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Abstract

Intraseasonal variation of precipitation and its microstructure are investigated using measurements from the Equatorial Atmo-
spheric Radar (EAR) facility at Kototabang, west Sumatra, Indonesia (0.20oS, 100.32oE, 864 m above sea level). Raindrop size
distribution (DSD) observations are obtained from a 2D-Video Disdrometer (2DVD) with a near continuous record of operation
over eight consecutive years (2003-2010). Precipitation types are classified using 1.3-GHz wind profiler observation, and are parti-
tioned according to active and inactive convective phase of Madden-Julian Oscillation (MJO). It is found that precipitation systems
during the inactive phase are more continental in nature than those during the active phase. Cloud propagation from brightness tem-
perature data indicates that Sumatra receives the rainfall mainly from maritime clouds during the active phase, whilst it is mainly
from the continental clouds (land-based convection) during the inactive phase. Other facts of remarkable differences between active
and inactive phase precipitation system are also observed from the vertical structure of precipitation. The precipitation during the
inactive phase has a deeper storms, a higher reflectivity aloft, more lightning activity, more stratiform characteristics, as compared
to the active phase. Assessment of cloud effective radius from the Moderate Resolution Imaging Spectroradiometer (MODIS) data
also shows a slight difference in the cloud droplet between the active and the inactive MJO phases. Different convective storms
in different MJO phase leads to different DSD characteristics and Z − R relationships. Notably, on average, the DSD during the
inactive phase tends to have a higher concentration of medium and large-size drops than the active counterpart, consistent with
the previous study. Although the DSD parameters and coefficient of Z − R relationships fall within the range of tropical maritime
precipitation, the values for the deep convective rains during the inactive phase are somewhat larger than for maritime and closer
to the continental cluster. Therefore, continental-like DSDs are somewhat dominant during the inactive phase, consistent with the
intraseasonal variation of precipitation structure. The causative processes for the observed difference in DSD for the two phases
have also been discussed with the help of satellite and radar data. Evaporation and updraft associated with the intense convection
during the inactive phase seem to eliminate the small-sized drop from the spectra. Radar reflectivity during the inactive phase is
larger than during the active MJO phase, at the same rainfall rate. This condition can limit the accuracy of radar-derived rainfall
estimates over the tropics when applying a single Z − R relation for the two MJO phases, particularly for deep convective rains.
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1. Introduction

Rain microstructure, which is characterized by size distribu-
tion, shape and fall velocity of raindrop (e.g., Diederich et al.,
2004; Thurai et al., 2009) has a broad list of applications in me-
teorology, hydrology, and related sciences. Long-term observa-
tion of raindrop size distribution (DSD) can be used to govern
an equation between different rainfall variables such as radar
reflectivity factor (Z)–rainfall rate (R) relationship. The equa-
tion is important to convert radar reflectivity from the weather
radar to rainfall rate.

The DSD varies not only within a specific storm but also
across differing storms types (e.g., Ulbrich , 1983; Tokay and
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Short, 1996) and climatic regimes (e.g., Bringi et al., 2003),
which leads to the variability of Z − R relation. Such variabil-
ity substantially limits the accuracy of radar-derived rainfall es-
timates and becomes one of error source of rainfall estimates
from the radar (Maki et al., 2005). Therefore, study of the DSD
variability is important to improve the Z − R conversion ac-
curacy. Attempts to understand the variability of DSD have
received considerable attention by measuring the DSD in var-
ious climatic regimes (e.g., Ulbrich , 1983; Tokay and Short,
1996; Bringi et al., 2003; Schönhuber et al., 2008; Marzuki et
al. , 2013c). However, there still exist some fundamental issues
which are poorly understood particularly for the tropical region
where the variations of precipitation occur on a wide range of
time-scales. Furthermore, the DSD measurement in the tropical
region is still sparse.

The Madden–Julian Oscillation (MJO) is a dominant com-
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ponent of intraseasonal variability (30–60 days) over the trop-
ics (Madden and Julian , 1971) and in some regions can have
immense societal and economic impacts. It involves variation
in several parameters such as wind, sea surface temperature,
cloudiness, and rainfall. Detailed reviews of the MJO can be
found in Madden and Julian (1994) and Zhang (2005). Al-
though there have been many studies on the role of the MJO
in the rainfall variability over the tropics (e.g., Seo and Kim ,
2003; Matthews and Li , 2005; De Souza and Ambrizzi , 2006;
Rauniyar and Walsh, 2011; Oh et al. , 2012), its impact on the
rain microstructure such as DSD has not been described in de-
tail. Kozu et al. (2005) found a difference in the DSD of two
phases of MJO during the first campaign of Coupling Processes
in the Equatorial Atmosphere (CPEA) project at Kototabang,
west Sumatera, Indonesia (Fig. 1). Marzuki et al. (2010b)
analyzed the same data as Kozu et al. (2005) but with a bet-
ter rain classification. Both studies found that the DSD during
the convectively inactive is broader than that during active MJO
phases, particularly for heavy rain (R > 10 mm h−1). It was co-
incident with higher radar reflectivity during the inactive than
during the active phases, at the same rainfall rate.

Wheeler and Hendon (2004) defined eight MJO phases that
correspond to the positions of the centre of the convective ac-
tivity along the tropics. Both Kozu et al. (2005) and Marzuki
et al. (2010b) analyzed one month data that cover only one
MJO cycle. Further advances must be made in order to improve
our overall understanding on the natural variability of rain mi-
crostructure in response to the MJO. In this paper, the DSD data
from disdrometer measurement with a near continuous record
of operation over eight consecutive years (2003-2010) at Ko-
totabang, west Sumatra, are analyzed. Prior to the discussion
of the DSD in section 3, the data and method are introduced
in section 2. General features of precipitation and atmospheric
circulation for each MJO phase is first discussed in section 3.
Section 4 addresses the discussion of the results, and section 5
is a summary that includes recommendations for a future work.

2. Data and methods

2.1. Raindrop size distribution measurement

A 2D-Video Disdrometer (2DVD) was used to measure drop
size, shape, and fall speed. The method to obtain the DSD
from such drop data is explained in detail by Schönhuber et
al. (2008). The 2DVD has been collecting samples of raindrop
spectra almost continuously over eight years (2003–2010). The
performance of our instrument can be found in Marzuki et al.
(2013a). The 2DVD occasionally records spurious small drops
especially in heavy rainfall that may be due to the mismatch-
ing problem between the front-and side-view camera images.
Such problem can be reduced by re-matching the data from the
standard matching software with the camera data (Marzuki et
al., 2013a). However, the camera data are not available for the
entire experimental period. Therefore, a threshold of drop fall
speed was adopted to filter out the spurious drops using Gunn
and Kinzer (GK) observation results (Gunn and Kinzer , 1949),
as proposed by Tokay et al. (2001). We retained the drops

within 65% of GK observations. The comparison of rainfall
rate derived from the filtered data and that obtained by optical
rain gauge (ORG) is very good (figure not shown). The DSDs
for two-minute intervals, adopting a 0.2 mm channel interval
(Marzuki et al. , 2010a) from 0.4 mm to 10.25 mm were con-
structed. This criterion may also reduce the spurious drops.The
drops in excess 10 mm are presumably not real drops (Marzuki
et al., 2013a). We also disregarded very light rain (R <0.1 mm
h−1).

After collection, the disdrometer data were processed to cal-
culate the DSD parameters and Z − R relationship. To reduce
statistical and quantization errors, the DSD parameters were
only estimated from minute DSD having more than 4 consec-
utive bins with non-zero values. The DSD is parameterized by
the normalized gamma distribution function(e.g., Testud et al. ,
2001; Bringi et al., 2003). Liquid water content (LWC) is used
to normalize the measured DSD. The DSD parameters such as
normalized intercept parameter (Nw), mass-weighted mean di-
ameter (Dm) and shape parameter (µ) can be estimated from
raindrop spectra by first calculating LWC, Dm, σm, and then µ
as follow

LWC =
π.10−3

6

∫ ∞

0
D3N(D)dD, (1)

Dm =

∫ ∞
0 D4N(D) dD∫ ∞
0 D3N(D) dD

, (2)
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πρw
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D4

m
, (3)
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√√√√∫ Dmax

0 (D − Dm)2D3N(D) dD∫ Dmax

0 D3N(D) dD
, (4)

µ =

(
σm

Dm

)2

− 4, (5)

where ρw is water density.
Rainfall rate R (mm h−1) is expressed in terms of the DSD as

follow

R = 6π.10−4
∫ ∞

0
D3v(D)N(D)dD, (6)

where v(D) is the raindrop fall speed in still air and is approxi-
mated by the empirical form as (Atlas et al., 1973),

v(D) = 9.65 − 10.3e(−0.6D)(ρ/ρ0)0.4, (7)

where ρ0 and ρ are the air densities at sea level and at altitude
of 864 m above sea level, respectively. In similar fashion with
R, radar reflectivity factor Z (mm6 m−3) can be expressed as

Z =

∫ ∞

0
D6N(D)dD. (8)

For weather radar application, the DSD is important to derive
Z − R equation (Z = ARb). In this work, the equation was esti-
mated by linear regression R over Z on log-transformed values.
A group of 10 DSDs samples of sequential R was averaged to
minimize the effect of the spurious variability on disdrometric
data (Lee and Zawadzki, 2005).
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2.2. Radars

Precipitation is often partitioned into convective or stratiform
types because different rain types have different Z − R rela-
tion and latent heating profile. For this study, the classification
was based on six years (2004-2009) of 1.3 GHz boundary layer
radar (BLR) observation. The radar was operated about 300
m away from the 2DVD site. The characteristics and perfor-
mance of this instrument can be found in Gage et al. (1994) and
Renggono et al. (2001). The radar echoes were assumed as pre-
cipitation if rain at the ground was detected by the 2DVD with
the intensity larger than 0.1 mm h−1. Furthermore, to ensure
that both instruments are simultaneously observing rain, only
the echoes having the radar reflectivity and Doppler velocities
greater than 18 dBZ and 3 m s−1, respectively, were analyzed
(Renggono et al., 2001). Rains are partitioned into stratifrom,
mixed stratiform/convective, deep and shallow convectives, by
slightly modifying the algorithm proposed by Williams et al.
(1995). The classification was performed using 2-min averaged
radar reflectivity, Doppler velocity and spectral width.

The evolution of rain drop spectra with height is useful to
interpret the characteristics of surface DSD. Vertical air mo-
tions and the effects of turbulence on the raindrop for each MJO
phase are observed from 47 MHz Equatorial Atmosphere Radar
(EAR) data. The vertical profile of DSD parameters are esti-
mated using 24 GHz micro rain radar (MRR) data. Simultane-
ous observation of MRR and 2DVD are not available. The data
are only available from 2011 to 2012. The characteristics and
performance of EAR and MRR are provided in detail by Fukao
et al. (2003) and Peters and Andersson (2002), respectively.
Table 1 summarizes the system specification of radars used in
this work.

2.3. Satellite data

The National Centers for Environmental Prediction (NCEP)
Department of Energy (DOE) reanalysis II dataset (Kanamitsu
et al., 2002) and the National Oceanic and Atmospheric Ad-
ministration (NOAA) interpolated outgoing longwave radiation
(OLR) data (Liebmann and Smith , 1996) were used to calculate
the MJO index. The data are also used to identify the location
of deep convection and to observe the weather variables around
Sumatra for each MJO phase.

Ten years of brightness temperature data (2001-2010) from
geostationary satellites which are operated by the Japan Me-
teorological Agency, were used to study the diurnal cycle of
convective cloud around Sumatra. The data are interpolated to
a 0.2◦ x 0.2◦ grid to calculate percent high cloudiness (PHC)
for the temperature of 230K or less (PHC230), as in Marzuki
et al. (2013b). To determine the cloud properties over Ko-
totabang, daily MODerate resolution Imaging Spectroradiome-
ter (MODIS) data onboard Terra and Aqua satellites for three
years of observation (2007-2009) were used.

2.4. Lightning data

Convective clouds of large vertical extent are very often ac-
companied by lightning and thunder (Petersen and Rutledge ,
1998). Three years (2007-2009) of the World Wide Lightning

Location Network (WWLLN) data were used to produce tem-
poral distribution of cloud to ground lightning over Kototabang.
The WWLLN provides real time lightning locations around the
globe by operating a network of lightning location sensors at
very low frequency (Rodger et al., 2004).

2.5. Classification of MJO phases

To examine the characteristics of rain microstructure in re-
sponse to MJO, it is necessary to define the MJO phase. The
amplitude and phase of the MJO are determined by using
the Real-time Multivariate MJO (RMM) index proposed by
Wheeler and Hendon (2004). The index is constructed by
the two leading principal component time series (RMM1 and
RMM2) of the empirical orthogonal functions of the near–
equatorial (15◦S–15 ◦N) daily zonal winds at 850 and 200 hPa,
as well as the OLR. The index that has amplitude greater than
one is assumed as strong MJO, vice versa, the condition is de-
fined as weak MJO. In this study, we focused only on strong
MJO case because the weather variables during weak MJO are
very close to the climatology (Rauniyar and Walsh, 2011). The
MJO phase space is divided into eight sectors corresponding
to the positions of the centre of the convective activity along
the tropics. Since there are not enough observations of rain-
fall to composite the intraseasonal cycle for the eight individual
phases of the MJO particularly for simultaneous observation of
BLR and 2DVD, the data are instead classified into just two cat-
egories, i.e., active and inactive (suppressed) MJO phases. The
active convective phase of the MJO (hereafter active MJO) for
Kototabang and nearby locations occurs in phases 2, 3, 4, and
5, and the suppressed convective phase of the MJO (hereafter
inactive MJO) occurs in phases 1, 6, 7 and 8.

3. Results

3.1. General features of precipitation cycle

The diurnal cycle of percent high cloudiness (PHC230) in a
geographic framework is illustrated in Figs. 2 and 3, for active
and suppressed MJO phases, respectively. The intraseasonal
difference in the diurnal cycle of PHC230 around Sumatera are
very clear both over open ocean and land. During the active
MJO phase over the Indian Ocean, PHC230 exhibit a noctur-
nal peak, indicating the peak of organized mesoscale convec-
tive systems (Chen and Houze, 1997). This oceanic convection
system moves eastward and reaches Sumatra island at 13 local
time (LT). Large value of PHC230 over Sumatra lasted until 02
LT (next day), as also clearly observed from the weather radar
(Fig. 4).

The duration of cold cloud over Sumatra during the inac-
tive is shorter than during the active phases. The large value
of PHC230 during the inactive phase lasted only until 24 LT,
as also observed from the weather radar (Fig. 5). A peak of
convective development circa 15-16 LT (Fig. 5) indicates the
rapid organization of convection from interactions among sea
breezes and moist convection in close proximity. By local mid-
night (Fig. 5), land-based convection enters a dissipation phase
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and seaward movement was evident. Convection of continen-
tal origin moves to the coast of west Sumatra and the complete
dissipation of land-based convection occurs at 06 LT. It is plau-
sible to assume that precipitation systems over Sumatra during
the inactive phase are more continental in nature than those dur-
ing the active phase. However, both active and inactive phases
precipitation systems developed initially over north slopes of
a meridionally oriented mountain range. Therefore, the oro-
graphic effect may also contribute to the precipitation system
over Sumatra (Shibagaki et al. , 2006).

To further illustrate several of the previous points, Fig. 6 ex-
hibits the diurnal cycle of lightning and surface rainfall rate at
Kototabang. Note that the lightning data are only from three
years of WWLLN observation (2007-2009). During such pe-
riod, the number of strokes during the inactive and the active
phases are 24415 and 11587, respectively. Therefore, the stroke
during the inactive is twice as frequent as during the active
phases. This lightning characteristics is coincident with the
mean rainfall rate (Fig. 6d) in which during the inactive phase
mean rainfall intensity is higher than during the active one. This
finding strengthens the assumption based on the cloud propaga-
tion (Figs. 2-5) in which precipitation system during the inac-
tive phase are more continental in nature than those during the
active phase.

Figure 6b shows the diurnal cycle of surface rainfall data. Of
eight years observation (2003-2010), 94267 and 59768 1-min
rain data (R > 0.1 mm/h) are recorded during the active and the
inactive MJO phases, respectively. Total rainfall for such data
number are 5176 and 4303 mm, correspondingly. Ratio of ac-
tive to the inactive rain profile is about 1.6, but the ratio for rain
total is only 1.2. Thus, convective storms are more intense but
shorter duration during the inactive than during active phases.
Furthermore, this also indicates that well organized convective
clouds are mostly accompanied by a larger component of strat-
iform during the active phase, whilst isolated convective clouds
are dominant during the inactive MJO phase. During 2004-
2009, we have 843 days of BLR observation that can be used
to investigate the rain type dependence of vertical structure. It
was found that the number of stratiform rains increases dur-
ing the active MJO phase with the ratio of active to inactive
profile being approximately 1.3 (3344/2618 2-min). The same
as stratfiform, the number of shallow convective rains also in-
creases during the active phase with the ratio of 1.5 (4965/3319
2-min). In contrast, deep convective rains suppress during the
active MJO with the ratio of 0.7 (427/643 2-min). Although
the peak of precipitation occurrence for the two phases are ob-
served at different time (16 LT for the inactive and 16-22 LT for
the active phases), the peak of total rainfall accumulation for
the two phases is the same, i.e, at 16 LT (Fig. 6c). This indi-
cates that the most intense convective for the two phases occurs
at 16 LT (Figs. 7-8). However, storms producing heavy rain
differ intraseasonally in terms of vertical structure. During the
inactive phase, they tend to be a little deeper, and have higher
reflectivities aloft, than during active phase.

3.2. Average drop size distributions
During the entire experimental period (2003-2010), 57224

1-min precipitation DSDs meet the quality control mentioned
above. Figure 9a compares the DSD during the inactive and the
active MJO phases obtained by averaging all instant DSDs dur-
ing the entire experimental period. The DSD with a rain rate
of 3 mm h−1 and 30 mm h−1 were extracted and used for the
averaging. These rain rates are often used as typical values rep-
resenting light and heavy rain rates (Kozu et al., 2006). Notably,
on average, the DSD during the inactive phases tends to have a
higher concentration of medium and large-size drops (D > 3
mm) than the active counterpart. On the other hand, the DSD
during the active phase has more small raindrops with D < 2
mm. The evidence of intraseasonal variation of DSD become
more obvious during heavy rain.

Simultaneous observation of 2DVD and 1.3-GHz wind pro-
filer were only available during 2004-2009. The observation
produced a dataset consisting of 5114 spectra from stratiform,
2647 from shallow convective, 1136 spectra from deep con-
vective and 135 spectra from mixed stratiform/convective rains
(2-min aggregation windows). To examine the characteristics
of the DSD between the active and inactive MJO pahses, the
DSD measurements were averaged for the specific rain type.
Because of the limited data, no averaging was performed for
mix-stratiform. To further discern the difference of the DSD
between the active and inactive phases, the observed DSD for
each rain type are further stratified into two classes according
to their rain rates. Since there are not enough observations of
rainfall to composite the rain type cycle for 30 mm h−1, the
DSDs having a rain rate of 5 mm h−1, 3 and 15 mm h−1 are
used for the average of stratiform (Fig. 9b), deep and shallow
convective (Fig. 9c-d), respectively. The number of DSD sam-
ples for the aforementioned rain classes is more than 100 for
light rain and more than 10 for heavy rain. A difference in the
spectra could be seen from the convective rains in which during
the inactive phase the concentration of medium and large-size
drops are higher. As was inferred from the entire experimental
period (Fig. 9a) , the evidence of intraseasonal variation of con-
vective DSD become more obvious during the heavy rain. The
intraseasonal differences appeared in the range of log10N(D) ∼
100 or less.

The composite DSD during the active phase were much nar-
rower than Marshall-Palmer (MP) distribution (Marshall and
Palmer , 1948), particularly for heavy rain. Kozu et al. (2005)
investigated the difference between a measured radar reflectiv-
ity in dB and that from the MP radar reflectivity and it was
called as 4ZMP. They found that during the active MJO, 4ZMP

are generally negative, indicating that DSDs are narrow, con-
sistent with the characteristics of long data record used in this
study. Marzuki et al. (2010b) provided a comprehensive
follow-up of Kozu et al. (2005) and found that intrasesonal
variation of DSD was clearly observed at convective and heavy
rains, as also seen in Fig. 9.

3.3. Nw-Dm Relationship
Figure 10 shows the histograms of the DSD parameter for

each rain type during the inactive and active MJO phases. We
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only consider the spectra having µ in the range from -3 to 30 as
in Marzuki et al. (2013a). To compare the current result with
the DSD data from diverse climates, the composite statistics of
Dm and Nw along with the data of Bringi et al. (2003) is given
in Fig. 11. Note that Bringi et al. (2003) classified stratiform-
convective rains based on a simple rain threshold. Therefore,
some convective rains can be classified as stratiform, or vice
versa. As can be observed from the figures, the histogram of
the DSD parameter during the inactive is slightly different from
that of active phase. In general during the inactive phase the
histogram of Dm more skews toward the low value and the his-
togram of µ and Nw more skew toward the high value than dur-
ing the inactive phases. The mean value of µ for active (inac-
tive) phase for stratiform, shallow and deep convective rains are
9.36 (8.17), 14.72 (12.92) and 10.71 (8.52), respectively.

Bringi et al. (2003) found that, on average, the scatter of <
Nw > and < Dm > of stratiform fell almost on a straight line.
The value of our stratiform rain events for all MJO phases are
also close to that line (Fig. Fig. 11b). The mean values of
Dm and Nw (marked as 7-8) are Dm ∼ 1.28 (1.38) and Nw ∼

3.58 (3.32), respectively. These Dm values are close to those
at tropical/maritime precipitation system. However, the Nw for
the inactive phase is close to continental Colorado (marked as
6).

For the convective rain, the result of Bringi et al. (2003)
formed two clusters that corresponded roughly to maritime and
continental precipitation systems. The mean values of Dm and
Nw for the active (inactive) MJO phases, for deep convective
rains are 1.49 (1.85) and 4.11 (3.82), respectively. Further-
more, the values for shallow convective rains are 1.28 (1.58)
and 4.37 (4.04), correspondingly. Thus, the data points are con-
centrated around 1 < Dm < 2 mm, and matched with the mar-
itime convective cluster. This is not very surprising because
KT is located in maritime continent region which is surrounded
by ocean. Although Dm value is close to the tropical maritime
(marked as 1-5), the Nw is lower than those found in the tropi-
cal maritime precipitation but Papua. Moreover, the values for
deep convective during the inactive MJO (marked as 11) are
somewhat larger than maritime-cluster. Therefore, continental-
like DSDs are somewhat dominant during the inactive phase,
consistent with the general feature of precipitation discussed in
Section 3.1.

3.4. Implications for remote sensing

One of the most important application of the DSD measure-
ment is for rainfall estimation from a weather radar through the
Z−R relations (Z = ARb). For the entire dataset (2003-2010, 1-
min DSD records), the relation was calculated as Z = 250R1.40.
The default equation of Next Generation of Weather Radar
(NEXRAD) is Z = 300R1.40 (Fulton et al., 1998). However, for
tropical environments Rosenfeld et al. (1993) recommended an
alternate relationship (Z = 250R1.40). Therefore, b-coefficient
exponent over Sumatra is the same as that utilized by the stan-
dard NEXRAD Z − R, but the intercept coefficient A = 250
is lower. Furthermore, b-coefficient exponent over Sumatra is
lower than that recommended by Rosenfeld et al. (1993) for

tropical rainfall event, but the intercept coefficient A = 250 is
the same.

Figure 12 contains the partitioning of the Z − R relations ac-
cording to the MJO phases and rain type. The relation for all
dataset of stratiform rains is Z = 279R1.32, or Z = 278R1.40

for a fixed b = 1.4. The relations of stratiform rain accord-
ing to MJO phases are Z = 259R1.29 (active) and Z = 316R1.38

(inactive phase), respectively. These relationships mapped to
Z = 258R1.40 and Z = 316R1.40 if adhering to a fixed b co-
efficient. Under deep convective condition, the relationships
according to the active and inactive MJO phases are calculated
as Z = 177R1.34 and Z = 279R1.44, respectively. For the fixed
b coefficient, these relationships mapped to Z = 173R1.40 and
Z = 294R1.40. All dataset of deep convective rains are associ-
ated with Z = 226R1.44, or Z = 234R1.40. The relationship for
shallow convective during the active and inactive MJO phases
are Z = 163R1.33 and Z = 201R1.43, respectively. These cor-
respond to Z = 161R1.40 and Z = 203R1.40 when applying a
fixed b-coefficient estimate. All dataset of shallow convective
revealed the equation of Z = 179R1.38, or Z = 178R1.40 for the
fixed b coefficient.

As highlighted in Fig. 12, the radar reflectivity is higher
during the inactive than during the active MJO phases, for the
same rainfall rate. This is consistent with the characteristics
of surface DSD in which the inactive (active) conditions ex-
hibit larger (smaller) number concentrations associated with
larger drop sizes. Although the DSD spectra during the inac-
tive phase is closer to the continental cluster than during the
active phase (Fig. 11), estimated Z − R intercept coefficient is
different from those reported for continental locations such as
Sauvageot and Lacaux (1995) for Continental (Z = 364R1.36)
and equatorial Africa (Z = 369R1.28), Ochou et al. (2007) for
Congo (Z = 389R1.34). On the other hand, the coefficients fall
within the range of previous study over tropical maritime re-
gion such as Tokay and Short (1996) for Darwin (Z = 315R1.20)
and Z = 232R1.38 of Maki et al. (2001). This result is not sur-
prising because KT is located in a maritime continent region
surrounded by the ocean. However, it can be seen clearly from
this study that continental-like DSDs are somewhat dominant
during the inactive MJO phase that leads to the larger radar re-
flectivity during the inactive phase, for the same rainfall rate.
Thus, the usage of a single Z − R relation will underestimate
rainfall rate in one phase and overestimate in the other phase.

4. Discussions

This section discusses the possible microphysical process af-
fecting the characteristics of DSD found in the previous sec-
tion. First, the possible effect of evaporation is explored. The
evaporation will result in a greater loss of the number of small
diameter particles (Rosenfeld and Ulbrich, 2003). Figure 13
shows the probability density functions of 18-dBZ echo tops
for stratiform and deep convective rains during the active and
the inactive MJO phases. The number of occurrences per 150
m is normalized by all occurrences in all height bins, and ex-
pressed as a percentage. The value of 18 dBZ is close to the
minimum detectable signal of the BLR (Renggono et al., 2001).
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When the backscattered signal is very strong, the profiler re-
ceiver has a nonlinear response so that strong echo at the bright
band level are sometimes reduced (e.g., Ralph, 1995; Marzuki
et al., 2013a). Relatively large or numerous hydrometeors are
found high above the freezing level, particularly for stratiform
rains during the inactive phase. Furthermore, a surface rain rate
during the inactive phase are associated with low-level evap-
oration. In general, the evaporation is suggested by the more
frequent occurrence of higher reflectivities above 6 km, as com-
pared to levels closer to the ground. Low level evaporation is
significantly observed only for stratiform, as also pointed out
by Liu and Fu (2001). High solar radiation and ground temper-
ature during the inactive phase (Kozu et al. , 2005), may favour
for evaporation of small-sized drops. Consequently a deficit
of small raindrops in the inactive phase were slightly observed
(Fig. 9). A consequence of evaporation is the decrease of NW

and it can be seen clearly from Fig. 11. Another consequence
is the increase of A (Rosenfeld and Ulbrich, 2003), as observed
in Fig. 12.

To further compare and contrast the typical microphysical
process for large-sized drops in the two MJO phases, we exam-
ine the CFAD of reflectivity. As can be seen in Eq. (8), Z is
an inherent property of the drop size distribution. Z is propor-
tional to the 6th power of the drop sizes, so larger drops make for
much more reflectivity than small drops. Therefore, downward
increasing or decreasing of radar reflectivity is closely related
to the evolution of raindrop, particularly large-size drop(e.g.,
Schumacher and Houze , 2003; Thurai et al., 2003). Figure 14
shows the CFAD of reflectivity for each rain type. Although it
is not uniform, in general, we found that the gradient of mean
CFAD for stratiform during the inactive (active) phase is -0.38
(-0.22 dBZ/km), and for deep convective is 1.0 (0.87 dBZ/km).
A bit larger downward increasing of deep convective reflectivity
during the inactive phase indicates low-level raindrop growth
by collision-coalescence. Furthermore, a bit larger downward
decreasing of stratiform reflectivity during the inactive phase
indicates low-level raindrop elimination by evaporation (Liu
and Fu , 2001).

Marzuki et al. (2010b) provided the vertical profile of DSD
from the EAR measurement during the CPEA-I. They found
significant downward increasing of large-sized drop during the
inactive phase which is coincident with the reflectivity gradient,
as found in the current work. For closer look at the raindrop
evolution, the CFAD of the DSD parameter estimated from the
MRR measurement is given in Fig. 15. It can be seen from the
figure, the mean vertical profile of NW during the active phase is
larger than during the inactive phase, particularly for stratiform
rains consistent with the surface DSD (Figs. 9-11). The MRR
measurement is only available to 4 km so that we can not sepa-
rate deep and shallow convective rains. A slightly difference in
the mean of Dm profile is also observed. Downward increasing
gradients of Dm during active (inactive) for stratiform and con-
vective rains are 0.06 (0.10 mm/km) and 0.26 (0.31 mm/km),
respectively. Therefore, larger sized-raindrop growth during the
inactive is more significant than during the active phase.

Orographically controlled precipitation systems may be sig-
nificant at KT, particularly during the active MJO phases

(Shibagaki et al. , 2006). Shallow orographic precipitation
would have many small raindrops (Rosenfeld and Ulbrich,
2003), as in Fig. 11a (marked as 12). Other factors that in-
fluence the DSD during their fall is updraft and downdraft.
These processes can dramatically generate collision and elim-
inates the small-sized drop from the spectra at the lower lev-
els(Rosenfeld and Ulbrich, 2003). We examine the possible up-
ward and downward currents using the EAR measurement (Fig.
16). Although the vertical profile of vertical wind are concen-
trated around ± 0.4 m/s, the intraseasonal variation of vertical
wind can be observed during the deep convective rains in which
a bit stronger vertical wind (> 0.4 m/s) is more frequent during
the inactive phase. Thus, the vertical structure of precipitation
during the inactive phase tend to be deeper, have higher reflec-
tivities aloft, and seems to be more frequent associated with
strong vertical wind, as compared to the active phase. A rela-
tionship of reflectivity profile and vertical wind have been pre-
viously investigated by Mori et al. (2006), using the data during
the CPEA-I. Therefore, this upward current may also decrease
the concentration of small drops during the inactive phase.

To further explore the contrast of cloud properties for the two
MJO phases, the histogram of cloud effective radius (re) from
MODIS data for three years (2007-2009) is given in Fig. 17.
Mean re for ice during active phase is approximately 24.7 µm,
while 26.2 µm for the inactive phase. On the other hand, mean
re for liquid water during active phase is approximately 19.4
µm, while 18.6 µm for the inactive phase. King et al. (2003)
found that cloud effective particle radius of liquid water clouds
is significantly larger over ocean than land. Intraseasonal vari-
ation of land-ocean contrast can be seen clearly from the mode
re value. The values for liquid water and ice during active (in-
active) phases are 15.9 (14.4 µm) and 20.3 (16.9 µm), respec-
tively. Such values are larger than that found by King et al.
(2003), but it is obvious that the value during the active phase
is closer to the maritime cloud property than during the inactive
phase. On the other hand, the value during the inactive phase
is closer to the continental cloud property. This cloud property
contrast is consistent with the characteristics of the DSD dis-
cussed above.

5. Conclusions

The present study reinforces the previous finding on the in-
traseasonal variation of precipitation microstructure over Suma-
tra. The precipitation systems during the inactive phase are
more continental in nature than those during the active phase.
Although the DSD parameters and coefficient of Z −R relation-
ships fall within the range of tropical maritime precipitation, the
values for deep convective during the inactive phase are some-
what larger than for maritime and closer to the continental clus-
ter. Thus, continental-like DSDs are somewhat dominant dur-
ing the inactive phase, consistent with the intraseasonal varia-
tion of precipitation structure. Intense convective system during
the inactive phase is associated with the raindrop spectra hav-
ing a larger concentration of large-sized drop. As consequence,
radar reflectivity during the inactive phase is larger than during
the active MJO phase, at the same rainfall rate. This condition
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can limit the accuracy of radar-derived rainfall estimates over
the tropics when applying a single Z − R relation for the two
MJO phases, particularly for deep convective rains. Therefore,
this study can be additional reference for ongoing effort to im-
prove the DSD and Z − R models for the radar measurement of
equatorial rainfall.

Radar reflectivity (Z) is an inherent property of the drop
size distribution so that downward increasing or decreasing of
Z is closely related to the evolution of raindrop, particularly
large-size. The general pattern of the vertical structure of Z
over Indonesian Maritime Continent in different MJO phase
using Tropical Rainfall Measuring Mission (TRMM) 2A25
radar reflectivities profile and a wind profiler network along
equatorial Indonesia is being investigated and will be published
in subsequent paper. Furthermore, a comprehensive study
regarding the maritime and continental cloud property contrast
for the two MJO phases should be also pursued in the future.
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Figure 1: Topographic features in meter unit around Sumatra (a) and Kotota-
bang abbreviated by KT (b).

Figure 2: Diurnal cycle of PHC230 during the active MJO phase, 4 denotes
Kototabang.

Figure 3: Same as Fig. 2 but for the inactive MJO phase.



Table 1: Radar specifications

Radar Parameters 1.3-GHz BLR EAR MRR Weather radar
Radar system Pulse Pulse FMCW Pulse
Operating frequency 1.3 GHz 47.0 MHz 24 GHz 9.74 GHz
Transmit power 1.1 kW 100 kW 50 mW 40 kW
Antenna 5.9 m2 110 m in diameter 60 cm in diameter 1.2 m in diameter
Beam width 4.1o 3.4o 2o -
Range resolution 150 m 150 m 150 m 0.25 km
Observation period 2004-2009 2003-2010 2011-2012 2004-2010

Figure 4: Diurnal cycle of horizonal distribution of precipitation at 2.1 km
height derived from constant altitude plan position indicator (CAPPI) observa-
tion of X-band weather radar during the active MJO phase from 2004 to 2010.
Radar reflectivity was simply converted to rainfall rate using the MP model.

Figure 5: Same as Fig. 4 but for the inactive MJO phase.
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Figure 6: The diurnal variation of lightning and the rainfall at KT (a-c) as well
as average rainfall rate (d). The percentage expressed in the figures are relative
to the total number of profiles and the rainfall accumulation.

Figure 7: Contoured frequency with altitude diagram (CFAD) of radar reflectiv-
ity from 1.3 GHz wind profiler observation during the active MJO phase from
2004 to 2009, on a diurnal basis.

Figure 8: Same as Fig. 7 but for the inactive MJO phase.
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Figure 9: Averaged DSDs for the entire experimental period (2003-2010) par-
titioned into 3 mm h−1 and 30 mm h−1 (a) and for simultaneous observation of
2DVD and 1.3-GHz wind profiler during 2004-2009 (b-d). The representative
MP model distribution for each rain intensity is indicated by grayed solid line.
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Figure 10: Histograms of relative distributions of Dm, log10Nw and µ for strat-
iform, deep and shallow convective classified into the active and the inactive
MJO phases.
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Figure 11: Mean log10Nw (with ± 1σ standard deviation) vs mean Dm on in-
traseasonal and precipitation type basis. Dashed line is the Marshall-Palmer
value (log10Nw = 3.9).

Figure 12: Z − R relationship for stratiform, deep and shallow convective rains
during the active and inactive MJO phases, along with the MP model.
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Figure 13: Probability density functions of 18-dBZ echo tops for stratiform and
deep convective rains during active and inactive MJO phases. The number of
occurrences per 150 m is normalized by all occurrences in all height bins, and
expressed as a percentage.

Figure 14: Same as Fig. 7 but for the entire dataset of the inactive and the active
MJO phase and for each rain type. Mean values are denoted by white lines.

Figure 15: The CFAD of log10Nw and Dm from the MRR measurement dur-
ing active and inactive MJO phases for stratiform and convective rains. Mean
values are denoted by white lines. The data are from the period of 2011-2012.

Figure 16: The CFAD of vertical wind obtained from the EAR measurement
during active (left) and inactive (middle) MJO phases for a specific rain type.
Mean vertical winds are given at the right side. The data are from the period of
2004-2010.
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Figure 17: Histograms of relative distributions of cloud effective radius of liq-
uid water and ice clouds classified into the active and the inactive MJO phases.
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