effect is passive (smoothing out SST anomalies which 
were mainly excited by the other  terms), we discuss 
diffusion no further. 

During the six month period preceding the 1976-77 
climate shift, Fig. 9 shows that the coastal region ex- 
perienced a long period of warming via heat flux input. 
Although the anomalous heat flux driving during this 
period was not particularly strong, it was persistent 
compared to most of the rest of the time intervals. 
What makes this period particularly unique, however, 
is that the strongest event (of the 1970-88 time inter- 
val) of warming by horizontal advection occurs during 
fall 1976 and the subsequent winter. These two effects 
taken together result in a 10-15 m shallower mixed 
layer and more than half a degree warming in the sur- 
face temperature.  

In the mid-Pacific region, the 1976-77 climate shift 
is likewise instigated by the synergistic effects of an 
anomalously long and strong period of cooling by hori- 
zontal advection combined with sizable cooling by heat 
flux input (Fig. 10). The MLD anomalies change from 
being 10-20 m shallower before the shift to being 10- 
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Fig. 10. As in Fig. 9, but for the mid-Pacific region. The cause of 
the 1976-77 climate shift (stippling) is due to a unique occurrance 
of cooling by strong and persistent horizontal advection anomal- 
ies combined with persistent heat-flux input anomalies for a mul- 
ti-month interval preceding the wintertime shift (both indicated 
by hatching). The maintenance effects of weaker vertical mixing 
(dashed line) before the shift and stronger mixing afterwards are 
also evident. Other large forcing events tend to be either too 
short-lived or counterbalanced to have an important long-term 
effect on SST 

15 m anomalously deeper  after the shift, a roughly 
30 m swing. During the persistent cooling event, ano- 
malous SST drops approximately 1 ° C. 

Note that many of the sporadic large events in forc- 
ing the surface heat budget seen in Figs. 9 and 10 occur 
during summer when the mixed layer is thin and there- 
fore much less influential in affecting SST in subse- 
quent  seasons. Furthermore,  they are often too short- 
lived or counterbalanced by other large events to have 
a significant long-term impact on the SST. The sus- 
tained anomalies in horizontal advection and surface 
heat flux in fall 1976 and winter 1976-77 are unique. 

By inspecting the years before and after the shift, 
we can ascertain mechanisms for the maintainance of 
the two interdecadal climatic states. Figure 10 suggests 
that, in the mid-Pacific region, the period before the 
shift is marked by anomalously weak entrainment ef- 
fects (mainly due to lower T K E  input as seen in Fig. 2) 
followed by stronger entrainment effects afterwards. 
This tendency is corroborated by Fig. 11 which shows 
the difference in SST between case 2 and case 1 and 
clarifies the importance of long-term variations in ver- 
tical mixing as the dominant maintainance effect in the 
mid-Pacific region. The direct effect of including T K E  
anomalies in Eq. (2) is to cause SST to be warmer in 
the early 1970s and cooler in the late 1970s and 1980s. 
During the 5-year interval around the 1976-77 shift, 
however, the vertical mixing effects are relatively con- 
stant, supporting the interpretation that the step-like 
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Fig. 11. Differences in monthly-mean SST between case 2 and 
case 1 simulations, showing the direct effects of including variable 
TKE input to the bulk mixed layer for the (top) north Pacific 
basin-wide, (middle) California coastal and (bottom) mid-Pacific 
regions. Al though TKE anomalies are largest in winter (Fig. 2), 
the effects are felt most  strongly in the other  seasons when the 
depth of the mixed layer is shallower 

shift is maintained but not directly caused by variations 
in mixing. 

For a sharper image of the seasonal variations of 
the heat budget terms, Fig. 12 shows the fall anomalies 
and Fig. 13 shows the winter anomalies for the mid- 
Pacific region during for the entire integration. The 
strong effects of cooling by advection and heat flux in- 
put are clearly evident in the fall of 1976, as is the 
maintainence effect of the fall entrainment anomalies 
in anomalously warming the region before the shift 
and cooling it after the shift. The effects of fall activity 
on the subsequent winter conditions is evident in Fig. 
13 which shows an anomalously shallow mixed layer in 
the winters before the shift and deeper thereafter. 
Thus, the transition from fall to winter season is a key 
point in understanding the occurrence of the anoma- 
lous winter state (e.g., Namias 1976; Davis 1978); ano- 
malous entrainment events in the fall lead to corre- 
sponding changes in winter MLD and SST, the persis- 
tence of which is well known (e.g., Namias et al. 
1988). 

In the coastal region, in contrast, there is no main- 
tainance effect of entrainment variations of SST evi- 
dent in Fig. 11. If we look for what might cause a 
stronger maintainence effect in the monthly-mean heat 
budget time series, we find no clear long-term persis- 
tent effect of warming after the 1976-77 shift. Howev- 
er, in the heat budget time series stratified by season 
(not shown), winter time heat flux input does exhibit a 
consistent trend of anomalous cooling before the shift 
and warming afterwards. Weaker effects of anomalous 
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Fig. 12. As in Fig. 10, but for fall (SON) seasons only in the mid- 
Pacific region. (Top to bottom) The four heat  budget  terms (heat- 
flux input, horizontal  advection, horizontal  diffusion and vertical 
mixing/entrainment;  scaled as in Fig. 9), mixed-layer depth  (m, 
scaled by 0.1) and SST anomalies (° C). The fall season maintai- 
nence effect of anomalous vertical mixing is clearly visible in this 
plot. The other  terms in the heat  budget  do not exhibit a consis- 
tent  fall season maintainence effect before or after the shift 
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Fig. 13. As in Fig. 12, but for winter (DJF) seasons only. The 
winter mixed layer is clearly shallower before the shift and deep- 
er afterwards and is correlated to the SST anomaly. The MLD 
anomalies result from precondit ioning by the fall vertical mixing 
anomalies; the four terms in the heat  budget  do not exhibit a con- 
sistent maintainence effect during winter seasons before or after 
the 1976-77 shift in the mid-Pacific region 
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entrainment also appear to help support the interde- 
cadal states during the fall seasons. 

It therefore appears that the 1976-77 shift in both 
the coastal and mid-Pacific regions was caused by an 
unique atmospheric state which persisted for many 
months before and during the 1976-77 winter. The uni- 
queness of the atmospheric state was that it resulted in 
large-scale shifts in ocean current advection which 
acted in concert with large-scale heat transfer proc- 
esses to significantly alter the upper-ocean thermal 
structure. The mid-Pacific region remained in the two 
different climatic states through maintainence effects 
of prolonged changes in the flux of atmospheric mom- 
entum (TKE input) into the mixed layer, contributing 
to a deeper winter mixed layer in the mid-Pacific after 
the shift. The maintainence of the coastal region is less 
clear but appears to be more strongly influenced by di- 
rect heat flux forcing. Our model depiction of events is 
consistent with the ocean modeling results discussed by 
Haney (1980), for the September 1976 through January 
1977 time interval, who showed that SST warming in 
the eastern Pacific was predominantly due to anoma- 
lous heat fluxes and that central Pacific SST cooling 
was strongly influenced by anomalous Ekman cur- 
rents. 

6 Summary and discussion 

We have integrated an ocean GCM over a nineteen- 
year time interval using observed anomalies of heat 
fluxes, wind stress and TKE input in order to diagnose 
the physical mechanisms in the ocean which led to the 
significant climate shift of the winter of 1976-77 as well 
as to understand mechanisms for other long-term var- 
iations in SST. The model successfully reproduced the 
1976-77 shift in winter time SST, as well as other large- 
scale SST variability throughout the time interval. 

We have found that two mechanisms acting in con- 
cert thrust the system into a different state. During a 
many-month period preceding and during the shift, 
very large horizontal advective effects collaborated 
with normal-sized but long-lived heat flux input varia- 
tions to produce mid-Pacific cooling and California 
coastal warming (compare with Haney 1980). Al- 
though these two effects caused the shift in the mid- 
Pacific region, prolonged changes in the flux of atmos- 
pheric momentum to the ocean (vertical mixing varia- 
tions) maintained it. 

It is, therefore, of interest to turn attention to the 
atmospheric fields themselves to discern what moti- 
vates and maintains the shift. Cayan (1992c) has shown 
that monthly mean heat flux anomalies are organized 
in large-scale patterns which have strong influence on 
the ocean thermal structure. A more difficult question 
is to what extent these ocean thermal anomalies, once 
initiated, act to modify the air-sea heat exchange and 
hence affect the atmospheric circulation (e.g., Cayan 
1992b; Alexander 1992). These patterns could be re- 
lated to persistent regimes of mid-latitude ocean-atmo- 
sphere interaction (Namias 1963; Palmer and Sun 1985; 

Namias et al. 1988; Miller 1992) whereby feedback ef- 
fects of heat transfer maintain the atmospheric thermal 
field and wind stresses maintain the ocean SST fields, 
each in their persistent state. 

Since the ocean model does not contain feedback to 
the atmosphere and it succeeds in capturing the major 
features of the 1976-77 shift, the results suggest that 
the midlatitude part of the shift was driven by the at- 
mosphere. However, if ocean-atmosphere feedback 
did occur in nature its effect is implicitly included in 
the observed heat flux anomalies used to drive the 
model so that important effects of midlatitude ocean- 
atmosphere feedback can be masked and may yet be 
identified. The question of whether the atmospheric 
shift is generated locally in the midlatitude or remotely 
(via teleconnections) from the tropics has been ad- 
dressed by Kitoh (1991, 1992) and Graham et al. 
(1993) in recent experiments using atmospheric models 
forced by SST anomalies. These model runs indicate 
that the 1976-77 shift of the atmosphere in the midlati- 
tudes is driven remotely by a contemporaneous shift in 
tropical Pacific SST and commensurate changes in 
deep tropical convection. 

Another interesting point which can be drawn from 
this study is the relative importance of heat flux input, 
horizontal advection and vertical mixing effects on 
open ocean SST anomaly generation in this model. 
Previous ocean modeling studies by Haney et al. 
(1978), Huang (1979), Haney (1980, 1985), Luksch et 
al. (1990) and Luksch and van Storch (1992) and cou- 
pled ocean-atmosphere modeling studies by Miller 
(1992) and Tokioka et al. (1992) have shown the gener- 
al tendency for strong effects of anomalous heat fluxes 
and lesser, though not insignificant, influences of hori- 
zontal advection and vertical mixing on the generation 
of midlatitude SST anomalies. We have found that in 
the mid-Pacific region heat-flux input and entrainment 
tend to typically have similarly sized anomalous forc- 
ing effects on the surface heat budget of the variable 
depth mixed layer (Figs. 4 and 10); horizontal advec- 
tion effects are typically half that size. In the region 
near the California coast, the winds are less variable 
and the entrainment and horizontal advection effects 
on the heat budget tend to be only about one-quarter 
the size of heat flux input anomalies (see Haney 1980; 
Luksch and von Storch 1992). In contrast to our re- 
sults, Luksch and von Storch (1992) found that the ef- 
fects of turbulent mixing on the surface heat budget 
was small, but their heat budget corresponds to the 
surface grid point of a z-coordinate model rather than 
to the entire mixed layer in the present model. Figure 
11 shows that, under the assumption that our parame- 
terization for monthly-mean TKE'  input is reasonable, 
monthly mean SST anomalies generated by the effects 
of vertical mixing/entrainment variations can be more 
than 0.5 ° C, in general agreement with the results of 
Haney (1985). Note that although winter time TKE 
anomalies are largest (Fig. 2), the impact on the mixed 
layer heat budget (Fig. 10) is felt most strongly in other 
seasons when the depth of the mixed layer is shallow- 
er. 
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These suggestions are corroborated by the results of 
a companion study of the case 3 simulation by Cayan 
et al. (1993) who discussed point-by-point spatial cor- 
relations between the driving terms of the surface heat 
budget (Eq. 2) and SST tendency. Their results show 
that over the bulk of the north Pacific the heat flux in- 
put indeed correlates strongly (>  0.6) with SST tenden- 
cy. However, over a large region of the north-central 
and north-eastern Pacific, advection correlates at levels 
greater than 0.4. The effects of entrainment also corre- 
late well with SST tendency (> 0.5) over surprisingly 
large regions of the north Pacific basin, particularly in 
a latitudinal belt across 25°N. Their results also show 
that in the tropical Pacific the wind stress driving pro- 
duces high correlations between observed and model 
SST (greater than 0.8 between 160°W-170°W) suggest- 
ing that the version of the model studied here indeed 
represents an improvement over the earlier version 
studied by Miller et al. (1992). 

We summarize lastly some of the potential defects 
of the ocean modeling approach which was used here. 
The effects of horizontal advection, which rely strongly 
on the horizontal gradients of the mean SST, may be 
underestimated by two effects. First, the climatological 
field of model SST tends have gradients which are 
somewhat weak compared to observation, especially in 
the northwest Pacific. Second, the horizontal velocity 
anomalies in the surface mixed layer are weaker than 
surface (i.e., zero meters depth) currents and are not 
representative of the shears which can exist in the 
mixed layer, because they correspond to velocity ano- 
malies in the entire bulk mixed layer. However, the 
model surface currents will correctly represent the Ek- 
man transport which is presumably the most important 
bulk effect of anomalous ocean currents (e.g., Gill and 
Niiler 1973). The model also does not contain mesos- 
cale eddies or properly resolve the Kuroshio Current 
and, therefore, does not have the ability to generate 
such effects as strong currents in the western boundary 
region which could conceivably swiftly introduce SST 
anomalies in open ocean regions, though they are 
probably of too small spatial scale and amplitude to 
be of consequence (Klein and Hua 1988; Halliwell and 
Cornillon 1989; Miller 1992). But the gentler effects of 
large-scale wind forced geostrophic current advection 
should be well represented by the model. There is also 
a roughly 4 ° C warm bias in the model winter time SST 
field in the northern reaches of the Pacific basin which 
may result in a stratification structure which is too sta- 
ble to allow stronger effects of entrainment variations. 
Also, the south Pacific basin had many patches of SST 
variations associated with the long adjustment times of 
ice variations (near the Antarctic) and slow changes in 
the thermal structure yielding sometimes abrupt shifts 
in MLD. Future modeling studies may be necessary to 
address these potential difficulties. 
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Appendix A 

Details of the isopycnic ocean model 

The isopycnic ocean model (Oberhuber 1993) used in 
this study differs from that used by Miller et al. (1992; 
MOGB, hereinafter) in basin geometry, forcing func- 
tions and the following details. A potential vorticity 
and enstrophy conserving horizontal finite differencing 
scheme, based on that derived by Bleck and Boudra 
(1981), is implemented in this version of the model. 
Since MOGB found that the mixed layer depth in the 
midlatitudes was much deeper than observations, we 
sought to tune the present version of the model to 
yield a more realistic seasonally varying mixed layer 
depth (see Fig. 4). To accomplish this, two important 
things were changed in the equation for entrainment 
velocity: 

Weg' h-weRicm(Aua + Av2)=2moau~ + h b ( B - y B , )  

+7bB,[h( l+e-mh, )_2he( l_e-mh, )  l (A1) 

where g'  is the reduced gravity at the mixed layer base, 
R icri~ = 0.25, (Au, Av) is the velocity jump at the base of 
the mixed layer, mo=0.5, a=exp(--hf /Ku.) ,  
b=exp(-hf lKu.)  for all values of the buoyancy flux 
B, 7=0.42, B, is the solar buoyancy flux, and 
he = 20 m. First, the amplitude of the mean turbulent 
kinetic energy (TKE) input into the mixed layer was 
reduced by setting mo =0.5, rather than 1.5 in MOBG, 
and additionally 

u3. = (~P~)~- [(12) 3 + (1-2-3) '], (A2) 

which does not have a mean correction term based on 
the standard deviation of the mean wind speed that 
was invoked in MOGB. In (A2), (12) 3 is the climato- 
logical monthly mean wind speed and represents the 
mean term while ( ~ ) '  is the anomalous cube of the 
monthly mean wind speed, the estimation of which is 
discussed in Section 3.2. Second, this version of the 
model has K=0.4, a constant value, rather than in- 
creasing for B > 0 as in MOGB. This effect controls the 
strength of cold air outbreaks originating from Asia 
and allows the mixed layer to deepen sufficiently well 
in the winter season. Note that in the computation of 
Bs, only the climatological monthly mean values of the 
solar heat flux are used in (2). The net result of our 
tuning is to reduce the MLD in the middle and high 
latitudes of the north Pacific relative to that of MOGB, 
with the present values being more typical of those ob- 
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served (Barnett  1981; Levitus 1982; Suga and Hanawa 
1990). 

Appendix B 

Technique for revising the heat flux anomalies 

We made two attempts to remove the suspicious time- 
varying changes in the fundamental  variables involved 
in the computation of the heat flux. Following Cayan 
(1990; 1992a), our first at tempt was to calculate the 
area-averaged linear trend of wind speed and AT, 
where the area considered was the entire COADS data 
coverage over the global ocean. Then, the equivalent 
latent and sensible heat flux change was computed for 
each month of each 5 ° by 5 ° grid point, by adding the 
linear change in V and AT to their respective long-term 
monthly means and inserting these into the two bulk 
formulae. By subtracting the long-term monthly mean 
flux value from each month of the 1950-1988 time his- 
tory, a "correction" to the latent and sensible fluxes 
was obtained to reduce the apparent  time-varying bias. 
The anomalies of these fluxes (e.g., Fig. 1) were used 
to force cases 1 and 2 of the experiments described in 
the text. 

This procedure,  however, still proved unsatisfactory 
in that there remained apparently spurious low-fre- 
quency changes in the flux component  of the forcing. 
Further  inspection indicated three problems. First, the 
time varying bias for AT, which generally decreases 
over time, was not linear, but undergoes substantial 
low-frequency undulations over the period since 1950. 
This is in contrast to the wind speed, which exhibits a 
clear linear increase of about i m/s change over 1950- 
88. Second, there also appear undulations in Aq, simi- 
lar to AT, which were not accounted for in the initial 
trend adjustment. Third, the effect of changes in AT 
upon the net outgoing terrestrial flux was not ac- 
counted for in the original correction (this was because 
the initial flux anomaly study focused on variations in 
the latent and sensible components  rather than the net 
flux). 

In the second flux adjustment procedure,  we at- 
tempted to more accurately remove the basin-scale 
low-frequency variation (generally decreasing) of AT 
and include an adjustment for similar variation (also 
generally decreasing) in Aq, while retaining the adjust- 
ment for V increases. The flux "correct ion" was calcu- 
lated in the same manner  as before by perturbing the 
long-term mean data entering the bulk formulae with 
the time varying coefficients. However ,  in this case, the 
adjustments to AT, Aq and Vwere  determined from a 
basin-scale empirical orthogonal function (EOF),  rath- 
er than from a linear trend. The E O F  analysis was per- 
formed on a smoothed version (13-month running 
mean filter applied twice) of the three COADS data 
fields encompassing the Pacific basin from 30°S to 
60°N and 130°E to 75°W. In each of the three 
smoothed variables, the spatial pat tern of the first E O F  
exhibited one sign over virtually the entire field. Fur- 
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Fig. A1. Time series of the coefficients of first EOFs of low-pass 
filtered monthly mean a wind speed, V, b air-sea temperature dif- 
ference, AT, and c air-sea interface humidity differential, Aq, 
over the north Pacific. The first EOFs of bad c were applied as 
corrections to the bulk formulae heat flux calculations for case 3. 
A linear trend was retained as the correction for V 

ther, the time coefficients for the first EOFs contained 
the time variation that was generally portrayed by the 
linear trend (V increasing and AT and Aq decreasing), 
as shown in Fig. A1. The first EOFs  accounted for 
55%, 43% and 73% of the smoothed AT, Aq and V 
fields respectively. The projection of the first E O F  
back onto the smoothed data constituted the time 
varying adjustments that were then applied to AT and 
Aq in computing the flux corrections. Since the first 
E O F  of the smoothed wind speed was very nearly lin- 
ear and showed relatively little spatial variation, we did 
not readjust the COADS wind stress anomalies, which 
were corrected using the original CO A D S  global aver- 
age linear trend of 0.8 m/s over 1950-1988. These ad- 
justments were applied to the respective bulk formulae 
for the latent, sensible and net terrestrial (infrared) 
heat fluxes. The anomalies from this second version of 
the corrected fluxes (Fig. 3 vis-a-vis Fig. 1) were em- 
ployed in case 3. 
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