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ABSTRACT

A low-order moist general circulation model of the coupled ocean—atmosphere system is reexamined to
determine the source of short-term predictability enhancement that occurs when an oceanic circulation is acti-
vated. The predictability enhancement is found to originate predominantly in thermodynamic processes involving
changes in the mean hydrologic cycle of the model, which arise because the mean sea surface temperature is
altered by the oceanic circulation. Thus, time-dependent sea surface temperature anomalies forced by anomalous
geostrophic currents in the altered mean conditions do not contribute to the dominant ocean—atmosphere feed-
back mechanism that causes the predictability enhancement in the model.

1. Introduction

The predictability time scales of two low-order cou-
pled midlatitude ocean-atmosphere models were com-
pared using measures from dynamical systems theory
in Nese and Dutton (1993, hereafter referred to as
ND93). In the first model (based on Lorenz 1984), a
baroclinic, quasigeostrophic atmosphere is coupled to
a thermodynamic ocean that generates sea surface tem-
perature variations driven solely by surface heat fluxes
(termed the ‘‘inert’’ ocean case in ND93). In the sec-
ond model, ND93 allow an oceanic circulation driven
by atmospheric wind stress to develop (the ‘‘active’’
ocean case). One conclusion of ND93 was that allow-
ing the simple gyrelike oceanic circulation to be driven
by the atmospheric model delivers about a 15% en-
hancement to the average error doubling time of the
atmosphere, compared to the same ocean—atmosphere
model with only air—sea heat fluxes.

It was intriguing to find such a considerable increase
in the predictability time scale of the coupled midlati-
tude system because ocean currents were apparently
responsible for the enhancement. One would have ex-
pected ocean currents to only weakly affect the pre-
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dictability time scales of the basic coupled model case
since it is generally acknowledged that air—sea heat
fluxes dominate the generation of SST anomalies in the
real midlatitude ocean (e.g., Cayan 1992).

We have extended the analyses of ND93 and have
thereby addressed the following questions in this paper.
First, which mechanisms in the model are responsible
for the predictability enhancement that occurs in the
active ocean case? For example, is the predictability
enhancement tied to midlatitude ocean—atmosphere
feedback involving SST anomalies? Second, to what
extent is the predictability enhancement identified in
the model realistic, and what do the model results sug-
gest about predictability enhancement in the actual
ocean—atmosphere system?

2. Persistence and predictability

Qualitatively, one might expect a thermodynami-
cally coupled ocean—atmosphere model to generate
thermal inertia that would enhance the predictability of
the system, compared to an uncoupled model. ND93
proposed that additional dynamic (as opposed to ther-
mal) inertia might be responsible for the predictability
enhancement in the active ocean case when they stated
that “‘if a circulation is permitted to develop in the
model ocean, then the additional inertia in the system
might further enhance predictability, in analogy with a
flywheel.”” In this section, we present new results on
quantifying these changes in persistence and predict-
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ability time scales (as defined in ND93) and identifying
the physics behind them.

In ND93, atmosphere—ocean states in the active
ocean case were shown to be more persistent, on av-
erage, than those in the inert ocean case (see Fig. 5 of
ND93). The persistence measure C(¢) used in ND93
is essentially a measure of phase space velocity; this
measure can be analyzed to determine the contribution
of each prognostic variable (atmospheric streamfunc-
tion ¥, atmospheric temperature 7, atmospheric total
dewpoint W, and oceanic temperature S) to the differ-
ence in persistence between the inert and active ocean
cases. These new calculations reveal that the atmo-
spheric moisture variable W accounts for nearly two-
thirds of the decrease in phase space velocity that oc-
curs when the oceanic circulation is activated. Thus,
differences in the hydrologic cycles in the models are
responsible for most of the increase in persistence in
the active ocean case.

In ND93, average predictability was expressed in
terms of Lyapunov exponents, which measure the di-
vergence of adjacent trajectories in a phase space hav-
ing as many dimensions as there are spectral coeffi-
cients in the model. The largest Lyapunov exponent
was 0.062 bits day ™' in the inert ocean case (corre-
sponding to an average error doubling time of about 16
days) and 0.052 bits day ' in the active ocean case
(corresponding to an average error doubling time of
about 19 days). The enhancement in predictability
quantified by the difference in the largest Lyapunov
exponent between the two cases [0.010 bits day ™’
= —(0.052 — 0.062) bits day '] represents a reduction
in the average divergence of adjacent trajectories in
phase space; that is, the perturbation vector identified
with the largest Lyapunov exponent grows at a smaller
average rate in the active ocean case than in the inert
ocean case.

Because the length of the perturbation vector is the
square root of the sum of the squares of each compo-
nent (and each component corresponds to a spectral
coefficient), the contribution of each spectral coeffi-
cient to the length of the perturbation vector can be
estimated at each time step using a linear differential
analysis. For each component, an average of its contri-
bution was computed over all time steps in which the
sum of the contributions (as derived from the linear
differential analysis) was within 5% of the actual
length of the perturbation vector. This procedure was
performed for both the inert and active ocean cases,
and the results were compared to determine the contri-
bution of each spectral coefficient (and thus each prog-
nostic variable) to the predictability enhancement in
the active ocean case. These contributions are given in
Table 1.

These results show that most of the predictability
enhancement in the active ocean case occurs in the at-
mospheric moisture variable W. Additional predict-
ability enhancement, almost half that attributable to W,
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occurs in the atmospheric streamfunction ¥, while at-
mospheric temperature contributes minimally to the en-
hanced predictability of the system. The negative value
for oceanic temperature S indicates that oceanic tem-
perature is actually less predictable in the active ocean
case. Thus, although predictability in the complete cou-
pled ocean—atmosphere system is enhanced in the ac-
tive ocean case, oceanic temperature is less predictable.

To examine the predictability results obtained in the
form of Lyapunov exponents, we have computed the
standard anomaly correlation coefficient for ¥, T, W,
and § for a 2-yr prediction period. A 1000-yr clima-
tological integration was run for both the inert and ac-
tive ocean cases. Every 20 years during these clima-
tological runs, the spectral coefficients were perturbed.
The perturbations were not random, but rather in the
direction in phase space corresponding to the local di-
vergence rate whose average is the largest Lyapunov
exponent. In magnitude, the resultant amplitude of the
perturbation in the height field was 2-m global rms and
in the T, W, and § fields 0.5°C global rms. The per-
turbed initialized fields were then integrated forward
for 2 years. Thus, the ensemble of cases consists of 50
2-yr control (climatological) and perturbed integra-
tions.

The ensemble means of the anomaly correlation
measure for ¥, T, W, and S for the inert and active
ocean cases, shown in Fig. 1, confirm the Lyapunov
exponent results: atmospheric total dewpoint, atmo-
spheric streamfunction, and atmospheric temperature
are more predictable in the active ocean case, while
oceanic temperature is more predictable in the inert
ocean case.

Because predictability enhancement in the model is
linked to changes in the moisture field in the model,
a few comments concerning the simplified represen-
tation of moisture in the model are appropriate. In an
attempt to circumvent difficulties typically associated
with a spectrally truncated representation of the radi-
ative and thermodynamic processes in a moist atmo-
sphere, Lorenz (1984 ) chose that the prognostic mois-
ture variable in the model would represent total water
content, not water vapor content; Lorenz (1984 ) calls
this variable ‘‘total dewpoint,”’ defined as the value
the dewpoint would acquire if all the liquid water were
converted to vapor. A diagnostic equation is used to
specify how much of the total water is vapor and how
much is liquid. The underlying ocean exchanges water
with the atmosphere through simplified representa-
tions of precipitation and evaporation; the exchanges
are proportional to differences between the atmo-
spheric water vapor mixing ratio and mixing ratios
based on W and S. The extent to which this simplified
and somewhat unique approach to the representation
of a moist atmosphere is responsible for the predict-
ability enhancement is not addressed here and remains
to be explored.
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TaBLE 1. Distribution of predictability enhancement (in bits day™') in the active ocean case among the individual spectral coefficients
(positive value indicates enhanced predictability in the active ocean case). The total enhancement is approximately 0.01 bits day™'; that is,
the largest Lyapunov exponent in the active ocean case is 0.01 bits day™' less than in the inert ocean case.
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v, 0.001930 W —0.000745
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0.000606 —0.001660

3. The role of SST anomalies and changes in mean
SST

We next inquire whether the addition of an oceanic
circulation affects variable surface heat fluxes (via al-
tered SST anomalies) to produce the enhancement in
predictability, and/or whether a shift in the mean heat
flux (via an altered mean SST) is somehow responsi-
ble. Note that the representations of the exchanges of
sensible and latent heat across the ocean—atmosphere
interface are similar to those used for the exchanges of
water. Briefly, these fluxes are proportional to the dif-
ferences of the appropriate quantities across the inter-
face, with the same factor of proportionality k used for
all exchanges. A time constant of 5 days was chosen
as the value of 1/k.

The ocean circulation model in ND93 is the rigid-lid
barotropic vorticity equation for a single constant depth
layer [cf. Pedlosky (1975), who invoked a similar
model of ocean current advection]. In this model, mean
and fluctuating geostrophic currents are calculated as a
function of space and time, driven by the curl of the
atmospheric wind stress. Since the low-order ocean
model has a rigid lid, the oceanic vorticity waves occur
as fast barotropic waves with basin scale. These baro-
tropic waves have never been shown to generate SST
anomalies in the real ocean, and, considering the fast
time scales (a few days) and small velocities (a few
mm s ') associated with observed fluctuating open-

ocean geostrophic barotropic currents, it is unlikely that

such currents could be capable of doing so, particularly
over time scales of weeks. In the model, however, the
rms amplitude of SST variability increases from 0.25°C
in the inert ocean case to 0.36°C in the active ocean
case. In spite of this increase, the results discussed in
section 2 indicate that time-dependent SST anomalies
(and the associated ocean—atmosphere feedback) do
not play a substantial role in the predictability enhance-
ment that occurs in the active ocean case of ND93.
Indeed, the SST anomalies themselves are less pre-
dictable in the presence of these geostrophic currents
than their solely heat-flux-forced analogues (Table 1).

In contrast, it is evident that the shift in the mean
model SST (Figs. 2d and 4 in ND93) and the com-
mensurate shift in atmospheric surface temperature
(Fig. 6 in ND93) are tied to the increase in predictive

time scale. The decrease in the north—south atmo-
spheric thermal gradient (Fig. 6 in ND93) reflects a
reduced mean potential energy upon which the atmo-
spheric transients may feed. In addition, the more per-
sistent atmospheric flows in the active ocean case,
when interpreted in light of the change in the mean SST
(that is, the undulation that appears in the average SST
field in the active ocean case), suggest that a type of
“‘thermal anchoring’’ is occurring in the model in the
active ocean case, an analogy of how real atmospheric
waves are anchored by topography and land—ocean
boundaries. However, the undulations in mean ocean
surface isotherms seen in the active ocean case are
somewhat exaggerated compared to reality, so the ef-
fect of this anchoring on predictability in the model is
also likely somewhat exaggerated.

4. Effect of a model alteration

As this manuscript was in progress, the authors be-
came aware (A. Fournier 1995, personal communica-
tion) that an error had been discovered in the original
model code used by Lorenz (1984) and subsequently
ND93. The discrepancy involves a factor of 1 + \ in
one coefficient of the spectral form of one of the dif-
ferential equations, in which X\ is the static stability pa-
rameter in the model. With the revised code, the inert
ocean case in ND93 (which is Lorenz’s original model)
no longer exhibits chaotic behavior at Lorenz’s refer-
ence parameters of A = 0.2 and T§ = 273 K (7§ spec-
ifies the magnitude of the globally averaged solar forc-
ing in the model).

Stewart (1996) has determined that one effect of re-
vising the model code is to shift the chaotic regime of
the model to larger values of the static stability param-
eter. He reports that chaotic behavior occurs in the re-
vised model for A = 0.215 and values of T¢ near 276.5.
We found that choosing X = 0.215 and T§ = 276.4
yields chaotic solutions with globally averaged air and
ocean temperatures of the same magnitude (about 288
K) and variabilities as those found in the simulations
reported in ND93. Thus, to determine whether our pre-
dictability results are robust under this model alteration,
we chose these values of X and T, and recalculated
the Lyapunov exponents in both the inert and active
ocean cases.
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FiG. 1. Ensemble mean of anomaly correlation coefficient for (a) atmospheric total dewpoint W,
(b) atmospheric streamfunction ¥, (c) atmospheric temperature 7, and (d) oceanic temperature S.

The nine largest Lyapunov exponents of the revised
model are given in Table 2 (for comparison, the nine
largest Lyapunov exponents for the inert and active
ocean cases using the original code are repeated from
ND93). Once again, predictability is enhanced when
the oceanic circulation is activated, although the en-
hancement is greater than in the original model of
ND93. We then recomputed the contribution of each
spectral coefficient to the predictability enhancement.
Table 3 is like Table 1, but for the revised code. Com-
paring Tables 1 and 3 shows that even after the model
alteration, the moisture variable W dominates the pre-
dictability enhancement once the oceanic circulation is
activated, while the atmospheric streamfunction is sec-
ond in importance. Again, atmospheric temperature
also contributes minimally to predictability enhance-
ment in the revised code. Oceanic temperature, as in
the original model, is less predictable once the oceanic
circulation is activated.

To evaluate the robustness of these results with re-
spect to variations in the solar forcing, we repeated
these predictability experiments for both the inert and
active ocean cases using A = 0.215 and values of Tg
of 276, 276.25, and 276.5 (these values of the globally
averaged solar forcing produce chaotic solutions with
globally averaged atmospheric temperatures of approx-

imately 280, 285, and 290 K, respectively). For all
these choices of T, the active ocean case is more pre-
dictable, with the enhancement ranging from a mini-
mum of 10% for T¢ = 276 to a maximum of 75% for
T = 276.5. Thus, we conclude that the predictability
enhancement in the revised model is robust at realistic
choices of the solar forcing parameter.

5. Concluding remarks

In ND93, techniques were introduced for quantify-
ing predictability in models of the climate system.
These techniques were applied to a pair of low-order
ocean—atmosphere models to demonstrate that the pre-
dictability of a coupled model is enhanced when an
atmospherically driven oceanic circulation is permitted
to develop.

We conclude that, in this model, the increased pre-
dictability of the active ocean case is generated pre-
dominantly by thermodynamic processes involving the
hydrologic cycle, which arise because the mean SST is
altered by the oceanic circulation. The wavelike struc-
ture of the mean SST field in the active ocean case
provides a boundary condition with spatial variations
that slow both the growth of perturbations and the
phase space velocities of the variables, creating a more
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TABLE 2. The nine largest Lyapunov exponents of the inert and
active ocean cases for the original code used in ND93 and the revised
code. Units are bits day "

Original code Revised code

Inert Active Inert Active
o 0.062 0.052 0.073 0.046
V2 0.004 0.005 0.006 0.001
Y3 0.000 0.000 0.000 0.000
V4 -0.002 —-0.006 —-0.004 —-0.009
Vs —-0.010 —-0.015 -0.025 —0.031
Ve —-0.022 —-0.028 -0.037 -0.045
Y7 -0.032 -0.035 —0.045 —0.057
Vs -0.041 —0.041 -0.050 -0.070
Yo —0.052 —0.053 —0.060 —0.085

predictable atmosphere as well as a more predictable
ocean-atmosphere system and, surprisingly, a more
chaotic SST. Increased persistence of atmospheric
flows in the active ocean case, probably as a result of
enhanced thermal anchoring of atmospheric waves,
suggests that the wavy structure of the mean model SST
in the active ocean case is directly linked to the change
in predictive time scale.

Because the prognostic variable responsible for most
of the predictability enhancement is atmospheric total
dewpoint, one must ask whether the enhancement is an
artifact of the simplified formulation of moisture in the
model. It is unclear whether better-resolved models,
with more realistic moisture and oceanic circulation
representations, will exhibit a similar predictability en-
hancement.

The effects of anomalous geostrophic current advec-
tion on midlatitude SST anomalies and subsequent
ocean—atmosphere feedback were not the dominant
cause of predictability enhancement in the model of
NDO93 over time scales of a few weeks. Indeed, geo-
strophic current anomalies acting on the SST are un-
likely to be an important oceanic mechanism for alter-
ing air—sea thermal feedback, though oceanic vertical
mixing variations and large-scale Ekman current ad-
vection may be (cf. Frankignoul 1985). Thus, although
the simple system discussed in ND93 is interesting in
its own right, and although the atmospheric and oceanic
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patterns in the model agree (qualitatively and some-
what quantitatively) with observations of the actual
ocean—atmosphere system, the applicability of the re-
sults regarding predictability must be kept in perspec-
tive when considering the real ocean—atmosphere
system.

Though time-dependent midlatitude SST anomalies
fail to exhibit a dominant effect on enhancing pre-
dictability of the ocean—atmosphere system in the
simple model of ND93, an important effect of gyre-
scale circulation is nonetheless made manifest in the
results, particularly with respect to annual and longer
time scales. Since the mean SST field is partly con-
trolled by the presence of large-scale oceanic gyres,
in both this model and in nature, the model results
show that changes in gyre-scale oceanic flows can re-
sult in significant changes in the atmospheric hydro-
logic cycle and, hence, the atmospheric climate.
Large-scale changes in wind-forced oceanic gyres
have been diagnosed in the Atlantic and Pacific
Oceans over interannual time scales (Sekine 1988;
Trenberth 1991; Greatbatch et al. 1991; Miller et al.
1996), and the ND93 model results suggest that the
surface signature of these geostrophic circulation
changes may couple back to large-scale atmospheric
circulation regime changes through ocean—atmo-
sphere feedback on the gyre scale. By using the dy-
namical systems diagnostic techniques of ND93, one
is able to follow the influence of mean SST changes
on the water cycle and eventually on the mean atmo-
spheric state and its resultant intrinsic variability on
weekly and annual time scales.

The use of simplified coupled ocean—atmosphere
models, such as the one explored here, is essential for
unraveling the complexities of short-term coupled in-
teractions in the midlatitudes. Studies of these mecha-
nisms have invoked systems ranging from the low-or-
der models of Palmer (1993) and Lorenz (1984)
through the moderate complexity models of Salmon
and Hendershott (1976), Roads (1989), Miller and
Roads (1990), Phillips (1992), Alexander (1992a,b),
Gallimore (1995), and Tokioka et al. (1992). All the
models simplify some aspects of the feedback mecha-
nisms of the complete coupled ocean—atmosphere sys-
tem. It is important when discussing and analyzing such

TABLE 3. Distribution of predictability enhancement (in bits day™') in the active ocean case among the individual spectral coefficients
(positive value indicates enhanced predictability in the active ocean case) for the revised model. The total enhancement is about 0.026 bits

day™'.

W, 0.000767

¥, 0.003155 W, 0.007178

¥, 0.002306 W, 0.006818

¥, 0.000153 W;  0.000809

v, 0.000204 W, 0.001033

Ts 0.000164 Ws  0.000830

U, 0.001117 W 0.000411
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T,  0.000037 So  —0.000001
Ty 0.001665 S, —0.000300
7,  0.002072 S, —0.000912
T4 0.000118 §3  —0.000021
T, —0.000461 Ss  —0.000136
Ts —0.000245 S5 —0.000055
Ts —0.000042 Se  —0.000022

0.003144 —0.001447
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models to identify as clearly as possible the mecha-
nisms that cause the effects that are exposed by the
analyses, as the dynamical systems approach of ND93
is capable of doing.
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