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ABSTRACT

Recent observational analyses have indicated that tropospheric quasi-biennial oscillations (QBs) may play a
fundamental role in regulating the timing and strength of El Nifio and the Southern Oscillation. The biennial
variability is examined in the tropical troposphere of a 35-year general circulation model (GCM) simulation
forced by observed sea surface temperatures (SSTs). The results of spectral analyses and temporal filtering
applied to the SST boundary conditions and the simulated lower- and upper-tropospheric zonal winds, precip-
itation, and sea level pressure anomalies are compared with observations and used to investigate the relationship
between variables.

The GCM obtains regions of coherent biennial variability over the tropical Indian and Pacific Oceans in close
correspondence with observations. In addition, the evolution of the stronger QBs and the physical relationship
between variables are fairly well simulated. Zonal wind anomalies, with a simple baroclinic structure, tend to
propagate eastward from the Indonesian region to the central Pacific where they increase in strength. The
amplitude of the zonal wind and SST anomalies in the central Pacific vary together, with the largest anomalies
occurring during the mid-1960s, mid-1970s, and early 1980s. During the time of the warmest SSTs, low pressure
is found in the east Pacific with high pressure over Indonesia, and precipitation is enhanced between the date
line and 120°W. However, the model underestimates the low-frequency variability in general and has approx-
imately one-half to two-thirds of the observed variability in the biennial range. In addition, the observed phasing
of the biennial and annual cycles in the zonal winds over the eastern Indian Ocean is not reproduced by
the model.

The authors have also compared the amount of biennial variability of the near-surface zonal winds in the
35-year run with observed SSTs to two 35-year periods in a 100-year control run with climatological SSTs that
repeat the seasonal cycle. Only the simulation with observed SSTs has an organized region of enhanced biennial
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variability near the equator, suggesting a strong oceanic component to the forcing of the QB.

1. Introduction

Fluctuations on approximately 2-year timescales,
quasi-biennial oscillations, have been noted in climate
records over many different parts of the earth as far
back as the late 1800s [see Landsberg (1962)]. Quasi-
biennial oscillations are contained in observations of
air temperature, sea level pressure (SLP), sea surface
temperature (SST), precipitation, etc. [e.g., Landsberg
etal. (1963); Trenberth (1975, 1980); Meehl (1987);
Kawamura (1988); Lau and Sheu (1988)]. A quasi-
biennial oscillation (QBO) is also very prominent in
the tropical stratospheric winds (Reed et al. 1961;
Naujokat 1986). The stratospheric QBO appears to be
caused by the vertical transfer of momentum by equa-
torial Kelvin and Rossby gravity waves [cf. Lindzen
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and Holten (1968); Andrews et al. (1987)]. Yasunari
(1989), Angell (1992), and Gray et al. (1992) found
evidence of a link between the tropospheric and strato-
spheric biennial oscillations, while Trenberth (1980),
Barnett (1991), and Xu (1992) have concluded that
they are independent phenomena. Thus, the cause(s)
of the quasi-biennial fluctuations in the tropical tro-
posphere, referred to as QB from here on, and their
relationship with oscillations in other parts of the globe
remain unclear.

The dominant mode of variability on interannual
timescales in the Tropics is associated with El Nifio
and the Southern Oscillation (ENSO). The Southern
Oscillation (SO), the atmospheric component of
ENSO, contains an SLP anomaly pattern with centers
of opposite sign on either side of the tropical Pacific.
Biennial variability in the SO was first noted by Berlage
(1956, 1957). More recent studies indicate the SO has
a range of approximately 2—10 years with a peak at 3-
6 years (Trenberth 1976; Julian and Chervin 1978).
However, a distinct secondary peak with an approxi-
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mately 2-3-year period has been noted in some SO
indices (Rasmusson and Carpenter 1982; Keppenne
and Ghil 1992). Composites of El Nifio events indicate
that warming of the ocean in the equatorial Pacific and
the associated atmospheric changes over the globe
evolve over about a 2-year period (Rasmusson and
Carpenter 1982; van Loon and Shea 1985; Kiladis and
Diaz 1989). Yasunari ( 1985) and Gutzler and Harrison
(1987) found that the biennial oscillation interacts with
a lower-frequency oscillation (4-5 year) to regulate the
timing and strength of ENSO. Recent diagnostic anal-
yses by Rasmusson et al. (1990), Barnett (1991), Ro-
pelewski et al. (1992), and Jiang et al. (1993) appear
to confirm that the tropospheric quasi-biennial ten-
dency is an independent and statistically significant
mode of ENSO.

The aforementioned studies plus many others pro-
vide a general description of the QB in the tropical
troposphere. Like other low-frequency modes in the
Tropics, the QB has a baroclinic structure with wind
anomalies of opposite sign in the lower and upper levels
of the troposphere, and it is composed of low horizontal
wavenumbers indicative of large spatial scales. The QB
1s largest along the equatorial band over much of the
Indian and Pacific Oceans and in the subtropical west-
ern Pacific in the Southern Hemisphere. Zonal wind
anomalies tend to propagate from about 100°E to
150°W, but there is also a standing component with
opposite anomalies over the Indian and central Pacific
Oceans. The timing and strength of the QB varies; for
example, the biennial signal was strong and fairly reg-
ular between 1968 and 19735, but a phase shift occurred
in 1970 and the magnitude of the anomalies became
weak in the late 1970s. Although the period of the QB
is not strictly 2 years, there is a tendency for the min-
imum (maximum) amplitude of the surface wind on
biennial timescales to occur in spring (fall) over the
eastern Indian Ocean, indicating that the oscillations
are loosely phased with the annual cycle.

There are also changes in the tropical ocean that
appear to be closely related to the tropospheric QB.
Coherent SST anomalies, which fluctuate on approx-
imately 2-year timescales, are found in the Indian and
Pacific Oceans. The largest SST anomalies, located in
the central and east Pacific, tend to occur when the
biennial zonal-wind anomalies are at a maximum in
the central Pacific. Kawamura (1988) and Meehl
(1993) showed that the QB surface temperature
anomalies extend down into the ocean reaching depths
of over 150 m and that these anomalies can persist for
a year or more.

Trenberth (1975), Brier (1978), Nicholls (1978,
1979), and Hackert and Hastenrath (1986) suggested
that air-sea interaction may play a fundamental role
in the tropical tropospheric QB. Nicholls (1979) used
a conceptual model to explain the QB. The model in-
volves local air—sea interactions in the Indonesia-New
Guinea area that depend on the season. Meehl (1987,
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1993) expanded on Nicholls’s ideas to include ther-
modynamic air-sea interaction along the entire belt
traversed by the major center of convection in the In-
dian/west Pacific Oceans over the course of a year.
The basic mechanism includes a westward shift in con-
vection in one year, which causes cold ocean temper-
atures through locally enhanced surface fluxes and ver-
tical mixing, resulting in an eastward shift in convection
in the following year. Other biennial mechanisms in-
volving a dynamical ocean component have been pro-
posed by Kawamura (1988) and Miinnich et al.
(1991). ‘

General circulation models (GCMs) have been used
only recently to examine biennial variability in the
tropical troposphere. Latif et al. (1993) found that the
second largest mode of variability in a coupled atmo-
sphere—ocean GCM simulation had a period of about
2 years. The SST anomalies associated with this mode
in the model bear some resemblance to those in the
data albeit with a slightly shorter period, but the zonal
surface wind anomalies propagate westward, in contrast
to observations. Some of the model data differences
may result from errors in the model climatology, par-
ticularly the absence of warm water in the western
equatorial Pacific. Robertson et al. (1993) also iden-
tified a quasi-biennial signal in a coupled GCM sim-
ulation, but the oscillation was weak and appeared to
decay with time as the simulation progressed.

In this study, the atmospheric circulation is exam-
ined in extended atmospheric GCM simulations, de-
scribed in section 2. We have two primary goals: (i)
to examine the role of SST anomalies in the QB by
comparing a GCM run with observed SST boundary
conditions to a control run, where the SSTs repeat the
same climatological seasonal cycle (section 3), and (ii)
to test the model’s ability to simulate the observed at-
mospheric characteristics of the QB in the run with
observed SSTs (section 4). The results are discussed
and summarized in section 5.

2. Atmospheric GCM and experiment design

The GCM used in this study is a global primitive
equation model developed at the Geophysical Fluid
Dynamics Laboratory (GFDL). It is a spectral model
with rhomboidal truncation at wavenumber 15, a hor-
izontal resolution of approximately 4.5° lat X 7.5° long.
The vertical domain of the model is divided into nine
unequal sigma (¢) layers where the lowest level, o
= 0.991, is approximately 50 m above the surface. In-
solation at the top of the atmosphere varies with the
seasons but has a fixed value during each day. The land
surface temperature is computed assuming an instan-
taneous energy balance, while soil moisture is predicted
using the bucket method. Large-scale precipitation oc-
curs when the air column becomes saturated, while
subgrid-scale precipitation is parameterized via con-
vective adjustment. Other physical processes include
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FiG. 1. Map of the GFDL GCM configuration over the tropical
Indian and Pacific Ocean regions. Simulated (observed) area-averaged
values are computed for the hatched (open) boxes located on the
equator at 90°E and 172.5°W.

variable sea ice and continental snow cover, ice-albedo
feedback, and radiative transfer. The model is described
in more detail by Manabe and Hahn (1981) and Lau
(1981) and has been used by Keshavamurty (1982)
and Lau (1985) to study the atmospheric response to
SST anomalies in the tropical Pacific associated with
ENSO.

In the present study, we analyze an extended GFDL
GCM simulation originally performed by Lau and
Nath (1990). They evaluated the relative influence of
tropical and midlatitude SST anomalies on the mid-
latitude atmospheric circulation in a simulation where
observed SSTs were prescribed at all ocean points be-
tween 60°N and 38°S, while climatological SSTs were
specified over the remainder of the oceans. The sim-
ulation is 35-years long, extending from January 1950
to December 1984. We will examine this “global
ocean-global atmosphere” (GOGA) experiment, fo-
cusing on the tropical Indian and Pacific sectors (Fig.
1), where the QB is strongest. The results from the
GOGA simulation are compared with a 100-yr control
run where the prescribed SSTs repeat the mean seasonal
cycle during each year of the experiment.

The two primary methods used to study the QB in
the model and in observed time series obtained from
the Comprehensive Ocean—-Atmosphere Data Set
(COADS) are spectral analyses and temporal filtering.
These methods are applied to monthly anomalies,
which are obtained by subtracting the 35-yr average of
each month from the corresponding month of the in-
dividual years. The spectral analyses include variance
spectra of regionally averaged variables and the coher-
ence and phase in the biennial range of model variables
at grid points in the Tropics with an SST time series
in the equatorial east Pacific. Irregular oscillations in
the time series may cause power from other frequencies
to leak into the biennial band in the analyzed spectra,
as a result of discrete Fourier transforms. In additional
analyses, the monthly anomalies are time filtered using
a recursive Butterworth filter described by Murakami
(1979), which has a maximum response at 25 months
with the half-power points at 18 and 32 months.
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3. The influence of SST anomalies on biennial
variability

Evidence for enhanced biennial variability due to
the prescribed SST anomalies is obtained by comparing
the GOGA and control simulations. The three panels
in Fig. 2 show the percentage of the monthly variability
of the zonal wind anomalies in the biennial band: the
top panel is from the 35-yr GOGA run, while the bot-
tom panels are obtained from two separate 35-yr pe-
riods in the 100-yr control run. In the GOGA run, the
variance in the biennial band exceeds 5% in the eastern
Indian Ocean and across the entire tropical Pacific,
with a maximum of slightly more than 10% on the
equator at 110°W. While only a modest amount of
the variability falls in the biennial range in the GOGA
simulation, the two periods from the control run show
no organized region of enhanced variability near the
equator. This indicates that the SST anomalies and
thus air-sea interactions likely play an important role
in forcing the QB. It is possible that some of the vari-
ability in the biennial range in the control run results
from the inclusion of interactive soil moisture that
tends to enhance a broad spectrum of low-frequency
variability (T. Delworth 1993, personal communica-
tion).

Ropelewski et al. (1992 ) examined the percent vari-
ability of the zonal wind in the biennial range relative
to the total variance (which includes the annual cycle)
rather than the anomalous monthly variance. We have
performed a similar analysis using the GOGA run (not
shown) and the agreement between the model and ob-
servations in terms of the location of enhanced QB
variability is reasonably good. Both have regions of
relatively high variability along the equator in the cen-
tral and west Pacific and in the east Indian Ocean.
However, the percent of the total monthly variance in
the biennial range is roughly half as large in the GOGA
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FIG. 2. The percent of the monthly anomalous variance of the
near-surface u field in the biennial range in (a) the 35-year GOGA
run with observed SSTs and (b) and (c) in two separate 35-year periods
of a 100-year control run with climatological SSTs. Values exceeding
5% are shaded and values exceeding 7.5% are hatched.
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run compared with observations: the maximum vari-
ance in the QB band is approximately 15% in nature
and 7.5% in the model. This difference is also evident
in individual spectia shown in section 4.

It should be noted that clouds in the control run
were predicted, while they were specified by latitude
and height in the GOGA run. While this difference will
clearly influence many aspects of the simulated climate,
variability in cloudiness did not appear to introduce
an enhanced biennial signal in the atmospheric cir-
culation, at least as indicated by the near-surface zonal
winds (Figs. 2b, ¢). The difference between the GOGA
and control simulations will be examined further in
section 5. :

4. Quasi-biennial variability in the GOGA
simulation

The data analyses of Rasmusson et al. (1990) in-
dicate that the QB signal is well defined in the SSTs in
the central-east Pacific (170°E~90°W) and in the zonal
component of the equatorial surface winds over the
eastern Indian Ocean (70°-100°E) and the west-cen-
tral Pacific (150°E-160°W). Hovmoller diagrams of
the biennially filtered SST and # anomalies averaged
over the grid points located at 2.2°N and 2.2°S for
longitudes between 60°E and 82.5°W are shown in
Fig. 3. The observed SST anomalies are largest in the
Pacific Ocean between the date line and 90°W and
sometimes exceed 1°C in the vicinity of 135°W.
Smaller SST anomalies, on the order of 0.2°C, occur
in the Indonesian region (surface temperatures from
land points have been excluded between 105° and
135°E). In the eastern Pacific, the slight slope of the
contours from upper right to lower left indicates west-
ward propagation of the anomalies from the South
American coast toward the date line. During the 1950s,
the anomalies show some hint of eastward propagation
from the west to the central Pacific; however, the
anomaly pattern during this period is suspect due to
the limited amount of data. In the early 1980s, the QB
SST anomalies developed in the central Pacific and
moved east; these biennial anomalies phased with
lower-frequency anomalies (Barnett 1991; Ropelewski
et al. 1992) to produce the major 1982 El Nifio event.
The SST anomalies contain periods of large-amplitude
biennial fluctuations—from 1962 to 1966, from 1972
to 1976, and from 1982 to the end of the record—but
as noted by Barnett (1991), the largest biennial fluc-
tuations did not occur during the 1982/83 El Nifio.

The simulated biennially filtered zonal wind anom-
.alies (Fig. 3b) have maximum amplitude in the west-
central Pacific (150°E-150°W), and sizable anomalies
are also found between 70°-100°E and 115°-135°E
with a node in between. In some instances, the u
anomalies begin at around 115°E and propagate east-
ward into the Pacific where they increase in strength,
exceeding |0.6| m s™! near the date line when the QB
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is strong. Although noisier than the QB SST field, the
u anomalies are generally stronger to the west of the
maximum SST anomalies. The two fields tend to vary
together with anomalous westerlies (positive ) asso-
ciated with warmer water (positive SSTs) in the central
Pacific and the east Indian Ocean. The magnitude of
the zonal wind anomalies in the central Pacific and
the SST anomalies in the east Pacific are generally larg-
est during the same periods: the mid-1960s, mid-1970s,
and early 1980s, in agreement with a similar analysis
of the data by Ropelewski et al. (1992).

During some periods the wind anomalies have a di-
pole structure with anomalies of one sign in the central
Pacific and the opposite sign in the Indian Ocean (Fig.
3b). For example, in the later part of 1963, anomalous
westerlies are found in the vicinity of the date line,
while anomalous easterlies are located from 140°E to
the western edge of the domain. During the mid-1970s,
the wind anomalies exhibited a three-cell structure with
anomalies of one sign over the Indonesian sector
flanked by anomalies of the opposite sign in the Indian
and central Pacific Oceans. Ropelewski et al. (1992)
found that the dipole pattern occurs most often in na-
ture. The three-cell structure in the GCM may be re-
lated to the placement of land grid points in the model
since the node in the u anomalie$ at 112.5°E occurs
where land grid boxes are specified on either side of
the equator (Fig. 1). An examination of a Hovmoller
plot of the precipitation anomalies (not shown) indi-
cates that enhanced precipitation tends to occur in re-
gions of low-level zonal wind convergence located be-
tween positive # anomalies to the west and negative
anomalies to the east.

The large-scale relationships between the simulated
atmospheric variables in the Tropics and the observed
SST boundary conditions in the central Pacific are ex-
amined further using cross-spectral analysis. The cross
spectra between SST anomalies in the base region,
165°~112.5°W, 2.2°N-2.2°S, and (a) SST,(b) v at ¢
= 991, (¢) u at ¢ = .205 (~200 mb), (d) SLP, and
(e) precipitation anomalies between 30°N and 30°S
are shown in Fig. 4. The coherent relationships in the
biennial range centered on approximately 25 months
are represented by harmonic dial vectors. The arrow
direction denotes phase, while its length denotes the
coherence squared. A vector pointing due north (south)
indicates that the time series at that location is in (out
of) phase with the SST in the base region, and a vector
pointing due west (east) indicates that the time series
leads (lags) the SST in the base region by approximately
6 months. Following Julian (1975), vectors are plotted
only where the coherence squared exceeds the 90%
confidence level or, equivalently, where the coherent
variance accounts for more than 32% of the total vari-
ance in the biennial band.

Figure 4a indicates that the SST anomalies in a large
region between 12°N and 12°S from the South Amer-
ican coast to the date line are coherent and nearly in
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FIG. 3. Hovméller plots of the biennial filtered (a) anomalous SSTs used as boundary
conditions (°C) and (b) simulated near-surface u anomalies (m s™!) between 60°E and 82.5°W
averaged over the model grid points located at 2.2°N and 2.2°S. Negative values are shaded.
Surface temperature values are excluded in (a) from land grid boxes in the Indonesian region
(see Fig. 1), which includes both 2.2°N and 2.2°S at 112.5°E.
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FIG. 4. Cross spectra, represented by harmonic dial vectors, between the SST in a
base region, 2.2°N-2.2°S, 165°-112.5°W, and (a) SST, (b) uat ¢ = 991, (c) u at o
=.205, (d) SLP, and (e) precipitation at grid points over the global Tropics. The cross
spectra are computed for biennial timescales, encompassing the band of approximately
21-30 months. The arrow direction denotes phase, while its length denotes the coherence
squared. Vectors pointing due north (south) indicate the time series at that point is in
(out of) phase with the SST time series in the base region, while those vectors that point
east (west) lag (lead) the base time series by approximately 6 months. Only time series
whose coherence squared is significant at the 90% level or, equivalently, that account
for more than 32% of the variance in the 21-30-month band are plotted. The arrows
are scaled by the maximum coherence squared for each variable: (a) 0.96, (b) 0.81, (c)
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0.85, (d) 0.93, and (e) 0.81.

phase, though the clockwise turning of the vectors
moving from 80°W toward 120°W implies westward
propagation of the anomalies. The SST anomalies in
the central Pacific lead those in the Indian Ocean by
approximately 3 months and are out of phase with the
anomalies near the Indonesian region as indicated by
the vectors that point south. Coherent anomalies ex-
tend all the way from the eastern Indian Ocean, along
the South Pacific convergence zone and to the sub-
tropical south-central Pacific. The vectors rotate clock-
wise along this track, and the implied southeastward
progression of SST anomalies may be related to alter-
nating years of strong and weak monsoon circulations,
as discussed by Meehl (1987, 1993).

The zonal component of the near-surface winds is
coherent with the SST in the base region from 90°E

to 150°W (Fig. 4b). Clockwise rotation of the vectors
within 15° of the equator from 90°E to the central
Pacific implies eastward propagation of the zonal wind
anomalies; eastward propagation is even more apparent
in the upper-tropospheric winds (Fig. 4c). The low-
level # anomalies near the date line and SST anomalies
in the east Pacific (with a region of overlap between
180° and 150°W) are in phase, supporting the results
from the Hovmadller diagrams. The orientation of the
vectors in Fig. 4b and the domain over which they are
coherent at the 90% level agrees well with the results
of a cross-spectral analysis of observed u and SST
anomalies in the biennial range by Ropelewski et al.
(1992). One exception is that the coherent QB signal
extends about 20° farther to the west over the Indian
Ocean in nature. The vectors of the zonal-wind anom-
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alies in the lower and upper troposphere are out of
phase and thus oppose each other; this baroclinic
structure is consistent with the observational studies
of Yasunari (1985) and Gutzler and Harrison (1987).
The dominant pattern in the SLP cross-spectra (Fig.
4d) is an out-of-phase relationship between two large
regions, one over Indonesia and the other in the central
and east Pacific. However, there is also a tendency for
the SLP anomalies north of the equator to move east-
ward from about 130°E to 150°W. The SLP pattern
from the GOGA run closely resembles the leading
complex EOF of the biennially filtered observed SLP
anomalies (Barnett 1991). The precipitation and SST
anomalies tend to vary together in the central Pacific
and north of New Guinea (Fig. 4¢), although compared
with the other model variables the precipitation anom-
alies exhibit a less coherent structure.

Viewed as a whole, Fig. 4 provides information about
the interrelationships between the atmospheric vari-
ables and sea surface temperatures on approximately
2-year timescales. When SSTs are warmest in the cen-
tral Pacific, anomalous westerlies occur near the surface
in the western half of the Pacific basin with easterly
anomalies above, low pressure is found in the east Pa-
cific with high pressure over Indonesia, and precipi-
tation is enhanced between the date line and 120°W.
These conditions often occur during the height of an
El Nifio event in conjunction with the negative extreme
of the Southern Oscillation. The close association be-
tween the SST boundary conditions and the simulated
anomalies in the tropical troposphere on 2-yr timescales
suggests that the ocean strongly influences the tropo-
spheric QB.

Figures 2, 3b, 4b, and 4c indicate that enhanced
biennial variability of the monthly zonal wind (u)
anomalies extends from the east Indian Ocean to the
central Pacific. A more detailed analyses of the QB in
these two areas is obtained from power spectra of the
u anomalies from the lowest model level at 90°E and
at 172.5°W, averaging grid points values at 2.2°N and
2.2°8S. In Fig. 5 spectra of the GOGA model winds are
compared with observations from similar but not
identical regions (see Fig. 1), as the GCM and COADS
grids have different dimensions. Observed data were
recorded for nearly all of the months in these two areas
over the 35-year period; other regions of the Pacific
had large data gaps, especially during the 1950s. The
spectra at both locations indicate that the low-fre-
quency variance, with periods of more than about 20
months, is greater in observations compared with the
model (Fig. 5). This results in less total variance and
reduced 1-month lag autocorrelation values in the
model. In the eastern Indian Ocean (90°E), there is a
prominent biennial peak that exceeds the 95% confi-
dence level in the GCM but it explains approximately
two-thirds the variance and has a maximum at a slightly
lower frequency compared with the observed spectra.
In addition, at 90°E the model does not contain the
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FIG. 5. Variance spectra of the zonal wind anomalies from the
lowest GCM layer (dashed line) and from COADS (solid line) averaged
over the regions shown in Fig. 1: (a) 90°E and (b) 172.5°W. Data
are monthly anomalies from 1950 to 1984. Only the low-frequency
portion of the spectrum is shown and the band between 20 and 33
months is shaded. The spectra are smoothed using three passes of a
1-2-1 filter. The 95% red-noise background spectrum, as determined
from the lag | autocorrelation coefficient, is shown for the observed
and simulated data by the smooth solid and dashed curves, respec-
tively. The total variance (var) and 1-month lag autocorrelations (r,)
for the COADS and the GCM data are shown in the upper right-
hand corner. The top abscissa is labeled with the period in months,
while the bottom gives frequency in months™".
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low-frequency ENSO component that has significant
power between 3 and 6 yr in the observations. In con-
trast, in the central Pacific (172°W) both the model
and observations have a significant low-frequency peak
at about 60 months, but at 24 months the simulated
variance is well below the 95% confidence level.

The QB in the tropical troposphere is further inves-
tigated by time filtering the near-surface model winds,
retaining more than half of the power between 18 and
32 months. The filtered time series of the model zonal
winds for the regions shown in Fig. 1, and the corre-
sponding observed values from COADS are shown in
Fig. 6.! The agreement between the observed and sim-
ulated time series is reasonably good; the two have a
linear correlation of 0.54 at 90°E and 0.64 at 172.5°W.
While it is difficult to estimate the degrees of freedom
in the filtered time series, if we use a conservative es-
timate that there are 16 independent 26-month periods,
the corresponding correlation value at the 95% signif-
icance level is 0.47, indicating that both correlation
values are statistically significant. Both the simulated
and observed time series contain prominent low-fre-
quency modulation of the amplitude of the biennial
filtered zonal wind: at 90°E the signal is strongest be-
tween 1960 and 1975; while at 172.5°W the signal is
greatest in the mid-1960s and mid-1970s. On average,
the amplitude of the quasi-biennial # anomalies in the
model are roughly three-quarters to four-fifths as large
as in the data; the simulated (observed) standard de-
viation of # is 0.44 (0.54) m s~! at 90°E and 0.40 (0.54)
m s~! at 172.5°W. The general impression from Fig.
6 is that the model performs better when the observed
biennial filtered u anomalies are large; that is, when
|| exceeds approximately 0.5 m s~'. The model does
not reproduce the large swings in u# at 90°E during the
early 1950s and also underestimates # at 172.5°W dur-
ing the early 1980s. The simulation in the 1950s is
hampered by a lack of SST observations over much of
the Pacific, and thus, the boundary conditions driving
the model may not be representative of the true ocean
state.

5. Discussion and conclusions

Many observational analyses (c.f. Rasmusson et al.
1990; Barnett 1991; Ropelewski et al. 1992) and some
recent coupled atmosphere-ocean GCM experiments
(Latif et al. 1993; Robertson et al. 1993) have found
evidence of a quasi-biennial oscillation in the tropical
troposphere that appears to play an important role in
the evolution of El Nifio and the Southern Oscillation.
In this study, we have examined the variability in the
biennial range in a 35-yr (1950-84) atmospheric GCM
simulation forced with observed SSTs as boundary

! The biennially filtered time series of the simulated zonal wind at
90°E obtained using singular spectrum analysis (Vautard and Ghil
1989) closely resembles the filtered time series shown in Fig 6a.
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FI1G. 6. Time series of the biennial filtered near-surface zonal wind
u anomalies (m s™') from the model and from COADS for the same
regions used in Fig. 1, located at (a) 90°E and (b) 172.5°W.

conditions. The results are compared with observations
as a means to test the GCM’s ability to resolve inter-
annual climatic variability; the fidelity of the model
on biennial timescales has implications for future
model sensitivity and prediction experiments.

The model reproduces several aspects of the observed
QB but has difficulty simulating others. The GCM per-
forms well on biennial timescales in that (a) the regions
of enhanced atmospheric variability are located in the
tropical Indian and Pacific Oceans in close correspon-
dence with observations; (b) time series of regional
near-surface zonal wind anomalies % in the model and
data are in reasonable agreement, and the correlation
between the two are statistically significant, exceeding
0.54 over the east Indian Ocean and 0.64 in the central
Pacific; (c) the # anomalies, which have opposite signs
in the lower and upper troposphere, tend to propagate
eastward from the Indonesian region to the central Pa-
cific where they increase in strength; and (d) the am-
plitude of the u and SST anomalies vary together, with
the largest anomalies occurring during the mid-1960s
and 1970s and in the early 1980s. However, some as-
pects of the near-surface zonal wind field are not well
simulated, in that: (a) the model generally underesti-
mates the low-frequency variability and has approxi-
mately one-half to two-thirds of the observed variance
in the biennial range; (b) spectral peaks on biennial
timescales (2-3 yr) at 170°W and on timescales be-
tween ENSO events (3-7 yr) at 90°E are absent in the
GCM; and (c¢) over the east Indian Ocean the model
is unable to reproduce the phasing of QB fluctuations
in u with the seasonal cycle found in observations (not
shown).
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If atmosphere—ocean interaction strongly influences
the QB in the tropical troposphere, then the biennial
signal should be contained in the SST anomalies. We
have compared the amount of variability in the biennial
range in the 35-yr run with observed SSTs to two 35-
yr periods in a 100-yr control run with climatological
SSTs that repeat the seasonal cycle. The simulation
with observed SSTs has enhanced biennial variability
of the surface zonal winds over much of the equatorial
Pacific and Indian Oceans, while both periods from
the control run have minimal biennial variance in these
regions.

The conclusions drawn from the comparison be-
tween the GOGA and control simulations are influ-
enced by two factors. 1) The two runs have different
cloud parameterizations; the clouds are specified in the
GOGA run but predicted by moist convective adjust-
ment and layer saturation in the control run. 2) A single
realization over the 35-yr period may not be represen-
tative of the model’s mean response to the SST anom-
alies; a set of runs may be necessary to obtain stable
statistics. We recently obtained the upper-level winds
from a new set of four 43-yr GOGA simulations, ex-
tending from 1946 to 1988. These GOGA simulations
have the same cloud parameterization as the 100-yr
control simulation but differ only in their initial at-
mospheric states. Observational analysis by Yasunari
(1985) and Gutzler and Harrison (1987) and the results
from the original GOGA run (Fig. 4¢) indicate a bien-
nial signal in the upper-tropospheric zonal winds. The
ensemble average of the percent variability in u at an
approximate 200-mb level in the biennial band (21~
30 months) from these four GOGA runs and two 43-
yr periods in the control are shown in Fig. 7. An en-
hanced region of biennial variability is found in the
GOGA composite centered over Indonesia and the
central equatorial Pacific. While there is some vari-
ability among the GOGA simulations (not shown), all
four had enhanced variability on biennial timescales
in these regions. In contrast, the control run does not
exhibit a coherent region of enhanced biennial vari-
ability within 20° of the equator.

The marked difference between the GOGA and
control runs implies a strong oceanic component in
the QB. We are not able to distinguish between the
relative importance of SST anomalies in different re-
gions in terms of their impact on the atmosphere. The
largest SST anomalies located in the eastern equatorial
Pacific are closely associated with the wind anomalies
farther to the west near the date line. These anomalies
are consistent with dynamically coupled atmosphere—
ocean modes (cf. Hirst 1986; Battisti 1988; Philander
1990). From this standpoint, the key atmosphere—
ocean interactions in the QB occur in the central equa-
torial Pacific. On the other hand, even though SST
anomalies are small in the Indian Ocean and west Pa-
cific, they may be important as they are superimposed
on a warm base state. Observations and modeling
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FIG. 7. The percent of the monthly anomalous variance of the u
field in the biennial range at the ¢ = 205 from an ensemble of (a)
four 43-yr GOGA runs and (b) two separate 43-yr periods of a 100-
yr control run. As in Fig. 2, values exceeding 5% are shaded and
values exceeding 7.5% are hatched.

studies have indicated that moisture convergence and
convection are maximized over the warmest SSTs, not
where the SST anomalies are largest (Ramage and Hori
1981; Graham and Barnett 1987; Philander 1990).
Most of the studies concerning the role of the oceans
in the QB have focused on thermodynamic air-sea in-
teractions in the Indonesian and west Pacific regions
(Trenberth 1975; Brier 1978; Nicholls 1978; 1979;
Hackert and Hastenrath 1986; Meehl 1987, 1993). The
biennial component of ENSO may involve complex
interactions between the Asian and Indonesian mon-
soon regions, the Indian and Pacific Oceans, and the
tropical atmosphere as suggested by the studies of Bar-
nett (1983, 1984a,b, 1991), Rasmusson et al. (1990),
and Ropelewski (1992).
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