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Abstract: Spaceborne precipitation radars are powerful tools used to acquire adequate and high-
quality precipitation estimates with high spatial resolution for a variety of applications in hydrological
research. The Global Precipitation Measurement (GPM) mission, which deployed the first spaceborne
Ka- and Ku-dual frequency radar (DPR), was launched in February 2014 as the upgraded successor
of the Tropical Rainfall Measuring Mission (TRMM). This study matches the swath data of TRMM PR
and GPM DPR Level 2 products during their overlapping periods at the global scale to investigate
their similarities and DPR’s improvements concerning precipitation amount estimation and type
classification of GPM DPR over TRMM PR. Results show that PR and DPR agree very well with each
other in the global distribution of precipitation, while DPR improves the detectability of precipitation
events significantly, particularly for light precipitation. The occurrences of total precipitation and the
light precipitation (rain rates < 1 mm/h) detected by GPM DPR are ~1.7 and ~2.53 times more than
that of PR. With regard to type classification, the dual-frequency (Ka/Ku) and single frequency (Ku)
methods performed similarly. In both inner (the central 25 beams) and outer swaths (1–12 beams and
38–49 beams) of DPR, the results are consistent. GPM DPR improves precipitation type classification
remarkably, reducing the misclassification of clouds and noise signals as precipitation type “other”
from 10.14% of TRMM PR to 0.5%. Generally, GPM DPR exhibits the same type division for around
82.89% (71.02%) of stratiform (convective) precipitation events recognized by TRMM PR. With regard
to the freezing level height and bright band (BB) height, both radars correspond with each other very
well, contributing to the consistency in stratiform precipitation classification. Both heights show clear
latitudinal dependence. Results in this study shall contribute to future development of spaceborne
radar precipitation retrievals and benefit hydrological and meteorological research.
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1. Introduction

Precipitation plays a key role in the water cycle, which is of vital importance for life on Earth [1,2].
However, obtaining accurate and sufficient precipitation estimates remains a huge challenge because
of the high spatial and temporal variability of precipitation. Rain gauges and ground-based radars
often suffer from sparse distribution and limited spatial coverage [3–5]. These shortcomings directly
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lead to the prosperity of satellite-based precipitation products. Although satellite-based infrared (IR)/
visible (VIS) data have high temporal sampling frequencies, the relationship between the received
radiance from cloud and surface rainfall is indirect. This, in addition to the fact that information
regarding rain rates beneath precipitating clouds is insufficient, results in the unsatisfying precipitation
estimates [6]. Passive microwave (PMW) methods generally provide more reliable estimates of
instantaneous precipitation and can be used for snowfall detection and rain type classification [2,7,8].
Nevertheless, PMW techniques suffer from extremely low spatial (>10 km) and temporal resolution,
due to their platforms in low earth orbits. Compared to abovementioned sensors, spaceborne radars,
which emit and receive active microwave signals, are able to offer the most precise and detailed
information about precipitation and its three-dimensional structure [9,10].

Since its launch in 1997, the Tropical Rainfall Measuring Mission (TRMM) satellite, focusing
on measuring medium to heavy rainfall over the tropical and subtropical regions, has provided
precipitation observation data for more than 17 years. On 8 April 2015, the TRMM satellite stopped
collecting data, officially ceasing operation in June 2015. The precipitation radar (PR) onboard the
TRMM satellite was the first spaceborne radar that aimed to provide three-dimensional maps of storm
structure and yielded valuable information about rain intensity and distribution. In February 2014,
the National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration
Agency (JAXA) launched Global Precipitation Mission (GPM) Core Observatory. As the successor
of the TRMM satellite, the GPM satellite carries the first spaceborne dual-frequency precipitation
radar (DPR) [5]. In addition to the Ku-band radar, which operates at 13.6 GHz and is also applied in
PR, the Ka-band radar of GPM DPR is more adept at capturing light rain, at a higher frequency of
35.5 GHz [11].

The evaluation of the performance of spaceborne radars has always been a hot topic and several
previous studies have been carried out for TRMM PR [12–16]. The comparison between TRMM PR and
ground-based precipitation estimates suggests that generally TRMM performs quite well [12,17,18]
when the signal attenuation is not severer, and particularly TRMM PR measurements can achieve
an agreement of ~1 dB with ground radar observations in Texas and Florida [19]. By comparing
TRMM PR latest version 7 products with the NEXRAD-based Q2, it is discovered that the bias of
rain rate estimates from V7 has been improved from an underestimation bias of −23% (from V6)
to −18% [20]. However, TRMM PR tends to underestimate heavy precipitation around the tropical
rainfall maximum, according to [15,21], leading to the underestimation of near-surface precipitation
water content. By comparing with the ground-based Weather Surveillance Radar-1988 Doppler (WSR)
at Melbourne, Florida, Liao et al. [22] discovered that TRMM PR correlates well for stratiform rain,
while for convective rain, overestimate light rain and underestimate moderate to heavy rain. Moreover,
given its quasi-global consistence, some studies have revealed TRMM PR’s potential in systematic
monitoring and correcting ground radar biases [18,23–25].

Awaka et al. [26] indicated that the detected bright band (BB) number of TRMM PR strongly
depends on the antenna scan angle and the BB is detected in only about 40% of stratiform rain events.
Hamada et al. [27] used eleven-year records of TRMM PR to demonstrate that the most extreme
rainfall events are more closely related to less intense convection [26]. They further investigated the
impacts of the detectability enhancement of GPM DPR over TRMM PR using six months of observation,
finding that both the occurrence and volume of overall precipitation increased by ~21.1% and ~1.9%,
respectively [28]. TRMM PR and GPM DPR correspond reasonably well with each other based on a
global intercomparison, although GPM DPR significantly improved the detection of light precipitation
and the sampling rate of snowfall estimation according to [29]. Furthermore, both radars exhibit
satisfying correlation with in situ observations from Mainland China [29].

However, because of the relatively short operation period of GPM, studies concerning GPM
DPR and the level-2 products are still insufficient hampering a comprehensive understanding of
its technical skills. Moreover, numerous studies have been focused to evaluating and exploring
the level-3 gridded satellite- and reanalysis-based precipitation products, such as TMPA, GPM



Remote Sens. 2017, 9, 1142 3 of 26

IMERG and GSMaP, which combine the observations of a variety of sensors and instruments [30–35].
However, the similarities and differences between GPM DPR and TRMM PR, the level-2 radar only
products, should be studied further and deeper, since these radars are used as calibration tools in
the precipitation retrievals of the merged (or integrated) products [36]. Particularly, as yet, there is
no study comparing the capability of the two radars to distinguish different types of hydrometeors
and classify rain types (stratiform and convective). Different rain types are characterized by different
precipitation growth mechanisms and different vertical distributions of the diabatic heating process.
Thus, distinguishing precipitation types correctly is essential for better precipitation estimation [37–39].
Since GPM DPR and TRMM PR share almost the same fundamental ideas of retrieval algorithms,
sensor configuration, as well as similar correction and validation systems [40,41], it is important to
compare them directly to fully characterize their differences and similarities.

Therefore, the main objective of this study is to compare the performance of TRMM PR and
GPM DPR at the global scale during their overlapping period, with special attention paid to their
capability to classify rain types. We investigate not only the occurrence and the volume of different
rain types, but also the distribution and the vertical structure of different rain types at a global scale.
Results in this study are expected to contribute to a deeper understanding of the similarities and
differences between the two radars, and the improvement of future versions of spaceborne radar
precipitation retrieval algorithms. Researchers in many fields, including not only radar remote sensing
development, but also meteorology and hydrology communities, will benefit from such research
results when conducting their respective studies.

This paper is organized into four sections. Section 2 introduces the datasets used in this study and
demonstrates the methodology. Section 3 presents the results and some discussion. Finally, Section 4
summarizes the main conclusions and provides a framework for future studies.

2. Data and Methodology

2.1. TRMM PR

In this study, we used the TRMM PR level 2 (L2) version 7 product 2A23 and 2A25.
Main characteristics of TRMM PR are presented in Table 1. The TRMM satellite flies in a low-inclination
(35◦) and low-altitude (approximately 403 km after boost) orbit. TRMM PR scans 17◦ to either side of
nadir at intervals of 0.35◦ with a vertical resolution of 250 m. PR has 49 footprints, each of which has a
diameter around 5 km, meaning the horizontal resolution of PR is 5 km and the width of a swath is 247.
The vertical resolution of TRMM PR is 250 m. According to the official files, the minimum detectable
radar equivalent reflectivity factor, Ze, and rainfall rate of TRMM PR are 18 dBZ and 0.7 mm/h,
respectively, although studies have found that the actual detectability could be better [28].

Table 1. Brief description of GPM DPR and TRMM PR.

Instrument
GPM DPR

TRMM PR
KaPR KuPR

Operating time 27 February 2014—now 27 February 2014—now 27 November 1997—8 April 2015
Altitude (km) 407 407 403 1

Inclination angle (◦) 65 65 35
Frequency (GHz) 35.547 and 35.553 13.597 and 13.603 13.796 and 13.802

Horizontal resolution at nadir (km)
(Swath width (km))

5
(120)

5
(245)

5 1

(247) 1

Vertical resolution (m) 250/500 250 250
Minimal detectability (R, mm/h) 0.2 0.5 0.7

Minimal detectability (Ze, dBz) 12 (Ka_HS)
18 (Ka_MS) 18 18

Measurement Accuracy (dBz) <±1 <±1 <±1
1 Numbers in the last column represent specifications after the TRMM boost in August 2001.
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The TRMM PR L2 version 7 2A23 product detects the vertical profile of radar equivalent reflectivity,
determines the heights of BB, as well as freezing level (the 0 ◦C isotherm), and classifies the precipitation
into three categories: “stratiform”, “convective” and “other” [41]. Because the vertical profile of radar
equivalent reflectivity factor, Ze, the raindrop size distribution (DSD) and signal attenuation vary with
rain type, it is critical to classify the rain type correctly in order to improve the accuracy of retrieval
algorithms [42,43]. Numerous studies related to different rain types have been conducted [44,45],
and it is widely understood that stratiform precipitation not only exhibits a layer of strong radar
echo, named the “bright band”, but is homogeneous horizontally. In contrast, convective precipitation
is characterized by horizontally localized cores of intense radar echoes and tall and thin columns
with high reflectivity in vertical cross sections [46]. Two single-band algorithms, the vertical profile
method (V-method) [47] and the horizontal pattern method (H-method) [48], have been established in
TRMM PR to distinguish rain types, according to these differences [35,39,40]. Details can be found
in [26,41,43,47]. The type “other” means there is only cloud (ice) and/or maybe the signal is simply
noise [41].

The TRMM PR L2 version 7 2A25 product uses the output data from 1C21, 2A21 and 2A23
to produce an estimate of instantaneous three dimensional structure of attenuation-corrected radar
equivalent reflectivity and rainfall at each angle beam [41,49]. For more details on the algorithm,
please refer to [41,49]. Briefly speaking, the parameter used in our study is “near-surface rain rate”,
which is estimated from the near surface reflectivity contingent on the rain types and corrected from
non-uniform beam filling [49]. Near surface refers to the lowest range bin generally free from surface
clutter [41,50]. From the nadir to the edge of the swath, the height of “near surface” varies from 500 m
above the Ellipsoid to 2000 m [50].

2.2. GPM DPR

The Level 2 version 04A product of GPM DPR, 2ADPR, was used in this study. The GPM satellite
was launched in February 2014 and did not reach its stabilized altitude for the nominal scan until
April 2014.

The GPM Core Observatory operates in a non-sun-synchronous orbit, at an inclination to the
equator of 65◦ and an altitude of 407 km. Since GPM DPR consists of the Ku-band and Ka-band
precipitation radar, which are abbreviated as KuPR and KaPR, respectively, it has three scan patterns,
one for KuPR and the other two for KaPR. Main characteristics of GPM DPR are presented in Table 1
as well. The scan pattern of KuPR is almost the same as that of TRMM PR. KaPR also has 49 footprints
divided into two types of scans, the matched scan (Ka_MS) and the high-sensitivity scan (Ka_HS).
In Ka_MS, whose swath width is 120 km, the beams are matched to the central 25 beams of KuPR. The
other 24 beams of KaPR, forming the Ka_HS, are interlaced with the scan of KaPR’s matched beams.
The nominal vertical range resolution of both radars is 250 m, sampled every 125 m [5]. In this study,
we used the level 2 version 04A product 2ADPR. In the inner swath of the 2ADPR (the central 25 beams,
referred to as 2ADPR_MS) we used both the KaPR and KuPR observations to make the attenuation
correction, derive raindrop size distributions, classify the rain types and estimate precipitation. In the
outer swath (corresponds to the 1–12 beams and 38–49 beams), only KuPR’s observation was available
and used in the retrieval.

To make the best of the additional channel Ka-band, which can provide more information obtained
from non-Rayleigh scattering effects at a higher frequency, a new dual-frequency algorithm, known as
the measured dual-frequency ratio (DFRm) method, was proposed [40,51]. DFRm profile, obtained
by taking the difference of the two frequency observations, holds rich information for melting layer
detection and rain type classification. In the 2ADPR product, the results of the DFRm method,
which are categorized into three types: “stratiform”, “convective” and “transition”, are merged with
those of the Ku-only H-method, generating three major types: “stratiform”, “convective” and “other”,
apart from the “missing” and “no data” categories. In the outer swath, V-method and H-method are
combined to classify the precipitation types [51,52].
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2.3. Methodology

The study area only focuses on the latitudes between 40◦S to 40◦N, although the area monitored
by TRMM PR (37.5◦S to 37.5◦N) is slightly smaller than the area being studied. This study covers the
time period from 1 April 2014 to 7 October 2014 and 12 February 2015 to 1 April 2015, since TRMM PR
terminated collecting data on 8 April 2015. Figure 1 illustrates the spatial pattern of the overpasses of
GPM DPR and TRMM PR orbits resampled to 2◦ × 2◦. Both the two radars’ scans are concentrated
at the borders of the region studied, which is the latitude band from 35◦ to 37.5◦ and 35◦ to 40◦ for
TRMM PR and GPM DPR respectively. It is clear that during the study period, TRMM PR passed the
area more frequently and more uniformly due to its smaller inclination, compared with GPM DPR.
Although the GPM developing team continues to upgrade the products and update some software
applied to GPM DPR to improve the scan performance, we have ignored these changes in this study,
as they are not significant [28].
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Figure 1. Numbers of transit times of: (a) the Global Precipitation Measurement mission dual frequency
radar (GPM DPR); and (b) the Tropical Rainfall Measuring Mission Precipitation Radar (TRMM PR)
within 2◦ × 2◦ pixels. DPR is represented by its normal scan swath (DPR_NS).

To gain an intuitive knowledge of the detectability of TRMM PR and GPM DPR, we used all of the
data available in the co-existing period of the two radars to conduct an overall comparison. The results
applying the whole swath data are presented and discussed in Sections 3.1 and 3.2. Furthermore,
since the TRMM PR scan pattern and GPM DPR normal scan pattern are very similar, we first selected
the matchup pixels of all the DPR NS swath (referred to as DPR_NS) and TRMM PR swath within a
time interval of 20 min and a space interval of two km same as those used in [29]. This matchup group
is hereinafter referred to as Group 1. This relative large temporal difference is adopted to acquire
adequate coincident events to support solid statistical analysis [29]. We also tried other time intervals
ranging from 5 to 15 min. While the number of coincident events decreased remarkably as the time
interval narrowed down (6,384,259 and 348,145 pairs for the time interval 20 and 5 min, respectively),
little change was observed in the results. For example, the correlation coefficients of all the coincident
events in Group 1 increased slightly, from 0.50 (with time interval of 20 min) to 0.66 (with time interval
of 5 min). Only root mean square deviation (RMSD) and relative difference (RD) decreased sharply
when the time interval of 5 min was adopted. More details are shown in Table 2.

Table 2. Metrics calculated for coincident events between GPM DPR and TRMM PR in Group 1.

Time Interval
(min)

Coincident
Events r RMSD 1

(mm/h)
MD 1

(mm/h)
RD 1

(%) POD 1 FOH 1 FAR 1 CSI 1

20 6,384,259 0.50 1.41 0.00 3.62 0.79 0.61 0.39 0.52
15 996,415 0.52 1.28 0.01 6.63 0.80 0.43 0.57 0.39
10 691,488 0.54 1.24 0.01 8.22 0.87 0.40 0.59 0.54
5 348,145 0.66 0.49 0.00 0.23 0.89 0.35 0.65 0.49

1 The metrics are calculated with TRMM PR serving as the benchmark.
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In the overlapping period, 6,384,259 pairs of matchup data were acquired in Group 1. Because
2ADPR contains results from both dual-frequency and single frequency retrieval algorithms, it is
necessary to take this into consideration when processing the matchup procedure. For TRMM PR,
previous studies have pointed out that because of angle dependency in the outer swath, the near-nadir
(NN) statistics are assumed to be of the highest quality in terms of observation limitation [53].
Kubota et al. [54] found that the sidelobe clutter in KuPR in DPR is stronger than that in TRMM
PR, and thus, it cannot be ignored. Therefore, we then selected the matchup pixels of DPR MS swath
and TRMM PR inner swath (the central 25 beams) within the same time and space interval as Group 1.
This new group is hereinafter referred to as Group 2, containing 1,237,875 pairs of pixels. To get a
deeper insight into the difference between Group 1 and 2, pixel pairs of Group 2 are excluded from
Group 1. This new group is hereinafter referred to as Group 3. For each coincident event of three
matchup groups, we not only matched and compared the estimated precipitation and the rain type
classification, but also the height of freezing level and BB to gain a deeper understanding of the
vertical structure of precipitation, especially for stratiform precipitation. The results are presented in
detail in Section 3.3. Although there exists some latitudinal sampling bias associated with the orbital
characteristic of the TRMM satellite and the GPM satellite, the effect can be ignored because the ratio
of the observed pixels at each latitude, counting to that at the equator, increases slightly within the
domain studied in this paper [28].

3. Results

3.1. Global Distribution of Different Precipitation Types

Figure 2 shows the global distribution of the average precipitation estimates of different rain types
resampled directly from the level 2 products of GPM DPR and TRMM PR at a spatial resolution of
2◦ × 2◦. Concerning the spatial pattern of all types of precipitation, the observations of TRMM PR and
GPM DPR agree with each other very well in tropical and subtropical regions. The spatial patterns
shown in Figure 2 are similar to those shown in [45], which were based on eight-year observations of
TRMM PR. The intertropical convergence zone (ITCZ), the Indian Ocean and South Pacific convergence
zone (SPCZ) have the greatest precipitation, while the regions off the west coast of South America and
South Africa, the Arabian Peninsula and North Africa have the lowest precipitation. Previous studies
have shown that TRMM PR agrees fairly well with the GPCC gridded gauge analysis and rain gauge
measurements in capturing rainfall in the Sahara during a 15-year period [55]. However, it is clear
that TRMM PR gives a higher estimation of precipitation globally than GPM DPR. This phenomenon
may result from the fact that TRMM PR passes the studied region more frequently and is more
likely to capture precipitation events. When comparing TRMM PR and GPM DPR in Japan, a similar
phenomenon was observed [56]. While TRMM PR passes the southern part of mainland Japan at
least once a day, GPM DPR passes Japan once every four days on average. Due to the lower visiting
frequency in tropical and subtropical regions, GPM DPR tends to miss some precipitation events [56].

Convective and stratiform precipitation have different statistical behavior over land and ocean.
Specifically, convective precipitation attains higher rain rates over land while a large amount of
stratiform precipitation occurs over the ocean [44]. It is generally believed that stratiform precipitation
exists mostly in mid-latitude regions, and in baroclinic cyclones and fronts [46]. However, both
TRMM PR and GPM DPR indicate that stratiform precipitation is also widely distributed in tropical
regions, where convective precipitation dominates. This result is supported by the research of Robert
and Houze [46], which shows that stratiform precipitation can be found within a region where the
convection is weak and less vigorous. According to [44], stratiform precipitation is rare in regions
off the east coast of South America and Southern Africa, contributing to less than 20% of the total
precipitation. Together with the relatively low revisiting frequency, it is understandable that both of the
two spaceborne radars insufficiently detected stratiform precipitation in these regions, although TRMM
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PR captured slightly more stratiform precipitation than GPM DPR. According to [57,58], shallow
isolated rain makes up a large portion of the total rainfall in the southern Indian and Pacific oceans.
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Note that the average rainfall rate of convective or stratiform precipitation is higher than that
of total precipitation. Moreover, the average rainfall rates of some grid cells in Figure 2a,d are lower
than 0.2 mm/h, which is even lower than the official minimum detectable thresholds of the two radars.
These phenomena are partly due to the fact that from the result in our study presented later in Section 3.3.1
and Hamada et al. [28], the official definition of minimum detectable rainfall rates may be too conservative
for both radars [27]. Another reason is the computational method we adopted. When calculating the
average rainfall during the whole study period, we first selected all the pixels that fell into the same grid
cell and were of the same rain type in one scan granule. Then, we calculated the average rainfall rate
of these pixels and regarded it as the rainfall rate of one precipitation event. Finally, we calculated the
arithmetic mean as the average rainfall rate, using all precipitation events during the whole study period.
It is noted that one precipitation event may consist of pixels categorized as “stratiform”, “convective” and
“other” types at the same time. As Peng et al. [59] stated, “other” precipitation is often characterized by
cumulonimbus anvils, whose rain rates are generally very low. According to [40,41,51], pixels classified
as “other” are unclear and sometimes may not even contain precipitation. In summary, the precipitation
rates of other-type are usually lower than those of “stratiform” or “convective” precipitation. It is
reasonable that the average precipitation rate of stratiform and convective precipitation is higher than
that of total precipitation. Since convective precipitation is usually the heaviest, with precipitation rates
higher than those of stratiform precipitation, the average rate of convective precipitation may naturally
exceed that of both stratiform and total precipitation.

Figures 3 and 4 show the global distribution for stratiform and convective precipitation as
a fraction of the total precipitation volume captured by GPM DPR and TRMM PR, respectively.
Although stratiform precipitation is distributed both in the tropical regions and the middle latitudes,
it accounts for the majority of precipitation in the latter. The results in Figures 3 and 4 are comparable
with [44], which found that contributions due to convective precipitation over the Atlantic, Indian
Ocean and the western tropical area of the South Pacific Ocean generally exceed 50%. Within the
Pacific Ocean’s ITCZ, convective precipitation generally exceeds 50% [44].

TRMM PR and GPM DPR exhibit very similar spatial distributions in terms of convective and
stratiform precipitation fractions, with the difference between the two radars ranging from −10% to
10%. This is reasonable considering that TRMM PR and GPM DPR adopt similar rain type classification
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methods. The most significant differences occurred in North Africa, the Arabian Peninsula, Southern
Africa and the regions off the west coast of North America and Australia (results not shown). GPM DPR
distinguished more stratiform precipitation in the first three regions, and the difference between the
fractions of the two radars was as high as approximately 40%. However, in the latter two regions,
GPM DPR classified 35–40% more precipitation as convective, compared with TRMM PR.
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Figure 4. Global distribution of the fractions for: (a) stratiform; and (b) convective precipitation in
the total precipitation volume captured by TRMM PR. All data are resampled to a spatial resolution
of 2◦ × 2◦ and the fraction is calculated as the ratio between the accumulated stratiform/convective
precipitation volume and the total precipitation volume.

3.2. Global Distribution of Freezing Level and BB Heights

BB has a significant influence on the classification quality in both the V-method applied in the
TRMM PR retrieval and the DFRm applied in the GPM DPR retrieval. We used 2A23 and 2ADPR
datasets to draw maps of the distribution of average BB height and the average height of freezing level,
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which is closely related to the BB (Figures 5 and 6) because BB is detected in a search window with the
freezing level at its center [26,40]. In general, GPM DPR gives slightly higher estimates of the freezing
level height in tropical regions, and lower estimates in the middle latitudes compared with TRMM PR.
The difference between the freezing level estimates given by the two radars is within ±100 m at low
latitudes and below −100 m in the Southern Hemisphere at middle latitude.

As for the distribution of the average BB height, GPM DPR and TRMM PR exhibited notable
differences. GPM DPR presents a lower estimate of the BB height at low latitudes, especially over the
ocean, except in the Andes in Peru and Bolivia, where GPM DPR’s estimate is 1 km higher than that of
TRMM PR. It is noted that in these areas, the estimate of freezing level also exhibits some discrepancy,
as GPM DPR presented a relatively lower estimate of freezing level. In North Africa, the Middle
East and the Tibetan Plateau, the average BB height of GPM DPR was about 1 km higher than that of
TRMM PR. As shown in Figure 2, both the two radars failed to detect the BB where they did not find
stratiform precipitation over the ocean, but the blank region is larger compared with that in Figure 2.
This is because, although BB can indicate the existence of stratiform precipitation, precipitation can
be classified as stratiform even without BB in H-method. The H-method first detects convective
precipitation first and then categorizes rain as stratiform when the rain type is not convective and
the rain echo exists [43]. When using these datasets in future studies, researchers should bear these
differences in mind.
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Figure 5. The distribution of the average height of freezing level captured by: (a) GPM DPR; and (b)
TRMM PR. The difference between the observations of the freezing level height is shown in (c),
calculated by GPM DPR’s observation minus TRMM PR’s. All data are resampled to a spatial resolution
of 2◦ × 2◦.
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3.3. Comparison of Precipitation Estimates Based on Matchup Events

3.3.1. Comparison of Overall Precipitation

To obtain a deeper understanding of the similarities and differences between GPM DPR and
TRMM PR, the two radars were compared directly based on their global matchup events. Metrics,
such as the correlation coefficient (r), root mean square deviation (RMSD), mean difference (MD),
and relative difference (RD), were calculated for Groups 1–3, with TRMM PR serving as the benchmark.
Furthermore, we also calculated the probability of detection (POD), the frequency of hit (FOH), the false
alarm ratio (FAR) and the critical success index (CSI) for the three groups. Generally, GPM DPR
corresponded well with TRMM PR in Group 1 and 3, but, in Group 2, the results are a little worse
(Table 3). Special attention should be paid to RD, as it decreases from 3.62% (in Group 1) to −4.46%
(in Group 2). In Group 3, the RD and the r are 5.00% and 0.53 respectively. The POD and CSI,
which are 0.80 and 0.53, respectively, are both highest among the three groups. This suggests that the
dual-frequency retrieval algorithm gives a lower estimate of precipitation rates. The higher consistency
between TRMM PR and GPM DPR in Group 1 is attributed to the fact that some pixels of GPM DPR
apply single frequency (Ku-band) retrieval algorithm.

Table 3. Metrics calculated between GPM DPR and TRMM PR.

Matchup Groups r RMSD (mm/h) MD (mm/h) RD (%) POD FOH FAR CSI

One 0.50 1.41 0.00 3.62 0.79 0.61 0.39 0.52
Two 0.38 1.42 0.00 −4.46 0.76 0.59 0.41 0.49

Three 0.53 1.19 0.00 5.00 0.80 0.61 0.39 0.53

Figure 7 illustrates the detection of overall precipitation of the two radars in Groups 1–3. Although
Group 2 only contains the coincident events in the inner swath, the results are very similar to those in
Group 1 and 3. Figure 7 shows that both TRMM PR and GPM DPR have the ability to detect some
extremely light precipitation events, with intensities smaller than their official minimum detectable
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thresholds, i.e., 0.2 and 0.7 mm/h, respectively. The official definition of minimum detectable rainfall
rates may be too conservative for both radars [28].
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Figure 7. (a,d,g) Scatter plots between TRMM PR and GPM DPR based on global coincident
precipitation events. The color represents event numbers for each grid corresponding to different
precipitation intensities of two radars. (b,e,h) Precipitation frequency distributions of GPM DPR and
TRMM PR based on coincident events when both radars generate positive estimates. (c,f,i) Precipitation
frequency distributions of GPM DPR and TRMM PR based on coincident event when at least one
radar generates positive estimates. The figures correspond to Groups 1–3 from top to bottom
rows, respectively.

GPM DPR significantly improved the detection of precipitation events, especially for light
precipitation, as shown in Figure 7c,f,i. In the three groups, the occurrences of all kinds of precipitation
and light precipitation (rain rates < 1 mm/h) detected by DPR were ~1.7 and ~2.53 times greater than
that of PR.

The TRMM satellite orbit was raised from 350 km to 402.5 km, resulting in a sensitivity degradation
of 1.2 dB, while the receiver noise of TRMM PR remained unchanged [60]. Therefore, TRMM PR is
more likely to miss weak and light precipitation since the rain echo is obscured. Moreover, TRMM PR’s
footprint size as well as the clutter-free bottom increased after the boost, an indication that shallow
rain systems, which mainly consist of light precipitation are more often missed by TRMM PR [60,61].
Liang et al. [62] and Nakazawa et al. [63] all found that after the boost the amount of weak convective
precipitation decreased. In the meantime, it seems that this is not a problem for GPM DPR, because
it shares the same footprint size and orbit altitude with TRMM PR. Some researchers have pointed
out that the sensitivity of both KaPR and KuPR in GPM DPR is higher than that of TRMM PR [64,65].
This is achieved by increasing the transmitting power of KuPR and using variable pulse repetition
frequency, which can optimize the sampling of precipitation echoes [56].

For precipitation larger than 3 mm/h, TRMM PR and GPM DPR agree with each other quite
well, with their frequency distribution curves almost overlapping. However, Figure 7b,e,h show that,
when GPM DPR and TRMM PR both observe precipitation at one coincident event, TRMM PR tends
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to slightly overestimate precipitation, with rain rates ranging between 0.6 and 3 mm/h greater than
GPM DPR.

Since the performance of the two radars varies with the magnitude of rain rates, we classified the
precipitation events according to their rainfall rates and calculated the accumulated precipitation based
on the coincident events in Group 2 and 3 (Figure 8). Results suggest that, for both light and extreme
precipitation, TRMM PR misses a large percentage of precipitation events that are caught by GPM DPR.
A huge number of light precipitation events (rain rate < 1 mm/h) caught by GPM DPR were missed
by TRMM PR. However, for precipitation with rain rates ranging between 10 and 50 mm/h, the two
radars performed similarly. Since the spaceborne radars produce instantaneous estimates of rain rate
and the matchup interval of this study was set to 20 min, the two radars may scan from different
angles and receive different profiles of radar reflectivity for the same coincident precipitation. Similar
to matching spaceborne radar and ground-based radars, matching PR and GPM DPR encounters
problems introduced by the measurement of return signals from different volumes of the precipitation
medium, and changes in the satellite altitude and velocity, due to orbit eccentricity [66].
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3.3.2. Comparison of Rain Types

Table 4 shows the rain type classification results for TRMM PR and GPM DPR for matchup Groups
1 and 2. Generally speaking, the difference in the statistical results between Groups 1 and 2 is small.
We also checked up on the rain type classification results for matchup Group 3 mentioned in the above
section. The results (not shown) are almost the same with those for Group 1. GPM DPR has no missing
data while TRMM PR has 6.06% and 5.53% of the total matchup pixels without data in Groups 1 and 2,
respectively. This indicates that GPM DPR has a better detectability of precipitation. Previous studies,
which used ground radars in parts of the USA and Australia and over the Pacific Ocean as the criteria,
also suggest that TRMM PR tends to under-detect rainfall occurrences on account of its low sensitivity,
especially for stratiform precipitation [18,19,67]. In Group 1, the percentage of “other” for TRMM
(10.14%) PR is almost 20 times larger than that of GPM DPR (0.51%), and the percentages of “no rain”
for TRMM PR and GPM DPR are 80.85% and 94.94%, respectively. The results of classification as
“no rain” and “other” are similar in both groups for GPM DPR, but TRMM PR classifies even more
events as “other” in Group 2 than in Group 1. It is reasonable to infer that TRMM PR tends to mistake
“no rain” events as “other” more often than GPM DPR. According to the classification method of
TRMM PR, the rain type is determined at the pixel scale and remains the same along the radar beam.
It is difficult for TRMM PR to distinguish the rain type in case the precipitation echo only exists at
the altitude higher than the freezing level [40]. Hence, for TRMM PR, the rain type “other” includes
cases where radar echoes are actually reflecting clouds or just noise, which should be categorized as
“no rain”. This problem is ameliorated significantly in GPM DPR. Awaka et al. [51] point out that by
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improving the sidelobe clutter rejection algorithm in the VER module in DPR, the count of rain type
“other” is significantly reduced.

Table 4. The rain type classification results for TRMM PR and GPM DPR based on all the coincident events.

Instruments Matchup Groups Total Stratiform Convective Other No Rain Missing

PR

Group 1 6,384,259 133,199 54,671 647,592 5,161,757 387,040
2.09% 0.86% 10.14% 80.85% 6.06%

Group 2 1,237,875 28,515 13,104 168,146 959,708 68,402
2.30% 1.06% 13.58% 77.53% 5.53%

DPR

Group 1 6,384,259 188,988 101,698 32,571 6,061,002 0
2.96% 1.59% 0.51% 94.94% 0.00%

Group 2 1,237,875 32,920 19,545 6189 1,179,221 0
2.66% 1.58% 0.50% 95.26% 0.00%

GPM DPR can distinguish between rain types more clearly, because in Table 4 its ratios of the
“stratiform” and “convective” precipitation are higher compared with TRMM PR. This is due to multiple
factors. First, and most importantly, the detectability of GPM DPR has been improved significantly,
thus making it possible for GPM DPR to detect lighter radar echoes and receive more precipitation
information, which are helpful for rain type classification. Second, the rain type classification methods
for examining the vertical profiles of radar equivalent reflectivity adopted in TRMM PR and GPM DPR
are quite different. The former uses single band algorithm V-method, detecting the BB near the freezing
level to determine whether the rain type is stratiform. However, the latter one uses the DFRm method,
which combines the vertical profiles of radar equivalent reflectivity observed by both the KuPR and
KaPR by calculating their difference and defining several indices. Since the DFRm is controlled by the
non-Rayleigh backscattering effect and the path integrated attenuation (PIA) differs between the two
bands, the vertical profiles of DFRm for stratiform and convective precipitation differ significantly from
each other, as a result of their distinctive microphysical mechanisms and particle distributions [51].
The DFRm is able to handle more additional information, improving the precision of light precipitation.
Awaka et al. [52] found that by applying DFRm, the BB count is increased in inner swath, which can
help improve type classification. Moreover, a parallel procedure, which is executed under multiple
assumptions, is conducted in GPM DPR’s dual-frequency algorithm, if the precipitation types cannot be
determined with confidence in CSF module [40]. This is helpful for determining the precipitation types
afterwards. All of these factors contribute to the improvement in the precipitation type classification of
GPM DPR.

Figure 9 shows the frequency distributions for stratiform and convective precipitation based on
coincident events (including events where just one radar observes precipitation) in Groups 1 and 2.
GPM DPR detects more light stratiform and convective precipitation than TRMM PR, which is
consistent with the result for all precipitation types shown in Figure 7c. Nevertheless, as shown in
Figure 7b, TRMM PR detects more moderate and heavy precipitation of both the two types, especially
for convective precipitation. Because convective precipitation is usually more intense than stratiform
precipitation, it is reasonable that in Figure 9b,d the curves of TRMM PR exceed those of GPM DPR
in zones of moderate and heavy rain rates. This is more significant in Group 2. Several studies
have discovered that as a result of low BB height, large path-integrated attenuation (PIA) and strong
correction, PR is likely to overestimate the convective rain rate in the Korean Peninsula and some
other regions compared with ground radars [68,69]. Chen et al. [70] found that due to incorrect
rain type classification, overcorrection of radar signals, poor performance of the Surface Reference
Technique (SRT) module, ground clutter and geometric effects, TRMM PR overestimates the frequency
of moderate rain rates. GPM DPR was found to underestimate precipitation rates for rates smaller
than 10 mm/h and overestimate for rates above 10 mm/h by using at-launch code and synthetic data
based on the TRMM PR data [71].
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Tables 5 and 6 summarize the ratios of different precipitation types for TRMM PR and GPM
DPR based on nonzero coincident events in Groups 1 and 2, respectively. As previously mentioned,
DFRm enables GPM DPR to obtain more information about rain types. Nevertheless, no significant
difference was discovered between the two groups. Results from the Ku-only rain type classification
method were quite close to those from DFRm method, a finding supported by the conclusion in [52,72].
By applying one-month data of GPM 2ADPR, the results given by DFRm and Ku-only V-method were
found to be highly consistent. Results in [52] discovered that only 14% of the inner swath data used
the DFRm method. This also confirms that the decisions made by Ku-only method and DFRm method
are reliable.

Table 5. The number of matchup pixels in Group 1 (all NS swath) between TRMM PR and GPM DPR,
categorized according to precipitation types determined by two datasets. The numbers in parentheses
are frequencies relative to the total for each TRMM PR precipitation type (%).

DPR (All NS Swath, Group 1)

Stratiform Convective Other

PR
(All NS swath, Group 1)

Stratiform 82.89% 16.07% 1.04%
Convective 28.45% 71.02% 0.53%

Other 37.88% 24.62% 37.50%

Table 6. The number of matchup pixels in Group 2 (the inner 25 beams) between TRMM PR and
GPM DPR, categorized according to precipitation types determined by two datasets. The numbers in
parentheses are frequencies relative to the total for each TRMM PR precipitation type (%).

DPR (Inner 25 Beams, Group 2)

Stratiform Convective Other

PR
(Inner 25 beams, Group 2)

Stratiform 82.83% 16.02% 1.15%
Convective 24.91% 74.17% 0.92%

Other 45.20% 28.76% 26.02%
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Most of the stratiform precipitation categorized by the TRMM PR algorithm corresponded to that
determined by GPM DPR. Around 16.07% and 16.02% of the stratiform precipitation of TRMM PR
was categorized as convective precipitation by GPM DPR in Groups 1 and 2, respectively. Schumacher
and Houze [44] found that because of TRMM PR’s low horizontal resolution and attenuation,
some convective echoes may be identified as stratiform. Around 71.02% of the convective precipitation
determined by TRMM PR was also categorized as “convective” by GPM DPR, while 28.45% of the
convective precipitation in TRMM PR was classified as “stratiform” by GPM DPR. In Group 2, the two
indexes were 74.17% and 24.91%. By setting the time and space offsets to 3 min and 2 km, Hamada
and Takayabu [28] obtained 14 matchup observations between GPM DPR and TRMM PR, which were
used to compare their precipitation type classification results. The match percentages between the two
radars for stratiform and convective precipitation are 85.37% and 38.32%, respectively [28]. Because
they used precedent DPR Level 2 version 03B product, which is different from the data used in this
study, plus the fact that the sample size of their study is quite small, it is reasonable that the results
presented by our study are a little different from their results [28]. Nevertheless, the classification
of rain type as “other” differs significantly between the two radars. For precipitation classified as
“other” by TRMM PR, 37.88%, 24.62% and 37.50% of the observations were classified as “stratiform”,
“convective” and “other”, respectively, by GPM DPR. This result is acceptable because the rain type
“other” in both products contains a variety of precipitation, even including some non-precipitation
cases [40]. Further studies are needed to adjust the algorithms to improve the classification quality.

3.3.3. Comparison of the Vertical Structure of Precipitation

The difference between Groups 1 and 2 in rain type classification is not significant according to
the results described above. Awaka et al. [52] also pointed out that only 14% of the inner swath data
used the DFRm method. With regard to the vertical structure of precipitation, we mainly focus on
the freezing level height and BB height, which are closely related to the classification of stratiform
precipitation. Considering that the sample size of Group 1 is 5.15 times greater than that of Group 2,
we only used the coincident events in Group 1 for further study related to the vertical structure of
precipitation to reduce uncertainty.

Figure 10 shows the scatter maps and the frequency distributions of the freezing level heights
and BB heights based on the global matchup precipitation events between TRMM PR and GPM DPR.
The heights of both freezing level and the BB detected by TRMM PR and GPM DPR correspond with
each other very well, with correlation coefficients of freezing level and BB heights equal to 0.997 and
0.947, respectively. Furthermore, the frequency distribution curves of the two radars’ observations
almost overlap. However, there is a clear discrepancy between freezing level heights of TRMM PR and
GPM DPR, which leads to the strange scatter distribution shown in Figure 10a. For example, TRMM
PR produced some freezing level height estimates, shown in the red boxes, around 3 km, while for
GPM DPR were below 2 km The red boxes consist of 2779 pixel pairs and the sample size is quite
small compared to the total number of pixel pairs (4,651,138). Through careful data examination,
we found that this discrepancy appears mainly over the ocean and in mountainous regions, such
as the central Andes Mountains, Zagros Mountains in Northern Iran, Hindu Kushi Mountain in
Afghanistan, etc. For all the pixels in red boxes, no bright band was observed. According to [40,41],
the freezing level heights in GPM DPR and TRMM PR are both computed using ancillary data (Global
Analysis product, GANAL, produced by Japan Meteorological Agency) through linear temporal and
spatial interpolation. Therefore, high consistency between the two radars’ estimates of freezing level
height seems to be apparent. However, the resolution of GANAL is different for TRMM PR and
GPM DPR. It is 1.25◦ × 1.25◦ for TRMM PR and 0.5◦ × 0.5◦ for GPM DPR. The difference between
the ancillary data may contribute to the discrepancy because uncertainties can be introduced in the
interpolation process.
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After eliminating these pixels, the r was improved from 0.997 to 0.998. By calculating the difference
of the freezing level height between the two radars and analyzing its global distribution, we found that
GPM DPR tends to underestimate the freezing level height by approximately 100 to 400 m. During the
studied time period, the average height of freezing level globally was 4378 m for GPM DPR and 4367 m
for TRMM PR. The estimation of BB heights was closely related to the freezing level heights, the former
generally appearing about 0.5 km below the latter, based on empirical evidence [40,73]. Therefore,
the BB height derived from GPM DPR observations is slightly lower than that from TRMM PR.

Special attention should be paid to the phenomenon that appears in the frequency distribution
curves of the BB heights, in which both radars’ observations have two peaks. One was around 4.5 km
and the other near 3 km. However, this is inconsistent with the tendency shown in the frequency
distribution curves of the freezing level, which are unimodal curves with the same peak value of 5 km.
The pixels with BB heights around 3 km given by GPM DPR, distributed randomly over the ocean,
making it difficult to find a clear regularity. Pixels with BB height around 3 km given by TRMM PR,
were predominately located near 37◦N/S over the ocean. At the pixels where GPM DPR gives BB
heights around 3 km over the ocean, the estimate of the freezing level heights given by two radars
were highly consistent. However, TRMM PR failed to detect BB at these pixels. The difference between
freezing level height and BB height for most of these pixels was within 700 m. Since the sample size of
freezing level height is much larger than that of BB height, the curves of freezing level are unimodal.
Further studies are needed to investigate the actual causes for the abnormally low freezing level height
and BB heights.

However, because the structures of convection vary with different updraft characteristics,
the microphysical composition and horizontal dimensions of the hydrometeors [74], convective
precipitation is too complicated to make a direct comparison as we have done for stratiform
precipitation. Greater efforts should be extended into the study of precipitation mechanisms and the
exploration of the interactions between precipitation particles and radar’s echo to obtain accurate
Z-R relationships.

3.3.4. Comparison of Precipitation on Different Surface Types

When using ground-based instruments, such as the rain gauges and ground-based radars,
to observe precipitation events, researchers often have difficulty obtaining sufficient data of good
quality [29]. This is particularly true over remote mountainous regions and ocean due to the sparse
distribution and uneven coverage of these observation instruments [29]. TRMM PR and GPM DPR have
played an important role in providing precipitation estimates over the global oceans and remote regions.
Moreover, surface conditions can affect the radar signals. For example, the surface backscattering cross
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section increases with surface soil moisture over land [14]. Hence, it is important to study the features
of precipitation estimates produced by the two radars on different surface types.

In the GPM 2ADPR product, a parameter, “landSurfaceType”, produces the surface classification
consisting of four categories: land, ocean, coast and inland water. Using this as an indicator of
surface type, we divided all the coincident events in Groups 1–3 into these four categories, respectively.
The results show that the coincident events occurring over inland water and with nonzero precipitation
rates observed by at least one radar are very limited, with only 220, 5 and 215 pixel pairs in Groups 1–3
respectively. Because the areas of inland water, such as lakes and reservoirs, are usually small,
considering the space interval of the matchup pixel pairs is 2 km, the coincident events we selected here
may not be sufficiently representative. Therefore, we only analyzed the coincident precipitation events
occurring over the other three surface types.

The number of precipitation events captured by TRMM PR is smaller than that captured by GPM
DPR on all surface types, mainly due to the differences in light precipitation. Figure 11 shows the
frequency distributions based on the coincident precipitation events over different surface types.
GPM DPR captured more precipitation events, with rainfall rates below 1 mm/h, than TRMM
PR. However, when the rainfall rate exceeded 1 mm/h, TRMM PR developed a slight trend in
catching more precipitation than GPM DPR, particularly over coast and land. However, in Figure 11b,
which illustrates the situation over the ocean, the performance of the two radars is quite close,
confirming that the transition from TRMM to GPM is smooth. It is noted that the curves in Figure 11d–f
are less smooth, which mainly results from the fact that Group 1 has a larger sample size. Similar to
the results shown in Figure 7, the difference among Groups 1–3 is small, as the trends of curves are
almost the same, regardless of surface types. The differences in retrieving precipitation in the inner
and outer swath of DPR, which is discovered in Table 3, cannot manifest themselves in this part of
our study, due to the fact that our classification is rather rough and we mainly focus on global scale.
Recent studies suggest that relatively higher uncertainties exist in satellite-based precipitation estimates
over coastlines and surface water bodies [32]. Considering the discrepancy in observations of freezing
level height and BB height over complex terrains, such as mountainous regions like the Rockies and
the Andes, where the uncertainties in rain rate estimates are evident [32], further studies should focus
on these regions to explore the spaceborne radars’ performance more in-depth. Some ancillary data
such as atmospheric data and ground-based observations are also required.
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Figure 11. The frequency distributions for precipitation occurring over: (a,d,g) land; (b,e,h) ocean;
and (c,f,i) coast, based on the coincident events. Panels (a–c) are based on Group 1; Panels (d–f) are
based on Group 2; Panels (g–i) are based on Group 3 The coordinates in x-axis is exponential, ranging
from 0.01 to 300 mm/h and divided into 50 bins.
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3.3.5. Latitudinal Distribution Analysis

Figure 12a–c shows the latitudinal zonal distribution of precipitation based on the coincident
precipitation events in Groups 1 and 2, respectively. Three peaks are clearly presented in the curves in
Figure 12a, while more peaks exist in Figure 12b. This is partly due to the fact that the sample size
of Group 2 is smaller. To provide a more reliable and sufficient analysis, the latitudinal distribution
of precipitation based on Group 3 is calculated, as presented in Figure 12c. Although GPM DPR
captures much more light precipitation events than TRMM PR, the total precipitation volume of the
coincident events derived by the two radars is relatively close, with the two solid curves almost
overlapping. Two peaks of the total precipitation volume appear near the middle latitude zones
(around 35◦N/S). However, around 30◦S, the total precipitation volume, as well as stratiform and
convective precipitation volume, detected by GPM DPR exceeded that of TRMM PR significantly in
Figure 12a,c, while, in Figure 12b, the total precipitation volume detected by TRMM PR and GPM DPR
is very close. In regions around 3◦S, the situation reverses. Therefore, we further computed the fraction
of the two rain types at each latitude, which is the precipitation volume of a certain rain type divided
by the total precipitation volume. The histograms of accumulated precipitation based on coincident
events in Groups 2 and 3 in these abnormal regions are calculated to explore the causes.
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Figure 12. The latitudinal zonal distribution map for: (a–c) precipitation; and (d) height of freezing
level and BB based on the coincident events. Panels (a,d) are based on the coincident events in Group 1;
Panel (b) is based on Group 2; and Panel (c) is based on Group 3. All data are resampled to a spatial
resolution of 2◦.

In Figure 13a, regardless of the magnitude of rain rates, the accumulated volume of precipitation
detected by GPM DPR largely exceeded that of TRMM PR in Group 3, especially for precipitation with
rain rates between 1 and 10 mm/h. Moreover, the fraction of stratiform precipitation detected by GPM
DPR was much higher than that of TRMM PR around 30◦S in the outer swath. This indicates that in
regions around 30◦S, GPM DPR detects more stratiform precipitation than TRMM PR mainly in the
outer swath. For regions around 3◦S, Figure 13b shows that both inner and outer swath of TRMM PR
detect more precipitation with rain rates between 1 and 10 mm/h, particularly for inner swath. It is
noted that the extra precipitation captured by TRMM PR was mainly convective.
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Figure 13. Histograms of accumulated precipitation based on coincident events between DPR and
PR in Group 2 and 3: (a) coincident events occurring between 30◦S and 32◦S; (b) coincident events
occurring between 2◦S and 4◦S; and (c) coincident events occurring between 6◦N and 8◦N.

It is noticed that around 7◦N, the solid curves of both GPM DPR and TRMM PR in Figure 12b
show abnormal troughs compared to Figure 12a,c. Figure 13c shows that precipitation with rain rates
higher than 30 mm/h is very rare in Group 2. This is because more heavy precipitation, which was
mainly distributed in the Amazon rainforest, was captured in the outer swath.

We also discovered that both stratiform and convective precipitation appear to have the same
quantitative characteristics, with stratiform precipitation making up a relatively significant share of
the total precipitation volume in the regions with latitudes higher than 20◦N or 30◦S.

Figure 12d presents the latitudinal zonal distribution map of averaged freezing level height and
averaged BB height based on the coincident events in Group 1. In regions between 20◦N/S, the freezing
level height of TRMM PR and GPM DPR remained almost the same at about 5 km, and the BB height
fluctuated just 500 m below the freezing level. Thurai and Iguchi [75] discovered that between 15◦N/S,
the BB heights were between 4 and 4.5 km, using TRMM PR’s two-year data. As the latitude exceeded
30◦N and 20◦S, the freezing level height and BB height decreased sharply. Thurai et al. [76] found
that both BB height and freezing level height are latitudinally dependent. By applying both 4-year
TRMM PR’s observation and the averaged ITU-R Recommendation P.839-3, they noted that in regions
between 20◦N/S and 30◦N/S, both heights decreased from above 4 km to around 3 km. However,
the estimates of freezing level height produced by TRMM PR and GPM PR on the coincident events
had some small discrepancies. Around 30◦N, GPM DPR’s estimate was a little higher than that of
PR, and this situation was reversed around 30◦S. This is consistent with the result shown in Figure 5c.
The heights of both freezing level and BB rose again in regions near 37◦S. These discrepancies and
unexpected increases in height may be attributed to the limited sample size. Since the detection of
BB is done within a search window whose center was about 0.5 km below the freezing level, and
just exactly the freezing level for GPM DPR and TRMM PR, respectively [26,40], the trend for the
distribution curves of averaged BB height of the two radars corresponded well with those curves of
averaged freezing level height. However, around 25◦N, speaking of GPM DPR, the curve of averaged
BB height was higher than that of averaged freezing level height. This phenomenon may be caused
by the two radars’ relatively coarse range resolution of 250 m, which can lead to a large variation of
BB height [41], making it difficult to precisely determine the BB height in these regions [41]. In higher
latitudes, the difference between freezing level height and BB height increased. This indicates that the
melting layer thickness is latitude dependent [76].
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4. Conclusions and Outlook

Since the TRMM has been providing essential data for nearly 17 years and terminated operation in
2015, the GPM is expected to inherit the legacy and further improve global precipitation measurement.
This study aimed to explore the similarities and improvements in precipitation rate estimates,
type classification and vertical profiling provided by the two missions. Therefore, direct comparisons
between TRMM PR and GPM DPR were conducted in the overlapping period. We not only matched
the whole swath data of both the two radars as Group 1, but also matched only the inner 25 beams’ data
of them as Group 2, and Group 3 was obtained by excluding Group 2 from Group 1. The comparison
was mainly focused on rain type classification and detection. We employed the level 2 product TRMM
2A23, 2A25 and GPM 2ADPR to conduct the direct comparison over the overlapping period. The major
conclusions of this study are as follows:

1. Generally speaking, GPM DPR and TRMM PR correspond well with each other in estimating
both the intensity and distribution of precipitation globally. GPM DPR is much more sensitive at
detecting light precipitation by improving the KuPR’s sensitivity and combining the observation
of KaPR with the traditional KuPR, compared with TRMM single Ku-band PR. At the coincident
events obtained in both whole swath data and the inner beams, the occurrences of all kinds
of precipitation and light precipitation (rain rates < 1 mm/h) detected by DPR were ~1.7 and
~2.53 times more than that of PR. However, when precipitation events were captured by both
radars, TRMM PR tended to give a higher estimation of precipitation rates for rates between
0.6 and 3 mm/h.

2. GPM DPR gives a slight overestimation of freezing level height in the tropical regions, while in the
middle latitudes its estimate of freezing level height is lower than that of TRMM PR. The difference
between the estimates of freezing level given by the two radars was within ±100 m at low
latitudes. The observations of BB height were in general consistency with that of freezing level
height, though in some regions the difference between the two heights was up to 1 km. According
to comparisons of coincident events in all swath data, the correlation coefficients of freezing level
height and BB height between the two radars were 0.997 and 0.947, respectively.

3. GPM DPR distinguishes rain types more clearly and classifies more precipitation events as
“stratiform” and “convective” with no precipitation events classified as “missing”. DPR reduces
the misclassification of clouds and noise signals as precipitation type “other” (from 10.14%)
to 0.51% for all swath data. DFRm decision for rain type classification was close to that of
Ku-only method decision. In the inner swath and outer swath of DPR, the results were consistent.
Around 82.89% of “stratiform” precipitation recognized by PR was classified into “stratiform” by
DPR. The consistency of classification of convective precipitation between DPR and PR was a
little worse than that of stratiform precipitation, as 71.02% of PR’s convective precipitation was
regarded the same in DPR.

4. Regardless of the types of the earth’s surface, GPM DPR detects more precipitation than TRMM
PR. However, TRMM PR developed a slight trend in detecting more precipitation than GPM
DPR when the rainfall rate increases to exceed 1 mm/h, particularly over coast and land.
The performance of the two radars was quite close over the ocean. Further study needs to
be conducted over complex mountainous terrain.

5. Although GPM DPR captured significantly more light precipitation events than TRMM PR,
the distribution of total precipitation volume of the coincident events derived by the two radars
was relatively close, regardless of precipitation types. Both freezing level height and BB height
showed obvious latitudinal dependence. However, for regions near 30◦N/S, the estimates of
freezing level height produced by TRMM PR and GPM PR were discrepant while estimates of BB
height agreed well with each other.

These results are expected to further improve the algorithm for spaceborne radars and provide a
deeper understanding of the global organized precipitation systems for researchers. However, in this
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study, the relationship between the precipitation and the topography was not considered due to
current page limits. Furthermore, because the atmospheric environment changes as the climate zone
changes, and the vertical profile of radar equivalent reflectivity is seriously affected by the atmospheric
conditions, further investigations comparing the performances of the two radars in different climate
zones are needed. To gain a deep understanding of this subject, data obtained from rain gauges and
ground-based radars in different areas may be required to fill the data gap, which would then allow
for an investigation into GPM DPR’s accuracy.

As for the prospects of spaceborne precipitation radars, there is no doubt that they will continue
to be of vital importance in research. By improving radar’s detectability and adding another band
to obtain more information, GPM DPR has proved to be a more advanced instrument than TRMM
PR. However, attention should be paid to the fact that high frequency radar sensors often encounter
problems of significant attenuation in heavy precipitation events [77]. In addition, since the specific
methods adopted to adjust the attenuation have strong assumptions, they can have a profound effect
on the quality of the final precipitation estimates. Combining sensors operating at other frequencies to
obtain more detailed information to enhance the estimation of precipitation with different intensities
and phases is an effective way to solve this problem [29]. Other efforts such as the constructing
constellation of various instruments and platforms can make a great contribution as well. NASA’s Jet
Propulsion Laboratory’s (JPL’s) new mission, RainCube, takes advantages of a number of CubeSat
satellites and pairs of low-cost Ka band radar system to achieve a more frequent earth observation
with higher temporal and spatial resolution [78,79]. Allamano et al. have explored the use of mobile
video and imagery to capture and analyze precipitation events, showing that crowd-source projects
have a promising future in earth observation [79,80].
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