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Abstract An ensemble of 20 extended integrations of the
atmospheric model CSIRO Mark 2, forced with the sea-
surface temperature observed during the 1986-1998
period, was performed to analyze the simulation capa-
bility of seasonal climate anomalies over South America
and adjacent oceanic areas. Variations of the simulation
skill within the region and during the experimental
period were assessed through standard statistical mea-
sures and compared to the signal-to-noise ratio distri-
bution. Before the skill assessment, model systematic
errors were thoroughly evaluated. The results confirm
that the simulation skill is very high in tropical oceanic
areas, and decreases rapidly towards middle and high
latitudes. Model performance at mid and high atmo-
spheric levels is substantially better than at low levels.
Relatively high simulation capability was found over the
Pacific Ocean between the equator and the Antarctic
coast, which is coherent with the presence of three rel-
ative maximums in the signal-to-noise ratio, similar to
the increase of the forced variance found by several
authors over much of the Pacific—-North American pat-
tern region. Rainfall rate and second-order moments
associated with the cyclonic activity and the meridional
eddy fluxes of heat and humidity are better simulated in
a narrow strip parallel to the SPCZ and extending fur-
ther southeast into mid latitudes of the continent. The
simulation skill noticeably improves during the warm
and cold ENSO phases, in correspondence with an
intensification of the signal-to-noise ratio, and useful
rainfall anomaly simulations can be obtained over the
Amazonas and Rio de la Plata river basins.
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Introduction

Statistical and numerical models are used routinely to
provide forecasts of seasonal-scale climate anomalies of
great scientific and social interest. The relative merits of
some of these model simulations have been exhaustively
compared (Anderson et al. 1999). The atmospheric gen-
eral circulation models (AGCM) constitute one of the
most powerful tools for the study of climate variability
and seasonal or longer scale climate forecast. Numerous
works published in recent years exemplify the progressive
advances achieved on the matters and the challenges
foreseen for the near future (Chen and Van den Dool
1997; Déqué 1997; Shukla et al. 2000; Anderson and
Ploshay 2000; Chang et al. 2000). A discussion on the
main theoretical and practical topics of the climate
forecast, and a survey on the status of the acquired
knowledge and of the developed capability can be found
in the revision carried on by Goddard et al. (2001).
Different approaches to the mathematical problem of
climate forecast can be found in literature. It can be
considered either to be a problem of initial conditions, of
boundary values, or a combination of both. The con-
ceptual differences and the scope of every approach are
clearly discussed by Chang et al. (2000). The boundary
value approach for forecasting by means of an atmo-
spheric model and considering the sea-surface tempera-
ture (SST) as the single forcing is, theoretically, almost
equivalent to suppose the coupling of an imperfect
atmospheric model with a perfect oceanic model. In
practice, the forecast of climate anomalies requires the
forecast of the SST, either through the oceanic models
run independently or interactively with the atmospheric
model. The hindcast of climate anomalies using atmo-
spheric models forced with observed SST data provides
an important piece of information: The skill of the
atmospheric model can be considered as the maximum
skill attainable when coupled to any oceanic model for
the forecast of climate anomalies. The inclusion of the
initial conditions of the system and the boundary condi-
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tions in the soil-atmosphere interface, controlled by fac-
tors as diverse and heterogeneous as the physical prop-
erties and state of the soil, type and physiological status of
the vegetation, and terrain topography, adds new chal-
lenges to the problem (Anderson and Ploshay 2000).

Numerous atmospheric numerical experiments of the
‘boundary values problem’ type were reported in the
Atmospheric Model Intercomparison Project (AMIP;
Gates et al. 1999). These were carried on with different
AGCM forced with the observed SST. The results of
these experiments concur on the forced predictability
strength in tropical oceanic areas. Climate statistics in
certain extratropical areas still depend on the anomalies
in the tropical SST, especially during ENSO episodes,
when these anomalies acquire great intensity and extent.
For instance, the research by Anderson et al. (1999)
provides evidence of this dependence for the Pacific—
North American (PNA) pattern region. The cause of the
diminution of the forecast ability in middle and high
latitudes is partially attributed to an intrinsic charac-
teristic of the climate system: The increasing intensity of
the noise generated by short time-scale random weather
fluctuations relative to the intensity of the climate signal
produced by slowly changing external forcing factors
(Leith 1978).

From 20° to 40°S, the zonal averages of the meridi-
onal fluxes of momentum, heat and humidity due to
transient eddies increase in magnitude and overlap the
fluxes due to the stationary eddies and to the mean
meridional circulation (Peixoto and Oort 1992). This
behavior is particularly observed over the South Amer-
ican continent, where transient eddy activity can be a
determinant factor of the local climate and of its inter-
annual variability (Labraga et al. 2000). Thus, the
evaluation of the skill to simulate climate anomalies
should include not only mean fields but in addition those
second-order moments that are more relevant to the
description of the climate in these latitudes.

The objective of this work is to evaluate the capability
to simulate climate anomalies, for atmospheric dynamic
and thermodynamic variables, of seasonal (three-month)
scale over the South American Continent and neigh-
boring oceanic areas, using an ensemble of integrations
of an AGCM forced with the observed SST. Recently,
Marengo et al. (2003) have assessed the seasonal rainfall
predictability over several regions of the world, includ-
ing South America, using a similar procedure with an
ensemble of nine integrations. The South American
Continent, extending approximately between 15°N and
55°S, offers an interesting scenario for simulation skill
assessment in tropical and extratropical regions. Besides,
the ENSO signal, one of the most important sources of
climate interannual variability, is clearly present
throughout South America. It is possible to identify
wide continental regions with significant anomalies of
opposite sign in each one of the ENSO phases that are
related to atypical large-scale circulation patterns
(Grimm et al. 2000). This increases the interest in the
predictability of rainfall distribution over South Amer-
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ica, severely and unevenly affected over densely inhab-
ited regions during these events.

Following section contains a summary of the main
characteristics of the AGCM used in this research.
Section 3 describes the characteristics of the numerical
experiment and defines the statistical measures of skill
and the reference data sources used in the simulation
evaluation. Section 4 is dedicated to the presentation of
results. This includes brief description of the model
systematic errors, detailed account of the signal-to-noise
ratio pattern in the study region and analysis of simu-
lation skill variations with the ensemble size and within
the period and area of study. The model performance
during the ENSO phases is compared with that of the
neutral periods. Besides, the ability to reproduce
anomalies in variance and covariance fields that repre-
sent relevant extratropical climate processes is thor-
oughly examined. Obtained results are discussed and
summarized in Sect. 5.

Model description

The model used in the numerical experiment is the
AGCM CSIRO Mark 2, thoroughly described in
McGregor et al. (1993) and Watterson et al. (1995).
Following is a summary on its main characteristics.
The model’s equations are solved through spectral
methods, and its code allows the use of different
horizontal and vertical predetermined resolutions. The
formulation of the atmospheric dynamics equations in
its flux format insures the mass conservation. The
model includes the treatment of the following physical
processes: daily and annual radiation cycles, shallow
and deep convection, atmospheric gravity wave drag,
and parameterization of subgrid-scale turbulent verti-
cal mixing. It makes use of a vectorized version of the
radiation code developed at the Geophysical Fluid
Dynamics Laboratory, with computation of long-wave
radiation based on Schwarzkopf and Fels (1991) and
short-wave radiation based on Lacis and Hansen
(1974). A modified version of Arakawa’s (1972) moist
convective adjustment scheme assumes mass flux be-
tween the base and top layers of the convective col-
umn and generates vertical moisture and momentum
redistribution. A Semi-Langrangian representation of
the atmospheric water vapor transport has been
incorporated (McGregor 1993). It has linked a soil
model capable of forecasting the surface temperature
and of diagnosing the moisture content. The modeling
of the surface fluxes over land differentiates bare soil
from soil covered by a vegetation canopy (Kowalczyk
et al. 1994). The sea-ice model, also integrated to the
atmospheric model, provides a dynamic and thermo-
dynamic treatment of the main physical processes in
this component of the climate system: vertical and
lateral growth/ablation, growth due to snow deposit,
convergence/divergence, and advection (O’Farrell
1998; Watterson et al. 1997).
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Experimental design and evaluation method

The model was run with the horizontal resolution cor-
responding to a spectral rhomboidal truncation R21
(approximately 3.2° latitude x 5.6° longitude) and nine
not uniformly spaced sigma levels that determine a
vertical resolution which increases toward the surface.
Even though the model has been prepared for running
with higher resolution, computer-time demand resulting
from the length and the number of projected simulations
imposed a limitation to resolution. The numerical
experiment is comprised by an ensemble of 20 simula-
tions forced by the global daily SST observed between
January 1986 and December 1998. The SST data, based
on the weekly analysis of Reynolds and Smith (1994)
linearly interpolated to daily values, were obtained from
NOAA-CIRES Climate Diagnostic Center at http://
www.cdc.noaa.gov/PublicData/. Every member of the
ensemble is the output of a 13-year simulation started on
1 January 1986, using different model equilibrium con-
ditions taken from different years of a previous long
control run forced by the annual climate cycle of the
SST. The memory of the atmospheric initial conditions
almost vanishes approximately after a month of model
integration. In this work, the attention is focused on the
ability to reproduce seasonal-scale climate anomalies
and the use of observed initial conditions is not con-
sidered relevant on a first stage. The first year of each
simulation is considered as a period of adjustment of the
atmosphere-soil-sea-ice system, and is not taken into
account in the evaluation of the simulation capability.

Simulated temperature, geopotential height and wind
components at several pressure levels were compared to
data obtained from the NCAR/NCEP Reanalysis
(Kalnay et al. 1996). Rainfall data from Reanalysis are a
model product obtained from 6-h forecasts. For that
reason, it was preferred to compare model rainfall with
the Climate Prediction Center Merged Analysis of Pre-
cipitation data (Xie and Arkin 1997), based on gauge
observations, satellite estimates and numerical model
output. These data were obtained at the NOAA-CIRES
Climate Diagnostic Center website. The assessment of
simulated second-order moments, computed with 4-
daily deviations from monthly mean values, was
accomplished comparing with data also from the
NCAR/NCEP Reanalysis.

The study region extends from 180°W to 10°W and
from 15°N to 60°S, and covers the whole South Amer-
ican Continent, the west of the Atlantic Ocean and a
wide sector of Pacific Ocean that includes the ENSO
epicenter.

The correlation coefficient ACC, and the root-mean-
square error RMS, are the statistical measures of simi-
larity among patterns used to evaluate model skill. A
total of 143 3-month running mean values was consid-
ered in the assessment. All measures of skill are com-
puted for the ensemble mean. The coefficients are
defined as in Anderson et al. 1999:
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where F; are model values, O; observed values, C; cli-
mate-mean-observed values, o a coefficient depending on
the latitude that weighs the area represented by the ith
grid point. The summation extends over all grid points
within the region of the study and the atmospheric level
considered, and subindex ¢ indicates the 3-month mean
evaluated. The climate mean C is locally computed over
the experimental period excluding the ¢th value, as re-
quired by the crossvalidation procedure.

Two other local statistical measures of similarity are
defined to quantify variations of the simulation skill
within the study region. These are the time correlation
between anomalies ACC;, and the root-mean-square
error RMS; at the ith grid point, defined as:
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where variables F, O and C have the same meaning than
in Egs. 1 and 2, the calculation of C satisfies the previous
crossvalidation procedure, ¢ is a time index varying from
1 to N=12 (number of years used in the assessment) for
each 3-monthly mean from DJF to SON, and subindex i
indicates the grid point considered. It is impractical to
show maps for every 3-month mean, variable and type of
statistic considered. Annual averages of 3-monthly skill
coefficients are shown in the following figures that con-
cisely illustrate many important features observed
throughout the year while the most outstanding seasonal
variations are pointed out in the text.

Gross systematic errors in simulated values F; were
corrected before the computation of ACC. The systematic
error correction is simply the difference between model
and observed climate means computed with the above-
mentioned crossvalidation constraint. This correction is
equivalent to use the model climate mean instead of the
observed climate mean in (F; - C;) in Egs. 1 and 3.

In order to calculate the statistical measures, it was
necessary to interpolate the reference data from their
finest grid (2.5°%2.5°) to the spaced grid of the model.
Additionally, for comparisons at different atmospheric
levels, it was necessary to interpolate model output from
sigma levels to standard pressure levels.
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Results

Model systematic errors can be statistically corrected
using different approaches. However, it is worth to
consider them carefully since space and time distribu-
tions of errors help to uncover model weaknesses or
limitations and to explain statistical results about model
performance. The distribution of the already mentioned
signal-to-noise ratio is another factor inherent to the
climate system, which modulates the simulation capa-
bility. Both factors are analyzed in the following two
sections before examining results on statistical measures
of performance for a selection of atmospheric variables.

Distribution of the model systematic error

Labraga and Frumento (2003), hereafter LF2003, car-
ried out a 30-year climate experiment with the CSIRO
Mark 2 atmospheric model coupled to a dynamic ocean
model. The purpose of that experiment was to assess
model skill in the simulation of the contemporary cli-
mate of South America. Conditions at the ocean—
atmosphere interface were freely determined by surface-
flux exchanges between both models (free simulation).
For that reason, the simulated atmospheric variability
does not represent the observed behavior in any partic-
ular period. In the current experiment, SST data ob-
served between 1986 and 1998 are used as a boundary
condition for the atmospheric model, and climate
anomalies thus generated are compared with observed
anomalies in the same period. In spite of conceptual
differences between both experiments, simulated cli-
mates can be compared with observations and to each
other to search for model systematic errors.

The same observed datasets reported in Sect. 3 were
used to compute model systematic errors in both
experiments, relative to 1969-1998 means in the first
case and to 1986-1998 means in the second case. The
error distributions within the region of the study exhibit
very similar features, which are probably dependent on
model characteristics such as physical parameterizations
or space resolution. Only those aspects that are relevant
to the purpose of the present work will be summarized
next (see LF2003 for details).

The likeness between the systematic errors in the free
run of the coupled model and in the forced run of the
atmospheric model is reasonable, since in the coupled
run systematic corrections were applied in the surface
fluxes computed at the ocean—atmosphere interface and
in the ocean temperature and salinity to reduce to the
maximum the climate drift (Gordon and O’Farrell
1997). This, however, are weaker constrains than the use
of observed SST as boundary condition.

An important climate aspect to consider is the sim-
ulation of the monsoon circulation during the Southern
Hemisphere summer months. Zhou and Lau (1998)
proposed a phase partition of the 1989-1990 South
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American monsoon and considered 30 Dec 1989 to 7
Feb 1990 as the mature phase. The Bolivian Anticyclone
and the Nordeste trough are two features distinguishable
in the January mean circulation at 300-hPa level in
Fig. 1a. However, it should be noted that the center of
the anticyclone is displaced about 5° to the North in
comparison to the NCAR/NCEP Reanalysis, a model
bias which is likely to produce additional local climate
departures. This is the cause of the excessive westerly
wind to the south of the Bolivian Anticyclone center.
The intensity of the subtropical jet stream over the
southeast of the continent and over the west of the
South-Atlantic Ocean is underestimated in this month
and also in the winter-time circulation (not shown in the
figure). At higher latitudes, the modeled intensity of the
subpolar jet stream is also lower than in the reanalysis.

Consistently, with the development of the monsoon
circulation, the model acceptably reproduces rainfall-
rate distribution, although some considerations should
be made in this regard. Figure 1 shows the January
mean field (Fig. 1b) and systematic error (Fig. 1c) in one
of the rainiest months in the continental area. Convec-
tive activity seems to be underestimated over the Ama-
zon River basin, where simulated rainfall rate is 20-30%
lower than the observed and is similarly overestimated
over Northeast Brazil. In the Southeastern sector of the
continent comprising entire Uruguay, northeast of
Argentina and the south end of Brazil, the model also
displays a significant negative rainfall bias. This deficit is
observed throughout the year and could be linked to a
different cause than the negative bias over the Amazon
basin, which is likely linked to the model convective
scheme, and will be examined later.

Over the oceans, the most important features are the
rainfall maximum associated with surface convergence
like the Intertropical Convergence Zone (ITCZ), the
South Pacific Convergence Zone (SPCZ) and the South
Atlantic Convergence Zone (SACZ). The model repro-
duces reasonably well the rainfall magnitudes, but even
small errors in the location of these narrow bands of
intense convection produces large systematic errors. The
simulation of a less-pronounced southeastward tilt or a
northward shift in the SPCZ and in the SACZ compared
to the observations produce parallel bands of opposite
sign errors over the oceans (Fig. 1¢c). The SPCZ shifts
just in the direction of the observed precipitation gra-
dient causing larger positive errors on the equatorial
side. Similarly, positive errors in the eastern equatorial
Pacific are caused by an excessively northward location
of the ITCZ in this season. In the austral ocean, the
model slightly overestimates the rainfall rate in winter
(not shown in figures), but the veracity of the data on
this region is uncertain.

Model rainfall departures from observed values de-
picted for continental regions (Amazon basin, northeast
Brazil, and Southeast of the continent), the convergence
zones (SPCZ, ITCZ and SACZ) and the southern oceans
are very similar to those found by Cavalcanti et al.
(2001) using the CPTEC-COLA AGCM, errors of
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Fig. 1 a Simulated 300-hPa
mean flow (streamlines) and
model systematic error (vectors)
for January. Error scale is
indicated on the right lower
corner in m s~ '. b Simulated
January mean rainfall rate in
mm day~! (contour lines). ¢
Systematic error for January
rainfall rate indicated with gray
shading and full (dotted)

20S
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Student ¢-test for differences of
sample means applied locally
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which they partly attribute to the model convective
scheme.

Systematic errors were also computed for three sec-
ond-order moments: mean sea level (MSL) pressure
variance <p? >, 850-hPa level covariance between
meridional wind component and temperature
<y'T’>gs0 and 850-hPa level covariance between
meridional wind component and specific humidity
<v‘q’>gso. These second-order moments and levels
were chosen because they are good indicators of mean

120W  100W

cyclonic activity and meridional eddy transport of heat
and humidity. Computations were made for DIJF,
MAM, JJA and SON using four-daily deviations rela-
tive to the monthly mean. For brevity, Fig. 2 shows only
simulated annual mean fields and model systematic er-
rors.

The model adequately reproduces the known MSL
pressure variability increase with latitude up to a maxi-
mum located between 55° and 60°S, almost below the
subpolar jet stream maximum (Hurrel et al. 1998).
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Fig. 2 a Variance of MSL
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However, the intensity of this maximum is slightly lower
than the observed. The axis of maximum <v’'7”> and
<vy‘q’> covariances in the Pacific Ocean (Fig 2) are less
southeasterly tilted than in observations, producing the
negative bias in the region. The southward eddy-flux in
Fig. 2 is negative, thus negative errors mean underesti-
mated southward flux.

The signal-to-noise ratio pattern

The sensitivity of the extratropical response of an
atmospheric model to SST forcing depends largely on
the relation between the amplitude of the boundary-
forced climate signal and the amplitude of the internal
noise resulting from the uncertainty in the initial



Labraga: Simulation capability of tropical and extratropical seasonal climate anomalies over South America

conditions. The climate signal amplitude can be esti-
mated by the interannual variance of the ensemble
mean with respect to the climate mean, which is de-
fined as follows:

1 X
57 = m; (% — (%)’ (5)
In this and the following equations, x represent DIJF,
MAM, JJA or SON mean values, the upper bar indi-
cates average over the m members of the ensemble and
the brackets time average over the N-year experimental
period.

The internal noise amplitude is estimated by the mean
intra-ensemble variance, defined as:

(6)

where m is the size of the ensemble. The signal-to-noise
ratio is defined as the following:

> ™

SNR is not a measure of model skill; it is commonly
considered as a measure of potential predictability: it is
feasible to find good simulation skill in those regions
where climate signal amplitude is significantly superior
to noise amplitude. Assuming that we are dealing with
normally distributed random variables, then mSNR is
also a random variable with an F-distribution and (n-1,
n (m-1) degrees of freedom. Therefore, in this case
(N=12, m=20), the 5% of the signal statistical signif-
icance is reached for Fy 1 (0.05)=1.8, equivalent to
SNR =0.09. In the following figures, SNR values greater
or equal than 0.25 are shaded, to point out regions
where acceptable skill is expected.

It is interesting to compare SNR obtained for dif-
ferent atmospheric variables that characterize the ther-
modynamic and dynamic state of the climate, and for
different levels in the troposphere. Computations were
made according to Egs. 5, 6, 7 definitions and for JFM,
AMI, JAS and OND separately. However, for sake of
the briefness, Fig. 3 shows annual mean SNR fields, and
the most important seasonal features are commented in
the text.

In the South Pacific Ocean between 170°W and
120°W and between the tropical region and the Ant-
arctic coast, the SNR for 850-hPa temperature, 500-hPa
geopotential height and 300-hPa zonal wind exhibits a
basic pattern composed by three relative maximums.
One of the maximums is located straddling the equato-
rial line. The other two are located at about 30° and 60°S
for 850 hPa temperature and 500-hPa geopotential
height, and at about 20° and 50°S for 300-hPa zonal
wind component. In the equatorial Atlantic Ocean, there
is an additional relative maximum near the continent,
which in MAM expands over the Amazon River basin.
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Rainfall rate shares some tropical characteristics with
previous mean variables, such as the SNR absolute
maximum in the equatorial Pacific Ocean between 120°
and 170°W and a relative maximum over the equatorial
Atlantic Ocean near the continent (Fig. 3d). In sub-
tropical to mid latitudes of the Pacific Ocean and in the
southwest Atlantic Ocean next to the Rio de la Plata
mouth, SNR patterns for rainfall rate and for <p? >,
<v'T’>gs50 and <v'q’>gs¢ second-order moments par-
ticipate in some common features (Fig. 4a, b, c). A belt
of relatively high SNR extends in northwest—southeast
direction almost parallel to the SPCZ. The axis of
maximum SNR lies to the south of the rainfall maxi-
mum for <v’T’>gs, to the north of it for <p‘2> and
almost on top of it for <v’qg’> gs50. Relatively high signal
amplitude is continuously found further east, between
the Pacific Ocean Anticyclone and the westerly wind
domain, the southern part of South America and the
western Atlantic sector next to the Rio de la Plata
mouth. Over the continent, SNR is above 0.2 in mid
latitudes up to about 50°S, with greater meridional
extension in JJA than in DJF, and relatively lower val-
ues to the east of the Central Andes.

Some comments on the internal noise are appropriate
for a better understanding of the SNR distributions
illustrated in Fig. 3. For most variables, the noise
amplitude S%, has a rather simple distribution, which is
exemplified in Fig. 5 for 500-hPa geopotential height,
averaged over the year. S°, increases with latitude up to
a maximum located somewhere between 60°S and the
Antarctic coast. The seasonal variation (not shown in
the figure) is characterized by increase and northward
shift of the highest noise levels. This pattern corresponds
to the meridional and seasonal distributions of synoptic-
scale disturbances. By definition (Eq. 6), S°, is the var-
iance of the ensemble components with regard to the
ensemble mean or intraensemble variance, the source of
which is the uncertainty in the initial conditions. This
statistic can be considered as a measure of dispersion of
the ensemble members.

The signal amplitude S” (not shown separately in
figures) has three maximums distributed from equator to
pole over the Pacific Ocean and one maximum over the
equatorial Atlantic Ocean near the continent. The
extratropical signal over the Pacific sector is stronger in
JJA than in DJF. This distribution of signal amplitude,
modulated by the noise distribution, produces the SNR
patterns depicted in Fig. 3.

Simulation skill variation with the ensemble size

To assess the change of simulation skill with the
ensemble size, ACC, was computed as a function of the
ensemble size or number of simulations m for 500-hPa
geopotential height. Computations were made for the
region between 180° and 10°W and three latitude belts:
the total study area 60°S to 15°N, the intertropical re-
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Fig. 3 Average of DJF, MAM,
JJA and SON signal-to-noise
ratio for a 850-hPa
temperature, b 500-hPa
geopotential height, ¢ 300-hPa
zonal wind and d rainfall rate.
The gray scale shading indicates
SNR greater than 0.25, 0.5 and
1. The shaded box over the
continent in the upper panel
indicates the intersection
between model topography and
the 850-hPa level
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23°S, and results are shown in Fig. 6.

point on the curve represents the average of all quarterly

ACC, is a measure of correlation between simulated values of ACC, over the complete experimental period.
and observed patterns for a given quarterly mean field When m is small, the average value of the coefficient
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Fig. 4 Average of DJF, MAM,
JJA and SON signal-to-noise
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obtained in this way is rather sensitive to the model
performance in each particular simulation and it can
vary extensively depending on the m runs selected
among the 20 available in the ensemble. In order to in-
crease result stability, each point on the curve was
recalculated as the average of ACC, over a maximum of
50 ‘synthetic’ ensembles, each one of which has m
components . Each element in the new ensembles is a 12-
year time-series generated through random combina-
tions without repetition of monthly means picked out
sequentially from the pool of 20 simulations of the 1986—
1998 period.

140W

120W 100W 80W  60W  40W  20W
Over the whole region, simulation skill increases
rapidly while the ensemble size increases up to about 10
and rather slowly thereafter, however, without reaching
saturation. Using the “perfect model” approach and
500-hPa geopotential height data, Déqué (1997) finds a
similar ACC behavior in the size range from 1 to 9, and
he estimates that 90 percent of the asymptotic value
could be reached with 20 components. Results obtained
in this work indicate that this could be true in the
intertropical region, but in the extratropical region, the
simulation ability seems to be increasing even for

ensemble size 20, although variations occur very slowly.
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Fig. 5 Intraensemble variance
for 500-hPa geopotential
height, computed according to
definition (Eq. 6) with 3-
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The skill improvement achievable by increasing the size
of the ensemble beyond 20 runs implies a considerable
increment in computer-time demand.

Regional mean skill

The performance of the model for each variable and
within the study region as a whole can be measured
averaging all ACC, and RMS; quarterly values over the
12-year simulation. In order to allow the comparisons
between different variables and atmospheric levels, the
RMS was normalized by the observed local standard
deviation (NRMS). Results of these statistical measures
are shown in Table 1.

The simulation skill for a given variable improves
with the distance from the surface and this is exemplified
in Table 1 for 500-hPa geopotential height. Similarly,
the simulation ability of surface temperature anomalies
is relatively lower than for 850-hPa temperature. At the
850-hPa level the simulation skill for temperature is

0.7
0.6 -
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0.5

© 0.5 1

o
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better than for geopotential height. This is reasonable
since the atmospheric model is forced by the SST. The
300-hPa zonal wind shows correlation and error values
that corroborate a general better performance in the
high troposphere. It is encouraging to find out capability
to reproduce rainfall-rate anomalies comparable to
other variables, considering the severe difficulties in-
volved in the parameterization of convection and other
rainfall-related processes and their characteristic scales
being much lower than the model spatial resolution.

Local simulation skill

Figure 7 shows the ACC,; patterns for the 850-hPa
temperature, 500-hPa geopotential height, 300-hPa zo-
nal wind and rainfall rate. ACC,; was computed sepa-
rately for DJF, MAM, JJA and SON in order to
consider seasonal variations, although for brevity the
figure shows the characteristics of the annual mean
fields.

The regions with better simulation performance are
approximately in correspondence with those with higher
SNR as expected (compare with Fig. 3). For instance,
the higher modeling skill in the intertropical zone be-
tween 20°S and 15°N is noticeable in general, with an
absolute maximum in the equatorial Pacific Ocean, a
relative maximum in the equatorial Atlantic Ocean near
the continent, and a marked decline in performance
quality with increasing latitude. Secondary maximums

Table 1 Regional mean skill measured by the average of ACC, and
NRMS, (see text for definitions) over 143 3-month values com-
puted between 1987 and 1998 for different variables and levels

0.2 r—rrrrrrTrTr-Tr T 1T 17T 17T T T T"°°T
1 3 5 7 9 11 13 15 17 19

Ensemble Size

Fig. 6 Variation of the anomaly correlation coefficient ACC, with
the ensemble size (see details of computation procedure in the text),
for the 500-hPa geopotential height in the region from 180° to
10°W and for three latitude belts: 60°S to 15°N, 60°S to 23°S and
23°S to 15°N

Variable ACC NRMS
850-hPa temperature 0.54 0.84
850-hPa G. height 0.37 0.93
500-hPa G. height 0.47 0.87
300-hPa G. height 0.51 0.85
Rainfall rate 0.46 0.92
300-hPa zonal wind 0.51 0.86
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Fig. 7 Anomaly correlation
coeflicients ACC; for: a 850-hPa T T
temperature, b 500-hPa =
geopotential height, ¢ 300-hPa EQ
zonal wind and d rainfall rate.

The coefficients were computed

with all 3-month running mean

values comprised in the 20s
experimental period (see

definition in the text). The gray

scale shading indicates ACC; 40S
greater than 0.2, 0.4 and 0.6
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in mid and high latitudes of the South Pacific Ocean in Ocean, where the close correspondence between rainfall
the first three variables are also noticeable, in corre- and SST anomalies is well known .Within the equatorial
spondence with the SNR pattern. zone, the correlation is relatively high also over the

The highest simulation ability for rainfall rate continent and the West Atlantic Ocean. The model
(Fig. 7d) occurs over the eastern equatorial Pacific performance over the SACZ during its most active
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period in DJF (not shown in the figure) was not found to
be satisfactory.

Rainfall also exhibits a narrow belt of relatively high
ACC crossing the study region, with a maximum skill
axis between 180°W, 15°S and 40°W, 40°S. This band
traverses the continent and includes the regions with
ACC greater than 0.4 near the Pacific and Atlantic
coasts. This feature is consistent with the SNR distri-
bution in the same region (Fig. 3d).

To take into account the sensitivity of the previous
results to the choice of the measure of skill, the NRMS;
field of each variable was also computed. Both coeffi-
cients are inversely related: when ACC approaches its
upper limit +1, NRMS becomes much smaller than I,
and when ACC decreases to zero or takes negative val-
ues NRMS becomes much greater than 1. The analysis
revealed that both of the statistical measures exhibit very
similar patterns within the region of study and for that
reason results will not be presented here in detail. Re-
gional mean values can be compared in Table 1. How-
ever, a comment about NRMS; fields is appropriate.
This measure of skill seems to be more effective than
ACC,; to reveal small-scale features. This is illustrated in
Fig. 8 with the NRMS field for 500-hPa geopotential
height. Between 20°S and 15°N, it takes values smaller
than 1 in correspondence to ACC values greater than 0.8
in Fig. 7. However, within this latitude belt the lowest
errors occur symmetrically in 10°S and 10°N and a rel-
ative maximum is noticed over equator in the Pacific
Ocean; details are not easily discernible in the corre-
sponding ACC field in Fig. 7. The NRMS for rainfall

Fig. 8 Root-mean-square error
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rate (Fig. 8b) lets us discern more clearly than does ACC
(Fig. 7d) the relatively high skill belt stretching from low
to mid latitudes over the Pacific Ocean and crossing the
southern part of the continent toward the Atlantic (light
gray-shaded region with NRMS < 1).

Modeling skill for second-order moments

In mid latitudes in general and in the stormtrack zones
in particular, synoptic perturbations account for the
most of the meridional transport of momentum, heat
and humidity, dynamics processes with a dominant
influence on the extratropical climate. A useful piece of
information is, then, the modeling ability of seasonal
anomalies in the intensity of the cyclone activity or in
the location of the stormtracks. Efficient indicators for
these features may be obtained from the daily MSL
pressure variance about the monthly mean <p?>.
Anomalies in the meridional transports of heat and
humidity due to synoptic disturbances are traceable in
<v'T’>gs9 and <v'qg’>gs9 covariance fields respec-
tively. A representative level for assessing model skill in
the simulation of anomalies in these transports may be,
for instance, 850-hPa. Figure 9 shows the ACC fields
obtained for these second-order moments, computed
with the same procedure applied for three-monthly
mean variables.

Over the continent and adjacent oceans, <p? > and
<v’q’>gs9 anomalies are better simulated between
about 20°S and 50°S than elsewhere. A similar relative
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Fig. 9 Anomaly correlation
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maximum was noted in the extratropical simulation of
rainfall. This performance is different from that of other
mean variables, which in general exhibit the best skill
over the continent at low latitudes. Correspondence
between SNR and ACC patterns in the Pacific Ocean
sector is evident for <v‘q’>gso and <p? > and less
obvious for <v'T’>gso, regarding the existence of an
axis of relatively high skill in the Pacific Ocean which
extends in northwest—southeast direction between about
180° 15°S and 40°W 40°S.

Time variation of the performance level
The similarity between simulated and observed anomaly

patterns varies widely during the experimental period.
Time series of 3-monthly ACC, values are shown in

140W 120W  100W

Fig. 10 for 850-hPa temperature, 500-hPa geopotential
height, 300-hPa zonal wind, and rainfall rate. The series
fluctuate mostly between —0.2 and 0.8, with occasional
larger departures. However, a quite defined variation
pattern can be noticed, characterized by periods of rel-
atively high correlation, i.e., higher than 0.5, separated
by periods of low and fluctuating correlation. For
example, during years 1988—1989, 1991-1992 and 1997—
1998, there are periods of continuously high perfor-
mance, while during years 1990, 1993 and 1995 ACC,
takes very low values. Anderson et al. (1999) found
similar variability in the skill coefficient for 700-hPa
geopotential height in the approximately symmetric NH
region known as the PNA region. In the ACC, time
series for precipitation, this behavior is less obvious. As
it will be seen in next section, the best performance
generally occurs during the ENSO events.
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Fig. 10 Temporal variation of the anomaly correlation coefficient
ACC; (refer to definition in the text) for: a 850-hPa temperature, b
500-hPa geopotential height, ¢ 300-hPa zonal wind and d rainfall
rate, for every three-monthly running mean between 1987 and 1998
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Fig. 11 Mean annual variation of the anomaly correlation coeffi-
cient for the 500-hPa geopotential height

The simulation skill shows a typical annual cycle in
this model, obtained averaging ACC over 12 simulated
years and exemplified in Fig. 11 for 500-hPa geopoten-
tial height. The amplitude of the annual cycle is very
small compared to interannual fluctuations. The Geo-
potential height of different pressure levels and 300-hPa
zonal wind present similar annual cycles. The best per-
formance occurs from May to October, with maximum
ACC in June. Anderson et al. (1999) also found higher
ACC levels for 700-hPa geopotential height in the PNA
region during the NH winter and beginning of spring.
The annual cycles for 850-hPa temperature and rainfall
rate (not shown in figures) have amplitudes of about 0.1.
For the 850-hPa temperature, the skill is slightly higher
in the SH summer and for the rainfall rate the best
performance takes place during autumn and summer.

The seasonal change in the local level of performance,
as measured by ACC,, is illustrated in Fig. 12 for 500-
hPa geopotential height during summer and winter.
Performance level is greater in the SH summer than in
winter in the intertropical zone, especially in the central
Pacific Ocean where ACC; changes from 0.6 in JJA to
0.95 in DJF. Performance level is lower in summer than
in winter in the latitude belt between 20° and 50°S, ex-
cept for the extreme south of the continent.

Simulation skill during ENSO events

From early 1987 to late 1998, five El Nifio and three La
Nina well-defined events occurred. The starting and
ending dates of each event, determined according to the
Trenberth (1997) criterion based on the magnitude of
the SST anomalies in the El Nifio-3.4 region, are shown
in Table 2.

The likeness between simulated and observed pat-
terns in each ENSO phase and during the non-ENSO
periods can be quantified through regional mean values
of ACC, shown in Table 3. It should be recalled that this
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Fig. 12 Anomaly correlation
coefficient ACC; for 500-hPa
geopotential height, in SH
summer (upper panel) and
winter (lower panel)
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measure of skill was obtained from all 3-month mean
fields comprised in each occurrence and type of event.
Thus, the highly seasonal dependent characteristics of
warm and cold ENSO phases are taken into account in
this assessment.

Simulation skill is higher during ENSO than during
non-ENSO periods in all the variables considered. The
superior performance is consistent with higher SNR
levels in most variables, as shown in the same table.
From Table 3 it is inferred that the anomalies during La
Nifa events are reproduced more efficiently than during
El Nifio, although the difference in sample size may be
too large to affirm this categorically.

Table 2 Starting and ending month of El Nifio and La Nifia events
between 1987 and 1998, according to the Trenberth (1997) criterion
based on the magnitude of the SST anomalies in the Nifio-3.4 re-
gion

El Niro La Nifa

Jan/1987-Feb/1988
Mar/1991-Jul/1992
Feb/1993-Sep/1993
Jun/1994-Mar/1995
Apr/1997-May/1998

Mar/1988-Jun/1989
Sep/1995-Mar/1996
Aug/1998-Nov/1998

140W

140W
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ACC — Summer

0.95% 0,0

120W

100W 30W

ACC —

Winter

20W

120W 100W  80W 40W

Some questions arise from previous results as to how
the general skill pattern changes and where simulation
capability improves from neutral to ENSO periods.
These questions can be figured out comparing ACC;
fields for ENSO and No-ENSO events. Two variables
were chosen for this purpose, 500-hPa geopotential
height and rainfall rate, and results are shown in Fig. 13.
The most dramatic changes in the simulation capacity
take place over the Pacific Ocean. There, the amplitude
of the relative maximums of ACC,; located between the
equatorial and Antarctic coastal zones along the climate

Table 3 Anomaly correlation coefficient ACC, and signal-to-noise
ratio SNR, averaged over the study region, for 3-monthly forecasts
during the warm and cold phases of the ENSO events, separately
and as a whole, and in non-ENSO periods between 1987 and 1998.
The number of 3-monthly means in each case is indicated in
parenthesis

El Nifo La Nifia ENSO No-ENSO
(63) 27) (90) (53)

ACC SNR ACC SNR ACC SNR ACC SNR

850-hPa temperature 0.57 7.6 0.62 21.1 0.58 8.1 0.47 2.9
500-hPa G. height 048 55 0.60 9.5 0.51 5.0 040 1.8
Rainfall rate 0.50 1.9 0.56 87 0.52 1.8 0.37 1.8
300-hPa zonal wind 0.55 1.8 0.64 48 0.57 2.0 044 09
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Fig. 13 Anomaly correlation A
coefficients ACC; for 500-hPa
geopotential height and rainfall
rate, separately computed with
all 3-month running mean
values belonging to ENSO and
No-ENSO periods defined in

Table 2. The gray scale shading 20S
indicates ACC; greater than 0.2,
0.4 and 0.6
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signal propagation pathway are greater in ENSO cases
than in neutral cases. This is illustrated in Fig. 13 for
500-hPa geopotential height. In particular, the out-
standing geopotential height anomaly which develops

180  160W

140W 120W 100W 8OW  60W  40W 20W

over the Bellingshausen Sea and southeastern Pacific
Ocean (Kiladis and Mo 1998) seems to be correctly
simulated. Over the continent, simulation ability in
ENSO cases mainly grows over the Amazon River basin
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region and the Southeastern sector of the continent
where the Rio de la Plata basin is located. Similar
behaviors were found in ACC; fields for 850-hPa tem-
perature and 300-hPa zonal wind component, which
have not been shown in the figure. It is interesting to
point out that a substantial part of the increment in the
regional mean value of ACC for rainfall rate indicated in
Table 3 takes place in the continental area over the just
mentioned two main river basins, as can be noticed in
Fig. 13.

Summary and discussion

An ensemble of 20 simulations has been made with the
CSIRO Mark 2 atmospheric model, forced by the SST
observed during the 1986-1998 period. The purpose of
the experiment was to assess model ability to simulate
seasonal scale climate anomalies over the South
American continent and bordering oceans. The model
skill is statistically measured through the anomaly
correlation coefficient ACC and the RMS error nor-
malized by the observed standard deviation. The signal-
to-noise ratio distribution is compared with the simu-
lation capability within a southern hemisphere area
strongly influenced by the ENSO events. In these re-
gards, this area has been less investigated than that of
its counterpart, the PNA region, in the northern
hemisphere.

The model bias in the simulation of the climate mean
fields was analyzed prior to examine its capability to
reproduce the seasonal climate anomalies. The system-
atic error patterns found in this ensemble of simulations
with prescribed SST, are very similar to those found by
LF2003 in a 30-year simulation with temperature at the
sea—atmosphere interface determined by free interac-
tions between atmospheric and oceanic models. A
thorough error analysis carried out in the reference work
agrees with the results obtained in this experiment
regarding model capability to reproduce the outstanding
features of the South American climate, a necessary
though not sufficient condition for good climate anom-
aly simulations. The essential aspects of the monsoon
circulation that regulates the annual cycle of the tropical
and subtropical rainfall are acceptably modeled. How-
ever, in the previous work, it was found that the low
horizontal resolution used in the model run (the same
used in this work) produces a smoothed representation
of the prominent Central Andes topography. This, in
turn, causes an eastward displacement of the surface
temperature maximum and a westward shift of the MSL
pressure minimum located in the subtropical part of the
continent in summer. Consequently, the intensity of the
Atlantic Ocean anticyclone circulation over the conti-
nent decreases together with the southward advection of
humidity and rainfall rate to the east of the Central
Andes (Fig. 1). Further effects are weakening of the
mean meridional temperature gradient and baroclinicity
of the circulation, which could cause a reduction of the

443

modeled meridional eddy-fluxes of heat and humidity
over the southeast sector of the continent (Fig. 2).

Negative bias in high-latitude <p? > maximum
(Fig. 2) is consistent with a less intense westerly wind
component simulated in the high troposphere (Fig. 1)
and the consequent reduction of mean flow baroclinici-
ty. Similarly, the weakness of the westerly wind modeled
in the subtropical jet stream over the Atlantic Ocean
adjacent to the continent between 30° and 40°S is
coherent with the negative bias in the pressure vari-
ability.

Underestimation of summer latent heating over the
Amazon basin, as suggested by negative rainfall rate
bias in Fig. 1, and an indirect effect of reduced Andes
elevation in model’s topography upon rainfall distribu-
tion over the continent, can combine to produce the
northward shift of the Bolivian High center in January
noted in the same figure (Lenters and Cook 1997; Lab-
raga and Frumento 2003).

The signal-to-noise ratio is an important intrinsic
characteristic of the modeled climate system and is an
useful indicator of regions where it is feasible to obtain
acceptable skill in climate anomaly simulations. The
SNR pattern for 300-hPa zonal wind component, for
instance, clearly resembles a wave train propagating
southward from the equator. The SNR distribution for
500-hPa geopotential height is very similar to that ob-
tained by Chang et al. (2000). They point out that high
SNR in mid to high latitudes occur mainly within the
ENSO influence zone, with a wave-like structure ema-
nating from the tropical Pacific zone into both hemi-
spheres. The deep southward propagation of the climate
signal may contribute to the surprisingly high SNR
values in the SH, compared to the NH, as noticed by
Chang et al. (2000).

It was found that rainfall rate SNR (Fig. 3d) shares
distribution characteristic of other mean variables in the
equatorial region, and of <p? >, and <v'T’>gs, and
<v‘q’>gso second-order moments in the extratropical
region (Fig. 4). Of particular interest are the southeast-
ward propagation of signal along the SPCZ and, further
east, the relatively high SNR over the continent between
central Chile and Rio de la Plata mouth. The potential
predictability gap to the east of the Central Andes could
be linked to a local unrealistic simulation of airflow—
topography interactions due to the low model resolution
used in this experiment.

Regional mean values of ACC and NRMS obtained
in this study (Table 1) are similar to those reported by
Anderson et al. (1999) for a comparable NH region such
as the PNA. It was found, in general, better performance
at mid and high levels than at low levels of the tropo-
sphere. The spatial distributions of these measures of
skill (Figs. 7, 8) confirm robustness of SST forced sim-
ulation of climate anomalies over tropical ocean areas
and fast deterioration of simulation ability toward mid
and high latitudes. Signal propagation toward extra-
tropical region makes possible good simulation skill in
extratropical zones over the Pacific Ocean, which con-



444

form the wave-train pattern noted in SNR. Over the
continental area located to the southeast of the Central
Andes, a zone was found to be characterized by low
simulation capability for mean variables at low levels.
This is consistent with the above-mentioned SNR gap
found in the same area.

This research indicates that there is some simulation
capability for anomalies in rainfall rate and <p? >,
and <v’g’>gs9 second-order moments over subtropi-
cal to mid latitudes of the Pacific Ocean and the
southern part of the continent, in correspondence with
relative SNR maximum. In order to understand this
behavior, some regional circulation features should be
taken into account. Intraseasonal and interannual
deviations in the subtropical jet stream location and
intensity over South America are linked to other
important climate anomalies. The interaction of tran-
sient disturbances embedded in the westerly flow with
the Andes Cordillera (Gan and Rao 1994) and land—
sea thermal contrast in the Atlantic border of the
continent generate a zone of baroclynic instability and
remarkable cyclogenesis in the southeast of the conti-
nent and in the adjacent Atlantic sector (Berbery and
Vera 1996). Then, anomalies in the cyclonic activity in
this region can be linked to anomalies in the upper-
level mean circulation. Simulation of low-level mean
field anomalies cannot be efficiently accomplished,
probably due to the low model resolution, as sug-
gested above. However, performance improves appre-
ciably in the upper troposphere, and ACC greater than
0.4 were obtained for 300-hPa zonal wind component
between 20° and 40°S (Fig. 7c) where the subtropical
jet stream axis can be found during part of the year
over South America and the west of the Atlantic
Ocean. Consistently, in these latitudes relatively high
SNR and ACC values were obtained for second-order
moments indicative of cyclonic activity and meridional
eddy-transport of humidity (Figs. 4, 9), thus explaining
the relatively high capacity to replicate rainfall
anomalies over the continent between subtropical and
mid latitudes. These results imply that part of the
climate signal propagates through eddy-flux field
anomalies, which thus becomes an important feature
of climate prediction in extratropical regions.

Simulation efficiency presents wide variations during
the 12-year simulation (Fig. 10). Simulation skill is
greater during warm and cold phases of ENSO events
than in neutral periods (Table 3), a behavior that
resembles the one found by Shukla et al. (2000) for the
500-hPa geopotential height in the December—February
quarter in the PNA region. The better performance in
most of the variables is in correspondence with higher
regional mean values of SNR. The ability to reproduce
rainfall anomalies over the continent is relatively high in
two regions: One extends from central Chile to the
mouth of Rio de la Plata and approximately from 30°S
to 40°S, and the other covers the northeastern part of
the continent. Both regions are characterized by having
almost coherent ENSO-related precipitation signal (re-
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gions 1 and 5 in Grimm et al. 2000, regions NSA and
SSA in Ropelewski and Halpert 1987).

This work provides information about the real
chances and limitations in the simulation of seasonal
climate anomaly in the South American region, based on
the CSIRO Mark 2 model results. The use of higher
model resolution, in the horizontal as well as in the
vertical, is an aspect currently under consideration that
may lead to significant improvements, particularly over
the low skill zone noticed over the Southeast of the
continent. Useful rainfall anomaly simulations are fea-
sible during El Nifio/La Nifia events over wide tropical
and extratropical sectors of the continent. The obtained
results are encouraging and justify tackling the most
complex problem of climate forecast by means of cou-
pled atmosphere—ocean GCMs.
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