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Using a case-study approach to improve the Madden–Julian
oscillation in the Hadley Centre model†
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In its default conÞguration, the Hadley Centre climate model (GA2.0) simulates roughly
one-half the observed level of MaddenÐJulian oscillation activity, with MJO events often
lasting fewer than 7 days.

We use initialized, climate-resolution hindcasts to examine the sensitivity of the GA2.0
MJO to a range of changes in subgrid parametrizations and model conÞgurations. All
22 changes are tested for two cases during the Years of Tropical Convection. Improved
skill comes only from (i) disabling vertical momentum transport by convection and (ii)
increasing mixing entrainment and detrainment for deep and mid-level convection. These
changesare subsequently tested ina further14 hindcast cases; only (ii) consistently improves
MJO skill, from 12 to 22 days. In a 20 year integration, (ii) produces near-observed levels of
MJO activity but propagation through the Maritime Continent remains weak.

With default settings, GA2.0 produces precipitation too readily, even in anomalously dry
columns. Implementing (ii) decreases the efÞciency of convection, permitting instability to
build during the suppressed MJO phase and producing a more favourable environment for
the active phase. The distribution of daily rain rates is more consistent with satellite data;
default entrainment produces 6Ð12 mm dayŠ1 too frequently. These results are consistent
with recent studies showing that greater sensitivity of convection to moisture improves the
representation of the MJO.

Key Words: Madden–Julian oscillation; convection; entrainment; hindcasts; subseasonal variability
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1. Introduction

1.1. The Madden–Julian oscillation

The Madden–Julian oscillation (MJO: Madden and Julian, 1971,
1972) is the dominant mode of subseasonal variability in tropical
convection. Although the temporal distribution of MJO events
is irregular, the oscillation typically has a period of 30–70 days.
Active phases of the MJO consist of an envelope of intense,
deep convection that often occurs �rst in the Indian Ocean
before propagating east through the Maritime Continent and
into the West Paci�c. Clear skies and light winds characterize the
MJO suppressed phase, which precedes and follows the active
phase. During Northern Hemisphere summer, MJO active and
suppressed events propagate north as well as east, in�uencing the
Indian and southeast Asian monsoons (Lawrence and Webster,
2002; Fu and Wang, 2004). The MJO also modulates the African

†The copyright line for this article was changed on 27 February 2014 after
original online publication.

(Lavender and Matthews, 2009; Alaka and Maloney, 2012) and
Australian (Hendon and Liebmann, 1990; Wheeleret al., 2009)
monsoons. MJO phase and intensity are used to predict tropical
cyclogenesis in the Atlantic, Paci�c and Indian Oceans (Leroy and
Wheeler, 2008; Camargoet al., 2009), a signal that also appears
in some numerical weather prediction (NWP) systems (Vitart,
2009; Belangeret al., 2010; Gall and Ginis, 2011). Through its
teleconnections to modes of extratropical variability such as the
North Atlantic Oscillation (Cassou, 2008), the MJO provides a
key source of weekly and monthly predictability globally. Zhang
(2005) provides a more detailed description of the MJO, its life
cycle and its teleconnections.

1.2. Modelling the MJO

General circulation models (GCMs) used for NWP, seasonal
forecasting and climate simulations often struggle to represent
the amplitude, propagation and period of the MJO, as well as
its tropical and extratropical teleconnections (Slingoet al., 1996;
Waliseret al., 2003; Linet al., 2006; Kimet al., 2009). Numerous

c� 2013 The Authors.Quarterly Journal of the Royal Meteorological Societypublished by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.
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studies have presented the sensitivities of the simulated MJO
in one or several models to variations in model con�gurations
(Maloney and Hartmann, 2001). Taking the UK Met Of�ce
Hadley Centre model as an example, research has shown that
the MJO may be improved by re�ning the atmospheric vertical
resolution (Innesset al., 2001), reducing errors in mean tropical
sea-surface temperatures (SSTs) and circulation (Innesset al.,
2003), prescribing daily instead of monthly observed SSTs
(Klingaman et al., 2008) and improving the representation of
air–sea interactions by including the diurnal cycle of surface
�uxes and SSTs (Bernieet al., 2008; Klingamanet al., 2011).

Some of these sensitivities have been reproduced in other
GCMs. For instance, Woolnoughet al. (2007) demonstrated
that well-resolved atmosphere–ocean coupling improved MJO
prediction in the European Centre for Medium-Range Weather
Forecasting (ECMWF) Integrated Forecasting System (IFS). In
other models, however, ocean coupling had little effect on
the simulated MJO (Hendon, 2000; Smallet al., 2011). The
dependence of the simulated MJO on changes in physical
parametrizations or model con�gurations (e.g. coupling) likely
itself depends on the existing level of MJO activity in the model,
mean-state biases, the model formulation and the presence of
compensating errors.

Recent studies have demonstrated that increasing the sensitivity
of parametrized convection to variability in atmospheric moisture
improved tropical subseasonal variability, including the MJO
(Bechtold et al., 2008; Hannah and Maloney, 2011; Hirons
et al., 2012b). Bechtoldet al. (2008) showed that an update
to the IFS considerably improved MJO forecast skill, with the
model able to maintain observed MJO amplitude for up to four
weeks. Through a series of hindcast experiments, Hironset al.
(2012a) identi�ed that the greater skill resulted primarily from
reformulating the entrainment rate for ‘organized’ convection to
depend on mid-tropospheric relative humidity rather than on
local moisture convergence. Hironset al.(2012b) con�rmed that
this change reduced the frequency of erroneous deep convection
in dry columns, allowing stronger positive moisture anomalies
to develop during suppressed MJO conditions and permitting a
smooth transition from shallow to deep convection during the
active phase. This transition was also shown to be critical for
representing the observed MJO amplitude and propagation in
the Geophysical Fluid Dynamics Laboratory Atmospheric Model
(Benedict and Maloney, 2013). The authors constrained the
formation of deep convection by altering the convective trigger
and closure, which improved the MJO but worsened tropical
mean-state biases. Similarly, Hannah and Maloney (2011) found
that either increasing the minimum entrainment rate or the
evaporation of falling hydrometeors –both of which heighten the
sensitivity of convection to environmental moisture –resulted
in better spatial coherence of intraseasonal convection in the
Community Atmospheric Model. Satellite andin situobservations
have con�rmed the strong sensitivity of precipitation to column
water vapour (Holloway and Neelin, 2009), as well as the
transition from shallow to deep convection during the MJO active
phase (Del Genioet al., 2012), motivating efforts to improve these
processes in GCMs.

1.3. Motivation

A recent development version of the UK Met Of�ce Hadley Centre
Global Environmental Model (HadGEM3 GA2.0, hereafter
‘GA2.0’; section 2.1) produces roughly one-half of the observed
MJO activity (Figure 1). We diagnose overall ‘MJO activity’
in observations and the 20 year GA2.0 control simulation
(‘CTL-20yr’; section 5.1) as the fraction of days when the
amplitude of the real-time multivariate MJO (RMM: Wheeler and
Hendon, 2004) indices is greater than 1. GA2.0 data are projected
on to the observed empirical orthogonal function (EOF) patterns,
using the method described in section 2.2.

In observations (1975–2012), the MJO spends 7–8% of
days outside the RMM unit circle in each phase (Figure 1(a),
coloured wedges) for a total of 62% of days outside (‘strong
MJO’) and 38% of days inside the circle (‘weak MJO’). The
situation is reversed in CTL-20yr: only 33% of days have
strong activity (Figure 1(b)). Other diagnostics of MJO activity,
including those recommended by the CLIVAR Madden–Julian
Oscillation Working Group (2009), con�rm the weak MJO
in CTL-20yr. We show an example of such a diagnostic, the
wavenumber–frequency spectra of 15� S–15� N averaged 850 hPa
zonal wind, in Figure 1(c) and (d) for observations and CTL-
20yr, respectively. The mean and �rst three harmonics of the
annual cycle are removed prior to computing the power spectra,
as suggested by the CLIVAR Madden–Julian Oscillation Working
Group (2009). Whereas the observations show a peak at eastward
wavenumbers 1–3 and periods of 30–50 days, CTL-20yr has
very weak power at subseasonal periods; most of the eastward
power in CTL-20yr lies at much longer (100–150 day) periods.
The diagnostics in Figure 1(a) and (b) provide an accurate,
‘one-look’ picture of the representation of the MJO in a climate
simulation.

When CTL-20yr produces an MJO, it is often unable to
maintain it for more than a few days, as demonstrated by lag
composites of strong activity in each phase (Figure 1(e) and (f)).
This is con�rmed by the day+ 1 transition probabilities shown
for each phase in Figure 1(a) and (b). CTL-20yr has MJO ‘decay’
rates –the probability of a strong MJO moving inside the unit
circle on the next day - 67–144% greater than observations.

Improving climate-model biases, whether in the mean state or
in variability, is often a frustrating, computationally expensive
and time-consuming process. This is partly due to a perceived
need for multi-annual or decadal simulations to detect the signal
of the imposed changes above the noise of climate variability.
Yet systematic errors in climate simulations often occur and
sometimes saturate within the �rst few days or weeks of initialized
forecasts (Martinet al., 2010). It is still often dif�cult to trace
errors to particular subgrid-scale parametrization settings, but
the computational ef�ciency of subseasonal, initialized hindcasts
permitsawide rangeofparametrizationchanges tobe testedunder
a broad set of initial conditions. Initializing from model analyses
generated from modern data-assimilation systems minimizes
initial-condition error, allowing a more con�dent attribution
of biases to errors in model physics rather than large-scale
dynamics.

Toexamine thesensitivityof theGA2.0MJOtoparametrization
and model-con�guration changes, we use a set of initialized,
climate-resolution hindcasts of cases of strong MJO activity over
the past 10 years. Section 3 describes the results of a wide range
of changes tested for two cases during the Years of Tropical
Convection (YoTC: Waliseret al., 2012). In section 4, results
of a more extensive set of hindcast experiments are described,
using the two changes that were bene�cial in YoTC cases. Only
one change resulted in improved model performance for most
hindcasts; in section 5 this change is applied to a 20 year GA2.0
integration and compared against CTL-20yr.

2. Model and data

2.1. The HadGEM3 atmospheric model

All simulations are performed with atmosphere-only con�gura-
tions of HadGEM3. Because HadGEM3 is under development, the
Met Of�ce designates particular �xed scienti�c con�gurations as
‘Global Atmosphere’ versions (Walterset al., 2011). In this study,
we use the Global Atmosphere version 2 con�guration (GA2.0:
Hewitt et al., 2011; Arribaset al., 2011). The model resolution is
1.875� longitude× 1.25� latitude (N96) with 85 vertical points, 50
of which are within the tropical troposphere (18 km), and a rigid
model lid at 85 km. This is the typical resolution for climate-length

c� 2013 The Authors.Quarterly Journal of the Royal Meteorological Society
published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.

Q. J. R. Meteorol. Soc.(2014)



Improving the MJO in HadGEM3

Observations(a)

0.04

0.045

0.05

0.055

0.06

0.065

0.07

0.075

0.08

0.085

0.09

0.095

Frequency

(b)

0.390

Phase 1

Next: 0.140
Decay: 0.076

0.12

Phase 2

Next: 0.150
Decay: 0.072

0.20

Phase 3

Next: 0.167
Decay: 0.061

0.11 Phase 4

Next: 0.173
Decay: 0.099

0.
13

Phase 5

Next: 0.152
Decay: 0.082

0.13

Phase 6

Next: 0.155
Decay: 0.079

0.11

Phase 7

Next: 0.155
Decay: 0.075

0.06
Phase 8

Next: 0.144
Decay: 0.084

0.
10

Indian Ocean
RMM1

M
ar

iti
m

e 
C

on
tin

en
t

Western Pacific

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

R
M

M
2

W
es

te
rn

 H
em

is
ph

er
e 

an
d 

A
fr

ic
a

(c)

(e) Western Pacific

Indian Ocean
RMM1

M
ar

iti
m

e 
C

on
tin

en
t

-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

R
M

M
2

W
es

te
rn

 H
em

is
ph

er
e 

an
d 

A
fr

ic
a

(f) Western Pacific

Indian Ocean
RMM1

M
ar

iti
m

e 
C

on
tin

en
t

-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

2.00

R
M

M
2

W
es

te
rn

 H
em

is
ph

er
e 

an
d 

A
fr

ic
a

0.0004 0.0008 0.0016 0.0032 0.0064 0.0128 0.0256 0.0512

Spectral power in u850

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10

<---- Westward 

10

15

20

30

40

50
60

80

100
120

150

P
er

io
d 

(d
ay

s)

Wavenumber Eastward ---->

0.1024

GA2.0 CTL-20yr

0.663

Phase 1

Next: 0.146
Decay: 0.136

0.15
Phase 2

Next: 0.125
Decay: 0.142

0.15

Phase 3

Next: 0.123
Decay: 0.149

0.11 Phase 4

Next: 0.155
Decay: 0.135

0.
10

Phase 5

Next: 0.142
Decay: 0.140

0.11

Phase 6

Next: 0.118
Decay: 0.117

0.13

Phase 7

Next: 0.115
Decay: 0.149

0.10
Phase 8

Next: 0.138
Decay: 0.140

0.
11

M
ar

iti
m

e 
C

on
tin

en
t

Western Pacific

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

R
M

M
2

W
es

te
rn

 H
em

is
ph

er
e 

an
d 

A
fr

ic
a

Indian Ocean
RMM1

(d)

0.0004 0.0008 0.0016 0.0032 0.0064 0.0128 0.0256 0.0512

Spectral power in u850

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10

10

15

20

30

40

50
60

80

100
120

150

P
er

io
d 

(d
ay

s)

<---- Westward Wavenumber Eastward ---->

0.1024

Figure 1. In panels (a) and (b), the coloured octants show the daily frequency of occurrence of strong MJO activity (amplitude� 1) in each phase, relative to all days.
For each phase, the decimal fractions are probabilities that, on the day following strong activity in that phase, the MJO transitions to the next (anticlockwise) phase
(‘Next’) or moves into the unit circle (‘Decay’, i.e. an amplitude< 1). The frequency of weak MJO activity is given inside the unit circle. The values next to the arrows
crossing the unit circle show the relative probabilities of MJO genesis into each phase. Panels (c) and (d) show wavenumber–frequency power spectra of 15� S–15� N
averaged 850 hPa zonal wind, using (c) NCEP–NCAR Reanalysis winds and (d) GA2.0 CTL-20yr simulation data. The mean and �rst three harmonics of the annual
cycle have been removed prior to computing the power spectra. Panels (e) and (f) show lag composites of strong MJO activity in each phase, with dots spaced every
5 days. Panels (a) and (e) are constructed using RMM indices from NOAA OLR and NCEP–NCAR reanalysis winds for 1975–2012; panels (b) and (f) are constructed
using HadGEM3 GA2.0 CTL-20yr simulation data, projected on to the observed Wheeler and Hendon (2004) EOFs.

simulations. Full details of the model physics can be found in
Arribaset al.(2011) and Walterset al.(2011); the latter describes
GA2.0 as well as a more recent con�guration (GA3.0). A summary
of the convection parametrization is provided below, however,
as that scheme is particularly important to the results of this
study.

Convection in HadGEM3 is parametrized using a heavily
altered form of the Gregory and Rowntree (1990) scheme.
Modi�cations include representations of downdraughts (Gregory
and Allen, 1991), separate formulations of vertical convective
momentum transport (CMT) for diagnosed shallow (Grant and
Brown, 1999), mid-level (Gregoryet al., 1997) and deep (Stratton

c� 2013 The Authors.Quarterly Journal of the Royal Meteorological Society
published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.
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et al., 2009) convection and a closure based on convectively
available potential energy (Fritsch and Chappell, 1980). For
diagnosed deep and mid-level convection, an ascending plume
entrains environmental air at a rate� at each vertical grid
point z by

� (z) = 4.5F
p(z)� (z)g(z)

p2
�

, (1)

wherep and� are the pressure and density,g is gravity,p� is the
surface pressure andF is a user-modi�able scaling factor with
a default value of 0.9. Note thatF does not vary with height;
changingF, as in this study, scales the entrainment rate equally at
all heights. Detrainment of air from diagnosed deep convective
plumes is treated with a combination of mixing detrainment (� m)
as a parcel ascends, which depends upon� and inversely upon the
environmental relative humidity, and forced detrainment (� f )
due to the loss of buoyancy from the plume (Derbyshireet al.,
2011). The maximum closure time-scale is a user-modi�able
parameter and is often varied with horizontal resolution, but is
reduced automatically in rare cases of exceptionally strong ascent
(Walterset al., 2011).

2.2. Methods and data

For all GA2.0 hindcasts, the RMM indices were computed
using the method described in Gottschalcket al. (2010) for
NWP models. Since the hindcasts were initialized from ECMWF
operational analyses (section 3.1), the means of the previous
121Š t days of those analyses were removed from forecast
day t of each simulation before projecting on to the observed
EOF structures from Wheeler and Hendon (2004). The model
RMM indices are compared against ‘observed’ indices constructed
by the same method, using outgoing long-wave radiation
(OLR) data from the National Oceanic and Atmospheric
Administration satellite-derived dataset and 850 hPa and 200 hPa
zonal winds (U850 and U200, respectively) from the ECMWF
analyses.

The observed RMM indices for 1975–2012 used in Figure 1
were obtained from http://www.cawcr.gov.au/staff/mwheeler/
maproom/RMM. For the GA2.0 20 year climate integrations,
the RMM indices were computed by projecting the model data
on to the Wheeler and Hendon (2004) EOFs using the method
described in that study.

GA2.0 precipitation is compared against satellite-derived
analyses from the Tropical Rainfall Measuring Mission (TRMM)
3B42, version 6A (Kummerowet al., 1998). Pressure-level model
�elds are compared against 6 hourly ECMWF ERA-Interim (Dee
et al., 2011) reanalysis data, converted to daily-mean values. When
comparing grid-point �elds, all datasets were interpolated on to
the GA2.0 horizontal grid using an area-weighted linear method,
prior to any other processing.

3. Hindcasts of YoTC cases

3.1. Experiment design

GA2.0 hindcasts were conducted of two strong MJO events
–starting on 10 October 2008 (‘Oct08’) and 6 April 2009 (‘Apr09’)
–during YoTC. The latter of these was also simulated by the
Cascade project at higher horizontal resolutions (40–1.5 km:
Holloway et al., 2013). For each event, a control hindcast was
performed, along with 21 perturbation experiments making single
changes to either a model parameter setting or the SST boundary
condition. The changes were selected to span a range of likely
causes of the de�cient MJO seen in both climate (Figure 1)
simulations and the short-range, initialized Cascade simulations.
The perturbations comprised the following.

€ Changing from �xed SSTs from the ECMWF analysis to
�xed SSTs from the Met Of�ce Operational SST and sea-Ice
Analysis (OSTIA: Donlonet al., 2012) product.

€ Using daily, time-varying OSTIA SSTs, based on previous
results showing the importance of high-frequency SST vari-
ations for simulating subseasonal convection (Klingaman
et al., 2008).

€ Increasing and decreasingF (Eq. (1)) by 50% for mid-level
and deep convection. This increases or decreases the rates
of mixing entrainment (� ) and mixing detrainment (� m).

€ Increasing and decreasing� m for mid-level and deep
convection by 50%, while holding� constant.

€ Increasing and decreasing� for mid-level and deep
convection by 50%, while holding� m constant.

€ Increasing� f by 100% and decreasing it by 50% (i.e.
increasing or decreasing the sensitivity to buoyancy loss).

€ Increasing the maximum convective closure time-scale by
100% and decreasing it by 50%; the default value is 5400 s
(90 min).

€ Increasing and decreasing the threshold vertical velocity
(� ) for automatically reducing the closure time-scale by
50%; the default value is 0.3 m sŠ1.

€ Changing the trigger variable for reducing the closure
time-scale from� to relative humidity.

€ Disabling CMT for deep and mid-level convection,
separately and together.

€ Disabling the prognostic cloud scheme (PC2: Wilsonet al.,
2008).

€ Disabling the ‘coastal tiling’ scheme for fractional land
coverage of coastal points that blends land and ocean
surface �uxes.

€ Reducing the fall velocities of rain droplets to increase
drizzle evaporation and moisten the mid-troposphere by
using the Abel and Shipway (2007) parametrization.

In addition to these 22 integrations for each event, 15 others
were run with combinations of the above changes. For brevity
these are not listed; the most important combination is a 50%
increase inF and switching off the CMT for deep and mid-level
convection, discussed below. All hindcasts were initialized from
0000 UTC (0Z) ECMWF analyses.

3.2. Results

For both cases, the CTL hindcasts damp the MJO amplitude
immediately, losing the signal completely within a few days,
whereas the observed amplitude grows (Figure 2). The CTL
hindcasts also fail to propagate the anomalous convection east;
the trace for CTL Apr09 moves ‘backwards’ into Phase 1 and
Phase 8 after losing amplitude. The behaviour in these initialized
simulations is similar to that in CTL-20yr (Figure 1): GA2.0
is unable to maintain or propagate anomalous subseasonal
convection.

Of the perturbation hindcasts, only the experiments in which
F was increased by 50% (‘1.5F’), CMT was disabled for deep
and mid-level convection (‘NoCMT’) and the changes were
applied together (‘1.5F+ NoCMT’) showed improvements over
CTL (Figure 2). Two other experiments, in which the maximum
closure time-scale was halved (‘0.5*time-scale’) and the coastal
tiling scheme was disabled (‘No tiling’), are shown in Figure 2
as examples of experiments that had little impact on the
simulated MJO. For Oct08 and Apr09, NoCMT strengthens RMM
amplitude initially and produces propagation from Phase 2 to 3
within the �rst days of the hindcast. After this, however, amplitude
in NoCMT decays as in CTL. 1.5F generates stronger amplitudes
throughout the hindcasts, as well as counterclockwise movement
around phase space, equivalent to eastward propagation, similar
to observations. 1.5F overestimates (underestimates) amplitude
over the �rst 10 days of Oct08 (Apr09). 1.5F+ NoCMT reduces the

c� 2013 The Authors.Quarterly Journal of the Royal Meteorological Society
published by John Wiley & Sons Ltd on behalf of the Royal Meteorological Society.

Q. J. R. Meteorol. Soc.(2014)



Improving the MJO in HadGEM3

(a)

(b)

M
ar

iti
m

e 
C

on
tin

en
t

Western Pacific

W
es

te
rn

 H
em

is
ph

er
e 

an
d 

A
fr

ic
a

R
M

M
2

RMM1
Indian Ocean

Phase 2

Phase 4

Phase 5

Phase 6Phase 7

Phase 8

Phase 1

-2.00 -1.00 0.00 1.00 2.00 3.00
-2.00

-1.00

0.00

1.00

2.00

Weak MJO
1 Oct

10 Nov

No tiling
0.5*timescale
1.5*F+NoCMT
NoCMT
1.5*F
CTL
Observations

Indian Ocean
RMM1

M
ar

iti
m

e 
C

on
tin

en
t

Western Pacific

R
M

M
2

W
es

te
rn

 H
em

is
ph

er
e 

an
d 

A
fr

ic
a

3 esahP2 esahP

Phase 4

Phase 5

Phase 6Phase 7

Phase 8

Phase 1

-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00
-3.00

-2.00

-1.00

0.00

1.00

2.00

3.00

Weak MJO

1 Apr

6 May

Phase 3

Figure 2. For (a) Oct08 and (b) Apr09 cases, time series of RMM indices from
observations (black line) and the hindcast sets shown in the key at the top right
(other colours). Day 1 (30) is marked with a circle (square); symbols are spaced
every 2 days along the traces.

amplitude in Oct08, bringing the model closer to observations,
but fails to propagate the active MJO beyond the Maritime
Continent (Phase 5). Still, all three experiments show improved
RMM forecasts over CTL from days 1–10.

In addition to 1.5F, which increases� and� m, Oct08 and Apr09
hindcasts were performed in which� and � m were separately
increased by 50% (section 3.1, not shown). The increase to�
alone improved skill for both events, but the amplitude of the
RMM indices decayed more rapidly than in 1.5F. Increasing
only � m produced little change from CTL. Raising� therefore
provides most of the greater MJO predictability seen in 1.5F, but
some additional skill comes from increasing� m together with
� . A proposed mechanism linking higher� and increased MJO
performance is discussed in sections 4.2.2 and 6.

To assess the propagation of MJO convection and associated
circulation, longitude–time Ḧovmoller diagrams are constructed

for 5� S–5� N averaged precipitation andU200 (Figure 3).
TRMM shows an initial westward movement of the strongest
precipitation for Oct08 (Figure 3(a)), followed by coherent
eastward propagation for Oct08 and Apr09 (Figure 3(k)). The
phase speed is faster for Apr09, which also shows a bifurcation
of the precipitation band once it crosses the Maritime Continent.
CTL shows diffuse precipitation across the Equator, with a
prevalence of light and moderate rain rates (2–8 mm dayŠ1) and a
lack of< 2 mm dayŠ1 rain rates (white contour in Figure 3), with
no organization or eastward propagation (Figure 3(b) and (l)).
For Oct08, CTL produces westward propagation, consistent with
the clockwise movement in RMM phase space (Figure 2(a)). The
dominance of light and moderate rain rates and the absence
of near-zero precipitation likely indicate that GA2.0 removes
positive moisture anomalies from the atmosphere too quickly,
without allowing instability to build during the suppressed phase
of the MJO. These �ndings, together with previous research on
the sensitivity of convection to environmental moisture (Hannah
and Maloney, 2011; Hironset al., 2012b), prompted the 1.5F
experiment.

The strong equatorial 200 hPa easterlies in the initial conditions
west of the convection (40–55� E) quickly decay in CTL
(Figure 3(g) and (q)). This may be because of the lack of a
coherent envelope of deep convection to reinforce the easterlies
through upper-level divergence, but an overly strong vertical
transport of low-level westerly momentum by convection could
also be responsible. The latter hypothesis motivated the NoCMT
experiment. In NoCMT, GA2.0 maintains the strongU200
easterlies for longer than in CTL, with some eastward propagation,
particularly in the �rst 10 days of the hindcasts (Figure 3(h)
and (r)). Disabling CMT also strengthened theU850 westerlies
west of the convection (not shown). There is little change in
predicted precipitation, however (Figure 3(c) and (m)). The
improved RMM indices for NoCMT in the �rst few days of the
hindcast were found to come mainly from the wind components
(not shown). This is not surprising, given that (i) the wind
components, rather than OLR, dominate the amplitude and
variability of RMM indices (Straub, 2013) and (ii) removing
CMT would be expected to in�uence winds more than OLR.
These results suggest that the sharp declines in the upper-level
easterlies and low-level westerlies in CTL are due partially to
too-strong weakening of the vertical shear by convection.

In 1.5F there is improved spatial coherence and propagation
of precipitation (Figure 3(d) and (n), respectively). HigherF
suppresses the too-frequent light rain rates in CTL, increasing
the occurrence of near-zero precipitation, and focuses the
convection into the core of the active MJO, enhancing rainfall
there. Propagation speeds are similar to observations, particularly
during the �rst 15 days. TheU200 easterlies (Figure 3(i) and (s))
and U850 westerlies (not shown) are stronger in 1.5F than in
CTL; there is coherent eastward propagation at both levels, likely
driven by the stronger, more coherent and propagating enhanced
convection. The winds are still weaker than the ECMWF analyses,
however. In Apr09 the easterlies are much broader zonally,
probably due to the development of a second region of heavy
rainfall near 100� E late in the hindcast.

Only in 1.5F+ NoCMT do theU200 (Figure 3(j) and (t)) and
U850 winds reach the intensity of those in ECMWF analyses.
Disabling CMT is not necessary to obtain winds that propagate
with the convective envelope but, based on the Oct08 and
Apr09 cases, including CMT weakens the zonal shear with height
too strongly. In 1.5F+ NoCMT, the strength and coherence of
convection is reduced after the �rst 10 days, particularly for Oct08
(Figure 3(e)), relative to 1.5F (Figure 3(d)). From only two case
studies, however, it is dif�cult to discern whether this effect is
robust.

Based on the Oct08 and Apr09 cases, increasingF in GA2.0
improves the coherence and propagation of enhanced convection
while strengthening the suppressed phase by reducing the
prevalence of light rain rates in CTL. Disabling CMT ampli�es
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