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ABSTRACT

A simplified coupled atmosphere-ocean model is used to explore the influence of evolving midlatitude sea
surface temperature (SST) anomalies on the theoretical extended-range predictability of the atmospheric win-
tertime circulation in the Northern Hemisphere. After approximately two weeks, SST anomalies begin to sig-
nificantly influence the overlying atmospheric flow, compared to flow over the climatological SST field. If the
evolving sea surface temperature field is specified from model “observed” flows, then predictions of atmospheric
time-averaged flow, for one month and longer averages, are significantly enhanced over predictions based on
the atmospheric model with climatological SST. Predictions using the coupled model, however, are not significantly
different from predictions using the atmospheric model with persistent SST anomalies, because SST anomalies
are forced increasingly erroneously by atmospheric variables that rapidly lose their predictability.

1. Introduction

Extended-range (weeks to a season) dynamical
hindcasts of observed atmospheric features are often
improved by including observed sea surface tempera-
ture (SST, hereinafter) anomalies, especially those as-
sociated with strong tropical warming (WMO 1988,
and references therein ). The impact of midlatitude SST
anomalies on numerical simulations of the overlying
atmospheric flow is more subtle but it appears to be
significant (Palmer and Zhaobo 1985; Pitcher et al.
1988), and such anomalies have been a longstanding
candidate for improving empirical and statistical sea-
sonal forecasts of extra-tropical circulation (e.g., Na-
mias 1976; Davis 1978).

It remains unclear, however, whether extended-range
hindcasts of the atmosphere are significantly improved
when typical midlatitude SST anomalies are specified
from observations as boundary conditions. Indeed,
even if observed SST is shown to influence hindcasts
of the atmosphere its usefulness in the forecasting
problem is still moot. For it is unclear whether mid-
latitude SST can be dynamically predicted with suffi-
ciently greater skill than a forecast of SST persistence
to justify the expense of its dynamical prediction as a
boundary condition for the atmospheric forecast
model. This is because the atmospheric variability,
which is the dominant forcing function of the midlat-
itude SST anomalies (Frankignoul and Reynolds
1983), must be simultaneously predicted.
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Towards understanding the theoretical usefulness of
coupled models in extended-range prediction, we use
herein a simplified coupled atmosphere-ocean model
of the Northern Hemispheric January circulation to
explore the influence of evolving midlatitude SST
anomalies on the extended-range predictability of the
atmosphere and ocean. The two-layer atmosphere
(Roads 1987a,b, 1989b) is quasi-geostrophic, with
orography and time-dependent forcing by variable sea
and land-surface temperature. The SST variability is
modeled by a slab mixed-layer model that is influenced
by atmospheric heat flux and, in the North Pacific
Ocean, additionally by Ekman-current advection and
geostrophic-current advection. The simplified dynam-
ics not only allow us to obtain large ensembles of pre-
dictions, which then provide measures of statistical re-
liability, but also enable us to explore different physical
mechanisms of SST anomaly generation.

After we generate a base run of the coupled system,
which is taken to represent “observed” flows, we im-
plement various prediction models to determine their
refative success at dynamical prediction. The prediction
models, initialized with small-scale error, use the same
atmospheric model with different ocean models:

(1) SST fixed at climatic values (climatic SST)

(i1) SST fixed at anomalous initial values (persistent
SST) :
(ii1) SST predicted by coupled dynamics ( predicted
SST)

(iv) SST specified from base run (true SST)

We are then able to address the following questions
concerning the importance of midlatitude SST in ex-
tended-range forecasting. On what time scale does



524

anomalous SST influence the overlying atmospheric
flow? Is a coupled model more skillful in dynamical
prediction than an uncoupled atmosphere with a per-
sistent initial SST anomaly as a boundary condition?
If midlatitude SST is specified from observations as a
boundary condition, how much improvement should
we expect in hindcasts of atmospheric variability? How
well can we expect to be able to predict SST given even
a “perfect” SST model, since the forcing function (the
atmosphere) must be predicted as well?

Section 2 describes the dynamics of the coupled
model used for these investigations. The climatology
of the coupled system is discussed in section 3 and the
predictability results are detailed in section 4. Prelim-
inary answers to the above questions, as deduced from
our simplified coupled model, are given in section 5,
which also includes a summary and several caveats on
the interpretation of these results.

2. Summary of the coupled atmosphere—ocean models

During the course of this study, we examined results
from five different coupled scenarios, three for which
predictability experiments were systematically exe-
cuted. The only differences between cases, outlined in
Table 1 and discussed more completely in section 3,
were in the distribution of the surface heat-exchange
coefficient, K, and in the mechanisms for SST vari-
ability at Pacific Ocean gridpoints. In this section, the
coupled model framework is summarized. Somewhat
similar coupled systems have been considered by Ped-
losky (1975) and Salmon and Hendershott (1976).

a. Model dynamics

The atmospheric model, discussed in detail by Roads
(1987a,b; 1989b), is a two-level, Northern Hemi-
spheric, quasi-geostrophic, nonlinear, time-dependent
system. The nondimensional equations are

0
ad + J(¥1, @) + KV — 20*(Kr + KR)7T

= FB - FT" ZAZKTO(T‘,,, (21)

a
— g + J(¥s, @3) + KV%3 + KV

o
+ 2A2(KT + KR)T = FB + FT + ZAZKTaTm. (22)

TABLE 1. Differences between coupled simulations.

Case Pacific SST forcing Heat-transfer field, K,
A Heat flux alone Fig. la
B  Currents alone Fig. l1a
C  Currents alone Fig. 1b
D  Currents and heat flux together Fig. 1b
E  Heat flux alone Fig. 1b
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Here ¢, is the upper-level streamfunction, ¥, is the
lower-level streamfunction, » = (¥, — ¥3)/2 is the
baroclinic (thermal ) streamfunction, ¢; = V2y; F 2A\%r
+ sin(8) + 4 is the potential vorticity for level i, Fp
and Fr are the barotropic and thermal components of
the forcing, respectively, T, is the land or ocean surface
temperature, K=3X 1077, Kz =15X 1072, Kz =3
X 1073, K, =3 X 1072, A2 =50, a = 2.4 X 10"*and
all the variables and parameters are nondimensional-
ized with 2Q and the radius of the earth.

The effects of parameter choices on the mean cir-
culation are minimized by the calculation of the steady
forcing using a residual method. That is, given the ob-
served fields |, Y3, and T,,, for each January day of
the ten Januaries available for this study, it is possible
to derive Frand Fp roughly compatible with such ob-
servations. More precisely,

Fs =3 {J@, @) + J(s, &)
+ KV (91 + ¥3) + KV},
Fr=3 {J(bs &) = JOh, @) =
+ 4N} (K7 + Kp)7 + KV%3 — 4N KraT,} (2.4)

(2.3)

2KV°F

where { -} denotes a time average over the 10-year
sequence of daily observed fields.

Roads (1987a, 1989b) has extensively dlscussed the
model atmosphere’s ability to simulate observed aspects
of the general circulation including the energy cycle.
Horel and Roads (1988) show that the model exhibits
quasi-stationary regimes with frequency of occurrence
and characteristics similar to those observed. With the
Fyand Fgof (2.3) and (2.4), the atmospheric model
climatology is similar in many respects to the observed
January climatology, both in stationary features and
transient variations. The relative magnitude of the at-
mospheric model’s intrinsic predictability decay time
and the response time to SST anomaly forcing is im-
portant in determining the impact of SST anomalies
on the predictability of the atmosphere. Roads (1987a)
showed that the atmospheric model’s predictability
decay time scale (rms error doubling time ~ 3 days)
is comparable to those of present numerical weather
prediction models. The choice of K7 sets the time scale
of atmospheric response to SST anomalies, which is
poorly known, particularly in midlatitudes. Roads
(1989b), however, discussed the atmospheric model’s
response to fixed SST anomalies and showed that, with
Ky = (5.3 day) ', the model atmospheric response is
comparable to the NCAR GCM response to similar
fixed SST anomalies (Pitcher et al. 1988). In particular,
the atmospheric model’s response is equivalent baro-
tropic, the amplitude of the atmospheric thermal re-
sponse is approximately equal to that of the SST
anomaly and the atmosphere develops a dipole-like
pattern above the SST anomaly with the strongest re-
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sponses at the upper level being about 60 meters over
a 1°C SST anomaly. It therefore appears that the at-
mospheric model is satisfactory for the extended-range
predictability studies of our coupled system.
The surface temperature T, for land and non-Pacific
oceans is determined according to
0T,

o = Ko(T, —
where the atmospheric temperature 7, = (7/a) and
K, is shown in Fig. 1. For Pacific Ocean gridpoints
north of 10°N, SST is governed by

T.)+ KV*T, + F, (2.5)

aT,,
S+ AV VT + J(61, T)

Ty — Tp) + «V2Tp + Fp. (2.6)
The Ekman advection velocity, AVy3; = k X 7/

pofH,is specified from a scaled version of the wind of
the atmospheric lower layer (750 mb flow). The geo-
strophic advection velocity is specified from the upper-
layer streamfunction, ¢;, of the quasi-geostrophic
ocean model (2.12)-(2.15). The energy balance re-
quirement that the heat transferred to the atmosphere
be equivalent to the heat transferred from the ocean
implies that

G[Pcp

T, + poHc, KT, | =0  (2.7)

ot
and determines the relation between mixed-layer depth
and the heat transfer coeflicients:

— Pg CpKT
pogHc,

where P, = sea level pressure, ¢, = specific heat of the
atmosphere, p, = density of sea water, g = gravitational
acceleration, ¢, = specific heat of sea water and Kr
and K, are the dimensional heat transfer coefficients.
The choice of a constant oceanic mixed-layer depth,
H = 50 m, sets the SST decay time scale K,”' = 58
dazys. (The horizontal diffusion coefficient « = 500
m*s~!, -

Since the atmospheric model’s fluctuations were de-
ficient compared to observations, we specified wind
stress according to

T = copal Up| [1.7(V¢3 — 0.8VY3)]  (2.9)

where Y3 and {5 are the instantaneous and uncoupled-
mean streamfunctions of the lower (750 mb) layer of
the model atmosphere. The values ¢p = 1.5 X 1073,
pa=125kgm™> and |U,| = 16.4 m s~ then yield
both mean and fluctuating wind stresses which are
comparable to observations (Figs. 2a,b).

In order to maintain a realistic distribution of time-
averaged SST, we specify F,, in a similar fashion as in
(2.3) and (2.4). For non-Pacific regions,

Fp={KV*Ty — K(Ta — Tim) }.

(2.8)

-4

(2.10)
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For the Pacific region,
FmEAV‘ZS'V{ Tm} + J(Jh, {Tm})
g(Ta—{Tm})—xVZ{Tm} (2.11)

where the overbars denote time averages from decou-
pled integrations of the model atmosphere and ocean
and the {-} again denotes a time average over 10-
years of observations.

The geostrophic velocity in (2.6) is specified by solv-
ing a two-layer quasi-geostrophic (QG) ocean model,
originally developed by W. R. Holland and J. C. Chow
of the National Center for Atmospheric Research, ac-
cording to

) A
3 Vi, + J(¢1, Vi, + f) + L W
l
_ T e+ B (2.12)
poHl
3
— V2¢3 + J(ds, Vs + f) — ;’} w2
3
= ~1V2¢; + AV*¢; (2.13)

where
0
wy = L‘,’, {J(¢>1 = ¢3, ¢2) — = (1 — ¢3)} (2.14)
g at

_ H,¢3 + H3¢,
2 H, + H;

and where ¢; is the velocity streamfunction in layer i,
w, is the vertical velocity at the interface between the
layers, H; is the mean depth of layer i (1 km and 4 km
for layers 1 and 3, respectively), g” = gAp/p, = 0.02
m s~ is the reduced gravity based on the density jump
at the main thermocline, 4 = 1600 m?2s ™' is the lateral
diffusion coefficient, r = 10~ s ! is the bottom friction
(Ekman drag) coefficient, f = 29 sin(0) is the Coriolis
frequency, which allows 8 to be a function of latitude
6, and f, = 8.3 X 10~° is Coriolis frequency at midbasin.

The curl of the atmospheric wind stress, curl7, is
tuned as in (2.9) except that the uncoupled-mean curl
is completely removed so that

cur? = cppa| U, | [1.7(VH3 — VA3)].  (2.16)

The mean driving of (2.9) is contained in Fy, a residual
steady state forcing included to adjust the flow towards
a climatologically observed mean, defined by

Fi=J(¢1, V' + f) (2.17)

where ¢, indicates observed wintertime fields of dy-
namic height at the ocean surface relative to 2000 m
depth (Levitus 1982), converted to streamfunction and
the remaining notation is standard.

The horizontal geometry for (2.6), (2.12) and (2.13)
is discretized on a spherical 1° grid and is patterned
after the North Pacific basin, with an artificial boundary

(2.15)
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CONTOUR INTERVAL OF 7.5000

T0 142.59

CONTOUR FROM @,

CONTOUR INTERVAL OF 7.5eee0
and land values equal 2 X 1075 day ™. Values scaled by 107, Contour interval (CI, hereinafter) = 7.5.

T 182 58

CONTQUR FROM @

FiG. 1. Hemispheric fields of ground temperature heat exchange coefficient, K,, for (a) Cases A and B and (b) Cases C, D and E. Ocean values equal 2 X 1077 day ™!
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FIG. 2. Standard deviations of (a) zonal wind stress (Nt/m?, CI = § X 1072, dashed contours = 0.20), (b) meridional
wind stress ( Nt/ m?, same contouring as for zonal), and (c) wind-stress curl (N¢/m?, Cl scaled by 7.8 X 108, dashed contours
3.9 X 107"). Each field is derived from the 1800-day atmospheric model simulation in Case A. The stress fields are dominated
by a large-scale pulsating vortex in the northeastern Pacific. Monthly averaged versions of the pictured fields are fairly similar
in structure, although the standard deviations are reduced, typically to approximately one-third of the plotted values. Rms

meridional (a) and zonal (b) Ekman currents in m s~ are equal to the plotted stresses times 0.24. In all the Pacific basin
figures, “longitude” is referenced with respect to 120°W.
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imposed along 10°N. Along the boundaries the free-
slip condition V*; = 0 is enforced. The friction is
strong enough to extinguish any instabilities in.the
oceanic QG model.

Various diagnostics of the North Pacific flow pat-
terns, QG model response and SST response charac-
teristics were investigated for simulations in coupled
and uncoupled mode, but only a brief discussion of
those results is permitted here. Figure 3 shows the rms
SST distribution for uncoupled runs when the anom-
alous heat-flux forcing is shut off (7, = T,) in (2.6).
Rms values for SST anomalies generated solely by
variability of either geostrophic (Fig. 3a) or Ekman
(Fig. 3b) currents are 0.5°C rms, although the spatial
scale of the Ekman-driven anomalies is much larger
than those due to geostophic-current advection. Figure
4b shows the rms SST distribution when the ocean-
current fields are shut off (y3 = 0 and ¢; = 0) in (2.6)
and only anomalous heat fluxes from the 7, variability
(Fig. 4a) drive the anomalies. Figure 4c shows the rms
SST distribution when current-advection and heat
fluxes operate together in uncoupled mode. In coupled
mode (Fig. 4d), the ocean influences the atmosphere
to produce SST variations (reduced relative to the un-
coupled case) which are O(1°C), compared to ob-
served standard deviations of monthly averaged Jan-
aury SST which are 0.6°-0.9°C (Cayan 1980) in the
Pacific. The coupled model thus appears to be suitable
for exploring the impact of SST variablity on the theo-
retical predictability of the coupled atmosphere-ocean
system.

1

b. Coupling strategy

The flow of information between atmosphere, sur-
face temperature, and deep quasi-geostrophic ocean is
as follows. The atmosphere forces land-surface tem-
perature and non-Pacific sea surface temperature solely
through thermal exchange in (2.5), based on the am-
plitude of the atmospheric thermal (baroclinic)
streamfunction. The surface temperature fields influ-
ence the atmospheric baroclinic mode in (2.1)-(2.2)
through heat exchange. The atmosphere directly influ-
ences the North Pacific SST in (2.6) by thermal ex-
change and by Ekman-current advection. The atmo-
sphere also indirectly influences North Pacific SST by
its influence on geostrophic-current advection, since
the atmosphere directly forces the top layer of the quasi-
geostrophic Pacific Ocean flow in (2.12) via wind-stress
curl variability. The top-layer streamfunction of the
quasi-geostrophic ocean model advects the Pacific SST
field in (2.6). The Pacific SST field only indirectly in-
fluences the underlying QG currents insofar that it al-
ters the flow field of the overlying atmosphere. Since
each model component is forced by a steady space-
dependent forcing function, determined empirically
from either observations or uncoupled simulations, the
model climatologies are “close” to those which are ob-
served (Roads 1987a, 1989b).
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The atmospheric mode] variables in (2.1), (2.2) and
(2.5) are spatially resolved with triangular-21 spherical
harmonic representation. In physical space, the at-
mospheric variables ¥, and {3 are then spectrally
transformed to an approximately 5.5° Gaussian grid.
Since the Pacific Ocean model variables in (2.6), (2.12)
and (2.13) are resolved to 1°, whenever atmospheric
variables are required to determine oceanic forcing
functions, they are linearly interpolated from the 5.5°
transform grid to the Pacific Ocean grid. This is more
economical than transforming from spectral represen-
tation directly to a 1° grid. When Pacific Ocean SST
is determined, the T, values for Pacific grid points in
(2.6) are first smoothed, by averaging with a hexagonal,
7 by 7 grid with each point weighted equally, and then
substituted in the lower resolution atmospheric grid,
which resolves (2.5).

The atmospheric model is integrated with a 1-hour
time step. Once per day, the surface temperature field
is computed and the Pacific Ocean subroutine is called.
The QG currents and Pacific SST fields are then com-
puted with a computationally stable, 12-hour time step.
The land and non-Pacific surface-temperature field is
computed using a 1-day time step, which causes a spu-
rious 2-day, damped oscillation in land surface tem-
perature because the response time for land tempera-
ture, K,~' = 0.5 days, is less than the time step. Ana-
lytical solution of the finite-difference equations -for
fixed T, yields a land temperature response of the form
exp[~(nAt/Ky) + i(nAt)], where the effective value
of the land thermal exchange coefficient is K, = In(1
— K, Ar)/ At =~ (3 day) ™', for the 1-day time step. The
spurious oscillation in the land T, has an amplitude
of the order of the instantaneous value of (7T, — T},).
To explore the effect of this spurious oscillation, we
recomputed Case A with land temperature properly
resolved in time and found that it was climatologically
indistinguishable from the case with the spurious os-
cillation. To show the character of the spurious oscil-
lation, typical time series of air temperature (dashed)
and’land temperature (solid) at a location on North
America are shown in Fig. 5 for these two runs. The
character of the spurious oscillation is evident in the
solid line of Fig. 5a and is similar to the aforementioned
approximate analytical solution. Although the dashed
lines in Figs. 5a and 5b differ in detail because they
represent randomly selected time intervals from the
two different runs, the character of the air temperature
variability (dashed line) is similar for the two cases
and further suggests that there is no serious difference
between the air temperature variability over land be-
tween the two runs. Thus since the atmospheric re-
sponse to this 2-day (biurnal) land temperature vari-
ability is both weak and well resolved, there is minimal
impact (§4c¢) of this high frequency variability of land
T, on the predictability of the coupled system. Roads
(1989b) also discussed its negligible influence on other
low-frequency atmospheric events in Case A.






