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ABSTRACT

Results from a set of 2- and 3-mode quasi-geostrophic simulations are used to estimate the predictability
time scale of a Gulf Stream-like flow and investigate the sensitivity of the predictability time scale to changes
in model vertical resolution. For this study, two simulations, which differ initially by a specified “small” amount
diverge from each other with a doubling time of approximately 16 days for simulations that are resolved by 2
modes and 13 days for simulations that are resolved by 3 modes. On average, higher vertical modes have longer
predictability time scales. A spectral analysis of the differences in streamfunctions between a control simulation
and a simulation with perturbed initial conditions shows that higher modes have shorter horizontal scales of
maximum growth, and the horizontal scale of maximum growth expands at later times for the baroclinic flow.
An error energetics budget is calculated to show that transports of error kinetic and error potential energies are
initially responsible for exponential error growth of the difference fields. After sufficient buildup in the error
potential energy, the conversion between error potential and error kinetic energies becomes as important as the

transport terms in the error energy budget.

1. Introduction

Given precise knowledge of all boundary forcing and
an exact knowledge of the governing physics for ocean
flow, it is not possible to produce a numerical forecast
that is accurate out to an indefinite time. Small errors
in the initial state, due to either observational error or
imprecise knowledge of the small-scale structure
needed for model initialization, will amplify in a nu-
merical simulation due to nonlinear interactions. Thus,
there is an inherent time limit to the usefulness of a
numerical forecast. This limit is sometimes referred to
as the predictability time scale.

The study of predictability in atmospheric science
has been concurrent for the past two and a half decades
with research and advances in numerical weather pre-
diction. Efforts in ocean prediction are much more re-
cent and have been confined to limited domains. For
example, see the works of Robinson et al. (1986) and
Rienecker et al. (1987) for prediction studies in the
California Current System, and Robinson et al. (1988)
for a study in the Gulf Stream Extension region. For
these, and future ocean prediction experiments, a
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measure of predictability is an important estimation
of how long confidence can be maintained in a nu-
merical forecast.

For the atmosphere, three approaches have been
used to estimate predictability limits. The first ap-
proach, sometimes referred to as an analogue approach,
uses historical data to measure the time required for
two nearly identical observed states to diverge from
each other until they are as different from each other
as any two states chosen randomly from the past. In
attempting to determine the predictability of the at-
mosphere using this method, Lorenz ( 1969) was unable
to find two nearly identical observed states from anal-
yses of five years of upper air geopotential height fields.
His investigation relied on what he termed as “medi-
ocre analogues™. Lorenz estimated a probability that
once every 140 years the atmosphere would produce
two analogous states. A second approach uses numer-
ical models to measure the time it takes for two sim-
ulations, whose initial conditions vary by some small
random perturbation, to become as different from each
other as two states chosen randomly from the model
population. The third approach relies on statistical
closure theories to estimate a predictability time scale
by use of an assumed relationship between the spatial
scale of energy transfer and error growth in a model.
Present estimates of atmospheric predictability is about
two weeks with errors in the initial conditions doubling
about every 2.5 days.

Here, theoretical predictability time scales are esti-
mated for a midlatitude quasi-geostrophic (QG) ocean
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using the second method described above (sometimes
referred to as an “identical twin> experiment). The
model parameters and forcing are chosen such that the
solution is characteristic of Gulf Stream-like flow. In
an earlier study for flow analogous to the Antarctic
Circumpolar Current, McWilliams and Chow (1981)
investigated the growth of small errors in the initial
streamfunction field in a 3-layer QG model. Their study
estimates an error doubling time of approximately 13
days for that flow. However, that estimate is based on:
a relatively small number (3) of simulations. This study
will consider a larger number and wider range of initial
conditions and will investigate the effect of vertical res-
olution on model estimates of ocean predictability.

2. The model

The numerical model used in this study is the QG
modal model described by Flierl (1978) and it is only
briefly presented here. The prediction equation for the
amplitude (o) of the kth vertical mode is
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where ), ~! is the square of the deformation radius for
mode k, Fi(z) is the nondimensional modal profile
derived from the Sturm-Liouville eigenfunction equa-
tion:
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N(z) is the average Brunt-Viisild frequency profile
for the domain, H is the undisturbed depth of the fluid,
Jo is the value of the Coriolis parameter at the central
latitude, 8 is the variation of the Coriolis parameter
with latitude, V? is the horizontal Laplacian operator,
J is the Jacobian operator, B and » are the horizontal
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and vertical diffusion coefficients and Wey e 1S the ver-
tical velocity at z = 0.

The N(z) profile that uniquely determines the ver-
tical modes in these simulations is a digitized version
of the average MODE profile from Millard and Bryden
(1975). The N(z) profile is shown in Fig. 1 along with
the profiles of the barotropic and first two baroclinic
modes. The deformation radii for the first two baro-
clinic modes are 43 and 20 km, respectively. In the
following, the barotropic and first two baroclinic modes
will sometimes be referred to as modes 0, 1 and 2,
respectively. ,

The domain used in these simulations is 2000 km
square in the horizontal, centered along 35°N and is
5300 m deep. The value of 8is 2.0 X 107! m™" s™!,
The horizontal resolution is 20 km, and each simula-
tion is spun up from rest with a wind stress given by

= —70c V.
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where L is 1000 km (y = 1000 km is the center of the
domain) and 7 is 107 m? s 2. The value of Wyyrface is
calculated as an Ekman w from the curl of the wind
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FIG. 1. Average Brunt-Viisild profile (dashed line) for MODE
region from Millard and Bryden (1975) and the profiles of the first
three vertical modes. The dimension for the Brunt-Viisili profile is
cycles per hour, and the modal profiles are dimensionless, but share
the same scale as N(z).



NOVEMBER 1989

stress. The details of the numerics for solution of (1)
can be found in Adamec (1988). The effects of time-
varying forcing and errors in the surface forcing are
not considered here.

Two predictability experiments are conducted for
this study. In both cases, a control simulation is spun
up for 3000 days to model statistical equilibrium, i.e.,
subsequently, on the average, energy input by surface
forcing is balanced by dissipation. The simulation is
extended for an additional five years and the stream-
function field is archived every five days. A predict-
ability simulation is performed by retrieving an ar-
chived streamfunction at some time and adding, to
each mode, a random perturbation with zero mean
and a maximum amplitude equal to 2% of the average
temporal standard deviation of that mode. The pre-
dictability simulation is then integrated for 300 days.
Each predictability experiment contains 39 predict-
ability simulations with initial conditions derived from
the control simulation starting at day 3000 and suc-
ceeding 40-day intervals. The first experiment is for
flow that is resolved by the barotropic and first baro-
clinic mode only. The second experiment is similar to
the first, but includes the effects of an additional baro-
clinic mode.

3. Reference flow: Stability and eddy time scales

Nonlinear interactions are ultimately responsible for
limiting predictability. A linear stability analysis of a
representative flow is used to provide some insight into
the sensitivity of nonlinear interactions to changes in
model vertical resolution and to anticipate the spatial
and time scales which are likely to be relevant to the
growth of errors in the simulations. In addition, a time
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FIG. 2. Meridional transect of the amplitude of zonal velocities
for the 2-mode control simulation at day 4480. The solid line is the
barotropic mode and the dashed line is the first baroclinic mode.
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scale for the eddy flow is estimated from the global
mean energetics for comparison with the time scale of
growth of the initial errors in the predictability exper-
iments.

a. Stability analysis

A linear stability analysis analogous to the one used
by Haidvogel and Holland (1978), is used to study the
horizontal structure (in the y-z plane) of the most un-
stable wave (propagating in the x-direction) for an as-
sumed reference flow. For this study, the horizontal
structure of a growing perturbation
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for all modes ». Here, the zonal wavenumber is k, and
i is the square root of —1. The solution assumes ¢, is
zero on the boundaries.

For this study, the reference flow is a meridional
transect taken along x = 400 km from the 2-modal
control simulation at day 4480 (not shown, see Fig. 5
for an example of this jet at a particular time). This
particular transect was chosen because the jet extending

~ from the western boundary was predominantly zonal.

This analysis is stil appropriate for nonzonal jets, the
orientation of the unstable structure merely changes
accordingly. The y-dependence of the amplitude of the
zonal velocity for each of the modes is shown in Fig.
2. For this flow, the two modes are, for the most part,
in phase and have maximum speeds and shear near
the center of the domain. The maximum speed is 0.4
m s ™! eastward for each mode. The areas of westward
recirculation on either side of the eastward jet are
stronger on the cyclonic side of the jet, especially for
the baroclinic flow.

The structure of the most unstable wave for this ref-
erence flow is shown in Fig. 3. The growth in ¢ occurs
predominantly in the first baroclinic mode at this hor-
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FIG. 3. Real part of the eigen-structure for the most unstable wave:
(a) the barotropic mode in a 2-mode calculation, (b) the first baro-
clinic mode in a 2-mode calculation and (c) the second baroclinic
mode in a 3-mode calculation.

izontal scale. The eigenfunctions presented are scaled
for plotting purposes. The amplitude of the baroclinic
eigenfunction is O(10*) larger than the barotropic ei-
genfunction. This dominance of the baroclinic struc-
ture is sensitive to the magnitude of the horizontal fric-
tion coefficient and the horizontal friction parameter-
ization used. (The analysis also showed that the
amplitude of the barotropic eigenfunction becomes
dominant at longer spatial and temporal scales.) As in
Haidvogel and Holland (1978), the instability is con-
fined to the area in the immediate vicinity of the east-
ward jet. The zonal scale of the most unstable wave is
286 km, which is close to 2« times the deformation
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radius of the first baroclinic mode. The exponential
growth time scale for these waves is 3.6 days.

A similar stability analysis for the same reference
flow was performed with N, = 2, but keeping Np = 1.
Many of the properties of the N, = 1 calculation are
also evident in the N, = 2 calculation. The wavelength
of the most unstable wave is the same and the instability
is predominantly manifest in the first baroclinic mode.
The structure of the eigenfunction (not shown) of the
first baroclinic mode is indistinguishable from the pre-
vious calculation. The amplitude of the barotropic
component of the eigenfunction is approximately 50%
smaller than that for the N, = 1 calculation, but its
horizontal structure is unchanged. The amplitude of
the second baroclinic component of the eigenfunction
(Fig. 3) is similar to the barotropic component at this
scale. For this reference flow, the horizontal structure
of the vertical mode of the most unstable wave becomes
more closely confined to the region of the eastward jet
as the mode number increases. While this may not be
a general result, it is consistent with the notion that
the nonlinear interactions are exchanging energy at
horizontal scales directly proportional to the defor-
mation radius. The exponential growth rate of the in-
stability shortened to 2.9 days in the N, = 2 calculation
indicating that the extra baroclinic structure is more
conducive to instability. Further calculations increasing
N, to 3 and 4 did not change the growth rates from
the N, = 2 results. Hua and Haidvogel (1986) found,
for homogeneous flow, that the horizontal structure of
instabilities became crudely established for flow trun-
cated at 3 vertical modes, but the maximum growth
rate at 5 modes truncation had not converged to the
growth rates of a 20 mode truncation. For this reference
flow, the maximum growth rate appears to converge
for a 3 mode truncation.

Similar calculations using a reference flow with Np
= 2 did not change the qualitative nature of these re-
sults. The wavelength of maximum instability is the
same as in Np = 1 calculations. Reducing N, from 2
to 1 lengthens the exponential growth period. Setting
N, to 3 and 4 had little effect on the growth rates for
a flow with Np = 2.

The linear stability analysis indicates some sensitivity
to vertical resolution, and that sensitivity may be man- -
ifest in the difference between 2- and 3-mode calcu-
lations. Although there were only minor changes in
horizontal structure, perturbation growth can be ex-
pected to be more rapid, at least initially, in the 3-
mode experiment. Because the stability analysis is valid
for “small” perturbations and ignores zonal variations
in the reference flow, further anlaysis is reserved for
the numerical results presented in section 4.

b. Eddy time scales

The global energy diagrams for the 2- and 3-mode
experiments are shown in Fig. 4. The modal formu-



NOVEMBER 1989

1.03

0.01 ¢ K N 0.14
/ 1.39 0.67 5.10 \
0.11 0.74
0.23 0.23
ﬁ 0.23 P
30.51 6.00
1.09
0.03 ¢ I_( K > 0.23
/ 0.83 0.54 5.52 \
0.06 0.77
0.47 0.47
I—) 0.47 P
7.71 7.40

FiG. 4. Global energy diagrams of the mean energy transfers for
(a) the 2-mode experiment and (b) the 3-mode experiment. The
overbar refers to a time mean, the prime refers to a deviation from
the time mean, K is kinetic energy and P is potential energy. The
horizontal arrows out of K and K’ represent horizontal dissipation.
The downward pointing arrows represent bottom dissipation. The
arrow pointing into K is generation due to wind stress curl. The
values of the energies are in units of J m™=3, and the transfers are in
units of 107¢J m™3s™!,

lation easily allows the partition of energy and the en-
ergy conversion processes into modal components.
These partitions are (with mode O given first and mode
1 second): 35.1% and 64.9% for the mean kinetic en-
ergy; 55.3% and 44.7% for the eddy kinetic energy; 0%
and 100% for the mean and eddy potential energies;
26.3% and 73.7% for the transfer of mean to eddy ki-
netic energy and 100% and 0% for the eddy potential
to eddy kinetic energy conversion. Of particular interest
is the conversion to eddy kinetic energy through the
barotropic ( K — K') and baroclinic (P’ = K’) insta-
bility mechanisms. In the 2-mode experiment, the ma-
jority of the eddy kinetic energy is being converted
from the mean flow through barotropic instability,
nearly three times the amount converted through
baroclinic instability.

Given totals for energy and the conversion processes,
and the partition of each between modes, it is possible
to calculate representative time scales associated with
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the conversions to eddy kinetic energy by isolating
changes in eddy kinetic energy due to flow instabilities:

1 K [K = K'] + [P — K']
Ko K K
The term on the lhs of (7) is an inverse time scale
related to the total instability process, the first term on
the rhs is the inverse time scale related to barotropic
instability and the second term on the rhs is the inverse
time scale for baroclinic instability. The time scales
relevant to the total and mode by mode eddy kinetic
energy conversions are given in Table 1. From Table
1, the characteristic time scale for mode 1 is much
shorter than the time scale for mode 0, and barotropic
instability necessarily is responsible for that time scale.
The time scale for the mode 0 is governed more by
baroclinic instability than by barotropic instability in
this experiment.

In the 3-mode experiment, the partition of energies
and energy transfers are (numbers are for modes 0, 1
and 2, respectively): 19.9%, 65.6% and 14.5% for the
mean kinetic energy; 48.0%, 49.3% and 2.7% for the
eddy kinetic energy; 0%, 81.2% and 18.8% for the mean
potential energy; 0%, 99.3% and 0.7% for the eddy po-
tential energy; 13.5%, 70.7% and 15.8% for the transfer
of mean to eddy kinetic energy and 64%, 36% and 0%
for the eddy potential to eddy kinetic energy conver-
sion. In this experiment, baroclinic instability is nearly
as important as barotropic instability. The increased
baroclinic instability in the 3-mode experiment is due
to the additional vertical shear resolved by the second
baroclinic mode. The total transfer to eddy kinetic en-
ergy is 13% larger in the 3-mode experiment compared
to the 2-mode experiment. As in the 2-mode experi-
ment, a representative time scale for the instability
processes can be calculated. The results from those cal-
culations are also presented in Table 1. The major dif-
ference from the 2-mode experiment, as might be ex-
pected, is the increased importance of baroclinic in-

. (7)

TABLE 1. Inverse time scales of the eddy flow related to the total,
barotropic and baroclinic instability processes for each mode for both
the 2- and 3-mode experiments.

Time scale (days)
Conversion 2 Modes 3 Modes
Eddy kinetic (Total) 66 63
K — K’ (Total) 189 118
P — K’ (Total) 142 136
Eddy kinetic (Mode 0) 81 82
K — K’ (Mode 0) 189 420
P'— K' (Mode 0) 142 102
Eddy kinetic (Mode 1) 54 57
K — K' (Mode 1) 54 82
P’ — K'(Mode 1) —_ 105
Eddy kinetic (Mode 2) —_ 10
K — K' (Mode 2) —_ 10
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stability in the eddy kinetic energy time scale. This is
especially true for mode 1 where barotropic and baro-
clinic instability processes are about equal. The time
scale for mode 2 is shorter than that for mode 1, which
is shorter than that for mode 0. The representative time
scale of the total instability is comparable in the two
experiments, which is different from the linear stability
analysis where the time for the instability in the 3-
mode experiment is shorter than that for the 2-mode
experiment.

4. Numerical results

The time-averaged streamfunction for the long in-
tegrations described in section 2 are double gyre systems
typical of these rectangular domain calculations. (See
Holland 1978, for examples of these flows.) An intense
eastward jet extends out from the western boundary at
the latitude where the wind stress curl vanishes, and
there are intense western boundary currents associated
with an anticyclonic (cyclonic) gyre to the south
(north). Away from the boundaries and the eastward
jet, the flow is in Sverdrup balance.

The temporal evolution of the surface streamfunc-
tion of one of the 2-mode control and predictability
simulations is shown in Fig. 5. Initially, the control
(no perturbation added) and the experimental stream-
function are indistinguishable. After 50 days, the sur-
face streamfunction fields are still very similar, how-
ever, the difference field is organized into horizontal
scales ~ 100 km, near the eastward jet. The location
of the largest differences is consistent with the linear
stability analysis previously discussed. At day 100, the
differences are organized into still larger scales, ~200
km, and the larger differences are beginning to extend
away from the immediate vicinity of the jet. Also, there
is a discernible difference in the two surface stream-
function fields. For example, the control simulation
has a closed circulation south of the eastward jet near
x = 500 km, whereas the predictability simulation has
a deep meander that has yet to separate from the jet
at that location. By day 300, the surface streamfunc-
tions are noticeably different from and the difference
field is very well organized with horizontal scales near
500 km though the larger differences are still located
near the jet.

a. Root-mean-square differences

The ensemble average (over space) of the rms dif-
ferences in streamfunction amplitude between the
control and predictability simulations are compared
with the differences between the control simulation and
persistence forecasts for each mode in Fig. 6. Rms sta-
tistics were calculated for three localized areas using
the western half of the basin only: the jet area from y
= 900 to 1100 km and the recirculation areas from y
= 700 t0 900 km and y = 1100 to 1300 km. The global
statistics prove to be very robust in that the rms dif-
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ferences in these three regions mimic the global results.
For both experiments, the rms difference between the
persistence forecast and the control simulation grows
rapidly and reaches a maximum value after about 20
days and remains at that value for the remainder of
the experiment. The 2-mode identical twin experiment
maintains a nearly constant small difference for about
30 days. The rms differences then grow exponentially
with a doubling time of 15.6 and 16.3 days for the
barotropic and first baroclinic mode, respectively. The
3-mode experiment is similar to the 2-mode experi-
ment, except that the duration of constant small dif-
ference is only about 20 days, and the doubling times
during exponential growth are 12.6, 12.9 and 14.1 days
for the barotropic, first baroclinic and second baroclinic
mode, respectively. Interestingly, the numbers for the
3-mode experiment are similar to the doubling rates
from the McWilliams and Chow (1981) study of the
Antarctic Circumpolar Current. The shorter doubling
times in the 3-mode experiment is consistent with the
increased instability activity noted in the global ener-
getics and the shorter growth time scales noted in the
3-mode stability analysis.

The saturation error for the two gravest modes does
not change much between the 2- and 3-mode experi-
ment. By day 200 in the 2-mode experiment, and by
day 160 in the 3-mode experiment, the identical twin
simulations are as different from the control simulation
as they are from the initial conditions. It is interesting
that the higher modal differences have longer doubling
times, which is the opposite to the expected behavior
from analysis of Tables 1. However, the computations
in those tables do not take into account dissipation
effects, which may be working to extend difference
doubling times in the higher modes. A further analysis
of time dependent energetics is given later in the
manuscript.

Alternate calculations of rms energy and vorticity
differences and pattern correlation of the streamfunc-
tion differences give the same results as the stream-
function analysis and will not be presented. For the 2-
mode experiment, a predictability time scale of 200
days can be inferred. If the initial adjustment to the
random perturbation is not included, the predictability
time scale is reduced to 170 days. The predictability
time scale of the 3-mode experiment is about 40 days
shorter. _

A smaller number ( 10) of 2-mode simulations were
performed with initial perturbations 5 times larger in
amplitude than the simulations described above. The
larger initial perturbation shortened the duration of
constant small difference from 30 days to about 10
days, but did not affect the doubling rate during the
exponential growth phase. ‘

Although most of the simulations exhibited growth
rates similar to ensemble average results, some of the
simulations did exhibit longer (about 200 days) or
shorter (about 100 days) predictability time scales.
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FIG. 5. Temporal evolution of the surface streamfunction for the 2-mode control simulation (left column), corre-
sponding predictability simulation (middle column) and the difference field (right column) for days 0 (top row), 50
(second row), 100 and 300 (bottom row). The contour interval is 0.5 m? s, negative values are dashed.

There were no obvious precursors in the streamfunc-
tion field that would indicate that certain initial con-
ditions have either low or high predictability. The high
or low predictability simulations occurred for the full
range of low to high initial kinetic energy, initial po-
tential energy and initial eddy kinetic energy levels.

b. Spectral analysis

Spectra of the differences in modal amplitude be-
tween the control and predictability simulations for
the 3-mode experiment are shown for each mode as a
function of time and horizontal wavenumber in Fig.
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FIG. 6. Time series of the average rms difference in the amplitude
of the modal profile for (a) the 2-mode experiment and (b) the
3-mode experiment. The rms differences from the predictability ex-
periment are the dashed lines and the rms differences from a persis-
tence forecast are the solid lines. The barotropic amplitudes are the
thinnest lines, the first baroclinic modes are the middle thick lines
and the second baroclinic modes are the thickest lines.

7. The differences are plotted for total wavenumber as
a two-dimensional Fourier decomposition showed the
difference fields to be virtually horizontally isotropic.
Separate subregion Fourier decomposition was also
performed to check for effects due to the nonhomo-
geneity of the differences. As with the rms differences,
there is little effect due to nonhomogeneity as the dif-
ferences near the jet dominate the global statistics.
There are several interesting features of the spectra for
the first 25 days of this experiment. The error, which
is white at day 0, initially grows fastest across a range
of preferred wavenumbers dependent on the mode
number, so that near day 25 there are “pools” of max-
imum difference for each mode. For the barotropic
mode, the pool is between wavenumbers 0 and 5, with
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a maximum near waves 2 and 3. The first baroclinic
mode has a pool between waves 4 and 10 with a max-
imum near wave 5, and the second baroclinic mode
has its pool between waves 4 and 16 with a maximum
near wave 7. The tendency for higher modes to have
maximum error growth at higher wavenumbers is con-
sistent with the results from the stability analysis pre-
sented above, although the fastest growing waves are
at a smaller wavelength than those determined from
the stability analysis, especially for mode 1.

As noted for the rms differences, after 5 days, the
error tends to remain constant for about 30 days. This
is true for all wavenumbers, although the period of
constant difference may be shorter for a particular
wave, e.g., wave 16 of the second baroclinic flow. In-
terestingly, all wavenumbers appear to restart growth
at about the same time. Evidently, there is a threshold
that is independent of wavenumber that must be
reached before exponential growth occurs. It is not clear
that this must occur before exponential growth or why
this should be so, but it might explain how the duration
of small constant difference decreases when the am-
plitude of the initial perturbation is increased. In a pre-
dictability study of the atmosphere, Smagorinsky
(1969) also noted a period of constant difference which
lasted for approximately 1 model day. Smagorinsky
attributed the time scale of constant difference to a
geostrophic adjustment to errors in the mass field. Here,
the longer time scale of the constant difference and the
quasi-geostrophic physics preclude a similar explana-
tion. The exact explanation for this constant difference
in this study is likely to be of little practical use as it
will be difficult to specify initial conditions of the ob-
served ocean within the tolerance specified here. .

The wavelength of maximum difference does not
change much for the barotropic mode, staying for the
most part at wavenumber 3. The wavelength of max-
imum difference for the two baroclinic modes decreases
with time to wavenumber 4 for the first baroclinic mode
and near wavenumber 5 for the second baroclinic
mode. Thus, the fastest growing wave initially may not
be the fastest growing wave at the end of the calculation.

One final point of interest can be seen in the power
spectra of the differences at day 300 for each mode in
the 3-mode experiments (Fig. 8). The shape of the
streamfunction spectra for modes 0 and 1 varies little
between the 2- and 3-mode predictability experiment.
The mode 0 and 1 spectra have a k~° slope in the
inertial range (equivalent to a k~* slope in the energy
spectrum ), however, the mode 2 spectrum has a k™*
slope in the inertial range, which may be indicative of
a need for finer horizontal resolution in this study. Mi-
yakoda et al. (1971) found that insufficient horizontal
resolution tends to slow down the baroclinic processes
in atmospheric models. Atmospheric simulations with
increased (more than 2 levels) vertical resolution and
a commensurate horizontal resolution, produce baro-
clinic instabilities on wavelengths shorter than the most
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unstable wave, and those instabilities are missed by the
relatively coarse resolution models, e.g., Staley and Gall
(1977) and Staley (1986). Higher vertical resolution
requires a consistent (in this case finer) horizontal res-
olution to resolve the nonlinear interactions for the
simulated vertical structure. For the 3-mode experi-
ment, even though the horizontal resolution is near
the deformation radius, horizontal diffusion may be
effectively coarsening the grid. One predictability sim-
ulation with 10 km resolution was run to determine if
differences occurred in the spectra shown in Fig. 8.
The spectral shape of the lowest two modes did not
change with the finer horizontal resolution, however,
the inertial range of the second mode displayed a k¢
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F1G. 7. Log of the ensemble average spectra of streamfunction
differences between the control and predictability simulations as a
function of time and total wavenumber for (a) the barotropic mode,
(b) the first baroclinic mode and (¢) the second baroclinic mode for
the 3-mode experiment. The dashed line indicates the wave with
maximum difference as a function of time.

slope. The overall energy level remained about the
same. The finer resolution simulations are presently
too expensive to be run to determine the finer reso-
lution ensemble predictability time scale and to test
whether or not the relatively coarse horizontal and ver-
tical resolutions are artificially extending the predict-
ability time scale in these experiments. Certainly, a de-
crease in vertical resolution in these experiments ex-
tends the predictability time scale.

c. Error energy analysis

Following Roads (1985), a budget for the error (dif-
ference) energy of the two experiments is calculated.
If () represents the difference between a predictability
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FIG. 8. Ensemble average spectra of the streamfunction differences
between the control and predictability simulations for modes 0, 1
and 2 of the 3-mode experiment at day 300. The solid line is for
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mode 2.
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and control simulation, then the error energy budget
can be written

oK ' '
a—t=TK+DK+ CKP (8)
aP

i Tp— Cge (9)
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Here, K and P are the error kinetic and potential ener-
gies, Tx and Tp represent transports of error kinetic
and potential energies, Dy is the dissipation of error
kinetic energy and Ckp is the conversion of error po-
tential to error kinetic energy.
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The time series of the ensemble average of each of
the terms on the rhs of (8) and (9) for the two exper-
iments are shown in Fig. 9. The temporal variability
of the ¢rror energy conversion terms is similar to that
of the time series of rms errors. There is an initial ad-
Jjustment period with small values (which is 10-20 days
longer in the 2-mode experiment than in the 3-mode
experiment), after which exponential growth occurs.
As with the rms differences, the doubling time is shorter
in the 3-mode experiment due to increased instability,
but the results of the two experiments are similar. Ini-

tially, the dissipation of error kinetic energy is dominant

and tends to reduce the error energy produced by T
and Tk. After the adjustment period, the transport of
eiror kinetic energy grows, closely followed by an ex-
ponential growth in the transport of error potential
energy. The baroclinic conversion and dissipation
terms do not begin to grow exponentially until 20-30
days after the initial growth of the transport terms. The
transport of error potential energy has the most vari-
ability after reaching saturation and also changes sign.
These results are very similar to the results reported
by Roads (1985) for the atmosphere, except that the
behavior of Tk and T are reversed. For this flow, the
magnitude of the saturated 7p, Dg and Ckp terms in
the 3-mode experiment are slightly larger than for the
2-mode experiment.

5. Summary

An “identical twin” approach was applied to a 2--
and 3-mode QG model to estimate the predictability
time scale of a Gulf Stream-like flow and investigate
the sensitivity of the predictability time scale to changes
in model vertical resolution. After an initial period of
constant differences, rms differences in streamfunction
between a control and predictability simulation grow
exponentially with doubling times of about 16 days for
flow that is resolved by 2 modes, and about 13 days
for flow that is resolved by 3 modes. The shorter dou-
bling time in the 3-mode experiment is due to enhanced
baroclinic instability which is a result of the additional
vertical shear resolved by the second baroclinic mode.
However, the maximum rms differences in modal am-
plitude between the control and predictability simu-
lations change only slightly between the 2- and 3-mode
experiments. From these experiments, a predictability
time scale of approximately 170 days is estimated for
the 2-mode experiment and 130 days for the 3-mode
experiment.

A spectral analysis of the streamfunction differences
between the control and predictability simulations
shows that the higher modes have initial maximum
differences at shorter wavelengths. The wavelength of
maximum difference remains fairly constant for the
barotropic mode at about 1000 km, however, the
wavelength of maximum differences for the two baro-
clinic modes increases during the simulations. Initially,



NOVEMBER 1989

DAVID A

DAMEC 1763

107

Energy Transfer

—,__....-::==========-_-==n-—
Ul e

ol

11

Energy Transfer

KP

225

150
Time (Days)

300

0

T T
% 150 225

Time (Days)

300

FIG. 9. Time series of the average error energy budget of (a) transport of error kinetic energy, (b) transport of error potential energy, (c)
dissipation of error kinetic energy and (d) conversion between error potential and error kinetic energies. The thin lines are for the 2-mode

experiment and the thick line is for the 3-mode experiment. The solid

the first baroclinic mode has maximum differences at
400 km increasing to 500 km by the end of the inte-
gration. The second baroclinic mode has maximum
differences initially at 286 km, eventually lengthening
to near 400 km. The spectral analysis also showed that
the period of small constant difference is, for the most
part, independent of wavenumber. After that period,
exponential growth begins independent of wavenum-
ber. An analysis of the error energetics shows that the
differences are initially dissipated by frictional pro-
cesses, but later grow due to transports of error kinetic
and potential energies. Once there is sufficient build-

lines indicate positive values and negative values are dashed.

up in the error potential energy, the conversion term
between error potential and error kinetic energy be-
comes as important as the other terms in the energy
budget.

Both experiments have streamfunction differences
with a k™% slope in the power spectra in the inertial
range for modes 0 and 1. However, mode 2 hasa k™
slope in the inertial range which may be indicative of
insufficient horizontal resolution for that mode. A sin-
gle simulation with 10 km horizontal resolution pro-
duced a k¢ slope in the inertial range for mode 2,
indicating that finer horizontal resolution may be
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needed for consistent representation of mode 2 pro-
cesses. However, the spectral shape and energy levels
of the 2 lower modes and the energy level of the second
baroclinic mode were not significantly different in the
10 km simulation compared to the 20 km simulations.
Nevertheless, based on atmospheric results, it is im-
portant to keep in mind that relatively coarse vertical
and horizontal resolution may slow the baroclinic pro-
cesses and artificially extend the predictability time
scale. Shorter wavelength baroclinic instability pro-
cesses may play a part in limiting predictability scales
and need to be investigated with higher resolution sim-
ulations.
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