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1. Introduction
The vertical motion profiles in the western Pacific (WP) region climatologically exhibit a top-heavy structure, 

whereas the vertical motion profiles display a bottom-heavy pattern in the eastern Pacific (EP) region (Trenberth et al. 
2000; Zhang et al. 2004; Back and Bretherton 2006). The top-heaviness of vertical motion shapes the vertical structure 
of horizontal convergence through mass conservation, which is in turn closely related to precipitation so it is nearly bal-
anced with the moisture convergence. The regional contrast between the top-heavy and bottom-heavy vertical velocity 
profiles is hence tightly coupled with the geographical pattern of tropical moist convection.

Past analyses of radiosonde data have shown that the relatively warm and moist air at a low level in WP increases 
the relative humidity in the mid and upper troposphere through deep convection in the top-heavy structure of vertical 
motion (Numaguti et al. 1995; Ushiyama et al. 1995; Yoneyama and Fujitani 1995; Johnson and Lin 1997; Sherwood 
1999; Sobel et al. 2004). Simple models explain that low-level convergence is driven by a strong Sea Surface Tempera-
ture (SST) gradient, influencing the regional dependence of vertical motion profiles (Lindzen and Nigam 1987; Back 
and Bretherton 2009). Although total rainfall is comparable in magnitude between WP and EP, surface convergence in 
EP is approximately twice as large as that in WP (Back and Bretherton 2009b; Yokoyama and Takayabu 2012; Handlos 
and Back 2014). As such, the physical processes connecting precipitation and the large-scale dynamics associated with 
it vary from one region to another across the tropics. 

On the other hand, tropical organized convective systems, initiated typically with a gradually deepening of con-
vection induced by low-level heating, eventually develop into deep convective and stratiform clouds, commonly seen 
across a hierarchy of different scales including convectively coupled equatorial waves, MJO, and mesoscale convective 
systems (MCS) (Takayabu et al. 1996; Benedict and Randall 2007; Mapes et al. 2006; Kiladis et al. 2009; Lappen and 
Schumacher 2012, 2014; Inoue and Back 2015). This structure can be broadly categorized into three stages: shallow 
precipitation in the initial phase, deep convective precipitation in the intensifying phase, and stratiform precipitation 
from the mature to decaying phases (Houze 1989, 1997; Johnson et al. 1999; Mapes et al. 2006; Zhang and Klein 2010; 
Lamer et al. 2015; Powell 2016; Kurowski et al. 2018; Vogel et al. 2020; Schumacher and Houze 2003). Such a spec-
trum of cloud structures may account for the diabatic heating profiles, which are regionally variable in climatological 
characteristics across the tropics (Frank and McBride 1989; Schumacher et al. 2004). Recent research also suggests that 
the vertical profile structure is not uniquely related to the stratiform and shallow rain fraction (Back et al. 2017; Shige 
et al. 2007).

While the regional gradient in the characteristics of tropical convection is well known, it remains unclear how they 
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vary over time during the lifecycle of convective systems. A major challenge is that TRMM PR and Global Precipita-
tion Measurement (GPM) Dual-frequency Precipitation Radar (DPR), optimal instruments to differentiate the different 
rain types (shallow, deep convective, and stratiform), are difficult to put into the context of convective lifecycle because 
their low-Earth orbits do not allow temporally continuous observations. In this study, an analysis strategy is devised 
to overcome this limitation by combining TRMM PR measurements with a high-resolution global precipitation data 
product. This study aims to explore the fundamental properties, vertical structure, and regional differences of convec-
tive clouds (deep convective, stratiform, and shallow precipitation) by using continuous composite time series based 
primarily on satellite observations. The composite time series will be further decomposed into different rainfall intensity 
classes (strong rain, moderate rain, and weak rain) to examine the composition of precipitation in various regions, pro-
viding new insights into the regional variations in the convective lifecycle.

2. Data
A combination of reanalysis data and satellite observation data is utilized in this study to examine the precipitating 

cloud properties and the vertical velocity structure over the regional differences in the tropics. The atmospheric reanal-
ysis dataset used in this work is the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 product 
(Hersbach et al. 2020). This work adopts the ERA5 vertical velocity (ω) to supplement satellite data, from which verti-
cal velocity is unavailable. We analyze the hourly ERA5 data re-gridded horizontally to a 1° × 1° grid. The blue-colored 
area over tropical oceans in Figure 1a is hereafter referred to as the Intertropical Convergence Zone (ITCZ), which is 
the region where the climatological vertical pressure velocity at 500 hPa is less than or equal to 0 (ω– 500 ≤ 0). The yellow 
and red boxes in Fig. 1a show the location of the target domain of WP (0°–10°N/130°E–160°E) and EP (5°N–11°N/ 
180°E–120°E) to be analyzed in this work.

Corresponding to the temporal and spatial intervals of the ERA5 reanalysis data, the Tropical Rainfall Measuring 
Mission (TRMM) Precipitation Radar (PR) version 07 (equivalent to version 9 in the now-obsolete nomenclature) 

Fig. 1. The spatial distribution of climatological (a) vertical pressure velocity at 500 hPa (ω– 500), (b) deep convective precipitation, 
(b) stratiform precipitation, and (d) shallow precipitation over the period from 2001–2013. The black curves showed the bound-
ary of the ITCZ region, where the climatological vertical pressure velocity at 500 hPa is zero. The rectangular boxes mark the 
two target regions for analyzing the regional differences in precipitation composition, which include the western Pacific (WP) 
(0°–10°N/130°E–160°E; yellow) and eastern Pacific (EP) (5°N–11°N/180°–120°E; red).
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for the 13-year period from 2001 to 2013 and re-gridded to 1° × 1° grid is adopted for precipitation. The near-surface 
precipitation is classified into deep convective precipitation, stratiform precipitation, and shallow precipitation based 
on the TRMM PR rain-type flag with an additional constraint on storm-top height (stormTopHeight) in this study. The 
deep convective and shallow cumulus types belong to the convective type but are separated by whether stormTopHeight 
is higher or lower than the melting level (meltLevel) (see Table 1). Figures 1b–d show the spatial distribution of deep 
convective, stratiform, and shallow precipitation under this classified definition.

Regarding the selection of precipitation data, although GPM DPR has the advantage over TRMM PR in that DPR is 
more sensitive to light rain than PR. On the other hand, TRMM has its own advantages over the GPM core observatory. 
First, the TRMM orbit has a lower inclination angle than the GPM, allowing denser observations at tropical latitudes. 
Second, the repeat cycle in diurnal sampling is shorter for TRMM (46 days) than for GPM (83 days), so that diurnal 
sampling is more quickly homogenized. Finally, the GPM period contains an exceptionally strong El Niño event from 
2014 to 2016, which could be highly unrepresentative of the climatological regional contrast between WP and EP. For 
these reasons, the TRMM data record from 2001 to 2013 has been chosen for this analysis.

Global Satellite Mapping of Precipitation (GSMaP) is used for complementing the TRMM data. In this study, 
GSMaP Gauge RNL version 6 (Kubota et al. 2020) is utilized for identifying the local temporal maxima of surface rain 
to define composite time series as described later, taking advantage of the temporally and spatially continuous coverage 
of GSMaP, unlike sporadic TRMM satellite overpasses.

3. Methodology
3.1 Composite time series

The evolution of convective systems over their lifecycle is analyzed with the composite time series of surface 
precipitation and ω in this study. Masunaga (2012, 2013, 2014) explored an analysis method to combine measurements 
from multiple satellites in different orbits into a statistically continuous time series. In this study, we develop a similar 
strategy using the local maxima in GSMaP rainfall as the foundation of the composite time series calculation. A 5-hour 
running mean is applied to the GSMaP rainfall and TRMM PR precipitation before calculating the composite time 
series, ensuring that the data is not affected by undesirable noisy fluctuations. Whenever GSMaP rainfall is found to 
reach a local temporal peak, the timing of the precipitation peak defines the base point in the composite time series. 
A sequence of TRMM and ERA5 variables that fall within ±72 h about the precipitation peak (0 h) is then collected 
as samples that are eventually composited into a 144-hour-long time series. Repeating this procedure to all GSMaP 
precipitation peaks for all grid points in each study domain, one obtains a large size of samples having different leads or 
lags from the precipitation peak. Although individual TRMM observations are sporadic on an instantaneous basis, the 
composite time series constructed this way allows to study statistically continuous temporal variability as the collected 
samples are averaged together in each hourly bin. The same composite was tested with Integrated Multi-satellite Re-
trievals for GPM (IMERG) (Huffman et al. 2019) instead of GSMaP (Fig. S1). The result is insensitive to the datasets 
in use.

3.2 Rainfall intensity classes 
The composite time series is broken down into three rainfall intensity classes: strong, moderate, and weak rain. The 

definition of these classes is based on quartiles in the Cumulative Probability Function (CPF) of precipitation. The CPF 
is calculated with the 13-year GSMaP precipitation over the whole ITCZ (ω– 500 ≤ 0), binned into every 0.01 mm hr−1 
exclusive of zero precipitation. The first (25%), second (50%), and third quartiles (75%) are found to be 0.08 mm hr−1, 
0.45 mm hr−1, and 1.67 mm hr−1, respectively. The weak-rain category is defined when the GSMaP precipitation peak is 
lower than 0.45 mm hr−1, moderate rain for precipitation peaks between 0.45 mm hr−1 and 1.67 mm hr−1, and strong rain 
for precipitation peaks greater than or equal to 1.67 mm hr−1. The composite time series is separated by applying these 
thresholds so the evolution of convective systems is sorted by different rainfall intensities. Table 2 shows the sample 
numbers of the composite statistics.

Figure 2 shows the composite time series of total precipitation in different rainfall intensity classes and regions. 
Strong and moderate rains appear almost identical across various regions for total precipitation. In contrast, the regional 

Table 1. The definition and the calculation from TRMM of each precipitation type 
in this study.

Precipitation Types TRMM PR rain-type Additional Condition
Deep Convective
Stratiform
Shallow

Convective
Stratiform
Convective

stormTopHeight ≥ meltLevel
/

stormTopHeight < meltLevel
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differences seem obvious for weak rain. During the convectively active period (roughly within ±6 h), the intensity of 
weak rain in the WP is higher than in the ITCZ and EP, with EP being the weakest among the three. This suggests that 
the mechanism of convective evolution may have a notable regional dependence for weak rain while much less for 
strong and moderate rains. More details will be discussed in the result section below.

4. Results
The total precipitation in Fig. 2 above is decomposed into deep convective, stratiform, and shallow rain, separately 

for WP and EP in Fig. 3. The peak hours of deep convective and stratiform curves slightly deviated against each other 
for strong rain (Figs. 3a and 3d), but the peak-hour difference becomes less noticeable for moderate and weak rains. The 
peak of strong rain occurs earlier for deep convection by a few hours than for stratiform rain, aligning with the existing 
knowledge of the MCS lifecycle. Moderate rain (Figs. 3b and 3e) has essentially the same evolutionary characteristics 

Fig. 2. The composite time series of total precipitation in (a) strong rain, (b) moderate rain, and (c) weak rain among ITCZ (blue 
line), WP (red line), and EP (yellow line) within the time period from −24 h to 24 h.

Fig. 3. The composite time series of deep convective precipitation (orange line), stratiform precipitation (blue line), and shallow 
precipitation (green line) within the time period from −24 h to 24 h in (a), (d) strong rain, (b), (e) moderate rain, and (c), (f) weak 
rain in the western Pacific (solid) and the eastern Pacific (dashed), respectively.
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as heavy rain in WP. The moderate rain in EP consists of a qualitatively similar variability of deep convective and strat-
iform rain but with a somewhat suppressed amplitude compared to the WP counterpart. 

At the same time, moderate rain in EP exhibits a higher contribution of shallow precipitation than in WP, although 
the total rainfall did not imply any visible regionality in Fig. 2. Weak rain (Figs. 3c and 3f) is very contrasting between 
the regions. In WP, deep convective precipitation still predominates in weak rain, whereas shallow precipitation domi-
nates weak rain in EP. The weak rain over WP is brought about primarily by deep convection that, unlike the strong and 
moderate rains, does not accompany significant stratiform precipitation and hence is likely to be isolated convection 
rather than organized systems. On the other hand, the driver of the EP weak rain is mainly shallow convection with 
little contribution of deep convective or stratiform precipitation. Shallow convection, by construction unable to develop 
beyond the freezing level, lacks any mechanism to drive top-heavy ascent. It follows that while the characteristics of 
organized systems are overall shared between WP and EP for strong and moderate rain, the mechanisms of weak rain 
formation differ entirely between the regions.

The peak of TRMM precipitation in Figs. 2 and 3 occurs approximately 1–2 hours earlier than the peak of GSMaP. 
TRMM primarily relies on microwave observations, while GSMaP combines microwave and infrared measurements. 
The inclusion of infrared brightness temperature likely detects extensive stratiform anvils more preferentially than 
spatially confined convective cores. This presumably explains why the GSMaP precipitation peak coincides with the 
stratiform peak, as seen in Figs. 3a and 3d. The convective and shallow peaks come slightly earlier, because these rain 
types occur before the stratiform rain develops in the typical convective lifecycle.

These regional differences in precipitation are echoed to a certain degree by the vertical velocity structure. Figure 4  
displays the composite time series of vertical velocity for different rainfall intensity classes in WP and EP. It is well-
known that WP climatologically exhibits a top-heavy structure, while a bottom-heavy structure is typical of EP. From 
the composite time series for strong and moderate rain (Figs. 4a, 4b, 4d, and 4e), it is evident that the tilted characteris-
tics of the MSC lifecycle are present during the convectively active period. This corresponds well to the development of 
deep convection to stratiform precipitation structures as indicated in Fig. 3. EP is more bottom-heavy in the peak-hour 
vertical velocity than WP particularly for moderate rain, consistent with the expectation from an enhanced relative con-
tribution of shallow precipitation in EP as implied by Fig. 3e. Figures 4c and 4f show the vertical velocity structure in 
weak rain for WP and EP. EP exhibits a robust upward motion confined strictly to the lower troposphere. Corresponding 
to the composite time series of precipitation, in Fig. 2, the peak intensity for the weak rain is ~0.3 mm h−1 for WP and 
~0.2 mm h−1 for EP (Fig. 2), so the former is only 1.5 times as high as the latter. 

On the other hand, deep convective precipitation for the weak rain reaches a peak of 0.13 mm h−1 for WP while no 
more than 0.04 mm h−1 for EP (Fig. 3). In contrast, shallow precipitation for the weak rain is comparable between the 
regions. As such, shallow precipitation makes a disproportionally high contributions to the weak rain over EP compared 
to WP, accounting for a more bottom-heavy ascent for the EP weak rain than for the WP weak rain (Fig. 4). This result, 
along with the fact that weak and moderate rains occur relatively frequently in EP compared to WP (Table 2), indicates 

Fig. 4. The composite time series of omega in (a) strong rain, (b) moderate rain, and (c) weak rain in the western Pacific and (d) 
strong rain, (e) moderate rain, and (f) weak rain in the eastern Pacific.
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that the known shallowness of ω profiles in EP is as-
cribed to weak rain and partially to moderate rain, while 
the evolution of vertical velocity for strong rain is more 
or less as expected for the MCS lifecycle in both WP and 
EP. 

5. Conclusion and discussion
This study investigates the fundamental characteris-

tics of convection across the tropical Pacific throughout 
the convective lifecycle. To this end, GSMaP precipita-
tion is utilized for identifying the local temporal maxima 
of surface rain, based on which the composite time series of TRMM precipitation and ERA5 vertical motion are ob-
tained to delineate a statistical picture of the convective lifecycle. Composite time series are then decomposed into the 
three rain intensity classes of strong rain, moderate rain, and weak rain separately for the two representative domains of 
WP and EP.

The composite time series of total rainfall reveals that the strong and moderate rains are nearly identical across the 
regions, but the formation mechanism of weak rain appears to change from WP to EP. A decomposition of total rainfall 
into shallow, deep convective, and stratiform precipitation types shows that the evolutionary features are shared or un-
shared, depending on rain intensity, between the regions. For strong and moderate rains, deep convective precipitation 
peaks first and is followed a few hours later by stratiform precipitation in both WP and EP, implying that the occurrence 
of each rain type follows the same evolution characteristic of MCSs between WP and EP when strong rain systems are 
singled out. Conversely, for weak rain, deep convective rain still makes the most significant contribution to WP precip-
itation, while shallow precipitation predominates in EP. The composite time series of vertical motion confirms the well-
known top-heavy structure in WP and the bottom-heavy structure in EP. The tilted structure during the convectively 
active hours in strong and moderate rain is in line with the expectation for the MCS lifecycle. In weak rain, strong 
upward motion is confined to the lower layers of EP, which is physically consistent with the dominance of shallow pre-
cipitation in this region. 

Previous studies showed that convective systems exhibit many significant differences between EP and WP, includ-
ing a higher proportion of shallow and stratiform precipitation and shallower cloud layers over EP (Berg et al. 2002; 
Schumacher and Houze 2003; Nesbitt et al. 2006; Yokoyama and Takayabu 2012). In WP, a warm pool leads convec-
tion to develop deeply. This aligns with our point that total precipitation in the WP is higher than in the EP, with deep 
convective precipitation being the dominant contributor to each precipitation intensity in WP. In EP, environmental con-
ditions such as lower SSTs and drier air in the troposphere are less conducive to the development of deep convection 
compared to the WP. The strong SST gradient drives a shallow layer of convergence, resulting in shallow precipitation 
(Back and Bretherton 2009a). This can also be observed in Fig. 3, where shallow precipitation is more prevalent in both 
moderate and weak rainfall in the EP.

Additionally, Back et al. (2017) showed that the geographical areas with a high stratiform fraction, including EP, 
are not apparently correlated with the areas typical of top-heavy ascent. This seemingly unexpected conclusion may be 
partly because their precipitation samples are constrained to rain rates higher than 5 mm day−1 or about 0.2 mm h−1. This 
condition is met for our strong rain composite while the threshold is too high for the weak rain even at its peak (Fig. 3). 
Lowering the 5 mm day−1 threshold might result in a higher correlation between the stratiform ratio and top-heaviness.

The findings above provide insight into the regional differences in the development mechanism of tropical convec-
tion. Specific factors responsible for the weak rain processes have yet to be singled out in future work.
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