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Abstract
The Tropical Rainfall Measuring Mission (TRMM) satellite has been in orbit
observing vertical precipitation structure in the tropics until October, 2014, and was
taken over to the Global Precipitation Measurement (GPM) mission, launched in
February 2014. The purpose of this study is to quantify the sensitivity of
Dual-frequency Precipitation Radar (DPR) aboard the GPM mission core observatory,
with focus on the Ka-band detectability of light rain and snow in comparison with the
Ku-band capability. The GPM is a joint mission by NASA and JAXA for creating the
3-hourly global precipitation map with constellation satellites. In this study, storm top
height (STH) is utilized exclusively as the metric of radar sensitivity. The GPM DPR
standard product level 2 version 3 is used in this analysis for the period from April to
August 2014. Firstly, the global analysis is examined. The radar sensitivity is almost
same or better in performance as suggested by the pre-launch test. The Ka high
sensitivity (HS) mode and Ku have little systematic difference in STH over a broad
range of the histogram, implying that the advantage of the Ka HS mode may not be as
distinct as expected. The non-Rayleigh scattering effect may have partly offset the
sensitivity advantage of the Ka HS over the Ku. The absence of apparent sensitivity
advantage of the Ka high-sensitivity (HS) mode in global statistics is studied in further

depth by investigating the regional characteristics of storm top height (STH). The Ka
HS STH generally exceeds the Ku STH across the most of global oceans, owing to the
fact that the Ka HS better detects shallow precipitation with STHs around 1 km than the
Ku. To further confirm this result, precipitation events detected only by the Ka HS are
selected. The enhanced Ka sensitivity is relatively evident, with 10-20 % of the
precipitating clouds being detected only at the Ka band, over subtropical and
high-latitude oceans where shallow precipitation climatologically prevails. On the other
hand, the sensitivity superiority of Ka HS is less evident in the Tropical west Pacific and
African rain forest, where deep convection dominates shallow precipitation and the Ku
radar is able to capture at least 90 % of precipitation detected by Ka HS. The striking
regional dependence of Ku and Ka HS as discussed in this work could be a useful
guidance for future climatological applications of DPR.
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Chapter 1 Introduction

1-1

Background

The Global Precipitation Measurement is joint mission by JAXA and NASA. The
purpose of this mission is creating the global precipitation map every about three hours.
The Multiple satellites orbiting the earth at several inclinations are used for this project.
(Figure 1-1). One of the objectives of this mission is increasing the observation area
includes the 65˚N-65˚S. The main part of the GPM project is the core observatory that
boards the Dual-Frequency Precipitation Radar (DPR) and the GPM Microwave Imager
(GMI) (Figure 1-2). The core observatory was launched by H-IIA Rocket in February
2014. The project was built on the Tropical Rainfall Measuring Mission (TRMM) that is
continued to provide high quality global rain maps.
TRMM is a joint mission between JAXA and NASA to observe tropical rainfall,
which is launched November 1997. TRMM has several sensors such as first
space-borne precipitation radar (PR) and TRMM Microwave Imager (TMI), Visible and
Infrared Scanner (VIRS), Clouds and the Earth's Radiant Energy Sensor (CERES),
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Lightning Imaging Sensor (LIS) (Figure 1-3). The goal of TRMM project is to
understand the dynamical and thermo dynamical mechanisms of the global precipitation
systems and microphysical theory (Houze 1981). The observation from the space is
suitable for providing precipitation of the global map. To accurate observations, the PR
played an important role in this project. The PR provides rainfall structures in the
vertical cross section and rain type estimation (Awaka et al. 1997; Iguchi et al. 2000).
The PR consists of 128-element phased array radar. The frequency is 13.8 GHz
(Ku-band) (Table 1-1). 32 pulses pairs are transmitted for 49 angle bins. The angle-bin
interval is 0.71˚ over the 215-km swath width (Figure 1-1). The vertical resolution is
250 m. The sensitivity is 0.7mm/h (Kummerow et al. 1998). Figure 2 shows the
specification of PR. The orbital altitude was changed 350 km to 402.5 km in 2001, the
foot printing size changes 5 km from 4.3 km, and swath width becomes about 245 km
from 220 km.

The GPM project has established over the TRMM project achievements. One of the
purposes of this GPM mission is improving the observation samples. The sampling
error is large in the single satellite observation in TRMM. To obtain global precipitation
samples more frequently, multiple microwave imager observation data of constellation
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satellite are used for creating 3-hourly global mapping. The other purpose of this project
is improving the accuracy of precipitation estimation. The DPR has an important role to
improve the accuracy of rain map which is created by microwave imager observations.
Other purpose of this project is to improving the observation area. The DPR is able to
observe snow in high latitudes for the orbital inclination is 65°. TRMM mainly observes
in tropical region so that snow is not for an observation target. The DPR consists of Kuand Ka-Band radar for precise rainfall measurements.
The average backscattered power is proportional to the Radar Reflectivity Factor (
RRF). If the scatterer is smaller than the wavelength, it is called the Rayleigh
scattering region where a mean power is effective for in 6 moment of the particle size.
The average reflectance is below.

𝜂 = ∫ 𝜎𝑏 (𝐷)𝑁(𝐷)𝑑𝐷 =
𝑣𝑜𝑙

𝐷𝑚𝑎𝑥
𝜋5
2
|𝐾|
∫
𝐷6 𝑁(𝐷)𝑑𝐷
𝜆4
0

(1-1)

Where σb is backscattering cross section, K is absorptance of water, D is diameter of
droplet, N(D) is droplet size distribution. From this equation, the reflectance is
proportional to 1/λ4 . Considering the wavelength of Ka-band is smaller than that of
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Ku-band, the average reflectance of Ka-band is superior to Ku-band. The radar
reflectivity Z is denoted as sum of 6 moment of the particle size (Fukao et al. 2014; Arai
and Liang 2010 ).

𝑍=∫

𝐷𝑚𝑎𝑥

𝐷6 𝑁(𝐷)𝑑𝐷

(1-2)

0

The system is upgraded based on the successfully performance of the TRMM with
increased sensitivity for snow and light rain in higher latitudes. DPR observation data
will be used for rain drop size distribution (DSD). The DPR was developed by JAXA
and the National Institute of Information and Communications Technology (NICT)
(Figure 1-4). Ku-PR operating at 13.6 GHz and KaPR is 35.55 GHz. Measuring rainfall
reflectivity with different band provides rain rate, rain type and vertical structures, and
drop size. The KaPR is suitable for snow and light rain detection in high latitudes while
the KuPR is suitable for squall-like rain in the tropics.
The radar type is active phased arrays which consisted of 128 transmit and receive
modules. The array slotted wave guide antenna has 0.7 degrees beam angle. The angle
can be steered 17° on Ku and 8.5° on Ka to the nadir. The swath width is 245 km in
KuPR and 120 km in KaPR. KaPR can also operate in a high sensitivity (HS) mode by
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interlacing scan that is limited the 120 km swath width. This scan mode provides higher
sensitivity measurements of light rain and snow.
The KuPR have 49 angle bins and has 5.2 km footprint at nadir, while Ka Matched
scan (MS) mode covers 25 angle bins (Figure 1-5). The matched footprints is utilized
for measurements with the dual-frequency algorithm. The accuracy of beam matching is
less than 1000 m. The KuPR and KaPR are operated with matching footprints which the
same spatial size and scan methodology to collect the data.
In the interlaced high sensitivity scan (HS) mode, the KaPR has 25 angle bins at
double pulse widths. To avoid the side lobe clutter contamination, KaPR cannot
measure snow and light rain in the out of the swath width region.
The phased array antenna of KuPR is 2.5 m by 2.4 m by 0.6 m size, mass is about
470 kg, the peak power consumption is 446 Watts, and the frequency is 13.597 and
13.603 GHz with a sensitivity of 18 dBZ (Hou et al. 2014) (Table 1-2). The
specification of DPR is shown in figure 2. A radar pulse width is 1.67 μsec (the
vertical resolution of 250 m). The maximum transmit power is approximately 1014 W,
KuPR is operated at Pulse Repetition Frequencies of 2,900 to 4,500 Hz. While the
KaPR radar antenna is 1.2 by 1.44 by 0.7 m size and mass is 336 kg, the peak power is
344 W, the frequency is 35.547 and 35.553 GHz and the sensitivity is 12dBZ (Hou et al.
5

2014). Depend on the scan mode, the KaPR range resolutions is 250 m (1.67 μ sec pulse
width) or 500 m (3.34 μ sec pulse width). The Pulse Repetition Frequencies is 2,900 to
4,500 Hz. The maximum transmit power is about 145 W. Utilizing dual frequencies,
wide range of precipitation are able to estimate accurately.
The rainfall retrieval techniques with a DPR have been developed to reduce
ambiguity in retrieval of rain rate in comparison with single wavelength radars
(Chandrasekar et al. 2003; Rose and Chandrasekar 2005; Liao et al. 2005; Liao and
Meneghini 2005; Seto et al. 2013; Kubota et al. 2014). Early observations from the DPR
were examined and found to be of great utility for evaluating global cloud resolving
models (Kotsuki et al., 2014). The Ka-band detectability of snow and ice particles in
comparison with Ku-band is needed to be evaluated.

6

1-2

Aim of this study

A Ku-band radar has been demonstrated by the TRMM PR to be suitable for
measuring moderate to heavy rains typical of the tropical and mid-latitude regions,
while a Ka-band radar is expected to extend its ability to capture weak rain and snow in
higher latitudes as well (Hou et al. 2008, 2014). Several months of observations from
the GPM core observatory are now available, allowing an early evaluation of the
instruments onboard. The purpose of this study is to quantify the sensitivity of DPR
with focus on the Ka-band detectability of light rain and snow in comparison with the
Ku-band capability and to understand the sensitivity difference between the Ku- and
Ka-band radars.
In this work, the data and methodology are in chapter 2, the storm top height (STH)
definition is in chapter 3. The results will be firstly shown for the global Ku- and Karadar sensitivity in chapter 4, and for the regional dependence of precipitation in chapter
5. The summary and conclusion are in chapter 6.
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Chapter 2

2-1

Data and Methodology

Satellite data

GPM core observatory observes global precipitation between 65ºN and 65ºS
since March 2014. GPM carries two precipitation radars, operating at the Ku-band
(35.55 GHz) with a 245-km wide swath and the Ka-band (13.6 GHz) with a 120-km
wide swath. The Ku-band radar (Ku) scan mode has 125-m range bins with 49 angle
bins. The Ka- band radar has two different scan modes. One is the matched scan (Ka
MS) mode which is matched footprint by footprint with the Ku- band radar and has
125-m range bins with 25 angle bins. Another is the high-sensitivity (Ka HS) mode
which has a degraded vertical resolution from 125 m to 250 m to reduce the noise. The
Ka HS has footprints interlaced with Ku footprints and has 24 angle bins. The DPR
level 2 standard product version 3 provided by JAXA Earth Observation Research
Center (EORC) is used in this analysis for the period from April to August 2014.
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2-2

Reanalysis data

The Japanese 55-year Reanalysis (JRA55) (Kobayashi et al. 2015) surface air
temperature at 2 m is used to isolate out the condition that precipitation is considered to
be entirely freezing.

2-3

Definition of storm top height (STH)

STH in the DPR standard product is defined as the altitude of the highest range
bin that contains precipitating echoes, where radar reflectivity is required to exceed a
given threshold for 6 successive range bins to filter out noise (Figure 2-1). Noise
analysis for space-borne radars was given, for example, by Kumagai (1997) and
Takahashi and Iguchi (2008). The DPR minimum detectable echo as measured in the
pre-launch test is 14.5 dBZ, 16.47 dBZ, and 10.2 dBZ for Ku, Ka MS, and Ka HS,
respectively (Kubota, in private communication). These values are better than the
nominal sensitivities or 18 dBZ for Ku and 12 dBZ for Ka HS (Hou et al. 2014). These
values, however, are not guaranteed to stay valid after the instrument is launched into
9

orbit. In the DPR product, the radar sensitivity estimated with a signal-to-noise ratio
(S/N) threshold is sought for each angle bin based on the noise level determined from
echo-free range bins (Kubota, in private communication). This definition of radar
sensitivity is robust from an engineering perspective in that it is independent of any
arbitrary assumptions except for the additional requirement that 6 continuous bins
should all contain echoes above the noise level to define STH. The STH is recalculated
in the same manner as done for the DPR product but by varying the threshold every 2
dBZ from 8 dBZ to 20 dBZ in order to ensure the robustness of STH statistics. The
analysis is limited to near-nadir (from 21st to 29th) angle bins in order to minimize the
influence of the side robe clutters.
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Chapter 3 Global analysis of Ku- and Ka- band
radar sensitivity

The minimum detectable echoes of Ku and Ka radars generally do not precisely
agree with the nominal values determined for the success criterion of the GPM mission.
The radar sensitivity could be also slightly changed after launch from the measurements
at the pre-launch testing. The minimum detectable echoes in orbit with the actual
observations are evaluated and compare them with the nominal and pre-launch values.
Figure 3-1 shows the histogram of storm top height calculated with several thresholds
with the standard product as the reference for global oceans covered by the GPM core
satellite. Some noticeable features are evident in the STH histogram. The Ka MS
histogram has a sharp spike at 4-5 km that is absent for Ku, which is ascribed to the
inability of Ka MS to detect solid precipitation above the melting layer as described
later. Note that a similar peak is observed also for Ka HS with artificially high threshold
values but is only barely present for a realistic threshold of 12 dBZ. The Ka MS exhibits
a striking dependence on the threshold, showing a long tail toward high altitudes for
lowest threshold values, which arises once the threshold decreases to far below the
11

noise level. A similar histogram tail is also visible for Ka HS when the reflectivity
threshold is decreased to 8 dBZ. These results together suggest a guideline for
estimating the minimum detectable echo from the STH histogram. First, the threshold
would be too low compared to the actual noise level if a histogram tail arises toward the
high end. Second, the threshold might be too high if a fictitious melting-layer spike
appears, except for Ka MS where the sensitivity is by design so poor that frozen
precipitation is largely missed (Figure 3-5). A correct threshold should lie between these
two extreme cases. Bearing this in mind, the reflectivity threshold in the standard
product (black dotted line in Figure 3-1) that best reproduces the reference STH roughly
is hence estimated to be between 12 and 14 dBZ for Ku (3-1a), 18 dBZ for Ka MS
(Figure 3-1b) and 12 dBZ for Ka HS (Figure 3-1c). These results suggest that estimated
minimum detectable echoes in orbit are roughly consistent with the pre-launch values
noted above, although the Ku radar sensitivity is slightly better in orbit.
For Ka HS, the STH histogram appears to entirely lack STHs lower than 1.5
km. This is unrealistic because observational evidence shown later (Figure 3-2) implies
a large population of precipitating clouds with STHs below 1.5 km. The failure to detect
shallow precipitation arises from the present constraint to define STH. For Ka HS, a
high sensitivity is achieved at the expense of a degraded vertical resolution from 125 m
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to 250 m, so that contiguous 6 bins inevitably require that STH should be 1.5 km at
minimum. In order to avoid this obvious deficiency, the Ka HS STH is recalculated with
a series of thresholds defined under 3 successive bins instead of 6 bins. As a result,
shallower STHs less than 1.5 km that are undetected in the 6-bin thresholds can be
detected for Ka HS and its histogram seems to more naturally capture low-topped
precipitation (Figure 3-1d). In the remainder of the paper, STH detection of Ka HS is
defined as three successive bins with the 12 dBZ threshold while the reference STH is
adopted as it is for Ku and Ka MS.
Figure 3-2 shows the height-latitude histogram of STH in order to demonstrate
the STH statistics in the context of global precipitation climatology. The overall
distribution is similar across all the radar products, although Ka MS somewhat
underestimates the occurrence frequency of high echo tops compared to Ku and Ka HS
as expected from Figure 3-1. The higher frequencies around 5 km in Figure 3-2b and 2e
is expected by Figure 3-1b which has a spike around freezing height. The STH
frequency is concentrated below 2 km for latitudes higher than 60° for the both
hemispheres, where moderate precipitation from snow and light rain is typical
(Behrangi et al. 2014). Over tropical oceans (30°S-30°N, figure 3-2a, b and c), dual
peaks corresponding to shallow cumuli at 2 km and deeper clouds at 5 km height are
13

seen while the shallow peak is missing over land. This result is consistent with the
TRMM PR study by Short and Nakamura (2000). Subtropical oceans (15°-30°), more
notably in the southern hemisphere than in the northern hemisphere, only exhibit a
shallow peak as one might expect for regions capped with the trade inversion.
Figure 3-3 shows the STH histogram for three different meridional zones of the
tropics (30°S-30°N), northern extratropics (30°N-65°N), and southern extratropics
(65°S-30°S) with oceans and lands separated for each zone. The Ka MS histogram
exhibits a notable difference from the other two, where the Ka MS mode tends to miss
high echo tops (4-7 km for Figure 3-3a and d, 7–12 km for b and e, 4.5–7 km for c and
f) and is as a result biased toward low echo tops. The Ka MS fails to detect solid
precipitation echoes above the freezing height more frequently than Ku and Ka HS,
while generally sensitive to the melting layer (Okamoto et al. 2004). As a result, in the
tropics (Figure 3-3b and e) the Ka MS histogram has a striking spike at 4-5 km, because
STH settles down on the melting layer whenever ice particles aloft remain undetected.
On the other hand, the Ka HS and Ku histograms stay closely together, implying that the
sensitivity advantage of the Ka HS mode may not be as distinct as expected. A closer
inspection, however, reveals that the Ka HS better captures shallowest echo tops below
1.5 km than the Ku as highlighted by green and red shades in Figure 3-3. Such
14

precipitation with low STHs typically produces light rain with small raindrops and
drizzles or light snow with fluffy snowflakes, which are generally difficult to capture at
low microwave frequencies. Moreover, one might argue that the Ka HS is also superior
in the ability to measure solid precipitation at 11km or higher in deep convection over
tropical continents (Figure 3-3e), whereas there is no such evidence outside the tropics.
Overall, the histograms suggest faint hints of the Ka superiority to the Ku in terms of
sensitivity, although the differences are minor. The Ka HS sensitivity advantage was
also pointed out by Kotsuki et al. (2014).
Figure 3-3 contains both liquid and solid precipitation, but the radar
detectability depends on the phase of hydrometeors. To separate rain from snow, Figure
3-4 shows the STH histogram with snowfall isolated out, defined where surface air
temperature at 2 m is below 0 °C. The tropical latitudes never meet this criterion and are
not shown. The histograms become somewhat sharpened around low STHs, i.e., snow
tend to have lower STHs than rain, but are otherwise similar to the previous figures. It
follows that the Ka sensitivity to snow may slightly outperform the Ku although the
advantage is small.

15

Chapter 4

4-1

Regional Analysis

Analysis Domain

The analysis domains are defined as shown in Figure 4-1. These selected
domains are aimed at extracting different precipitation systems characteristic of each
region. Deep convection is often active over the warm pool in Tropical west Pacific
(120ºE to 150ºE, 0º to 15ºN), while subtropical shallow cumuli are more dominant in
Central Pacific (150ºE to 180º, 15ºN to 25ºN) and stratocumuli prevail in Northeast
Pacific (200ºE to 240ºE, 15ºN to 30ºN). and Southeast Pacific (240ºE to 260ºE, 10ºS to
20ºS), African rain forest (15ºE to 35ºE, 10ºS to 15ºN) is selected as an area typical of
continental deep convection, while Tibetan Plateau (80ºE to 95ºE, 30ºN to 35ºN) is a
unique region representing the climate specific to high altitudes. North and South high
latitude oceans (0º to 360º, 60ºN(S) to 65ºN(S)) are chosen as areas dominated by polar
precipitation such as rain and snow from relatively low clouds.
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4-2

Results

Figure 4-1 shows the global distribution of STH and its pixel count for Ku and
Ka HS. The pixel count is the number of the radar footprints with STH detected
throughout the analysis periods over a 0.5ºx0.5º grid. The STH distribution of KaHS
closely resembles that of Ku, but a closer examination reveals some differences.
Subtropical oceans off the western coasts of a continent are blanked out for Ku while
mostly filled for Ka HS, implying the presence of the clouds only detectable by Ka HS
in these regions, known to be covered with stratocumuli rarely producing heavy rain.
Figure 4-1c shows the STH difference between Ku and Ka HS. The Ka HS STH
generally exceeds the Ku STH across the global oceans with the possible exception of
intertropical convergence zones (ITCZs). Ku tends to be higher in STH than Ka HS
over continents. Difference in the pixel count (Figure 4-1f) indicates that Ka HS detects
more precipitation than Ku widely over the globe except for subtropical oceans
immediately outside the ITCZs. Figure 4-2 and 4-3 show the STH histograms for
selected regions. In the Northwest Pacific (Figure 4-2a), the congestus peak is seen
around 3 km and signals from within and above the melting layer are detected by both
radars, exemplifying the typical members of tropical convection (Johnson et al. 1999).
17

There are minor differences near 1 km and higher altitudes than the freezing level,
although it is unclear at this point whether the differences are statistically robust. In the
central north Pacific, the congestus peak around 3 km is somewhat more conspicuous
for Ku than Ka HS, which might be responsible of the marginally higher detectability of
Ku than Ka HS in this region (Figure 4-2b). A shallower STH around 1-1.5 km
dominates the Northeast (Figure 4-2c) and Southeast Pacific (Figure 4-2d). This shallow
peak is sharper and is located at a slightly lower STH for Ka HS than Ku. The African
rain forest (Figure 4-3a) is reminiscent of the Northwest Pacific except for the lack of a
congestus peak, which is known to be absent over land (Short and Nakamura, 2000). As
for the Tibetan plateau (Figure 4-3b), the STH peaks around 8 km, similarly to the
ground radar measurements by Uyeda et al. (2001), and the Ku and Ka HS histograms
are similar over the whole range of STH. The STH is sharply peaked around 1 km and
its tail tapers off below 7 km in the southern high latitudes (Figure 4-3d) and below 5
km in the northern high latitudes (Figure 4-3c). Ka HS more clearly captures the 1-km
peak in these regions, similarly to the Northeast and Southeast Pacific.
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Chapter 5

Discussion and Conclusion

This analysis aimed at an early evaluation of the GPM DPR performance with
focus on exploring the expected difference in precipitation detectability between the
Ku- and Ka-band radars. My interest is to understand to what extent the Ka-band radar
is able to detect weak rain and solid state precipitation compared to Ku-band radar. The
detectability of the Ku-band radar and two modes of the Ka-band radar (Ka MS and Ka
HS) is studied in terms of STH. STH for the Ka HS is redefined with a modified
criterion so as to avoid the underrepresentation of shallow precipitation that was found
in the original definition. While the Ka MS is found to be least sensitive to high echo
tops, the sensitivity advantage of the Ka HS over the Ku is not very evident. A close
examination suggests that the Ka HS may be slightly better at capturing weak rain and
snow, although the differences are minor. The difference in sensitivity among different
radar frequencies has been studied previously in various contexts. Berg et al. (2009)
investigated the precipitation detectability of the TRMM PR and CloudSat W-band
radar in attempt to construct the histogram over a full range of precipitation rate beyond
the capability of individual instruments. The possibility to separate the liquid and ice
phases of precipitation was explored by utilizing the sensitivity difference between the
19

Ku and Ka bands (Liao and Meneghini, 2011).
The absence of apparent superiority of the Ka-band radar in terms of
precipitation detectability is in part owing to the non-Rayleigh scattering effect. While
the Rayleigh approximation marginally holds at the Ku band with the exception of
heaviest rain events, it is no longer valid at the Ka band for a broad range of rain rate
(L'Ecuyer and Stephens 2002). This difference in the degree to which the Rayleigh
approximation is violated would introduce a frequency dependence in radar reflectivity
expressed in dBZ (e.g., Matrosov, 1992), generally leading to smaller values at the Ka
band than at the Ku. The effect should partly offset the sensitivity advantage of the Ka
HS over the Ku, and probably accounts for the current finding that the Ka HS seems not
to considerably exceed the Ku in the ability to detect light rain and snow.
Another possible factor to take into account is that the actual Ku-band radar
detectability turned out to outperform the original instrumental design and effectively
offset the superiority of Ka HS to some extent. The minimum detectable echo of the
Ku-band radar was nominally 18 dBZ (Hou et al. 2014), while it was as good as 14.5
dBZ in the pre-launch test. It should be also noted that this current analysis period is
limited to 5 months of boreal spring summer. Snow and light rain in the northern
hemisphere winter are not included and could potentially affect the representativeness
20

of the present statistics.
The Regional difference of precipitation of regional dependency is examined.
Figure 4-2 and 4-3 show that the STH histogram for each selected region exhibits
consistent features common to Ku and Ka HS (Toyoshima et al. 2015). Also found,
however, is a hint of evidence that Ku and Ka HS may differ in sensitivity for specific
types of precipitating clouds because the difference in STH histogram, although subtle,
emerges in systematically different ways among the regions. To make sure that this
subtle difference is a real signal, another analysis is performed with an additional
screening applied to Ka HS footprints so as to isolate out the precipitating clouds
detectable only by Ka HS. Since Ku and Ka HS footprints are interlaced with each other,
precipitating Ka HS footprint, defined by the presence of 3 contiguous range bins with
echoes above the threshold, is further constrained by the surrounding 4 Ku footprints
that are required to be all precipitation free (Figure 4-4). The dotted lines in Figure 4-3
and 4 show the STH histogram for precipitation detected only by Ka HS (hereafter the
Ka-only precipitation). By definition, the total pixel count is significantly smaller than
the unconstrained Ka HS histogram. For most regions, the Ka-only precipitation
accounts partly for shallow precipitation with a STH around 1-1.5 km. This supports the
above finding that Ka HS outperforms Ku in the detectability of shallow precipitation to
21

some degree. A better sensitivity to shallow precipitation is probably a primary reason
why Ka HS STH is generally lower than Ku STH (Figure 4-1c). On the other hand, Ka
HS is presumably somewhat better in the ability to detect ice particles aloft in deep
convection as implied by enhanced histogram tails toward high STHs in the Tropical
west Pacific and African rain forest, or the regions where Ka HS has higher STHs than
Ku. A melting layer peak is also visible in the Ka-only histogram for the Tropical west
Pacific and African rain forest, which might suggest a very weak stratiform precipitation.
The Tibetan Plateau shows a broad Ka-only histogram, which is a feature not observed
in any other regions currently studied.
Table 1 shows the pixel count ratio of Ku-detected precipitation and Ka-only
precipitation each relative to all Ka-detected precipitation. More than 10 % of
precipitation detected by Ka HS does not accompany Ku-band echoes in the regions
typical of shallow precipitation such as the Northeast and Southeast Pacific as well as
high latitudes. Ku detects about 70-80 % of precipitation that is identified by Ka HS in
those regions. In contrast, the sensitivity superiority of Ka HS is less evident in the
Tropical west Pacific and African rain forest, where deep convection dominates shallow
precipitation. The sensitivity advantage of Ka HS almost vanishes in these regions,
where Ku is able to capture at least 90 % of precipitation detected by Ka HS.
22

Figure 4-5 shows that schematic image of summary. KaHS has higher
sensitivity for the shallower precipitation than Ku. The STH climatological map shows
lower STH in this regime. While much of deep convection in Tropical west Pacific and
African rain forest, Ka HS is presumably somewhat better in the ability to detect ice
particles aloft in deep convection. The STH difference climatological map shows higher
(blue region) STH difference in this regime.
The Tibetan Plateau and Central Pacific exhibit some unique features in STH
statistics that are not fully understood at this point. The striking regional dependence of
Ku and Ka HS as discussed in this work could be a useful guidance for future
climatological applications of DPR.
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Figure Captions

Fig. 1-1. GPM constellation satellites. Multiple satellites data are used for 3-hourly
global map. (provided by NASA)
Fig. 1-2. GPM core observatory．The dual-frequency radar and microwave imager are
mounted on the satellite. (provided by NASA)
Fig. 1-3. The TRMM observatory (provided by JAXA). TRMM has several sensors such
as first space-borne precipitation radar (PR) and TRMM Microwave Imager (TMI),
Visible and Infrared Scanner (VIRS), Clouds and the Earth's Radiant Energy
Sensor (CERES), Lightning Imaging Sensor (LIS).
Fig. 1-4. The DPR phased array antenna. Left is Ka-radar, right is Ku-radar. (provided
by JAXA)
Fig. 1-5. DPR scan modes. Green circle means KuPR foot prints, yellow circle means
KaPR matched scan mode and pink circle means KaPR high sensitivity mode.
(provided by JAXA)
Table 1-1. The specifications of TRMM PR (Kummerow et al. 1998)
Fig. 1-5. DPR scan modes (provided by JAXA)
Table 1-2. GPM instruments specifications comparing with TRMM PR. (Hou et al.
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2014)
Fig. 2-1. Schematic figure for STH definition in standard product.
Fig. 3-1. The normalized histogram of STH for global oceans within the observational
coverage of GPM DPR. The reference STH from the GPM standard product is
plotted in black, and STHs recalculated with different reflectivity thresholds of 12,
14, 16, 18, and 20 dBZ are delineated in colors as indicated for Ku (a), Ka MS (b)
and Ka HS (c). (d) is same as (c) but with 3 instead of 6 successive ranges bins to
define STH.
Fig. 3-2. The height-latitude histogram of STH. The frequency of occurrence is
normalized at each latitude. (a) Ku Ocean, (b) Ka MS Ocean, (c) Ka HS Ocean, (d)
Ku Land, (e) Ka MS Land, (f) Ka HS Land. The contour lines are drawn at each
0.03 step up to 0.15.
Fig. 3-3. The STH histogram for Ku, Ka MS, and Ka HS for (a) 30°N-65°N ocean, (b)
30°S-30°N ocean, (c) 30°S-65°S ocean, (d) 30°N-65°N land, (e) 30°S-30°N land,
(f) 30°S-65°S land. For visual clarity, the difference between Ku and Ka HS is
shaded in red where Ku exceeds Ka HS and in green otherwise.
Fig. 3-4. As Figure 2a, c, d and f, but only for the regions where surface air temperature
at 2 m is below 0°C. (a) 30°N-65°N ocean, (b) 30°S-65°S ocean, (c) 30°N-65°N
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land, (d) 30°S-65°S land.
Fig. 4-1. Global map of STH and pixel counts for Ku (a and d), KaHS (b and e), and Ku
minus Ka HS (c and f). The selected regions are indicated by boxes (Tropical west
pacific, Central Pacific, Northeast Pacific, Southeast Pacific, African rain forest,
Tibetan Plateau, North high latitude, South high latitude).
Fig. 4-2. The STH histograms for the selected regions (a) Tropical west pacific, (b)
Central Pacific, (c) Northeast Pacific, (d) Southeast Pacific.
Fig. 4-3. As for Figure 2 but (a) African rain forest, (b) Tibetan Plateau, (c) North high
latitude, (d) South high latitude.
Fig. 4-4. Schematic for defining pixels with precipitation detected only by Ka HS.
Fig. 4-5. schematic image of summary. KaHS has higher sensitivity for the shallower
precipitation than Ku. The STH climatological map shows lower STH in this
regime. While much of deep convection in Tropical west Pacific and African rain
forest, Ka HS is presumably somewhat better in the ability to detect ice particles
aloft in deep convection. The STH difference climatological map shows higher
(blue region) STH difference in this regime.
Table. 4-1.

Number fraction of Ku detected precipitation (Kuall, middle column) and

precipitation detected only by Ka HS (Kaonly, right column) as normalized by Ka HS
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detected precipitation (Kaall) for each selected region.
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Figure 1-1
GPM constellation satellites. Multiple satellites data are used for 3-hourly global map.
(http://www.nasa.gov/sites/default/files/images/740891main_GPM_constellation_updat
ed_8_25_11.jpg)
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Figure 1-2
GPM core observatory．The dual-frequency radar and microwave imager are mounted
on the satellite.
(http://pmm.nasa.gov/sites/default/files/imageGallery/GPM-Core-diagram-extended-FI
NAL2.jpg)
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Figure 1-3
The TRMM observatory and instruments. TRMM has several sensors such as first
space-borne precipitation radar (PR) and TRMM Microwave Imager (TMI), Visible and
Infrared Scanner (VIRS), Clouds and the Earth's Radiant Energy Sensor (CERES),
Lightning Imaging Sensor (LIS).
(http://www.eorc.jaxa.jp/TRMM/document/text4/image/trmm.gif).
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Table 1-1
The specifications of TRMM PR (Kummerow et al. 1998)
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Figure 1-4
The DPR phased array antenna. Left is Ka-radar, right is Ku-radar.
(http://www.satnavi.jaxa.jp/project/gpm/news/2012/img/gpm_03.jpg)
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Figure 1-5
DPR scan modes. Green circle means KuPR foot prints, yellow circle means KaPR
matched scan mode and pink circle means KaPR high sensitivity mode.
(https://directory.eoportal.org/documents/163813/432525/GPM_Auto13)
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Table 1-2
GPM instruments specifications comparing with TRMM PR. (Hou et al. 2014)
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Figure 2-1
Schematic figure for STH definition in standard product.

41

Figure 3-1
The normalized histogram of STH for global oceans within the observational coverage
of GPM DPR. The reference STH from the GPM standard product is plotted in black,
and STHs recalculated with different reflectivity thresholds of 12, 14, 16, 18, and 20
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dBZ are delineated in colors as indicated for Ku (a), Ka MS (b) and Ka HS (c). (d) is
same as (c) but with 3 instead of 6 successive ranges bins to define STH.

Figure 3-2
The height-latitude histogram of STH. The frequency of occurrence is normalized at
each latitude. (a) Ku Ocean, (b) Ka MS Ocean, (c) Ka HS Ocean, (d) Ku Land, (e)
Ka MS Land, (f) Ka HS Land. The contour lines are drawn at each 0.03 step up to
0.15.
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Figure 3-3
The STH histogram for Ku, Ka MS, and Ka HS for (a) 30°N-65°N ocean, (b)
30°S-30°N ocean, (c) 30°S-65°S ocean, (d) 30°N-65°N land, (e) 30°S-30°N land,
(f) 30°S-65°S land. For visual clarity, the difference between Ku and Ka HS is
shaded in red where Ku exceeds Ka HS and in green otherwise.
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Figure 3-4
As Figure 2a, c, d and f, but only for the regions where surface air temperature at 2 m is
below 0°C. (a) 30°N-65°N ocean, (b) 30°S-65°S ocean, (c) 30°N-65°N land, (d)
30°S-65°S land.
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Figure 3-5
The sensitivity for Ka MS is lower than that of Ku and Ka HS, the detection of ice
particle in the upper level is missing.
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Figure 4-1
Global map of STH and pixel counts for Ku (a and d), KaHS (b and e), and Ku minus
Ka HS (c and f). The selected regions are indicated by boxes (Tropical west pacific,
Central Pacific, Northeast Pacific, Southeast Pacific, African rain forest, Tibetan
Plateau, North high latitude, South high latitude).
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Figure 4-2
The STH histograms for the selected regions (a) Tropical west pacific, (b) Central
Pacific, (c) Northeast Pacific, (d) Southeast Pacific.
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Figure 4-3
As for Figure 2 but (a) African rain forest, (b) Tibetan Plateau, (c) North high latitude,
(d) South high latitude.
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Figure 4-4
Schematic for defining pixels with precipitation detected only by Ka HS.
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Table 4-1
Number fraction of Ku detected precipitation (Kuall, middle column) and precipitation
detected only by Ka HS (Kaonly, right column) as normalized by Ka HS detected
precipitation (Kaall) for each selected region.
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Figure 4-5
Schematic image of summary
KaHS has higher sensitivity for the shallower precipitation than Ku. The STH
climatological map shows lower STH in this regime. While much of deep convection in
Tropical west Pacific and African rain forest, Ka HS is presumably somewhat better in
the ability to detect ice particles aloft in deep convection. The STH difference
climatological map shows higher (blue region) STH difference in this regime.
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