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ABSTRACT

Based on the tropical rainfall measuring mission (TRMM) measured rainfall and estimated
outgoing longwave radiation (OLR) fields, it is found that 2007-08 Madden-Julian Oscillation
(MJOO07-08) went through blocking, splitting, and merging stages when it passed over the New
Guinea Highlands (NGH). The TRMM estimated OLR fields fail to capture detailed TRMM
rainfall field, thus is not suitable to serve as proxy for rainfall, as also found in previous studies.
The mechanism of orographic blocking is explained by strong orographic blocking on the
incoming, low-Froude number, moist flow, which belonged to the flow-around regime. This
evidenced by estimating the Froude number by upstream soundings. The strong blocking forced
the flow to go around the mountains on NGH, leading to the splitting of flow and MJO precipitating
system and the merging at the southeast tip of New Guinea. Orographic, MJO, and cyclone clouds
were shown in both observed and model-simulated results. The major differences of the model
simulated and TRMM measured precipitation are: (a) the model-simulated rainfall area is much
larger than that covered by the observed rainfall, and (b) even though they both show comparable
maximum rainfall rate, the rainfall estimated by TRMM reveals more localized rainfall spots,
which is unexpected since the WRF simulation uses a relatively fine resolution (5 km). In
summary, during the blocking stage, the mountains have slowed down the MJO propagation and
increased the rainfall amount upstream of the local mountains, while during the splitting and

merging stages, the mountains have made significant impacts on the MJO rainfall distribution.
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1. Introduction

Since the 1980s, the Madden-Julian Oscillation (MJO) has received considerable attention in
part due to its impact on weather systems around the globe, thus plays a key role in intraseasonal
prediction (e.g., Monier et al. 2010). In particular, when an MJO passes over the Maritime
Continent (denoted as MC hereafter), its propagation and rainfall are strongly influenced by
orography (e.g., Hsu and Lee 2005; Inness and Slingo 2006; Wu and Hsu 2009; Tseng et al. 2017).
Specifically, the MJO is often blocked and weakened, occasionally breaks down and ceases to
exist, which is often called “the barrier effect of the MC” (e.g., Inness and Slingo 2006; Kim et al.
2017; Zhang and Ling 2017; Ling et al. 2019). In studying MJO propagating across the MC (MJO-
C) and those blocked by the MC (MJO-B), Zhang and Ling (2017) found that MJO-C’s rainfall is
much higher over the sea than over the land, whereas unlike MJO-C, MJO-B’s rainfall over the
sea is never dominant, which suggests that inhibiting convective development over the sea could
be a possible mechanism for the barrier effect of the MC. Ling et al. (2019) investigated the effect
of diurnal cycle in land convection on the propagation of the MJO over the MC using satellite
observations, which supports the MAritime Continent Convective diurnal Cycle (MACCC)
mechanism, i.e. the diurnal cycle in land convection acts as an intrinsic barrier effect on MJO
propagation over the MC. However, it remains unclear whether the weakened convection over the
land is due to the MACCC or due to that the convective clouds of the MJO are being forced to go-
around, instead of go-over, the mountainous islands of MC. In this study, we are particularly
interested in examining the mechanism of orographic blocking of NGH on the MJO which passed

over New Guinea in the winter of 2007-08 (MJOQ7-08).

Figure 1 shows the MJO, which was characterized by negative Outgoing Longwave Radiation

(OLR) anomalies, was weakened when it passed over the MC, mainly due to the MC topography



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

(Hsu and Lee 2005). Hsu and Lee (2005) proposed that lifting and frictional effects caused by the
mountains and land-sea contrast in the MC help induce a near-surface moisture convergence to the
east of that topography where new deep convection develops. Due to the development of new deep
convection on the lee side of the MC, the MJO appears to be jumping from the upstream of the
mountains of the MC over to the lee side (Figs. 1 and 2). The mesoscale processes of the MJO
propagation over the mountains and the associated rainfall modification, however, remains unclear

and needs to be further investigated.

Based on the analyses of the OLR and the 40-yr European Centre for Medium-Range Weather
Forecasts (ECMWEF) Re-Analysis (ERA-40) datasets, Wu and Hsu (2009) found that when an
MJO passes over the MC during boreal winter, subsequent deep convection and near-surface wind
anomalies tend to move around mountainous islands, which was resulted from flow splitting
around elongated mountainous islands, such as New Guinea Highland (NGH hereafter; Fig. 2).
Orographic blocking may force the incoming three-dimensional flow to go over or go around the
mountains, depending upon whether there is enough kinetic energy to be converted to potential
energy to climb over the obstacle or not, which are called flow-over regime and flow-around
regimes, respectively (Smolarkiewickz and Rotunno 1989). These flow regimes are distinguished
by the Froude number, which will be defined and discussed in Sec. 3.2, associated with the
upstream flow. The Froude number argument will be applied in this study to investigate the
blocking mechanism. Wu and Hsu (2009) found that splitting of flow and precipitating system
upstream tend to produce mountain wave-like structures over high mountains in Sumatra,
Sulawesi, and New Guinea etc., and generate distinctive vorticity and convergence fields on the

lee of the mountains. Based on their data analysis, Wu and Hsu (2009) proposed that resolving the
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detailed topographic effects may play a significant role in simulating realistic characteristics of the

MJO passing over the MC.

In this study, we are particularly interested in investigating the barrier effects of NGH on the
MJO that passed over the NGH during the period of 30 Dec 2007 — 5 Jan 2008 approximately,
which is named MJOO07-08 earlier in this section. The MJOO07-08 formed over the Indian Ocean
around 12/1/07 (Fig. 1), which approached the MC around 12/11/07. It was then blocked by the
Sumatra mountains around 12/21/07, thus was forced to go-around the island along the southern
coast. Around 12/26/07, MJOQ7-08 split into two parts, one remained upstream of the Sumatra
mountains, while the other one continues moving to the Java and upstream of New Guinea. It
approached New Guinea around 12/31/07 and appeared to pass over New Guinea during the
period of 12/31/07 — 1/5/08. The MJO convection was weakened significantly when it was
passing over the NGH, which might be due to significant blocking. The detailed features of the
MJO were still unclear from the OLR analysis (Fig. 1), which is part of the reason we plan to
study it using the WRF model. After 1/5/08, the split MJO appeared to merge together and

continued propagating downstream to the northern West Pacific Ocean.

Based on the analyses of the Climate Forecast System Reanalysis (CFSR) and National Centers
for Environmental Prediction Reanalysis 2 (NCEP R2) data sets, Jiang (2012) found that during
the passage of MJOO07-08 over the NGH: (1) the westward tilting of vertical circulation with height
was much more evident, (2) strong downward motion and moisture divergence was found on the
windward side of Sumatra and New Guinea, which were associated with anomalous positive
diabatic heating. In addition, an upward motion occurred on the lee side of New Guinea, and (3)
vorticity dipoles occurred near the coastline and mountain slopes. Although Wu and Hsu (2009)

and Jiang (2012) have helped our understanding of orographic effects associated with NGH on
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MJO propagation and rainfall during the passage of MJO over the NGH, the proposed mechanisms

can be further tested and understood by performing numerical simulations.

Due to the limitation of global model reanalysis data in spatial and temporal resolutions, some
detailed dynamics of orographic effects on MJO propagation, such as blocking effects on MJO
movement (go-over or go-around the NGH), propagation speed, structure (maintaining as one
system or split), and rainfall distribution, might be overlooked. Some global model simulations
did use finer resolution to simulate MJO propagation, however, it is well known that neither the
global climate or general circulation models nor downscaled regional climate models are able to
accurately represent the temporal variation of MJO in their modeling system, especially over the
mountainous areas (e.g., Inness and Slingo 2006; Wu and Hsu 2009; Tseng et al. 2017). To deal
with the above problems, we propose to perform real-case mesoscale simulations of the MJOO07-
08 passing over the NGH to ascertain the impact orography has on MJO’s propagation and rainfall
modification. The numerical model we will be using is the WRF model with relatively finer
resolution to simulate the convective systems associated with MJOQ07-08 and compare the results
with observations and global reanalysis data. Since MC is composed of a number of mountainous
islands (e.g., Sumatra, Java, Borneo, Sulawesi, and New Guinea), which includes a number of
complicated physical processes, it is important to understand the propagation and rainfall
modification mechanisms associated an MJO passing over individual mesoscale mountains, such

as the NGH.

In this study, we plan to adopt the Weather Research and Forecasting (WRF) model
(Skamarock et al. 2008) to simulate the passage of the MJO07-08 over the NGH to help understand
the orographic effect on MJO propagation and rainfall modification with a relatively finer

horizontal resolution, which can resolve mesoscale features of the topography. The rest of the
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paper is organized as follows. Section 2 describes the WRF model and experimental design,
Section 3 provides the general propagation and rainfall characteristics of the MJOO07-08 past the
MC, Section 4 presents and analyzes the WRF simulated results, and Section 5 provides a

concluding remark.

2. Model Description, Experimental Design and the Selection of MJO Case

The WRF model version 3.6.1 (Skamarock et al. 2008) was adopted for the numerical
simulations. The WRF model is a numerical weather prediction system developed to help with
both atmospheric research and operational forecasting, which is a three-dimensional, non-
hydrostatic, fully compressible model using terrain-following pressure (o-p) coordinates. The
governing equations of the WRF model are written in flux-form with conserved mass and dry
entropy.

For the mesoscale simulations performed in this study, we only focus on New Guinea, the
foremost east and largest island of the MC, and its surrounding areas. Only one domain is designed
for our mesoscale simulations, which is from the southwest corner (122°E, -15°S) to northeast
corner (162°E, 2°N) consisting of 887x376 horizontal grid points with 5 km horizontal grid
resolution, 32 vertically stretched grid levels, and 30 second time interval. The domain and NGH
terrain are shown in Fig. 2. The domain is designed so that the MJO07-08 and the NGH are well-
resolved and the orographic impacts on the MJO can be well-simulated as it propagated eastward
across the mountains.

The physics parameterization schemes chosen for the simulations are: (a) cumulus: Grell 3D,
(b) microphysics: WSM6 (Hong and Lim 2006), (c) planetary boundary layer: YSU, (d) surface
layer: Monin-Obukov, (e) longwave radiation: RRTM, and (f) shortwave radiation: RRTMG.

Details of these schemes can be found in the WRF user’s manual (Skamarock et al. 2008). Unlike
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global model simulations, the combination of the domain, grid resolution, and physics
parameterization schemes allow us to study mesoscale dynamics associated with the passage of
the MJOO07-08 over the NGH. Note that since some meso-y (2 — 20 km) scale convective
thunderstorms or systems embedded in MJO, cannot be well-resolved by 5 km grids, we need to
activate the cumulus, in addition to the bulk microphysics parameterizations, to avoid the
accumulation of energy at grid points through energy downscale cascading. This is the fuzzy, not-
well-defined area, which is often referred to as the “no-man’s land,” in which neither cumulus
parameterization nor microphysical parameterization scheme is dominative.

The WRF simulated results will be verified by the tropical rainfall measuring mission (TRMM)
3B42 Version 7 data, the NOAA Interpolated OLR data and wind vectors data. For the TRMM
data, the temporal resolution used is 3 hourly data from 12/30/07 — 1/4/08. Its spatial resolution is
0.25° latitude-longitude grid. For the NOAA Interpolated OLR, the temporal resolution used is
daily data from 12/30/07 — 1/4/08. Its spatial resolution is 2.5° latitude-longitude grid.

When the MJOO07-08 passed over the NGH during the period of 12/30/07 — 1/4/08 is chosen
for the study because it is considered as a strong MJO event (Jiang 2012). The mesoscale
simulation is initiated with the ECMWF-interim data at 0000 UTC. As normally adopted for
regional numerical simulations, the boundary conditions are updated by this reanalysis data. The
simulation period for the domain is 6 days (12/29/00Z/07 —1/4/00Z/08), which was the time the

MJO was seen passing over the NGH (Figs. 1, 3, and 4-6), in addition.

3. Observational Data Analysis of MJOOQ7-08 Passing over the New Guinea Highlands

(NGH)
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3.1 Propagation and Rainfall Modification by the NGH Mountains

The austral summer of 2007-08 was a very active season for strong MJO activity. In the first
week of December 2007, the first band of convective clouds associated with the MJO, was over
the equatorial Indian Ocean as revealed by the OLR fields (12/01/07 and 12/06/07 of Fig. 1;
Gottschalck et al. 2008; Tseng et al. 2017). It then propagated eastward reaching the Sumatra
around Dec. 11 and blocked by the mountains over the island in the next two weeks (12/11 —
12/26/07). Due to orographic blocking, the majority of the convective systems associated with the
MJO was forced to move southeastward along the southwest coast of Sumatra (12/16 — 12/21/07).
From 12/21 — 12/26/07, the MJO split into two systems, one system remained to the northwestern
coast of the Sumatra, while the other system propagated to the southeast coast. During the period
of 12/26 — 1/31, the northwestern system weakened and then disappeared. From the OLR fields
presented in Fig. 1, it is unclear whether the northwestern system was totally diminished due to
strong blocking or just stalled in the lower layer while the convective system in the upper layer
continued to propagate southeastward and then merged with the southeastern system vertically as
a system at the southeastern corner of Sumatra on 12/31/07 approximately. The latter process is
analogous to the discontinuous track experienced by weak typhoons passing over Taiwan’s Central
Mountain Range (e.g., Chang 1982, Lin et al. 2016, Lin 2007).

From approximately 12/31/07 or slightly earlier till around 1/5/08, the MJO has left Sumatra
completely (Fig. 1). In the meantime, it was passing over New Guinea. While passing over New
Guinea, it appeared to split into two systems, too, although they seemed passed over the island
along northeast and southwest coasts, respectively. On 1/10/08, the MJO reappeared to the
southeast of New Guinea. Thus, the MJO passed over New Guinea occurred approximately from

12/31/07 — 1/5/08. From 12/21/07 — 1/10/08, the MJO appeared to jump over the MC, instead of
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moving smoothly over it. In this study, we will focus on the propagation of MJOQ07-08 over New
Guinea or NGH. In order to examine the details of the propagation of MJO07-08 passing over the
NGH, mesoscale analyses are performed using more detailed observation of OLR and rainfall from
TRMM 3B42 data (Simpson et al. 1996; Huffman et al. 2007) and 850mb wind fields from
NCEP/National Center for Atmospheric Research (NCAR) Reanalysis 1 dataset (Kalnay et al.
1996). Note that the OLR is used in this study to identify the main MJO convective envelope and
surrounding cirrus clouds (precipitating and non-precipitating clouds), instead of using it as a
proxy of the rainfall over the land, since it has been found that OLR is not a good proxy for
precipitation over land of the MC (e.g., Matthews et al. 2013, Rauniyar and Walsh 2013, Peatman
2014), which includes New Guinea. In addition, it was found that in steep mountain areas of the

NGH.

(a) Blocking of the MJO precipitating systems

Based on the observed OLR fields from TRMM data, it appears that the MJOO07-08 has gone
through roughly three distinctive stages when it passed over the NGH (Fig. 3). At 12/30/00Z/07,
the southern MJO reached the western New Guinea and was blocked and stalled on the
southwestern side of the northwestern NGH (Fig. 3a). The blocking was clearer on the next day at
12/31/00Z/07 (Fig. 3b). The cloud was located exactly to the upstream of the northwest peninsula
of New Guinea (West Irian Jaya — WIJ in Fig. 2). This period of 12/30 — 12/31/07 may be named
the Blocking Stage.

The blocking stage identified approximately from the TRMM estimated OLR fields can be
verified much more accurately and in detail by the TRMM measured precipitation fields (Fig. 4).
From 12/30/00Z — 12/30/18Z/07, the orographic blocking on the southern system of the MJO

clouds (Fig. 3a) can be seen clearly from the precipitation fields to the southwest of the NGH (Figs.

10
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4a-d). Note that the rainfall to the north of the northeast coast of NGH at 12/30/00Z/07 was
northern system of the MJO after it passed over the Sumatra (Day 12/31, Fig. 1), which was not
detected by the OLR field at this time (Fig. 3a), continued to propagate along the northeast coast
of New Guinea for the rest of the day (12/30/06Z — 12/30/18Z (Figs. 4b-d). From 12/31/00Z —
12/31/182/07, the blocking of the MJO clouds (Fig. 3b) and precipitation (Fig. 4e-h) in the western
portion of the mountains of NGH was much stronger.
During the blocking stage, it appears that the incoming MJO went through three processes:
(1) During 12/31/00Z — 12/31/06Z/07, the moist flow with embedded precipitating system of
MJOO0708 around A in Fig. 4e) impinged on the mountains of northwest peninsula of the West
Papua (WI1J in Fig. 2), which produced more rainfall over the ocean just upstream of the
northwest peninsula (B in Fig. 4f). The blocking is associated with low-Froude number flow,
which will be verified with the flow parameters and discussed later in Sec. 3.2.
(2) In the meantime, part of the incoming moist flow was forced to go around the northwest
peninsula (WIJ) (C in Fig. 4f) due to strong blocking associated with small Froude number
flow passing over a three-dimensional mountain, which will be illustrated later in Sec. 3.2.
(3) During 12/31/12Z — 12/31/18Z/07, the moist flow around D in Fig. 4g impinged on the
mountains of West Papua (Fig. 2), which generated heavy rain and/or enhanced the pre-
existing rain associated with MJOO07-08 upstream (northwest) of West Papua, as denoted by G
in Fig. 49. Note that at 12/31/18Z, there was a significant amount of rainfall produced in
between the northwest peninsula (W1J) and the main island of New Guinea (rainband G in Fig.
4h). Rainband G was composed of the MJO-convective rain blocked by the mountains in
northwestern NGH in the northeast part and enhanced by the interaction with the rainband of

Cyclone Helen in the southwest part of the rainband G, respectively.

11
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(b) Splitting of the MJO precipitating system

During the period of 1/1/08 — 1/2/08, it can be seen from the OLR fields (Figs. 3c-d) that the
MJO precipitating system approximately split into two systems with the northern and southern
systems moving along the northeast and southwest coasts of NGH, respectively, toward the
southeastern tip of New Guinea. Both the northern and southern systems of the MJO precipitating
system then propagated to the lee side (southeastern tip) of the mountains at a later time. Note that
the split MJO precipitating systems were going around the New Guinea during this Splitting Stage
(1/1/00Z — 1/2/18Z/08; Fig. 5a-h).

Note that during both blocking and splitting stages, there was lack of rainfall over New Guinea
except at 12/31/12Z/07 near F and at 12/31/18Z/07 over the northeastern part of rainband G.
Diurnally forced rainfall over islands of MC was often observed for MJOs blocked by MC (e.g.,
MJO-B classified by Zhang and Ling 2017) and on New Guinea during the passage of MJO
(Matthews et al. 2013). We suspect the lack of rainfall over New Guinea might be due to the
coarse resolution of the TRMM observed data. This will be examined by the numerically

simulated results in Sec. 4.

(c) Merging of the MJO precipitating systems

Based on the TRMM estimated OLR fields during 1/3/00Z —1/4/00Z/08 (Figs. 3e and 3f), the
split MJO cloud systems were merging to one system around the southeastern tip, which may be
named Merging Stage. In the beginning of this merging stage, the northern system of the MJO
continued moving southeastward toward the southeastern tip of New Guinea (Fig. 6a-d) and
merged with the southern system. The southern system moved southeastward along the southwest

coast of New Guinea southwest coast in the beginning (Fig. 6a-b), but then strengthened and
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started to move eastward (Figs. 6¢-d), which may be explained by the interaction with Cyclone

Helen. At 1/4/182/08, these two MJO systems merged at the southeastern tip of New Guinea.

Similar to the blocking and splitting stages, there was lack of rainfall on New Guinea. This

will be investigated by the model-simulated results in Sec. 4.

3.2 Mechanism of Orographic Blocking on the MJO07-08

As mentioned in the Introduction, the three-dimensional orographic blocking may lead to flow-
over and flow-around regimes, depending on the Froude number of the upstream incoming flow.
The lower the moist Froude number, the stronger is the blocking, which may lead to flow splitting.
When blocking is weak, the incoming flow is able to pass over it, which is called flow-over regime.
On the other hand, when blocking is strong, the incoming flow is lack of kinetic energy to pass
over the barrier, causing the flow to be blocked leading to split, which is called flow-around regime
(Smolarkiewicz and Rotunno 1989). The flow-over and flow-around regimes are mainly controlled
by two nondimensional parameters, i.e. Froude number (F = U/Nh) and aspect ratio (b/a) of the
mountain scales in along (a) and perpendicular (b) to the basic flow direction, where U is the basic
flow speed, N the Brunt-Vaisala frequency, and h the mountain height (e.g., Smith 1989, Epifano
2003, Lin 2007). For example, a dry atmospheric flow with (F, b/a) = (0.66, 1) belongs to the
flow-over regime, while (F, b/a) = (0.22, 1) belongs to the flow-around regime (Smolarkiewicz
and Rotunno 1989). Based on Fig. 5.22 of Lin (2007), a rough estimate for a dry airflow impinging
on a mountain with an aspect ratio of b/a = 0.5 requires F = 0.45 to make a flow split or go-around
flow regime.

For moist flow, it is more suitable to use the moist Froude number, which is defined as Fw =
U/Nwh, where Ny is the unsaturated Brunt-Vaisala frequency (e.g., Chen and Lin 2005; Lin 2007)

of the upstream incoming flow. In idealized simulations of conditionally unstable flow impinging

13
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on a two-dimensional, mesoscale mountain, Chu and Lin (2000) found that the precipitation
distribution and propagation of orographically induced precipitating systems vary with the moist

Froude number. The unsaturated Brunt-Vaisala frequency (Nw) is defined by Emanuel (1994) as

2 _iae
Ny =3, 3z 1)

where g is the gravitational acceleration and 6,, is the virtual potential temperature, which can be
calculated by (Glickman 2000)

6,=06(1+0.61q, —q;) (2
where @ is the actual potential temperature, qv and g are the mixing ratios of water vapor and
liquid water.

As discussed above in Sec. 3.1(a), during the blocking stage (12/30 — 12/31/07), the incoming
flow with embedded precipitating systems of MJO07-08 was blocked more severely twice: (1)
during 12/31/06Z — 12/31/06Z, the flow around A in Fig. 4e impinged on the mountains of
northwest peninsula (WIJ in Fig. 2) around 12/31/06Z (denoted by B in Fig. 4f), and (2) during
12/31/12Z — 12/31/18Z/07, the flow around D in Fig. 4g impinged on the mountains of West Papua
(Fig. 2) around 12/31/18Z/07 (denoted by G in Fig. 4h). Both processes generated rain and/or
enhanced the pre-existing rain associated with MJOO07-08 upstream of the mountains on
northwestern peninsula (WIJ) and on the West Papua, respectively. Both blocking events were
associated with flow going around the mountains (Fig. 4f and 4h, respectively).

The moist Froude numbers, Fw1 and Fuw2 are estimated by 4 soundings around A in Fig. 4a and
D in Fig. 4g, respectively. The flow variables in the lower layer (1000 — 850 mb) used are: pressure
(p), temperature (T), dew point (Tq), mixing ratios of water vapor (qv), cloud water (qc), and rain
water (qr), and potential temperature (). Then, the density (p) is calculated by the equation of

state, virtual potential temperature (&) and unsaturated Brunt-Vaisala frequency (Nw) are

14
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calculated from Egs. (2) and (1), respectively. At last, the moist Froude number (Fw1) for each
sounding is calculated by U1/Nwih with Nw1 calculated from Eq. (1), an averaged U; = 5.6 m s
estimated from the surrounding 4 soundings around A (Fig. 4e) and a rough mountain height of 2
km is used. The Fw1 is averaged from the 4 Fw:’s calculated from each sounding surrounding A,
which has a value of 0.3. The averaged Fw is calculated in the same way, which gives a value of
0.217, except with Uy = 7.1 m st and h = 3 km. The detailed data can be found from Tables 1 and
2. Both estimated Fw: (0.3) and Fw: (0.217) indicate that the moist flow impinging on the
northwest peninsula (W1J) and northwestern tip of West Papua belong to the flow-around regime
due to strong blocking, thus the flow were blocked and forced to go around the mountains in
respective mountain regions, which also forced the MJO precipitating systems to split leading to
the splitting stage.

The MJO propagation over the NGH and their associated rainfall modification by the
mountains will be verified and further investigated in detail by the WRF simulated results in the

next section.

4. Numerical Modeling Simulations of the Propagation and Rainfall Modification of
MJOO07-08 Passing over the New Guinea Highlands (NGH)

In this section, the WRF-simulated results are verified by TRMM estimated OLR and
measured rainfall, as presented in Sec. 3, and are used to investigate the orographic effects on the
propagation and rainfall modification of the MJO during its passage over the NGH. In particular,
the mesoscale characteristics and temporal evolution of the MJO will further be investigated in
detail by the WRF-simulated results.

Based on the observational data analyses as discussed in Sec. 3, the propagation of the MJOQ7-

08 over the NGH went through three stages, i.e. the blocking, splitting, and merging stages (Figs.
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3-6). In the following, we examine the OLR, precipitation, wind, and cloud fields on various
height levels at different stages of the WRF-simulated MJO07-08 when it passed over New Guinea

in more detail.

4.1 Blocking Stage

As discussed in Sec. 3, during the period of 12/30 — 12/31/07, the MJO reached the
northwestern corner of New Guinea, as can also be seen roughly from 12/31/07 of Fig. 1 and Figs.
3a-b. Since the observed OLR does not show the MJO clearly, we will use the observed rainfall as
proxy of the MJO precipitating system. However, we are still curious about how well the model-
simulated OLR can represent the MJO. Thus, both model-simulated OLR and precipitation fields
will be compared to each other and also compared with the observed precipitation fields.

The WRF-simulated OLR fields during the blocking stage (12/30/00Z —12/31/18Z/07) reveals
that the MJO began to stall upstream (to the west) of northern West Papua on 12/30 (Figs. 7a-d)
and to the northwest of northern West Papua on 12/31 (Figs. 7e-h). Note that there were three
types of clouds shown in the model-simulated OLR fields: (i) MJO clouds: mainly over the ocean
surrounding the New Guinea during the passage of MJO07-08 over New Guinea, (b) orographic
clouds: over land, but concentrated on the NGH and surrounding areas, peaked at around afternoon
and evening (06Z and 12Z; 16L and 22L) in both 12/30 and 12/31 (Figs. 7b-c and 7f-g), and varied
diurnally, and (c) cyclone clouds: high and circular clouds associated with Cyclone Helen, located
over ocean in between New Guinea, Arnhem Land (Australia), and Cape York Peninsula
(Awustralia) (see Fig. 2). In addition to the NGH, Cyclone Helen (Wikipedia 2018) appears to also
help stall the convective system associated with MJO07-08 to the south of New Guinea. The WRF-
simulated OLR fields (Fig. 7) are able to depict major features shown in observed precipitation

fields (Fig. 4), compared to the observed OLR (Fig. 3). The lack of detailed rainfall characteristics
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of the observed rainfall (Fig. 4) appears to be caused by the coarse resolution of the TRMM data,
which is not appropriate to serve as proxy of the MJO rainfall, as also found in previous studies
(e.g., Matthews et al. 2013, Rauniyar and Walsh 2013, Peatman et al. 2014).

Figure 8 shows the WRF-simulated precipitation fields from 12/30/00Z — 12/31/18Z/07, which
are consistent with the observed TRMM precipitation (Fig. 4), but with much more detailed
features. All three types of rainfall, i.e. MJO, orographic, and cyclone rainfall, are all well depicted
by the WRF-simulated rainfall fields. Especially, the WRF-simulated rainfall fields are able to
reveal the orographic blocking reasonably well. For example, Fig. 8a shows that the MJO07-08
began to stall by the NGH mountains at 12/30/00Z/07 (Fig. 8a), which lasted until 12/31/182/07
(Figs. 8b-h), consistent with observations (Fig. 4). The blocking of MJO by the NGH, as discussed
in Sec. 3.2, is well depicted from the rainfall accumulation to the upstream of the northwest corner
of the NGH. The flow went around the mountains on the northwest NGH is also shown in the 850
mb wind and precipitation fields during the blocking period, and started to split at the end of the
blocking period, i.e. 12/31/12Z —12/31/182/07 (Figs. 8g-8h). The diurnal variation of the rainfall
is much more pronounced, compared to that shown in the WRF-simulated OLR fields (Fig. 7).
The major differences between the model simulated (Fig. 8) and TRMM measured (Fig. 4)
precipitation are: (a) the model-simulated rainfall area is much larger than that covered by the
observed rainfall, and (b) even though they both show comparable maximum rainfall rate (~10
mm h1), the rainfall estimated by TRMM data reveals more localized rainfall spots, which is
unexpected since the WRF simulation uses a relatively fine resolution (5 km).

The blocking effect of the NGH on the rainfall associated with MJOO07-08 is further examined
by analyzing the three-dimensional wind and total water content fields on 850, 500, and 300 mb

surfaces (Fig. 9). At 12/31/00Z/07, one can see that the total water contents or clouds were stalled
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by the mountains of the NGH on the incoming flow and MJO, i.e. the northwestern corner of the
island in the lower troposphere, as shown at 850 mb (Fig. 9¢). The middle and upper-tropospheric
clouds were stronger, as shown at 300 mb and 500 mb (Figs. 9a and 9b, respectively) than those
in the lower troposphere are associated with anvil clouds associated with convection originating
in the lower troposphere. The lack of clouds over New Guinea at this time (12/31/00Z/07) was

because it is in the morning (10L), consistent with the rainfall fields (Figs. 8a and 8e).

4.2 Splitting Stage

Based on the TRMM estimated OLR (Figs. 3c-d) and precipitation (Figs. 4-6) fields, it can be
seen that the MJO after the blocking stage on the upstream (northwestern corner) of the NGH split
into two; one passes along the northeast coast while the other passes along the southwest side of
the NGH. The splitting of the precipitating system (clouds and precipitation) associated with
MJOO07-08, as discussed in Sec. 3.2, was caused by the low-Froude number moist flow upstream
(to the northwest) of the mountains on northwestern New Guinea. The flow belonged to flow-
around regime, which forced the flow and the convective system associated with MJO07-08 to be
blocked at the northwestern corner of New Guinea and then forced the incoming flow and
convective system to split while went around the island.

As discussed in Sec. 3.1, right after the blocking stage, the precipitating system associated with
the MJO split into two systems passing over the NGH during the period of 1/1/08 — 1/2/08
approximately. The northern system propagated along the northeast coast of New Guinea while
the southern system propagated southeastward along the southwest coast. Both precipitating
systems of the MJO then propagated to the lee side (southeastern corner) of the NGH at later time.

Figure 10 shows the WRF-simulated OLR fields from 1/1/00Z/08 —1/2/18Z/08 (1/1/10L —

1/3/04L/08), which represent cloud patterns in more detail, compared to the TRMM estimated
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OLR (Figs. 3c-d). Similar to the blocking stage (Fig. 7), we found that: (a) the TRMM estimated
OLR was not quite accurate and is not appropriate to serve as proxy of MJO precipitation, and (b)
the three types of clouds associated with the MJO, orography, and Cyclone Helen were appeared
during the splitting stage (Fig. 10).

At 1/1/00Z/08 (1/1/10L/08), the front (southeastern) part of the MJO precipitating system
(clouds and precipitation) started to split into two systems and moved along the northeast and
southwest coasts, while the rear (northwestern) part remained connected as shown in WRF-
simulated OLR (Fig. 10a) and precipitation (Fig. 11a) fields. The southern part of the southern
precipitating system appeared to interact with Cyclone Helen (2007-08) into a larger precipitating
system during the period of 1/1/06Z — 1/2/12Z/08 (Figs. 10b-g and 11b-g), making it difficult to
distinguish these two types of clouds in the interacted region. The front end of the split
precipitating systems reached the southern portion of New Guinea around 1/2/18Z/08 (Figs. 10h
and 11h). Similar to the blocking stage, orographic clouds and precipitation appeared at 16L (06Z)
and reached their peak around 22L (12Z) on both 1/1/08 (Figs. 10b-c and 11b-c) and 1/2/08 (Figs.
10f-g and 11f-g) caused by diurnal heating. The major differences between the model simulated
(Fig. 8) and TRMM measured (Fig. 4) precipitation found in the blocking stage occur in the
splitting stage, too.

The splitting effect of the NGH on the rainfall of MJOO07-08 is further examined by analyzing
the three-dimensional wind and total water content fields on 850, 500, and 300 mb surfaces (Fig.
12). The characteristics of splitting process of MJO07-08’s precipitating system found in the
WRF-simulated OLR and precipitation as discussed above (Figs. 10 and 11) were also shown in
the cloud vertical structure (Fig. 12). These include that: (a) the middle and upper-tropospheric

clouds were stronger, as shown at 300 mb and 500 mb (Figs. 12a and 12b, respectively) than those
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in the lower troposphere are associated with anvil clouds associated with convection originating
in the lower troposphere, and (b) the lack of clouds over New Guinea at this time (1/2/00Z/08) was

because it is in the morning (10L) (Fig. 12), consistent with the rainfall fields (Figs. 11a and 11e).

4.3 Merging Stage

The WRF-simulated OLR (Fig. 13) and precipitation (Fig. 14) fields during the merging stage
(1/3/00Z/08 — 1/3/12Z/08) reveal that the split southern precipitating system of MJO was moving
through the gap between New Guinea and Cape York Peninsula (Figs. 13a-c and 14a-c), while the
northern system continued moving southeastward along the northeast coast of New Guinea. At
about 1/3/182/08 (1/4/04L/08), there were several convective clouds and heavy rainfall areas over
the ocean in between New Guinea and Cape York Peninsula (Figs. 13d and 14d). At this time, the
MJO precipitating system started to split from that of Cyclone Helen. The northern and southern
systems started to merge into one MJO precipitating system. This merging process is clearly
depicted from the precipitation fields during 1/4/00Z and 1/4/18Z/08 (Figs. 14e-h), but not so clear
in the OLR fields (Figs. 13e-h). At 1/4/18Z/08 (1/5/04L/08), the merged MJO rainfall was well-
organized, which then started moving southeastward (Fig. 1).

Figure 15 shows the three-dimensional structure of cloud and wind fields near the end of the
splitting stage are depicted by the total water content and vector wind fields at 300mb, 500mb, and
850mb at 1/4/00Z/08 (1/4/10L/08). The clouds associated with the MJO and Cyclone Helen were
clearly at this time. From the cloud fields, it can be seen that the split northern and southern cloud
system started to merge into one cloud system, similar to the original MJO before impinging on
the NGH. Again, similar to the blocking and splitting stages, the middle and upper-tropospheric

clouds were stronger, as shown at 300 mb and 500 mb (Figs. 15a and 15b, respectively) than those
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in the lower troposphere are associated with anvil clouds associated with convection originating

in the lower troposphere.

5. Concluding Remarks

In this study, orographic (barrier) effects on the propagation and rainfall modification of the
2007-08 Madden-Julian Oscillation (MJOO07-08) during its passage over New Guinea Highlands
(NGH) are investigated by performing mesoscale analysis of outgoing longwave radiation (OLR)
and precipitation fields, and numerical simulation by the Advanced Research Weather Research

and Forecasting (WRF) model with a single domain of 5 km grid resolution.

Based on the TRMM measured rainfall and estimated OLR field, and the wind field analyzed
from the NCEP/NCAR Reanalysis 1 data, it is found that the MJO precipitating system went
through three distinct stages: (1) blocking stage (12/30/00Z — 12/31/182/07), (2) splitting stage
(1/1/00Z — 1/2/187/08, and (3) merging stage starting from 1/3/00Z — 1/4/18Z/08 when the
MJOO07-08 passed over New Guinea. The WRF model results were verified by the TRMM
estimated OLR and measure rainfall fields. It was able to reproduce observed major features. They
were then used to investigate the dynamics of orographic (barrier) effect on flow and precipitating
system passing over the NGH, including the three stages MJOO07-08 has gone through when it

passed over New Guinea.

The blocking stage identified approximately from the TRMM estimated OLR fields was
verified much more accurately and in detail by the TRMM measured precipitation fields. During
the blocking stage (12/30 — 12/31/07), the incoming MJO went through three processes:
(1) From 12/31/00Z — 12/31/06Z/07, the moist flow with embedded convective system of
MJOO0708 around A in Fig. 4e) impinged on the mountains of northwest peninsula of the West

Papua (W1J), which produced more rainfall over the ocean just upstream of the peninsula; (2) In
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the meantime, part of the incoming moist flow was forced to go around the northwest peninsula
(W1J) due to strong blocking associated with small Froude number flow passing over a three-
dimensional mountain; and (3) from 12/31/12Z — 12/31/18Z/07, a second blocking occurred when
another moist flow impinged on the mountains of West Papua, which generated or enhanced heavy

rain upstream (northwest) of West Papua.

The mechanism of orographic blocking is explained by that the incoming moist flow belonged
to flow-around regime, instead of flow-over regime, which was associated with low-Froude
number (Fw) moist flow upstream. The Fuw: (= 0.300) and Fw2 (=0.217) were estimated from
averaging four WRF-simulated soundings upstream of the northwest peninsula (W1J) and West
Papua each, respectively, which were quite low and led to strong blocking. The strong blocking
forced the flow to go around the mountains on WIJ and West Papua and MJO precipitating system

to break into two systems leading to the splitting stage.

During the period of 1/1/08 — 1/2/08, it was found from the TRMM estimated OLR fields that
the MJO precipitating system approximately split into two systems with the northern and southern
systems moving along the northeast and southwest coasts of NGH, respectively, toward the
southeastern tip of New Guinea. Both the northern and southern systems of the MJO precipitating
system then propagated to the lee side (southeastern tip) of the mountains at a later time. Based
on the TRMM estimated OLR fields during the merging stage (1/3/00Z —1/4/00Z/08), the split
MJO clouds were merging to one system around the southeastern tip. The southern precipitating
system moved southeastward along the southwest coast of New Guinea southwest coast in the
beginning, but then strengthened and started to move eastward, which may be explained by the
interaction with Cyclone Helen. At 1/4/18Z/08, these two MJO systems merged at the

southeastern tip of New Guinea.
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The WRF-simulated results were verified by the TRMM estimated OLR and rainfall fields and
were used to investigate the orographic effects on the propagation and rainfall modification of the
MJO during its passage over the NGH. The WRF-simulated OLR fields during the blocking stage
were consistent with the TRMM estimated OLR and measured rainfall. Three types of clouds were
found: (i) MJO clouds: mainly over the ocean surrounding the New Guinea, (b) orographic clouds:
over land, but concentrated on NGH and surrounding areas and varied diurnally with peaks in the
afternoon and evening, and (c) cyclone clouds: high and circular clouds associated with Cyclone
Helen, located over the ocean. In addition to the NGH, Cyclone Helen appears to also help stall
the precipitating system to the south of New Guinea. The WRF-simulated OLR fields are able to
depict major features shown in observed precipitation fields, compared to the observed OLR. The
lack of detailed rainfall characteristics of the TRMM rainfall appears to be caused by the coarse
resolution of the TRMM data. Thus, the TRMM OLR is not appropriate to serve as proxy of the
MJO rainfall, as also found in previous studies. Three types of rainfall, i.e. MJO, orographic, and
cyclone rainfall, are all well depicted by the WRF-simulated rainfall fields. The flow went around
the mountains on the northwest NGH is also shown in the 850 mb wind and precipitation fields
during the blocking period. The diurnal variation of the rainfall is much more pronounced,
compared to that shown in the WRF-simulated OLR fields. The major differences between the
model simulated and TRMM measured precipitation are: (a) the model-simulated rainfall area is
much larger than that covered by the observed rainfall, and (b) even though they both show
comparable maximum rainfall rate (~10 mm h1), the rainfall estimated by TRMM reveals more
localized rainfall spots, which is unexpected since the WRF simulation uses a relatively fine
resolution (5 km). The blocking was also revealed very well in the WRF-simulated three-

dimensional wind and total water content fields on 850, 500, and 300 mb surfaces. The middle and
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upper-tropospheric clouds were stronger than those in the lower troposphere are associated with
anvil clouds associated with convection originating in the lower troposphere.

The WRF-simulated OLR fields during the splitting stage (1/1/00Z/08 —1/2/18Z/08) were able
to depict cloud patterns in more detail, compared to the TRMM estimated OLR. Similar to the
blocking stage, we found that: (a) the TRMM estimated OLR was not quite accurate and is not
appropriate to serve as proxy of MJO precipitation, and (b) the three types of clouds associated
with the MJO, orography, and Cyclone Helen were appeared during the splitting stage. It was
found that the southern part of the southern precipitating system has interacted with Cyclone Helen
(2007-08) into a larger precipitating system during the period of 1/1/06Z — 1/2/12Z/08, making it
difficult to distinguish these two types of clouds in the interacted region. Similar to the blocking
stage, orographic clouds and precipitation appeared at 16L (06Z) and reached their peak around
22L (12Z) on both 1/1/08 and 1/2/08 caused by diurnal heating. The major differences between the
model simulated (Fig. 8) and TRMM-measured (Fig. 4) precipitation found in the blocking stage
occur in the splitting stage, too. The vertical cloud structure revealed in the WRF-simulated cloud
fields during the splitting process was similar to that in the blocking stage.

The WRF-simulated OLR and precipitation fields during the merging stage (1/3/00Z/08 —
1/3/12Z/08) reveal that the split southern precipitating system of MJO was moving through the
gap between New Guinea and Cape York Peninsula, while the northern system continued moving
southeastward along the northeast coast of New Guinea. At about 1/3/18Z/08, the northern and
southern systems started to merge into one MJO precipitating system. This merging process is
clearly depicted from the precipitation fields during 1/4/00Z and 1/4/18Z/08, but not so clear in
the OLR fields (Figs. 13e-h). At 1/4/18Z/08 (1/5/04L/08), the merged MJO rainfall was well-

organized, which then started moving southeastward. The vertical cloud structure revealed in the
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Table 1: Calculation of Moist Froude Number (Fw1) from 4 WRF-simulated upstream of
West Irian Jaya (WIJ or Northwest Peninsula)

(1) Sounding 1a: (129.05E, 1.00N)

P T [T |a Qe Or 0K) | p & X) [ Nw(s™) | Fu
(mb) | (°C) | (°C) | (g/kg) | (9/kg) | (9/kg)
1000 | 26.9 | 24.9 | 19.3 0.0 0.0 301 1.161 | 305 0.00696 | 0.402
950 249 (229|174 0.0 0.0 302 1.111 | 305 0.00953 | 0.294
900 229 (169 | 135 0.0 0.0 304 1.059 | 307 0.01303 | 0.215
850 189 | 129 | 11.0 0.0 0.0 307 1.014 | 309 0.00735 | 0.381
(2) Sounding 1b: (129.33E, 1.00N)
P T [Te [a Qe Or 0K) | p & XK) | Nw(s?) | Fm
(mb) | (°C) | (°C) | (g/kg) | (9/kg) | (9/kg)
1000 | 26.9 | 249 | 20.0 0.0 0.0 300 1.161 | 304 0.0078 0.360
950 249 | 229 | 19.0 0.0205 | 0.0 301 1.111 | 304 0.0122 0.230
900 229 | 169 | 14.0 0.0 0.0 304 1.059 | 307 0.0098 0.285
850 189 | 129 | 11.0 0.0 0.0 306 1.014 | 308 0.0110 0.254
(3) Sounding 1c: (129.33E, 0.73N)
P T Tyq Qv Qc Or o (K) yo e (K) Nw (S_l) Fw1
(mb) | (°C) | (°C) | (g/kg) | (9/kg) | (9/kg)
1000 | 28.0 | 25.0 | 19.5 0.0 0.0 302 1.157 | 306 0.0120 0.233
950 24.0 | 22.0 | 185 0.0 0.0 302 1.114 | 305 0.0119 0.236
900 21.0 | 18.0 | 13.0 0.0 0.0 305 1.066 | 307 0.0108 0.260
850 20.0 | 12.0 | 115 0.0 0.0 307 1.010 | 309 0.0072 0.390
(4) Sounding 1d: (129.05E, 0.73N)
P T [T [q Qe Qr 0K) | p A& (K) | Nu(sh) | Fu
(mb) | (°C) | (°C) | (g/kg) | (9/kg) | (9/kg)
1000 | 28.0 | 24.0 | 18.5 0.0 0.0 301 1.157 | 304 0.0073 0.382
950 24.0 | 20.0 | 17.0 0.0 0.0 302 1.114 | 305 0.0127 0.221
900 22.0 | 16.0 | 13.0 0.0 0.0 305 1.062 | 307 0.0107 0.261
850 20.0 | 14.0 | 115 0.0 0.0 307 1.010 | 309 0.0072 0.390
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o N2 = 9 3% g : gravitational acceleration; 8,, : virtual potential temperature (see Eq. (2)) (1)

6y 0z '
6, =06(1+0.61q, —q.), q,:water vapor mixing ratio, q;, = q. + q, (2
F, = NU—lh U, = 5.6 ms~1, h; = 2km, N,,,: see table above
wift1

F,,; = 0.300 averaged from the 4 F,,;’s calculated above.

Table 2: Calculation of moist Froude number (Fw2) from 4 WRF-simulated upstream of West
Papua

(1) Sounding 2a: (134.00E, 0.00N)

P T T4 Qv Qc Qr 0(K) Yo, a8 (K) Nw (S_l) Fw1
(mb) | (°C) | (°C) | (g/kg) | (9/kg) | (9/kg)
1000 | 28.0 | 24.0 | 19.5 0.0 0.0 302 1.157 | 306 0.0086 0.275

950 24.0 | 22.0 | 18.5 0.0 0.0 302 | 1.114 | 305 0.0101 | 0.234
900 22.0 | 20.0 | 15.5 0.0 0.0 304 | 1.062 | 307 0.0130 | 0.183
850 18.0 | 16.0 | 12.8 0.0 0.0 307 | 1.017 | 309 0.0069 | 0.345

(2) Sounding 2b: (134.00E, 0.00N)

P T T4 Qv Qc Qr 0(K) Yo, a8 (K) Nw (S_l) Fw1
(mb) | (°C) | (°C) | (g/kg) | (9/kg) | (9/kg)
1000 | 28.0 | 26.0 | 20.0 0.0 0.0 300 1.157 | 304 0.0119 0.199

950 24.0 | 24.0 | 19.5 | 0.0100 | 0.0 302 | 1.114 | 306 0.0098 0.241
900 22.0 | 20.0 | 16.0 | 0.0 0.0 304 | 1.062 | 307 0.0123 0.192
850 18.0 | 14.0 | 12.0 | 0.0 0.0 307 | 1.017 | 309 0.0107 0.220

(3) Sounding 2c: (134.67E, 0.25S)

P T To | qu e Qr 0(K) | p & (K) | Nw(sh) | Fum
(mb) | (°C) | (°C) | (g/kg) | (9/kg) | (a/kg)
1000 | 28.0 | 26.0 | 20.0 0.0 0.0 301.0 | 1.157 | 305 0.0078 0.305

950 24.0 | 24.0 | 19.0 | 0.0020 | 0.0008 | 302.0 | 1.114 | 305 0.0106 0.222
900 22.0 | 20.0 | 16.8 | 0.0 0.0 304.0 | 1.062 | 307 0.0093 0.254
850 18.0 | 16.0 | 13.0 | 0.0 0.0 306.0 | 1.017 | 308 0.0102 0.232

(4) Sounding 2d: (134.00E, 0.25S)

P T [Ts [o e O 0(K) | p A XK) | Nu(sh) | Fwm
(mb) | (°C) [ (°C) | (g/kg) | (9/kg) | (9/kg)
1000 | 28.0 | 24.0 | 185 | 0.0 00 |301 |1.157|304 |0.0073 |0.382

950 24.0 | 20.0 | 17.0 | 0.0 0.0 302 | 1.114 | 305 0.0127 0.221
900 22.0 | 16.0 | 13.0 | 0.0 0.0 305 | 1.062 | 307 0.0107 0.261
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850 [20.0]140]115 |00 [o0o0 [307 |1.010]309

| 0.0072

| 0.390 |

Same as Table 1 except

Fyp = % U, =7.1ms™1,h; = 3km, N,,,: see above tables
w2lt2

F,,, = 0.217 averaged from the 4 F,,,,’s calculated above.
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669  Figure 1 (OLR Anomaly)
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670

671  Fig. 1 A Hovmoller diagram of 30-60-day filtered OLR anomalies (in W m) in between 15°N-
672  15°S for everyday from 12/1/07 — 1/10/08.
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Figure 2 (Topography)
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Fig. 2 The model domain and topography of New Guinea Highland (NGH), which extends from
northwest of New Guinea to the southeast with the highest peak of 4884 m. The terrain height is
in m. The topography of regions denoted in this domain are: WP: West Papua; WIJ: West Irian
Jaya (northwest peninsula of the West Papua); PNG: Papua New Guinea; AL: The Arnhem Land
of Australia; C: Cape York Peninsula of Australia and TS: The Torres Strait.
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685  Figure 3 (TRMM OLR)
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686

687  Fig. 3 Observed mean OLR (w/m?) from 12/30/00Z/2007 —1/4/00Z/2008 (TRMM 3B42 data).
688  The local time is 12/30/10L/2007 —1/4/10L/2008. It appears there are three stages during the
689  passage of the MJO over the NGH: (a, b) blocking stage, (c, d) splitting stage and (e, f) merging
690  stage. The local time is 10 am.
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Figure 4 (TRMM Rain — Blocking Stage)
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Fig. 4 [Blocking stage] Observed precipitation (mm) and 850 mb winds (m/s) from TRMM and
NCEP/NCAR Reanalysis 1 datasets, respectively for 12/30/002/07 —12/31/18Z//07
(12/30/10L/2007 —1/1/04L/08) during the blocking stage. The solid red contours denote areas
with heavy precipitation produced by the convective system associated with the MJO07-08. The
local time is 10 am. The letters A-G in (e)-(h) are denoted for different processes associated with
orographic blocking, which are explained along with discussions of Figs. 4e-h) in Sec. 3.
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721 Figure 5 (TRMM Rain — Splitting Stage)

722

723 Fig. 5 [Splitting Stage] Same as Fig. 4 except from 1/1/00Z/08 -1/2/182//08 (1/1/10L/08 —
72 1/3/04L/08) (TRMM 3B42 data) during the splitting stage.
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Figure 6 (TRMM Rain — Merging Stage)
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Fig. 6 [Merging Stage] Same as Fig. 4 except from 1/3/00Z/08 -1/4/182//08 (1/3/10L/08 —
1/5/041L/08) (TRMM 3B42 data) during the merging stage.
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751  Figure 7 (WRF OLR-Blocking)
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752

753  Fig. 7 [Blocking Stage] WRF simulated OLR fields for 12/30/00Z/07 — 18Z/12/31/07
754  (12/30/10L/07 —1/1/04L/08). The solid red contours denote areas with MJO deep convective
755  clouds approximately. The orographic clouds can be seen over land.
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757  Figure 8 (WRF Rain-Blocking)
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759  Fig. 8 [Blocking Stage] WRF simulated precipitation (mm) and 850 mb wind (ms™) fields from
760  12/30/00Z/07 —12/31/18Z/07 (12/30/10L/07 —1/1/04L/08). The solid red contours denote areas
761  with heavy precipitation associated with the MJO. The orographic precipitation can be seen clearly
762  over land.
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765  Figure 9 (Vertical Cloud Structure-Blocking)
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766

767  Fig. 9 [Blocking Stage] Vertical structure of the cloud (total water content) and wind fields on (a)
768 300 mb, (b) 500 mb, and (c) 850 mb surfaces at 12/31/002/07 (12/31/10L/07).
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771 Figure 10 (WRF OLR-Splitting)
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791

792  Fig. 10 [Splitting Stage] WRF simulated OLR fields from 1/1/002/08 —1/2/182/08 (1/1/10L/08 —
793  1/3/04L/08). The solid red contours denote areas with MJO deep convective clouds approximately.
794  The orographic clouds can be seen over land.
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796  Figure 11 (WRF Rain-Splitting)
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797

798  Fig. 11 [Splitting Stage] WRF simulated precipitation (mm) with 850mb wind (ms™) fields from
799  1/1/00Z/08 — 1/2/182/08 (1/1/10L/08 —1/3/04L/08). The solid red contours denote areas with
800 heavy precipitation associated with the MJO. The orographic precipitation can be seen clearly
801  over land.
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805  Figure 12 (Vertical Cloud Structure-Splitting)
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806

807  Fig. 12 [Splitting Stage] Vertical structure of the cloud (total water content) and wind fields on (a)
808 300 mb, (b) 500 mb, and (c) 850 mb surfaces at 1/2/00Z/08 (1/2/10L/08).
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Figure 13 (WRF OLR-Merging)
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Fig. 13 [Merging Stage] WRF simulated OLR from 1/3/00Z/08 — 1/4/187/08 (1/3/10L/08 —
1/5/041/08). The solid red contours denote areas with MJO deep convective clouds approximately.
The orographic clouds can be seen over land at 06Z (16L) and 12Z (22L) in both days.
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816  Figure 14 (WRF Rain-Merging)
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817

818  Fig. 14 [Merging Stage] WRF simulated precipitation (mm) with 850mb wind (ms™) fields from
819  1/3/00Z/08 —1/4/18Z/08 (1/3/10L/08 —1/5/04L/08). The solid red contours denote areas with heavy
820  precipitation associated with the MJO. The orographic precipitation can be seen clearly over land
821  at06Z (16L) and 12Z (22L) in both days.
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Figure 15 (Vertical Cloud Structure-Merging)
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Fig. 15 [Merging] Vertical structure of the cloud (total water content) and wind fields on (a) 300
mb, (b) 500 mb, and (c) 850 mb surfaces at 1/4/00Z/08 (1/4/10L/08).
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