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Abstract

This study investigates the global drop size distribution (DSD) of rainfall and its relationship to large-scale 
precipitation characteristics using the Dual-frequency Precipitation Radar (DPR) onboard the Global Precipitation 
Measurement (GPM) Core Observatory. This study focuses on seasonal variations in the dominant precipitation 
systems regarding variations in DSD. A mass-weighted mean diameter (Dm), which is estimated based on the dual- 
frequency information derived from the GPM/DPR, is statistically analyzed as a typical parameter of the DSD. 
Values of the annual mean Dm, in general, are larger over land than over the oceans, and the relationship between 
Dm and precipitation rate (R) is not a simple one-to-one relationship. Furthermore, Dm exhibits statistically signif-
icant seasonal variations, specifically over the northwest Pacific Ocean, whereas R shows insignificant variations, 
indicating the variations in R cannot explain the distinct seasonal changes in Dm. Focusing on the seasonal varia-
tion in Dm over the northwest Pacific Ocean, the results indicate that the variation in Dm is related to the seasonal 
change in the dominant precipitation systems. In the summer over the northwest Pacific Ocean, Dm is related to 
the organized precipitation systems associated with the Baiu front over the mid-latitudes and tropical disturbances  
over the subtropical region, with relatively higher precipitation top heights, composed of both stratiform and 
convective precipitations. Contrary to the summer, larger Dm over the mid-latitudes in winter is related to extra-
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1.  Introduction

Precipitation is essential for life; however, its dis-
tribution is not spatially homogeneous over the Earth, 
and many areas experience water shortages, droughts, 
and floods. To understand the criticality of precipi-
tation in the water cycle, one must know the amount 
and characteristics of precipitation (IPCC 2014). One 
of the parameters that characterize precipitation is the 
drop size distribution (DSD), which is the number 
of drops per unit volume as a function of the drop 
diameter. DSD is a fingerprint of processes that could 
vary in precipitation systems as per the diurnal cycle, 
seasonal changes, and other environmental factors 
(e.g., Bringi et al. 2003; Kozu et al. 2006; Dolan et al.  
2018). Furthermore, DSD is closely related to the 
formation of precipitation through microphysical 
processes for clouds and precipitation (Testud et al. 
2001; Kozu et al. 2009). Regarding the remote sensing 
techniques, it is well known that DSD information is 
critical to retrieve precipitation by using ground radars 
because it determines the relationship between radar 
reflectivity (Z ) and precipitation rate (R) (Marshall 
and Palmer 1948). However, DSD is still a highly 
uncertain factor in these fields (Wang et al. 2010), thus 
requiring a detailed investigation of DSD.

Previous studies investigated the local character-
istics of DSD via ground-based observations (e.g., 
Bringi et al. 2003; Kozu et al. 2006; Dolan et al. 
2018). They found that DSD depends on factors such 
as precipitation type (convective or stratiform) and 
local climatological regimes. For instance, Kozu et al. 
(2006) investigated the diurnal and seasonal variations 
in DSD at three locations with different climates 
(Gadanki in India, Singapore, and Kototabang in In-
donesia) by using ground-based measurements. They 
showed that diurnal convective cycles and seasonal 
variations in precipitation affected DSD. Furthermore, 
the amplitude of DSD variations was unique to each 

location. The seasonal variation was significant in 
Gadanki, whereas the diurnal variation was large in 
Kototabang. Singapore exhibited smaller seasonal and  
diurnal variations due to the oceanic effect. They con-
cluded that DSD characteristics were associated with 
the dominant local precipitation systems.

Previous studies often used ground-based observa-
tion of DSD from disdrometers and dual-polarimetric 
meteorological radars. Disdrometers can provide DSD 
information at a specific site with a high temporal 
resolution, such as particle size velocity (PARSIVEL) 
disdrometers measuring droplet size and fall velocity 
(Löffler-Mang and Joss 2000), and 2D video disdrom-
eters (2DVD) measuring the size, fall velocity, and 
shape of each drop (Kruger and Krajewski 2002). 
Dual-polarimetric meteorological radars provide the 
spatial distribution of drop size information within 
a specific region by assuming DSD models (Ulbrich 
1983; Straka et al. 2000; Brandes et al. 2004). A modi-
fied gamma distribution with three parameters is often 
adopted, as defined in Eq. (1):
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where D denotes the diameter of a precipitation parti-
cle; N (D), the number density; and Nw , N0 , μ , and λ , 
the DSD parameters.

Recently, Dolan et al. (2018) conducted a statistical 
analysis using long-term disdrometer records from 
high-, middle-, and low-latitude regions and found 
that the DSD varied with latitude. This result suggests 
that DSDs reflect the characteristics of dominant 
precipitation systems in each latitudinal band. Specif-
ically, deep convection and warm cloud depths with 
robust coalescence processes were dominant over the 
low latitudes, whereas weak convections were domi-
nant over the high latitudes. In the mid-latitudes, the 

tropical frontal systems with ice particles in the upper layers, which consists of more stratiform precipitation in 
the storm track region. The smaller Dm over the subtropical northwest Pacific Ocean in winter is associated with 
shallow convective precipitation systems with trade-wind cumulus clouds and cumulus congestus under the sub-
tropical high.
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stratiform systems with a clear bright band signature 
and larger melted ice particles were dominant. Even 
though longer DSD data records enable such statistical 
analysis, ground-based observations are still spatially 
limited.

In addition to the ground-based DSD measurements,  
spaceborne precipitation radars can provide DSD 
information that should be another source of informa-
tion for understanding large-scale DSD characteristics. 
The Tropical Rainfall Measuring Mission (TRMM) 
satellite was launched in 1997 (Kummerow et al. 
1998; Kozu et al. 2001) and carried the Precipitation 
Radar (PR) with a frequency in the Ku-band. The 
TRMM/PR provided DSD information based on the 
single-frequency estimation method for more than 17 
years (Iguchi et al. 2000, 2009). Following the success 
of the TRMM, the Global Precipitation Measurement 
(GPM) Core Observatory was launched in 2014 
(Kojima et al. 2012; Hou et al. 2014; Skofronick- 
Jackson et al. 2017).

GPM has two major advantages over TRMM, 
namely, a dual-frequency radar observation and a 
broader observation area, including mid-latitudes. The 
Dual-frequency Precipitation Radar (DPR) consists of 
the Ku-band precipitation radar (KuPR) and the Ka-
band precipitation radar (KaPR). The DPR delivers 
dual-frequency retrievals of two DSD parameters 
based on the differential scattering properties of 
precipitation particles at these two frequencies. Re-
cently, Iguchi et al. (2018) developed an algorithm 
for detecting heavy ice precipitation by using the 
differential scattering properties obtained from GPM/
DPR. Akiyama et al. (2019) conducted a case study 
to investigate the heavy ice precipitation band in an 
oceanic cyclone observed by GPM/DPR. Thus, the 
GPM/DPR allows a more accurate global estimation 
of rainfall particle information than the TRMM/PR 
with its single-frequency measurement. Seto et al. 
(2016) reviewed the DSD information derived from 
the GPM/DPR algorithm, including the differences 
between the KuPR-only algorithm and the DPR algo-
rithm. They revealed that the dual-frequency method 
could work more effectively to adjust DSD parameters  
from assumed basic DSD models by using dual- 
frequency information, even in a weak precipitation 
range, where the single-frequency method did not 
work well. As an applicational study of DSD by GPM/
DPR, Radhakrishna et al. (2020) revealed the regional 
differences in DSD over the Indian region by using 
GPM/DPR and found that the characteristics of DSD 
were different, depending on climatic fields.

Furthermore, the GPM Core Observatory has a 

higher orbital inclination (65°) than the TRMM (35°),  
and it realized the world’s first precipitation obser-
vation by spaceborne PR over the mid-latitudes. 
Kobayashi et al. (2018) examined the vertical gradient 
of radar reflectivity below the bright band from tropics 
to mid-latitudes using KuPR onboard the GPM Core 
Observatory. They found differences in the vertical 
profiles of radar reflectivity for stratiform precipitation 
between the tropics and mid-latitudes. Therefore, 
expanding the observation area of the GPM Core 
Observatory enables us to investigate large-scale dis-
tributions of DSD and precipitation seamlessly from 
the tropics to mid-latitudes.

This study aimed to observe the global distribution 
of the mean drop size and its relationship to large-
scale distributions of precipitation characteristics using 
4 years of the GPM/DPR observations, which provide 
more accurate DSD information than the TRMM/PR. 
In particular, the authors provide information about 
the drop size over oceans for the first time using the 
GPM/DPR observations. This study also focuses on 
seasonal variations.

Section 2 provides the datasets and methodology 
used in this study. The results are presented in Section 
3, including the results of the 4-year climatology and 
seasonal differences. Section 4 provides the results 
focusing on the northwest Pacific Ocean and compar-
ison with precipitation characteristics, and Section 5 
discusses the possible association between DSD char-
acteristics and dominant precipitation systems. The 
pixel-based analysis to confirm the R–Dm relationship 
is explained in Section 6, and Section 7 provides the 
conclusions.

2.  Data and methodology

2.1  GPM/DPR observations
To investigate large-scale DSD distributions, this 

study used 4 years of data (from June 2014 to May 
2018) from the GPM/DPR Level-2 Version 05 prod-
ucts (Iguchi et al. 2017). The GPM/DPR algorithm 
can be divided into the KuPR-only algorithm, the 
KaPR-only algorithm, and the dual-frequency algo-
rithm (using both KuPR and KaPR) (Seto et al. 2013; 
Seto and Iguchi 2015; Seto 2019). This study used 
the DPR Level-2 (DPRL2) product with the dual- 
frequency algorithm. The DPR algorithm assumes that 
the DSD follows the modified gamma distribution, 
as described in Eq. (1), where μ  is set to 3, and two 
unknown parameters are obtained from the GPM/DPR 
observations. R in mm h−1 can be interpreted as a DSD 
parameter because it is a function of DSD parame-
ters if the terminal fall speed is given. The DPRL2 
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algorithm uses R and Dm, as presented in Eq. (2) for 
stratiform and Eq. (3) for convective, respectively:

R = 0.401 ε 4.649Dm
6.131 (for stratiform),	 (2)

R = 1.370 ε 4.258Dm
5.420 (for convective).	 (3)

The units of R and Dm are mm h−1 and mm, respec-
tively. Here, ε  is an adjustment factor. In the dual- 
frequency algorithm, the dual-frequency surface ref-
erence technique (Meneghini et al. 2015) and KaPR’s 
Z are used to adjust ε  (Seto 2019). The R–Dm relation-
ship in the GPM/DPR algorithm in Eqs. (2) and (3) 
is derived from the same set of DSD measurements 
(Kozu et al. 2009), which was also used in the Z–R 
relationship in the TRMM/PR algorithm. ε  is defined 
by different methods for TRMM/PR with single- 
frequency radar (Iguchi et al. 2000, 2009) and for 
the GPM/DPR with dual-frequency radar (Seto et al. 
2013; Seto and Iguchi 2015; Seto 2019).

This study focuses on Dm at the near surface (clut-
ter-free bottom) as a typical parameter of the DSD 
and shows a 4-year annual mean global distribution of 
Dm. Data are averaged onto a 2.5° × 2.5° box (latitude 
and longitude) in two steps to ensure that the sea-
sonal characteristics are not missed. In the first step,  
we average values seasonally, in other words, every 
3 months (March–April–May (MAM), June–July–
August (JJA), September–October–November (SON), 
and December–January–February (DJF)) from an 
orbit-based level-2 product (e.g., 2014JJA, 2014SON, 
and so on). If the number of observation samples of 
the level-2 product in a 2.5° × 2.5° box is less than 
64 in the first step, the 2.5° × 2.5° box is treated as 
missing. Note that the number 64 for the selection 
threshold was also chosen in a previous study using 
the TRMM data (Kozu et al. 2009). In the second 
step, a 3-month dataset is taken as one sample, and 
the 4-year annual mean is calculated. If the number of 
non-missing 3-month Dm data in each season is more 
than 3 (the maximum value is 4 as the total duration 
of 4 years), the grid box is plotted. The target domain 
is 65°N – 65°S. The DPRL2 products include phase 
information, such as liquid, mixed, or solid, using 
vertical profiles of radar reflectivity and ancillary 
atmospheric environmental data, such as temperature.

This study focuses on Dm in the liquid phase as a 
first step to investigate the DSD information obtained 
by the GPM/DPR, so that the mixed and solid phases 
at the clutter-free bottom are excluded and that only 
data in the liquid phase at the clutter-free bottom are 
analyzed. In addition to Dm, the 4-year annual mean  
global distribution of R is also calculated and com-

pared with that of Dm. It is noted that the averages 
of R and Dm are obtained only when precipitation in 
the form of liquid water (rain) is present at the near 
surface gate.

The 3-month mean (MAM, JJA, SON, and DJF) 
distributions of Dm and R are calculated from the 
DPRL2 product to investigate seasonal differences. 
The treatment of missing values is the same as that for 
the annual mean. To determine the difference between 
JJA and DJF, Welch’s t test (Welch 1938) is conducted 
to detect statistically significant differences with a 99  
% confidence level by taking a 3-month mean for a 
year as one sample.

Furthermore, precipitation top heights, stratiform 
ratio, and ratio of pixels with heavy ice precipitation 
are analyzed to capture the characteristics of precip-
itation. Precipitation top heights are defined as the 
highest altitude where the precipitation rate is above 
0.3 mm h−1. The threshold of 0.3 mm h−1 is set by con-
sidering the sensitivity of the DPR instrument (Kojima 
et al. 2012). The stratiform ratio is defined as the ratio 
of pixels identified as stratiform to the total number 
of rain-conditioned pixels. The type classification of 
precipitation (i.e., convective, stratiform, or other) is 
as defined in the DPRL2 algorithm. The flagHeavy-
IcePrecipitation (flagHIP) in DPRL2 products is used 
to calculate the ratio of pixels with heavy ice precip-
itation. The measured dual-frequency ratio (DFRm) 
and measured apparent radar reflectivity factor (Zm) by 
KuPR are used to detect heavy ice precipitation. The 
detailed algorithm is described by Iguchi et al. (2018).

The pixel-by-pixel R–Dm relationship at a clutter- 
free bottom is investigated using DPRL2 products 
to elucidate whether a change in R, a change in the 
characteristics of the precipitation, or a combination 
of both causes the seasonal variation in Dm.

It should be noted that this study aimed to charac-
terize the large-scale variations in Dm, and that eval-
uating the accuracy of the DSD product by the GPM/
DPR data is beyond the scope of this study. Previous 
studies validated the DSD product of the GPM/DPR 
against ground-based observation networks (Petersen 
2017; Petersen et al. 2018; D’Adderio et al. 2018). 
They revealed that the specific GPM science require-
ment of Dm to within +/−0.5 mm of ground-based 
observation is satisfied overall in the DPR Version 
05 dataset. Moreover, the relationship between Dm 
observed through ground validation and Dm from the 
DPR is statistically significant, despite biases in the 
products. This allows a discussion not about the abso-
lute values of Dm but about the statistically significant 
differences of Dm over the seasonal cycle. This study 
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extends the findings regarding seasonal differences 
of DSD that Kozu et al. (2009) revealed by using the 
TRMM/PR to the mid-latitudes by using the GPM/
DPR.

2.2  Atmospheric reanalysis dataset
In addition to the GPM/DPR observations, atmo-

spheric reanalysis data are used to discuss the dom-
inant precipitation systems. Horizontal winds at the  
850 hPa level and sea level pressure (SLP) from 
the Japanese 55-year reanalysis, known as JRA-55  
(Kobayashi et al. 2015), are used. This dataset enables 
investigations of the dominant atmospheric circu-
lations, which are analyzed independently from the 
GPM/DPR dataset. The resolution of the JRA-55 is 
1.25° × 1.25° at 6-h intervals.

The 3-month mean distributions of horizontal winds 
at 850 hPa and SLP are calculated to quantify the 
seasonal differences in the atmospheric environment. 
Furthermore, composite analysis is conducted for 
horizontal winds using the JRA-55 to extract typical 
atmospheric circulations associated with the precip-
itation events. When the ratio of precipitating pixels 
to observing pixels by GPM/DPR in a certain area 
is more than 10 %, the JRA-55 sample at the nearest 
time is composited, as will be shown later in Section 
4. The anomaly of the composite mean from the total 
mean was calculated and discussed.

3. � Large-scale distribution of Dm and its seasonal 
variations

3.1  Global distribution of Dm

Figure 1a presents the 4-year annual mean of Dm 
in mm at the clutter-free bottom, showing that Dm, 
in general, is larger over land than over the oceans. 
Notably, large-scale distributions of Dm, including 
mid-latitudes, are newly obtained by the GPM/DPR 
observation.

As explained in Section 1, Dm is closely related to 
the formation of precipitation through microphysical 
processes for clouds and precipitation, and it reflects 
precipitation characteristics, such as the diurnal cycle 
and seasonal changes. The regional characteristics of 
Dm are reviewed by considering those of R in this sub-
section because R is the most fundamental parameter 
for characterizing precipitation and is closely related 
to Dm, as expressed in Eqs. (2) and (3). If ε has a 
constant value, Dm should correspond to R with a one-
to-one relationship, as understood in Eqs. (2) and (3), 
even though there are differences between stratiform 
and convective precipitations. In practice, since the 
values of ε depend on precipitation characteristics, the 

actual mean Dm does not completely correspond to 
mean R.

Figure 1b presents the 4-year annual mean of condi-
tional R in mm h−1 at the clutter-free bottom. Compar-
ing Dm in Fig. 1a with R in Fig. 1b, it is found that the 
relationship is not a simple one-to-one relationship, 
suggesting a more complicated relationship between 
precipitation and liquid droplet size.

Over land, a larger mean Dm corresponds to a larger 
mean R around the Meghalaya region in the Indian 
subcontinent, the coastal area of the Gulf of Guinea 
and the Congo Basin on the African Continent, the 
Mississippi River coast in the North American Con-
tinent, and the La Plata River in the South American 
Continent. The results suggest that larger liquid 
raindrops are associated with stronger precipitation in 
these regions. Over tropical and subtropical oceans, a 
larger Dm corresponds to a larger R around the warm 
pool. A smaller Dm corresponds to a smaller R over 
and around the eastern parts of the oceans, which 
has cold sea surface temperature over the California 
Current and the Peru Current in the Pacific Ocean, the 
West Australian Current in the Indian Ocean, and the 
Benguela Current in the Atlantic Ocean.

Focusing on the Pacific Ocean, the relationship 
between Dm and R seems to be more complicated. For 
example, over the Intertropical Convergence Zone 
(ITCZ), Dm does not have a homogeneous spatial dis-
tribution, whereas R is homogeneously larger over the 
entire ITCZ region. Along the ITCZ in 5 – 15°N, the 
relationship between R and Dm is different in the equa-
torial central Pacific (120 – 150°W) from those in the 
surrounding regions. Dm is smaller over the equatorial 
central Pacific, whereas it is larger over the equatorial 
eastern Pacific (130 – 180°E) and the western Pacific 
(90 – 120°W). This is consistent with the findings of 
Shige et al. (2008) who suggested that raindrops over 
the central Pacific (5 – 15°N, 120 – 150°W) were small-
er than those over the western Pacific (2.5 – 12.5°N, 
130 – 160°E).

As for the South Pacific Convergence Zone, Dm is 
smaller, despite R being larger over the subtropical 
region (30 – 15°S). Contrary to the subtropical high- 
pressure zone (15 – 30°N, 30 – 15°S), Dm is larger, 
whereas R is not so large over the oceans in the mid- 
latitudes (50 – 60°N, 60 – 30°S). The combination of 
a larger Dm and a moderate R is apparent, especially 
in the southern hemisphere where storm tracks are 
dominant all year round. The results over the entire 
mid-latitude region are newly identified in this study 
by using GPM/DPR. In this manner, we can find 
various regional characteristics of Dm, even though R 



Journal of the Meteorological Society of Japan Vol. 98, No. 4760

is similar, which could be associated with the climate 
regime and/or dominant precipitation systems.

3.3  Seasonal differences of Dm

The regional characteristics of the seasonal mean 
Dm could be interpreted much clearer if we consider 
seasonal variations in precipitation characteristics. We 
compared the annual mean Dm with the annual mean 
R in the previous subsection and found that their re-
lationship is not simple. In this subsection, we inves-
tigate the seasonal differences of mean Dm regarding 
mean R. Figures 2a – d and 2e – h present 3-month mean 
anomalies from the 4-year annual mean Dm and R, 
respectively. Over land in the Asian monsoon region 
with a drastic seasonal variation in R, Dm in MAM 
is larger, whereas Dm in JJA and DJF is smaller. The 
larger Dm in MAM can be associated with the heavy 
precipitation in the pre-monsoon season, whereas the 
smaller Dm in JJA is observed in the mature monsoon 
season, indicating the association with the seasonal 
changes in precipitation characteristics and dominant 

precipitation systems (Takahashi 2016; Ono and Taka-
hashi 2016). Over the Amazon, Dm is larger in JJA and 
SON, corresponding to a mainly dry season, whereas 
Dm is smaller in DJF and MAM, corresponding to a 
mainly wet season (Collischonn et al. 2008). Over the 
oceans, distinct seasonal changes in Dm are observed, 
specifically in JJA and DJF, although the seasonal 
changes cannot be explained by those of R. Larger Dm 
in the summer hemisphere is found in the subtropics, 
and that in the winter hemisphere is found in the 
mid-latitudes, particularly over the Pacific Ocean.

Figure 3 presents the seasonal differences in Dm 
(Fig. 3a) and R (Fig. 3b) between JJA and DJF. In 
Fig. 3, the grid boxes with a statistically significant 
difference are identified using a statistical test. Clear 
seasonal differences are observed in Dm over the 
mid-latitude Pacific Ocean (30 – 50°N/S) and the 
subtropical northern Pacific Ocean (10 – 30°N). Con-
versely, there are no obvious or systematic seasonal 
differences in R in these regions. Note that there are 
also some organized signals in Dm over the Atlantic 

Fig. 1.  4-Year annual mean value (conditional) of (a) Dm in mm and (b) R in mm h−1 at the clutter-free bottom level 
derived by DPRL2.
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Ocean and the Indian Ocean. Region A over the 
mid-latitudes (30 – 50°N, 150°E – 150°W) and Region 
B in the subtropics (10 – 30°N, 130°E – 170°W) are ex-
tracted based on the seasonal changes in Dm (Fig. 3a) 
for a detailed investigation in the following sections.

As mentioned previously, the GPM can observe 
rainfall and DSD over a broader area, including the 
mid-latitudes, using a dual-frequency radar. The 

seasonal variations in DSD information over tropical 
and subtropical regions were also estimated by the 
TRMM/PR (Kozu et al. 2009); these results were 
consistent with those of the current study. However, 
the orbital inclination of the TRMM was insufficient 
to determine the rainfall characteristics in the mid- 
latitudes. Clear seasonal variations in DSD informa-
tion, including mid-latitudes, are newly detected by 

Fig. 2.  3-Month mean (conditional) anomalies from 4-year annual mean (conditional) of (a – d) Dm in mm and (e – h) 
R in mm h−1 for (a, e) MAM, (b, f) JJA, (c, g) SON, and (d, h) DJF.
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the GPM/DPR observations. A detailed analysis is 
conducted and discussed in the following sections, 
focusing on the northwest Pacific Ocean where the 
variation in Dm is statistically significant.

4. � Seasonal difference of Dm and precipitation 
characteristics over the northwest Pacific Ocean

As presented in Figs. 2 and 3, significant seasonal 
variations in Dm are observed over the subtropical and 
mid-latitude bands of the northwest Pacific Ocean 
between JJA and DJF. Figure 4 presents the 3-month 
mean values of Dm (Figs. 4a, b), R (Figs. 4c, d), 
precipitation top heights (Figs. 4e, f), and stratiform 
ratio (Figs. 4g, h) to outline the precipitation charac-
teristics. As presented in Figs. 2 and 3, Dm exhibits 
clear contrasts between Regions A and B, whereas R 
does not. Conversely, precipitation characteristics, 
such as precipitation top heights in DJF and stratiform 
ratio in both JJA and DJF, differ across the boundary 

of 30°N, which is similar to the spatial pattern of 
seasonal differences in Dm. Figures 4e and 4f show 
that precipitation top heights are higher in JJA and 
lower in DJF, especially over the subtropical region. 
As for the stratiform ratio (Figs. 4g, h), precipitation 
is more stratiform over the mid-latitudes than over the 
subtropical region. This is consistent with the findings 
of Yokoyama et al. (2017, 2019), who characterized 
the mid-latitude-type precipitation with a stratiform 
precipitation ratio of over 80 % using the TRMM/PR  
Level-2 dataset. Moreover, a latitudinal contrast in 
stratiform ratios of the subtropical and mid-latitude 
regions seems larger over the northwest Pacific Ocean 
in DJF than in JJA.

These results indicate that the precipitation sys-
tems over the northwest mid-latitude Pacific region 
(Region A) consist of both stratiform and convective 
precipitations with high precipitation top heights in 
JJA, whereas the features change to more stratiform 

Fig. 3.  Seasonal differences (JJA minus DJF) for (a) Dm in mm and (b) R in mm h−1. The black dots indicate the 
boxes with statistically significant difference at a 99 % confidence level using Welch’s t test. The black open 
squares in Fig. 3a indicate Region A (30 – 50°N, 150°E – 150°W) and Region B (10 – 30°N, 130°E – 170°W) focused 
on in this study.
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precipitation with moderate precipitation top heights 
in DJF. On the other hand, in the northwest subtropi-
cal Pacific region (Region B), precipitation systems in 
JJA consist of both stratiform and convective precip-
itations with high precipitation top heights, whereas 

those in DJF consist of more convective precipitation 
with lower precipitation top heights. Overall, the sea-
sonal changes in precipitation characteristics, such as 
precipitation top heights and stratiform ratio, seem to 
relate to changes in Dm.

Fig. 4.  3-month mean value of (a – b) Dm in mm, (c – d) R in mm h−1, (e – f) precipitation top heights in km, and (g – h) 
stratiform ratio. (a), (c), (e), and (g) and (b), (d), (f), and (h) are for JJA and DJF, respectively. The black open 
squares indicate Regions A and B, which are the same as in Fig. 3.
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Figure 5 presents the relative frequency of 3-month 
mean values for Dm, R, precipitation top heights, and 
stratiform ratio over Regions A and B for quantitative 
investigation. One sample corresponds to a 2.5° × 2.5° 
box for 3 months in a specific year. There are differ-
ences in peak values and/or shapes of the histogram 
for Dm, precipitation top heights, and stratiform ratio 
between JJA and DJF, although differences are not as 
evident for R.

In the mid-latitudes of Region A, the peak values 
of Dm are 1.1 mm in JJA and 1.3 mm in DJF (Fig. 5a), 
whereas the peak values of R are 1 – 2 mm h−1 in both 
JJA and DJF (Fig. 5b). The dominant precipitation top 
height is 6 – 8 km in DJF, whereas it is 8 – 10 km in 
JJA (Fig. 5c). The range of relative frequency of the 
stratiform ratio is broad (from 0 to 1) in JJA; however, 
it is limited from 0.5 to 1.0 with high peaks at 0.8 and 
0.9 in DJF (Fig. 5d). Therefore, both stratiform and 
convective precipitations exist in JJA, whereas strati-
form precipitation is more dominant in DJF.

In Region B over the subtropics, the peak values of 
Dm were 1.2 – 1.3 mm in JJA and 1.1 mm in DJF (Fig. 
5e). However, R has peak values of 1 – 2 mm h−1 in 
both JJA and DJF (Fig. 5f), which is almost the same 
as in Region A. The peak range of relative frequency 
of precipitation top height is broad (from 8 to 11 

km) in JJA, whereas approximately 60 % of the total 
samples are below 6 km in DJF (Fig. 5g). The range 
of relative frequency of the stratiform ratio is broad 
in JJA, whereas stratiform precipitation is much less 
dominant in DJF (Fig. 5h).

The results in Figs. 2 and 3 indicate that the season-
al mean values of Dm vary significantly, whereas those 
of R do not. The results in Figs. 4 and 5 support the 
possibility that seasonal and regional differences of 
Dm could be related to the dominant precipitation sys-
tems due to the changing precipitation characteristics 
because the precipitation top heights and stratiform 
ratio varied regionally and seasonally regarding Dm.

5. � Discussion of possible precipitation regimes  
corresponding to Dm variations

This section discusses possible precipitation re-
gimes, focusing on Regions A and B in JJA and DJF, 
respectively.

5.1 � Organized precipitation systems over the  
subtropics and mid-latitudes in JJA

For both Regions A and B in JJA, the precipitation 
top heights are high, and both stratiform and convec-
tive precipitations exists. These features are consistent 
with those for organized systems, such as squall lines, 

Fig. 5.  Relative frequency of (a – d) Region A and (e – h) Region B of (a, e) Dm in mm, (b, f) R in mm h−1, (c, g)  
precipitation top heights in km, and (d, h) stratiform ratio. Red and blue indicate the values in JJA and DJF, respec-
tively.
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as expressed by Takayabu (2008) and Yokoyama et al. 
(2017, 2019). Houze (1977) investigated organized 
squall line systems using the observational network of 
the Global Atmospheric Research Program’s Atlantic 
Tropical Experiment (GATE). The author suggested 
that an organized squall line consists of discrete active 
centers of cumulonimbus convection and stratiform 
anvils, and the maximum cloud tops reached heights 
of 16 – 17 km along the squall line. The characteristics 
of the JJA precipitation, such as tall precipitation 
top heights and the existence of both stratiform and 
convective precipitations, are consistent with those of 
organized precipitation systems that are described by 
Houze (1977) as squall lines and cloud clusters.

Figure 6 presents SLP and winds at 850 hPa in JJA 
(Fig. 6a) and DJF (Fig. 6b). Figure 6a shows that the 
North Pacific High is dominant over both Regions A 
and B with anticyclonic circulation at 850 hPa in JJA. 
Although atmospheric environments and precipitation 
characteristics as organized precipitation systems are 
similar in Regions A and B, the details of atmospheric 
environments might differ. To extract typical atmo-
spheric circulations associated with the precipitation 

events, a composite analysis for the 850-hPa horizon-
tal winds is conducted (Fig. 7). Section 2.2 explained 
the details of the method. The target area is limited 
to the western parts of Regions A and B because they 
are too zonally broad to extract typical atmospheric 
circulations. Note that similar results can be confirmed 
for the eastern parts of Regions A and B (not shown). 
In addition to anomalous cyclonic circulations in the 
western part of Region A, Fig. 7a presents cyclonic 
anomalies over the southern part of Japan, which can 
be interpreted as the Baiu precipitation band of East 
Asia and extratropical cyclones around the band. 
Sampe and Xie (2010) show that the Baiu precipita-
tion band extended eastward in the northwest Pacific 
Ocean, which might be related to the organized 
precipitation features over Region A, as found in this 
study.

In Region B over the subtropical region, the results 
in Figs. 5d and 5h suggest that the stratiform ratio 
over Region B was lower than that over Region A in 
JJA, indicating that precipitation systems over Region 
B consist of more convective precipitation than those 
over Region A. Yokoyama et al. (2017) suggest that 

Fig. 6.  3-month mean distribution of SLP in hPa and horizontal winds at 850 hPa in m s−1 for (a) JJA and (b) DJF 
calculated from JRA-55. The black open squares indicate Regions A and B, which are the same as in Fig. 3.
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the precipitation system with a stratiform ratio below 
80 % was frequently observed in the subtropics, 
including Region B. It represented tropical mesoscale 
organized precipitation systems, such as mesoscale 
convective systems. Furthermore, tropical disturbanc-
es could be a contributor categorized as organized 
precipitation systems because they frequently develop 
around Region B in the northwest Pacific Ocean in 
July and August (Takahashi and Yasunari 2006). 
Figure 7b presents a large-scale cyclonic circulation 
that extends to the Philippines, which corresponds to 
the region where tropical disturbances, including trop-
ical cyclones, are often observed. At the same time, 
Fig. 3a presents the same statistically significant Dm 
signals off the eastern US coast, where hurricanes pass 
frequently. These climatological features support the 
proposed dominant precipitation regimes as organized 
systems.

5.2 � Extratropical frontal systems over the  
mid-latitudes in DJF

Contrary to the boreal summer over the northwest 
Pacific Ocean, the atmospheric circulations are quite 

different between the subtropical and mid-latitude 
regions in DJF. As for DJF in Region A, located to 
the east of a large continent, there is a storm track 
activity over the mid-latitudes (e.g., Blackmon et al. 
1977). Figure 6b shows that Region A corresponds 
to the high-gradient region in SLP, and the Aleutian 
low stays in the northern part of Region A. Previous 
studies found that the size of the precipitation system 
over the mid-latitude ocean was large, especially in 
the winter (Liu and Zipser 2015).

Hamada et al. (2014) investigated the regional 
characteristics of extreme rainfall by using the 12-
year TRMM dataset. They revealed that the frequency 
of extreme rainfall was high in autumn and winter 
over the oceans around 30°N. They suggested that the 
characteristics were related to extratropical frontal 
systems, which were the same as those in Region A 
in DJF in this study. The characteristics in Figs. 4a – d 
of high stratiform ratio with medium precipitation 
top heights correspond to the features of extratropical 
frontal systems. Looking back to Figs. 2f, 2h, and 3a, 
these signals can also be seen over the Atlantic Ocean 
in the northern hemisphere and throughout the south-

Fig. 7.  Anomaly in composite analysis of horizontal winds at 850 hPa in mm s−1 for the western part of (a) Region A 
and (b) Region B in JJA. The black open squares indicate the western part of Regions A and B.
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ern hemisphere (the signals in the southern hemisphere  
are opposite to those in the northern hemisphere, cor-
responding to winter). These results also support the 
dominance of extratropical frontal systems.

Dolan et al. (2018) suggested that large raindrops 
are formed originally from graupel or hail in ice-based 
precipitation and by melting at near surface, which is 
dominant in mid-latitudes. Although the results in this 
study are limited to cases for the liquid phase at near 
surface, ice particles could exist at upper levels above 
a clutter-free bottom. To check the existence of ice 
particles, the flagHIP is analyzed, and it is explained 
in Section 2.1. Figure 8 indicates the relative ratio of 
pixels with flagHIP to the total pixels with precipi-
tation. It is found that the ratio of pixels with heavy 
ice precipitation is quite high over Region A, which 
means that ice particles exist at upper levels when Dm 
near the surface is large in DJF.

Another possible factor for a large Dm over the mid- 
latitudes in DJF is the growth of low-level raindrop 
(Kobayashi et al. 2018; Radhakrishna et al. 2020). 
Kobayashi et al. (2018) show the differences in reflec-
tivity profiles for stratiform precipitation. The profiles 
frequently decreased from the melting level toward 
the surface in tropical oceans, whereas they increased 
in mid- and high-latitude oceans. They concluded 
that raindrops falling through the clouds collected the 
cloud droplets in the lower atmosphere, leading to the 
increasing raindrop size and radar reflectivity toward 
the surface. Radhakrishna et al. (2020) also suggest 
that the dominant lower-level hydrometeor growth due 
to the prevalence of moist atmosphere at low levels 
over the oceans resulted in larger Dm values.

5.3 � Shallow convective systems over subtropics in 
DJF

Region B has the unique feature of the precipitation 
top height being the lowest and convective precipi-
tation being dominant. Region B corresponds to the 
subtropical high and trade-wind region, as presented 
in Fig. 6b. The atmospheric lower-level stability in 
the trade-wind region is usually unstable enough to 
trigger convection. However, the trade-wind inversion 
suppresses convection to develop further, resulting in 
the dominance of low-level convective cumulus (Short 
and Nakamura 2000). In addition to the trade-wind 
cumulus, cumulus congestus is also prominent over 
the subtropics (Johnson et al. 1999; Takayabu et al. 
2010). Thus, precipitation characteristics in Region B 
in DJF are consistent with the dominance of the shal-
low convective systems, such as cumulus and cumulus 
congestus.

6.  Pixel-by-pixel analysis of the R–Dm relationship

Previous sections have shown that Dm has seasonal 
variations associated with regional and seasonal 
changes in precipitation regimes. Over the mid-latitude  
region (Region A), Dm is larger in DJF than in JJA 
with the change from an organized precipitation 
regime in JJA to an extratropical frontal regime in 
DJF. Conversely, Dm is smaller in DJF than in JJA 
over the subtropical region (Region B) with the 
change from an organized precipitation regime in JJA 
to a shallow precipitation regime in DJF. Notably, the 
relationship between mean R and mean Dm does not 
follow the original pixel-based R–Dm relationship used 
in the DPRL2 algorithm. As shown in the results, the 
seasonal variation in mean R is insignificant, whereas 
that of Dm is significant.

To elucidate whether the seasonal variation in Dm 
is caused by the change in R or by both R and other 
precipitation characteristics, the pixel-by-pixel R–Dm 
relationship at a clutter-free bottom is investigated 
using DPRL2 products. Two-dimensional histograms 
are calculated, as presented in Fig. 9. Noted that there 
is the unnatural separation of the stratiform/convective 
R–Dm model, described by the dotted lines in Fig. 9, 
that is caused by the algorithm limitation. Although 
assuming that the R–Dm relationship leads to artificial 
results, keep in mind that some samples are adjusted 
from the originally defined R–Dm model through the 
change in ε . The range of Dm becomes broader when 
log R is within the narrow range of −0.5 to 1, which 
could cause the mean Dm to vary even if mean R 
exhibits no significant changes. Taking into consid-
eration the frequency differences on the R–Dm plane 
between JJA and DJF, Figs. 9c and 9f indicate that the 
dominant modes differ between seasons. The domi-

Fig. 8.  3-Month mean value of the ratio of pixels 
with heavy ice precipitation in DJF. The black 
open squares indicate Regions A and B, which 
are the same as in Fig. 3.
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nant modes are extracted as modes A1 and A2 over 
Region A (Figs. 9a – c) and B1 and B2 over Region 
B (Figs. 9d – f) by fixing the range of R to discuss the 
differences in Dm. As for Region A in the mid-latitudes 
(Fig. 9c), mode A1 was dominant in JJA, whereas 
mode A2 was dominant in DJF. Conversely, mode B1 
was dominant in DJF, whereas mode B2 was dominant 
in JJA over Region B in the subtropical region (Fig. 
9f).

The result that mean Dm could change even if mean 
R is almost within the same range is consistent with 
the results and discussions in the previous section. 
To further investigate the differences for each mode, 
composite vertical profiles of R within each mode and 
season are presented in Fig. 10. The vertical structures 
of R differ in each mode and season even if the mean 
R at the near surface is around 1.5 – 2 mm h−1. It is 
noted again that all modes have the same range of R; 
however, modes A2 and B2 have a relatively larger Dm 
(0.25 < log Dm < 0.35) than modes A1 and B1 (−0.1 < 

log Dm < 0), respectively. Figure 10 shows that modes 
A2 and B2 with larger Dm have relatively higher pre-
cipitation top heights compared with modes A1 and 
B1 in both JJA and DJF.

Regarding the 0°C level, the peak values of the 0°C 
level in JJA is 4 – 5 km and higher than those in DJF 
over Region A, whereas the peak values are almost 5 
km in all modes in Region B. Comparing the differ-
ences between Regions A and B, the vertical profiles 
of R with high relative frequency shown in warm 
colors are shallower in mode B1 than in mode A1 
but deeper in mode B2 than in mode A2, despite the 
ranges of R and Dm being the same. This might depend 
on which precipitation systems are dominant in each 
season and each mode.

Focusing on the seasonal change in dominant pre-
cipitation systems over Region A in the mid-latitudes, 
mode A1 is more frequent in JJA when organized 
precipitation systems are dominant, whereas mode 
A2 is more frequent in DJF when extratropical frontal 

Fig. 9.  Two-dimensional histogram of pixel-based R–Dm relationship. Horizontal and vertical axes indicate log Dm 
and log R, respectively. (a – c) are for Region A and (d – f) are for Region B. (a) and (d) are in JJA; (b) and (e) are in 
DJF. (c) and (f) are the differences between JJA and DJF (JJA minus DJF). The dotted lines in each panel indicate 
the R–Dm base model assumed in the DPRL2 algorithm; the right and left dashed lines indicate the model for strat-
iform precipitation in Eq. (2) and convective precipitation in Eq. (3), respectively. The black open squares indicate 
the selected modes; left and right squares in Region A (a – c) indicate modes A1 and A2, and those in Region B (d – f) 
indicate modes B1 and B2, respectively.
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systems are dominant, as presented in Fig. 9c. As  
compared with Figs 10a and 10d, the 0°C level is 
lower in mode A2 in DJF than in mode A1 in JJA. 
The lower 0°C level in mode A2 in DJF could provide 
more ice-based particles in the upper levels, which is 

consistent with the possible association between the 
existence of ice-based particles in the upper levels 
and larger Dm melted at near surface in DJF over 
mid-latitudes. The results support the hypothesis 
that precipitation over a mid-latitude region, such as 

Fig. 10.  Composite vertical profiles of R for (a, c) mode A1, (b, d) mode A2, (e, g) mode B1, and (f, h) mode B2 in 
(a – b, e – f) JJA and in (c – d, g – h) DJF, respectively. The colors show relative frequency, superimposed by a solid 
line that indicates the mean for each height bin. The solid line along the right-hand axis of each panel indicates the 
histograms of 0°C levels.
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Region A, could be often formed from ice processes 
(i.e., aggregation) in stratiform nimbostratus clouds 
falling into dry air, creating large values of Dm.

In the case of Region B over the subtropics, mode 
B2 is relatively more frequent in JJA when organized 
precipitation systems are dominant, whereas mode 
B1 is more frequent in DJF when shallow convec-
tive systems are dominant, as presented in Fig. 9f. 
Although the 0°C levels have almost the same values 
at 5 km, the vertical precipitation profiles are quite 
different. Precipitation top height is higher in mode 
B2 in JJA, which is consistent with the characteristics 
of organized precipitation systems. Regarding mode 
B1 in DJF, the precipitation top height of the mean 
vertical profile is below the 0°C level, which is the 
well-known precipitation characteristics of warm rain 
processes.

As shown by the pixel-based analysis, the variability  
of Dm depends on R and the changes in the dominant 
precipitation system, supporting the previous discus-
sions. This could result in R being nearly constant, 
despite the significant changes in Dm that are related 
to the season or the specific region. However, it is 
difficult to identify the changes in Dm regarding pre-
cipitation characteristics from those related to changes 
in R and to deal with the artificial results caused by 
the R–Dm relationship in the algorithm. Therefore, 
further investigation is required, and improvement of 
the algorithm is desired.

7.  Conclusion

This study statistically analyzed 4 years of accu-
mulated Dm data from the DPRL2 Version 05 product 

to investigate the characteristics of global DSD and 
the relationship between characteristics of DSD and 
precipitation. New features of the GPM/DPR obser-
vations of DSD include the dual-frequency radar and 
the observed coverage of the mid-latitudes, compared 
with the predecessor TRMM/PR. This study found 
interesting characteristics of spatial distributions for 
the annual mean Dm and the seasonal variations in 
Dm through the change in the dominant precipitation 
systems by using the GPM/DPR observations.

The annual mean spatial distribution of Dm is 
shown, and the values of Dm are generally larger over 
land and smaller over the oceans. Over land, a larger 
Dm corresponds to a larger R in some areas. In the 
tropics and subtropics over the oceans, a larger Dm 
also corresponds to a larger R, and Dm is smaller over 
and around the eastern parts of the ocean with cold sea 
surface temperature and under the subtropical high. 
Over mid-latitude oceanic regions, Dm is relatively 
larger, whereas R is not so large, especially in the 
southern hemisphere.

Dm varies seasonally with a change in R over the 
Asian regions and the Amazon area over land and 
subtropical high and mid-latitudes over the oceans. 
Especially over the northern Pacific Ocean, Dm is 
larger in the winter and smaller in the summer over 
the mid-latitude regions, and an opposite seasonal 
variation is observed over subtropical regions; the 
signals were statistically significant.

Further analysis is conducted focusing on the north-
west Pacific Ocean by extracting two regions over the 
mid-latitude and subtropical regions (Regions A and 
B). Clear differences exist in dominant precipitation 
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Fig. 11.  Schematic diagram of three dominant precipitation systems discussed in this study: (a) organized precipita-
tion system, (b) extratropical frontal system, and (c) shallow convective system.
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systems with different precipitation characteristics 
over the two regions, with the variations in Dm. Figure  
11 summarizes the results in this study. For both 
regions in JJA, the precipitation top heights are high, 
and there are both stratiform and convective precip-
itations. These characteristics are consistent with 
those of organized precipitation systems, such as the 
Baiu precipitation band of East Asia, extratropical 
cyclones around the band over the mid-latitudes, and 
tropical disturbances over the subtropics. For DJF 
over mid-latitudes, the stratiform ratio is high, but 
precipitation top heights are not as high as those for 
organized precipitation systems in JJA, corresponding 
to the features of extratropical frontal systems.

The results that the mean value of R is not so large 
and ice particles exist in the upper level support the 
hypothesis that a large Dm is related to not only a 
large R but also the formation process of ice particles 
melting in the stratiform nimbostratus clouds falling 
into dry air. For DJF over the subtropics, a feature that 
precipitation top heights are the lowest and convective 
precipitation is dominant is confirmed. This result 
indicates that the shallow convective precipitation 
systems with trade-wind cumulus or cumulus conges-
tus under the subtropical high are dominant in DJF, 
suggesting that Dm varies seasonally and regionally, 
possibly regarding the changes in the dominant pre-
cipitation regimes.

To elucidate whether the seasonal variation in Dm 
is caused by the change in R or by both R and other 
precipitation characteristics, the pixel-by-pixel R–Dm 
relationship is investigated. It is found that most sam-
ples are around the originally assumed R–Dm model 
that has a positive correlation; however, some samples 
are adjusted from the base model. The range of Dm 
becomes broader from small values to large values, 
despite R being within almost the same range around 
1 mm h−1, which could cause the variation in the mean 
Dm, even if mean R does not change much. The dom-
inant modes on the R–Dm plane differ from season to 
season. Each dominant mode in season (JJA and DJF) 
and region (mid-latitudes and subtropics) has different 
vertical profiles of precipitation, which supported the 
discussions in the association between the regional 
and seasonal changes in Dm and the dominant precipi-
tation systems.
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