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ABSTRACT

The dynamic structure and interannual variability of the ITCZ in the western North Pacific and east Asia
during the boreal summers of 1989-93 are investigated. European Centre for Medium-Range Weather Forecasts
(ECMWEF) reanalyses are used to characterize the dynamical structure of the ITCZ. The ITCZ structure in the
National Center for Atmospheric Research (NCAR) Community Climate Model 3 (CCM3.6) and the National
Aeronautics and Space Administration (NASA) Goddard Institute of Space Studies (GISS) SI2000 GCM is also
explored.

The ITCZ axis can be partitioned into three sections in the western North Pacific and east Asia: the continental
monsoon trough (CMT) in India, the Bay of Bengal, and Indo-China; the oceanic monsoon trough (OMT) in
the Pacific warm pool; and the trade wind trough (TWT) in the central Pacific. The confluence point (CP) is
defined as an area where the broad cyclonic flow in OMT changes to the easterly trades of the TWT. East of
the CR, both GCMs simulate a weaker easterly trade wind regime with a broader ITCZ due to the dislocation
of the Pacific high. To the west of the CR, both GCMs simulate a weaker cross-equatorial flow and OMT. Both
models show skill in simulating the interannual variability of the location of the CP; however, for the peak
ENSO warm phase years (1992-93), the spread among ensemble members of the CP longitude is comparable
to the shift of ensemble mean CP location relative to 1989. That is, the internal variability of each GCM ison
the same order as the simulated interannual variability in this region.

1. Introduction

One-third of the earth’s surface is directly affected
by the seasonal cycle of the Asian summer monsoon
and Pacific ITCZ. The locations of the ITCZ and mon-
soon trough play a critical role in determining the flow
and the precipitation patterns, tropical cyclone evolu-
tion, and the hydrologic cycle of thisregion. A common
method for evaluating the skill of general circulation
modelsin the tropical west Pacific (WPAC) and the east
Asian monsoon region is by validating a time-averaged
climatology (Gadgil and Sajani 1998; Lau and Li 1984;
Meehl and Arblaster 1998). One issue that could arise
from such a time average is the smearing out of the
seasonal cycle and intraseasonal oscillations. In the
WPAC, the seasonal cycle of the Asian and the tropical
west Pacific monsoon strongly influences the dynamics
and precipitation patterns of the region (Lau and Li
1984; Wu and Wang 2001). Although intraseasonal os-
cillations like the Madden—Julian oscillation (MJO;
Madden and Julian 1972) and equatorial Rossby and
Kelvin waves (Matsuno 1966) have shorter periodsthan
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the seasonal cycle, they also play arole in the dynamics
and rainfall in the tropical and subtropical WPAC
(Wheeler et al. 2000).

Our goal has been to develop a time-averaging tech-
nique that preserves the effects of these oscillations and
the seasonal cycle as well as possible. One possible
technique for reducing the effect of the smearing is
through I TCZ and (ocean) monsoon trough (OMT) com-
positing. By centering all variables of interest on to the
ITCZ and OMT axis, one can improve the structural
detail of these two features. This technique is employed
here to analyze GCM simulations and to compare them
with observations.

The objective of this study isto compare a composite
wind field structure of the ITCZ and monsoon trough
of two specific Atmospheric Model Intercomparison
Project (AMIP) GCM ensemble simulations with ob-
servations. Eighteen GCMs from different international
institutes participate in the AMIP project. The AMIP
project (Gates et al. 1999) isaconcentrated international
effort to facilitate GCM development and is supported
by the Working Group on Numerical Experimentation
of the World Climate Research Programme.

The two GCMs used in this study are the National
Aeronautics and Space Administration (NASA) God-
dard Institute for Space Studies (GISS) SI2000 GCM
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(Hansen et al. 1997) and the National Center for At-
mospheric Research (NCAR) Community Climate M od-
el 3.6 (CCM3) GCM (Kiehl et al. 1996, 1998). These
two GCMs are compared with diagnostics derived from
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalysis (Gibson et al. 1997). The
region of interest lies between 20°S-35°N and 110°—
195°E; this area covers the tropical central Pacific
(CPAC) and the WPAC, as well as most of Asia. The
WPAC and the CPAC are areas of active and frequent
convection, and together combine to cover about one-
fifth of the globe. Accurate simulation of the climate of
these areas has important implications for the model-
simulated global heat budget and hydrological cycle.
The WPAC and the CPAC also play an active role in
tropical interannual variability due to ENSO-related
SST anomalies; the ability of the models to handle
ENSO has important implications for the interannual
variability of the model-simulated climate.

Deficiencies in the precipitation patterns of general
circulation models in the tropical west Pacific and the
Asian monsoon region are well documented in the lit-
erature (Gadgil and Sajani 1998; Lau et al. 1996). These
deficiencies include the lack of precipitation migration
toward the Asian continent during the Northern Hemi-
sphere summer (i.e., the main rainband remains near the
equator, etc; Gadgil and Sajani 1998; Lau et al. 1996),
and model deficienciesin simulating theinterannual var-
iability in the WPAC and the Asian monsoon region
(Meehl and Arblaster 1998). The causes of these defi-
ciencies can be related to the cumulus parameterization
(Slingo et al. 1994), the hydrological parameterization
(Laval et al. 1996), topographic representation (Fen-
nessy et al. 1994), horizontal resolution (Sperber et al.
1994), or feedbacks from the wind fields (Meehl and
Arblaster 1998).

Ramage (1971) and Chang and Chen (1995) dem-
onstrated the importance of monsoon southwesterly flow
in the Asian monsoon region on Monsoon precipitation
onset; the first arrival of a low-level southwesterly jet
isfollowed by the onset of monsoon rains during boreal
spring—summer. Meehl and Arblaster (1998) discussed
the impact of low-level convergence in the difference
between the precipitation fields near the Philippines
from the Climate System Model (CSM; a version of
CCM3 coupled with an ocean model) and CCM 3 forced
by the observed AMIP SST. The CSM devel ops stronger
low-level convergence and significantly more rainfall
than the AMIP-SST-forced CCM 3, highlighting the im-
portance of accurate simulation of the dynamics in the
WPAC and east Asia to the GCM simulated rainfall.

Mapes and Houze (1995) demonstrated the impor-
tance of feedback from deep convection to the large-
scale flow field in the Tropics: gravity wave modes gen-
erated by deep convection in the Tropics can signifi-
cantly weaken the easterly trade wind flow; therefore,
excess tropical rainfall can potentially weaken the east-
erly trades. Thus, wind field differences between the
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GCMs and observations could be caused by (but not
limited to) the feedback from the cumulus parameteri-
zation of the model or model-simulated wind fields.
Improvements in GCM simulations are critical for
climate prediction, and to understand the possible im-
pact of human-induced climate change and natural cli-
mate variability. Identification of the strengths and
weaknesses in the wind field structure of the two GCMs
provides indications of relative model skill and areas
for future GCM improvement. The monsoon—TCZ
composite approach developed by Briegel and Frank
(1997) and that is demonstrated here provides an alter-
native approach to standard time averaging for validat-
ing regionswith high inter- and intraseasonal variability.

2. Motivation

Identification of GCM biases is a method of docu-
menting the development of these sophisticated models.
The compositing technique employed in this study pro-
vides an alternative way to understand GCM skill. In-
stead of atime-mean field that smears out the variability
in the Tropics, the technique evaluates GCM ability to
simulate the day-to-day 1TCZ structure in the tropical
west Pacific. Such technique can also be applied to other
GCMs and observation datasets.

GCMs are designed to be atool in climate prediction.
Therefore, understanding GCMs biases (and its impli-
cations) is a useful tool for climate forecasters. ENSO
events are associated with low-level zonal wind anom-
alies in the central tropical Pacific; zonal wind biases
in the tropical Pacific may imply the simulated clima-
tologies are favoring a specific ENSO phase. The back-
ground low-level vorticity in the monsoon trough makes
that area favorable to tropical cyclogensis (Gray 1968).
Anomalous wind fields and vorticity in the monsoon
trough in GCMs may make GCM climatologies look
more favorable/unfavorable to tropical cyclones. In or-
der to forecast extreme climate events skillfully with
GCMs, GCMs must show they have skill to produce
reasonable environmental wind patterns and rainfall es-
timates.

Convection and wind fields in the Tropics play an
important role in global atmosphere and ocean energy
budgets. This study involves a significant fraction of the
tropical Pacific from 110°E to 160°W (about one-fifth
of the surface of the globe). Accurate GCM simulations
of the rainfall and wind field for such large and critical
area have important implications to the global energy
budgets.

3. Observed WPAC ITCZ structure

Observations show the general flow structure in the
WPAC can be divided into two main regimes (Briegel
and Frank 1997; Holland 1995): the easterly trade wind
trough (TWT) and the oceanic monsoon trough (OMT).
A schematic of the flow in WPAC is shown in Fig. 1.
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Fic. 1. Schematic model of the summer Tropics. Typical lower-
troposphere flow near the CP and the OMT. The CP is defined as the
point where the flow turns from an easterly trade (TWT) to a broad
cyclonic flow (OMT) in the western Pacific Ocean. East of the CR,
the easterly trade wind marks the TWT; precipitation in TWT is
confined to a narrow band between 5° and 10°N due to the large-
scale sinking motion in the Pacific high and equatorial ocean up-
welling (Philander et al. 1996). West of the CR, a broad cyclonic flow
marks the OMT; in the OMT, warm ocean and background supports
frequent tropical cyclone activity (Gray 1968).

The TWT and OMT are driven by the meridional tem-
perature gradients between the equator and the sub-
tropics and modulated by convection and land—sea con-
trasts. The TWT is associated with shear vorticity and
large-scale low-level convergence. Weather in the TWT
is associated with narrow band of scattered deep con-
vection (Waliser and Gautier 1993). North of the TWT
is a broad subtropical high pressure system (the Pacific
high). The Pacific high is characterized by large-scale
sinking motion, which inhibits deep convection.

The confluence point (CP) is defined as an area (iden-
tified via a central latitude— ongitude point) where flow
changes from easterly trade winds into a cyclonic flow
with near-equatorial monsoon westerlies in the OMT
(Fig. 1). The CP has been hypothesized as a region of
Rosshy—gravity wave energy trapping in the upper tro-
posphere (Chang and Webster 1990). Observations
show the CPisafavorable areafor tropical cyclogenesis
(Briegel and Frank 1997; Ritchie and Holland 1999).

The OMT isdefined as an area of broad cyclonic flow
west of the CP in the west Pacific warm pool. Near-
equatorial monsoon westerlies/southwesterlies lie south
of the OMT axis, and easterlies north of the OMT axis.
The cyclonic flow is enhanced by diabatic heating as-
sociated with latent heat release from the deep convec-
tion in the region (Webster 1981; Holland 1995). When
the OMT is far from the equator during boreal summer
and fall, it is a favorable area of tropical cyclogensis;
this is because of the high low-level background vor-
ticity, the warm SST, and the prevalence of deep con-
vection in the OMT (Gray 1968). Briegel and Frank
(1997) and Ritchie and Holland (1999) found that 70%
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Fic. 2. ECMWF reanalysis 850-hPa wind vectors for 0000 UTC
7 Aug 1989 in the tropical west Pacific region. The domain plotted
represents the region of interest for this study: 10°S-40°N, 110°E—
160°W.

of the tropical cyclone genesis casesin the WPAC occur
in the OMT near the CP.

To the west of the OMT, the continental monsoon
trough is a low pressure trough dominated by intense
differential radiative heating in continental Asia, duein
part to the elevated heat source of the Himalayan Plateau
at about 500 hPa. It is associated with a low-level (850
hPa) monsoon cross-equatorial southwesterly flow driv-
en by the pressure gradient with the Southern Hemi-
sphere’slow-level cold high pressure system formed due
to radiative cooling during austral winter.

In order to illustrate the schematic, it is compared
with actual observations. The ECMWF reanalysis 850-
hPa wind vectors for 0000 UTC 7 August 1989 over
the region of interest are shown in Fig. 2. Easterly trade
winds dominate the area east of 170°E. The monsoon
trough extends from the Asian continent to about 170°E.
The CP is located at about 5°N, 170°E. The monsoon
trough appears to be broken into two segments; the first
segment extends from the Asian continent to about
20°N, 145°E, and another segment is from 5°N, 145°E
to the CPR. The latter segment is associated with Tropical
Depression Owen, whose center islocated around 7.5°N,
150.8°E (Plante and Guard 1989).

4. Models and observational data description

Out of the 18 GCMs that are involved in the AMIP
project, only two are evaluated here due to time and
resource constrains. The two GCMs are the NCAR
CCM3.6 (Kiehl et al. 1996, 1998) and the NASA-GISS
SI2000 (Hansen et a. 1997). The CCM3 runs in this
study were also used in the regional climate modeling
study of Dutton and Barron (2000). The NASA-GISS
SI2000 GCMs were provided by the courtesy of Dr.
Hansen and his research group at NASA-GISS.

Both sets of model ensembles use ** standard”” model
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physics(i.e., no change of any physical parameterization
to test model sensitivity). They are al forced by ob-
served AMIP SST (Reynolds and Smith 1994; Smith et
al. 1996). Six CCM3 and five SI2000 simulations that
differ only in details in their initial conditions are stud-
ied here: each CCM 3 ensemble member starts on a dif-
ferent day of the same month of the *“spinup” run; all
SI2000 ensemble members start at the same day, but
with slightly different initial conditions created by add-
ing small random perturbations to the spinup run (K.
K.-W. Lo 2000, personal communication).

The CCM3 runs have aT31 spectral truncation, which
gives a coarser horizontal resolution than the standard
CCM3 T42 spectral truncation. This study is not in-
tended to understand the sensitivity of CCM3 to dif-
ferent spectral truncations or horizontal resolutions. Past
studies in earlier versions of the Climate Community
Model have looked into model sensitivity to horizontal
resolution (Boville 1991; Kiehl and Williamson 1991).
Kiehl and Williamson (1991) have found that vertical
motions in the Tropics become more vigorous in higher
resolutions; higher-resolution runs have a deeper moist
ascent in the Tropics, and a better defined subtropical
sinking branch.

CCM3 uses Zhang and McFarlane (1995) ensemble
plume deep convection parameterization. Deep convec-
tion is possibleif the lower troposphere is conditionally
unstable, and convection acts to remove convective
available potential energy (CAPE) at an exponential
rate. A separate scheme (Kiehl et al. 1996) is used to
handle shallow and midtroposphere convection. Bound-
ary layer and surface physics is based on ‘““nonlocal”
turbulent transport (Holtslag and Boville 1993) in which
turbulent mixing is proportional to vertical gradientsand
eddy diffusivity (Deardorff 1972). Eddy diffusivity isa
function of the boundary layer height, H; H depends on
the bulk Richardson number, adjusted to account for
shear production of turbulence due to surface friction
(Vogelezang and Holtslag 1996). The solar constant is
fixed at 1367 W m~2, and the model has adiurnal cycle.
There are six CCM3 ensemble member runs with T31
spectral truncation (about 3.75° latitude X 3.75° lon-
gitude) and 18 hybrid vertical levels up to 4.8 hPa.

S12000 usesthe Del Genio and Yao (1993) convection
scheme. Convection is alowed if air parcels become
buoyant when they are lifted to the vertical layer above.
This scheme assumes there is just enough mass flux to
restore buoyant instability in one hour. This schemein-
cludes precipitation evaporation, convective downdraft,
and anvil and stratiform precipitation. Unlike CCM3,
the cumulus parameterization in SI2000 does not treat
deep and shallow convection separately. SI2000 uses
Hartke and Rind (1997) boundary layer physics, em-
ploying similarity theory to calculate transport and drag
coefficients. The model hasadiurnal cyclewith variable
solar irradiance that includes effects from sunspot cycles
(Lean 2000). Model spinup for the five ensemble mem-
bers is forced by climatological SST from the Hadley
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Centre (Rayner 2000). SI2000 is a gridpoint model with
a 4° latitude X 5° longitude horizontal resolution, and
12 vertical sigma levels. The details of the model nu-
merical techniques are described in Abramopoulos
(1991).

The ECMWEF reanalysis (Gibson et al. 1997) has a
spectral truncation of T42, which corresponds to a hor-
izontal resolution of about 2.5° latitude X 2.5° longi-
tude. The analyses have 31 hybrid vertical levels, but
only the 850-hPa level is used in this study. Data are
available every 6 h at 0000, 0600, 1200, and 1800 UTC.
The dataset is a combination of global ground and sat-
ellite observations and ECMWF operational model sim-
ulations. Earlier studies have suggested ECMWF re-
analysis is better than the NCEP reanalysis in the Trop-
ics (Trenberth and Guillemot 1998; Engelen et al. 1998;
Newman et al. 2000). Trenberth et al. (2001) finds that
ECMWF reanalysis shows temperature discontinuity
around October—November 1986 and March—April
1989, and the discontinuity might adversely affect the
usefulness of the ECMWF reanalysis to long-term cli-
mate studies. The results here are based on June-Sep-
tember of 1989 and 1992, and therefore the temperature
discontinuity will have no effect on the results presented
here.

5. Definitions and methodology

The methodology of this compositing study can be
divided into two main components. the determination
of the location of the ITCZ axis and the CP location,
and construction of the composite. The methodology is
outlined in this section, but precise definitions of certain
terms are given first.

a. Definition of the ITCZ and WPAC monsoon onset

There is a lack of a standard definition of the ITCZ
(Sadler 1975). The ITCZ has been defined as near-zonal
line of tropical convection, and/or pressure trough, and/
or a low-level wind confluence line (Gadgil and Gu-
ruprasad 1990; Waliser and Gautier 1993; Sadler 1975).
In this study, the ITCZ axis is defined to be a (near
zonal) line of 850-hPa relative vorticity maximain be-
tween the equator and 30°N. The TWT and OMT are
distinguished at the CP; the ITCZ axis to the east of
the CP is the TWT, and the ITCZ axis to the west of
the CP is the OMT.

ITCZ compositing only includes the time between
WPAC monsoon onset and retreat. In this study, the
WPAC monsoon onset (retreat) is defined to be the de-
velopment (withdrawal) of a sustained (at least 4 days)
850-hPa westerly wind component east of 125°E be-
tween 10° and 15°N. This dynamically based definition
is similar to the onset definition used in Lau and Yang
(1996). Observations show the arrival of monsoon rains
occurs immediately after the arrival of monsoon south-
westerlies (Lau and Li 1984; Tao and Chen 1987). Both
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the onset and the retreat dates are determined by finding
the onset and retreat of sustained monsoon southwes-
terlies visually using zonal wind Hovmoeller diagrams.
The WPAC monsoon onset time and retreat time for the
ECMWEF reanalysis and the individual ensemble mem-
bers in the two GCMs are shown in Fig. 3. For the 5
yr of interest (1989-93), the onset time for the ECMWF
reanalysis is mid- to late June, and the retreat time is
mid-September and beyond. According to Wu and Wang
(2001), the typical onset time of WPAC monsoon in the
Philippine Sea is between 15 and 19 June; the observed
onset dates plotted in Fig. 3 agree well with Wu and
Wang's results. For CCM3, the typical onset time is
usually mid- to late June, the 5-yr ensemble mean onset
time is 16 June, similar to the 5-yr mean ECMWF re-
analysis onset time (18 June). For the 1992 ENSO year,
the onset time is as late as early July for individual
ensemble members. The ensemble member spread of
monsoon onset time is on the order of 1 month. SI2000
has onset times earlier than both CCM3 and the
ECMWEF reanalysis. All SI2000 ensemble members
have onset times for 1989 before 1 June, prior to the
time of interest in this study. The SI2000 ensemble mean
4-yr-average monsoon onset time between 1990 and
1993 is 10 June, which is about 1 week earlier than
CCM3 and the ECMWEF reanalysis onset times. Inclu-
sion of 1989 in the time average makes the difference
larger; the ensemble mean 5-yr-average S12000 mon-
soon onset time between 1989 and 1993 is 5 June.

b. ITCZ axis and CP location determination
technique

A brief outline of the methodol ogy will be given here.
Further details on how the ITCZ axes are determined
are given in the appendix and in Chan (2001).

The ITCZ axis (including OMT, CP, and TWT) is
defined to be an elongated line of 850-hParelative vor-
ticity maximum. Beginning from the east most longitude
of interest (160°W), a rule-based routine determines a
near-zonal line of vorticity maximums (the ITCZ) be-
tween the equator and 30°N for each time period of
interest. Two major methods are used to determine the
ITCZ—the ‘“‘well-defined” trough scheme, and the
“poorly defined”’ trough scheme (Chan 2001).

After the ITCZ axis is completely defined for one
time period, the CP is determined by finding a shift
from easterly tradesto westerlies south of the I TCZ axis.
The shift from easterlies to westerlies marks the tran-
sition from a trade wind regime to a cyclonic flow re-
gime that is associated with the monsoon trough.

c. ITCZ axis compositing technique

Refer to the appendix or Chan (2001) for details on
how the composites are constructed. An outline of the
composite technique is given here.

The mean location of all the CP of each time period
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Fic. 3. 1989-93 west Pacific monsoon onset and retreat times for
the ECMWF reanalysis (heavy arrow), the SI2000 ensembles, and
the CCM3 ensembles.
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Fic. 4. Time-averaged CP location and composite ITCZ axis for
observations and each CCM 3 ensemble member. The single thick line
and hollow square are the ITCZ axis and CP location, respectively,
from the ECMWEF reanalysis, and the thin lines and solid squares are
the ITCZ axis and CP location for each of the CCM3 ensemble
members.

of interest are calculated. The 850-hPa winds at each
time period’'s CP are then centered onto the mean CP
location. Once each ITCZ axisis centered onto the mean
CPR a composite mean ITCZ axis can be calculated.
Since the centered ITCZ axis for each different time
period differs with the composite mean ITCZ axis, the
wind maps and ITCZ axis of each time period is moved
meridionally onto the composite mean ITCZ axis. With
all wind maps now centered onto the composite mean
ITCZ, a composite mean wind map can now be cal-
culated by simply by averaging across all of these cen-
tered wind maps.

6. The location of the composite ITCZ axis and
the confluence point for 1989-93

Before exploring the differencein ITCZ structure be-
tween GCMs and observations, the differences between
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Fic. 5. Time-averaged CP location and composite ITCZ axis for
observations and each SI2000 ensemble member. The thick line and
hollow square are the analyses' ITCZ axis and CP location, respec-
tively, and the thin line and solid square are the SI2000 ensemble
members ITCZ axis and CP location, respectively.

the CP and ITCZ axis locations between the ECMWF
reanalysis and the GCMs and their interannual vari-
ability arefirst discussed. The composite ITCZ axisand
time-mean CP location for each CCM3 (Fig. 4) and
SI2000 (Fig. 5) ensemble member and ECMWF re-
analysis for 1989-93 (superimposed on all plots) are
shown. The latitude and the longitude (rounded to the
nearest grid point) of the CP for those years are shown
in Tables 1 and 2, respectively. The analyses show that
the ECMWF reanalysis CP moves eastward toward
CPAC from 1989 to 1993 due to westerly zonal wind
anomalies in the equatorial Pacific related to positive
SST anomalies in EPAC/CPAC during the prolonged El
Nifio event in the early 1990s.

a. CP and ITCZ locations in CCM3

CCM3 showed skill in simulating the eastward move-
ment of the CP from 1989 to 1993 (Fig. 4), and shows
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TaBLE 1. Latitude of CP for ECMWF reanalysis, CCM3, and
S12000 ensemble members.

1989 1990 1991 1992 1993
ECMWF 125N 75N 75N 10°N 75N
CCM3 (a) 17.25°N 135N 975N 135N 9.75°N
CcCM3 (b) 1725°N 975N 975N 135°N  135°N
CCM3 () 135°N 135N 975N 135N 13.5°N
CCM3 (d) 135°N 135N 975N 9.75°N  9.75°N
CCM3 (e) 17.25°N 135N 975N 135N 9.75°N
CcCM3 (f) 135°N 975N 135N 135N 9.75°N
SI2000 (V)  16°N 12°N 12N 12N 12N
SI12000 (W) 12°N 12°N 122N 12N 12N
SI2000 (X)  16°N 16°N 16N 12N &N
SI12000 (Y)  16°N 12°N 122N 12N 12N
SI2000 (Z)  16°N 12°N 122N 12N 16°N

no systematic bias in the location of the longitude of the
CP Thelongitudinal spread of CP among ensemble mem-
bers is higher during 1991, 1992, and 1993 (11.25° for
1991 and 1992, and 18.75° for 1993) than 1989 and 1990.
This CP ensemble location spread is comparable to the
eastward movement of ensemble mean CP longitude of
23° for 1992 and 30° for 1993 (cf. each case to 1989).
CCM3 has a north bias of 1°—6° latitude in CP location
for every year and for all ensemble members, with the
spread of latitudes of CP among ensemble members for
any year is no more than 4°.

CCM 3 captures the observed northwest—southeast tilt
of the ITCZ axis (Fig. 4). With the exception of 1990,
the CCM3 ITCZ axis is more zonal than the analyses,
resulting in a north bias in the ITCZ axis of 3°-6° lat-
itude near and east of the CPinthe TWT. Thisnorthward
ITCZ axis bias covers nearly the whole domain for
1993, and for 1991. For other years (1989, 1990, 1992),
the ITCZ north bias extends westward to about 135°—
145°E; farther westward, the simulated ITCZ is more
or lessthe same latitude asin the analyses. Theensemble
member spread of ITCZ axis latitude is no more than
3°—4° (one meridional grid point) inthe OMT and TWT.

b. CP and ITCZ locations in S12000

S12000 simulates the interannual variability of the CP
from 1989 to 1993 well, but the simulated CP location
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consistently has a west bias of 10°-20° longitude in
every year (relative to the ECMWEF reanalysis; Fig. 5).
The ensemble member spread of CP longitude is larger
for 1992 and 1993 than the other years (similar to
CCM3). The longitudinal spread of the CP for 1992 and
1993 (about 10°) is comparable to the peak interannual
displacement of the ensemble mean CP location from
1989 to 1992/93 of 10°-15°. There is a north bias of
CP latitude every year except 1989 and 1992. This CP
north bias in SI2000 is no more than 6°, and the en-
semble member spread of CP latitude is no more than
8° (i.e., two grid points).

The ITCZ axis in SI2000 also displays a northwest—
southeast tilt. For 1991-93, the ITCZ axis tilt is less
than both the ECMWF analyses and CCM3, resulting
in amore zonal ITCZ axis. It is shown in Chan (2001)
that the latitudinal bias of the ITCZ axis east of 120°E
(relative to the analyses) of SI2000 is less than the lat-
itudina bias in ITCZ axis bias over India. For other
years, there are no clear northward or southward biases
in ITCZ axis location east of 120°E except 1991; in
1991, the simulated ITCZ axis is aways north of the
analysis ITCZ axis east of 150°E. The latitudinal spread
of the ITCZ axis among SI2000 ensemble members is
no more than 8° (two grid points) for all years. The
ITCZ axis spread is the largest for the axis east of the
CP during 1989 and 1990; the ensemble member spread
of the ITCZ axis east of the CP is up to 8° latitude for
those two years. For 1993, the largest ITCZ axis spread
occurs west of the CP near 150°-155°E.

7. The 850-hPa ITCZ axis structure for 1989 and
1992

The years 1989 and 1992 have been chosen for in-
depth analysis and intercomparison of the ITCZ struc-
ture. 1989's boreal summer is a period during which the
La Nifla conditions during 1988/89's boreal winter are
giving way to a prolonged El Nifo period that lasted
from 1990 to 1994; the time-averaged Southern Oscil-
lation index (SOI) during the boreal summer (June—
September) of 1989 is0.28 (ColumbiaUniversity 2001),
indicating neutral to colder-than-normal SST conditions.

TaBLE 2. Longitude of CP for ECMWF reanalysis, CCM3, and SI2000 ensemble members.

1989 1990 1991 1992 1993
ECMWF 147.5°E 162.5°E 167.5°E 170°E 170°E
CCM3 (a) 150°E 165°E 168.75°E 165°E 183.75°E
CCM3 (b) 146.25°E 165°E 165°E 168.75°E 165°E
CCM3 (c) 150°E 165°E 176.25°E 168.75°E 176.25°E
CCM3 (d) 150°E 161.25°E 172.5°E 176.25°E 183.75°E
CCM3 (e) 142.5°E 168.75°E 168.75°E 176.25°E 180°
CCM3 (f) 150°E 161.25°E 172.5°E 172.5°E 183.75°E
S12000 (V) 140°E 150°E 155°E 155°E 145°E
S12000 (W) 140°E 155°E 155°E 150°E 155°E
S12000 (X) 140°E 150°E 160°E 145°E 155°E
S12000 (Y) 140°E 150°E 160°E 155°E 155°E
S12000 (Z) 140°E 150°E 160°E 150°E 155°E
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The year 1992 is within a prolonged El Nifio event; the
time-averaged SOI during the borea summer (June—
September) is —0.50, consistent with the warmer-than-
average SST conditions. Although neither period shows
extreme SST conditions (the magnitude of SOI isbigger
than 1.0), the magnitude of the SOI index during the
boreal winter at the beginning of each year islarge. The
SOl peaks at about +2.0 on the boreal winter just before
the boreal summer of 1989, and the SOI sinks to about
—3.5 on the boreal winter before the boreal summer of
1992. The use of 1989 and 1992 can then give a sense
of the impact of interannual variability to the ITCZ
structure in the WPAC.

The discussion here focuses on the ensemble member
variability of the ITCZ structure in the two different
GCMs, and the ensemble mean vector wind differences
between the observed ECMWF reanalysis 850-hPawind
composite and the GCM (CCM3 and SI2000) compos-
ites. As documented in section 4, there are considerable
differences in the ITCZ and CP locations among the
GCMs and the ECMWEF reanalysis. Thus, direct sub-
traction of the GCM vector fields from the ECMWF
reanalysis field is likely to be masked by the difference
of the ITCZ locations. In order to reduce the impact of
this location bias in assessing structural differences, all
GCM ensemble member composites are centered onto
the ECMWF reanalysis ITCZ axis and CP location be-
fore subtraction.

a. Composite ITCZ structure for JJAS 1989

The ITCZ composites for 1989 is first evaluated by
comparing the composite maps of both the ECMWF
reanalysis and the GCMs. The vector difference fields
between the ECMWEF reanalysis composites and the
GCM composites are then evaluated.

Vector wind composites at 850 hPa for ECMWF re-
analysis, CCM3 ensemble members, and SI2000 are
shown in Figs. 6, 7, and 8, respectively. Individual en-
semble members of both the GCMs and the ECMWF
reanalysis show a well-defined OMT bounded by the
CP on the east, in good agreement with the ITCZ sche-
matic shown in Fig. 1. Near the CR, westerly monsoon
flow turns sharply northward into a southeasterly wind.
East of the CP, it is dominated by the easterly trades.
North of the trades, there is a broad subtropical anti-
cyclonic (Pacific high), but the Pacific high represented
in the GCMs is aways located farther northeast than
observed—a result that is clear from the composite dif-
ferences (Fig. 9). South of the OMT, the flow is dom-
inated by the cross-equatorial southerly flow associated
with the Asian monsoon.

Some clear differences can be seen between the
ECMWTF reanalysis composites and the GCM compos-
ites. Both GCMs show stronger southerly meridional
flow than observed inthe TWT. Thisstronger meridional
flow islikely related to positive precipitation anomalies
in subtropical CPAC (Fig. 10), and can be seen as a
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Fic. 6. ECMWF reanalysis 850-hPa wind composite for 1989. The
solid square denotes the mean CP location for the season.

cyclonic anomaly over CPAC in the composite vector
difference (to be discussed later). The westerly monsoon
flow south of the OMT is weaker in the GCMs, which
can also be seen in composite vector difference (to be
discussed later).

Noticeable ensemble member variability is seen in
the OMT in the SI2000 composites. Hovmoeller dia-
grams of zonal wind (not shown) show tropical wave—
like structures with periods and phase speed close to
equatorial Rossby waves in SI12000 ensembles. The pe-
riods of these waves are on the order of 15-30 days
with typical westward phase speed of 2.5-5ms~*. Since
the periods of these wavelike structures are comparable
to the period of compositing (4 months), the effects of
these waves may be contributing to this ensemble mem-
ber variability in SI2000. That is, the choice of com-
positing to analyze the ITCZ structure on timescales of
weeks to months may capture some of the large-scale
wave activity represented by the GCM, enhancing the
ensemble member spread compared to traditional time
averaging (see Chan 2001).

Ensemble mean vector differences between GCM en-
semble members and the ECMWF reanalysis for 1989
are shown in Fig. 9. As mentioned earlier, GCM com-
posites are first centered onto the ECMWF reanalysis
composites before subtraction. The difference is com-
puted for each GCM ensemble member. Finaly, the
ensemble mean differenceis calculated by averaging all
of the individual ensemble member vector difference
fields for each GCM (Figs. 9 and 14 later).

1) CCM3 VECTOR DIFFERENCE

Three important features are noted in the 1989 CCM 3
ensemble mean composite difference: 1) acyclonic flow
anomaly northeast of the CP; 2) an anticyclonic anomaly
west of the CP; and 3) a northeasterly flow anomaly
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Fic. 7. CCM3 850-hPa wind composites for 1989 for each ensemble member. The solid square in each denotes the mean CP location for
that ensemble member for the 1989 season.

southwest of the CP. The cyclonic anomaly northeast of
the CP is related to the dislocation of the Pacific high.
A westerly zonal wind anomaly of 1-1.5 m s~ is ob-
served south of the cyclonic anomaly in the TWT. This
implies CCM 3 issimulating aweaker easterly tradethan
observed. Typical easterly zona winds are about 8 m s,

therefore, the westerly anomaly in the TWT is about
15% of the actual zona wind speed. This result agrees
with the result in Meehl and Arblaster (1998) where
CCM3 (T42) shows an easterly anomaly near 10°N
across the Pacific east of 140°E when it is compared
with the NCEP reanalysis.
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FiG. 8. SI2000 850-hPa wind composites for 1989 for each ensemble member. The solid square in each denotes the mean CP location for
that ensemble member for the 1989 season.

To thewest of the CPinthe OMT, acyclonic anomaly
is seen extending from 110° to 140°E near 15°N with
anomalous cross-equatorial northeasterly flow south of
that cyclonic anomaly. Anomalous divergence of 1-3
X 10-¢ s * is also seen on the northwestern side of this
cyclonic anomaly and just to the west of the CP. This

implies CCM3 is simulating a dynamically weaker
OMT. A map of the rainfall anomalies (Fig. 10) shows
that CCM3 significantly underestimates June-Septem-
ber total rainfall by up to 1200 mm from 110° to 160°E.
This rainfall anomaly differs from the results in Meehl
and Arblaster (1998), possibly due to the differing hor-
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Fic. 9. Ensemble mean wind vector difference between (a) the ECMWF reanalysis and CCM 3, and (b) the ECMWF reanalysis and SI2000
850-hPa wind composites for 1989. Contours represent vorticity with contour interval 2 X 10-® s=. Shading represents divergence. The
darkest shading denotes values greater than 3 X 10-° s7%, and the lightest shading denotes —3 X 10-¢ s~1. White background indicates
regions in which a difference field could not be calculated from the available data.

izontal resolutions (T42 in Meehl and Arblaster 1998;
cf. T31 here). The proportion of the anticyclonic anom-
aly that can be attributed to the lack of arealistictropical
cyclone climatology is not known. Anomalous diver-
gence in the South China Sea is likely to provide dy-
namic forcing to reduce rainfall there, but it does not
explain the extent of the rainfall anomaly. Anomalous
cross-equatorial northeasterliesimply that CCM3issim-
ulating weaker monsoon southwesterlies, and weaker
cross-equatorial southwesterlies in CCM3 imply a dy-
namically weaker east Asian monsoon. Anomal ous nor-
theasterlies extending from the cyclonic anomaly (as-
sociated with the dislocation of the Pacific high) from
the northern Pacific into Indo-China are also found in
Meehl and Arblaster (1998).

2) SI2000 VECTOR DIFFERENCE

S12000 anomalies are qualitatively similar to CCM3:
SI2000 shows a cyclonic anomaly northeast of the CP
(related to dislocation of the Pacific high); an anticy-
clonic anomaly west of the CP, and a northeasterly flow
anomaly southwest of the CP. The westerly zonal wind
anomaly in the TWT is larger than the westerly flow
anomaly in CCM3, up to about 3.5 m s~

Similar to CCM3, SI2000 simulates an anticyclonic
anomaly to the west of the CP and a northeasterly flow
anomaly to the southwest of the CP. Unlike CCM3,
S12000 shows a stronger westerly anomaly on the north
side of the anticyclonic anomaly, and the axis of the
cyclonic anomaly northeast of the CP extends farther
westward. Another difference between CCM3 and
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Fic. 10. Map of the 1989 and 1992 total seasonal rainfall anomalies for (a) CCM3, and (b) SI2000. Light shading indicates areas with
more than 300-mm negative rainfall anomalies, and dark shading indicates areas with more than 300-mm positive rainfall anomalies. CCM3
significantly underestimates Jun—Sep total rainfall by up to 1200 mm from 110° to 160°E for 1992 (110°E to 180° for 1989). Anomalous
divergence in the South China Sea likely suppresses the rainfall there, but does not explain the spatia extent of the anomaly. SI2000 also
has negative Jun—Sep rainfall anomalies up to about 1200 mm in the OMT (which extends eastward past the date line), in spite of weaker
divergence (or even convergence) anomalies in the OMT. Positive rainfall anomalies are noticed for both GCMs for both years in the

subtropical central Pacific.

SI2000 can be seen in the divergence field; although
SI2000 shows a divergent anomaly northwest of the
anticyclonic anomaly, there is actually anomalous con-
vergence in the northern part of the anticyclonic anom-
aly. This anomalous convergence is associated with the
northerly flow to the northeast of the CP pushing into
the eastern part of the anticyclonic anomaly. SI2000 also
has negative total June—September rainfall anomaliesup
to about 1200 mm (Fig. 10), in spite of weaker diver-
gence (or even convergence) anomalies in the 850-hPa
OMT. Therefore, the large-scal e divergence field cannot
be the only reason for the rainfall anomalies observed
in the OMT. South of the anticyclonic anomaly, SI2000
simulates a weaker cross-equatorial monsoon flow
(anomalous northeasterly flow), but the magnitude of
these anomalies is smaller in SI2000 than CCM3; this

shows SI2000 has a better skill in simulating the mon-
soon southwesterlies, although both models underesti-
mate the strength of the cross-equatorial monsoon flow.

b. Composite ITCZ structure for JJAS 1992

The ITCZ composites for 1992 are now evaluated the
same way as in 1989. The 850-hPa vector wind com-
posite for ECMWF reanalysis, CCM3 ensemble mem-
bers, and SI2000 for 1992 are shown in Figs. 11, 12,
and 13, respectively. The atmospheric response to the
El Nifio in progress pushes the CP farther to the east
than in 1989. The ITCZ axis in both the ECMWF re-
analyses and all but one CCM 3 ensemble members (run
€) show a northwest—southeast tilt in the OMT, while
all SI2000 ensemble members are essentially zonal. In
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the TWT, CCM 3 shows a stronger southerly meridional
wind than in SI2000. Composites of some of the SI2000
ensemble members (runs W, X, and Z) show a double
trough structure near the Asian continent in the northern
part of the South China Sea. For the SI2000 ensemble
members that do not show such a double trough struc-
ture, there is an area of very weak wind near 20°N in
the South China Sea. The double trough structure in
SI12000 is absent in both the ECMWF reanalysis and
CCM3.

Ensemble mean vector differences between GCM en-
semble members and the ECMWF reanalysis for 1992
are shown in Fig. 14. There are significant differences
in the anomalous flow structures between 1989 and
1992, especially to the east and north of the CP.

1) CCM3 VECTOR DIFFERENCE

Unlike 1989, the cyclonic anomaly northeast of the
CP is now moved to the east of the CR. A southeasterly
flow anomaly is found northeast of the CP, and the west-
erly zona wind anomaly in the TWT (also found in
1989) is located southeast of the CR, closer to the equa-
tor. The magnitude of the zonal wind anomaly southeast
of the CP is up to about 1 m s, so the trades in this
El Nifo year are better represented than in 1989.

The anticyclonic anomaly that existed to the west of
the CP in 1989 appears as two separate anticyclonic
anomaliesin 1992, and associated with thisanticyclonic
anomaly is a divergent anomaly in the OMT and south
of the OMT. The two anticyclonic anomalies are cen-
tered near (15°N, 135°E) and (10°N, 160°E). The anom-
aly to the northwest is associated with a divergence
anomaly and a cross-equatorial northeasterly anomaly
south of it. The northeasterly anomaly (which is also
found in 1989) supports that CCM3 is simulating a
weaker cross-equatorial southwesterly monsoon wind.
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Large negative rainfall anomalies are again seen in the
OMT (Fig. 10), up to about 1200 mm (comparable to
1989) over the OMT and the South China Sea. Thisis
consistent with the divergence anomaly seen on the
OMT near (15°N, 135°E).

2) SI2000 VECTOR DIFFERENCE

For SI2000, westerly anomalies dominate to the north
and east of the CP for 1992. The cyclonic anomaly that
is seen in 1989 is evident in some of the ensemble
members (runs V, X, Y and Z; not shown). Similar to
1989, the westerly anomaly east of the CPis up to about
3 m st Unlike CCM3, the westerly anomaly appears
from 5°Sto 25°N and is not limited to only the southeast
of the CP.

To the west of the CP, SI2000 shows an anticyclonic
anomaly. Similar to CCM3, two relative maxima of an-
ticyclonic anomalies are identified, with one just to the
west of the CP near (15°N, 160°E) and one centered
near (15°N, 135°E). A divergent anomaly is observed
near the former anticyclonic anomaly. Similar to 1989,
anomalous northeasterly flow is seen south of that cy-
clonic anomaly. For 1992, the anomalous near-equato-
rial flow is more easterly in SI2000 than in CCM3.
Unlike 1989, the magnitude of this anomalous flow is
approximately the same for both CCM 3 and S12000 (3—
3.5 ms?).

In general, both CCM3 and SI2000 simulate a dy-
namically weaker TWT (with consistently weaker east-
erly trade wind flow) and a dynamically weaker OMT
(with an anticyclonic anomaly west of the CP). The
anomalies in the OMT might be related to the lack of
realistic tropical cyclones in the models. Both models
simulate weaker monsoon southwesterlies south of the
OMT and southwest of the CP

8. Conclusions

The low-level (850 hPa) structure and the location of
the ITCZ in the WPAC in CCM3 and SI2000 are in-
vestigated using ITCZ compositing and are compared
with the structure of the ITCZ as seen in the ECMWF
reanalysis. The ITCZ in the WPAC/CPAC can be di-
vided into two main parts: the easterly trade wind trough
(TWT) and the oceanic monsoon trough (OMT). The
OMT and TWT aredivided by the confluence point (CP)
where monsoon westerlies turn sharply northward and
easterly trades merge into the broad cyclonic flow in
the OMT (Holland 1995). The OMT and CP are found
to be a preferred region for tropical cyclone develop-
ment (Briegel and Frank 1997; Ritchie and Holland
1999). Accurate simulations of the OMT and TWT have
important implications to the energetics and the hydro-
logical cycle in both GCMs, and are important to the
understanding of the large-scale environment in which
severe tropical weather is favorable.

The ITCZ is defined to be the 850-hPa relative vor-
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Fic. 12. CCM3 850-hPa wind composites for 1992 for each ensemble member. The solid square in each denotes the mean CP location
for that ensemble member for the 1992 season.

ticity maximum, and the CP is defined to be a shift from
an easterly trade regimeto the cyclonic flow inthe OMT.
The ITCZ and the CP for both ECMWF reanalysis and
GCMs are determined automatically using 850-hParel-
ative vorticity and zonal wind with a rule-based method
with initial conditions determined visually from 850-

hPa wind vector fields. The method uses two different
ITCZ determination schemes (*‘well-defined” trough
scheme and ‘‘poorly defined” trough scheme; Chan
2001) to find the location of the ITCZ axis. The CPis
determined by looking for a change of sign of the zonal
wind south of the ITCZ axis. Only time periods during
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Fic. 13. SI2000 850-hPa wind composites for 1992 for each ensemble member. The solid square in each denotes the mean CP location
for that ensemble member for the 1992 season.

the WPAC monsoon are considered in this study. The
WPAC monsoon onset (retreat) is defined to be the de-
velopment of westerly flow between 10° and 15°N east
of 125°E.

Differences in the location of the ITCZ and the CP

between the GCMs and ECMWF reanalysis are re-
vealing. The CP in SI2000 shows a consistent west bias
when compared with the ECMWF reanalysis. CCM3
shows no clear bias in longitude of the CP, but the CP
for CCM3 is consistently north of the observed CP lo-
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CCM3(ens. mean)—0Obs

Sigma Vector = 0.7 m/s
Avg Vector = 1.2 m/s
Max Vector = 3.5 m/s

S12000(ens. mean)—Obs

Sigma Vector = 0.9 m/s
Avg Vector = 1.6 m/s
Max Vector = 4.6 m/s

FiG. 14. Ensemble mean wind vector difference between (a) the ECMWF reanalysis and CCM3, and (b) the ECMWF reanalysis and
S12000 850-hPa wind composites for 1992. Contours represent vorticity with contour interval 2 X 10 s—. Shading represents divergence.
The darkest shading denotes values greater than 3 X 10-° s, and the lightest shading denotes —3 X 10-¢ s~*. White background indicates
regions in which a difference field could not be calculated from the available data.

cation. Both GCMs show skill in simulating the inter-
annual variability of the mean CP longitude, but the
spread of the CP longitudes for the years 1991-93 for
CCM3 and 1992-93 for SI2000 are comparable with
the movement of the ensemble mean CP location that
isrelated to the ENSO events. Both GCMs show limited
skill in simulating the northwest—southeast tilt of the
ITCZ axis so both models' ITCZ is more zona than
observed.

The 850-hPa wind composites for both GCMs and
the ECMWEF reanalysis during 1989 and 1992 are cal-
culated and compared. Both models simulate weaker
easterly trades, and locate the Pacific high farther north-
eastward than observed. Both models simulate aweaker
cross-equatorial monsoon southwesterly flow. SI2000
seems to show better skill in simulating the cross-equa-

torial monsoon flow than CCM 3 for 1989, but this result
cannot be reproduced for 1992. In the OMT, combined
rainfall and wind vector differences suggest that both
GCMs simulate a weaker than observed OMT. Anom-
alous anticyclonic flow is observed west of the CP, and
large rainfall deficits are found there. CCM3 seems to
show sensitivity to horizontal resolution in terms of the
rainfall anomalies simulated in the OMT, since rainfall
deficits that are found in the T31 runs analyzed here are
not found in the T42 simulations documented by Meehl
and Arblaster (1998).

In general, both GCMs show skill in simulating the
structure of the ITCZ and its interannual variability.
Biases do exist in some of the details of the ITCZ struc-
turein the trades and the OMT, and large rainfall anom-
alies are noticed in the OMT. The underlying cause of
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these biases is beyond the scope of this paper, but the
identification of these biases can be used by climate
forecasters when they are interpreting GCM climate
forecasts. The compositing technique employed here
can be used in other GCMs to ensure good quality con-
trol and predictability. As newer and improved GCMs
become availablein the future, similar GCM diagnostics
can be employed to document the progress of GCM
development. Low-level winds (Mapes and Houze
1995) are closely related to the deep convection in the
tropical Pacific. As deep convection plays an important
role in global atmospheric and oceanic energy budgets,
more work is required to improve future GCMs for cli-
mate prediction and research in natural/human-induced
climate change.
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APPENDIX
Analysis M ethodology

a. ITCZ and confluence point (CP) determination

In this study, the ITCZ axis is defined to be aline of
850-hPa relative vorticity maximum between the equa-
tor and 30°N. The CP is defined to be the point where
there is a shift of the zonal wind on the equatorward
side of the trough axis. A shift of zonal wind is asso-
ciated with the change from easterly trades to monsoon
westerlies south of the CP. The methods of determining
the location for both the OMT and CP are discussed
here. Details of the techniques used in this study can
also be found in Chan (2001). A genera flow chart for
the ITCZ axis and the CP |location determination meth-
odology is shown in Fig. Al.

1) INITIAL CONDITIONS

The first step of the analysis is the determination of
the initial ITCZ axis and the CP locations for both the
observations and the models. This is done by visually
examining the 850-hPawind vectors and vorticity fields
of all ensemble members for each of the GCMs and the
ECMWEF reanalysis. These locations are used for the
initial time period (0000 UTC 1 June) for each year in
each ensemble member for each GCM and the ECMWF
reanalysis. Thisinitial ITCZ information is also used as
initial conditions for the rule-based ITCZ determination
routine (to be described below).

After the initial ITCZ and CP location is determined,
this initial ITCZ information and the 12-hourly
ECMWF/GCM data are sent to a rule-based ITCZ de-
termination routine. Unlike the initial ITCZ and mon-
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Begin

Read the initial locations of the
ITCZ and CP.
¥ -
For all time periods...
Read in vorticity and zonal
wind data.
-t

For all longitudes
(60°E to 160°W)...

Does awell
defined trough
existed in the
current longitude?

Use the Well Defined
Trough Scheme to find
the location of the
ITCZ

Use the Poorly Defined
Trough Scheme to find
the location of the
ITCZ

Determine Confluence Point
using zonal wind data.

' -

Fic. Al. Flow chart of the general methodology of determination
of the ITCZ axis and CP location. Note that first guesses of the I TCZ
axis and CP locations are required input to this routine.

soon onset time that are determined by visual exami-
nation, the rule-based ITCZ determination routineis au-
tomatic to ensure good efficiency and speed.

2) DETERMINATION OF THE ITCZ axis: WELL-
DEFINED TROUGH VERSUS POORLY DEFINED
TROUGH

Beginning from the easternmost longitude (160°W)
and going westward, the procedure first tries to deter-
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mine the existence of a ‘‘well-defined’” trough. A well-
defined trough is defined as a cyclonic low pressure
trough that is at least 7.5° latitude wide; this criterion
iscalled the ““width criterion” for awell-defined trough.
Apart from the width criterion, there is a *“location cri-
terion” to ensure there are no large breaks in the ITCZ
axis both spatially and temporally. In order to satisfy
the location criterion, awell-defined trough has no more
than 5.0° latitude displacement from the ITCZ axis east
of the current longitude; neither a well-defined trough
has more than 7.5° latitude displacement from the ITCZ
axis on the same longitude from the previous time pe-
riod. In order to employ the location criterion, an initial
ITCZ axis for the first time period (0000 UTC 1 June)
must be defined. For 160°W (easternmost longitude
within the domain of interest), the ITCZ axis just east
is assumed to be 5°N; this assumption is based on ob-
servational studies from Waliser and Gautier (1993).

If a well-defined trough(s) exists, the *‘well-defined
trough” scheme will be used to determine the location
of the ITCZ axis. In thefirst pass through, the 12-hourly
data, the scheme determines if there are two or more
well-defined troughs. If there is only one well-defined
trough, that well-defined trough is automatically chosen
to be the ITCZ axis. If there are two or more well-
defined troughs, the meridional displacement of each
well-defined trough from the ITCZ axis east of the cur-
rent longitude is determined. The trough with the less
meridional displacement is chosen to be the ITCZ axis.
If there are two well-defined troughs with the same me-
ridional displacement, the trough with the least merid-
ional displacement from the equator or 30°N is chosen
to be the ITCZ axis.

At longitudes with no well-defined troughs, the
“poorly defined” trough scheme is used to determine
the location of the ITCZ axis. The poorly defined trough
scheme searches for three distinct positive relative vor-
ticity maxima from the latitudes that are within 5.0°
latitude of the ITCZ axis east of the current longitude.
The location of the vorticity maximum with the least
meridional displacement from the ITCZ axis east of the
current longitude is determined. This location is then
designated to be the ITCZ axis. In the case of no qual-
ifying relative vorticity maxima, thelatitude of the TCZ
axis is assumed to be the midpoint between the ITCZ
axis east of the current longitude and the ITCZ axis
from the previous time period on the same longitude.

This step is repeated until the ITCZ axis of the whole
spatial domain is determined. After completion, the lo-
cation of the CP can now be determined.

3) THE LOCATION OF THE CONFLUENCE POINT

Beginning from 160°W and going westward, the CP
is determined by finding a change of sign of the zonal
wind south of the ITCZ axis. In order to filter out the
changes of sign of zona wind due to spatially local
phenomena, a six-gridpoint spatially averaged zonal
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wind to the south and southwest of the current longitude
is computed. The longitude of CP is constrained to be
no farther west than 110°E; if the CP cannot be found
east of 110°E, the CP is assumed to be 110°E.

4) THE ITCZ AXIS FOR THE WHOLE JJAS

The procedures described in sections 2 and 3 are re-
peated until the 12-hourly ITCZ of JJAS of 1989-93 is
completely determined. The ITCZ axis locations are
then stored, and areready for usefor composite analysis.

b. Composite technique

The composite technique is originally developed for
atropical cyclone study (Briegel and Frank 1997), and
is modified for the use of this study. A flow chart on
the compositing technique is shown in Fig. A2.

1) TiME-MEAN CP LOCATION

The first step is to determine the mean location of
the CP. With a given time range (between the monsoon
onset and retreat), the mean longitude and latitude of
the CP is calculated with asimple arithmetic mean. This
mean CP location serves as a ‘‘center point” (to be
explained) for the composite mean ITCZ axis and re-
mapping of wind maps.

2) ComPOSITE MEAN ITCZ axis

The 12-hourly CP (and the ITCZ axis that is asso-
ciated with it) is then centered onto the mean CP lo-
cation. After centering, a composite mean ITCZ axisis
then computed.

Consider aCP location of any 12-hourly period, there
isacertain meridional and zonal displacement from the
mean CP location that is computed in determining the
time-mean CP location. This CP location (and its as-
sociated ITCZ axis) is moved to the mean CP location.
The moving of the 12-hourly CP centers the 12-hourly
ITCZ axis onto the mean CP locations. This ITCZ axis
centering is performed for all times of interest. This
centering procedure separates the easterly trade wind
region and the monsoon trough at the mean CP location;
east of the mean CP location are the trade wind regions
of the centered 12-hourly ITCZ axis, west of all the
mean CP |ocation is the monsoon trough of the centered
12-hourly ITCZ axis.

For each longitude, the time-mean latitude of the cen-
tered ITCZ axisis computed. This step constructs anew
ITCZ axis with a CP equals to the time-mean CP lo-
cation. This new ITCZ axis is defined to be the com-
posite mean ITCZ axis.

3) REMAPPING AND COMPOSITING

The composite mean ITCZ axisislikely to differ from
the 12-hourly CP-centered ITCZ axis in terms of the
latitude of the ITCZ axis at each longitude. This lati-
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Begin

Calculate time averaged
CP.

Center all time period's CP
onto time averaged CP,
and calculate composite

average [TCZ axis.

Y

Center all time period's
ITCZ asds onto composite
average [TCZ axis.

Calculate composite
average of the variables of
interest.

Retumn

Fic. A2. Flow chart of the method used to construct the
ITCZ composites.

tudinal displacement between the 12-hourly CP-cen-
tered ITCZ and the composite mean ITCZ is computed.
This displacement is used for remapping of the 12-hour-
ly variable maps (e.g., a map of 850-hPa zonal wind).

CHAN AND EVANS

3567

How the 12-hourly variable map is remapped is sim-
ilar to how the 12-hourly ITCZ axis is centered onto
the time-mean CP location. Instead of the ITCZ axis
being centered upon the time-mean CP location, the
variable map is the one being centered. The whole 12-
hourly variable map moves with the 12-hourly CP lo-
cation, so that the 12-hourly CP overlaps with the time-
mean CP location. The centering separates features on
the variable map that are associated with the trade winds
and the monsoon trough with the time-mean CP loca-
tion.

Each longitude on the CP-centered variable map is
moved meridionally by the latitudinal displacement be-
tween the composite mean I TCZ axis and the 12-hourly
CP-centered ITCZ. This centers the variable map onto
the composite mean ITCZ axis, and separates features
on the variable map that are north or south of the ITCZ
axis. The remapping of the 12-hourly variable map is
now complete.

This remapping is done for al times of interest. The
remapping overlays different 12-hourly variable maps
that are now all centered onto the composite mean ITCZ
axis. A mean of the all centered variable map is com-
puted, and this new variable map is the composite mean
variable map.
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