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Abstract Historically, El Nino-like events simulated
in global coupled climate models have had reduced
amplitude compared to observations. Here, El Nino-like
phenomena are compared in ten sensitivity experiments
using two recent global coupled models. These models
have various combinations of horizontal and vertical
ocean resolution, ocean physics, and atmospheric model
resolution. It is demonstrated that the lower the value
of the ocean background vertical diffusivity, the greater
the amplitude of El Nino variability which is related
primarily to a sharper equatorial thermocline. Among
models with low background vertical diffusivity,
stronger equatorial zonal wind stress is associated with
relatively higher amplitude El Nino variability along
with more realistic east-west sea surface temperature
(SST) gradient along the equator. The SST seasonal
cycle in the eastern tropical Pacific has too much of
a semiannual component with a double intertropical
convergence zone (ITCZ) in all experiments, and thus
does not affect, nor is it affected by, the amplitude of El
Nino variability. Systematic errors affecting the spatial
variability of El Nino in the experiments are character-
ized by the eastern equatorial Pacific cold tongue regime
extending too far westward into the warm pool. The
time scales of interannual variability (as represented by
time series of Nino3 SSTs) show significant power in the
3-4 year ENSO band and 2-2.5 year tropospheric
biennial oscillation (TBO) band in the model experi-
ments. The TBO periods in the models agree well with
the observations, while the ENSO periods are near the
short end of the range of 3—6 years observed during the
period 1950-94. The close association between interan-
nual variability of equatorial eastern Pacific SSTs and
large-scale SST patterns is represented by significant
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correlations between Nino3 time series and the PC time
series of the first EOFs of near-global SSTs in the
models and observations.

1 Introduction

Early global coupled climate models simulated interan-
nual variability in the tropical Pacific that was typically
around 50% the amplitude seen in observations (e.g.,
Sperber et al. 1987; Meehl 1990; Lau et al. 1992; Nagai
et al. 1992; Tett 1995). This systematic error has been
noted to occur in global coupled models both with and
without flux adjustment (Pontaud et al. 1998). It has
been recognized that the class of relatively coarse grid
global coupled models is not capable of simulating all
the relevant dynamical coupled processes that contribute
to observed El Nino events (Neelin et al. 1992). More
recent global coupled model versions with enhanced
latitudinal resolution in the equatorial tropics and other
improvements have shown somewhat higher amplitude
SST variability in the eastern equatorial Pacific and
better success in simulating El Nino-like phenomena
(Yukimoto et al. 1996; Roeckner et al. 1996; Timmer-
mann et al. 1999; Latif et al. submitted 2000). However,
simply looking at the amplitude of an index of El Nino
activity, such as Nino3 SSTs (SST anomalies averaged
over the area 5°S—5°N, 150°W-90°W), does not provide
information on why some models simulate higher
amplitude El Nino-like events than others.

Stability analysis has shown that the magnitude of El
Nino events as measured by, for example, the Nino3
index, strongly depends on the basic state of the atmo-
sphere and ocean (e.g., Neelin 1991; Wang and Feng
1996; Li 1997). In particular, coupled model experiments
by Zebiak and Cane (1987) and Latif et al. (1993)
showed that the amplitude of the El Nino cycle was very
sensitive to the zonal mean thermocline depth in the
equatorial Pacific. The intensity of the thermocline is of
course related in part to the vertical mixing (e.g., Wilson
2000). Thus, this is a possible candidate for differences
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between the El Nino amplitudes simulated by global
coupled models. Another is the seasonal cycle in the
eastern Pacific. Coupled models without flux adjustment
have had difficulties simulating the seasonal cycle in the
eastern tropical Pacific, and there is some speculation
that improvements there could improve El Nino simu-
lations (Mechoso et al. 1995). However, that study and
subsequent ones (e.g., Pontaud et al. 1998; Latif et al.
2000) could not find a preferential relationship across
the models between a good simulation of the seasonal
cycle and a superior simulation of El Nino.

The problem in most of the intercomparison studies
is that all the models and components are different, and
it is difficult to isolate possible contributions from vari-
ous factors. Here, we compare the El Nino simulations
in a number of different versions of two global coupled
models, the climate system model (CSM) and parallel
climate model (PCM). Their main difference that affects
the simulation of El Nino phenomena is in the ocean
components. We will examine differences in the simu-
lated seasonal cycles in the eastern Pacific, as well as
possible contributions from the structure of the simu-
lated thermocline in the equatorial Pacific to identify
factors that contribute to differences of El Nino ampli-
tude.

2 Models and experiments

The CSM and PCM are fully coupled global ocean-atmosphere-sea
ice-land surface models and use the CCM3 for the atmospheric
component. The PCM and standard CSM use T42 resolution (an
equivalent grid spacing of roughly 2.5 by 2.5°) and 18 levels (hybrid
coordinates; see details and references in Kiehl et al. 1998). The
PaleoCSM uses the T31 resolution CCM3 with 18 vertical levels
(Otto-Bliesner 1999). The CSM and PCM use the same land surface
component, the LSM, with specified vegetation types and a com-
prehensive treatment of surface processes (see Bonan 1998).

The ocean component in all CSM experiments is the NCAR
CSM ocean model (NCOM, Gent et al. 1998). The standard CSM
experiment uses the NCOM x 2 grid, which has 45 vertical levels, a
2.4° longitudinal grid spacing and a maximum latitudinal grid
spacing of 2.4° at mid-latitudes that decreases to 1.2° near the
equator. The newer CSM version uses the NCOM x 2" grid which
is like the NCOM x 2 grid, except for a finer latitudinal spacing of
1.2° poleward of 30° smoothly decreasing to 0.6° within 10° of the
equator. The PaleoCSM uses the NCOM x 3’ grid which has 25
vertical levels, 3.6° longitudinal grid spacing and a latitudinal
spacing of 1.8° poleward of 30° decreasing to 0.9° within 10° of the
equator. All these CSM versions employ the Gent-McWilliams
(GM) eddy parametrization and a KPP boundary layer scheme (see
details and references in Gent et al. 1998). Both the NCOM x 2’
and NCOM x 3’ versions use a spatially varying horizontal
viscosity scheme (Large et al. 2000) which makes the equatorial
currents much more realistic compared to the NCOM x 2 version.

The most notable difference between the PCM and CSM in the
context of El Nino is in the ocean component. The PCM ocean
component (Washington et al. 2000) is a version of the parallel ocean
processor (POP) with 32 levels in the vertical and 2/3° nominal lati-
tude-longitude resolution reducing to 0.5° in latitude in the tropics
(actual longitudinal grid spacing in the equatorial Pacific ranges from
about 0.6° in the east to 0.9° in the west due to the effects of the
rotated pole over northern North America). The PCM ocean com-
ponent uses biharmonic diffusion horizontal mixing and Pacanow-
ski-Philander vertical mixing (see Semtner 2000). Upper ocean
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vertical resolutions for the CSM versions and the PCM are shown in
Fig. 1. The CSM/NCOM x 2 and x2” have 19 levels in the upper
500 m and seven levels in the upper 100 m, the CSM/NCOM x 3" has
10 and 5, respectively, while the PCM has 13 and 4. PCM experiment
10 in Table 1 has four extra levels added in the upper 100 m so that
there are then eight levels in the upper 100 m.

The sea-ice component in CSM includes Semtner three-layer
thermodynamics and the Flato—Hibler cavitating fluid ice rheology
(see Weatherly et al. 1998). The PCM has a somewhat different
sea-ice scheme but also with thermodynamic and dynamic parts
(see Weatherly and Washington submitted 2000). It is thought that
the sea-ice formulation does not contribute to the differences in
El Nino phenomena in the models.

The spin-up procedure for the CSM versions starts with an
ocean equilibrium state, whereas the PCM versions use an initial
state taken from a short run with restoring back to observed
temperature and salinity at all grid points. Then all models are spun
up with an accelerated deep ocean with repeated forcing from five
years of an atmospheric model integration (for more details see
Boville and Gent 1998; Washington et al. 2000). No flux adjust-
ments are used in the models. The CSM versions are run from the
accelerated spin-up for the fully coupled experiments analyzed
here. After the first 50 years of the PCM fully coupled integration,
an adjustment to background aerosol was made, and then the
experiments analyzed here were started from that point.

A list of the ten model experiments are given in Table 1.
Experiments 1, 2, 6, and 8 are long control integrations of 200 years
or more, whereas the others are sensitivity experiments of relatively
short duration. However, the sensitivity experiments reveal sys-
tematic behaviors that allow us to draw conclusions about factors
that affect the amplitude of El Nino. The improvements indicated
in these sensitivity experiments are being applied in subsequent
multi-century coupled model simulations.

As noted in Table 1, the ocean model background vertical
diffusivity parameter is varied among the model experiments,
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Fig. 1 Upper ocean vertical resolution for the model versions used in
the experiments listed in Table 1. Note that CSM x 2 and CSM x 2’
have the same vertical resolution
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Table 1 Model experiments R
Experiment Model Atmosphere Ocean Background Years
number CCM3 vertical diffusivity analyzed
em? 57!
1 CSM T42 18L NCOM x 2 (2.4°,1.2°,45L) 0.3 45
2 Paleo CSM  T31 18L NCOM x 3" (3.6°,0.9°, 25L) 0.5 40
3 Paleo CSM  T31 18L NCOM x 3" (3.6°,0.9°, 25L) 0.3 40
4 Paleo CSM  T31 18L NCOM x 3’ (3.6°, 0.9°, 25L) 0.2 40
5 Paleo CSM  T31 18L NCOM x 3" (3.6°,0.9°, 25L) 0.15 40
6 Paleo CSM  T31 18L NCOM x 3" (3.6°, 0.9°, 25L) 0.1 40
7 CSM T42 18L NCOM x 2" (2.4°, 0.6°, 45L) 0.1 30
8 PCM T42 18L POP (2/3°, 1/2°, 32L) 0.1 45
9 PCM T42 18L POP (2/3°, 1/2°, 32L) 0.3 23
10 PCM T42 18L POP (2/3°, 1/2°, 36L, 4 extra 0.1 23

in upper 100 m)

ranging from values of 0.1 to 0.5 cm? s™'. A number of different

aspects of the model simulations that could play a role in the
manifestation of El Nino will be examined later, the primary one
being the magnitude of background vertical diffusivity. Other
aspects of El Nino such as the zonal wind stress, the seasonal cycle
in the eastern Pacific, and spatial patterns and time scales also will
be examined.

3 Factors affecting the amplitude of El Nino variability

3.1 Ocean background vertical diffusivity

In comparing the various global coupled model experiments de-
picted in Table 1, the dominant influence on El Nino amplitude is
the magnitude of the ocean model background vertical diffusivity,
as shown in Fig. 2. Across all model experiments, regardless of
resolution or ocean physics, the runs with the lowest values of
background vertical diffusivity have the largest Nino3 amplitudes.

To obtain the Nino3 and Nino4 time series for all model
experiments, the monthly mean uppermost ocean level potential
temperatures (SST) are averaged over the appropriate area, the
mean monthly cycle is removed and a five month boxcar smoother
is applied, as in Trenberth (1997). To give a range of possible
observed values, we compute Nino3 (5°S-5°N, 150°W-90°W) for
two periods (observed SST indices are obtained from NOAA and
smoothed in a similar manner; Reynolds and Smith 1994). The
observed Nino3 standard deviation for the period 1950-98 is
0.86 °C, and for 1950-79 it is 0.70 °C. This observed range is near
the values for model experiments with a background vertical
diffusivity of 0.1 cm?s™' that range from 0.94 to 0.69 °C. Nino3
standard deviations for all other model versmns w1th background
vertical diffusivity values greater than 0.1 cm? s7! fall below the
model experiments that use 0.1 cm?s™'. The lowest simulated
Nino3 standard deviation is 0.43 °C from experiment 2, and that
model ver51on has the highest background vertical diffusivity value
of 0.5 cm? s7'.

Results for Nino4 (SST anomalies averaged over the area 5°S—
5°N, 150°W-160°E, shown in Fig. 2b) are similar, with the
observed range of 0.55 to 0.59 °C which is near the values for
the models using background vertical diffusivity of 0.1 cm? s™! that
range from 0.47 to 0.66 °C. The results for Nino4 are not as
monotonic as those for Nino3, because experiment 1, with higher
values of background vertical diffusivity, has an amplitude com-
parable with the observations. However, a low Nino4 standard
deviation of 0.38 °C oceurs in experiment 2, which has the highest
diffusivity value of 0.5 cm? s~

Comparing specific versions of the same model with different
values of background vertical diffusivity also illustrates this result.
The most directly comparable model versions are the variants of
the PaleoCSM (experiments 2 through 6), where the only difference
between the experiments is the background vertical diffusivity
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Fig. 2 a Ocean model background vertical diffusivity versus Nino3
amplitude for all experiments. The solid lines represent Nino3
amplitude for the observations from 1950-1998 and 1950-1979.
b Same as a but for Nino4

value. Figure 2a, b shows a monotonic decrease of Nino3 and
Nino4 amplitudes as the background vertical diffusivity is increased
from 0.1 to 0.5 cm? s™!. In addition, for these experiments the ratio
of variability in the eastern tropical Pacific (Nino3) compared to
the central tropical Pacific (Nino4) increases as the background
vertical diffusivity is decreased from 0.5 to 0.1 cm? s™', closer to the
ratio for observations.

Similar results are seen for experiments 8 and 9. The experiment
with the lower value of background vertical diffusivity of
0.1 cm? s™! (experiment 8) has higher Nino3 and Nino4 amplitudes
(0.90 °C and 0.65 °C, respectively) than the experlment with higher
background vertical diffusivity of 0.3 cm? s™! (experiment 9), which
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has lower Nino3 and Nino4 amplitudes of 0.50 °C and 0.35 °C,
respectively.

How does the value of background vertical diffusivity affect
Nino3 and Nino4 amplitudes? To address this question, the upper
ocean temperature structure along the equator is shown in Fig. 3a
for observations, Fig. 3b for experiment 8, and Fig. 3¢ for experi-
ment 6. These two experiments are chosen as representative of the
PCM and PaleoCSM simulations, respectively. Both experiments 6
and 8 produce a fairly good representation of the equatorial Pacific
thermocline intensity and its upward tilt to the east, although the
experiment 8 upper ocean temperatures are somewhat colder than
those in experiment 6, and observations.

To measure the intensity of the thermocline for the models, we
compute the depth range, or thicknesses, of the 16 to 22 °C tem-
perature interval at 155°W in the central equatorial Pacific. The
Nino3 amplitude is represented here and throughout the study
as the standard deviation of the smoothed Nino3 monthly SSTs as
defined earlier. For observations this value is 70 m, the same value

Fig. 3a—c Upper ocean equato-
rial Pacific temperature struc-
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for experiments 6 and 8. Thus, both models have thermoclines
that are of comparable intensity to observations, but experiment 8
has greater Nino3 amplitude (0.90 °C) compared to experiment 6
(0.69 °C), even though they both have the same background ver-
tical diffusivity of 0.1 cm? s™'. The depth of the thermocline can be
diagnosed as the depth of the 20 °C isotherm at 155°W. In the
observations it is 120 m, in experiment 6 it is near 110 m, but in
experiment § it is about 50 m, and this is reflected by the colder
SSTs at the surface in experiment 8 (Fig. 3). Thus, the depth of
the thermocline, as well as its intensity, is an important factor
in determining Nino3 amplitude.

These changes in equatorial SST variability are the result of
strong changes in the mean structure of the equatorial thermocline
in the Pacific in the ten experiments. Figure 4 shows the indices of
thermocline intensity and the mean depth of the thermocline (depth
of the 20 °C isotherm at 155°W), plotted here for all ten experi-
ments as a function of Nino3 amplitude. The range for the obser-
vations of Nino3 amplitude also is shown for the two time periods
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Fig. 4 a Thermocline intensity (defined as the depth range between
the 16 °C and 22 °C isotherms at 155°W) versus Nino3 amplitude
(defined as standard deviation of Nino3 SSTs as defined in the text)
for all experiments. b Mean depth of the 20 °C isotherm at 155°W
versus Nino3 amplitude for all experiments. The observed range in
a and b is shown for the two values of Nino3 amplitude defined
for Fig. 2

defined for Fig. 2. Figure 4a shows that models with more intense
thermoclines produce greater Nino3 amplitudes. The observations
lie near the middle of the range of model realizations for thermo-
cline depth as a function of Nino3 amplitude in Fig. 4b, but are
closer to the model experiments with more intense thermoclines.

Experiment 8 does produce a thermocline intensity (Fig. 4a)
that is close to the observed value. However, it has a systematic
error of colder than observed temperature in the upper 400 m
(Fig. 3b), which is reflected in the 20 °C isotherm being near the
top of the thermocline in that model. If the depth of the strongest
thermocline gradient is computed in experiments 8, 9 and 10 (the
models that have this systematic error), their values in Fig. 4b shift
about 50 m deeper. Then they align more closely with the values
from the other models whose 20 °C isotherm is better captured in
the main thermocline. Even with this adjustment, the relationship
still holds that models with systematic upper ocean cold bias (e.g.,
experiments § and 10) can simulate near-observed Nino3 ampli-
tude. This indicates that the Nino3 amplitude alone does not
necessarily represent all ENSO-related characteristics of coupled
climate models.

Figure 4 clearly shows that models with lower background
vertical diffusivity and larger amplitude El Nino variability tend
to have a shallower and/or more intense thermocline compared to
the ones with higher background vertical diffusivity and lower
amplitude El Nino variability. This implies that for a given wind
variation, it is easier for equatorial upwelling to tap the colder
sub-thermocline water in the models with the sharper and/or
shallower thermoclines, thus contributing to higher amplitude
SST variability.
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3.2 Ocean vertical resolution and mixing schemes

In a model run directly comparable to experiment 8, four extra
levels were added in the top 100 m of the ocean in experiment 10 to
test the effects of vertical resolution. There is an effect on the upper
ocean equatorial Pacific temperature structure in this experiment.
The depth of the 20 °C isotherm at equator, 155°W deepens slightly
to 55 m (from 50 m in experiment 8), and the 16-22 °C depth span
diffuses to 100 m (from 70 m in experiment 8), as seen in Fig. 4.
Thus the thermocline deepens somewhat and becomes less intense
in this sensitivity experiment, and there are modest decreases of
Nino3 and Nino4 amplitude in experiment 10 compared to ex-
periment 8 (Fig. 2). Though higher vertical resolution in this model
contributes to reduced El Nino amplitude, this effect is weaker than
that occurring with an increase in background vertical diffusivity.
The reductions are 44% for Nino3 and 46% for Nino4 amplitudes
in the increased background vertical diffusivity experiment 9, and
only a decrease of 20% for Nino3 and 28% for Nino4 amplitudes
in the enhanced vertical resolution experiment, experiment 10.

Thus, there is strong evidence (also noted in earlier analyses of
coarse grid coupled models, e.g., Meehl 1990) that if the vertical
resolution is too coarse, upwelling reaches too deep and brings up
water that is too cold, thereby contributing to increased SST
variability solely due to the vertical resolution configuration
(comparing cases 8§ and 10). This was also noted to happen in the
models where the thermocline is too shallow (Fig. 4b). Addition-
ally, the KPP and Pacanowski and Philander mixing schemes have
been shown to give quite similar mean thermocline structures
(Large and Gent 1999), so that we do not expect these different
vertical mixing schemes to be a large factor in governing the
amplitude of El Nino variability.

3.3 Equatorial ocean horizontal resolution

In recent years, the equatorial meridional resolution in the ocean
component of many coupled climate models has been increased,
including the CSM. Is this necessary in order to obtain large am-
plitude El Nino variability? We cannot make a definitive conclusion
from the ten experiments in Table 1, because in no pair of them is
there just a change in ocean meridional resolution. However, the
evidence from Fig. 4 is that the role of meridional resolution is
weak in determining El Nino amplitude. For example, experiments
1, 3 and 9 have resolutions of 1.2°, 0.9° and 0.5°, yet all have
comparable Nino3 amplitudes. These three experiments all have
a background vertical diffusivity of 0.3 cm? s™'. For those experi-
ments that use a diffusivity of 0.1 cm? s™!, Fig. 2a shows that ex-
periment 6 with the most coarse meridional resolution does have
the smallest Nino3 amplitude. However, this may be related to the
weaker zonal wind stress in the T31 resolution atmosphere (see the
next subsection). Figure 2b shows that the Nino4 amplitude is also
not stratified according to the equatorial meridional resolution.

It would appear that, providing meridional resolution is not too
coarse near the equator, it is not a large factor determining El Nino
amplitude. Large et al. (2000) show that it might be more
important for the meridional horizontal viscosity to remain small,
rather than the resolution. They show that the NCOM x 2" and
NCOM x 3’ resolutions give comparable equatorial currents when
using an anisotropic horizontal viscosity. Coarser meridional
resolution does affect the numerical phase speed of the ocean
equatorial waves, but this would affect the time scales of El Nino
more than its amplitude. Higher meridional resolution will also
allow a smaller horizontal viscosity because it is usually set to
be the minimum value the resolution allows.

3.4 Zonal wind stress

Wind stress forcing also plays a role in the model experiments.
Figure 5 shows zonal wind stress along the equator in the Pacific
(averaged over 2°N-2°S) for the observations (Trenberth et al.
1989) and for three experiments; 6, 7, and 8. These three are chosen
to be representative of the simulations in the other experiments,
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and these three all have 0.1 cm? s™! background vertical diffusivity
and relatively large El Nino variability (Fig. 2). The three experi-
ments show good agreement with the observed zonal wind stress
values east of about 120°W with values ran%ing from near
-0.015 N m™2 at 100°W, to about —0.035 N m™2 at 120°W. All
experiments have stronger than observed zonal wind stress in the
far western Pacific by factors ranging from about 2 to 3. However,
between about the dateline and 125°W, experiments 7 and 8 have
the strongest zonal wind stress (and stronger than observed)
of around —0.028 to —0.035 N m~2. In contrast experiment 6
has comparatively weaker zonal wind stress (and weaker than ob-
served) with values ranging from about —0.03 to —0.023 N m™2.
Stronger than observed low level winds in the western equatorial
Pacific are symptomatic of all the coupled models here, where the
anomalous westward extent of the cold tongue regime is associated
with a westward shift of the ascending branch of the Walker Cir-
culation (Meehl and Arblaster 1998).

The mean strength of the zonal wind stress and its anomalies
affect the coupling strength (e.g., Neelin et al. 1992) and should be
expected to influence El Nino variability. The two experiments with
the greater zonal wind stress from 120°W to the dateline (and
stronger than observed), 7 and 8, have the largest Nino3 variability.
Their Nino3 standard deviations are 0.94 °C and 0.90 °C, respec-
tively, larger than the observed range in Fig. 2 of 0.70 to 0.86 °C.
Meanwhile, experiment 6, with the weakest zonal wind stress of the
three, has a lower amplitude Nino3 variability of 0.69 °C, which is
just below the value of 0.70 °C at the low end of the observed
range. Similar results are found for Nino4.

The equatorial SSTs across the Pacific (Fig. 6a) are shown for
the same three representative experiments as in Fig. 5, and com-
pared to observations from Reynolds and Smith (1994). The model
experiments in Fig. 6a are all colder than observed between 170°E
and 120°W, where the east-west SST gradient is strongest. East—
west SST gradient is shown for all experiments as a function of
Nino3 amplitude in Fig. 6b. It shows that the two experiments
which best approximate the slope of the observed gradient from
170°E to 120°W (experiments 7 and 8 in Fig. 6a) have the largest
Nino3 amplitudes. However, these two experiments are consis-
tently colder than observations over this longitude range by about
1 °C and 3 °C, respectively. In the PaleoCSM experiment 6, the
error in the slope of the east-west SST gradient is affected most by
the SSTs in the western equatorial Pacific. The SST value of
24.7 °C at 120°W is close to the observed value there, but the SST
at 170°E is about 1 °C too cold. In general, the thermocline slope in
the models is proportional to the strength of the integrated zonal
wind stress forcing across the equatorial Pacific. Experiment 8 with
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the strongest zonal wind stress (Fig. 5) has a thermocline slope of
105 m over the longitude range 120°W to 170°E. The value for
experiment 7 with somewhat weaker zonal wind stress (Fig. 5) is
80 m, and for experiment 6, with even weaker zonal wind stress, the
value is 60 m (compared to the observed value of about 110 m).

El Nino amplitude and associated east-west SST gradient along
the equator is summarized for all ten model experiments in Fig. 6b
where SST gradients are plotted in degrees celsius difference for
170°E minus 120°W spanning the longitudes where the zonal
equatorial SST gradient is strongest (Fig. 6a). Figure 6b shows
generally that models with stronger east-west equatorial SST gra-
dients have larger El Nino amplitudes. However, different radiative
forcings can affect east-west SST gradient without notable changes
in El Nino amplitude (Meehl et al. 1993; Washington et al. 2000),
and changes in thermocline slope unrelated to SST can also play a
role (e.g., McPhaden 1999).

Though this is a coupled system and wind stress and SST are
inextricably linked, we know from CCM3 atmosphere-alone ex-
periments that there is a systematic error in the zonal wind stress
which is too strong in the eastern equatorial Pacific (see Kiehl et al.
1998). This translates into a further westward extension of the cold
tongue regime and wind stress errors in the coupled simulations in
the central and western Pacific as noted in Fig. 5, consistent with
the discussion in Meehl (1997a). Thus, the zonal wind stress forcing
influences the relative Nino3 amplitude among models with the
same background vertical diffusivity. The three experiments
with 0.1 cm? s™' background vertical diffusivity (experiments 6, 7
and 8) produce Nino3 amplitudes consistent with their respective
wind stress forcings (comparing Figs. 5 and 6b). The two experi-
ments with stronger than observed wind stress from about the
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dateline to 120°W (7 and 8 in Fig. 5) have larger east-west SST
gradients and greater amplitude of Nino3 variability (and greater
than observed, Fig. 6). Meanwhile, the experiment with weaker
than observed wind stress (6) has the weakest east-west SST
gradient and the lowest amplitude Nino3 variability of the three
representative experiments 6, 7 and 8.

However, as discussed already, the relationship between E-W
SST gradient and Nino3 amplitude in Fig. 6b is not necessarily as
straightforward as the relationship between Nino3 amplitude and
thermocline intensity in Fig. 4. For example, Fig. 6 shows that the
PaleoCSM experiments with lower Nino3 amplitude (2 and 3) have
a range of the E-W SST gradient measure from 2.7 to 3.2 °C, while
experiments 4 through 6 with higher Nino3 amplitudes have a more
consistent E-W SST gradient measure of 3.3 °C. This suggests
there may be some threshold of E-W SST gradient necessary for
adequate simulations of Nino3 amplitude.

4 Spatial structure of El Nino variability

It was noted earlier that there may be a link between the
simulation of the mean seasonal cycle in the eastern
equatorial Pacific and some models’ ability to simulate
El Nino phenomena. Figure 7a shows monthly anoma-
lies (the annual mean is subtracted) from the SST
climatology of Reynolds and Smith (1994). In the first
half of the year, relatively warmer SSTs move progres-
sively westward to be replaced by cooler SSTs that move
westward in the second half of the year. Figure 7b, c
shows comparable plots from experiments 6 and 8.
These are chosen to represent general features in all the
model simulations, regardless of configuration. There is

Fig. 7a—¢ Monthly anomalies

of equatorial Pacific SSTs (°C)
averaged over 2°S-2°N for the
observations (1950-1979, a
Reynolds and Smith 1994; leftr),  JAN
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more of a semiannual signal in the model experiments,
with the warmer SSTs in the first half of the year moving
westward about two months later than in the observa-
tions. However, the re-establishment of the cooler water
occurs at about the right time in the second half of the
year, but shows even stronger westward propagation
than the observations. This type of seasonal cycle, with
the warm water progression delayed about two months
at the beginning of the year and more of a semiannual
signature, is characteristic of several of the global cou-
pled models in Mechoso et al. (1995) and Latif et al.
(2000). It is also a persistent systematic error in all the
model versions considered here. In any case, the changes
in El Nino amplitude in the experiments in Fig. 2 and
model resolution changes appear to have little to do with
the simulation of the seasonal cycle of SST in the eastern
equatorial Pacific.

The seasonal cycle of precipitation in a sector of the
eastern Pacific averaged from 150°W to 100°W is shown
in Fig. 8a for the observations of Xie and Arkin (1996)
and in Fig. 8b, ¢ for the two model experiments 6 and 8.
Long term monthly means are shown. The general
characteristics of a stronger ITCZ north of the equator
during the second half of the year, and a double ITCZ
during northern spring are reproduced by both models.
However, both also tend to produce a southern ITCZ
year round. It is particularly strong in northern spring,
with the ITCZ maxima somewhat farther poleward than
the observed; near 10-12°S in northern spring, and
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Fig. 8a— Mean seasonal cycle of precipitation averaged over the
Pacific sector from 150°W-100°W in mm/day for the observations
(1979-1998; Xie and Arkin 1996; rop), experiment 6 (middle) and
experiment 8 (hottom). Values greater than 6 mm/day are shaded

around 10-12°N for the northern ITCZ, compared to
about 5°S and 8-10°N, respectively, for the observa-
tions. Mechoso et al. (1995) show that the double ITCZ
also is a typical problem in many global coupled models
without flux adjustment. This could be partly related to
the problems associated with inaccurate simulation of
stratus clouds off the coast of South America, or with
details of the convective parametrization and the SST
errors that result south of the equator in the eastern
Pacific (Ma et al. 1996; Yu and Mechoso 1999). The
amplitude of the seasonal cycle is only marginally
greater than the observed in the ITCZ maxima north
of the equator with annual maximum values of about
12 mm day™' for the observations and roughly
14 mm day™' for the two model experiments. The sea-
sonal cycle of precipitation in the eastern Pacific has
similar systematic errors in all the experiments in this
paper and does not contribute to the changes in El Nino
amplitude.

Patterns of SST wvariability associated with the El
Nino indices are illustrated by an EOF analysis in Fig. 9.
To separate the interannual from the low frequency
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signals, we use an 8 year, 73 point low pass Lanczos filter
applied to the monthly anomalies of SST from the
observations and the three experiments (6, 7, and 8) with
higher amplitude Nino3 variability, and all using back-
ground vertical diffusivity of 0.1 cm?s~'. Once again,
these three are chosen to represent comparable behavior
in all the model versions. The high pass filtered time
series are then formed by subtracting the low pass
filtered data from the original time series. EOFs are
calculated from the filtered data (over the latitudinal
domain 40°S-60°N) using the correlation matrix tech-
nique. The corresponding principle component (PC)
time series are then correlated with the filtered time
series to form the patterns shown in Fig. 9.

EOF1 and the PC time series from the observed
surface temperature dataset of Reynolds and Smith
(1994) are shown in Fig. 9a, b for the 45 year period
1950-94 (36 months are removed from each end of the
time series due to filtering). Concentrating on the trop-
ical Pacific, the familiar El Nino-like pattern is evident
with large positive values in the central and eastern
equatorial Pacific, and opposite sign values in the north
and south Pacific. The PC time series in Fig. 9b shows
interannual variability readily identified with ENSO.
A similar EOF analysis for a 45 year time series from
experiment 8 in Fig. 9¢ also shows the El Nino-like
pattern comparable to the observations in Fig. 9a. One
crucial difference in the patterns in Fig. 9a, c is that
the model has enhanced variability associated with the
eastern equatorial Pacific cold tongue regime (defined as
the westward extent of high equatorial SST variability)
extending across the entire Pacific penetrating well into
the western Pacific warm pool. This is a typical sys-
tematic error in global coupled models (e.g., Knutson
and Manabe 1998), and results in a westward shift of
the ascending branch of the Walker circulation in the
western Pacific, and associated errors in the eastern
equatorial Indian ocean compared to observations
(Meehl and Arblaster 1998). Results for experiment 7
(30 year time series) in Fig. 9e are similar, with the cold
tongue regime extending too far west, and comparable
errors in the eastern Indian Ocean. The pattern of EOF1
is also similar in experiment 6 (45 year time series,
Fig. 9g), but the cold tongue regime does not extend
quite as far to the west as in experiments 7 or 8. This is
consistent with the weaker zonal wind stress in experi-
ment 6 compared to experiments 7 and 8 from about the
dateline to 120°W shown in Fig. 5. Thus experiments 7
and 8 have stronger equatorial Pacific zonal wind stress
and larger Nino3 variability, but also have a more
pronounced systematic error of the cold tongue regime
extending too far to the west. In contrast, experiment 6
has weaker equatorial Pacific zonal wind stress, rela-
tively lower amplitude Nino3 variability, but less of the
systematic error of the over-extensive eastern Pacific
cold tongue regime seen in experiments 7 and 8.

To quantify the time scales of ENSO variability,
spectra are calculated from the observed monthly Nino3
SST anomalies and from the three representative
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Fig. 9 a EOF1 from highpass filtered monthly SST and b normalized
principal component time series corresponding to EOF1, for the
observations (1950-1995, Reynolds and Smith 1994). ¢, d Same as a, b
except from experiment 8 (45 years). e, f Same as a, b except from

experiments (6, 7, and 8) and are shown in Fig. 10.
Observations and model time series are 45 years except
for CSM x 2" which is 30 years. The observations use the
interval 1950-94. Only the spectra for periods greater

experiment 7 (30 years). g, h Same as a, b except for experiment 6
(45 years). Note that 36 months from each end of the time series were
cut off prior to the EOF analysis due to filtering

than one year are shown, though the first order auto-
regression red noise estimate and the 5% and 95%
significance levels are calculated based on the entire
monthly time series. The observations and the three
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model experiments all show significant power at the
typical El Nino periods around 3-6 years, and in the
tropospheric biennial oscillation (TBO) period of
somewhat greater than two years (e.g., Meehl 1997b;
Meehl and Arblaster 1998). There is decadal variability
in the exact manifestations of the spectral peaks in the El
Nino frequencies in observations (e.g., Webster et al.
1998) and in the models analyzed for longer periods
(e.g., Washington et al. 2000). The observations for this
particular time period show power near the 3-6 year
ENSO and 2.3 year TBO periods significant at greater
than the 95% level. For experiment 8, there is enhanced
power in the El Nino periods near four years and the
TBO period of about 2.5 to 2.8 years. For experiment 7,
there is significant power in the 3 to 4 year ENSO range,
and at about 2.5 years for the TBO, and for experiment
6 around three years and two years, respectively. In fact,
all ten experiments simulate significant El Nino-like
variability in the range of the observed El Nino periods
of roughly 3-5 years and in the TBO periods around 2—
2.5 years as observed. However, the models tend toward

Frequency (cycles/month)

the shorter ENSO periods of around 34 years as seen in
some other global coupled models (e.g., Timmermann
et al. 1999).

The Nino3 time series are representative of the larger
scale patterns in Fig. 9. Correlations of the non-filtered
monthly PC time series (nearly the same as the filtered
patterns in Fig. 9 due to the dominance of ENSO) with
the non-filtered monthly Nino3 SST time series are
+0.80 for observations, +0.82 for experiment 6, +0.80
for experiment 7, and +0.89 for experiment 8, all
significant at the 1% level.

5 Discussion and conclusions

A number of versions of two global coupled models,
using the same atmospheric component but different
ocean components, exhibit different amplitudes of
El Nino-like variability in the equatorial Pacific, most
directly influenced by the values of ocean background
vertical diffusivity. The models with smaller background
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vertical diffusivity have larger El Nino amplitude. This is
directly related to the simulation of the mean thermal
structure of the equatorial upper ocean. All models have
thermoclines that slope upward to the east as observed,
but the models with larger amplitude El Nino-like
variability have a more intense thermocline. Some
models have a systematic error of a thermocline that is
too shallow, but those models can still produce high El
Nino variability. Taken together, these results imply that
for a given wind variation, it is easier for equatorial
upwelling to tap the colder sub-thermocline water and
produce greater SST variability. The magnitude of the
equatorial zonal wind stress also is associated with
Nino3 SST amplitude. When wind stress is stronger, the
east—west slope of the thermocline is greater, which can
be associated with stronger equatorial east-west SST
gradient. The enhanced thermocline slope brings it
closer to the surface in the east, which increases the
Nino3 SST interannual variability.

All versions have similar systematic errors in simu-
lating the seasonal cycle in the eastern Pacific, with the
equatorial SST evolution having a more semiannual
character than the dominant annual period seen in
observations, and a double ITCZ for much of the year
in the eastern Pacific. Therefore, since all models have
similar systematic errors in the simulation of the sea-
sonal cycle, that does not seem to affect, or be affected
by, the amplitude of El Nino in the models.

An EOF analysis of SSTs (filtered to retain vari-
ability at El Nino periods shorter than 8 years) for
three representative experiments with 0.1 cm?®s™!
background vertical diffusivity shows a systematic error
of the eastern Pacific cold tongue regime extending too
far into the western Pacific warm pool in the two
experiments with relatively strong equatorial Pacific
zonal wind stress. In contrast, the experiment repre-
senting those experiments with weaker wind stress
has comparatively lower amplitude Nino3 variability
but a somewhat better spatial simulation of the eastern
Pacific cold tongue pattern. Spectra of the unfiltered
monthly Nino3 anomalies for the models show power
that falls within the observed range of ENSO periods of
roughly 3-6 years and the TBO of about 2-2.5 years
for the years 1950-94. However, the models tend
to prefer ENSO periods of about 3—4 years at the lower
end of the observed range. The Nino3 time series
are significantly correlated to the respective PC time
series of the first EOF of near-global SSTs, indicative
of the close relationship between SST interannual
variability in the eastern equatorial Pacific and the
near-global patterns of SST in the models and
observations.
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