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ABSTRACT

The question of whether the large-scale low-frequency sea surface temperature (SST) variability in the North
Pacific can be interpreted as a response to large-scale wind anomalies is studied by an ocean general circulation
model coupled to an advective model for the air temperature. Forced with observed monthly mean winds, the
model is successful in reproducing the main space and time characteristics of the large-scale low-frequency SST
variability. In winter also the simulated and observed SSTs are highly correlated.

The dominant process in producing wintertime SST tendencies is the anomalous turbulent heat exchange
with the atmosphere that is parameterized by the bulk aerodynamic formula and takes into account the simulated
air temperature, the simulated SST, and the observed winds. The oceanic response to turbulent momentum
fluxes is much smaller. The horizontal scale of the simulated air temperature is induced by advective transports
with the observed winds and transferred to the ocean by anomalous turbulent latent and sensible heat fluxes.
The ocean response is lagging the atmospheric forcing by about one month and persists over much longer time
than the atmospheric anomalies, particularly in winter.

Part of the observed low-frequency SST variance can be explained by teleconnection. A wind field that is
directly related to the tropical El Nifio-Southern Oscillation (ENSO) phenomenon produces SST anomalies
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with an ENSO-related variance of more than 50% instead of 10% to 30% as observed.

1. Introduction

Low-frequency sea surface temperature (SST) vari-
ability in the North Pacific is characterized by large-
scale patterns (Namias 1969; Weare et al. 1976; Davis
1976) that often persist for more than 5 months. The
persistence is considerably greater in winter than in
summer (Namias et al. 1988). Seemingly, highly per-
sistent SST periods occur simultaneously with large-
scale atmospheric anomaly patterns (Namias et al.
1988). Wallace and Gutzler (1981) and Barnston and
Livezey (1987) identified a series of typical patterns in
the Northern Hemisphere monthly mean atmospheric
circulation in winter. Two of them, in regions named
Pacific-North America (PNA) and West Pacific Os-
cillation (WPO), are located in the North Pacific re-
gion. So, these large-scale atmospheric circulation pat-
terns should be connected to the large-scale SST
anomalies, but this relationship raises the question of
cause and effect.

Large-scale air-sea interaction may be important for
the variability of both ocean and atmosphere on
monthly and seasonal time scales. Statistical analyses
(Davis 1976; Wallace and Jiang 1987) of multiyear
time series indicate that, at least in winter, the atmo-
sphere is leading the ocean by about one month. More-
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over, the horizontal scale of low-frequency SST vari-
ability is much greater than the oceanic Rossby defor-
mation radius; it is, instead, similar to the scale of
atmospheric circulation anomalies (Davis 1976; Na-
mias and Cayan 1981; Wallace et al. 1990). These facts
support the idea that a large part of the extratropical
month-to-month SST variability may be explained by
large-scale atmospheric forcing. On the other hand, the
atmosphere is responding to the extratropical SST
anomalies, too (Lau and Nath 1990; Alexander 1990).
For a review of air-sea interaction in middle latitudes,
the reader is referred to Frankignoul (1985).

The idea of the atmosphere being dominant in ex-
tratropical wintertime air-sea interaction on the
month-to-month time scale was proposed first by
Bjerknes (1962) for the North Atlantic. He argued that
the mean atmospheric flow is responsible for the ap-
pearance of SST anomalies. An intensification of cold-
air advection from the cold American continent would
cool the warm Atlantic Ocean surface by an extra loss
of heat due to anomalous latent and sensible heat fluxes
and by a more efficient mixing of the upper level of
the ocean. Likewise, a reduction in cold-air advection
that normally prevails would be associated with a
warming of the ocean surface. Zorita et al. (1992) de-
rived the patterns of simultaneously occurring atmo-
spheric flow and SST anomalies and found these pat-
terns fully consistent with Bjerknes’ hypothesis.

In the past, several model studies have been done
to understand the ocean-atmosphere interaction in
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midlatitudes (a good overview is given by Frankignoul
1985). Multilevel ocean circulation models were used
by Haney et al. (1978), Huang (1979), and Haney
(1980, 1985). They found that anomalous turbulent
sensible and latent heating made a significant contri-
bution to the development of the generated SST
anomalies. They also found that wind anomalies alone
generated SST anomalies that were correlated with the
observed SST, but these anomalies are considerably
too small (Haney et al. 1978; Haney 1985). The in-
clusion of observed anomalous surface heat fluxes de-
rived from observations improved the simulations
considerably. All of these studies used heat flux data
that were derived from observed SST and air temper-
ature data, and the air temperature is strongly coupled
SST. So conclusions about the cause and effect are dif-
ficult to draw from these experiments. In the experi-
ments described in this paper no information about
the observed anomalous thermal structure in the
ocean-atmosphere system is used. Instead, together
with an advective model for the air temperature the
observed wind forcing is used to simulate air temper-
ature anomalies. This simulated air temperature is used
(together with the simulated SST and the observed
winds) to parameterize the wind-induced heat flux
anomalies.

The global wind field is influenced by the tropical
El Nifio-Southern Oscillation (ENSO) phenomenon,
as is the SST. About 10% to 30% of the low-frequency
wintertime SST variance in the North Pacific can be
attributed to atmospheric teleconnections excited by
ENSO (Wright et al. 1985). Bjerknes (1969, 1972)
already mentioned that ENSO influences the global
atmospheric circulation and other investigations sup-
port his ideas (Horel and Wallace 1981; Wright et al.
1985; Mo and Livezey 1986; Livezey and Mo 1987;
Hamilton 1988). The North Pacific SST is responding
to the tropical phenomenon with a time lag of up to
one month (Wright 1983; Wright et al. 1985). This
fast connection between tropical and extratropical SST
cannot be explained by oceanic processes alone ( White
et al. 1985). It lends support to the other famous hy-
pothesis of Bjerknes (1969, 1972); namely, that at-
mospheric teleconnections are excited by tropical SST
anomalies. To understand the processes involved in
the tropical-extratropical SST interaction and what
role the anomalous atmospheric circulation is playing
in this connection, a experiment is carried out with
ENSO-related wind anomalies.

In the present paper, a full oceanic general circula-
tion model is used tq investigate the low-frequency SST
variability in the North Pacific. The ocean GCM and
the advective model of the air temperature (AMAT)
are presented in section 2. The results of a 30-year
simulation, utilizing observed monthly mean winds
from 1950 to 1979, are reported in section 3. In order
to identify the physical processes that are dominant in
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the generation of SST anomalies, a number of sensi-
tivity experiments were carried out (sections 4 and 5).
Finally, in section 6, the influence of the tropical ENSO
anomalies on the Noith Pacific SST by means of at-
mospheric teleconnections is discussed in terms of ex-
periments with synthetic wind fields. In section 7 the
results of the paper are summarized.

2. The model .

The model wé used in our experiments consists of
an ocean GCM (OGCM) developed by Maier-Reimer
{Max-Planck-Institut fiir Meteorologie, Hamburg) and
an advective model of the air temperature (AMAT)
to parameterize the influence of wind anomalies on
the turbulent latent and sensible heat fluxes.

a. The ocean GCM

The OGCM is based on the conservation of mo-
mentum, heat, salt, and volume simplified by the hy-
drostatic and Boussinesq approximations. The density
of seawater is given by the equation of state (UNESCO
1981). At the surface the kinematic boundary condi-
tion is used. The horizontal turbulent eddy transport
coefficients are set at constant values (turbulent vis-
cosity: 2 - 10° m? s™!; turbulent diffusivity: D = 5 - 102
m?s™!). The vertical mixing of momentum depends
on the vertical shear of the ocean velocities and on the
stratification, similar to the procedure in Pacanowski
and Philander (1981). The vertical diffusivity coeffi-
cient D" is parameterized by the stratification only.
The turbulent mixing of heat and salinity due to free
convection is parameterized by convective adjustment.

The model is in spherical coordinates with a hori-
zontal resolution of 3° X 3° It has 13 layers:in the
vertical with highest resolution in the upper 200 m; a
realistic topography is used. The analysis domain is the
North Pacific from 28°N to 60°N. To avoid boundary
problems the model domain was extended southward
to 30°S. The near-surface ocean transports from the
Southern Hemisphere in the analysis domain are small.

The ocean model was spun up for 50 years under
climatological conditions including the whole seasonal
cycle. For example, the momentum fliixes are given
by the climatological wind stress from Hellerman and
Rosenstein (1983) and, using the Newtonian formu-
lation, temperature and salinity fields are coupled to
observations. The climatological distribution of SST is
from Comprehensive Ocean—-Atmosphere Data Set
(COADS) (monthly mean values; Woodruff et al.
1987). For the freshwater fluxes the yearly mean sur-
face salinity from Levitus (1982) is used because of
the lag of better seasonal information. The observed
mean state in the upper ocean of the analysis domain,
that is, from 28°N to 60°N, is reproduced satisfactorily
by the model (Luksch et al. 1990).

After the spinup Newtonian cooling is no longer used
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because this parameterization strongly damps SST
anomalies in the ocean model. Instead of this, the cli-
matological heat flux Q was derived as the flux that is
necessary for the ocean model to reproduce the ob-
served climatological SST with a relaxation time of
about 10 days. Thus,

0 = pc,ze( TS — T);

e=1X10"% (1/e~ 10days). (1)

Here, p is the density of ocean water, ¢, the specific
heat, and z the thickness of the first ocean layer; TS
is the observed climatological SST, and 7 the simulated
ocean temperature of the first ocean layer at the end
of the spinup. With this climatological heat flux the
upper ocean is (cyclo-)stationary.

Large-scale atmospheric circulation anomalies can
modify the momentum and heat fluxes at the ocean
surface, thus creating ocean temperature tendencies.
These effects are included in the prognostic equation
for the ocean temperature:

T,= —uVT — wT, + V(DIVT) + (D¥T,)
L I J [ II J
+ 0[QFis + Q¥ + 01/ (pcy2),

—In—

(2)

where T is the ocean temperature, u the horizontal
ocean velocity vector, and w the vertical velocity. Here
Qs> Qi are the anomalous turbulent sensible and
latent heat flux anomalies at the ocean surface, and Q
is the climatological heat flux for the ocean model
(surface: 6 = 1; otherwise: § = 0). Positive heat fluxes
result in a positive impact in the ocean. The index ¢
stands for time derivative, and the index z for vertical
derivative. The superscript C stands for the mean over
the simulation period (1950-1979), and * stands for
its deviation.

In (2) there are various processes that depend on
the imposed anomalous wind and induce SST tenden-
cies:

1. advective transports in the ocean

II. heat transports due to turbulent mixing in the
ocean

III. turbulent heat exchange between ocean and at-
mosphere.

The turbulent latent and sensible heat fluxes are
parameterized by the simulated air temperature
(AMAT), the simulated SST, and the observed wind
data. The influence of an anomalous heat flux due to
cloud-induced radiation changes is not considered here.
The momentum fluxes used in the equation of motion
are directly derived from the observed winds [Com-
prehensive Ocean-Atmosphere Data Set (COADS);
Woodruff et al. 1987, section 3]. The heat flux param-
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eters from COADS are not used for this study because
these anomalies are computed from the actual observed
air temperature and SST data.

b. The advective model of the air temperature

According to Bjerknes’ hypothesis for the North At-
lantic (see section 1), we consider large-scale atmo-
spheric circulation anomalies as the dominant factor
in changing the extratropical wintertime air-sea inter-
action. Anomalous advective transports produce air
temperature tendencies that modify the turbulent heat
exchange between ocean and atmosphere. These air
temperature tendencies shall be reproduced by the
AMAT, and the simulated values are used for the bulk
aerodynamic formula (see section 2c).

AMAT consists of one prognostic equation for the
low-level air temperature 7*:

T{ = —u*VT* + [—Q%s + Op + O1/(p?cy H*);
—I1- III-

—]— (3)
o is the density of the air, ¢ is its specific heat, and
H~ the height of the homogeneous atmosphere. Here
OFs is the anomalous sensible heat flux already present
in (2) but here multiplied by —1 (heating the ocean
means cooling the atmosphere and vice versa). Because
of its rapid adjustment, AMAT was started from ob-
served climatological conditions without a spinup. Over
land the air temperature is fixed to the observed cli-
matological values T'a;.

Here Q* is the climatological heat flux for AMAT.
As in (1) for the ocean model the climatological heat
flux is determined before the experiments as the
amount of energy needed for the model to reproduce
the observed climatological air temperature Tag with
a relaxation time of one time step:

Q" = p ' HAANTa5 — T*); 1/¢' =4b;  (4a)

7 is the simulated air temperature under climatolog-
ical wind conditions.

The damping term Qp is included to parameterize
those unresolved processes, such as baroclinic pro-
cesses, turbulence, and cloud/radiation processes,
which are capable of destroying air temperature anom-
alies:

Op = pcyHep(T4% — T) (4b)

with e; = (5 days) ! in the analysis domain (28°N to
60°N). Outside of this area the damping is stronger
[ep = (1 days)™'], because only the local forcing by
the extratropical atmosphere shall be considered here.
Note that no information about the observed anom-
alous temperature values is used.

Three nonconstant processes are taken into account
in (3), namely:

1. advection by the observed monthly mean wind u*



896

II. the anomalous sensible heat flux Qs represent-
ing the ocean—-atmosphere interaction
III. a damping term Qp.

The anomalous latent heat flux Q};; is not considered
in AMAT because the region where condensation takes
place is not known. A sensitivity experiment is carried
out to estimate the influence of Q}; on the air tem-
perature (section 5: experiment A3).

The height of the model layer H* is chosen according
to the height of the atmospheric response to anomalous
SST in an AGCM (Chervin et al. 1980). The air tem-
perature response to the diffusion term Qp and to the
climatological heat flux Q“€ is independent of H* [see
(3) and (4a,b)]. On the other hand, a decrease of H*
leads to an increase of the SST forcing [term Il in (3)].
For example, halving H* doubles the impact of QFs
on the SST. In winter, latent and sensible heat flux
anomalies are positively correlated (Cayan 1990), so
the oceanic impact should be similar for a decrease of
H* and the inclusion of latent heat flux forcing done
in experiment A3.

¢. The anomalous heat fluxes

The anomalous sensible and latent heat fluxes,
QFs and QF., are derived by subtracting the clima-
tologlcal sensible and latent heat fluxes, Q%s and
0%, from the simulated values; that is,

QHS = Qus — QHS and QHL = Qur — Q}ClL-

The actual heat fluxes are derived from the conven-
tional bulk formula (e.g., Neumann and Pierson 1966):

Qus = pcpcy u?| (T4 = T)
and Qpp = —p*Lege |- (s*—5) (5)

with ¢y = ¢z = 1.3 X 1073 (Hasse and Dobsen 1986);
s is the specific humidity of the air derived from the
observed climatological relative humidity and the sim-
ulated air temperature. Here s° is the specific humidity
assuming 100% relative humidity and an air temper-
ature equal to the ocean temperature at the surface.

The climatological values Q%5 and Q% are derived
from the climatological temperature, humidity, and
wind data.

3. The basic experiment

In the basic experiment the model (AMAT and
OGCM) is forced by observed monthly mean wind
fields, u?, the derived momentum fluxes (COADS;
Woodruff et al. 1987) for the period 1950-1979, and
by simulated heat fluxes (QFL, OFs). The observed
monthly mean wind anomalies are averaged onto 10°
X 4° longitude/latitude boxes. Thus, high-frequency
and small-scale processes are not included in the forc-
ing. The schematic of this experiment is
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For this experiment no information about the anom-
alous observed thermal structure in atmosphere and
ocean is used. The anomalous heat fluxes (QF.,
QF:is) are parameterized by the simulated temperatures

- Tand T* and the observed wind data. Heat flux anom-

alies from COADS are computed by the observed
anomalous air temperature and SST data and shall not
be used here.

In the following, a statistical discussion of the ob-
served and simulated SST anomalies for the period
1950-1979 in the analysis domain (28°N to 60°N) is
given. For that the data are averaged over a month
(360 months). To derive the dominant low-frequency
EOFs the data are bandpass filtered. The unfiltered data
are projected on these derived EOFs. For the other
statistics unfiltered data are used.

a. EOF analysis

The first EOF of the observed SST describes 23% of
the total variance. A negative SST anomaly in the cen-
tral North Pacific (near 40°N and the date line ) is con-
nected with a positive anomaly near the North Amer-
ican coast, and vice versa (Fig. 1a). The distance be-
tween the centers of negative and positive SST anomaly
is about 4000-6000 km. This is much larger than the
oceanic Rossby deformation radius (Wallace et al.
1990) and, instead, comparable to the characteristic
scale of the atmospheric circulation. In the simulation
the horizontal scale of the SST pattern is reproduced,
and the first EOF describes 24% of the total variance
(Fig. 1b). The center of the coastal anomaly is shifted
to the southwest. The second EOFs describe 19% of
the total variance in the observation and 20% in the
simulation. They are large scale, too, with a strong
anomaly near 40°N and 160°W and a weaker anti-
correlated anomaly near the North American coast
(Fig. 2). -

The lifetime of the anomalies is defined by the au-
tocorrelation coefficients of the EOF time series. In the
observations the first EOF persists in winter for 4 to 6
months and in summer for a much shorter time (Fig.
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Fi1G. 1. First EOF of observed and simulated SST anomalies (1950-
1979; 360 months; bandpass filter: 3-30 months; time coefficients:
Fig. 3; units: K). (a) Observations (COADS), explained variance:
23%. (b) Simulation (basic experiment), explained variance: 24%.

3a). The second pattern exhibits this seasonal cycle,
too, with a shorter lifetime during summer and a longer
lifetime in winter (not shown). The time scales of
oceanic (SST) and atmospheric variables (wind, air
temperature) are very different. The persistence of wind
anomalies is considerably shorter than the persistence
of the oceanic variables and without a pronounced sea-
sonal cycle (cf. Fig. 3 and Fig. 4). This supports the
results of the stochastic climate models that explain
the red response spectrum of the SST as an integrated
response to the white spectrum of the atmospheric
forcing (section 1). The oceanic seasonal cycle of per-
sistence of the large-scale pattern is reproduced by the
model as a response to the observed large-scale wind
anomalies, as can be seen in the autocorrelations for
the first EOF shown in Fig. 3b. The wintertime cor-
relation coeflicient between observed and simulated
EOF time series is about 0.55 for the first EOF and
0.65 for the second EOF, implying that the relatively
persistent winter patterns can be reproduced by the
model. In summer, however, the time series are un-
correlated.

LUKSCH AND VON STORCH

897

b. Local analysis

The observed wintertime variability of monthly
mean SST is high, near 40°N in the zone of strong
westerly winds (Fig. 5a). This is well reproduced in
the model (Fig. 5b; unfiltered data). In this area of
high SST variability the local wintertime correlation
coefficients, derived from 30 statistically independent
pairs of simulated and observed January SSTs, are
greater than 0.5 (Fig. 6a). With the assumption that
the temperature is Gaussian distributed, a correlation
coefficient of 0.54 is significantly nonzero at the 99.9%
level. In summer (July) the correlation coefficients are
much smaller (Fig. 6b).

The correlation coefficients decrease in spring
(March, April) and increase in autumn (September,
October). That means that the correlations are high
when the persistence of the large-scale SST anomalies
is also high (section 3a), the mixed layer is deep (100
to 200 m; Levitus 1982), and the latent and sensible
heat flux anomalies outweigh those of the radiative

60'N

40°'N

60'N

40°'N

L

Il 1
b 180° 150°'W 120°'W
FiG. 2. Second EOF of observed and simulated SST anomalies
(1950-1979; 360 months; bandpass filter: 3-30 months; time coef-
ficients: Fig. 4; units: K). (a) Observations (COADS), explained

variance: 19%. (b) Simulation (basic experiment ), explained variance:
20%.
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FIG. 3. Autocorrelation coefficients of the EOF time series (first
EOF of simulated and observed SST anomalies; see Fig. 1) for different
seasons (January to December) and different lags (—12 to zero to 12
months). Black area: values greater than 0.9; hatched area: 0.6 to
0.9; dashed lines: negative values. (a) Observation (COADS). (b)
Simulation (basic experiment).

fluxes (Cayan 1990). The correlations are low when
the lifetime of the SST anomalies is reduced, the mixed
layer is very shallow (20 to 50 m), and the SST impact
on shortwave radiation anomalies is stronger. High-
frequency and small-scale processes like clouds and
their impact on the radiation budget are not considered
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FIG. 4. Autocorrelation coefficients of the EOF time series (first
EOF of the observed wind anomalies; see Fig. 8a) for different seasons
(January to December) and different lags (—12 to zero to 12 months).
Black area: values greater than 0.9; hatched area: 0.6 to 0.9; dashed
lines: negative values.
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FIG. 5. Month-to-month variability of observed and simulated
January SST. (a) Standard deviation of the observed SST anomalies
(COADS, 1950-1979). Areas with standard deviations greater than
0.5°C are stippled. Contour interval 0.1 C. (b) Ratio of standard
deviations of observed and simulated January SST (basic experiment ).
Ratios less than 1 indicate an underestimation by the model. Areas
with ratios between 0.75 and 1.25 are stippled. Contour interval 0.25.

in the model. In spring synoptic winds may also be
important for the development of the mixed layer
(Frankignoul 1979), which is not included in the forc-
ing, either. To get better summer results the forcing
due to synoptic winds and clouds should be added and
the vertical resolution of the ocean model should be
enhanced or a mixed-layer model should be embedded
in the ocean GCM. In winter the model is able to re-
produce the persistent large-scale SST anomalies, and
therefore, it is worthwhile to discuss the mechanisms
acting in the model during this season.

¢. Processes

To find out which of the aforementioned processes
(I-1IT) was dominant in the basic experiment during
wintertime, the horizontal distribution of the standard
deviation of the respective contributions in Eq. (2) was
analyzed. The result of this diagnosis, for the winter
months, is depicted in Fig. 7. The most important pro-
cess is 111, the turbulent heat fluxes, O} and QFs: it
accounts for up to 60 to 70 W m~2. The second most
important process is I, the oceanic advection that is
associated with a maxima of 25 W m™2. This is mainly
due to the horizontal transport mechanisms except in
the far north near the coast where the vertical advection
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FIG. 6. Local correlation coefficients between observed (COADS)
and simulated SST (basic experiment; 30 month; contour interval:
0.25). Areas with correlation coefficients greater than 0.50 (0.75)
are stippled (dark stippled). Areas with negative values are hatched.
(a) January, (b) July.

is dominating. The turbulent mixing in the ocean, pro-
cess I1, has a negligible effect (<5 W m™2; not shown).

To find out how realistic the simulated turbulent
heat flux anomalies are, a comparison with “observed”
heat flux data was carried out. First, the simulated data
were correlated with heat flux data computed by the
observed monthly mean temperature and wind data
and these fluxes are highly correlated (Fig. 8). The
“observed” fluxes do not include the fluctuations of
temperature and wind data smaller than one month.
Therefore, we also compare the simulated heat fluxes
with the COADS heat flux anomalies derived from ac-
tually observed temperature and wind data (cy = ¢&
= 1.3 X 107%). These data are very noisy. After
smoothing these anomalies are also highly correlated
with the simulated flux anomalies. The correlation
pattern is very similar to Fig. 8, and the correlation
coefficients are slightly reduced. The highest correlation
coefficients are about 0.75. On most grid points of the
analysis area the value is higher than 0.5.

The simulated air temperature is directly responding
to wind-field anomalies, whereas the simulated SST is
lagging the atmospheric forcing by about 1 month. The
lagged cross-correlation functions look very similar to
the cross correlation between time series of the dom-
inant EOFs from observed SST and SLP anomalies
(Davis 1976; see also Frankignoul 1985). The time
scale of SST anomalies, for example, the strong seasonal
cycle with a high persistence during wintertime, is dif-
ferent from atmospheric time scales and connected to

F1G. 7. Month-to-month variability of wind-induced SST tenden-
cies in January (units: W m~2; basic experiment ). Areas with standard
deviations greater than 20 (40/60) W m™2 are light (middle/dark)
stippled. Contour interval 5 W m~2), (a) Standard deviation of the
sum of turbulent latent and sensible heat flux anomalies. (b) Standard
deviation of the heat flux anomalies due to anomalous advective
transports in the ocean.

the ocean dynamics. The horizontal scale of the SST
anomalies is nearly identical to the horizontal scale of
the simulated air temperature anomalies, which are
mainly produced by anomalous advective transports
with the observed wind-field, as discussed later in sec-
tion 5 and transfered to the ocean by turbulent latent
and sensible heat fluxes.

4. Sensitivity experiments with the ocean model

Two sensitivity experiments are carried out, allowing
us to discuss the relevance of the two different mech-

e T = T T

60°N

40N

180° 150°W

120°W

FIG. 8. Local correlation coefficients in January between heat flux
anomalies derived from the observed temperatures (COADS) and
simulated temperatures (basic experiment; 30 month; contour in-
terval: 0.25). Areas with correlation coefficients greater than 0.50
(0.75) are stippled (dark stippled). Areas with negative values are
hatched.
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anisms to produce SST tendencies: momentum and
heat flux anomalies as stated in section 2. In the first
sensitivity experiment with the ocean model (OI&II)
only the processes I (advection) and I (mixing) are
considered in the temperature equation (2), and the
heat flux anomalies are dropped. In the second exper-
iment (OIII) only process I1I, the heat fluxes, is active
and the effect of the anomalous wind stress is disre-
garded. The schematics for these experiments are

e Q oo Qs ~~ Oy~ TCmmn
| N |
|_ T u
0GCM

EXPERIMENT OIII (7 = 0).

In experiment OI&II, the simulated SST variability
is, in terms of its standard deviation, only one-third of
the observed variability (not shown). Moreover, the
persistence of the anomalies is much too high (Fig. 9).
This result is consistent with the finding in section 3b
in the basic experiment, where the SST impact of the
turbulent momentum fluxes is considerably smaller
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than the SST impact due to the turbulent latent and
sensible heat fluxes (section 3b).

The simulated SST anomalies in the second sensi-
tivity experiment OIII have almost the same space-
time statistics as the SST of the basic experiment (not
shown). The EOF time series, derived separately for
OIII and for the basic experiment, are highly correlated,
with maximum values of 0.9. The local correlation
coeflicients of observed and simulated SST and the SST
variability are slightly smaller than in the basic exper-
iment. The largest reduction (nearly 25%) is in-the
northern part of the Kuroshio region.

The two sensitivity experiments, OI&II and OIII,
confirm the aforementioned finding that the oceanic
response to turbulent heat flux anomalies, caused by
the anomalous wind field, is much stronger than the
reaction to the anomalous momentum fluxes asso-
ciated with the same anomalous wind field. Haney
(1985) did an experiment similar to OI&II in which
he used 6-h wind-stress anomalies on a 3° X 2° grid
to force his ocean GCM. He found a reduction of the
SST variability similar to what we found in experiment
OI&IL.

5. Sensitivity experiments with AMAT

In the previous section we found that the dominant
process in generating North Pacific SST is the turbulent
heat exchange between atmosphere and ocean. In our
model environment, AMAT is dominant in modeling
this process. Therefore, it is worth investigating the
quality of AMAT and the relative importance of two
explicitly described processes in AMAT, namely, the
horizontal advection by the wind and the heat exchange
with the ocean [see (3)]. For that purpose, three sen-
sitivity experiments are conducted with AMAT. In ex-
periment A1, AMAT is forced with 30 years of observed
SST instead of the simulated SST as in section 4. By
examining this experiment we can verify AMAT in the
absence of ocean model deficiencies. In experiment A2
the turbulent heat exchange is disregarded, whereas in
experiment A3 in addition to the anomalous sensible
heat flux, turbulent latent heat flux anomalies have
also been included. Schematically these experiments
can be represented by

Op Op Op
AMAT AMAT AMAT
04— TA “«——yt 04 —— TA “«——pt éA _— TA -yt
e e e Qg e e e O = Oy~
observed SST observed SST
EXPERIMENT Al EXPERIMENT A2 EXPERIMENT A3.
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12
LAG [month]

F1G. 9. Autocorrelation coefficients of the EOF time series (first
EOF of the simulated SST anomalies; experiment OI&IL: no heat
flux anomalies) for different seasons (January to December) and
different lags (—12 to zero to 12 months). Black area: values greater
than 0.9; hatched area: 0.6 to 0.9; dashed lines: negative values.

The parameter simulated by AMAT is low-level air
temperature. To evaluate the performance of AMAT,
the simulated statistics of air temperature have to be
compared with the statistics derived from the obser-

60°N-

40°N

60°N-

40°N

1 L L
180° 150'W 120°'W
FI1G. 10. First EOF observed and simulated air temperature anom-
alies (1950-1979; 360 months; bandpass filter: 3-30 months; units:

K). (a) Observations (COADS), explained variance: 22%. (b) Sim-
ulation (experiment Al: uncoupled), explained variance: 26%.
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vations. Particular emphasis will be laid on the question
of how the spatial scale and the time scale of air tem-
perature anomalies are maintained by AMAT.

We have considered observed air temperature as re-
vealed by COADS. The leading EOFs of this parameter,
the first of which is shown in Fig. 10a, are, not unex-
pectedly, very similar to the observed SST anomalies
(Fig. 1a). So the areas of high winter variability are
similar for these two fields. The observed air temper-
ature has a band of high variability near 40°N and
near the west coast of North America, just as SST does
(Fig. 5a and Fig. 11a). The high similarities of SST
and air temperature are the reason that the heat flux
anomalies from COADS (derived from the observed
temperature, humidity, and wind anomalies) are not
used to force the ocean GCM. The characteristic time
scale of air temperature anomalies, as revealed by the
seasonal autocorrelation function depicted in Fig. 12a,
is considerably shorter than that of SST (Fig. 3) but
comparable to that of the wind (Fig. 4). The lifetime
of the large-scale air temperature anomalies is inde-
pendent of the season and is smaller than 1 to 2 months.
Therefore, the observed and simulated long wintertime
persistence of the SST anomalies is caused by oceanic
mechanisms and not by atmospheric processes,
whereas the spatial scale is atmospheric in origin.

The leading EOFs of the simulated air temperature
in experiment Al, where AMAT is forced with ob-

60°N

40°N

60N

40°N 1

120°W

FiG. 11. Month-to-month variability of observed and simulated
January air temperature. (a) Standard deviation of the observed air
temperature anomalies (COADS, 1950-79). Areas with standard
deviations greater than 1.0 K are stippled. Contour interval 0.1 K.
(b) Ratio of standard deviations observed and simulated January air
temperature (experiment Al: uncoupled). Ratios less than | indicate
an underestimation by the model. Areas with ratios between 0.75
and 1.25 are stippled. Contour interval 0.25.
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F1G. 12. Autocorrelation coefficients of the EQF time series ( first
EOF of the observed and simulated air temperature anomalies; see
Fig. 11) for different seasons (January to December) and different
lags (—12 to zero to 12 months). Black area: values greater than 0.9;
hatched area: 0.6 to 0.9; dashed lines: negative values. (a) Observation
(COADS). (b) Simulation (experiment Al: uncoupled).

served SSTs, are quite similar to the leading EOFs of
the observed air temperature. The first simulated and
observed EOFs are shown in Fig. 10. Not only the spa-
tial scales but also the temporal scales of the air tem-
perature are reproduced (Fig. 12). In the simulation
the lifetime is slightly shorter than in the observations.
A stronger SST forcing of AMAT as given in the model
experiment can increase the lifetime. Interestingly, the
first two EOFs of the simulated air temperature EOFs
in experiment Al have the same centers of action as
the first two EOFs of simulated SST in the basic ex-
periment. So the shift of the center of the coastal
anomaly to the southwest as seen in the basic experi-
ment is connected with AMAT.

In winter the similarity between observations and
the Al simulation is quite satisfactory: in January (Fig.
13a) the local correlation coefficient is higher than 0.5
in almost the entire analysis domain, and in large areas
even higher than 0.75 (values greater than 0.54 are
significantly nonzero, with a risk of less than 0.1%);
maximum local correlations are in the western and the
eastern part of the analysis domain, including areas
with high observed air temperature variability (cf. Fig.
11). The wintertime air temperature variability is
overestimated in the experiment (Fig. 11b). In sum-
mer, AMAT is much less skillful.
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180° 150°% 120°W

F1G. 13. Local correlation coefficients in January between observed
(COADS) and simulated air temperature (experiment Al: uncoupled;
30 month; contour interval: 0.25). Areas with correlation coefficients
greater than 0.50 (0.75) are stippled (dark stippled ). Areas with neg-
ative values are hatched.

In experiment A2, the effect of the heat exchange
with the ocean has been disregarded [QFs = 0in (3)].
Instead, the air temperature is changed only by the
diffusion and advection. Neglecting the turbulent sen-
sible heat flux in AMAT has no significant effect on
the spatial scales; instead, the leading EQFs of air tem-
perature are almost unchanged from what they are in
the basic experiment (not shown). This demonstrates
that the horizontal scales of monthly mean air tem-
perature anomalies are advectively forced by the
anomalous monthly mean wind field, which is inde-
pendent of the turbulent heat exchange with the ocean.

The largest difference, as compared to experiment

60°N

40N

180° 150'W

60°N

40N

150

180 120'W

FiG. 14. Local correlation coefficients between observed (COADS)
and simulated air temperature in January (30 month; contour in-
terval: 0.25). Areas with correlation coefficients greater than 0.50
(0.75) are stippled (dark stippled). Areas with negative values are
hatched. (a) Experiment A2: advective transports only; (b) experi-
ment A3: uncoupled with QJ;.
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Al or to the basic experiment, is in AMAT’s skill in
reproducing the observed air temperature anomalies.
The local correlation coefficients in experiment A2
(Fig. 14a) are almost everywhere smaller than Al (Fig.
13). Not unexpectedly, maximum reductions are in
that part of the analysis domain where observed SST
and air temperature are maximally correlated.

In experiment A3, in addition to Q}s a crude pa-
rameterization of the anomalous latent heat flux
Q% has been included. It is assumed that the water
vapor is condensed at the same grid point where it is
evaporated. For the parameterization of Q%s we used
the bulk formulation (5), but multiplied by —1. This
means that in AMAT condensation leads to a positive
heat flux instead of a negative flux in the oceanic GCM.
In this experiment the horizontal scale is again nearly
unchanged in comparison with the results of the basic
experiment. The heat exchange with the ocean leads
to a slightly longer lifetime of the air temperature
anomalies. The local correlations between simulated
and observed air temperature anomalies become visibly
stronger as the influence of the ocean increases
(Fig. 14b).

6. “ENSO” experiment

An ENSO-related wind field is used to study the
teleconnection via the atmosphere (see Introduction).
The remote effect, excited by ENSO-related tropical
atmospheric and oceanic anomalies, on the extratrop-
ical atmosphere is hypothesized to be instrumental in
generating the ENSO-related North Pacific SST anom-
alies. In this section we investigate this hypothesis.

To do so, the ocean model and AMAT are forced
by a wind field consisting of the climatological wind
plus a synthetic wind anomaly (u® = u® + u®*), which
is supposed to represent the ENSO-related wind forc-
ing. These synthetic wind anomalies uf* have been
obtained by locally regressing the observed wind
anomalies u* with the Southern Oscillation index
(SOI) by minimizing

> (u*(x, y, 1) = ky(x, y, £)- SOI(£))%.  (6)

Here ¢ is the time and the SOl is an area average of the
SST anomalies in the eastern equatorial Pacific (6°N
to 10°S; Wright et al. 1985). El Nifio events are as-
sociated with positive SOI values. The bivariate vector
of the regression coefficients k, = (kx; ) is found for
each month ¢» (January to December) and for every
grid point (x, y). The components «, and «, represent
the regression between the components of the wind
vector u* = (u,; u,) and the SOL

With the regression model (6) the ENSO-related
wind field is defined as

u®*(x, y, 1) = (x, y, )+ SOI(2). (7

VON STORCH 903

From autumn (September—October ) to spring ( April-
May) the synthetic wind field has a westerly wind zone
near 40°N and southerly winds near the North Amer-
ican coast if the SOI is positive; conversely, a negative
SOl is connected to an anticyclonic pattern. In summer
there is no such large-scale pattern.

To evaluate the statistical stability between (observed
or simulated ) SST and the observed SOI, we derive for
each grid point and month the correlation coefficient
r. A local correlation of r indicates that the SOI is ca-
pable of explaining r?> X 100 percent of the variance
of SST at that point and in that month. Thus, if r
= (.25, the SOI can explain 6% of the variance of the
wind component, whereas if r = 0.5 or 0.75, the SOI
explains 25% or 56%. Since we are estimating the cor-
relation coefficients from samples of 30, r = 0.24 (0.31)
is significantly nonzero at a level of 90% (95%).

In winter the SOI is positively correlated with SST
near the North American coast and negatively corre-
lated in the western and central North Pacific (Fig.
15a). The correlation pattern is large scale, but the
absolute values are generally low: the January corre-
lations are typically of the order of 0.3 to 0.5. The
pattern of observed correlations is reproduced in the
ENSO experiment (Fig. 15b) and, interestingly, also
in the basic experiment (not shown). In the ENSO
experiment the strength of correlation between SOI and
simulated SST is considerably larger than in the ob-
servations, with maximum values of more than 0.75.
In the basic experiment the correlations are comparable

60°N

40°N

60N |

40N

FIG. 15. Local correlation coefficients in January between SOI and
SST (30 month; contour interval: 0.25). Areas with correlation coef-
ficients less than —0.25 are stippled. Areas with correlation coefficient
less than ~0.75 or greater than 0.75 are hatched. (a) observed SST.
(b) ENSO experiment.
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to the observed ones. In the area of strong negative
correlations about 10% to 30% of the wintertime vari-
ance can be explained by ENSO. Forced by an ENSO-
related wind field, more than 50% of the SST variance
can be explained by ENSO.

A significant correlation pattern between North Pa-
cific SST and ENSO starts to evolve in September/
October, with a strength and distribution similar to
that in January (Fig. 15). In summer, the correlation
coeflicients obtained for observed and simulated SST
are much weaker.

The results of the ENSO experiment support the
concept that the observed link between ENSO and the
North Pacific SST is maintained by atmospheric tele-
connections. However, the SOI is not a powerful now-
caster of North Pacific SST; it accounts for only 10%
to 30% of the SST wintertime variance-—in the ob-
served data as well as in the basic experiment. This is
so because large-scale atmospheric circulation anom-
alies in the North Pacific area are affected not only by
the ENSO-related teleconnections but even more by
the macroturbulent processes of extratropical atmo-
spheric flow.

7. Conclusions

a. The overall performance of the coupled OGCM /
AMAT model

The coupled atmosphere—-ocean model, consisting
of a regular ocean GCM and the highly simplified ad-
vective model of the air temperature (AMAT), each
driven by observed winds, is able to reproduce the ob-
served large-scale (about 2500 to 6000 km) patterns of
the North Pacific SST as a response to large-scale at-
mospheric circulation anomalies. The time character-
istics of observed SST, namely, a high persistence of
anomalies in winter of up to 4 to 6 months and lower
persistence in summer, are well matched by the model
simulation. Moreover, in winter, the time coefficients
of the spatial patterns resemble the observations very
well. Also, the local wintertime correlations are high,
particularly in the region of high SST variability near
40°N. In summer the similarities between observation
and simulation are much smaller. :

We find that the specification of anomalous turbu-
lent heat fluxes is essential for a good representation
of the SST by the ocean model. In the present study
these fluxes are parameterized in a rather crude manner
by using standard bulk-transfer formulas and the
AMAT. The role of advective processes in the ocean
for the formation of SST anomalies turns out to be of
second-order importance, and the diffusivity processes
are of third order.

b. Scales

Interestingly, the characteristic large-scale patterns
of the air temperature are directly related to the large-
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scale atmospheric circulation anomalies. At the same
time, the large-scale patterns of SST and air tempera-
ture are very similar. That means that the horizontal
scale is transferred nearly unchanged from the atmo-
sphere to the ocean; it is hardly affected by oceanic
processes.

In the time domain, however, the air temperature
anomalies and the SST anomalies behave differently
in a characteristic way. First, the oceanic anomalies
lag the atmospheric ones by about one month. Second,
the characteristic time scale, which is of the order of
two weeks for the atmospheric parameters, is consid-
erably longer for the SST. This is particularly pro-
nounced in winter, when the mixed layer is deep. The
ocean response integrates over the higher atmospheric
fluctuations.

¢. Limitations of the experiments

In the coupled OGCM/AMAT model a number of
processes have not been taken into account.

In the ocean model the mixed-layer dynamics has
not been parameterized explicitly. Instead, the mixed
layer was modeled by parameterization of turbulent
vertical mixing and convective adjustment in the upper
levels of the OGCM. The observed deep-winter mixed
layer (about 100 to 200 m; Bathen 1972; Levitus 1982)
and seasonal variations are mainly reproduced by the
model. But in summer the vertical resolution (first layer
20 m thick) is too coarse for a good representation of
the observed shallow mixed layer (about 20-50 m;
Levitus 1982). Another simplification in the OGCM
is in its salinity budget. Because of the lack of observed
precipitation data over the ocean, the dependence of
the upper-ocean density structure on anomalous forc-
ing has not been considered.

The most efficient processes in the ocean’s surface
heat balance are probably anomalies of the turbulent
latent and sensible heat fluxes and of the radiative forc-
ing. The latter has not been taken into account. Our
results seem to indicate that anomalous radiation, due
to clouds, is not significant in winter; in summer, how-
ever, this process might be much more important for
the development of the SST anomalies in the North
Pacific due to the stronger summer solar insolation.

To force both the OGCM and AMAT monthly mean
wind fields have been used, disregarding the effect of
high-frequency events in the wind field, such as storms.
Strong storms potentially have a strong impact on the
mixed layer and, thus, on the lifetime of SST anomalies.
In spring these atmospheric fluctuations smaller than
one month might be important. The success of our
simulations in winter shows that this effect is not of
first order.

We conclude that, in spite of the relatively coarse
horizontal and vertical resolution of the models and
in spite of the imposed simplifications, our coupled
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OGCM /AMAT model is quite capable of reproducing
the space-time statistics of SST, particularly in winter.

d. ENSO teleconnections

Our experiments suggested that the ENSO-related
part of the North Pacific SST anomalies can be ex-
plained as the local oceanic response to midlatitude
wind anomalies excited by tropical ENSO anomalies.
In the case of directly ENSO-related atmospheric cir-
culation more than 50% of the SST variance can be
explained by ENSO. However, in the observed wind
field this ENSO-related signal is fairly weak, even
though it is statistically stable: the skill of the Southern
Oscillation index (SOI) in specifying the North Pacific
SST is, in winter, only of the order of 10%-30%.
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