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Abstract: The importance of precipitation morphology has been emphasized by recent studies. However, the specific 
morphological characteristics of rain cells (RCs) and their impact on rainfall intensity over the oceans remain unclear. In 
this study, using 15-year observations from Tropical Rainfall Measurement Mission (TRMM) Precipitation Radar (PR), 
more than 600 thousand RCs in the northwest Pacific warm pool were identified and approximated by rectangle. The 
results showed that the horizontal scale of RCs was negatively correlated with their occurrence frequency, while there was 
a logarithmic correlation between the length and width of the approximated rectangle. The morphology of RCs presented 
huge zonal differences but small meridional differences over the study region. RCs had larger scale, narrower 2-D shape, 
and slender 3-D shape in the southern region compared with ones in the northern region. Precipitation intensity generally 
increased with the enlargement of the horizontal scale. The relationships between precipitation intensity and shape of RCs 
were very complex. Moderate shape of RCs had the weakest precipitation, whereas 2-D narrower or 3-D slender RCs had 
the strongest precipitation. The results would be helpful for monitoring and predicting precipitating clouds over the oceans.
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1 Introduction

The northwest Pacific (NWP) is the warmest ocean over the 
world, constructing a key supplier of atmospheric heat, and 
is named as the “warm pool” (Barlow et al. 2002; Park et al. 
2012). The air-sea interaction is very intense over the NWP 
warm pool, thus convective activities are quite frequent. The 
energy released by those convections supports the Walker 
circulation and even the atmospheric circulation of the whole 
northern hemisphere (Cornejo-Garrid & Stone 1977; Jiang 
& Zhu 2020). In these years, many researches showed that 
the thermal regime of the NWP is closely related to El Niño–
Southern Oscillation (ENSO) events, making it a key region 
for studying global climate change (Basconcillo et al. 2021; 
Zhang et al. 2022a).

Precipitation activities are very important in study-
ing atmospheric circulation as well as climate change. The 
precipitation in the NWP is inextricably bound to the ther-
mal regime of NWP and even all the world (Luna & Korup 
2022). Based on the Tropical Ocean Global Atmosphere-
Coupled Ocean Atmosphere Response Experiment (TOGA-

COARE), Li et al. (1998) found that heavy precipitation 
over the NWP can cause sharp decrease of salinity as well as 
sea surface temperature (SST). Rain cells (RCs) are event-
scale components of precipitation, often identified by group-
ing connected precipitation pixels, and has attracted much 
attention in recent studies (Zhang & Fu 2018; Kumar et al. 
2019; Zhang et al. 2022b). The studies on morphology and 
physics of RCs are helpful for knowledges on water cycle, 
energy budget, and climate change (Nesbitt et al. 2000; Fu 
et al. 2020).

Using data from ground-based radars, scholars have 
launched numerous studies on RCs (Capsoni et al. 1987; Feral 
et al. 2000). Initially, most studies still focused on the physi-
cal features of RCs, such as precipitation intensity, echo-top 
height, and horizontal diffusion of precipitation (Gagin et al. 
1986; Tsonis et al. 1996; Kawamura et al. 1996, 1997). As 
time went by, the horizontal scale and other morphological 
characteristics drew more attention. Sauvageot et al. (1999) 
used rounds to describe the shape of RCs, and listed the dis-
tribution features of the rounds’ diameter. Feral et al. (2000) 
further quantified the 2-D shape of RCs using major and 
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minor axis of ellipse. Begum & Otung (2009) investigated 
the size distribution of RCs in the United Kingdom.

However, since ground-based radars are highly limited 
by the terrain, they cannot be used to study RCs over the 
ocean or other desolate place. Some scientists put forward 
a method that using satellite altimeter to retrieve the pre-
cipitation structure of RCs over the ocean (Quartly 1998; 
Tournadre 1998). Nevertheless, the swath of satellite altim-
eter is too narrow to be used in practice. Fortunately, the suc-
cessful launch of Tropical Rainfall Measurement Mission 
(TRMM) Precipitation Radar (PR) provides a favorable 
opportunity for detailed studies on the precipitation over 
tropical and subtropical ocean. Adler et al. (2000) studied 
the tropical rainfall distributions using TRMM PR together 
with other satellite and rain gauge information. Liu & Zipser 
(2013) established a dataset of RCs from TRMM PR, and 
investigated the regional variation of RC morphology in the 
tropics and subtropics. Yokoyama & Takayabu (2012) used 
Liu’s dataset, and found that rainfalls are dominated by tall 
unorganized systems and very tall organized systems in 
high-SST regions including the NWP.

The above work laid a good foundation for the research 
on RCs over the ocean. However, the morphological char-
acteristics of RCs and their impact on precipitation features 
remain unclear. Most previous studies use ellipse to approxi-
mate the shape of RCs, but ellipse cannot contain all precipi-
tation pixels within RCs. Besides, RCs may be truncated by 
TRMM PR swaths, which lead to inaccurate morphological 
information (Nesbitt et al. 2006). In this work, following Fu 
et al. (2020), the shape of RCs is approximated by minimum 
bounding rectangles, and the truncated rectangular are wiped 
out. We aim to investigate the morphological and physical 
features of RCs, as well as their correlations over the NWP.

2 Data and method

2.1 Data and sample size
Precipitation datasets used in this work are derived from 
TRMM PR. PR is the first space-borne Ku-band (13.8 GHz) 
precipitation radar. It has a narrow swath of 220 km with a 
horizontal resolution of 4.3 km (5 km after a boost in August 
2001) and a vertical resolution of 250 m. The sensitivity of PR 
is 17 dBZ, which equivalents to rain rate of about 0.4 mm h–1 
(Kummerow et al. 1998). We used the TRMM PR level-2 
product 2A25, in which the corrected reflectivity, rain rate, 
and rain type are provided. Additionally, we also employed 
echo-top height, which is defined as the top of highest three 
continuous layers with reflectivity larger than 17 dBZ.

We identified RCs following the method of Fu et al. 
(2020). RCs consist of contiguous PR 2A25 pixels with 
near-surface rain rate lager than 0.4 mm h–1. The shape of 
RC is approximated by the minimum bounding rectangle. 
The main parameters of the RC product will be shown in the 
section 2.2 together with a RC case. Two types of RCs are 

wiped out in this paper. One is RCs truncated by PR swath, 
the other is that consisted of four or less PR pixels.

The study region of NWP warm pool is showed in Fig. 1, 
and the study period is all year round from 1998 to 2012. 
Significant number of RCs were statistically studied in this 
work (Fig. 1a). For each 0.5°×0.5° grid, the number of RCs 
is about 250–600. The northern field of the northwest Pacific 
is often influenced by the subtropical high with less frequent 
precipitation. The sample size of RCs was averagely 275 
over the northern portion of the NWP, while it was more than 
500 over the southern portion of NWP. In addition, the dif-
ferences between the SST and sunlight are also responsible 
for the zonal difference of RC sample size.

The spatial distributions of average near-surface rain 
rate are presented as Fig. 1b, with obvious regional differ-
ences. For the northern portion of NWP, the average rain-
fall was as weak as less than 2.1 mm h–1, whereas it was 
2.3 mm h–1 and 2.5 mm h–1 for the southeastern and south-
western portion, respectively. The zonal difference in rain-
fall patterns (between the northern and southern portions) 
may be due to the combined effects of SST and subtropi-
cal high. Specifically, warmer SSTs over the southern por-
tion may enhance rainfall frequency and intensity, while the 
subtropical high (tend to occur in the northern portion and 
surroundings) may suppress rainfall in the northern region 
(Chen et al. 2020). The meridional difference between the 
southwestern and southeastern portion should be resulted 
from the differences of SST (Fig. 1c).

Fig. 1. Horizontal distributions of (a) RC sample size and  
(b) average rainfall intensity detected by TRMM PR, and  
(c) ERA5 average SST during the study period of 1998–2012.
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2.2 Definition of morphological parameters
Fig. 2 shows a RC case over the southern portion of NWP. 
Three prominent morphological features of the RC are 
shown in this figure. Firstly, the RC example strides over six 
degrees of longitude and five degrees of latitude, indicating 
that it is large in scale. Secondly, the 2-D morphology of the 
RC and its minimum bounding rectangle are very narrow. 
In fact, large RCs detected by PR are usually very narrow 
under the restrictions of PR swath. Lastly, a lot of blank area 
besides RC pixels is shown in the rectangle. The proportion 
of blank area indicates the similarity of RC and the mini-
mum bounding rectangle, also referred as beam filling effect 
in previous studies (Chen et al. 2021).

To describe the morphology of RC in a more efficient 
way, several parameters are defined following Fu’s work (Fu 
et al. 2020). These parameters are listed in Tab. 1. The impact 
of three main variables, including L, α, and γav, on precipita-
tion intensity was investigated in this work. L indicates the 
horizontal scale of RC (1-D shape). α shows the 2-D shape 
of RC with value range from 0–1. Small α indicates a narrow 
shape while large α indicates a wide shape. γav is the 3-D 

shape of RC. Small γav indicates a slender 3-D shape while 
large γav indicates a flat 3-D shape.

3 Results

Firstly, we reviewed the precipitation features of RCs over 
the NWP. The probability density distributions (PDFs) of 
the average and maximum near-surface rain rate of RCs are 
shown in Fig. 3a–3b. Specifically, the average rain rate were 
calculated by averaging the rain rate of all pixels within the 
RC. Both presented a skew normal distribution, with peaks 
at 1.75 mm h–1 and 2.5 mm h–1 for average and maximum 
rain rate, respectively. There were 39.4% (22.5%) RCs with 
average (minimum) near-surface rain rate smaller than the 
peak. Comparing to the previous work on the precipitation 
of tropical and subtropical ocean (Liu et al. 2013), it is found 
that the maximum rainfall of RC was larger than the convec-
tive rain rate, whereas the average rainfall was between the 
rain rate of convective and stratiform precipitation.

Fig. 3c & 3d shows the PDFs of scale parameters L and S. 
It is generally concluded that the proportion of RC decreased 
shapely with the increase of horizontal scale. There were 
about 50% RCs with L (S) smaller than 20 km (100 km2), 
whereas only 10% RCs with L (S) larger than 50 km (400 
km2). The PDF patterns of RC scale over the NWP was simi-
lar to the global average, while the proportion of large RCs 
was smaller over the NWP (Fu et al. 2020).

The PDFs of 2-D shape (α) and beam filling ratio (β) are 
shown in Fig. 3e & 3f. The PDF of α peaked at 0.6 with 
a value of 8%. Around 10% RCs had a α smaller than 0.4, 
whereas 35% RCs had a α larger than 0.7. The PDF of β 
peaked at 0.58 with a value of 20%. Less than 20% RCs had 
a β larger than 0.58.

The PDFs of echo-top height and 3-D shape are shown in 
Fig. 3g–3j. Both the average and maximum ones are given. 
The PDF of maximum echo-top height showed a bimodal 
distribution ranging from 0 to 16 km, with peaks at 3.5 and 
5.5 km, respectively. The bimodal structure of echo-top 
height over the NWP was also pointed out by pixel-scale 
work in Thatcher et al. (2012). The average echo-top height 
of RCs ranged from 0 to 10 km with unique peak at 3 km. 

Table 1.  Definition of main morphological parameters and value of the case.
Variable Definition Value of the case in Fig. 2
L Length of the minimum bounding rectangle 539.17 km
W Width of the minimum bounding rectangle 144.15 km
α 2-D shape of RC, calculated by W/L 0.268
S Area of the total precipitation pixels of RC 18762 km2

β Rate of S to the area of the minimum bounding rectangle 0.241
Hav Average echo-top height of RC 4.72 km
γav 3-D shape of RC, calculated by 2Hav /(L + W) 0.014

Fig. 2. A RC case detected by TRMM PR at 13:32 UTC 30 July 
2011 over the NWP. The dash line is PR swath and the solid rect-
angle represents the minimum bounding rectangle.
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The patterns of the PDFs of average and minimum 3-D shape 
were quite similar (Fig. 3i & 3j). Both ranged from 0 to 0.8 
with a peak at 0.2.

The correlations between L and other 1-D or 2-D shape 
parameters are showed in logarithmic coordinates in Fig. 4. 
The correlations showed two different stages depending on 
the value of L. When L was smaller than 20 km (indicating 
the total pixels of RC less than 16), W and β hardly changed 
with L and thus α sharply decreased with L. When L was 
larger than 20 km, there existed a log-linear correlation 
between W and L with a slope of 0.62 (Fig. 4a); α decreased 
slowly with L from 0.6 at 20 km to 0.5 at 100 km (Fig. 4b); 
β decreased shapely with L, showing more non-precipitation 

area within the minimum bounding rectangle (Fig. 4c). The 
results of Fig. 4c were similar to the statistics of all tropical 
and subtropical oceans (Fu et al. 2020).

To study the relationships between horizontal scale and 
rainfall intensity of RCs over the NWP, RCs were divided 
into three classes according to L, including small-scale RCs 
with L < 20 km, medium-scale RCs with L ≥ 20 km and 
< 50 km, and large-scale RCs with L ≥ 50 km.

The horizontal distributions of occurrence frequency for 
the three classes of RCs are shown in Fig. 5a–5c. Generally, 
the occurrence frequency of small RCs was the largest, fol-
lowed by medium-scale RCs, and the smallest for large RCs. 
There was significant zonal difference for ratio distribution 

Fig. 4. Correlations between L and (a) W, (b) α, and (c) β for RCs 
over the NWP.

Fig. 3. PDFs of (a) average near-surface rain rate RRav, (b) maximum near-surface rain rate 
RRmax, (c) length L, (d) area S, (e) 2-D shape α, (f) beam filling ratio β, (g) average echo-top 
height Hav, (h) maximum echo-top height Hmax, (i) 3-D shape γav, and (j) γmax for RCs over 
the NWP.
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of each class. The occurrence frequency of small RCs was 
about 50% over the southern portion, whereas less than 45% 
over the northern portion of NWP (Fig. 5a). The occurrence 
frequency of large RCs was about 7% over the southern por-
tion while about 12% over the northern portion (Fig. 5c). The 
results showed that RCs over the northern portion of NWP 
had a higher potential to develop larger. We suggest it was 
related to that more warm-cloud precipitation occurs over 
the southern portion of NWP.

Fig. 6a–6c shows the spatial distributions of average 
near-surface rain rate for the three types of RCs divided by 
L. The distribution patterns of the three different classes of 
RCs were similar to the total RCs, with the strongest rain rate 
over the southwestern portion (Fig. 1b). The average near-
surface rain rate was about 1.5–2.2 mm h–1, 2–2.7 mm h–1, 
and 2.6–3.8 mm h–1 for small, medium-scale, and large RCs, 
respectively. The precipitation intensity increased with L, 
which agrees to the previous studies (Tsonis et al. 1996).

RCs were also classified into three classes of RCs accord-
ing to the 2-D shape α, including narrow RCs with α smaller 
than 0.4, medium 2-D shape RCs with α between 0.4 and 

0.7, and wide RCs with α larger than 0.7. The horizontal 
distributions of their occurrence frequency are drawn in 
Fig. 5d–5f with dramatic zonal differences for narrow and 
wide RCs. About 8% RCs over the southern portion of NWP 
were narrow RCs, while the ratio was 13% over the north-
ern portion (Fig. 5d). 37% RCs over the southern portion 
whereas 31% RCs over the northern portion were wide RCs 
(Fig. 5f). These zonal differences can be explained by the 
zonal difference of RC scale and the relationship between 
scale and 2-D shape.

The horizontal distributions of the average near-surface 
rain rate for the three types of RCs are showed in Fig. 6d–6f. 
Narrow RCs, which often initiated from MCSs, were com-
panied with the heaviest rain rate (Fig. 6d). The medium 
2-D-shape RCs had the weakest precipitation, indicating the 
most unfavorable 2-D-shape of heavy precipitation over the 
NWP. The relationships between α and rainfall intensity were 
very different from the Tibetan Plateau, where narrow RCs 
had the weakest precipitation (Chen et al. 2021). Therefore, 
it is of great importance of carry out regional studies of the 
relationship between RC morphology and physical features.

Fig. 5. Horizontal distributions of occurrence frequency for RCs divided by (a–c) 
scale L, (d–f) 2-D shape α, and (g–i) 3-D shape γav over the NWP.
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Based on the value of 3-D shape γav, RCs were also 
divided into three classes, including slender RCs with γav 
< 0.15, medium 3-D-shape RCs with γav between 0.15 and 
0.35, and flat RCs with γav > 0.35. The horizontal distribu-
tions of their occurrence frequency are shown in Fig. 5g–5i. 
Over the southern portion of NWP, the ratio of slender, 
medium 3-D-shape, and flat RCs were 18%, 66% and 16%, 
relatively, while the values were relatively 30%, 60% and 
10% over the northern portion.

Fig. 6g–6i shows the horizontal distributions of rainfall 
intensity for RCs divided by γav. The average rain rate were 
2–3 mm h–1, 1.5–2.5 mm h–1, and 1.5–2.7 mm h–1 for slen-
der, medium 3-D-shape, and flat RCs. It is showed that rain-
fall intensity firstly decreased sharpely and then increased 
slowly with increasing γav, which is consistent with Chen 
et al. (2021) on Tibetan Plateau. The slender RCs had the 
heaviest rainfall intensity while the medium 3-D-shape RCs 
had the weakest rainfall intensity.

4 Conclusion and discussions

The morphological features of oceanic RCs and their impact 
on rainfall intensity remain unclear. Using 15-year TRMM 
PR observations, we investigated this issue over the NWP, 
which is the warmest ocean over the world. The scale, 2-D 
shape, and 3-D shape of RCs were studied using quantitative 
parameters. The main conclusions are summarized as below.

The horizontal scale of RCs was described using the 
length of the minimum bounding rectangle (L). In the NWP, 
RC frequency generally decreased with L. There were about 
50% RCs with L smaller than 20 km, while only 10% RCs 
with L larger than 50 km. Rainfall intensity increased with 
L, which agrees to the previous studies in other regions (Fu 
et al. 2020).

The 2-D shape of RCs (α) was described using the ratio 
of width (W) to length (L) of the minimum bounding rect-
angle. In the NWP, The PDF of α peaked at 0.6 with a value 

Fig. 6. Horizontal distribution of average near-surface rain rate for RCs divided by (a–c) 
scale L, (d–f) 2-D shape α, and 3-D shape γav over the NWP.
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of 8%. Narrow RCs had the heaviest rain rate, followed by 
wide RCs, and the weakest for medium 2-D-shape RCs. The 
relationships between α and rainfall intensity were quite dif-
ferent from the Tibetan Plateau, where narrow RCs had the 
weakest precipitation (Chen et al. 2021). These regional dif-
ferences highlighted the importance of regional studies.

The 3-D shape of RCs (γav) was described as the ratio of 
average echo-top height to the mean of L and W. In the NWP, 
γav ranged from 0 to 0.8 with a peak at 0.2. The average rain 
rate were 2–3 mm h–1, 1.5–2.5 mm h–1, and 1.5–2.7 mm h–1 
for slender, medium 3-D-shape, and flat RCs. Rainfall inten-
sity firstly decreased shapely and then increased slowly with 
increasing γav.

Significant zonal differences whereas less meridional dif-
ferences were revealed for RCs over the NWP. RCs over the 
northern portion had larger scale, narrower 2-D shape, and 
slender 3-D shape than the southern portion. The zonal dif-
ferences were attributed to two aspects. One is the higher 
SST over the southern portion, which promoted the occur-
rence of warm-cloud precipitation. The other is that the 
northern portion was often affected by subtropical high, thus 
precipitations occurred more likely to be MCS rather than 
warm-cloud precipitation (Chen et al. 2020).
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