
Tellus (2009), 61A, 579–586 C© 2009 The Authors
Journal compilation C© 2009 Blackwell Munksgaard

Printed in Singapore. All rights reserved

T E L L U S

Intermediate time error growth and predictability:
tropics versus mid-latitudes

By DAV ID M . STR AU S 1∗ and DA N PAO LIN O 2, 1George Mason University MSN 6A2, Fairfax,
VA 22030, USA; 2Center for Ocean-Land-Atmosphere Studies, 4041 Powder Mill Rd. Suite 302, Calverton,

MD 2075, USA

(Manuscript received 10 March 2009; in final form 1 June 2009)

A B S T R A C T
The evolution of identical twin errors from an atmospheric general circulation model is studied in the linear range
(small errors) through intermediate times and the approach to saturation. Between forecast day 1 and 7, the normalized
error variance in the tropics is similar to that at higher latitudes. After that, tropical errors grow more slowly. The
predictability time τ taken for tropical errors to reach half their saturation values is larger than that for mid-latitudes,
especially for the planetary waves, thus implying greater potential predictability in the tropics.

The discrepancy between mid-latitude and tropical τ is more pronounced at 850 hPa than at 200 hPa, is largest for
the planetary waves, and is more pronounced for errors arising from wave phase differences (than from wave amplitude
differences).

The spectra of the error in 200 hPa zonal wind show that for forecast times up to about 5 d, the tropical error peaks
at much shorter scales than the mid-latitude errors, but that subsequently tropical and mid-latitude error spectra look
increasingly similar.

The difference between upper and lower level tropical τ may be due to the greater influence of mid-latitudes at the
upper levels.

1. Introduction

Many theoretical and model studies of atmospheric predictabil-
ity have tended to focus either on the initial growth of differences
in solutions which originate from nearly identical initial condi-
tions, or on the predictability of time means due to anomalies
in the slowly evolving components of the climate system such
as ocean and land. These approaches represent limiting cases of
very small or very large time, and allow for simplifying assump-
tions. The first case allows for the use of linear (or linearized)
dynamics, while the second allows the use of a steady-state
assumption.

The growth of initially small differences (also called errors)
once they outgrow the linear phase is a more complex prob-
lem, and general results are hard to obtain. One approach that
has made a great deal of headway in describing intermediate
error growth in general terms is turbulence theory, in which the
drastic assumptions of isotropy and homogeneity allow for a uni-
versal depiction of the (ensemble averaged) error growth at all
stages, given only the spatial spectrum of the background flow
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(Lorenz, 1969; Leith and Kraichnan, 1972; Rotunno and Snyder,
2008).

The real atmosphere is of course an example of highly inho-
mogeneous turbulence, with tropical and extratropical regimes
dominated by quite distinct types of instability and wave mo-
tions. In the extratropics, a wide range of baroclinic and
barotropic instabilities lead to rapid initial error growth, while
one example of the dynamics involved in intermediate error
growth is seen in idealized life cycles (including growth and
decay) of baroclinic eddies (Simmons and Hoskins, 1978). The
time scale for the entire life cycle is about 2 weeks.

Early atmospheric model results of tropical error growth
showed even higher error growth rates in the tropics than in
mid-latitdues, due presumably to convective instabilities, fol-
lowed by very rapid (∼3 d) times for errors to reach a small
saturation level (Shukla, 1984). Recently, however, there has
been a great deal of interest in the predictability of particular
structures associated with tropical intraseasonal oscillations oc-
curring on much longer time scales, about 30–60 d (see Pegion
and Kirtman, 2008). Coupled model predictability studies (Fu
et al., 2008; Pegion and Kirtman, 2008) indicate a limit of pre-
dictability for these oscillations of about 2 weeks, not so dif-
ferent from the limit in mid-latitudes. Recent work by Mapes
et al. (2008) using a limited sample of very high resolution (7-
and 14-km mesh) simulations with a global atmospheric model,
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also indicates roughly 2-week saturation times for equatorial
spectra, with similar error saturation times arising from a two-
dimensional cloud model.

From a broader tropical perspective, it is known that tropical
fluctuations occur on a broad range of space and time scales. Cer-
tainly coupled convective-wave motions associated with well-
defined dispersion relations can be identified, as in Wheeler
and Kiladis (1999) and Hendon and Wheeler (2008), although a
critical point is that these wave motions represent perturbations
on a broad, large-scale, low-frequency background of tropical
fluctuations.

The purpose of this study is to systematically compare the
spatial and temporal evolution of errors (differences between
atmospheric model solutions) in the tropics and extratropics,
with an emphasis on the evolution in the non-linear range (errors
no longer small), and on the comparative time of approach to
saturation.

For this purpose we use a traditional experimental design,
namely a large suite of pairs of atmospheric model simulations,
in which the two members (hereafter identical twins) are ei-
ther (i) initialized from nearly identical atmospheric states, and
evolve under the influence of identical, specified, sea surface
temperature (SST) evolutions or (ii) initialized from identical
atmospheric states, but evolve under slightly different specified

Fig. 1. Climatological mean and temporal standard deviation of 200 hPa zonal wind for the 60-d period starting 1 December. Results averaged over
16 yr 1981–1996. Atmospheric model mean (a); NCEP re-analysis mean (b); atmospheric model standard deviation (c); NCEP re-analysis standard
deviation (d). Contour intervals are 10 m s−1 in (a), (b), 2 m s−1 in (c), (d).

SST evolutions. Since the tropical and extratropical errors do
not evolve in isolation from each other, the question of their
potential interaction cannot be avoided.

The comparison of tropical and extratropical predictabil-
ity has received some attention recently (Reichler and Roads,
2005a,b), but the emphasis has been on on the sources of pre-
dictability of monthly mean and filtered time scales, and in par-
ticular on the roles of boundary forcing versus initial conditions.
In this paper, the boundary forcing is assumed to be identical (or
nearly so) for each identical twin, and we study the growth of
unfiltered (daily) errors.

Section 2 presents the model and the data used, while Sec-
tion 3 outlines the basic diagnostics. Section 4 presents the
results, while a summary and conclusions are given in Sec-
tion 5.

2. Methods

2.1. Model

The atmospheric model used in this study, the Center for Ocean-
Land-Atmosphere Studies (COLA) V2.2 GCM, is identical to
the one used in Straus and Molteni, (2004, hereafter SM). This
model is a spectral primitive equation model with triangular T63
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truncation, and 18σ levels in the vertical. The parametrization
of deep convection is the relaxed Arakawa–Schubert scheme
(Moorthi and Suarez, 1992). A more complete description is
given in SM.

2.2. Simulations

For each of 16 winters (1981/1982 to 1996/1997), a set of 10
control seasonal integrations was run, starting from analysed
atmospheric initial conditions of 00Z 21Nov, 00Z 22 Nov, . . ..
00Z 30 Nov. The initial conditions were obtained from the re-
analysis of the National Centers for Environmental Prediction
(Kalnay et al., 1996). The integrations ran through March 31, and
used the observed weekly SST and sea-ice fields from Reynolds
and Smith (1994) as specified boundary conditions. These 160
control integrations were a subset of those used in SM.

For each of the control integrations, two corresponding per-
turbed integrations were run. One (termed the IC perturbed sim-
ulation) used the same SST and sea-ice fields as the correspond-
ing control simulation, but had the initial atmospheric variables

Fig. 2. Error variance of zonal wind for IC-induced errors. Normalized error variance at 200 hPa (a); normalized error variance at 850 hPa (b); log of
error variance at 200 hPa (c); log of error variance at 850 hPa (d). Red lines indicate average over the tropics (10◦ S–10◦ N), orange (green) indicates
average over northern (southern) subtropics (20◦–30◦), dark blue (light blue) indicates average over northern (southern) mid-latitudes (40◦–50◦).

perturbed as follows. For any variable A, the perturbation δA
was

δA = A ∗ (0.001 ∗ r), (1)

where r is a random variable ranging from −1 to 1. This perturba-
tion was added to the fields of temperature (in degrees Kelvin),
horizontal wind components (u and v), specific humidity and
surface pressure (at each grid point and at each level). The mo-
tivation to use such a small initial error was to be able to well
resolve all stages of the error evolution using daily data. Since
our goal is not to maximize forecast error at any given short
forecast range, nor in any specific region, optimal perturbations
were not considered appropriate.

In the second perturbed simulation, the atmospheric initial
conditions were the same as those of the corresponding control,
but the simulation evolved under a slightly different SST and sea-
ice forcing, namely the monthly mean Hadley SST V1.1 (Rayner
et al., 2003). This is termed the SST perturbed simulation. In the
tropics, the zonally averaged rms differences between the two
SST data sets range from 0.3 to 0.4 K (not shown). At higher
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latitudes, the local differences can be as strong as about 2 K in
very narrow coastal regions.

2.3. Error diagnostics

Error is defined as the difference between a control simulation
and the corresponding perturbation simulation. The zonal mean
of the square of the error (or error variance) can be written as a
sum due to separate contributions from each zonal wavenumber
m. When averaged over all 160 pairs of runs, the error variance
becomes a function of variable, level, latitude and forecast time.
We present the error variance of zonal wind u at the 850 and
200 hPa levels, for forecast days 1–60. Since only the first 60 d
of each forecast were used in the error analysis, the mean and
variance fields shown in Fig. 1 also refer to the same forecast
period.

Furthermore, as shown in the Appendix, it is possible to write
the error variance at a given wavenumber m as the sum of two
pieces: one (the phase error), vanishes when the phase of zonal
wave m is the same for the control and perturbed forecast, while

Fig. 3. Contributions by zonal wavenumber m to normalized error growth shown in Fig. 2 for 200 hPa zonal wind. m = 1–3 shown in (a); m = 4–6
shown in (b); m = 7–9 shown in (c); m = 10–12 shown in (d). Black lines indicate an average over the tropics (10◦ S–10◦ N), red (blue) indicates
average over northern (southern) mid-latitudes (40◦–50◦). Dotted lines show phase errors, colour coded to match solid lines (see Appendix).
Shading about tropical error gives inter-annual standard deviation (±1 SD).

the other (amplitude error) vanishes when the amplitude of the
zonal wave is the same.

The analysis of error variance is presented in terms of averages
over latitudes. The latitude band 10◦ S–10◦ N is referred to as
the tropics, the latitude band 30◦ S–20◦ S (20◦ N–30◦ N) as the
southern (northern) subtropics, and the latitude band 50◦ S–40◦ S
(40◦ N–50◦ N) as the southern (northern) mid-latitudes.

The zonal wind errors between the control and IC perturbation
runs are referred to as the IC-induced errors, while those between
the control and SST perturbation runs are referred to as the SST-
induced errors.

3. Results

3.1. Model climate

In order to verify that the tropical and extratropical fluctuations
in the atmospheric model (hereafter AGCM) see a realistic back-
ground state, we compare the zonal (u) wind at 200 hPa of the
AGCM with that of the re-analysis in Figs. 1a and b. While the
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upper level zonal wind is somewhat more intense in the GCM
than in the re-analysis, the overall pattern is realistic. This is
especially true in the tropics, where the location and extent of
the easterly and westerly bands are well captured. (The same
realism is seen at 850 hPa.)

Since the temporal variance of a field provides the scaling
for identical twin errors (their saturation value is just twice the
variance), it is helpful to assess the GCM variances. Figures 1c
and d show maps of the variance of 200 hPa zonal wind u. Again
the simulation is seen to be quite realistic.

3.2. IC error growth

The IC-induced error variance of the zonal wind at 200 (850)
hPa, averaged over latitude bands, is shown as a function of
forecast day in Figs. 2a and b. (See Section 2.3 for the definition
of error variance.) The error variance has been normalized to its
saturation value (defined as the day 50–60 average); all curves in
the plots approach unity for large time. Figures 2c and d show the
logarithm of the (unnormalized) error variances of zonal wind at
200 (850) hPa. The errors at day 1 (the earliest time plotted) at
200 hPa are already larger in the tropics (red curve) than at other

Fig. 4. As in Fig. 3, but for 850 hPa zonal wind.

latitudes, indicating rapid initial tropical error growth during the
initial day. (The IC perturbations are proportional to the wind
itself as explained in Section 2, so the initial tropical wind errors
are not larger on average than those in mid-latitudes at day
0.) The tropical growth rate is similar to that at other latitudes
(Fig. 2c) until about day 7 or 8, after which the tropical error
growth falls below that at other latitudes.

Contrary to the paradigm of rapid tropical error growth fol-
lowed by early saturation, however, the tropical 200 hPa wind
errors in Fig. 2a continue to grow even after day 30, and in fact
saturate somewhat later than errors at other latitudes. This is seen
more dramatically at 850 hPa (Fig. 2b), where the tropical error
saturation is clearly delayed compared to that at other latitudes.

The evolution of IC-induced error variance at 200 hPa is
further described in terms of spatial scale in Fig. 3, which
shows the zonally averaged error variance summed over zonal
wavenumbers m = 1–3 (5a), m = 4–6 (5b), m = 7–9 (5c) and
m = 10–12 (5d). In each plot, the error variance has been further
averaged over latitude bands. The gray band of shading sur-
rounding the tropical error growth curve for each plot represents
the uncertainty due to winter-to-winter variability (±1 SD). Each
dotted curve in Fig. 3 corresponds to the error variance due to
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phase errors, as described in Section 2 and the Appendix. The
dotted curves are colour coded to match the solid curves.

The tropical upper level planetary wave normalized errors
in Fig. 3a are clearly larger than at mid-latitudes for the first
18 d or so. Just as clearly, though, the tropical errors have a
slower growth rate, so that by day 20 the mid-latitude errors
overtake the tropical errors in magnitude. From Fig. 3a it is seen
that the tropical planetary waves have a longer predictability
time, defined as the time (τ ) necessary for the errors to reach a
given fraction (say 0.5) of saturation. This added predictability
is not dramatic, but is significant, at least vis-a-vis interannual
variability. It is noteworthy that this delayed saturation (or added
predictability) of tropical errors is somewhat enhanced for the
planetary wave phase errors. For higher wavenumbers, this effect
is not as clear. For wavenumbers higher than m = 12 (in fact, up
to m = 30), the behaviour of the errors is qualitatively similar to
that shown in Fig. 3(d).

Figure 4 is identical to Fig. 3, except for zonal wind at
850 hPa. Here the added tropical predictability (longer saturation
times compared to mid-latitude errors) is significant (vis-a-vis
interannual variability) in each wavenumber band, and is partic-
ularly dramatic for the planetary waves (Fig. 4a). As before, the
effect is amplified by the use of phase errors only.

The evolution of the IC-induced error variance spectra is
shown for upper level zonal wind in Fig. 5. For each panel,
the quantity plotted is mEm versus log (m), where m is the zonal

Fig. 5. Error spectra of 200 hPa zonal wind.
Tropical errors (10◦ S–10◦ N) shown for
days 5, 10, 15, . . . 40 (a); tropical errors for
days 1, 2, 3, . . . 5 (b); northern mid-latitude
errors (40◦–50◦) for days 5, 10, 15, . . . 40
(c); northern mid-latitude errors for days 1,
2, 3, . . . 5 (d). The ordinate in each panel is
mEm where Em is the error variance, the
abscissa log (m). The dotted line is the
equivalent white-noise spectrum for day 20
in (a), and for day 1 in (b).

wavenumber and Em the error variance at that wavenumber.
(Thus equal areas represent equal total variance.) Figures 5b and
d show the error spectrum for each forecast day 1–5 averaged
over the tropical (northern mid-latitude) band, while Figs. 5a
and c show the error for forecast days 5–40, in increments of 5 d
for the same bands. The shape of a white noise spectrum having
the same total error variance as the error spectrum is shown in
Figs. 5a and 5b by the dotted lines for day 20 (1).

Starting from the initial condition of white noise error at day
0, the mid-latitude error develops a peak by day 4 or 5 in synoptic
wavenumbers (m ∼ 8). The further evolution represents a gradual
broadening of the spectrum towards larger scales. The evolution
of the tropical error is quite distinct: the early growth of errors
takes place mainly at smaller scales (m ∼ 20) until about day 5,
after which there is a strong up-scale error growth. By day 30
or so, the peak error is at m ∼ 5. Even at day 40, the planetary
wave error is still growing.

Error growth results for the SST-induced errors are quite sim-
ilar to those presented here for the IC errors, and so are not
presented.

4. Discussion

The expected very large error growth rates in the tropics (due to
convective instabilities) is not apparent in our results, possibly
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because these errors have saturated by 24 h (the earliest day for
which pressure level data are available).

Subsequent to forecast day one, the rate of error growth for
tropical wind errors does not exceed that at mid-latitudes for
any forecast range (see Figs. 2c and d). Somewhere in the 5–
10 d forecast range, the tropical error growth rate becomes
clearly smaller. Further, the tropical errors take longer to satu-
rate than mid-latitude errors, with the difference being far more
dramatic at 850 hPa than at 200 hPa. The predictability time is
thus seen to be ‘greater’ in tropics than further poleward. This
is especially true of the planetary waves.

The clear implication of greater predictability at planetary
scales in the tropics than in mid-latitudes is of great inter-
est. The particular dynamics of these scales in the GCM used
in this study may not be totally realistic: the GCM is uncou-
pled, uses conventional physical parametrizations, and does not
represent the tropical Madden–Julian Oscillation (MJO) very
well (not shown). We hypothesize, however, that the basic re-
sults of this study will hold up when similar experiments are
done with more realistic models, such as that of Mapes et al.
(2008).

A robust aspect of the tropical error evolution is the much more
pronounced delay in saturation (compared to mid-latitudes) at
850 than at the 200 hPa level. This discrepancy is most apparent
for the largest scales. One interpretation is that, at upper levels,
mid-latitude fluctuations interact more strongly with the tropics,
thereby limiting tropical predictability. The influence of mid-
latitudes is also suggested by the spectra shown in Fig. 5, for
after 5 d the upper level tropical error spectra evolve from being
dominated by short waves to looking more like typical long-
wave mid-latitude spectra.

Evidence in favour of this interpretation is presented in Fig. 6,
which shows the coherence between 200 hPa zonal wind fluctu-
ations at a base latitude (10.9◦ N) and nearby latitudes for lags
of −10 to +10 d. These coherences are presented for planetary
waves (m = 1, 2, 3) separately, as in Straus and Lindzen (2000).
The results take into account all GCM forecasts. There is ev-
idence for a fairly strong interaction between the edge of the
tropics and latitudes of the subtropical jets. What is not clear
is whether the higher latitudes lead the tropics, or whether they
co-evolve.

The notion that the extratropics influences the tropics has been
suggested by numerous studies using varied approaches, includ-
ing theoretical work on the projection of mid-latitude distur-
bances onto equatorial waves (Hoskins and Yang, 2000; Majda
and Biello, 2003), evidence for mid-latitude influence on trop-
ical intraseasonal fluctuations in numerical models (as in Lin
et al., 2000, 2007), and observational studies showing planetary
wave coupling at upper levels between the jet latitudes and the
tropics on intraseasonal time scales (Straus and Lindzen, 2000).

In order to determine whether the enhanced tropical pre-
dictability for planetary scales can be actually realized in
predictions, we need to better understand the dynamics of the

Fig. 6. Coherence of fluctuations of zonal wind at 200 hPa and 10.9◦ N
in the atmospheric model as a function of latitude and time lag. Top
panel shows zonal wavenumber m = 1, middle panel m = 2, bottom
panel m = 3.

tropical planetary waves beyond the MJO. Realizing this pre-
dictability in coupled predictions also depends on the extent to
which the growth of prediction errors in the tropical ocean inter-
feres with the atmospheric tropical predictability discussed here.
The finding of mid-latitude influences suggests that future gains
in medium range forecast accuracy in the extratropics may help
to improve large scale tropical forecasts.
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6. Appendix

For a fixed latitude and pressure level, a meteorological field
F(λ) can be expanded in a Fourier series as

F (λ) = [F ] +
∞∑

m=1

[Am cos(mλ) + Bmsin(mλ)]

= [F ] +
∞∑

m=1

αm cos(mλ − �m), (A1)

where the square brackets denote zonal mean, and the harmonic
coefficients (Am, Bm) as well as the amplitude (αm) and phase
(�m) all depend on time.

Using this expansion, the squared difference between two
fields F(1)(λ) and F(2)(λ), when averaged over longitude, be-
comes the ‘error variance’

ε2 =
{[

F (1) − F (2)
]2

}

= (
[F (1)] − [F (2)]

)2

+1

2

∞∑
m=1

{
[A(1)

m − A(2)
m ]2 + [B (1)

m − B (2)
m ]2

}

= {
[F (1)] − [F (2)]

}2 +
∞∑

m=1

ε2
m,

(A2)

where ε2
m can be written as

ε2
m = 1

2

[
α(1)

m − α(2)
m

]2 + α(1)
m α(2)

m

{
1 − cos

[
� (1)

m − � (2)
m

]}
. (A3)

The first term gives the error variance due to the amplitude dif-
ference, which vanishes if and only if the amplitudes are equal.
The second term give the error variance due to the phase differ-
ences, which vanishes if and only if the phases are identical.
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