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Abstract 36 

This study investigates the global drop size distribution (DSD) of rainfall and its 37 

relationship to large-scale precipitation characteristics using the Dual-frequency 38 

Precipitation Radar (DPR) onboard the Global Precipitation Measurement (GPM) Core 39 

Observatory. This study focuses on seasonal variations in the dominant precipitation 40 

systems regarding variations in DSD. A mass-weighted mean diameter (Dm), which is 41 

estimated based on the dual-frequency information derived from the GPM/DPR, is 42 

statistically analyzed as a typical parameter of the DSD. Values of the annual mean Dm, 43 

in general, are larger over land than over the oceans, and the relationship between Dm 44 

and precipitation rate (R) is not a simple one-to-one relationship. Furthermore, Dm 45 

exhibits statistically significant seasonal variations, specifically over the northwest 46 

Pacific Ocean, whereas R shows insignificant variations, indicating the variations in R 47 

cannot explain the distinct seasonal changes in Dm. Focusing on the seasonal variation 48 

in Dm over the northwest Pacific Ocean, the results indicate that the variation in Dm is 49 
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related to the seasonal change in the dominant precipitation systems. In the summer 50 

over the northwest Pacific Ocean, Dm is related to the organized precipitation systems 51 

associated with the Baiu front over the mid-latitudes and tropical disturbances over the 52 

subtropical region, with relatively higher precipitation top heights, composed of both 53 

stratiform and convective precipitations. Contrary to the summer, larger Dm over the 54 

mid-latitudes in winter is related to extratropical frontal systems with ice particles in the 55 

upper layers, which consists of more stratiform precipitation in the storm track region. 56 

The smaller Dm over the subtropical northwest Pacific Ocean in winter is associated with 57 

shallow convective precipitation systems with trade-wind cumulus clouds and cumulus 58 

congestus under the subtropical high. 59 

 60 

Keywords  GPM; rainfall; precipitation system; seasonal change; precipitation 61 

characteristics  62 



3 

 

1. Introduction 63 

 64 

Precipitation is essential for life; however, its distribution is not spatially homogeneous 65 

over the Earth, and many areas experience water shortages, droughts, and floods. To 66 

understand the criticality of precipitation in the water cycle, one must know the amount and 67 

characteristics of precipitation (IPCC 2014). One of the parameters that characterize 68 

precipitation is the drop size distribution (DSD), which is the number of drops per unit 69 

volume as a function of the drop diameter. DSD is a fingerprint of processes that could 70 

vary in precipitation systems as per the diurnal cycle, seasonal changes, and other 71 

environmental factors (e.g., Bringi et al. 2003; Kozu et al. 2006; Dolan et al. 2018). 72 

Furthermore, DSD is closely related to the formation of precipitation through microphysical 73 

processes for clouds and precipitation (Testud et al. 2001; Kozu et al. 2009). Regarding 74 

the remote sensing techniques, it is well known that DSD information is critical to retrieve 75 

precipitation by using ground radars because it determines the relationship between radar 76 

reflectivity (Z) and precipitation rate (R) (Marshall and Palmer 1948). However, DSD is still 77 

a highly uncertain factor in these fields (Wang et al. 2010), thus requiring a detailed 78 

investigation of DSD. 79 

Previous studies investigated the local characteristics of DSD via ground-based 80 

observations (e.g., Bringi et al. 2003; Kozu et al. 2006; Dolan et al. 2018). They found that 81 

DSD depends on factors such as precipitation type (convective or stratiform) and local 82 
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climatological regimes. For instance, Kozu et al. (2006) investigated the diurnal and 83 

seasonal variations in DSD at three locations with different climates (Gadanki in India, 84 

Singapore, and Kototabang in Indonesia) by using ground-based measurements. They 85 

showed that diurnal convective cycles and seasonal variations in precipitation affected 86 

DSD. Furthermore, the amplitude of DSD variations was unique to each location. The 87 

seasonal variation was significant in Gadanki, whereas the diurnal variation was large in 88 

Kototabang. Singapore exhibited smaller seasonal and diurnal variations due to the 89 

oceanic effect. They concluded that DSD characteristics were associated with the 90 

dominant local precipitation systems. 91 

Previous studies often used ground-based observation of DSD from disdrometers and 92 

dual-polarimetric meteorological radars. Disdrometers can provide DSD information at a 93 

specific site with a high temporal resolution, such as particle size velocity (PARSIVEL) 94 

disdrometers measuring droplet size and fall velocity (Löffler-Mang and Joss 2000), and 95 

2D video disdrometers (2DVD) measuring the size, fall velocity, and shape of each drop 96 

(Kruger and Krajewski 2002). Dual-polarimetric meteorological radars provide the spatial 97 

distribution of drop size information within a specific region by assuming DSD models 98 

(Ulbrich 1983; Straka et al. 2000; Brandes et al. 2004). A modified gamma distribution with 99 

three parameters is often adopted, as defined in Eq. (1): 100 

𝑁(𝐷) = 𝑁0𝐷
𝜇𝑒𝑥𝑝(−𝛬𝐷) = 𝑁𝑤𝑓(𝜇)𝐷

𝜇𝑒𝑥𝑝 (−
(4+𝜇)

𝐷𝑚
𝐷),   (1) 101 

where D denotes the diameter of a precipitation particle; N(D), the number density; and 102 
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Nw, No, μ, and λ, the DSD parameters. 103 

Recently, Dolan et al. (2018) conducted a statistical analysis using long-term 104 

disdrometer records from high-, middle-, and low-latitude regions and found that the DSD 105 

varied with latitude. This result suggests that DSDs reflect the characteristics of dominant 106 

precipitation systems in each latitudinal band. Specifically, deep convection and warm 107 

cloud depths with robust coalescence processes were dominant over the low latitudes, 108 

whereas weak convections were dominant over the high latitudes. In the mid-latitudes, the 109 

stratiform systems with a clear bright band signature and larger melted ice particles were 110 

dominant. Even though longer DSD data records enable such statistical analysis, ground-111 

based observations are still spatially limited. 112 

In addition to the ground-based DSD measurements, spaceborne precipitation radars 113 

can provide DSD information that should be another source of information for 114 

understanding large-scale DSD characteristics. The Tropical Rainfall Measuring Mission 115 

(TRMM) satellite was launched in 1997 (Kummerow et al. 1998; Kozu et al. 2001) and 116 

carried the Precipitation Radar (PR) with a frequency in the Ku-band. The TRMM/PR 117 

provided DSD information based on the single-frequency estimation method for more than 118 

17 years (Iguchi et al. 2000; 2009). Following the success of the TRMM, the Global 119 

Precipitation Measurement (GPM) Core Observatory was launched in 2014 (Kojima et al. 120 

2012; Hou et al. 2014; Skofronick-Jackson et al. 2017). 121 

GPM has two major advantages over TRMM, namely, a dual-frequency radar 122 
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observation and a broader observation area, including mid-latitudes. The Dual-frequency 123 

Precipitation Radar (DPR) consists of the Ku-band precipitation radar (KuPR) and the Ka-124 

band precipitation radar (KaPR). The DPR delivers dual-frequency retrievals of two DSD 125 

parameters based on the differential scattering properties of precipitation particles at these 126 

two frequencies. Recently, Iguchi et al. (2018) developed an algorithm for detecting heavy 127 

ice precipitation by using the differential scattering properties obtained from GPM/DPR. 128 

Akiyama et al. (2019) conducted a case study to investigate the heavy ice precipitation 129 

band in an oceanic cyclone observed by GPM/DPR. Thus, the GPM/DPR allows a more 130 

accurate global estimation of rainfall particle information than the TRMM/PR with its single-131 

frequency measurement. Seto et al. (2016) reviewed the DSD information derived from the 132 

GPM/DPR algorithm, including the differences between the KuPR-only algorithm and the 133 

DPR algorithm. They revealed that the dual-frequency method could work more effectively 134 

to adjust DSD parameters from assumed basic DSD models by using dual-frequency 135 

information, even in a weak precipitation range, where the single-frequency method did not 136 

work well. As an applicational study of DSD by GPM/DPR, Radhakrishna et al. (2020) 137 

revealed the regional differences in DSD over the Indian region by using GPM/DPR and 138 

found that the characteristics of DSD were different, depending on climatic fields. 139 

Furthermore, the GPM Core Observatory has a higher orbital inclination (65°) than the 140 

TRMM (35°), and it realized the world’s first precipitation observation by spaceborne PR 141 

over the mid-latitudes. Kobayashi et al. (2018) examined the vertical gradient of radar 142 
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reflectivity below the bright band from tropics to mid-latitudes using KuPR onboard the 143 

GPM Core Observatory. They found differences in the vertical profiles of radar reflectivity 144 

for stratiform precipitation between the tropics and mid-latitudes. Therefore, expanding the 145 

observation area of the GPM Core Observatory enables us to investigate large-scale 146 

distributions of DSD and precipitation seamlessly from the tropics to mid-latitudes. 147 

This study aimed to observe the global distribution of the mean drop size and its 148 

relationship to large-scale distributions of precipitation characteristics using 4 years of the 149 

GPM/DPR observations, which provide more accurate DSD information than the 150 

TRMM/PR. In particular, the authors provide information about the drop size over oceans 151 

for the first time using the GPM/DPR observations. This study also focuses on seasonal 152 

variations. 153 

Section 2 provides the datasets and methodology used in this study. The results are 154 

presented in Section 3, including the results of the 4-year climatology and seasonal 155 

differences. Section 4 provides the results focusing on the northwest Pacific Ocean and 156 

comparison with precipitation characteristics, and Section 5 discusses the possible 157 

association between DSD characteristics and dominant precipitation systems. The pixel-158 

based analysis to confirm the R–Dm relationship is explained in Section 6, and Section 7 159 

provides the conclusions. 160 

 161 

2. Data and Methodology 162 
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2.1 GPM/DPR observations 163 

To investigate large-scale DSD distributions, this study used 4 years of data (from June 164 

2014 to May 2018) from the GPM/DPR Level-2 Version 05 products (Iguchi et al. 2017). 165 

The GPM/DPR algorithm can be divided into the KuPR-only algorithm, the KaPR-only 166 

algorithm, and the dual-frequency algorithm (using both KuPR and KaPR) (Seto et al. 167 

2013; Seto and Iguchi 2015; Seto 2019). This study used the DPR Level-2 (DPRL2) 168 

product with the dual-frequency algorithm. The DPR algorithm assumes that the DSD 169 

follows the modified gamma distribution, as described in Eq. (1), where μ is set to 3, and 170 

two unknown parameters are obtained from the GPM/DPR observations. R in mm h−1 can 171 

be interpreted as a DSD parameter because it is a function of DSD parameters if the 172 

terminal fall speed is given. The DPRL2 algorithm uses R and Dm, as presented in Eq. (2) 173 

for stratiform and Eq. (3) for convective, respectively: 174 

𝑅 = 0.401𝜀4.649𝐷𝑚6.131 (for stratiform)   (2) 175 

𝑅 = 1.370𝜀4.258𝐷𝑚5.420 (for convective)   (3) 176 

The units of R and Dm are mm h−1 and mm, respectively. Here, ε is an adjustment factor. In 177 

the dual-frequency algorithm, the dual-frequency surface reference technique (Meneghini 178 

et al. 2015) and KaPR’s Z are used to adjust ε (Seto 2019). The R–Dm relationship in the 179 

GPM/DPR algorithm in Eqs. (2) and (3) is derived from the same set of DSD 180 

measurements (Kozu et al. 2009), which was also used in the Z–R relationship in the 181 

TRMM/PR algorithm. ε is defined by different methods for TRMM/PR with single-frequency 182 
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radar (Iguchi et al. 2000; 2009) and for the GPM/DPR with dual-frequency radar (Seto et 183 

al. 2013; Seto and Iguchi 2015; Seto 2019). 184 

This study focuses on Dm at the near surface (clutter-free bottom) as a typical parameter 185 

of the DSD and shows a 4-year annual mean global distribution of Dm. Data are averaged 186 

onto a 2.5° × 2.5° box (latitude and longitude) in two steps to ensure that the seasonal 187 

characteristics are not missed. In the first step, we average values seasonally, in other 188 

words, every 3 months (March–April–May (MAM), June–July–August (JJA), September–189 

October–November (SON), and December–January–February (DJF)) from an orbit-based 190 

level-2 product (e.g., 2014JJA, 2014SON, and so on). If the number of observation 191 

samples of the level-2 product in a 2.5° × 2.5° box is less than 64 in the first step, the 2.5° 192 

× 2.5° box is treated as missing. Note that the number 64 for the selection threshold was 193 

also  chosen in a previous study using the TRMM data (Kozu et al. 2009). In the second 194 

step, a 3-month dataset is taken as one sample, and the 4-year annual mean is calculated. 195 

If the number of non-missing 3-month Dm data in each season is more than 3 (the 196 

maximum value is 4 as the total duration of 4 years), the grid box is plotted. The target 197 

domain is 65°N–65°S. The DPRL2 products include phase information, such as liquid, 198 

mixed, or solid, using vertical profiles of radar reflectivity and ancillary atmospheric 199 

environmental data, such as temperature. 200 

This study focuses on Dm in the liquid phase as a first step to investigate the DSD 201 

information obtained by the GPM/DPR, so that the mixed and solid phases at the clutter-202 
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free bottom are excluded and that only data in the liquid phase at the clutter-free bottom 203 

are analyzed. In addition to Dm, the 4-year annual mean global distribution of R is also 204 

calculated and compared with that of Dm. It is noted that the averages of R and Dm are 205 

obtained only when precipitation in the form of liquid water (rain) is present at the near 206 

surface gate. 207 

The 3-month mean (MAM, JJA, SON, and DJF) distributions of Dm and R are calculated 208 

from the DPRL2 product to investigate seasonal differences. The treatment of missing 209 

values is the same as that for the annual mean. To determine the difference between JJA 210 

and DJF, Welch’s t test (Welch 1938) is conducted to detect statistically significant 211 

differences with a 99% confidence level by taking a 3-month mean for a year as one 212 

sample. 213 

Furthermore, precipitation top heights, stratiform ratio, and ratio of pixels with heavy ice 214 

precipitation are analyzed to capture the characteristics of precipitation. Precipitation top 215 

heights are defined as the highest altitude where the precipitation rate is above 0.3 mm 216 

h−1. The threshold of 0.3 mm h−1 is set by considering the sensitivity of the DPR instrument 217 

(Kojima et al. 2012). The stratiform ratio is defined as the ratio of pixels identified as 218 

stratiform to the total number of rain-conditioned pixels. The type classification of 219 

precipitation (i.e., convective, stratiform, or other) is as defined in the DPRL2 algorithm. 220 

The flagHeavyIcePrecipitation (flagHIP) in DPRL2 products is used to calculate the ratio of 221 

pixels with heavy ice precipitation. The measured dual-frequency ratio (DFRm) and 222 
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measured apparent radar reflectivity factor (Zm) by KuPR are used to detect heavy ice 223 

precipitation. The detailed algorithm is described by Iguchi et al. (2018). 224 

The pixel-by-pixel R–Dm relationship at a clutter-free bottom is investigated using 225 

DPRL2 products to elucidate whether a change in R, a change in the characteristics of the 226 

precipitation, or a combination of both causes the seasonal variation in Dm. 227 

It should be noted that this study aimed to characterize the large-scale variations in Dm, 228 

and that evaluating the accuracy of the DSD product by the GPM/DPR data is beyond the 229 

scope of this study. Previous studies validated the DSD product of the GPM/DPR against 230 

ground-based observation networks (Petersen et al. 2017; 2018; D'Addario et al. 2018). 231 

They revealed that the specific GPM science requirement of Dm to within +/−0.5 mm of 232 

ground-based observation is satisfied overall in the DPR Version 05 dataset. Moreover, the 233 

relationship between Dm observed through ground validation and Dm from the DPR is 234 

statistically significant, despite biases in the products. This allows a discussion not about 235 

the absolute values of Dm but about the statistically significant differences of Dm over the 236 

seasonal cycle. This study extends the findings regarding seasonal differences of DSD 237 

that Kozu et al. (2009) revealed by using the TRMM/PR to the mid-latitudes by using the 238 

GPM/DPR. 239 

 240 

2.2 Atmospheric reanalysis dataset 241 

In addition to the GPM/DPR observations, atmospheric reanalysis data are used to 242 
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discuss the dominant precipitation systems. Horizontal winds at the 850 hPa level and sea 243 

level pressure (SLP) from the Japanese 55-year reanalysis, known as JRA-55 (Kobayashi 244 

et al. 2015), are used. This dataset enables investigations of the dominant atmospheric 245 

circulations, which are analyzed independently from the GPM/DPR dataset. The resolution 246 

of the JRA-55 is 1.25° × 1.25° at 6-h intervals. 247 

The 3-month mean distributions of horizontal winds at 850 hPa and SLP are calculated 248 

to quantify the seasonal differences in the atmospheric environment. Furthermore, 249 

composite analysis is conducted for horizontal winds using the JRA-55 to extract typical 250 

atmospheric circulations associated with the precipitation events. When the ratio of 251 

precipitating pixels to observing pixels by GPM/DPR in a certain area is more than 10%, 252 

the JRA-55 sample at the nearest time is composited, as will be shown later in Section 4. 253 

The anomaly of the composite mean from the total mean was calculated and discussed. 254 

 255 

3. Large-Scale Distribution of Dm and Its Seasonal Variations 256 

3.1 Global distribution of Dm 257 

Figure 1a presents the 4-year annual mean of Dm in mm at the clutter-free bottom, 258 

showing that Dm, in general, is larger over land than over the oceans. Notably, large-scale 259 

distributions of Dm, including mid-latitudes, are newly obtained by the GPM/DPR 260 

observation. 261 

As explained in Section 1, Dm is closely related to the formation of precipitation through 262 
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microphysical processes for clouds and precipitation, and it reflects precipitation 263 

characteristics, such as the diurnal cycle and seasonal changes. The regional 264 

characteristics of Dm are reviewed by considering those of R in this subsection because R 265 

is the most fundamental parameter for characterizing precipitation and is closely related to 266 

Dm, as expressed in Eqs. (2) and (3). If ε has a constant value, Dm should correspond to R 267 

with a one-to-one relationship, as understood in Eqs. (2) and (3), even though there are 268 

differences between stratiform and convective precipitations. In practice, since the values 269 

of ε depend on precipitation characteristics, the actual mean Dm does not completely 270 

correspond to mean R. 271 

Figure 1b presents the 4-year annual mean of conditional R in mm h−1 at the clutter-free 272 

bottom. Comparing Dm in Fig. 1a with R in Fig. 1b, it is found that the relationship is not a 273 

simple one-to-one relationship, suggesting a more complicated relationship between 274 

precipitation and liquid droplet size. 275 

Over land, a larger mean Dm corresponds to a larger mean R around the Meghalaya 276 

region in the Indian subcontinent, the coastal area of the Gulf of Guinea and the Congo 277 

Basin on the African Continent, the Mississippi River coast in the North American 278 

Continent, and the La Plata River in the South American Continent. The results suggest 279 

that larger liquid raindrops are associated with stronger precipitation in these regions. Over 280 

tropical and subtropical oceans, a larger Dm corresponds to a larger R around the warm 281 

pool. A smaller Dm corresponds to a smaller R over and around the eastern parts of the 282 
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oceans, which has cold sea surface temperature over the California Current and the Peru 283 

Current in the Pacific Ocean, the West Australian Current in the Indian Ocean, and the 284 

Benguela Current in the Atlantic Ocean. 285 

Focusing on the Pacific Ocean, the relationship between Dm and R seems to be more 286 

complicated. For example, over the Intertropical Convergence Zone (ITCZ), Dm does not 287 

have a homogeneous spatial distribution, whereas R is homogeneously larger over the 288 

entire ITCZ region. Along the ITCZ in 5°–15°N, the relationship between R and Dm is 289 

different in the equatorial central Pacific (120°–150°W) from those in the surrounding 290 

regions. Dm is smaller over the equatorial central Pacific, whereas it is larger over the 291 

equatorial eastern Pacific (130°–180°E) and the western Pacific (90°–120°W). This is 292 

consistent with the findings of Shige et al. (2008) who suggested that raindrops over the 293 

central Pacific (5°–15°N, 120°–150°W) were smaller than those over the western Pacific 294 

(2.5°–12.5°N, 130°–160°E). 295 

As for the South Pacific Convergence Zone, Dm is smaller, despite R being larger over 296 

the subtropical region (30°–15°S). Contrary to the subtropical high-pressure zone (15°–297 

30°N, 30°–15°S), Dm is larger, whereas R is not so large over the oceans in the mid-298 

latitudes (50°–60°N, 60°–30°S). The combination of a larger Dm and a moderate R is 299 

apparent, especially in the southern hemisphere where storm tracks are dominant all year 300 

round. The results over the entire mid-latitude region are newly identified in this study by 301 

using GPM/DPR. In this manner, we can find various regional characteristics of Dm, even 302 
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though R is similar, which could be associated with the climate regime and/or dominant 303 

precipitation systems. 304 

 305 

3.3 Seasonal differences of Dm 306 

The regional characteristics of the seasonal mean Dm could be interpreted much clearer 307 

if we consider seasonal variations in precipitation characteristics. We compared the annual 308 

mean Dm with the annual mean R in the previous subsection and found that their 309 

relationship is not simple. In this subsection, we investigate the seasonal differences of 310 

mean Dm regarding mean R. Figures 2a–d and 2e–h present 3-month mean anomalies 311 

from the 4-year annual mean Dm and R, respectively. Over land in the Asian monsoon 312 

region with a drastic seasonal variation in R, Dm in MAM is larger, whereas Dm in JJA and 313 

DJF is smaller. The larger Dm in MAM can be associated with the heavy precipitation in the 314 

pre-monsoon season, whereas the smaller Dm in JJA is observed in the mature monsoon 315 

season, indicating the association with the seasonal changes in precipitation 316 

characteristics and dominant precipitation systems (Takahashi 2016, Ono and Takahashi 317 

2016). Over the Amazon, Dm is larger in JJA and SON, corresponding to a mainly dry 318 

season, whereas Dm is smaller in DJF and MAM, corresponding to a mainly wet season 319 

(Collischonn et al. 2008). Over the oceans, distinct seasonal changes in Dm are observed, 320 

specifically in JJA and DJF, although the seasonal changes cannot be explained by those 321 

of R. Larger Dm in the summer hemisphere is found in the subtropics, and that in the winter 322 
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hemisphere is found in the mid-latitudes, particularly over the Pacific Ocean. 323 

Figure 3 presents the seasonal differences in Dm (Fig. 3a) and R (Fig. 3b) between JJA 324 

and DJF. In Fig. 3, the grid boxes with a statistically significant difference are identified 325 

using a statistical test. Clear seasonal differences are observed in Dm over the mid-latitude 326 

Pacific Ocean (30°–50°N/S) and the subtropical northern Pacific Ocean (10°–30°N). 327 

Conversely, there are no obvious or systematic seasonal differences in R in these regions. 328 

Note that there are also some organized signals in Dm over the Atlantic Ocean and the 329 

Indian Ocean. Region A over the mid-latitudes (30°–50°N, 150°E–150°W) and Region B in 330 

the subtropics (10°–30°N, 130°E–170°W) are extracted based on the seasonal changes in 331 

Dm (Fig. 3a) for a detailed investigation in the following sections. 332 

As mentioned previously, the GPM can observe rainfall and DSD over a broader area, 333 

including the mid-latitudes, using a dual-frequency radar. The seasonal variations in DSD 334 

information over tropical and subtropical regions were also estimated by the TRMM/PR 335 

(Kozu et al. 2009); these results were consistent with those of the current study. However, 336 

the orbital inclination of the TRMM was insufficient to determine the rainfall characteristics 337 

in the mid-latitudes. Clear seasonal variations in DSD information, including mid-latitudes, 338 

are newly detected by the GPM/DPR observations. A detailed analysis is conducted and 339 

discussed in the following sections, focusing on the northwest Pacific Ocean where the 340 

variation in Dm is statistically significant. 341 

 342 
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4. Seasonal Difference of Dm and Precipitation Characteristics Over the Northwest 343 

Pacific Ocean 344 

As presented in Figs. 2 and 3, significant seasonal variations in Dm are observed over 345 

the subtropical and mid-latitude bands of the northwest Pacific Ocean between JJA and 346 

DJF. Figure 4 presents the 3-month mean values of Dm (Figs. 4a,b), R (Figs. 4c,d), 347 

precipitation top heights (Figs. 4e,f), and stratiform ratio (Figs. 4g,h) to outline the 348 

precipitation characteristics. As presented in Figs. 2 and 3, Dm exhibits clear contrasts 349 

between Regions A and B, whereas R does not. Conversely, precipitation characteristics, 350 

such as precipitation top heights in DJF and stratiform ratio in both JJA and DJF, differ 351 

across the boundary of 30°N, which is similar to the spatial pattern of seasonal differences 352 

in Dm. Figures 4e and 4f show that precipitation top heights are higher in JJA and lower in 353 

DJF, especially over the subtropical region. As for the stratiform ratio (Figs. 4g,h), 354 

precipitation is more stratiform over the mid-latitudes than over the subtropical region. This 355 

is consistent with the findings of Yokoyama et al. (2017, 2019), who characterized the mid-356 

latitude-type precipitation with a stratiform precipitation ratio of over 80% using the 357 

TRMM/PR Level-2 dataset. Moreover, a latitudinal contrast in stratiform ratios of the 358 

subtropical and mid-latitude regions seems larger over the northwest Pacific Ocean in DJF 359 

than in JJA. 360 

These results indicate that the precipitation systems over the northwest mid-latitude 361 

Pacific region (Region A) consist of both stratiform and convective precipitations with high 362 
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precipitation top heights in JJA, whereas the features change to more stratiform 363 

precipitation with moderate precipitation top heights in DJF. On the other hand, in the 364 

northwest subtropical Pacific region (Region B), precipitation systems in JJA consist of 365 

both stratiform and convective precipitations with high precipitation top heights, whereas 366 

those in DJF consist of more convective precipitation with lower precipitation top heights. 367 

Overall, the seasonal changes in precipitation characteristics, such as precipitation top 368 

heights and stratiform ratio, seem to relate to changes in Dm. 369 

Figure 5 presents the relative frequency of 3-month mean values for Dm, R, precipitation 370 

top heights, and stratiform ratio over Regions A and B for quantitative investigation. One 371 

sample corresponds to a 2.5° × 2.5° box for 3 months in a specific year. There are 372 

differences in peak values and/or shapes of the histogram for Dm, precipitation top heights, 373 

and stratiform ratio between JJA and DJF, although differences are not as evident for R. 374 

In the mid-latitudes of Region A, the peak values of Dm are 1.1 mm in JJA and 1.3 mm in 375 

DJF (Fig. 5a), whereas the peak values of R are 1–2 mm h−1 in both JJA and DJF (Fig. 376 

5b). The dominant precipitation top height is 6–8 km in DJF, whereas it is 8–10 km in JJA 377 

(Fig. 5c). The range of relative frequency of the stratiform ratio is broad (from 0 to 1) in 378 

JJA; however, it is limited from 0.5 to 1.0 with high peaks at 0.8 and 0.9 in DJF (Fig. 5d). 379 

Therefore, both stratiform and convective precipitations exist in JJA, whereas stratiform 380 

precipitation is more dominant in DJF. 381 

In Region B over the subtropics, the peak values of Dm were 1.2–1.3 mm in JJA and 1.1 382 
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mm in DJF (Fig. 5e). However, R has peak values of 1–2 mm h−1 in both JJA and DJF 383 

(Fig. 5f), which is almost the same as in Region A. The peak range of relative frequency of 384 

precipitation top height is broad (from 8 to 11 km) in JJA, whereas approximately 60% of 385 

the total samples are below 6 km in DJF (Fig. 5g). The range of relative frequency of the 386 

stratiform ratio is broad in JJA, whereas stratiform precipitation is much less dominant in 387 

DJF (Fig. 5h). 388 

The results in Figs. 2 and 3 indicate that the seasonal mean values of Dm vary 389 

significantly, whereas those of R do not. The results in Figs. 4 and 5 support the possibility 390 

that seasonal and regional differences of Dm could be related to the dominant precipitation 391 

systems due to the changing precipitation characteristics because the precipitation top 392 

heights and stratiform ratio varied regionally and seasonally regarding Dm. 393 

 394 

5. Discussion of Possible Precipitation Regimes Corresponding to Dm Variations 395 

This section discusses possible precipitation regimes, focusing on Regions A and B in 396 

JJA and DJF, respectively. 397 

 398 

5.1 Organized precipitation systems over the subtropics and mid-latitudes in JJA 399 

For both Regions A and B in JJA, the precipitation top heights are high, and both 400 

stratiform and convective precipitations exists. These features are consistent with those for 401 

organized systems, such as squall lines, as expressed by Takayabu (2008) and Yokoyama 402 
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et al. (2017; 2019). Houze (1977) investigated organized squall line systems using the 403 

observational network of the Global Atmospheric Research Program’s Atlantic Tropical 404 

Experiment (GATE). The author suggested that an organized squall line consists of 405 

discrete active centers of cumulonimbus convection and stratiform anvils, and the 406 

maximum cloud tops reached heights of 16–17 km along the squall line. The 407 

characteristics of the JJA precipitation, such as tall precipitation top heights and the 408 

existence of both stratiform and convective precipitations, are consistent with those of 409 

organized precipitation systems that are described by Houze (1977) as squall lines and 410 

cloud clusters. 411 

Figure 6 presents SLP and winds at 850 hPa in JJA (Fig.6a) and DJF (Fig. 6b). Figure 412 

6a shows that the North Pacific High is dominant over both Regions A and B with 413 

anticyclonic circulation at 850 hPa in JJA. Although atmospheric environments and 414 

precipitation characteristics as organized precipitation systems are similar in Regions A 415 

and B, the details of atmospheric environments might differ. To extract typical atmospheric 416 

circulations associated with the precipitation events, a composite analysis for the 850-hPa 417 

horizontal winds is conducted (Fig. 7). Section 2.2 explained the details of the method. The 418 

target area is limited to the western parts of Regions A and B because they are too zonally 419 

broad to extract typical atmospheric circulations. Note that similar results can be confirmed 420 

for the eastern parts of Regions A and B (not shown). In addition to anomalous cyclonic 421 

circulations in the western part of Region A, Fig. 7a presents cyclonic anomalies over the 422 
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southern part of Japan, which can be interpreted as the Baiu precipitation band of East 423 

Asia and extratropical cyclones around the band. Sampe and Xie (2010) show that the 424 

Baiu precipitation band extended eastward in the northwest Pacific Ocean, which might be 425 

related to the organized precipitation features over Region A, as found in this study. 426 

In Region B over the subtropical region, the results in Figs. 5d and 5h suggest that the 427 

stratiform ratio over Region B was lower than that over Region A in JJA, indicating that 428 

precipitation systems over Region B consist of more convective precipitation than those 429 

over Region A. Yokoyama et al. (2017) suggest that the precipitation system with a 430 

stratiform ratio below 80% was frequently observed in the subtropics, including Region B. 431 

It represented tropical mesoscale organized precipitation systems, such as mesoscale 432 

convective systems. Furthermore, tropical disturbances could be a contributor categorized 433 

as organized precipitation systems because they frequently develop around Region B in 434 

the northwest Pacific Ocean in July and August (Takahashi and Yasunari 2006). Figure 7b 435 

presents a large-scale cyclonic circulation that extends to the Philippines, which 436 

corresponds to the region where tropical disturbances, including tropical cyclones, are 437 

often observed. At the same time, Fig. 3a presents the same statistically significant Dm 438 

signals off the eastern US coast, where hurricanes pass frequently. These climatological 439 

features support the proposed dominant precipitation regimes as organized systems. 440 

 441 

5.2 Extratropical frontal systems over the mid-latitudes in DJF 442 
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Contrary to the boreal summer over the northwest Pacific Ocean, the atmospheric 443 

circulations are quite different between the subtropical and mid-latitude regions in DJF. As 444 

for DJF in Region A, located to the east of a large continent, there is a storm track activity 445 

over the mid-latitudes (e.g., Blackmon et al. 1977). Figure 6b shows that Region A 446 

corresponds to the high-gradient region in SLP, and the Aleutian low stays in the northern 447 

part of Region A. Previous studies found that the size of the precipitation system over the 448 

mid-latitude ocean was large, especially in the winter (Liu and Zipser 2015). 449 

Hamada et al. (2014) investigated the regional characteristics of extreme rainfall by 450 

using the 12-year TRMM dataset. They revealed that the frequency of extreme rainfall was 451 

high in autumn and winter over the oceans around 30°N. They suggested that the 452 

characteristics were related to extratropical frontal systems, which were the same as those 453 

in Region A in DJF in this study. The characteristics in Figs 4a–d of high stratiform ratio 454 

with medium precipitation top heights correspond to the features of extratropical frontal 455 

systems. Looking back to Figs. 2f, 2h, and 3a, these signals can also be seen over the 456 

Atlantic Ocean in the northern hemisphere and throughout the southern hemisphere (the 457 

signals in the southern hemisphere are opposite to those in the northern hemisphere, 458 

corresponding to winter). These results also support the dominance of extratropical frontal 459 

systems. 460 

Dolan et al. (2018) suggested that large raindrops are formed originally from graupel or 461 

hail in ice-based precipitation and by melting at near surface, which is dominant in mid-462 
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latitudes. Although the results in this study are limited to cases for the liquid phase at near 463 

surface, ice particles could exist at upper levels above a clutter-free bottom. To check the 464 

existence of ice particles, the flagHIP is analyzed, and it is explained in Section 2.1. Figure 465 

8 indicates the relative ratio of pixels with flagHIP to the total pixels with precipitation. It is 466 

found that the ratio of pixels with heavy ice precipitation is quite high over Region A, which 467 

means that ice particles exist at upper levels when Dm near the surface is large in DJF. 468 

Another possible factor for a large Dm over the mid-latitudes in DJF is the growth of low-469 

level raindrop (Kobayashi et al. 2018; Radhakrishna et al. 2020). Kobayashi et al. (2018) 470 

show the differences in reflectivity profiles for stratiform precipitation. The profiles 471 

frequently decreased from the melting level toward the surface in tropical oceans, whereas 472 

they increased in mid- and high-latitude oceans. They concluded that raindrops falling 473 

through the clouds collected the cloud droplets in the lower atmosphere, leading to the 474 

increasing raindrop size and radar reflectivity toward the surface. Radhakrishna et al. 475 

(2020) also suggest that the dominant lower-level hydrometeor growth due to the 476 

prevalence of moist atmosphere at low levels over the oceans resulted in larger Dm values. 477 

 478 

5.3 Shallow convective systems over subtropics in DJF 479 

Region B has the unique feature of the precipitation top height being the lowest and 480 

convective precipitation being dominant. Region B corresponds to the subtropical high and 481 

trade-wind region, as presented in Fig. 6b. The atmospheric lower-level stability in the 482 
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trade-wind region is usually unstable enough to trigger convection. However, the trade-483 

wind inversion suppresses convection to develop further, resulting in the dominance of 484 

low-level convective cumulus (Short and Nakamura 2000). In addition to the trade-wind 485 

cumulus, cumulus congestus is also prominent over the subtropics (Johnson et al. 1999; 486 

Takayabu et al. 2010). Thus, precipitation characteristics in Region B in DJF are consistent 487 

with the dominance of the shallow convective systems, such as cumulus and cumulus 488 

congestus. 489 

 490 

 491 

6. Pixel-by-pixel Analysis of the R–Dm Relationship 492 

Previous sections have shown that Dm has seasonal variations associated with regional 493 

and seasonal changes in precipitation regimes. Over the mid-latitude region (Region A), 494 

Dm is larger in DJF than in JJA with the change from an organized precipitation regime in 495 

JJA to an extratropical frontal regime in DJF. Conversely, Dm is smaller in DJF than in JJA 496 

over the subtropical region (Region B) with the change from an organized precipitation 497 

regime in JJA to a shallow precipitation regime in DJF. Notably, the relationship between 498 

mean R and mean Dm does not follow the original pixel-based R–Dm relationship used in 499 

the DPRL2 algorithm. As shown in the results, the seasonal variation in mean R is 500 

insignificant, whereas that of Dm is significant. 501 

To elucidate whether the seasonal variation in Dm is caused by the change in R or by 502 
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both R and other precipitation characteristics, the pixel-by-pixel R–Dm relationship at a 503 

clutter-free bottom is investigated using DPRL2 products. Two-dimensional histograms are 504 

calculated, as presented in Fig. 9. Noted that there is the unnatural separation of the 505 

stratiform/convective R–Dm model, described by the dotted lines in Fig. 9, that is caused 506 

by the algorithm limitation. Although assuming that the R–Dm relationship leads to artificial 507 

results, keep in mind that some samples are adjusted from the originally defined R–Dm 508 

model through the change in ε. The range of Dm becomes broader when log R is within the 509 

narrow range of −0.5 to 1, which could cause the mean Dm to vary even if mean R exhibits 510 

no significant changes. Taking into consideration the frequency differences on the R–Dm 511 

plane between JJA and DJF, Figs. 9c and 9f indicate that the dominant modes differ 512 

between seasons. The dominant modes are extracted as modes A1 and A2 over Region A 513 

(Figs. 9a–c) and B1 and B2 over Region B (Figs. 9d–f) by fixing the range of R to discuss 514 

the differences in Dm. As for Region A in the mid-latitudes (Fig. 9c), mode A1 was dominant 515 

in JJA, whereas mode A2 was dominant in DJF. Conversely, mode B1 was dominant in 516 

DJF, whereas mode B2 was dominant in JJA over Region B in the subtropical region (Fig. 517 

9f). 518 

The result that mean Dm could change even if mean R is almost within the same range 519 

is consistent with the results and discussions in the previous section. To further investigate 520 

the differences for each mode, composite vertical profiles of R within each mode and 521 

season are presented in Fig. 10. The vertical structures of R differ in each mode and 522 
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season even if the mean R at the near surface is around 1.5–2 mm h−1. It is noted again 523 

that all modes have the same range of R; however, modes A2 and B2 have a relatively 524 

larger Dm (0.25 < logDm < 0.35) than modes A1 and B1 (−0.1 < logDm < 0), respectively. 525 

Figure 10 shows that modes A2 and B2 with larger Dm have relatively higher precipitation 526 

top heights compared with modes A1 and B1 in both JJA and DJF. 527 

Regarding the 0⁰ C level, the peak values of the 0⁰ C level in JJA is 4–5 km and higher 528 

than those in DJF over Region A, whereas the peak values are almost 5 km in all modes in 529 

Region B. Comparing the differences between Regions A and B, the vertical profiles of R 530 

with high relative frequency shown in warm colors are shallower in mode B1 than in mode 531 

A1 but deeper in mode B2 than in mode A2, despite the ranges of R and Dm being the 532 

same. This might depend on which precipitation systems are dominant in each season and 533 

each mode. 534 

Focusing on the seasonal change in dominant precipitation systems over Region A in 535 

the mid-latitudes, mode A1 is more frequent in JJA when organized precipitation systems 536 

are dominant, whereas mode A2 is more frequent in DJF when extratropical frontal 537 

systems are dominant, as presented in Fig. 9c. As compared with Figs 10a and 10d, the 538 

0⁰C level is lower in mode A2 in DJF than in mode A1 in JJA. The lower 0⁰C level in mode 539 

A2 in DJF could provide more ice-based particles in the upper levels, which is consistent 540 

with the possible association between the existence of ice-based particles in the upper 541 

levels and larger Dm melted at near surface in DJF over mid-latitudes. The results support 542 
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the hypothesis that precipitation over a mid-latitude region, such as Region A, could be 543 

often formed from ice processes (i.e., aggregation) in stratiform nimbostratus clouds falling 544 

into dry air, creating large values of Dm. 545 

In the case of Region B over the subtropics, mode B2 is relatively more frequent in JJA 546 

when organized precipitation systems are dominant, whereas mode B1 is more frequent in 547 

DJF when shallow convective systems are dominant, as presented in Fig. 9f. Although the 548 

0⁰C levels have almost the same values at 5 km, the vertical precipitation profiles are quite 549 

different. Precipitation top height is higher in mode B2 in JJA, which is consistent with the 550 

characteristics of organized precipitation systems. Regarding mode B1 in DJF, the 551 

precipitation top height of the mean vertical profile is below the 0⁰ C level, which is the 552 

well-known precipitation characteristics of warm rain processes. 553 

As shown by the pixel-based analysis, the variability of Dm depends on R and the 554 

changes in the dominant precipitation system, supporting the previous discussions. This 555 

could result in R being nearly constant, despite the significant changes in Dm that are 556 

related to the season or the specific region. However, it is difficult to identify the changes in 557 

Dm regarding precipitation characteristics from those related to changes in R and to deal 558 

with the artificial results caused by the R–Dm relationship in the algorithm. Therefore, 559 

further investigation is required, and improvement of the algorithm is desired. 560 

 561 

7. Conclusion 562 



28 

 

This study statistically analyzed 4 years of accumulated Dm data from the DPRL2 563 

Version 05 product to investigate the characteristics of global DSD and the relationship 564 

between characteristics of DSD and precipitation. New features of the GPM/DPR 565 

observations of DSD include the dual-frequency radar and the observed coverage of the 566 

mid-latitudes, compared with the predecessor TRMM/PR. This study found interesting 567 

characteristics of spatial distributions for the annual mean Dm and the seasonal variations 568 

in Dm through the change in the dominant precipitation systems by using the GPM/DPR 569 

observations. 570 

The annual mean spatial distribution of Dm is shown, and the values of Dm are generally 571 

larger over land and smaller over the oceans. Over land, a larger Dm corresponds to a 572 

larger R in some areas. In the tropics and subtropics over the oceans, a larger Dm also 573 

corresponds to a larger R, and Dm is smaller over and around the eastern parts of the 574 

ocean with cold sea surface temperature and under the subtropical high. Over mid-latitude 575 

oceanic regions, Dm is relatively larger, whereas R is not so large, especially in the 576 

southern hemisphere. 577 

Dm varies seasonally with a change in R over the Asian regions and the Amazon area 578 

over land and subtropical high and mid-latitudes over the oceans. Especially over the 579 

northern Pacific Ocean, Dm is larger in the winter and smaller in the summer over the mid-580 

latitude regions, and an opposite seasonal variation is observed over subtropical regions; 581 

the signals were statistically significant. 582 
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Further analysis is conducted focusing on the northwest Pacific Ocean by extracting two 583 

regions over the mid-latitude and subtropical regions (Regions A and B). Clear differences 584 

exist in dominant precipitation systems with different precipitation characteristics over the 585 

two regions, with the variations in Dm. Figure 11 summarizes the results in this study. For 586 

both regions in JJA, the precipitation top heights are high, and there are both stratiform 587 

and convective precipitations. These characteristics are consistent with those of organized 588 

precipitation systems, such as the Baiu precipitation band of East Asia, extratropical 589 

cyclones around the band over the mid-latitudes, and tropical disturbances over the 590 

subtropics. For DJF over mid-latitudes, the stratiform ratio is high, but precipitation top 591 

heights are not as high as those for organized precipitation systems in JJA, corresponding 592 

to the features of extratropical frontal systems. 593 

The results that the mean value of R is not so large and ice particles exist in the upper 594 

level support the hypothesis that a large Dm is related to not only a large R but also the 595 

formation process of ice particles melting in the stratiform nimbostratus clouds falling into 596 

dry air. For DJF over the subtropics, a feature that precipitation top heights are the lowest 597 

and convective precipitation is dominant is confirmed. This result indicates that the shallow 598 

convective precipitation systems with trade-wind cumulus or cumulus congestus under the 599 

subtropical high are dominant in DJF, suggesting that Dm varies seasonally and regionally, 600 

possibly regarding the changes in the dominant precipitation regimes. 601 

To elucidate whether the seasonal variation in Dm is caused by the change in R or by 602 
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both R and other precipitation characteristics, the pixel-by-pixel R–Dm relationship is 603 

investigated. It is found that most samples are around the originally assumed R–Dm model 604 

that has a positive correlation; however, some samples are adjusted from the base model. 605 

The range of Dm becomes broader from small values to large values, despite R being 606 

within almost the same range around 1 mm h−1, which could cause the variation in the 607 

mean Dm, even if mean R does not change much. The dominant modes on the R–Dm 608 

plane differ from season to season. Each dominant mode in season (JJA and DJF) and 609 

region (mid-latitudes and subtropics) has different vertical profiles of precipitation, which 610 

supported the discussions in the association between the regional and seasonal changes 611 

in Dm and the dominant precipitation systems. 612 

 613 
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for (a) JJA and (b) DJF calculated from JRA-55. The black open squares indicate 849 

Regions A and B, which is the same as in Fig. 3. 850 

  851 



47 

 

 852 

Fig. 7 Anomaly in composite analysis of horizontal winds at 850 hPa in mm s−1 for the 853 

western part of (a) Region A and (b) Region B in JJA. The black open squares indicate 854 

the western part of Regions A and B. 855 

  856 



48 

 

 857 

 858 
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black open squares indicate Regions A and B, which is the same as in Fig. 3. 860 
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Fig. 9 Two-dimensional histogram of pixel-based R–Dm relationship. Horizontal and vertical 864 
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Region B. (a) and (d) are in JJA; (b) and (e) are in DJF. (c) and (f) are the differences 866 
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modes B1 and B2, respectively. 872 

  873 



50 

 

 874 

Fig. 10 Composite vertical profiles of R for (a, c) mode A1, (b, d) mode A2, (e, g) mode B1, 875 

and (f, h) mode B2 in (a–b, e–f) JJA and in (c–d, g–h) DJF, respectively. The colors show 876 

relative frequency, superimposed by a solid line that indicates the mean for each height 877 

bin. The solid line along the right-hand axis of each panel indicates the histograms of 0⁰ 878 

C levels. 879 
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Fig. 11 Schematic diagram of three dominant precipitation systems discussed in this study: 882 

(a) organized precipitation system, (b) extratropical frontal system, and (c) shallow 883 

convective system.  884 
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