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ABSTRACT

In Part | of this study it was shown that air—sea coupling had a positive impact on some aspects of the
simulation of the Madden—Julian oscillation (MJO) by a GCM. However, errors in the basic-state climate of
that GCM appeared to be preventing the MJO-related convection from propagating into the west Pacific. In this
paper, the actual impact of these errors will be addressed. An integration of a flux-adjusted version of the coupled
model has been performed, which has reduced basic-state errors in the west Pacific. In this version of the coupled
GCM the MJO does propagate into the west Pacific. The simulation of the MJO by a coupled model with the
same atmospheric component but a different ocean GCM is also analyzed. This coupled GCM has similar
systematic errors in low-level zonal wind and precipitation to the model studied in Part I, but with warmer SSTs.
Results from this experiment, together with the other available evidence, suggest that it is the errorsin the low-
level zonal wind component in the west Pacific that prevent the MJO from propagating into this region in the
coupled GCM rather than the errors in absolute values of SST.

1. Introduction

In Part | of this study (Inness and Slingo 2003, here-
after referred to as 1S03) the simulation of the Madden—
Julian oscillation (MJO) by a coupled ocean—atmo-
sphere general circulation model (GCM) was examined
and compared with MJO simulation by the same at-
mospheric model without an interactive ocean, and with
the observed MJO. Some aspects of the MJO simulation
were found to improve when the atmospheric GCM was
coupled to an interactive ocean model. In particular, the
eastward propagation of enhanced convection acrossthe
Indian Ocean occurred in the coupled GCM but not the
atmospheric GCM which represented the intraseasonal
variability of convection in this region as a standing
oscillation. However, it was clear that there were still
deficiencies in the representation of the MJO by the
coupled GCM. Perhaps the most serious short-coming
of the coupled GCM was that while the enhanced con-
vective region propagated eastward across the Indian
Ocean, it tended to come to an abrupt halt over the
Maritime Continent at a longitude of about 120°E. In
fact, only three rather weak MJO events were found to
propagate as far east as 150°E in 19 yr of model inte-
gration.
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It was suggested in 1S03 that this lack of extension
of the MJO into the west Pacific may be due to errors
in the basic state of the coupled GCM. Theories such
as that of Flatau et al. (1997) suggest that, if the MJO
is a coupled mode, mean westerly surface winds are
necessary for the enhanced convective region to move
towards the east, and various modeling and observa-
tional studies exist to back up this proposal (e.g., Hen-
don and Glick 1997; Waliser et al. 1999; Woolnhough et
al. 2000). In the GCM under study, the low-level winds
on and just to the south of the equator in the west Pacific
are easterly rather than westerly. Hence, if the coupled
theory for the MJO of Flatau et al. (1997) is correct,
the SST anomalies induced to the east and west of the
enhanced convective region will be of the wrong sign,
inhibiting further eastward propagation. It is aso pos-
sible that the lack of extension into the west Pacific in
the coupled GCM is because the SSTs in thisregion are
too cold to support large-scale enhanced convection in
the coupled model regardless of the surface flux vari-
ability.

It is interesting to speculate as to whether the MJO-
related convective envelope simulated by the coupled
GCM would have continued to propagate toward the east,
across the west Pacific warm pooal, if the low-level mean
winds in this region were westerly. In this Part Il of the
paper, we will address this question by examining the MJO
simulation by a version of the coupled GCM which isrun
with limited-area flux adjustmentsin order to correct some
of the basic-state errors in the coupled GCM. In section
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2 the experimenta design will be described. In section 3,
the impact of the flux adjustment on the basic state of the
coupled GCM will be discussed, and thiswill be followed
by an examination of the MJO simulation in section 4. In
section 5, the MJO simulation by a coupled GCM using
the same atmospheric component as before, but with a
different ocean model will be briefly described. Results
will be discussed in section 6.

2. Flux-adjusted experiment design

In 1S03 it was shown that an atmosphere—ocean cou-
pled GCM—the third Hadley Centre Coupled Ocean—
Atmosphere General Circulation Model (HadCM3)—
was able to reproduce some aspects of the MJO.
HadCM3 has a stable climate and is able to run without
the need for heat flux adjustments. The formulation of
HadCM3 is described in detail in Gordon et al. (2000),
together with a description of its simulation of ocean
heat transports and SST. Briefly, the atmospheric com-
ponent of HadCM 3 is a gridpoint model with horizontal
spacing of 2.5° latitude X 3.75° longitude. It is usually
run with 19 vertical levels but this was increased to 30
in the experiment described in 1S03, following results
described by Inness et al. (2001). In an atmosphere-only
version of this GCM they showed that increasing the
vertical resolution led to an improved representation of
the distribution of convective cloud tops in the Tropics
in an atmosphere-only simulation with this GCM which
may have implications for the simulation of the MJO.
Convectionis parameterized using the mass-flux scheme
of Gregory and Rowntree (1990), with the addition of
convective momentum transports (Gregory et al. 1997).
The ocean component of HadCM3 has a 1.25° X 1.25°
latitude-ongitude grid with 20 vertical levels. The top
three levels are all 10 m thick. Horizontal eddy mixing
is parameterized using a version of the Gent and
McWilliams (1990) adiabatic thickness diffusion
scheme. Near-surface vertical mixing is modeled using
acombination of aKrausand Turner (1967) mixed layer
submodel and a K-theory scheme. Coupling between
atmosphere and ocean occurs once per day. Asdiscussed
by Shinoda and Hendon (1998), it may be important to
include the diurnal variation of the surfacefluxesto fully
capture the intraseasonal variability of SST associated
with the MJO. This possibility will be discussed further
in section 6.

In order to investigate the sensitivity of the MJO sim-
ulation to the basic-state errors in low-level zonal wind
and SST described in section 2 of 1S03, a flux-adjusted
version of HadCM 3 has been developed. Although the
largest SST errors in HadCM3 are in the extratropical
North Pacific, these errors will not be addressed by the
flux adjustment as we wish to have as small an impact
as possible on the overall basic state of the GCM. As
discussed in section 2 of 1S03, some of the systematic
errors in the equatorial Pacific Ocean in HadCM3 are
the result of a coupled feedback mechanism. The con-
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vective precipitation over Indonesia is too strong in
HadCM 3 and this drives an enhanced Walker circulation
across the equatorial Pacific with very strong low-level
easterly trade winds. These winds in turn drive anom-
alously strong Ekman divergence in the surface layer
of the equatorial Pacific Ocean, forcing upwelling and
anomalously cold SSTs, with errors of up to 3°C on the
equator, centered just to the east of the date line. These
SST errors lead to an anomalous zonal temperature gra-
dient in the west Pacific and hence a further reduction
in the westerly wind component here, reinforcing the
systematic error. In order to break this coupled mech-
anism, we will apply flux adjustments to the equatorial
ocean surface in order to weaken the erroneous SST
gradient in the west Pacific and thus enhance the low-
level westerly wind component to the west of the date
line. The flux-adjusted experiment will be referred to
as HadCM3-FA.

Some other coupled model experiments have inves-
tigated the impact of air—sea interaction on the MJO by
using atmospheric GCMs coupled to mixed layer or
‘“slab” ocean modelswith varying levels of complexity.
Hendon (2000) used a rather complex one-dimensional
mixed layer model in which the mixed layer depth was
able to vary, whereas Waliser et al. (1999) used a much
simpler, highly idealized, fixed depth mixed layer mod-
el. All such mixed layer models require the ocean tem-
peratures to be relaxed toward observed climatological
values in order to account for neglected processes such
as horizontal advection. This will introduce a timescale
for the SST variability, which is an artifact of the re-
laxation. If this timescale is chosen to be close to the
period on which the SSTs would be expected to vary
in association with the MJO then it will be difficult to
isolate the ““natural” SST variability from that due to
the relaxation. By using a full ocean model with hori-
zontal advection processes, and by using flux adjustment
to maintain the SSTs close to climatological values, the
inclusion of an implicit timescale of SST variability has
been avoided. However, it is inevitable that, as well as
going some way toward correcting the basic-state errors
in HadCM 3, the flux-adjustment technique will also in-
troduce other changes to the climatology of the coupled
GCM, which may lead to differences from the unad-
justed coupled GCM. In general, it would be expected
that using flux adjustment should lead to acoupled GCM
climatology which is closer to the atmospheric com-
ponent of that GCM forced by observed SSTs.

Implementation of flux adjustments

Flux adjustments are calculated by running the cou-
pled GCM for 20 yr with the SSTs between 10°N and
10°Sin the Pacific and Indian Ocean being relaxed back
toward climatology on a timescale of approximately 14
days. Between 5°N and 5°S the relaxation is applied in
full. To the north and south of this strip, the relaxation
is linearly ramped down to zero so that north of 10°N
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FiG. 1. (a8 Annua mean flux adjustment for HadCM3-FA. (b) Am-
plitude of annual cycle of flux adjustment in HadCM3-FA. Contour
interval is 30 W m~2in both (a) and (b).

and south of 10°S the SSTs are completely free running.
The anomalous fluxes required to achieve thisrelaxation
are saved and an annual cycle of flux adjustments is
calculated by averaging the anomalous flux for each
month of the year over the 20-yr integration. The model
is then run a second time with the relaxation of SSTs
switched off, but with the flux adjustment terms applied
at the ocean surface. The model calculates daily flux
adjustment values by interpolating linearly between the
monthly mean values. The initial conditions for this
second integration were taken from the end of the in-
tegration with the relaxation of SSTs. The model was
run with flux adjustments for 20 yr.

The annual mean flux adjustment is shown in Fig. la.
Aswould be expected, the fluxes are large and positive
(i.e., into the ocean) in the middle of the equatorial cold
tongue with a maximum value of 186 W m~-2 at 120°W.
In the bulk of the Indian Ocean and west Pacific warm
pool region the flux adjustments are much smaller—
generally less than =30 W m~2. More importantly, the
annual cycle of flux adjustments in this region is aso
very small so that time variations of the flux adjustments
should have very little impact on any intraseasonal var-
iability of SST. The amplitude of the annual cycle of
the flux corrections is shown in Fig. 1b. This is cal-
culated very simply by taking the difference between
the maximum and minimum flux adjustment term at
each grid point. Apart from a few grid points adjacent
to the Indonesian islands and along the coast of East
Africa, there is very little variation in the flux adjust-
ment through the year to the west of the date line, with
the annual variation being generally between 30 and 60
W m~-2. Observational studies such as that of Zhang
and McPhaden (2000) have shown that the amplitude
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(a) GISST climatology

{
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FiG. 2. Oct-Apr SST climatalogies from (a) GISST observational
dataset (1979-95), (b) 20 yr of HadCM3 simulation, and (c) 20 yr
of HadCM3-FA simulation. Contour interval is 1°C.

of intraseasonal variationsin net surface flux associated
with the MJO are of the order of 100 W m~2. Thus we
are confident that the implementation of the flux ad-
justment in the model should not disable the intrasea-
sonal coupling between the ocean and atmosphere,
which is the focus of this study.

3. Flux-adjusted GCM basic state

The impact of the flux adjustments on the basic state
of the coupled GCM is very much as expected. Figures
2, 3, and 4 show the October—April (ONDJFMA) cli-
matologies of SST, precipitation and 850-hPa zonal
wind respectively for the two GCM integrations with
and without flux adjustment, and for observations. SSTs
in the central Pacific are warmer in HadCM 3-FA by up
to 3°C while, those around Indonesia are slightly cooler.
The west Pacific warm pool in HadCM3-FA is now a
fairly uniform region of SST in excess of 28°C, whereas
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FiG. 3. Oct—Apr precipitation climatologies from (a) the Xie-Arkin
observed dataset, (b) 20 yr of HadCM3 simulation, and (c) 20 yr of
HadCM3-FA simulation. Contours are at 0.1, 1.0, 2.0, 5.0, and 10.0
mm day .

this region in HadCM3 was dominated by a strong
zonal SST gradient. However, because the flux ad-
justments are only applied between 10°N and 10°S, the
strong meridional gradients of SST to the north and
south of these latitudes, when compared to the Global
Sea |ce and Sea Surface Temperature (GISST) 3.0 cli-
matology (Rayner et al. 1996), are now even stronger
in HadCM 3-FA.

Tropical precipitation adjusts in line with the SST
changes so that the excessive precipitation over the Mar-
itime Continent in HadCM 3 is reduced by up to 10 mm
day —* whereas rainfall increases over a large region of
the equatorial western and central Pacific by values in
excess of 5 mm day —*. Therainfall amountsinthel TCZ
in HadCM 3-FA are now up to 5 mm day ~* heavier than
the Xie and Arkin (1996) climatology. This is possibly
a conseguence of the strong meridional SST gradient
just to the north of the ITCZ leading to enhanced |ow-
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(a) ECMWF re-analysis
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Fic. 4. Oct-Apr 850-hPa zonal wind climatologies from (a)
ECMWEF reanalyses (1979-93), (b) 20 yr of HadCM3 simulation,
and (c) 20 yr of HadCM3-FA simulation. Contour interval is 2 m
s~1. Regions with westerly winds are shaded.

level meridional convergence. Note also that the rainfall
deficit in the east Pacific to the north of the ITCZ in
HadCM3 is unaffected by the flux adjustments, consis-
tent with the lack of change of the SST structure here.

Perhaps the most important change from HadCM 3 to
HadCM3-FA isin the low-level zonal wind field in the
warm pool region. The 850-hPa zonal wind component
becomes more westerly across the equatorial west Pa-
cific by up to 6 m s=*. In the eastern Indian Ocean the
westerly flow, which was excessively strong in
HadCM3, is reduced to mean values much closer to
European Centre for Medium-Range Weather Forecasts
(ECMWEF) reanalyses (ERA). The strong easterly trade
winds in the central Pacific in HadCM3 are reduced
slightly in HadCM 3-FA but are still about 2 m s—* stron-
ger than the reanalysis field. Thisis consistent with the
atmosphere-only version of this GCM forced with ob-
served SST (see 1S03) and suggests that this remaining
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FiG. 5. Variance of 20-100-day bandpass-filtered OLR for the Oct—
Apr period from (&) 15 yr of NOAA AVHRR satellite data, (b) 20
yr of HadCM 3, and (c) 20 yr of HadCM3-FA. Contour interval is 50
(W m-2)2,

easterly bias is associated with the atmospheric com-
ponent of the model. For the purposes of this experi-
ment, the flux adjustment has the desired impact on the
basic state of the GCM with the extension of low-level
westerly flow into the west Pacific between the equator
and 10°S. This suggests that the MJO itself may prop-
agate further east in this version of the GCM. This will
be investigated in the following sections.

4. The MJO in the flux-adjusted GCM

Before looking at diagnostics of MJO activity spe-
cifically, it is useful to assess the overall tropical intra-
seasonal variability of convection in HadCM3-FA. Fig-
ure 5 shows the variance of the 20—100-day bandpass-
filtered outgoing longwave radiation (OLR) for the Oc-
tober—April period from the National Oceanic and
Atmospheric Administration (NOAA) Advanced Very
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Fic. 6. Time series of an index of MJO activity based on the 20—
100-day-filtered variance of 200-hPa zonal wind averaged between
10°N and 10°S: (a) ECMWF reanalysis and (b) HadCM3 (dashed
line) and HadCM3-FA (solid line). The model time series are dis-
played on adifferent time axis than thereanalysis series asthe coupled
GCM has a 360-day calendar.
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High Resolution Radiometer (AVHRR), HadCM 3, and
HadCM3-FA. While both versions of the coupled model
are deficient in variability between 5°N and 5°S through
the warm pool region, Fig. 5¢ confirms that the use of
flux adjustment in HadCM 3-FA has not killed off the
intraseasonal variability of convection. HadCM3-FA
shows dlightly less variability of OLR in the Indian
Ocean than HadCM 3, but has increased variability in
the west Pacific, particularly on, and just to the north
of, the equator. The unrealistically high variability of
OLR in the Bay of Bengal and South China Sea in
HadCM3 has been reduced in HadCM 3-FA.

The MJO index of Slingo et al. (1999) described in
IS03 can be used as an initial indicator of the strength
of the global signal of the MJO. Figure 6 shows this
index plotted for 20 years of both the standard and flux-
adjusted versions of HadCM3 and for ERA data. Al-
though the mean value of the index from the flux-ad-
justed run is significantly higher than that from
HadCM3, it is still significantly lower than that from
the reanalyses. This suggests that the change in the mean
state has had little overall impact on the strength of
intraseasonal variability in the GCM and that any chang-
es to the MJO simulation will be subtle. The index of
both model versionsis weaker than the observed index.

The index itself relies on the projection of MJO var-
iability onto the upper-level winds on a global scale. If
part of the MJO signal is missing; for instance, if the
MJO does not extend into the west Pacific, as was seen
for HadCM3 in 1S03, the strength of the index will be
reduced. The fact that the index is weak for both ver-
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(a) AVHRR OLR correlated with ERA 200 hPa VP
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Fic. 7. Lag-correlation plots of OLR or convective precipitation
averaged between 10°N and 10°S with 200-hPa velocity potential
(VP) at 90°E, also averaged between 10°N and 10°S: (a) NOAA
AVHRR OLR correlated with ECMWF reanalysis VP, (b) HadCM3
precipitation and VP, and (c) HadCM 3-FA precipitation and VP, Shad-
ing indicates negative correlations between precipitation and VP, and
positive correlations between OLR and VP Contour interval is 0.1.
All data are 20—100-day bandpass filtered.

sions of the coupled GCM suggests that there may be
a similar problem with the MJO not extending into the
west Pacific in HadCM3-FA, or perhaps the MJO has
been weakened in the Indian Ocean sector. The index
does not provide any detail of the structure or propa-
gation characteristics of the MJO and so further analysis
is necessary to ascertain the reasons for the similarity
of the index in both coupled versions of the GCM.
Differences between the two coupled GCM experi-
ments become apparent when the eastward propagation
of convection is examined. Using the same lag-corre-
lation technique asin 1S03, Fig. 7 showsthe progression
of the convective precipitation across the Indo—Pacific
region. In HadCM 3 there is an abrupt halt to any east-
ward propagation east of 120°E. In HadCM3-FA, this
interruption to the eastward propagation is not apparent.

JOURNAL OF CLIMATE

VoLUME 16

Although the correlations are still rather weak at lon-
gitudes away from the base longitude of 90°E, there is
a clear change of behaviour between the two versions
suggesting that the MJO convective region does extend
into the west Pacific in HadCM3-FA.

The same lag-regression technique used in 1S03 has
been applied to HadCM3-FA to show the spatial dis-
tribution of convective precipitation and 850-hPawinds
associated with the MJO. Figure 8 shows these regres-
sions at 6-day intervals and can be compared with Figs.
7, 8, and 9 in 1S03 for observations, HadCM 3 and the
atmosphere-only component of the model, HadAM3.
Thetimelags arerelative to a200-hPavelocity potential
minimum at 90°E on the equator. In the Indian Ocean,
the pattern of enhanced convection developing in the
west and propagating eastward between day —18 and
day O is qualitatively similar between HadCM3 and
HadCM3-FA, athough the magnitude of the anomaly
is weaker in HadCM3-FA. However, between days O
and +6, the enhanced convection in HadCM 3-FA prop-
agates into the west Pacific. In HadCM 3, the enhanced
convective region split into two centers asit approached
Indonesia, with the northern center moving into the
South China Sea and the southern center propagating
into the South Pacific convergence zone (SPCZ). Pos-
itive convective anomalies in the Pacific in HadCM3
were the result of the almost instantaneous flaring of
convection right along the I TCZ and were not associated
with eastward propagation. In contrast, the HadCM 3-
FA convective centre shows much less evidence of split-
ting. The enhanced convection in HadCM3-FA moves
into the SPCZ by day +12. It is also noticeable that the
westerly wind anomaly also propagates into the equa-
torial west Pacific at around day +12, whereas in
HadCM3, the wind anomaly split into two following
the convection, with one branch centered around 10°N
and the other to the south of 10°S.

a. Relationship between convection, surface fluxes,
and SST

The different behavior of the MJO convection in the
standard and flux-adjusted versions of HadCM3 is fur-
ther highlighted by studying the lag correlations be-
tween convection, SST and surface fluxes. Figure 9
shows these relationships for SST, surface shortwave
flux (SWF), surface latent heat flux (LHF), and also the
lag correlation between LHF and surface zonal wind
stress (UST). This figure can be directly compared with
Figs. 10 and 11 of 1S03 which show the same plots for
ERA reanalyses and the standard version of HadCM 3.
In al these plots, fluxes are taken to be positive into
the ocean surface, so that a positive LHF anomaly is
due to reduced evaporation.

In the standard version of HadCM 3, the lead-ag re-
lationship between convective precipitation and SST be-
comes rather weak to the east of 140°E, with correlations
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Fic. 8. Lag regressions of convective precipitation onto a base time series of 20-100-day filtered 200-hPa velocity potential at 90°E,
averaged between 10°N and 10°S for HadCM 3-FA. The regressions of 850-hPa wind vectors onto the same base time series are superimposed.
Data are only plotted at grid points where the local regression is significant at the 95% level. Fields are plotted at time intervals of 6 days,
from (@) —18 to (h) +24 days, with (d) day O indicating the day of minimum 200-hPa VP at 90°E.
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Fic. 9. (a) Lag correlation between convective precipitation and SST from HadCM 3-FA. Negative lags indicate that SST leads precipitation.
Positive correlations indicate that enhanced convection is correlated with a positive SST anomaly. Contour interval is 0.1 and negative
correlation contours are dashed. Negative correlations are shaded. (b) Same as (a) but for convective precipitation and surface SWF (c)
Same as (@) but for convective precipitation and surface LHF. (d) Same as (a) but for LHF and UST. All fields are 20-100-day filtered and

averaged between 5°N and 5°S.

of less than 0.3. However, in HadCM3-FA the strong
lead ag relationship is maintained as far east as 160°W.

The relationship between convective precipitation
and surface SWF is indistinguishable between the two
model versions, with enhanced convection being asso-
ciated with reduced SWF at all longitudes at zero lag.
This simply shows that the SWF reaching the surface
isreduced when convection isenhanced in both versions
of the model, an obvious relationship.

The relationship between convection and LHF is dif-
ferent between the two versions of the coupled GCM.
In HadCM 3, the negative correlation between convec-
tive precipitation and LHF breaks down to the east of
140°E, the same longitude at which the correlation be-
tween convective precipitation and SST also breaks
down. In HadCM 3-FA, the negative correl ation between
LHF and precipitation remains greater than —0.2 to the
east of the date line. The correlation between SST and
convective precipitation also remains strong out to the
date line. This suggests that it is a change in the LHF
anomaly that is responsible for the change in the rela-

tionship between SST and convection between the two
model versions.

Note that both HadCM3 and HadCM3-FA show a
systematic shift in the location of the maximum evap-
orative cooling relative to the convective maximum
when compared to the observed pattern. Both GCMs
have the maximum negative correlation between LHF
and convective precipitation close to lag zero whereas
the observed pattern shows that the maximum in evap-
orative cooling lags the maximum in precipitation by
about 5 days. This has been discussed in detail in section
4 of 1S03. This seems to be a fundamental property of
this particular atmospheric GCM, but it is possible that
the real atmosphere behaves in this way too. Obser-
vations from a surface mooring in the west Pacific dis-
cussed by Zhang and M cPhaden (2000) showed that the
maximum in evaporative cooling of SST was coincident
with the maximum in convective precipitation in acom-
posite of 13 MJO episodes on the equator at 165°E

HadCM 3-FA shows a significant rel ationship between
convection and LHF in the west Pacific that was not
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Fic. 10. Time-longitude plots of monthly mean zonal wind at 1000 hPa, averaged between 4°N and 4°S from (a) ECMWF reanalyses
(1979-98) and (b) 20 yr of HadCM3-FA simulation. Red tick marks at 60°, 90°, 120°, and 150°E indicate the passage of the enhanced

convection phase of the MJO through that longitude.

seen in HadCM 3. However, the correl ation between con-
vection and LHF in HadCM3-FA is weak and less co-
herent in time around 120°E. The correlation between
LHF and UST in HadCM3-FA around this longitude
breaks down completely, as shown in Fig. 9d. In the
observations, however, there is a negative correlation
out to the date line where the basic-state winds change
sign (see Fig. 9d in 1S03). In the standard version of
HadCM3, UST, and LHF are strongly negatively cor-
related between 60° and 140°E where the basic-state
wind is a strong westerly. The correlation then changes
sign abruptly and remains positive to the east of 140°E
where the mean low-level zonal wind is easterly. In
HadCM3-FA, the correlation is rather weak between
100° and 150°E. In thisregion, the mean low-level wind
in ONDJFMA isaweak westerly (see Fig. 4). However,
the seasonal mean picture masks the fact that thereis a
fair degree of variability in the strength and even the
sign of the zonal wind in this region in HadCM 3-FA.
The weak westerly in the seasonal mean is made up
from periods of westerlies interspersed with periods,
sometimes lasting several months, when the wind be-
comes a light easterly. During the periods of easterlies,

or even near-zero winds, zonal wind anomalies such as
those associated with the MJO can induce LHF anom-
alies of the opposite sign to those induced when the
basic-state wind is westerly. Hence the correlation be-
tween UST and LHF over the entire period of the in-
tegration is weak.

This issue of the background wind being very light
or even easterly so that the LHF anomalies induced by
zonal wind stress anomalies may be of the wrong sign,
is worth further investigation. Time—ongitude plots of
equatorial zonal wind at 1000 hPa from ERA and from
HadCM3-FA are shown in Fig. 10. In the ERA data,
the winds in the eastern Indian Ocean remain westerly
almost all the time except in strong El Nifio years such
as 1982 and 1997. Thisis aso the case in the standard
version of HadCM 3 (see Fig. 12b in 1S03). In HadCM 3-
FA there is much more (unrealistic) variability of the
monthly mean low level wind in the Indian Ocean sector
between westerlies and easterlies and there are periods
of many months when the wind is continuously easterly.
On the other hand, the extension of westerly flow out
to the date line also shows a large degree of variability
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Fic. 11. Time-longitude composites of OLR or convective precipitation anomaly based on eastward propagating convective events at 60°,
90°, 120°, and 150°E: (a)—(d) NOAA AVHRR OLR, (e)—(g) HadCM3, and (h)—(k) HadCM3-FA. Contour interval is5 W m~2 for OLR and
0.5 mm day —* for precipitation. Positive OLR anomalies and negative precipitation anomalies are shaded.

but this compares quite well to the pattern seen in re-
analysis fields.

The weakening and frequent reversal of westerly
winds over the Indian Ocean in HadCM3-FA is an un-
desirable result of the flux adjustment. This may be due
to the fact that the main convective region has shifted
to the east, from the Maritime Continent into the west
Pacific. It is also possible that the slight reduction in
SST gradient on the eastern side of the Indian Ocean
(see Fig. 2) results in weaker low-level westerly flow
in this region.

If the coupled mechanism for the eastward propa-
gation is the sole reason for the maintenance of the MJO
then we would expect to see eastward moving convec-
tive anomalies occurring only when the background low
level winds are westerly. This suggests that there will
be fewer eastward propagating MJO eventsin the Indian
Ocean in HadCM3-FA than in the standard version of
HadCM 3 because the periods of easterly winds will act

as a barrier to eastward propagation. However, because
there are now periods when the mean wind is westerly
in the west Pacific in HadCM3-FA, there may also be
more MJO events extending to the east of the Maritime
Continent in this version. This will be examined in the
next section.

b. MJO events and the background zonal wind

In 1S03, individual MJO events were identified at 4
different longitudes in observed OLR data, HadCM 3,
and HadAM3. These events were then used to produce
MJO composites at each of the longitudes. The selection
criteria were those of Woolnough et al. (2000), slightly
modified, and are described in detail in 1S03 section 3c.
This analysis has been repeated for HadCM 3-FA. Base
points are located at 60°, 90°, 120°, and 150°E. Only
events during ONDJFMA are included in this analysis.
The number of eastward propagating convective events
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TaABLE 1. Summary of the number of eastward propagating con-
vective events that occurred during Oct—Apr at four selected longi-
tudesin observed OLR and convective precipitation from the standard
and flux-adjusted coupled GCMs. Events are also stratified by the
sign of the monthly mean zonal wind at the base longitude at the
time of occurrence.

No. of eastward propagating events
at each base longitude

Method 60°E 90°E 120°E 150°E
AVHRR OLR (16 yr) 30 37 34 32
(westerly:easterly) (23:7)  (35::2) (241100 (24:8)
HadCM3 (19 yr) 17 21 11 3
(westerly:easterly) (14:3)  (21:0) (5:6) (0:3)
HadCM3-FA (19 yr) 21 13 15 13
(westerly:easterly) (15:6)  (10:3) (4:11) (8:5)

during 19 yr of integration of HadCM3-FA at each of
the four longitudes is shown in Table 1, together with
the same figures for 19 yr of the standard version of
HadCM3 and 16 yr of NOAA AVHRR observed OLR.
The events have also been plotted as tick marks on Fig.
10 so that the sign of the basic-state zonal wind at the
time of occurrence can be assessed.

At 60°E there are 21 events in HadCM3-FA, com-
pared with 17 events at HadCM3. However, at 90°E,
there are fewer eventsin HadCM3-FA than in the stan-
dard version of HadCM3. This suggests that, although
alarger number of events initiate in the western Indian
Ocean in HadCM 3-FA, they tend not to propagate east-
ward as far as those identified in HadCM 3. This would
seem to be largely a result of the extended periods of
easterly winds in the eastern Indian Ocean in HadCM 3-
FA, seen in Fig. 10b, which would act as a barrier to
eastward propagation. Of the 13 events at 90°E in
HadCM3-FA, 10 occur during periods when the mean
wind in the eastern Indian Ocean is westerly. Thus, it
appears that the weakening and frequent reversal of the
mean zonal wind in the Indian Ocean in HadCM 3-FA
acts to reduce the number of MJO events in this basin
and limits the eastward propagation of those that do
occur.

At 120°E, both HadCM3 and HadCM3-FA produce
similar numbers of eastward propagating events (11 and
15, respectively) which divide fairly evenly between
periods of background easterlies and westerlies. As dis-
cussed in 1503, the coupled mechanism for the eastward
propagation of the MJO may be less important at lon-
gitudes through the Maritime Continent dueto theisland
landmasses. This issue will be further discussed in sec-
tion 6.

Finally, HadCM3-FA produces 13 eastward propa
gating convective events at 150°E compared with only
3 in HadCM3. Of these 13, 8 occur during periods of
westerly low-level winds. The increase in events in
HadCM3-FA may be due either to the increased occur-
rence of mean westerly winds at this longitude, the in-
creased SSTs due to the flux adjustment or some other
factor. However, the fact that the atmosphere-only GCM,
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HadAM3, has the correct SSTs in this region but only
produces five rather weak and incoherent MJO events
during 16 yr of integration, suggests that the coupled
mechanism for maintaining eastward propagation is
playing an important role in the simulation of the MJO.
This coupled mechanism is, in turn, dependent on the
correct simulation of the mean low-level zonal wind.
The reduction in the number of MJO events in the east-
ern Indian Ocean in HadCM3-FA, a negative result of
this experiment, also appears to be linked to a change
in the basic-state zonal wind rather than any change in
the absolute values of SST.

¢. Composite MJO events

As in 1S03, the individual MJO events which have
been identified can be used to form composites at the
4 base longitudes. The composites of convective pre-
cipitation from HadCM3-FA, together with those from
HadCM3 and the composites from the NOAA satellite
OLR dataset are shown in Fig. 11.

The composites of events at 60°E confirm the ten-
tative conclusion drawn in the previous section that
some of the MJO events in the western Indian Ocean
in HadCM3-FA weaken or die out as they cross the
basin due to the extended periods of easterly winds. The
HadCM3-FA composite at thislongitude is very strong-
ly dominated by a standing oscillation with only weak
propagation to the east, whereas in HadCM 3, the com-
posite shows much clearer eastward propagation across
the whole of the Indian Ocean. A similar picture is
obtained by looking at the composite at 90°E. Both cou-
pled model versions have a strong standing component
at this longitude, but in HadCM3 there is a stronger
upstream signal indicating events propagating into this
longitude from the west.

At 120°E, the HadCM 3-FA composite shows an ex-
tension of enhanced convective precipitation into the
west Pacific which is not seen in the standard HadCM 3
composite at this longitude. However, both the signal
in the Indian Ocean and that in the west Pacific are
rather weak in HadCM 3-FA for this baselongitude when
compared with the strength of the signal in the Indian
Ocean in HadCM3. Closer examination of the events
identified at 120°E in HadCM 3-FA reveals that they fall
into three classes. Of the 15 events at this longitude, 7
events originate in the Indian Ocean and propagate as
far asthe Maritime Continent but die out just to the east
of 120°E; while 5 events originate over the Maritime
Continent, just to the west of 120°E and propagate into
the west Pacific. The remaining three events initiate in
the Indian Ocean and propagate right across the Mari-
time Continent into the west Pacific. Thus very few
events propagate all the way from the Indian Ocean to
west Pacific in HadCM3-FA. So in the composite, the
signal over the Indian Ocean will be weakened by the
inclusion of events which initiate farther to the east, and
the signal over the west Pacific will be weakened by
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Fic. 12. Time-ongitude composites of convective precipitation
anomaly from HadCM3-FA based on (a) 10 eastward propagating
convective events at 120°E, which initiate in the Indian Ocean and
die out over Indonesia; and (b) 8 eastward propagating events at
120°E, which initiate over Indonesia and propagate into the west
Pecific. Contour interval is 0.5 mm day .

60E

the inclusion of events that have died out farther to the
west. In the observations, of the 34 events at 122.5°E,
24 originate in the Indian Ocean and propagate into the
west Pacific, 6 observed events initiate in the Indian
Ocean and die out over Indonesia, and 4 eventsoriginate
over Indonesia and propagate into the west Pacific.

In Fig. 12, composites are shown based on the Indian
Ocean events and the west Pacific events in HadCM 3-
FA separately. The three events that propagate from
Indian Ocean to west Pacific have been included in both
composites. The composite precipitation events now
look stronger in both ocean basins but the need to pro-
duce two composites at thislongitide rai ses an important
issue. It appears that the Maritime Continent itself acts
as some sort of barrier to eastward propagation of con-
vection in this model. This will be discussed further in
section 6.

Finally, the HadCM3-FA composite at 150°E shows
avery strong and rather slow moving disturbance, which
appears to originate over the Maritime Continent and
extends to the date line. The upstream extension of this
feature into the Indian Ocean is rather weak, confirming
that the Maritime Continent seems to act as something
of a barrier to MJO events in this model, with rather
few events propagating al the way from the Indian
Ocean to the west Pacific. There is no composite at this
longitude for the standard version of HadCM 3 because
there are only three eastward propagating events iden-
tified in this version.

JOURNAL OF CLIMATE

VoLUME 16

More eastward propagating events are identified over
Indonesia and the west Pacific in HadCM3-FA than in
HadCM3, indicating that the change in the basic state
in thisregion isimportant for the simulation of the M JO.
However, the fact that there are still fewer events than
are observed, and those events that the model does pro-
duce are somewhat weak and less spatially coherent than
observed, suggests that thereis still afundamental prob-
lem with the representation of the large-scale organi-
zation of convection in this GCM.

The composites of SST corresponding to the precip-
itation composites are shown in Fig. 13. The composites
for HadCM3-FA show SST anomalies which are very
weak in the Indian Ocean compared to observationsand
HadCM3, and show no sign of propagation. However,
the composite at 150°E for HadCM 3-FA shows anom-
alies that are of about the same magnitude as in obser-
vations, and that propagate eastward. The coupling be-
tween convection and SST seems to be very weak in
the Indian Ocean and Maritime Continent sector in
HadCM3-FA. Thisis most likely to be due to the weak-
ening or reversal of the mean low-level westerly wind
here, so that wind anomalies induced by the MJO do
not produce LHF anomalies of the correct sign. This
will weaken the eastward propagation of the convection.
It is also possible that the flux adjustment itself may be
interfering with the intraseasonal SST variability in this
basin, although the magnitude of the flux adjustment
terms in the Indian Ocean is very small, with very little
variation through the year.

The composite surface flux anomalies are shown in
Fig. 14, with a positive flux anomaly defined as being
into the surface. The flux anomaly is actually the sum
of the LHF and the SWF as both the longwave and
sensible heat flux anomalies are negligible compared to
these two components. Over the Indian Ocean, the com-
posite surface flux anomalies in HadCM3-FA are gen-
erally 4-8 W m~2 weaker than in HadCM3. Examina-
tion of the individual components of the flux anomaly
indicates that it is the LHF component that leads to this
difference. Because of the variability between easterly
and westerly winds in the Indian Ocean, and the periods
when the mean wind is close to zero, the zona wind
stress anomalies associated with regions of enhanced
convection can sometimes|ead to LHF anomalieswhich
are of the opposite sign to what would be expected if
the background wind was westerly and of larger mag-
nitude than the wind anomaly.

5. Simulation of the MJO in a coupled model with
warmer Pacific SSTs

The flux-adjusted experiment provides evidence that
the extension of the MJO into the west Pacific isrelated
to the basic state westerly winds between the Maritime
Continent and the date line. However, there is still a
possibility that it is the warming of the SSTs in this
region by the flux adjustment, which is actually re-
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Fic. 13. Same as Fig. 11 except for SST anomalies: (a)—(d) Reynolds SST, (e)—(g) HadCM3, and (h)—(k) HadCM3-FA. Contour interval
is 0.025°C. Negative anomalies are shaded.

sponsible for the change in MJO behaviour. This re-
maining question can now be addressed by looking at
a different coupled model configuration in which the
ocean component of HadCM 3 is replaced by a different
ocean GCM. This coupled system predictswarmer SSTs
throughout the Pacific Ocean, particularly in the equa-
torial cold tongue region, without the need for flux ad-
justment. The atmospheric component of the Hadley
Centre GCM (HadAM3) has recently been coupled to
OPA, the ocean model of the Laboratoire
d’ Oceanographie Dynamique et de Climatologie (LO-
DYC). This ocean model has higher meridional reso-
lution in the Tropics (0.5° of latitude on the equator)
than the ocean component of HadCM 3 but the vertical
resolution is similar to HadCM 3 with 10 model levels
in the top 100 m. The ocean physics of OPA, while
being based on similar assumptions to HadCM 3, differs
in its precise formulation and implementation. Full de-
tails of the formulation of this ocean model can befound
in Madec et a. (1998), and the version used in this

study has the same configuration and physics as de-
scribed by Guilyardi et al. (2002, manuscript submitted
to J. Climate). This coupled configuration of HadAM3
and OPA is known as HadOPA. A 20-yr segment of the
control integration of this GCM has been analyzed for
MJO-related variability.

HadOPA has a very similar basic-state climatology
to HadCM3 in the tropical warm pool region, with sim-
ilar SST gradients. However, the absolute values of SST
are generally 1° to 3°C warmer, particularly in the equa-
torial cold tongue. Figure 15 shows the ONDJFMA cli-
matologies of SST, precipitation and 850-hPa zonal
wind for HadOPA. These can be compared with Figs.
2, 3, and 4 for the same fields from observations and
the other coupled GCM configurations aready de-
scribed. Despite the increase in SST, the distribution of
convective precipitation is similar to HadCM 3, with the
heaviest rain over Indonesia. The 850-hPa wind cli-
matology is also very similar to HadCM3 with low-
level westerlies over the equatorial Indian Ocean and
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FiG. 14. Same as Fig. 11 except for surface anomalies (SWF + LHF): (8)—(d) ECMWF reanalysis, (€)—(g) HadCM3, and (h)—(k)
HadCM3-FA. A positive flux anomaly is into the surface. Contour interval is 4 W m~2 and negative flux anomalies are shaded.

Maritime Continent, but not extending into the west
Pacific. This coupled GCM, with an identical atmo-
spheric model to HadCM3 but with warmer tropical
SSTs, is therefore an ideal tool to study whether it is
the lack of westerly winds or the cold SSTs which pre-
vent the MJO extending into the west Pacific in
HadCM3.

Figure 16 shows the lag correlation of convective
precipitation averaged between 5°N and 5°S and the
200-hPa VP at 90°E, also averaged between 5°N and
5°S. It can be directly compared with the plots in Fig.
7, which show the same correlations from observations,
HadCM3 and HadCM 3-FA. The HadOPA pictureis al-
most identical to that from HadCM3, with eastward
propagation of convection across the Indian Ocean
which comes to an abrupt halt at around 120°E. There
is also some indication of an increase in convective
activity in the central Pacific at the same time as the
MJO convection peaks at around 90°E, but thisis some-
what less marked than in HadCM 3.

The spatial reconstruction of the MJO in HadOPA
using the lag-regression technique described in 1S03
is shown in Fig. 17. Like HadCM 3, the development
and propagation of the enhanced convectiveregionin
the Indian Ocean is quite realistic. However, as the
convection approaches Indonesia it splits into two
centers that propagate away from the equator, with a
corresponding splitting of the westerly wind anomaly.
Although the convective anomalies in HadOPA are
slightly weaker than those seen in HadCM3, the
patterns are very similar. So this coupled model pro-
vides further evidence that the lack of extension of
the MJO into the west Pacific in HadCM3 is related
to the lack of low-level westerly winds rather than
the cold SSTs.

6. Discussion

A flux-adjusted coupled model integration has been
performed in order to assesstheimpact of various model
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systematic errors on the MJO simulation of a coupled
GCM. The flux adjustment has been designed to warm
the equatorial Pacific cold tongue and thus induce low-
level westerly winds on and just to the south of the
equator in the west Pacific. The flux-adjusted version
of the GCM simulates MJO propagation into the West
Pacific, which was not present in the standard version
of the coupled GCM. However, the MJO in the Indian
Ocean basin is weaker and occurs less often in the flux-
adjusted version. MJO events do originate on the west-
ern side of the Indian Ocean basin, but many apear to
break down as they cross the basin. This detrimental
change in the MJO simulation by HadCM 3-FA also ap-
pearsto be dueto achangein the basic-state zonal winds
in this basin.

The flux adjustments to HadCM 3-FA result in alow-
level wind climatology in the equatorial west Pacific
which is closer to the observed pattern than the same
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Fic. 16. Same as Fig. 7b except for HadOPA.

coupled model with no flux adjustment. Mean westerly
winds extend eastward from the Maritime Continent to
the date line between the equator and 10°S, while in
HadCM3 the winds in this region are easterly through-
out the 20-yr integration. The air—sea coupled intrasea-
sonal interaction (ASCII) mechanism for the MJO, pro-
posed by Flatau et al. (1997) requires that the low-level
winds should be westerly for the coupling between con-
vection and SST to maintain the MJO. The extension
of the MJO into the west Pacific in HadCM 3-FA would
seem to provide corroborating evidence for this theory.
At the same time, the mean westerly windsin the Indian
Ocean are weakened in HadCM3-FA and sometimes
become easterly for extended periods. This behavior is
not seen in observations or in the standard version of
HadCM 3 except during strong ENSO warm events. The
MJO in this basin is also weaker and less frequent in
HadCM 3-FA, which again would be expected if the cou-
pled mechanism is operating.

Some eastward propagating events occur in both ver-
sions of the coupled model during periods of mean low-
level easterly winds. However, these are less frequent
and weaker than the events that occur during periods of
mean westerlies. This suggests that the coupled mech-
anism is not the sole reason for the eastward propagation
of convection, but instead acts as an amplifying mech-
anism for existing eastward propagating atmospheric
disturbances. This is consistent with 1S03, which
showed that the atmosphere-only GCM, HadAM 3, was
able to produce eastward moving convective events but
these events were rather weak. Other studies of the MJO
in atmosphere-only GCMs (e.g., Slingo et al. 1996) have
also shown that such GCM s can produce eastward mov-
ing disturbances but that these generally tend to be weak
and rather incoherent. Neither HadCM3 or HadCM 3-
FA simulate as many MJO events as are actually ob-
served. This suggests that there is still much scope for
improving the simulation of tropical intraseasonal var-
iability in this GCM.

In both HadCM 3 and HadCM 3-FA, the magnitude of
the MJO-related SST anomaliesissmaller than observed
although the surface flux anomalies associated with the
MJO are of about the right magnitude. This suggests
that the ocean mixed layer representation in the GCM
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may be too coarse. Studies of the upper ocean in the
warm pool region such as that of Weller and Anderson
(1996) have shown that, during the clear sky/light wind
phase of the MJO, the mixed layer becomes very shal-
low and there can be large variations of SST (1°C) on
diurnal timescales. It is hypothesized by Slingo et al.
(2003, hereafter SINWY) that such diurnal changes in
SST may contribute to the forcing of convection of a
cumulus congestus type which may itself be an impor-
tant component of the MJO cycle, recharging the mois-
ture of the free troposphere during the suppressed phase
(Johnson et al. 1999). In order to capture thisvariahility,
SINWY suggest that the ocean mixed layer will need
to have sufficiently high resolution to represent the de-
tailed structures which are observed. Coupling between
the ocean and atmosphere al so needs to occur more often
than once per day, the coupling frequency used in
HadCM 3 and HadCM 3-FA. Thefindings of Shinodaand
Hendon (1998) support this argument. They show that
including diurnal variations of surface fluxesin amixed
layer model of the tropical west Pacific leads to larger
intraseasonal SST variations associated with the MJO.
The diurnal enhancement was largest during the sup-
pressed phase of the MJO.

In the standard version of HadCM 3, the SSTs in the
equatorial west Pacific region are too cold by 1° to 2°C
throughout ONDJFMA. It is possible that the lack of
extension of the MJO into this region is due to the cold
SSTs rather than the lack of westerly winds. HadCM 3-
FA has warmer SSTs in this region as well as having
westerly winds, so it could be that the extension of the
MJO into the west Pacific in this version of the model
was due to the warmer (and thus more realistic) SSTs
rather than the improved wind climatology. There are
several strands of evidence which suggest that this is
not the case. First, it was shown in 1S03 that the at-
mosphere-only version of this model, forced with ob-
served SSTs did not produce a coherent MJO signal.
This suggests that coupling to an ocean surface is nec-
essary for a good simulation of the MJO. Second, the
differences in MJO simulation in the Indian Ocean be-
tween HadCM 3 and HadCM 3-FA are most likely to be
due to the changes in the wind climatology since the
SSTs in this region do not change between the two
versions, apart from a slight cooling in the east of the
basin. Third, the atmospheric component of HadCM3
has also been run coupled to a different ocean model,
a configuration known as HadOPA. This model has an
almost identical low-level wind climatology in the west
Pacific to HadCM 3, but the SSTs in the region are 2°C
warmer. Despite theincrease in SSTs, the MJO still does
not propagate into the west Pacific indicating that the
easterly low-level winds act as a barrier to eastward
propagation of convection.

Both versions of the coupled GCM seem to have
problems representing the propagation of the MJO
through the Indonesian region. 1S03 showed that, in the
standard version of HadCM 3, the convective maximum
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tended to split into two centers as it approached Indo-
nesia, moving away from the equator to the north and
south. In HadCM 3-FA, many of the convective events
in the Indian Ocean appeared to die out over the Mar-
itime Continent, although this region also appeared to
be the source region for the majority of events which
propagated across the west Pacific. Neale and Slingo
(2003) have shown that the atmosphere-only version of
this GCM has problems representing the mean climate
of the Maritime Continent. They speculated that this
may be due to the inability of the GCM convection,
surface exchange and boundary layer parametrization
schemes to represent the complex diurnal variations in
convection around the Indonesian Islands which are
very coarsely resolved in the model. It is possible that
the intraseasonal variations in convection in thisregion
are also affected by the same model shortcomings. It is
certainly likely that the eastward propagation of MJO-
enhanced convection through this region is not due en-
tirely to the coupled mechanism of Flatau et al. (1997)
simply because of the presence of theisland landmasses.
It may be that the intraseasonal variability associated
with the MJO in this region results partially from an
enhancement or suppression of the diurnal cycle of con-
vection over and around the islands as the large-scale
dynamics associated with the MJO convective region
interact with the smaller-scal e processes associated with
theislandsthemselves. This aspect of tropical variability
will be the subject of future work.
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