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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-
Jtion of the surface mixed-layer heat budget reveals that
the 1976-77 shift was caused by a unique concurrance
L 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 oOr 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 castern
Pacific (Namias 1978; Venrick et al. 1987, Kashiwabara
1987; Nitta and Yamada 1989; Trenberth 1990; .Tani-
moto et al. 1992; Xu 1992). Otber 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 El 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-
tude 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 [luxes 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 197677 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 mode! 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.
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2 Ocean model ls

The ocean model was developed by Oberhuber (1993)
and consists of eight isopycnal interior ocean layers ful- |n
ly coupled to a surface bulk mixed layer model, the lat.
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ter also including a sea ice model. The mixed layer hag |ithi

arbitrary density and a minimum depth of 5 m. The in-
terior layers have fixed potential density and time- ‘H
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varying thicknesses (which may vanish) and can inter. | obs
sect the mixed layer or topography as the dynamics al. |ove
lows. The model solves the full primitive equations for! st
mass, velocity, temperature and salt for each layer in |exp

spherical geometry with a realistic equation of state. In {0
this study, the domain is the Pacific Ocean with realis- 1

tic topography, extending from 70°S to 65°N and|u
120°E to 60°W. The grid resolution is 77 by 67 points;ysp
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but with enhancement near the equator and near the |su
castern and western boundaries. Open ocean resolu. |in
tion in the middle latitudes is 4 degrees, which is suita- | Lu
ble for modeling the large-scale variability in response |ob

daries are no slip for velocity and thermally insulating
for temperature. The model Antarctic Circumpolar
Current, however, has periodic boundary conditions |1

that we seek. The conditions on horizontal solid boun- lpu‘
A
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and unrealistically connects to itself from 60°W to {he
120°E (half the global circumference). The surface |p!

boundary conditions for interior flow are determined W

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 j
used the model in Atlantic Ocean modeling studies,
and Miller et al. (1992), who used an earlier version of 1
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 1

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 p
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 |
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(0) and sea surface temperature (7;) are saved to be |



Stress anomy,

rhuber (199
>an layers fy
n0del, the |
xed layer hy
[5m, The i
ty and timg.
ind can inte[.f
 dynamics
equations )
cach laer
on of stage, [
1 with realis.l

[0 65°N andf
by 67 poin

and near e
Qcean resoly.
vhich is syl
Y in respong;
al solid boug.
ily insulaling

Circumpoly]
Iy condition
om 60°W

The surfag
¢ determine).
forced by th
0 each layer|
indary whih
acian friciiof
liffusion (e
2d. Fora i
r (1993), wh
eling studi}-
ier versiond

~ulation stuf °

 invoked be
1. (1992)

ic, any mod!
ny feedbad)
climatolog

o circumver
vith observe |
an using |
ase observel
field derived

cean climate
1onthly mew
(TKE) inptt}
ulk formulaety
eric observi
rature. Afte}
ptably equil
otal heat flix
 saved to b¢

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

used as forcing input (0=0+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
§ST 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 Teedback processes are much weaker than the
atmospheric driving, our results will thus provide a
useful measure of understanding the upper-occan 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.

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 7 (in-
terpolated from a blending of ECMWEF 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
ficlds of air temperature (from ECMWE analyses), hu-
midity (COADS), wind speed ECMWEF) 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% 105 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
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observations of rainfall variability over the oceans. We
shpuld 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 most 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, O,
and SST, T, from the final year of spin-up. The field,
0, was used as the mean part of the forcing for all the

_subsequent runs discussed later. To verify that O 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 O 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.

3.2 Interdecadal forcing

The wind stress field is composed of the 7 used during
spin-up, plus monthly-mean anomalies, 7', 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
VIV 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 Q' 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
del, is shown 1n

heat flux anomalies, as seen by the mo







