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ABSTRACT

Through a series of convection-pemitting regional-scale ensemblesbased on the Weather Research and
Forecasting (WRF) Model, this study investigates the predictability of multiscale weather and convectively

coupled equatorial waves during the active phase of a

MaddenbJulian oscillation (MJO) event over the Indian

Ocean from 12 October to 12 November 2011. It is found that the practical predictability limit, estimated by the
spread of the ensemble perturbed withrealistic initial and boundary uncertainties, is as much as 8 days for hor-
izontal winds, temperature, and humidity for scales larger than 2000 km that include equatorial Rossby, Kelvin,
inertiabgravity, and mixed Rossbybgravity waves. The prical predictability limit decreases rapidly as scale
decreases, resulting in a predictable time scale less than 1 day for scales smaller than 200 km. Through further
experiments using minute initial and boundary perturbations an order of magnitude smaller than the current
realistic uncertainties, the intrinsic predictability limit for tropical weather at larger scales (. 2000 km) is estimated
to be achievable beyond 2 weeks, but the limit is likely still less than 3 days for the small scales, (200 km).

1. Introduction

The tropical atmosphere consists of weather systems
spanning a wide range of spatial and temporal scales. At
the planetary scale, the MaddenbJulian oscillation (MJO)
is found to be the dominant mode of intraseasonal vari-
ability with typical periods of 200100 days Madden and
Julian 1971, 1972 Zhang 2005. The active phase of an
MJO is characterized by enhanced deep convection and
intense precipitation that propagates eastward at a speed
around 5m <’ . Within the MJO envelope, a wide variety
of convectively coupled equatorial waves (CCEWS;
Wheeler and Kiladis 1999 Kiladis et al. 2009 reside,
including equatorial Rossby, Kelvin, mixed Rossbyb
gravity (MRG), and inertiabgravity (IG) waves. The

equatorial Rossby waves are large-scale OQcyclone pair

that propagate westward at a speed around 4.5n7s'
(Kiladis et al. 2009). The equatorial Kelvin waves are also
known as the super cloud clusters that propagate east-
ward at a speed of 15D20nfs’ (Nakazawa 1988
Dunkerton and Crum 1995). The MRG waves propagate
westward at a speed of 15920 nfs and have the potential
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to develop into tropical cyclones (Takayabu and Nitta

1993 Dickinson and Molinari 2002). The westward-

propagating IG (WIG) waves have a wide range of spa-
tiotemporal scales, ranging from smaller-scale diurnal to
semidiurnal variations to larger-scale 2-day waves
(Haertel and Kiladis 2004).

How predictable are the tropical weather systems and
CCEWSs? The concept of atmospheric predictability can
be grossly categorized into intrinsic versus practical pre-
dictability ( Lorenz 1996 Melhauser and Zhang 2012.
Intrinsic predictability refers to the ability to predict given
nearly perfect representation of the dynamical system
(by a forecast model) and nearly perfect initial/boundary
conditions, an inherent limit due to the chaotic nature of

s?@atmosphere (Lorenz 1963 1969 Zhang et al. 2003
007 Sun and Zhang 2016. Practical predictability,
sometimes also referred to as the prediction skill, is the
ability to predict given realistic uncertainties in both the
forecast model and initial and boundary conditions
(Lorenz 1982 1996 Zhang et al. 2002 2006 that can both
be large at present. The limit of practical predictability
can potentially be extended through the use of more ac-
curate initial conditions (re sulting from better data as-
similation methods and/or observations) and/or better
forecast models (better model physics, numerics, and/or
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resolution). Meanwhile, recent studies suggest the pre-
dictability of multiscale midlatitude weather and tropical
cyclones can be intrinsically limited because of the chaotic
nature of moist convection and the rapid upscale error
growth, as shown for winter cyclones ghang et al. 2003
2007 Sun and Zhang 201§, summertime continental
mesoscale convective systems (e.g8ei and Zhang 2007,
Melhauser and Zhang 2012 Selz and Craig 2015Zhang
et al. 2016, and hurricanes (e.g.,Zhang and Sippel 2009
Tao and Zhang 2015.

To the best of our knowledge, the predictability of
multiscale tropical weather beyond tropical cyclones is
rather underexplored. Using a then-operational global
prediction system under a perfect model assumption,
Reynolds and Webster (1994)found that the internal
error growth rate in the tropics is several times slower
than that in midlatitudes, while the external error growth
rate due to model debciencies is considerably larger.
Using a global convection-permitting aquaplanet model
conbgured with different resolutions, Mapes et al. (2008)
revealed that predictability of tropical weather can be
potentially limited by error growth from midlatitude
moist baroclinic systems. Several estimates of MJO pre-
dictability have been made from global model simulation
(Walliser et al. 2003 Nasuno 2013 Neena et al. 2014gb).
Ling et al. (2014) suggested that MJO predictability may
differ greatly when considering global or local scales and
during different MJO phases. Such scale dependency also
results in a more limited predictability estimated from
higher-resolution simulation than coarser-resolution
global models (Miyakawa et al. 2014).

In 2011, the Dynamics of the MJO (DYNAMO) beld
campaign was conducted over the Indian Ocean to
gather more observations, to advance physical un-
derstanding of MJOs, and ultimately to improve MJO
prediction (Zhang et al. 2013 Yoneyama et al. 2013.
Two moderate-to-strong MJO events occurred during
October and November 2011 and were well observed by
the Peld campaign, as documented inJohnson and
Ciesielski (2013) More recently, Wang et al. (2015)
conducted a successful simulation of these MJOs using
the Weather Research and Forecasting (WRF) Model at
the convection-permitting resolution with 9-km grid
spacing. They showed that the model is capable of re-
producing most of the observed MJO features, including
its eastward propagation, dynamical structure, and the
overall rainfall pattern and magnitude. Sensitivity ex-
periments with the same regional WRF conbguration in
Zhang et al. (2017) subsequently demonstrated the
crucial importance of the global circumnavigating mode
in the MJO initiation and propagation. These results
motivate the use of such a model as a proxy of the
tropical atmosphere for studying its predictability. To
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the best of our knowledge, the current study represents
the Pbrst systematic investigation of both the practical
and intrinsic limits of multiscale predictability of tropical
weather and CCEWSs through a series of unprecedented
convection-permitting regional-scale ensemble simula-
tions. The resulting predictability estimates provide a
benchmark for the future investigation with improved
modeling systems.

The remainder of the paper is laid out as follows. The
model conbguration and design of ensemble simulation
are described insection 2 In section 3 an overview is
given for the simulated features of CCEWSs. The prac-
tical predictability is estimated in section 4, followed by
an intrinsic predictability assessment in section 5 In
section 6 the error growths are analyzed for CCEWSs to
illustrate their distinct predictability limits. Section 7
summarizes the pndings of this study.

2. Experimental design
a. Model conbguration and the control simulation

In this study, the WRF Model, version 3.4.1
(Skamarock et al. 2008, is employed to conduct simu-
lations. The model conbguration is similar to that de-
scribed in section 2a of Wang et al. (2015) The
computational domain covers the equatorial Indian
Ocean and part of the Maritime Continent (20 8SB2@N,
50812@). The model grid is 445 3 778 with 9-km
spacing, and it has 45 vertical levels with 9 levels in the
lowest 1 km and a model top at 20 hPa. The initial con-
dition (IC) and lateral boundary condition (LBC) are
specibed by the ERA-Interim data (Dee et al. 2011J).
The sea surface temperature (SST) for the lower
boundary condition is updated every 6 h according to the
ERA-Interim data.

The WRF double-moment (WDM) scheme (Lim
and Hong 2010 is used to parameterize cloud physics
with modibcations to the shape parameters and ter-
minal velocity of snow. Both shortwave and longwave
radiation are treated with the CAM scheme ( Collins
etal. 2009. Surface processes are represented with the
unibped Noah model (Chen and Dudhia 2001 with
variable surface skin temperature (Zeng and Beljaars
2009H. Sub-grid-scale turbulent eddy mixing is pa-
rameterized using the Yonsei University (YSU) PBL
scheme Hong et al. 2006. No cumulus parameteri-
zation is used, and organized convective motion is
explicitly represented by the 9-km model grid. A
control simulation of the MJO active phase is initial-
ized at 0000 UTC 12 October and integrated for
31 days, which ends on 12 November 2011Section 3
will provide an overview of the simulated period and
validation of model simulation with observations.
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