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Abstract 32 

 33 

Precipitation statistics from Global Precipitation Measurement Core Observatory Dual-34 

Frequency Precipitation Radar (GPM DPR) are underestimated due to systematic bias 35 

depending on the scanning angle. Over five years of GPM DPR KuPR Version 06A data, 36 

the precipitation anomaly is −7% and −2% over land and ocean, respectively. This study 37 

improves the estimation of low-level precipitation-rate profiles and the detection of shallow 38 

storms (with top heights of ≤2.5 km), using reference datasets of near-nadir 39 

measurements. 40 

First, the low-level precipitation profile (LPP) is updated using an a priori near-nadir 41 

database generated from structural-characteristics related variables of the precipitation 42 

and environmental parameters. The LPP correction increases precipitation over areas 43 

where downward-increasing precipitation profiles are dominant below 2 km, such as at 44 

high elevations and at middle and high latitudes. Globally, the LPP correction increases 45 

precipitation by 5%. Second, the effect on precipitation data of missing shallow storms is 46 

estimated using the angle-bin difference in the detectability of storms with a top height of 47 

≤2.5 km. The effect of the shallow precipitation deficiency (SPD) is comparable in 48 

magnitude to that of the LPP correction. A priori lookup tables for the SPD correction, 49 

constrained by the clutter-free bottom level and spatially averaged shallow precipitation 50 

fractions, are constructed so that the correction applies to gridded statistics at 0.1° and 51 
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three-month scales. The SPD correction enhances precipitation by 50% over specific low-52 

rainfall oceans in the sub-tropics and at high latitudes, where shallow precipitation 53 

dominates. From these two corrections, precipitation increases by 8% and 11% over land 54 

and ocean, respectively. At latitudes between 60° N and 60° S, the difference in KuPR 55 

compared with satellite-gauge blended products is reduced from −17% to −9%, whereas 56 

that compared with gauge-based products is reduced from −19% to −15% over land. 57 

 58 

Keywords spaceborne precipitation radar; retrieval error; low-level precipitation profile; 59 

shallow storm; surface-clutter mask; incidence-angle dependence. 60 

61 
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1. Introduction 62 

Geographical distribution of precipitation can be delineated using high-volume data 63 

obtained from spaceborne precipitation radars: the Tropical Rainfall Measuring Mission 64 

Precipitation Radar (TRMM PR) (Kummerow et al. 1998; Kozu et al. 2001) and the Global 65 

Precipitation Measurement Core Observatory Dual-Frequency Precipitation Radar (GPM 66 

DPR) (Kojima et al. 2012; Hou et al. 2014; Skofronick-Jackson et al. 2017; Iguchi 2020; 67 

Nakamura 2021). Compared to ground observations, restricted by the locations of the 68 

measuring stations, satellite products are superior in representing spatial information (Beck 69 

et al. 2019; Sun et al. 2018). Spaceborne radars onboard non-sun-synchronous satellites 70 

detect echoes regardless of the surface type and local time zone and can investigate the 71 

striking dependence of precipitation on environmental features (e.g., Hamada et al. 2015; 72 

Liu and Zipser 2015; Hirose et al. 2017). However, the current observational precipitation 73 

datasets need refinement to understand the complete magnitude of the global water and 74 

energy cycles (Adler et al. 2017a; Behrangi et al. 2014; Stephens et al. 2012). Advances in 75 

fine-scale precipitation mapping have increased the need to mitigate regional retrieval errors. 76 

Added to problems of insufficient sensitivity and sampling uncertainty, attention needs to be 77 

paid to attenuation corrections, varying drop-size distributions, non-uniform beam-filling 78 

effects, and bright band detection (Iguchi et al. 2009; Seto et al. 2013, 2021; Kubota et al. 79 

2014, 2020a; Awaka et al. 2016; Meneghini et al. 2015, 2021). Improvements in algorithms 80 

and statistical evaluations have been ongoing since the late 20th century. The 81 
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underestimation of precipitation in spaceborne radar data has been highlighted in several 82 

studies (e.g., Kirstetter et al. 2013; Oki et al. 2020; Heymsfield et al. 2020); however, despite 83 

a diverse array of comparative studies over the last two decades, the algorithmic issues, 84 

responsible for the known precipitation bias, have not been entirely resolved. 85 

Some of the retrieval properties of spaceborne radars depend on the incidence angle. A 86 

regional bias in the TRMM PR data is identified using statistical differences between different 87 

incidence angles (Hirose et al. 2012, hereafter, H12). Accurate observation of the shallow 88 

storms becomes difficult at large incidence angles because interference caused by surface 89 

clutter increases toward off-nadir angles. H12 and a short report (Hirose 2011) noted that 90 

near-nadir statistics are less affected by removal masks designed to eliminate main-lobe 91 

clutter. The authors showed that approximately 5% of the total precipitation is 92 

underestimated in the TRMM PR data because of the deterioration of radar estimates in its 93 

off-nadir scans. Also, they show that half of the underestimates resulted from missing 94 

shallow storms, whereas the remainder resulted from other reasons, including low-level 95 

profile assumptions. 96 

Deep clutter-free bottom (CFB) levels could affect surface precipitation estimates, 97 

especially vertically varying precipitation, below the melting layer (e.g., Kobayashi et al. 98 

2018; Liu and Zipser 2013; Terao et al. 2017; Sohn et al. 2015). The GPM DPR products 99 

provide two types of precipitation rates at the estimated surface: “precipRateESurface” and 100 

“precipRateESurface2.” In “precipRateESurface” (standard output), the algorithm estimates 101 
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a precipitation rate at the surface by assuming that the effective radar reflectivity factor (Ze) 102 

at the surface is identical to that at the lowest point free from main-lobe clutter (Seto et al. 103 

2021). This assumption can be challenging because of regional variations in the low-level 104 

precipitation profiles (LPP), as identified by H12. Therefore, an extrapolated surface 105 

precipitation rate, “precipRateEsurface2,” is prepared as experimental output of the DPR 106 

product Version 06A (Iguchi et al. 2018). The correction in “precipRateESurface2” is based 107 

on an a priori low-level profile dataset classified by the aloft precipitation rate for each 5° 108 

grid cell. However, the development of dynamic correction methods remains a challenge. 109 

Shallow storms interfered with by the surface-clutter mask of radar are difficult to detect, 110 

especially over mountainous areas/higher latitudes (Aoki and Shige 2021; Barros and Arulraj 111 

2020; Casella et al. 2017). Factors causing underestimates were analyzed in H12, following 112 

statistics from coarse grids or the global mean, because samples of near-nadir statistics 113 

must ensure the reliability of the reference data. This sampling issue is mitigated to some 114 

extent by accumulating data over a long period. Additionally, high-latitude observations by 115 

GPM DPR increased the need to evaluate the effect of missing shallow storms. Therefore, 116 

analyses of shallow storm detection based on previous work, involving TRMM PR 117 

observations, need to be updated. 118 

This present study aims to enhance the consistency of precipitation estimates across 119 

angles by reducing the off-nadir underestimation and to improve surface precipitation 120 

estimates from spaceborne radars. This paper examines the incidence-angle dependency 121 



 6 

of spaceborne radars and suggests two correction methods for the incidence-angle 122 

dependency of GPM DPR. One is the substitution of the instantaneous estimated 123 

precipitation profiles near the surface using an a priori database. The other is a statistical 124 

evaluation of the impact of missing shallow storms and the retrieval of the missing data from 125 

a lookup table.  126 

The remaining part of this paper is organized as follows; Section 2 describes the 127 

incidence-angle dependency of precipitation estimates from spaceborne radars and the two 128 

types of correction methods. The impacts of the corrections are examined in Section 3, while 129 

conclusions are given in Section 4. 130 

 131 

2. Incidence-angle dependency and correction methodology 132 

2.1 GPM DPR data 133 

This study uses five years of GPM DPR KuPR Version 06A (hereafter, KuPR) data, from 134 

June 2014 to May 2019. In addition, GPM DPR KuPR Version 05A and TRMM PR Versions 135 

7 and 8 products are used for some comparisons. The KuPR sensor is similar to TRMM PR 136 

in terms of frequency, horizontal footprint size, and scan width (245 km); however, its 137 

sensitivity is superior at approximately 15.5 dBZ against 18 dBZ, and its areas and levels of 138 

observation have been extended (Masaki et al. 2020; Iguchi 2020; Kojima et al. 2012; Hou 139 

et al. 2014; Hamada and Takayabu 2016). Its horizontal resolution is approximately 5 km. 140 

The vertical resolution of both radars is 250 m; however, the sampling intervals of the TRMM 141 
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PR and KuPR data are 250 and 125 m, respectively. The number of gridded samples 142 

obtained from KuPR is approximately half that obtained from TRMM PR. For example, 143 

TRMM PR and KuPR observe 2.0 and 1.0 samples, respectively, at a 0.1°-grid resolution 144 

per day over 20° S–20° N. On average, an overpass observation provides 5–6 samples for 145 

a 0.1° grid cell, i.e., the GPM Core Observatory passes over a certain point in the tropics, 146 

once every 5–6 days. The number of overpasses per day is 0, 1, and 2, accounting for 78% 147 

(32%), 21% (53%), and 1% (15%), respectively, for a 0.1° (5°) grid cell over 20° S–20° N. At 148 

latitudes between 61.6° and 65.8°, the number of samples obtained from KuPR exceeds 149 

that from TRMM PR in the tropics. 150 

The surface precipitation rate (“precipRateESurface”) is estimated using the radar 151 

reflectivity factor extrapolated down to the main-lobe clutter region. As explained in Section 152 

1, Ze below the CFB level is set to a constant (Seto et al. 2021), except in the TRMM PR 153 

Version 7 product, which includes a downward-decreasing Ze in the clutter-interfered levels 154 

for stratiform precipitation over land, reflecting the evaporation effect assumptions (TRMM 155 

Precipitation Radar Team 2011). The precipitation rate (R) is calculated for a given R–Dm 156 

relation once the mass-weighted mean diameter (Dm) is retrieved from the radar reflectivity 157 

factor (Iguchi et al. 2018; Seto et al. 2013, 2021). The pressure correction is performed on 158 

the terminal velocity for the precipitation estimates; this is a possible factor in downward-159 

decreasing precipitation rates for vertically constant Ze. This study focuses on the 160 

acceptability of this assumption concerning low-level precipitation profiles (LPPs). 161 
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Figure 1 illustrates the CFB levels. The average levels are approximately 1 km near nadir 162 

and 2 km at the edge of the swath. To mitigate contamination by ground clutter, these levels 163 

are slightly higher than those for TRMM PR Version 7 over a large part of the land area 164 

(Iguchi et al. 2018; Kubota et al. 2016). The topography modulates the spatial pattern. For 165 

example, a 0.1° average CFB level over the Himalayas is approximately 1 km higher than 166 

that over flat land and oceans, such that precipitation at altitudes below 2–3 km from the 167 

surface is not detected, even at nadir. At latitudes higher than 65°, the average CFB level is 168 

high due to the lack of data at low incidence angles. 169 

[Figure 1] 170 

 171 

2.2 Angle-dependent retrieval uncertainties 172 

Precipitation statistics based on TRMM PR and KuPR differ by angles and products, as 173 

shown in Fig. 2. Precipitation off nadir, except over the ocean at low latitudes, is 174 

underrepresented when compared to the near-nadir data. This off-nadir underestimation 175 

correlates with the findings of H12 from the TRMM PR data. At high latitudes, precipitation 176 

estimates decrease, forming a parabola away from nadir. An update in the algorithm reduces 177 

the side-lobe clutter (Kubota et al. 2016); however, the contamination at bins 20 and 30 178 

remains a positive bias. Precipitation estimates increase by more than 20% at the nadir 179 

angle over land. Improvements by each algorithm update have been identified about the 180 

reduced incidence-angle difference; however, an angle-dependent bias remains. The TRMM 181 
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PR Version 7 product reduces side-lobe clutter but leaves an asymmetric bias resulting from 182 

the beam-mismatch correction errors (H12, Hirose 2011), which is different from other DPR 183 

algorithm-based products (not shown). Moreover, differences in the near-nadir precipitation 184 

between products are seen. This study excludes the examination of error factors in different 185 

products, rather, it focuses on mitigating the incidence-angle dependency in the KuPR 186 

precipitation data. 187 

Figure 3 shows that the KuPR precipitation rate of >50 mm h−1 is remarkably high at a 188 

nadir over land because of uncertainties in the path-integrated attenuation (PIA) estimates 189 

that need to be specified for non-precipitating surface cross-sections in such areas 190 

(Meneghini et al. 2015, 2021). Over the land, all precipitation products are underestimated 191 

off-nadir, especially at the swath edge, because of the reduced ability of the sensor to detect 192 

downward-increasing precipitation rates and its failure to detect shallow storms against the 193 

relatively deep CFB. The overall features of the angle-bin difference are consistent with the 194 

results of H12, using TRMM PR, except for the clutter impacts from the antenna sidelobes 195 

and right–left asymmetric pattern, following the orbit boost in 2001. Over the ocean, weak 196 

and moderate precipitation rates smaller than 10 mm h−1, are frequently observed in the 197 

inner swath; however, the off-nadir underestimates are unclear, except at the swath edge 198 

because of the predominant stratiform systems and the cross-track-dependent algorithm in 199 

the attenuation correction procedure. Overestimates of strong precipitation rates in the outer 200 

swath, over the ocean, could be attributed to the attenuation-correction effect based on the 201 
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differential surface cross-section estimated from the along- and cross-track reference data, 202 

and the fitting function, referred to as the hybrid surface reference technique (Meneghini et 203 

al. 2004, 2015; Seto and Iguchi 2007), similar to the results in H12 from TRMM PR. 204 

The reference in this study is the near-nadir statistics. In the cross-track direction, 1st–205 

49th angle-bin data are observed with an interval of 0.71° from the nadir (bin 25). H12 set 206 

their reference data to bins 23–24 out of 49 over land and bins 23–25 over the ocean 207 

considering the lowest CFB, insignificant side-lobe contamination, uncertainty in the heavy 208 

precipitation over land, and non-symmetric patterns suffered because of the beam-mismatch 209 

effect. In this study, given the update to the algorithm and consistency of the statistics, the 210 

reference data are from the precipitation data in bins 21–23 and bins 27–29. Additionally, 211 

the nadir precipitation rate of < 50 mm h−1 over the land is used to generate the low-level 212 

profile database. 213 

Compared to the near-nadir statistics, the underestimation bias in the surface KuPR 214 

precipitation are 7% and 2% over the land and ocean (66° S–66° N), respectively. At low 215 

latitudes, significant underestimates are found over land; however, the oceanic precipitation 216 

is slightly higher than the reference (Table 1). Regarding the middle-to-high latitudes, 217 

precipitation is 9% lower than the near-nadir statistics over both land and ocean. The 218 

differences are reduced at higher levels. Figure 3, highlighting the vertical cross-section of 219 

average precipitation between angles, shows that the remarkable incidence-angle difference 220 

appears at lower levels. Several features, such as the off-nadir increase in intense 221 
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precipitation over the ocean and its peak at a nadir over the land are observed. However, 222 

the largest impact on the total amount of precipitation is by moderate precipitation of less 223 

than 10 mm h−1 and the total incidence-angle dependency results in underestimation. 224 

[Figure 2] 225 

[Figure 3] 226 

[Table 1] 227 

 228 

2.3 Low-level precipitation profile (LPP) database 229 

As noted in Section 2.1, in the current GPM DPR algorithm, precipitation-rate profiles in 230 

the clutter region are estimated assuming a constant Ze and modified drop-size distribution 231 

parameters; however, various low-level profiles have been observed. This study prepares 232 

near-surface profiles, below the CFB level, based on a LPP database generated from near-233 

nadir statistics. The constraints of the LPP database are the surface type (2 bins), 234 

precipitation type (2 bins), 0°C levels (8 bins), storm top height (STH: 6 bins), and vertical 235 

gradients of the precipitation rate (VGP: 7 bins) at 2–2.5 km or 3–3.5 km above the surface 236 

(Fig. 4). The STH is the highest of three consecutive meaningful precipitation echoes. VGP 237 

is the gradient of the regression line using precipitation rates in five range bins between 2 238 

and 2.5 km (in most cases). This present LPP database contains 1,344 profiles 239 

corresponding to the abovementioned variables. In addition, another database for CFB 240 

levels at 2–3 km and their average profiles are prepared. For a shallow storm where VGP 241 
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at 2–2.5 km is not obtained, the reference profile (averaged without VGP) is used as a 242 

substitute. This substitution is applied to profiles with a CFB level of <2 km. In mountainous 243 

regions where CFB ≥2 km, another LPP database measuring values below 3 km with VGP 244 

at 3–3.5 km is applied. The near-nadir profile information in the clutter region, below 245 

approximately 1 km, is derived based on the standard algorithm. Therefore, this correction 246 

enables the mitigation of different LPPs between angles. 247 

[Figure 4] 248 

Figure 5 shows a simplified version of LPP averaged separately for stratiform and 249 

convective precipitation over land and ocean. These profiles are averaged for different 250 

conditions: deep and non-deep storms (threshold STH, 6 km), downward increasing and 251 

constant or downward-decreasing profiles (threshold VGP at 2–2.5 km, −0.5 mm h−1 km−1), 252 

and warm and cold environments (threshold 0°C level, 2 km). The original LPP database is 253 

further subdivided using these parameters. Figure 5 shows that LPPs are characterized by 254 

significant downward-increasing patterns and slight decreasing patterns. For downward-255 

increasing profiles with storm top heights of ≥6 km and 0°C levels of <2 km, as shown by 256 

the thick blue solid lines, the precipitation rates at the surface are approximately 1.5 times 257 

greater than those at 2 km. Significant differences in the precipitation rates, below 2 km, are 258 

observed for deep convective storms, as indicated by the solid lines. In convective 259 

precipitation, LPPs for tropical deep storms (solid orange and red lines) have similar 260 

precipitation rates at 2 km but differ considerably near the surface, implying the significant 261 
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impact of VGP aloft. The precipitation rate does not change significantly for stratiform 262 

precipitation, except for the abovementioned deep storms with downward increasing VGP 263 

at high latitudes. Consistent with earlier studies (Hirose and Nakamura 2004; Liu and Zipser 264 

2013; Kobayashi et al. 2018; Porcacchia et al. 2019), in low-temperature regions, 265 

precipitation rates are possibly increasing toward the surface. The low-level peaks below 1 266 

km often appear with even moderately downward-decreasing VGP. Thus, the profile of near-267 

surface precipitation rate is not fully determined as an extension of the upper part of the 268 

profile. The LPP database includes profiles with bimodal structures at high latitudes. 269 

[Figure 5] 270 

The height-smearing effect is not considered in the LPP correction. Therefore, vertical 271 

properties, such as VGP become slightly blurred at its off-nadir. For example, VGP at the 272 

scan edge (17°) could be approximately 4% smaller than that at the nadir. In this study, it is 273 

expected that the height-smearing effect on the LPP correction will be small, because the 274 

absolute value of the vertical information is roughly divided. For example, VGP is classified 275 

into seven categories with the thresholds of −5, −2, −0.5, 0.5, 2, and 5 mm h−1 km−1. Thus, 276 

this LPP correction incorporates patterns of various low-level profiles; however, it could be 277 

conservative for extreme cases with few samples. 278 

Note that the LPP correction does not ensure consistency with attenuation estimates. The 279 

PIA estimate of the single-frequency algorithm is based, operationally, on the Hitschfeld–280 

Bordan (HB) method and surface reference technique (SRT) (Iguchi et al. 2018; Meneghini 281 



 14 

et al. 2021). Although the forward procedure, based on the former method works for lighter 282 

precipitation, it increases the retrieval uncertainties in cumulative attenuation near the 283 

surface. The PIA estimate given by SRT is based on the difference in the surface echoes 284 

with and without precipitation. The backward-correction method with a constraint on the total 285 

attenuation estimate is stable for intense precipitation. The LPP correction below the CFB 286 

level could affect PIA estimates through the forward approach and the adjustment factor of 287 

the modified HB–SRT method, particularly for heavy precipitation. An iterative approach, 288 

using profile databases of measured radar reflectivity (Zm), might represent the coherent-289 

spatial structure of precipitation; however, in this study, a posterior scheme based on the 290 

LPP database is applied for simplicity. Moreover, the issue regarding attenuation correction 291 

is addressed in Section 3.3a. 292 

 293 

2.4 Shallow precipitation deficiency (SPD) 294 

H12 investigated the idea that the underestimation of off-nadir precipitation from shallow 295 

storms is caused by the smaller number of observed shallow systems and that the impact 296 

of this effect is high over the ocean. Significant angle-bin differences in the histogram of STH 297 

appear approximately below 2 km. This study applies the same approach to estimate the 298 

impact of missing shallow storms on the KuPR data. The incidence-angle discrepancy of the 299 

surface precipitation from the difference in the number of missing shallow storms is retrieved 300 

using the near-nadir (nn) precipitation intensity at the surface (𝑅𝑠
̅̅ ̅), conditioned on the STH 301 
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and stratiform/convective (sc) types, and the categorized storms detected at each angle, as 302 

shown in Eq. (1): 303 

SPD =
∑ ∑ ∑ [𝑁(i,h,k)−𝑁(nn,h,k)]Rs̅̅̅̅ (nn,h,k)k=sc

2.5km
h=surf

49
i=1

49 ∑ ∑ 𝑁(nn,h,k)k=sc Rs̅̅̅̅ (nn,h,k)top
h=surf

,         (1) 304 

where N is the number of storms for each angle, STH, and precipitation type. The near-305 

nadir N is an average of N at the 21st–23rd and 27th–29th angle bins. The equation indicates 306 

the fraction of missing precipitation resulting from the angle-bin differences in the number of 307 

STH ≤2.5 km and corresponding surface precipitation intensity at each grid to the near-nadir 308 

total precipitation. In this study, the effect estimated from fewer samples because of the 309 

deteriorating CFB levels is referred to as the SPD. In H12, a threshold of 3 km above the 310 

surface was set as the STH of shallow storms, allowing some amount of sampling at all-311 

angle bins, consistent with the natural statistics of shallow storms along with trade wind 312 

inversion. In this study, shallow storms are defined as precipitation echoes with an STH of 313 

≤2.5 km to mitigate the height-smearing effect resulting from matching per-level samples in 314 

each 125-m range bin between angles. The previous study used the data in the first half 315 

scan in their estimation of the bias to isolate the beam-mismatch effect (for details, see 316 

Section 2b of H12). This study uses all-angle data observed by KuPR, considering the 317 

symmetric pattern shown in Fig. 2. SPD has a negative value. In this study, the SPD effect 318 

indicates the effect of the complement processing of SPD as a positive value, as shown in 319 

Eq. (2):  320 

SPD effect = −
100SPD

1+SPD
.          (2) 321 
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For example, the SPD effect is 25% for the case where SPD is −0.20. 322 

 323 

3. Impacts of the LPP and SPD corrections 324 

3.1 Correction of LPPs 325 

LPP corrections are made for every profile using the a priori LPP database. Thus, the 326 

vertical precipitation-rate profiles around the CFB level have been corrected to enable 327 

smooth connection by the substitution, according to the structural and environmental 328 

variables. The positive values from this correction indicate that the low-level profile values 329 

are corrected upward compared to the current algorithm assumptions. Figure 6 shows a 330 

snapshot of the precipitation and correction effect in the case of Typhoon Megi hitting Taiwan 331 

on September 26, 2016. The effect is less significant for moderate precipitation over flat 332 

areas in the inner swath where the CFB levels are relatively low; however, the individual 333 

effects often exceeded 10%. Most of the profiles with downward-increasing precipitation 334 

rates near 2–2.5 km show increased precipitation at 1 km. A downward-increasing trend 335 

appears in situations, such as orographic precipitation, shallow storms, and mid-latitude 336 

disturbances. The LPP correction decreases precipitation lower than 1 mm h−1, at the outer 337 

edge of the precipitation area, by more than 5%. The downward-decreasing profiles below 338 

CFB are selected from the a priori database, particularly at the edges of stratiform 339 

precipitation areas over arid regions, implying a significant evaporation and pressure-340 

correction effect for different precipitation rates. The regional characteristics of low-level 341 
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profiles of light precipitation with downward-decreasing VGP and the database validity need 342 

to be further examined. On average, the decrease in precipitation is negligible, except in 343 

low-rainfall areas, as will be described later. 344 

[Figure 6] 345 

On average, the LPP corrections conspicuously increased precipitation in areas where 346 

shallow storms prevail, except for low-rainfall areas, as shown in Fig. 7a. The effect is 347 

obvious at the swath edge and over steep terrain, even at nadir (Figs. 7b and c). More than 348 

20% of the amount of precipitation increased over the northern Atlantic, at latitudes near 60° 349 

S–50° S, along with high mountain ranges, and the northern and southern edges of the orbit. 350 

However, the difference is not significant over the Antarctic Ocean, where most storm top 351 

heights are lower than 3 km and most low-level profiles are lost because the clutter 352 

interference has been removed. Over arid regions, the corrections decreased precipitation 353 

by several percentages, indicating a drastic decline in the near-surface precipitation 354 

because of evaporation. Over wide areas of the Tibetan Plateau, where shallow storms 355 

dominate, the LPP correction increases precipitation by 20%. One can see a discrete pattern 356 

in the north–south-direction tracing satellite orbits with an inclination angle of 65°. This 357 

reflects the latitude-dependent regional differences in the CFB levels of individual samples, 358 

constrained by the orbit. Note that the precipitation profiles vary with season (not shown). 359 

For example, the LPP effect around Japan is insignificant in summer but reaches 360 

approximately 20% in winter. The negative effect or the downward-decreasing trend is 361 
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significant over the Taklimakan Desert in summer and moderate over land areas during dry 362 

winter. 363 

[Figure 7] 364 

Note that VGP or the low-level vertical-gradient information effectively determines the 365 

downward increasing and decreasing patterns at low levels. The removal of VGP from the 366 

LPP database constraints blurs this effect, particularly in the correction of instantaneous 367 

snapshots, as shown in Fig. 6. Over the Sahara (10° W–30° E, 15° N–30° N) where 368 

downward-decreasing profiles prevail, the VGP information on the current LPP correction 369 

decreased surface precipitation by approximately 4% compared with that without this 370 

information. VGP calculated at 3–3.5 km represents the low-level patterns but the VGP at 371 

2–2.5 km is necessary to perform corrections, particularly for shallow storms at high latitudes. 372 

The removal of the VGP parameter at 2–2.5 km from the correction procedure in Fig. 4 373 

deteriorates the positive effect of LPP corrections by approximately 5% of the total 374 

precipitation because of extratropical cyclones at 60° S–50° S (not shown). 375 

Our preliminary investigation shows that the spatial pattern of the LPP correction for the 376 

TRMM PR Version 8 product is similar to that of the KuPR Version 6 product because the 377 

algorithms are basically the same. However, for the TRMM PR Version 7 product, the 378 

positive effect over the land areas is notable (not shown). This may be attributable to the 379 

assumption in the TRMM PR Version 7 algorithm that stratiform precipitation over land 380 

decreases in the clutter region by 0.5 dB km−1. In addition, the Dm profiles of KuPR may 381 
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result in differences in the LPP databases of KuPR and TRMM PR Version 7. The source of 382 

the inconsistency between these algorithms requires investigation. 383 

The precipitation amount and incidence-angle dependency differ considerably with 384 

altitude. This correction modifies the estimated precipitation profiles at levels between 385 

approximately 1 and 2 km and increases the precipitation amount at levels around and below 386 

1 km at off-nadir angles (Figs. 8a and b). Figure 8c shows the impact of the LPP correction 387 

for each latitude and level above the surface. Even at near-nadir angles, the estimated 388 

precipitation below the CFB level slightly increases at high latitudes because some samples 389 

contain slightly high CFB levels, as also shown in Fig. 7b. At the swath edge, near-surface 390 

precipitation increases by 5%–10% in the tropics and by more than 50% at 60° S–50° S 391 

because of this correction. The correction influences at the northern and southern edges of 392 

the observable domains, where no nadir observation is attainable, the most. In addition, the 393 

incidence-angle difference before and after the LPP correction is due to the changes made 394 

by this correction. The underestimation bias to the near-nadir statistics is noticeable near 1 395 

km before the correction. The LPP correction improves the consistency across the incident 396 

angles; however, a negative anomaly remains. An evaluation of this is summarized in 397 

Section 3.3. 398 

[Figure 8] 399 

 400 

3.2 Evaluation and estimation of the SPD 401 
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a. Effect of the long-term mean SPD 402 

This section presents the observational limitations of spaceborne radars in terms of 403 

missing shallow storms. As described in Section 2.4, SPD is derived from the difference in 404 

the detection of per-angle shallow storms with an STH of ≤2.5 km and the corresponding 405 

precipitation rate conditioned on the STH and precipitation type. In this study, a local 406 

reference dataset, based on the near-nadir observation, is constructed at a 0.5°-grid 407 

resolution. Figure 9a indicates that the shallow-precipitation fraction is a key determinant of 408 

the effect of the SPD corrections. For a large part of the high precipitation areas in the tropics, 409 

the fraction of precipitation contributed by shallow storms is only a few percentages. This 410 

fraction is high in low-rainfall areas over oceans, at high latitudes, over the Tibetan Plateau, 411 

and in some mountainous areas (Figs. 9a and b). The correction effect in Fig. 9c is more 412 

significant over oceanic low-rainfall areas and at slightly higher latitudes than the LPP 413 

correction (Fig. 7a). The impact is less than 1% in most tropical areas with high precipitation 414 

and reached 62% and 98% over subtropical oceans where shallow storms contribute 50% 415 

and 80% of total precipitation, respectively. Over these subtropical oceans, shallow isolated 416 

convective-type storms are missing. Precipitation is barely detected at the swath edges over 417 

the oceans off the coasts of Peru, Chile, Angola, and Namibia, where the shallow-418 

precipitation fraction is approximately 100%. At high latitudes, the missing shallow storms 419 

consist of both stratiform and convective types. In terms of the zonal average, the highest 420 

impact appears around Antarctic waters. This spatial feature is similar for all datasets, 421 
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including TRMM PR Versions 7 and 8 (not shown). 422 

[Figure 9] 423 

b. Correction based on a lookup table 424 

The abovementioned SPD calculation requires sufficient samples at moderate 425 

spatiotemporal scales. The distribution of the SPD effect corresponds to the fraction of 426 

shallow storms and CFB levels. Therefore, the effect is retrieved based on these two 427 

parameters using a lookup table (LUT) of the SPD effect (Fig. 10). Higher CFB levels and 428 

shallow precipitation fractions result in a larger SPD correction. For example, over areas 429 

where the CFB level is 2 km, more than 20% of precipitation is missing where the shallow-430 

precipitation fraction is >20%, whereas more than 50% of precipitation is missing where the 431 

shallow-precipitation fraction is >40%. Figure 10 indicates that a positive effect is expected 432 

even at near-nadir angles where the averaged CFB levels are low because the CFB levels 433 

are uneven at the same angle. For example, LUT shows that a 10% increase in precipitation 434 

is required over areas where the CFB level is approximately 700 m, and shallow-435 

precipitation accounts for half of the total precipitation. 436 

[Figure 10] 437 

LUT-based retrieval can be performed wherever the shallow-precipitation fraction is 438 

obtained. The SPD correction needs to be extended in short-term and high-resolution 439 

statistics to account for seasonal and regional differences in the precipitation structure at 440 

middle-to-high latitudes. The availability of near-nadir shallow-precipitation fraction data at 441 
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fine spatiotemporal scales is key to short-term SPD corrections. Figure 11a shows the 442 

fraction at a scale of 0.1° for the entire period. Grids with extremely high shallow-precipitation 443 

fractions occur sporadically, even in the five-year accumulated data, because the number of 444 

precipitation samples at each grid is insufficient, as shown in Fig. 11b. The spatial distribution 445 

of the shallow-precipitation fraction is influenced by a small sample of significant 446 

precipitation events. An interpolation scheme has been developed to extract the fine-scale 447 

features and ensure sufficient sampling. This study calculates the shallow-precipitation 448 

fractions based on 1,000 neighboring precipitation samples for a given period to enhance 449 

the sampling ability to detect local climatic signals, including high-impact precipitation 450 

systems, such as large-scale systems of >100 km with more than 400 precipitation samples. 451 

Figure 11c shows the area-equivalent radius of an adjacent area, containing 1,000 452 

precipitation samples for the entire period. Most of the sampling radii are smaller than 0.6°, 453 

except near the northern and southern edges of the swath and in low-rainfall areas. The 454 

radius is shortened according to the data accumulation. The estimated shallow precipitation 455 

fraction covers the entire area, including the grids at the edge of the orbit (Fig. 11d). Thus, 456 

the SPD effect is retrieved using LUT with the 0.1°-scale CFB levels and the estimated 457 

shallow precipitation fraction data (Fig. 11e). 458 

[Figure 11] 459 

The input data need to be spatially averaged to mitigate sampling issues, especially for a 460 

short-term dataset. For three months, the fine-scale shallow-precipitation fraction cannot be 461 



 23 

obtained because the near-nadir precipitation samples on a 0.1° grid are scarce and 462 

fragmented over most regions (Figs. 12a and b). Sampling gaps need to be filled to perform 463 

LUT-based correction. In the three-month data, the area-equivalent radius of the 1,000 464 

precipitation samples ranged from 0.1° to 10° but mostly fell within 2° (Fig. 12c). The 465 

sampling radius is approximately 1° over a wide area with moderate and abundant 466 

precipitation. Figures 12d and e show the estimated shallow-precipitation fraction and the 467 

SPD effect, respectively. The shallow-precipitation fraction in Fig. 12d is spatially coherent 468 

compared to Fig. 12a. The estimated SPD effect for winter precipitation in the northern part 469 

of Japan is found to be more than 50% (Fig. 12e). 470 

[Figure 12] 471 

When the sampling radius is set to zero, that is, without the spatial average of the regional 472 

shallow-precipitation fraction at a scale of 0.1°, the spatial continuity of the SPD effects is 473 

very low, even over the ocean for five-year accumulated data. This study generated 0.1°-474 

grid maps of the shallow precipitation fractions averaged for each set of 1,000 adjacent 475 

precipitation samples. Based on the spatially averaged fraction data and the instantaneous 476 

CFB-level information, the SPD effect for every three months could be retrieved from the 477 

LUT. The retrieved SPD effect in Fig. 11e matches the analytically derived SPD effect in Fig. 478 

9a. In addition, the LUT-based SPD estimates derived the bias over the mountainous areas 479 

where the CFB levels are high, even at nadir. This procedure increases the near-nadir 480 

precipitation over the ocean where shallow storms prevail, which implies that a slight 481 
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increase in the CFB levels could deteriorate the statistics by tens of percentages over low-482 

rainfall oceans, as expected from Fig. 10. 483 

 484 

3.3 Bias resulting from the main-lobe clutter mask 485 

a. Total correction amount 486 

This subsection describes the total bias based on the LPP and SPD corrections. There 487 

are two types of SPD correction: the gridded analytical solution according to Eq. (1) and the 488 

SPD effect referring to LUTs with the per-angle CFB level and estimated shallow-489 

precipitation fractions based on spatially integrated precipitation samples. The latter fine-490 

scale LUT-based estimate is hereinafter the SPD correction. 491 

The total bias map is shown in Fig. 13a. The eventual accumulation effect increases 492 

precipitation by less than 10% in tropical rainy regions and considerably increases 493 

precipitation at high latitudes and elevations. On average, these two types of corrections 494 

increase the area-weighted mean precipitation by approximately 7%, 21%, and 11% over 495 

35° S–35° N, 66.3° S–35° S and 35° N–66.3° N, and 66.3° S–66.3° N, respectively (Table 496 

2). An increase in the zonal precipitation is discerned at middle and high latitudes (Fig. 13b), 497 

with impact reaching 56% in region with 65° S–60° S, where shallow storms prevail (Fig. 498 

13c). The averaged correction coefficient is 119% at latitudes of 66.3° S–66° S, at the edge 499 

of the orbit. The LPP and SPD correction effects are comparable over wide areas, except in 500 

subtropical oceans with low precipitation and at high latitudes. At 20° S, the impact on the 501 
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zonally averaged precipitation is 11%, whereas the average of the gridded correction 502 

coefficient is 26% (not shown). At high latitudes where the largest effects of the SPD 503 

corrections prevail, the LPP correction effectiveness decreases because of lack of 504 

observations at levels lower than 1 km. For 65° S–60° S, thin shallow storms with top heights 505 

lower than 2 km provide 90% of the surface precipitation (not shown). The near-surface 506 

precipitation maxima from low-level raindrop growth at high latitudes are difficult to detect. 507 

[Figure 13] 508 

[Table 2] 509 

The revised incidence-angle difference is shown in Fig. 14 and Table 3. The side-lobe 510 

effects remain; however, the LPP correction compensates for the bulk of the incidence-angle 511 

differences, i.e., the difference between the all-angle precipitation amount and reference 512 

near-nadir data, for moderate precipitation rates (<10 mm h−1) (Figs. 14a and b). The per-513 

angle inconsistency in the moderate precipitation, i.e., underestimation with respect to the 514 

near-nadir statistics, is mitigated by approximately 80% and 91% over the land and ocean, 515 

respectively. However, positive anomalies occur for intense precipitation (≥10 mm h−1) at off-516 

nadir angles over the ocean. The remarkable incidence-angle difference in the intense 517 

precipitation remains over land. The correction mitigates the off-nadir underestimation bias 518 

over the land from −8.8% to −4.1%, i.e., a 53% reduction in the incidence-angle differences. 519 

The revised incidence-angle dependency is −4% and 6% over the land and ocean, 520 

respectively. Therefore, the reduction in the off-nadir underestimation sheds light on the 521 
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issue of off-nadir estimations of intense precipitation, i.e., overestimation over the ocean and 522 

underestimation over the land. This is not directly associated with the levels of the main-lobe 523 

clutter interference but with the attenuation correction per angle over land and ocean. 524 

Approximately half of the remaining bias over land may decrease when the off-nadir intense 525 

precipitation is equivalent to the near-nadir statistics. Note that the LPP-corrected surface 526 

precipitation data at angle bins 20 and 30 are 20% and 16% larger than the data in the other 527 

bins for moderate and all precipitation, respectively, over the land but 7% and 13% larger, 528 

respectively, over the ocean. The mitigation of the side-lobe contamination reduced the 529 

averaged surface precipitation by 0.5%−1% over the ocean. In addition, the LPP-corrected 530 

data indicate that the extraordinary peak at a nadir over the land is 2.4 times larger than the 531 

data in the other bins and 1.9 times larger than the near-nadir data for intense precipitation 532 

(Fig. 14c). This remains to be determined in further discussions of extreme events based on 533 

a single-frequency radar. 534 

Regarding precipitation with low attenuation, given by the final estimate of PIA <1 dB, 535 

fractions in the sample, precipitation amount, and LPP correction effect account for 92%, 536 

52%, and 66%, respectively (not shown). The fraction in the LPP correction effect reaches 537 

89% for profiles with PIA <6 dB. Considering the low usage of SRT for light precipitation in 538 

the KuPR 06A algorithm (Seto et al. 2021), the impact of PIA inconsistency, due to the LPP 539 

correction, is limited in total precipitation amount, whereas the retrieval of heavy precipitation 540 

demands the continual refinement of schemes on attenuation estimates, as well as other 541 



 27 

issues, such as the non-uniform beam-filling effect. 542 

[Figure 14] 543 

[Table 3] 544 

b. Comparison of global precipitation products 545 

The abovementioned corrected KuPR precipitation data are compared with other high-546 

resolution multi-satellite and gauge-based precipitation datasets. The 11 products used for 547 

the comparison provide latest observational data between 60° S and 60° N from June 2014 548 

to May 2019 (Table 4). The datasets are grouped into three types: gauge-based products, 549 

including CPC_Globe and GPCC_MP; satellite-gauge blended datasets, including 550 

CMORPH_CRT, GSMaP_Gauge, PERSIANN_CDR, GPCP_CDR, and IMERG_Cal; and 551 

satellite-only precipitation estimates, including GSMaP_MWR, GSMaP_MVK, IMERG_HQ, 552 

and IMERG_Uncal. These state-of-the-art precipitation datasets are used by various 553 

scientific communities, and various studies are ongoing regarding their error performance 554 

and algorithm development (e.g., Wang and Yong 2020; Yuan et al. 2019; Beck et al. 2020; 555 

Kubota et al. 2020b). Precipitation data at different spatial resolutions are averaged over the 556 

range of 1°-scale grid. Ocean and land grid pixels are identified on the basis of 5-min gridded 557 

global-relief data (ETOPO5), according to the dominant surface types for each 1° scale grid. 558 

The areal-weighted averages over the land and ocean at latitudes between 60° S and 60° 559 

N are summarized in Fig. 15. The KuPR precipitation without and with the correction is 2.41 560 

and 2.65 mm d−1, respectively. The satellite-gauge blended and satellite-only products 561 
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estimated precipitation of 2.91 and 3.09 mm d−1, respectively. The difference in KuPR with 562 

respect to the satellite-gauge blended products improves from −17% to −9%, whereas that 563 

with satellite-only products improves from −22% to −14%. Thus, a large reduction in the 564 

differences at high latitudes exists. 565 

The mean precipitation of the gauge-based, satellite-gauge blended, and satellite-only 566 

products are 2.10, 2.26, and 2.58 mm d−1, respectively. The land precipitation of the satellite-567 

only products over land is 23% greater than the gauge-based analysis. The satellite-gauge 568 

blended precipitation data reduce this inconsistency but are still 8% greater than the gauge-569 

based data. CPC_Global precipitation is 15% less than GPCC_MP precipitation. The 570 

satellite-gauge blended products adjusted using the CPC unified daily gauge analysis 571 

(CMORPH_CRT and GSMaP_Gauge) have 13% less precipitation than those adjusted 572 

using the GPCC data (PERSIANN_CDR, GPCP_CDR, and IMERG_Cal). In contrast, the 573 

original KuPR precipitation (KuPR_ORG) and corrected KuPR precipitation (KuPR_COR) 574 

are 19% and 15% less than the gauge-based mean precipitation, respectively. The 575 

differences between KuPR_ORG and CPC_Globe and between KuPR_COR and 576 

CPC_Globe are −12% and −7%, respectively. Therefore, the difference between the 577 

corrected KuPR precipitation and gauge-based analysis is near 10%, whereas the KuPR 578 

precipitation remains smaller than the near-nadir statistics and other satellite datasets, as 579 

indicated in Figs. 14 and 15. For areas between 50° S and 50° N, the KuPR_COR 580 

precipitation increases by 5% compared to those between 60° S and 60° N (not shown). 581 
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The non-negligible differences from the correction and different latitudinal zones underscore 582 

the need to obtain robust precipitation estimates at high latitudes. 583 

The KuPR_ORG, KuPR_COR, and other satellite-based mean precipitation rates over 584 

ocean are 2.67, 2.96, and 3.20 mm d−1, respectively. The KuPR precipitation increases by 585 

11% because of the correction. The KuPR_ORG and KuPR_COR precipitation over the 586 

ocean are 16% and 7% less than those of other satellite-related products, respectively. The 587 

refined KuPR precipitation is nearly equivalent to several oceanic precipitation estimates 588 

and the conventional precipitation climatology (Behrangi et al. 2014); however, there remain 589 

uncertainties to be addressed, e.g., detecting limits of light precipitation at high latitudes. 590 

Attention should be paid to the remaining incidence-angle dependency of the KuPR_COR 591 

precipitation over the ocean, especially for intense precipitation, as shown in Fig. 14. 592 

[Figure 15] 593 

[Table 4] 594 

 595 

4. Conclusions 596 

GPM DPR detects precipitation profiles over land and ocean, and over complex terrain, 597 

from 66.3° S to 66.3° N. This study investigated regional retrieval uncertainties in near-598 

surface precipitation statistics caused by main-lobe clutter removal routines and incidence-599 

angle differences. The GPM DPR KuPR precipitation data are 7% and 2%, respectively, 600 

lower than the reference near-nadir data over land and ocean. The underestimation bias 601 
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increased to 9% at latitudes higher than 35°. To mitigate such internal inconsistencies, this 602 

study investigated the low-level profiles and missing shallow storms. Results show that the 603 

LPP and SPD corrections increase the land-surface precipitation by 8% and reduce the 604 

angle-bin difference by half for the total precipitation over land and by 80% for moderate 605 

precipitation of <10 mm h−1. This mitigates the off-nadir underestimation of the surface 606 

precipitation statistics from the different CFB levels to some extent and reduces the retrieval 607 

differences between the precipitation datasets. The inconsistency between the KuPR 608 

precipitation and gauge-based analysis decreased by half. Precipitation increased because 609 

of corrections by 11% and 21% at latitudes between 66.3° S and 66.3° N and higher than 610 

35°, respectively. Table 2 summarizes results from the retrieval process and the 611 

observational limits, with respect to low-level precipitation. The refined KuPR precipitation is 612 

9% lower than that of the satellite-gauge blended products. The uncertainties retrieved by 613 

the LPP and SPD corrections are large at high latitudes, where shallow storms consist of 614 

the bulk of the total precipitation because the profiling capability near the surface and 615 

sensitivity with light snowfall detection are insufficient. Therefore, these retrieval 616 

uncertainties are present in the current product. The assumption with the constant Ze below 617 

the CFB level in the DPR algorithm (Seto et al. 2021) needs to be improved. The LPP-618 

corrected surface precipitation data are incorporated as a variable named 619 

precipRateESurface2 in a new version (Version 07) of the GPM DPR product released in 620 

2021. 621 
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Therefore, the corrections indicate that the off-nadir overestimation of intense precipitation 622 

retrieval over the ocean needs to be resolved because it is blurred by the off-nadir 623 

underestimation of light and moderate precipitation. This reaffirms the importance of careful 624 

investigations of attenuation corrections in single-frequency analyses (Meneghini et al. 2015, 625 

2021). The incidence-angle dependence of intense precipitation over land remains one of 626 

the most important challenges to achieving robust estimations and understanding extreme-627 

precipitation biases (Masunaga et al. 2019). Other remaining issues are related to the LPP 628 

correction of the vertical variation in precipitation adjacent to the surface, i.e., at altitudes of 629 

<1 km, require comprehensive validation studies into phase transitions and hydrometeors. 630 

A detailed examination of the impact of specific profiles archived in the current LPP database 631 

is beyond the scope of this study. An accumulation of various samples will increase our 632 

understanding of the specifying factors of the precipitation-rate profiles. Additionally, the 633 

differences in the near-nadir data produced by different sensors need to be examined. Our 634 

preliminary study demonstrates that the TRMM PR Version 8 product data based on the 635 

DPR Version 06A algorithm differ considerably from the TRMM PR Version 7 data, regarding 636 

the incidence-angle pattern of the surface precipitation. Efforts to mitigate biases resulting 637 

from the algorithms will fill the gaps in the data. 638 

Approximately 60% of corrections that reduce the underestimation of the original data are 639 

attributed to the observational limits of SPD, although the fractions vary by region. This study 640 

suggests SPD corrections for short-term data using LUTs and the spatial averaging of 641 
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shallow-precipitation fraction data. For instantaneous estimates, the use of additional 642 

information, such as brightness temperatures or assimilation techniques, are necessary. 643 

Effect of the missing shallow storms is conspicuous over complex terrain and at high 644 

latitudes, where uncertainties in observations are large. Finer-resolution and higher-645 

sensitivity sensors, capable of detecting the caps of storms, are needed to evaluate global 646 

and local water budgets. 647 
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Fig. 1. The level of the lowest range bin free from surface clutter over the entire observational 859 

area and the Himalayas based on the five-year GPM Dual-Frequency Precipitation Radar 860 

(DPR) KuPR Version 06A data using all-angle bins (top), those near nadir (middle), and 861 

the swath edges (bottom). The level indicates the height above the surface. The spatial 862 
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resolution is 0.1°. The near-nadir statistics use data in bins 21–23 and bins 27–29 and the 863 

swath-edge statistics are for data in bins 1–2 and bins 48–49. 864 

 865 

Fig. 2. Surface precipitation over land and ocean for each angle bin. The thick and thin solid 866 

lines indicate the averages between 35° S and 35° N (LOW) using the 5-year KuPR 867 

Version 06A and 16-year TRMM PR Version 8 data, respectively. The statistics are 868 

obtained over the ranges of 66° S –35° S and 35° N –66° N (HIGH) using the five-year 869 

KuPR Version 06A (dotted lines). 870 

 871 

Fig. 3. Vertical distribution of precipitation over the land (upper) and ocean (lower) for each 872 

angle bin. From left to right, the different panels show data composites of various surface 873 

precipitation rates: all, <1, 1‒10, 10‒50, and ≥50 mm h−1, respectively. 874 

 875 

Fig. 4. Flowchart of the low-level precipitation profile correction. 876 

 877 

Fig. 5. Examples of simplified LPP averaged for stratiform (left) and convective (right) 878 

precipitation over land (upper) and ocean (lower). Solid-dashed lines indicate LPP when 879 

the storm top height is ≥6 km (high STH) and <6 km (low STH), respectively. Thick lines 880 

correspond to the downward-increasing (DI) profiles with VGP <−0.5 mm h−1 km−1, 881 

whereas thin lines correspond to the constant or downward-decreasing (DD) profiles with 882 

VGP ≥−0.5 mm h−1 km−1. Lines with marks represent LPP averaged for 0°C levels of ≥2 883 

km, whereas those without marks represent LPP averaged for 0°C levels of <2 km. 884 

 885 

Fig. 6. Snapshot of the (a) rainfall rate and (b) effect of the LPP corrections on the surface 886 



 44 

precipitation estimates at each 0.05° grid cell for the case of Typhoon Megi hitting 887 

Taiwan on September 26, 2016. The positive values in panel (b) indicate that the LPP 888 

corrections increased surface rainfall. Pixels where the surface precipitation rate is less 889 

than 0.2 mm h−1, are blanked out. 890 

 891 

Fig. 7. Effect of the LPP correction (a) between 70° S and 70° N, (b) near nadir, and (c) at 892 

the swath edge. 893 

 894 

Fig. 8. Latitudinal cross-section of (a) precipitation based on the original data, (b) the LPP-895 

corrected precipitation, and (c) the correction effect based on the KuPR data using all-896 

angle bins (top), those near nadir (middle), and the swath edges (bottom). The ordinate 897 

represents the height from the surface to 2 km. 898 

 899 

Fig. 9 Maps of the (a) the shallow-precipitation fractions, (b) total precipitation, and (c) effect 900 

of the SPD corrections at each 0.5° grid cell. The shallow-precipitation fraction is the 901 

proportion of precipitation from storms with top heights of ≤2.5 km with respect to the total 902 

precipitation. 903 

 904 

Fig. 10. Lookup table for the SPD effect given the shallow-precipitation fraction and the CFB 905 

level. 906 

 907 

Fig. 11. (a) Fine-scale shallow precipitation fraction mapping by near-nadir data (1998–908 

2013); (b) the number of precipitation samples; (c) the sampling radius ensuring 1,000 909 

precipitation samples; (d) the estimated shallow-precipitation fraction using the 910 

neighboring samples within a given radius; and (e) the effect of the LUT-based SPD 911 
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correction prepared at a resolution of 0.1° for the region 0° N–70° N and 130° E–145° E. 912 

 913 

Fig. 12. As in Fig. 11 but using data of 3 months from December 2014 to February 2015.  914 

 915 

Fig. 13. (a) Map of the combined corrections, (b) zonally averaged precipitation before (Org) 916 

and after (Cor) the corrections, and (c) impact of the LPP and SPD corrections on the 917 

zonally averaged corrected precipitation. The units are percentages in panels (a) and (c) 918 

and mm d−1 in panel (b). 919 

 920 

Fig. 14. The per-angle surface precipitation over areas between 66.3° S and 66.3° N for the 921 

land (L: warm colors) and ocean (O: cool colors). LPP and SPD in the legend indicate the 922 

results from the LPP and the SPD correction, respectively. ORG is the results of original 923 

data with no correction. COR indicates the results from data with the LPP and SPD 924 

corrections. The plots are based on (a) all the precipitation rates at the surface, (b) the 925 

light precipitation rate, <10 mm h−1, and (c) the intense precipitation rate, ≥10 mm h−1. 926 

Panels (b) and (c) show the results of ORG and the LPP correction alone. 927 

 928 

Fig. 15. Mean precipitation using KuPR without (KuPR_ORG) and with (KuPR_COR) 929 

corrections and the gauge-based observational data (CPC_Global and GPCC_MP), the 930 

satellite-gauge-blended precipitation datasets (CMORPH_CRT, GSMaP_Gauge, 931 

PERSIANN_CDR, GPCP_CDR, and IMERG_Cal), and the satellite-only precipitation 932 

products (GSMaP_MWR, GSMaP_MVK, IMERG_HQ, and IMERG_Uncal) for the period 933 

of June 2014–May 2019. The data are gridded at a resolution of 1° and averaged over 934 

land and ocean between 60° S and 60° N. 935 

  936 



 46 

Fig. 1 937 

 938 

Fig. 1. The level of the lowest range bin free from surface clutter over the entire observational 939 

area and the Himalayas based on the five-year GPM Dual-Frequency Precipitation Radar 940 

(DPR) KuPR Version 06A data using all-angle bins (top), those near nadir (middle), and 941 

the swath edges (bottom). The level indicates the height above the surface. The spatial 942 

resolution is 0.1°. The near-nadir statistics use data in bins 21–23 and bins 27–29 and the 943 

swath-edge statistics are for data in bins 1–2 and bins 48–49. 944 

  945 
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Fig. 2 946 

 947 

 948 

Fig. 2. Surface precipitation over land and ocean for each angle bin. The thick and thin solid 949 

lines indicate the averages between 35° S and 35° N (LOW) using the 5-year KuPR 950 

Version 06A and 16-year TRMM PR Version 8 data, respectively. The statistics are 951 

obtained over the ranges of 66° S –35° S and 35° N –66° N (HIGH) using the five-year 952 

KuPR Version 06A (dotted lines). 953 

  954 
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Fig. 3 955 

 956 

Fig. 3. Vertical distribution of precipitation over the land (upper) and ocean (lower) for each 957 

angle bin. From left to right, the different panels show data composites of various surface 958 

precipitation rates: all, <1, 1‒10, 10‒50, and ≥50 mm h−1, respectively. 959 

  960 
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Fig. 4 961 

 962 

 963 

Fig. 4. Flowchart of the low-level precipitation profile correction.  964 
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Fig. 5 965 

 966 

 967 

Fig. 5. Examples of simplified LPP averaged for stratiform (left) and convective (right) 968 

precipitation over land (upper) and ocean (lower). Solid-dashed lines indicate LPP when 969 

the storm top height is ≥6 km (high STH) and <6 km (low STH), respectively. Thick lines 970 

correspond to the downward-increasing (DI) profiles with VGP <−0.5 mm h−1 km−1, 971 

whereas thin lines correspond to the constant or downward-decreasing (DD) profiles with 972 

VGP ≥−0.5 mm h−1 km−1. Lines with marks represent LPP averaged for 0°C levels of ≥2 973 

km, whereas those without marks represent LPP averaged for 0°C levels of <2 km. 974 
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Fig. 6 976 

 977 

Fig. 6. Snapshot of the (a) rainfall rate and (b) effect of the LPP corrections on the surface 978 

precipitation estimates at each 0.05° grid cell for the case of Typhoon Megi hitting Taiwan 979 

on September 26, 2016. The positive values in panel (b) indicate that the LPP corrections 980 

increased surface rainfall. Pixels where the surface precipitation rate is less than 0.2 mm 981 

h−1, are blanked out. 982 
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Fig. 7 984 

 985 

Fig. 7. Effect of the LPP correction (a) between 70° S and 70° N, (b) near nadir, and (c) at 986 

the swath edge. 987 

  988 
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Fig. 8 989 

 990 

Fig. 8. Latitudinal cross-section of (a) precipitation based on the original data, (b) the LPP-991 

corrected precipitation, and (c) the correction effect based on the KuPR data using all-992 

angle bins (top), those near nadir (middle), and the swath edges (bottom). The ordinate 993 

represents the height from the surface to 2 km. 994 
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Fig. 9 997 

 998 

 999 

Fig. 9 Maps of the (a) the shallow-precipitation fractions, (b) total precipitation, and (c) effect 1000 

of the SPD corrections at each 0.5° grid cell. The shallow-precipitation fraction is the 1001 

proportion of precipitation from storms with top heights of ≤2.5 km with respect to the total 1002 

precipitation. 1003 

 1004 

  1005 
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Fig. 10 1006 

 1007 

Fig. 10. Lookup table for the SPD effect given the shallow-precipitation fraction and the CFB 1008 

level. 1009 

  1010 
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Fig. 11 1011 

 1012 

Fig. 11. (a) Fine-scale shallow-precipitation fraction mapping by near-nadir data (1998–1013 

2013); (b) the number of precipitation samples; (c) the sampling radius ensuring 1,000 1014 

precipitation samples; (d) the estimated shallow precipitation fraction using the 1015 

neighboring samples within a given radius; and (e) the effect of the LUT-based SPD 1016 

correction prepared at a resolution of 0.1° for the region 0° N–70° N and 130° E–145° E.   1017 
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Fig. 12 1018 

 1019 

Fig. 12. As in Fig. 11 but using data of 3 months from December 2014 to February 2015.  1020 

  1021 
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Fig. 13 1022 

 1023 

Fig. 13. (a) Map of the combined corrections, (b) zonally averaged precipitation before (Org) 1024 

and after (Cor) the corrections, and (c) impact of the LPP and SPD corrections on the 1025 

zonally averaged corrected precipitation. The units are percentages in panels (a) and (c) 1026 

and mm d−1 in panel (b). 1027 

  1028 
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Fig. 14 1029 

 1030 

Fig. 14. The per-angle surface precipitation over areas between 66.3° S and 66.3° N for the 1031 

land (L: warm colors) and ocean (O: cool colors). LPP and SPD in the legend indicate the 1032 

results from the LPP and SPD correction, respectively. ORG is the results of original data 1033 

with no correction. COR indicates the results from data with the LPP and SPD corrections. 1034 

The plots are based on (a) all the precipitation rates at the surface, (b) the light 1035 

precipitation rate, <10 mm h−1, and (c) the intense precipitation rate, ≥10 mm h−1. Panels 1036 

(b) and (c) show the results of ORG and the LPP correction alone. 1037 

 1038 

  1039 
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Fig. 15 1040 

 1041 

Fig. 15. Mean precipitation using KuPR without (KuPR_ORG) and with (KuPR_COR) 1042 

corrections and the gauge-based observational data (CPC_Global and GPCC_MP), the 1043 

satellite-gauge-blended precipitation datasets (CMORPH_CRT, GSMaP_Gauge, 1044 

PERSIANN_CDR, GPCP_CDR, and IMERG_Cal), and the satellite-only precipitation 1045 

products (GSMaP_MWR, GSMaP_MVK, IMERG_HQ, and IMERG_Uncal) for the period 1046 

of June 2014–May 2019. The data are gridded at a resolution of 1° and averaged over 1047 

land and ocean between 60° S and 60° N. 1048 
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 1074 

 Ocean    Land    

 PRv.7 PRv.8 KuPR05A KuPR06A PRv.7 PRv.8 KuPR05A KuPR06A 

Precipitation [mm d-1] 2.6 2.9 3.1 (−1.9) 3.0 (1.8) 2.2 2.0 2.1 (1.1) 2.0 (1.0) 

Anomaly [%] −4.0 −0.2 1.7 (−7.9) 0.7 (−8.8) −4.7 −5.1 −11.8 (11.6) −6.4 (−8.8) 
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 1080 

  Ocean   Land   All   

  LOW HIGH ALL LOW HIGH ALL LOW HIGH ALL 

Precipitation Original  2.97 1.97 2.62 2.05 0.94 1.55 2.75 1.60 2.29 

[mm d-1] Corrected 3.19 2.39 2.92 2.12 1.12 1.67 2.93 1.94 2.54 

Correction LPP 3.0 11.3 5.1 2.7 7.6 4.0 2.9 10.5 5.0 

[%] SPD 4.4 10.5 6.0 0.8 11.5 3.7 3.7 10.7 5.7 

 Total 7.4 21.8 11.1 3.5 19.1 7.7 6.6 21.2 10.6 

  1081 
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Table 3. Precipitation anomaly in the near-nadir statistics over areas between 66.3° S and 1082 

66.3° N. The unit is %. LT10 and GE10 indicate the statistics from instantaneous surface 1083 

precipitation rates lower than 10 mm h−1 and greater than or equal to 10 mm h−1, 1084 

respectively. 1085 

 Original   LPP   SPD Total 

 All LT10 GE10 All LT10 GE10 All All 

Land −8.8 −2.1 −23.9 −6.2 −0.4 −19.1 −6.8 −4.1       

Ocean −1.6 −4.5 4.9 3.2 −0.4 11.1 0.6 5.6 

 1086 

 1087 

Table 4. Summary of the global precipitation data used in this study. 1088 

Acronym Full name Version Reference 

CPC_Global Climate Prediction Center unified gauge-based analysis of 

precipitation 

V1.0 Xie et al. (2007) 

GPCC_MP Global Precipitation Climatology Centre Monitoring product V6 Schneider et al. (2018) 

CMORPH_CRT Bias-corrected CPC MORPHing technique V1.0ADJ Xie et al. (2017) 

GSMaP_Gauge Gauge-adjusted Global Satellite Mapping of Precipitation (GSMaP) V7 Mega et al. (2019) 

PERSIANN_CDR Precipitation Estimation from Remotely Sensed Information using 

Artificial Neutral Networks‒Climate Data Record 

V1R1 Ashouri et al. (2015) 

GPCP_CDR Global Precipitation Climatology Project Climate Data Record V1.3 Adler et al. (2017b) 

IMERG_Cal IMERG with gauge calibration V6 Huffman et al. (2019) 

GSMaP_MWR GSMaP based on MicroWave Radiometers V7 Aonashi et al. (2009) 

GSMaP_MVK GSMaP based on a Moving Vector with Kalman filter V7 Ushio et al. (2009) 

IMERG_HQ IMERG microwave-only precipitation estimates V6 Huffman et al. (2019) 

IMERG_Uncal IMERG without gauge calibration V6 Huffman et al. (2019) 

 1089 


