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Abstract

Spaceborne precipitation radars, such as the Tropical Rainfall Measuring Mission (TRMM) and the
Global Precipitation Measurement (GPM) Core Observatory, have been important platforms to provide
a direct measurement of three-dimensional precipitation structure globally. Building upon the success
of TRMM and GPM Core Observatory, the Japan Aerospace Exploration Agency (JAXA) is currently
surveying the feasibility of a potential satellite mission equipped with a precipitation radar on a
geostationary orbit. The quasi-continuous observation realized by the geostationary satellite radar
would offer a new insight into meteorology and would advance numerical weather prediction (NWP)
through their effective use by data assimilation.

Although the radar would be beneficial, the radar on the geostationary orbit measures precipitation
obliquely at off-nadir points. Besides, the observing resolution will be several times larger than those
onboard TRMM and GPM Core Observatory due to the limited antenna size that we could deliver. The
tilted sampling volume and the coarse resolution would result in more contamination from surface
clutter. To investigate the impact of these limitations and to explore the potential usefulness of the
geostationary satellite radar, this study simulates the observation data for a typhoon case using an NWP
model and a radar simulator.

The results demonstrate that it would be possible to obtain three-dimensional precipitation data.
However, the quality of the observation depends on the beam width, the beam sampling span, and the
position of precipitation systems. With a wide beam width and a coarse beam span, the radar cannot
observe weak precipitation at low altitudes due to surface clutter. The limitation can be mitigated by
oversampling (i.e., a wide beam width and a fine sampling span). With a narrow beam width and a fine
beam sampling span, the surface clutter interference is confined to the surface level. When the
precipitation system is located far from the nadir, the precipitation signal is obtained only for strong

precipitation.
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1. Introduction

Knowing the distribution of precipitation in space and time is essential for scientific developments
as precipitation plays a key role in global water and energy cycles in the Earth system. Such knowledge
is also indispensable to our daily lives and disaster monitoring and prevention. However, observing
precipitation globally is not an easy task. Ground-based observations may not adequately represent the
rainfall amounts of a broader area since the vast surface of the earth remains unobserved (Kidd et al.,
2016). Alternatively, satellites provide an ideal platform to observe precipitation globally. There are
three types of methods to observe or estimate precipitation from satellites: visible and infrared, passive
microwave, and active microwave (radar). Among them, radar is the most direct method and is the
only sensor that can provide three-dimensional structure of precipitation. The first satellite equipped
with precipitation radar was the Tropical Rainfall Measuring Mission (TRMM) launched in 1997
(Kummerow et al., 1998; Kozu et al., 2001), and the first satellite-borne dual-frequency precipitation
radar onboard the Global Precipitation Measurement (GPM) Core Observatory was launched in 2014
(Hou et al., 2014; Skofronick-Jackson et al., 2017). The observations produced by the precipitation
radars onboard the low-earth-orbiting satellites have been contributing to enhance our knowledge on
meteorology. For instance, their ability to see through clouds helps understand storm structures (Kelly
et al., 2004) and the nature of convection (e.g. Takayabu 2006; Hamada et al., 2015; Houze et al.,
2015).

Building upon the success of the TRMM and GPM Core Observatory, the Japan Aerospace
Exploration Agency (JAXA) is currently studying the feasibility of a geostationary satellite equipped
with precipitation radar (hereafter, simply “GPR”). The main advantage of GPR over the existing ones
with precipitation radar is the observation frequency. Because the previous satellites are low earth
orbiters, they cannot observe the same area frequently. For instance, TRMM overpasses a 500 by 500
km? box 1-2 times a day on average (Bell et al., 1990). To make the situation worse, it is difficult to

capture the whole figure of a large-scale precipitation system (e.g. tropical cyclone) at once due to the
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narrow scan swath (e.g. 245 km for KuPR on GPM Core Observatory). Alternatively, GPR stays at the
same location all the time and continuously measures precipitation in its range of observation. Those
data are expected to help understand important scientific issues. Furthermore, those frequent data could
improve the skill of numerical weather prediction (NWP) through data assimilation, leading to more
accurate and timely warnings of floods and landslides.

Although GPR would be beneficial, it has potential disadvantages. Since GPR measures
precipitation from the geostationary orbit, it measures precipitation obliquely at off-nadir points. It is
unclear how severely this may degrade the observation. In addition, the tilted sampling volume
worsens the contamination of the precipitation echo by the surface clutter. Takahashi (2017) showed
that the clutter height monotonically increases with the incidence angle from the wide swath
observation during the end-of-mission experiment of the TRMM. The impact of the surface clutter
interference with a large incidence angle would be large if the horizontal resolution of the radar is
coarse, and that is the case for GPR. The horizontal resolution is limited by the antenna size and
wavelength. A larger antenna is needed for higher resolution. However, it is challenging to construct a
large antenna on a geostationary orbit. The JAXA has launched a satellite with a relatively large
antenna of 19 m by 17 m (ETS-VIII, Meguro et al., 2009). Based on the experience and further efforts
(Joudoi et al, 2018), currently we consider a 30-m-by-30-m square antenna as a feasible choice, whose
spatial resolution is 20 km at nadir, that is several times larger than that of TRMM/PR (4.3 km). To
investigate the mission feasibility of GPR, it is important to simulate observation of GPR and to find
its potential usefulness and weakness.

In the past decade, a geostationary radar instrument known as the Next Generation Weather Radar
(NEXRAD) In Space (NIS; Im et al., 2007) has been proposed. A few studies demonstrated the
capability of NIS. Lewis et al. (2011) examined the feasibility of a 35 GHz Doppler radar to observe
the wind field. They showed that the direct measurement of winds from the geostationary orbit would

be possible for a hurricane case. Li et al. (2017) evaluated the impact of surface clutter for the same
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radar assuming a uniform rain layer. They showed that most of rain echoes at off-nadir scanning angles
will not be contaminated by the surface clutter, when rain intensity is greater than 10 mm h’.

However, the impact of the surface clutter and the oblique measurement would depend on the shape
and position of the precipitation system. This study extends Li et al. (2017) for a realistic case. By
considering the importance to societal and scientific benefit, we chose a typhoon as a test case in this
study. We investigate the impact with various typhoon locations and radar parameters such as radar
beam width and sampling span for realistic scenarios of a simulated typhoon case.

This paper is structured as follows. Section 2 describes the proposed specifications of GPR and
presents the newly-developed radar simulator. Section 3 describes the characteristics of the observation
with GPR for an idealized case. Section 4 presents the results of applying the radar to a typhoon case.
Section 5 provides the sensitivity results to the location of the typhoon. Section 6 shows the impact of

attenuation and sidelobe clutter. Finally, Section 6 provides conclusions.

2. Radar simulator
2.1. Radar specifications

The specifications of GPR are summarized in Table. 1. The GPR is anticipated at 13.6 GHz, the
same as KuPR onboard GPM Core Observatory. We assume a 30-m-by-30-m square phased array radar
with the half-power beam width (-3 dB) of 0.032°, with which we can achieve horizontal resolution of
20 km at the nadir point on the earth surface. The range resolution is 500 m. Though shorter-range
resolution is technically viable, we adopt this value by considering the balance to the horizontal
resolution. The number of the range bins is 60; the corresponding height of the beam center ranges
from the surface to 30 km at nadir. The scan angle is £6°, which covers a circular disk with a diameter
of 8400 km on Earth’s surface. If GPR were placed at 135°E of the equator, it would cover from
Sumatra to New Caledonia, and from Australia to the southern half of Japan.

We assume that the satellite can complete the full disk scan within one hour. In addition to the normal
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mode, it is expected to have several modes and can observe a targeting precipitation system intensively
as in Himawari-8 (Bessho et al., 2016). In this study, we focus only on snap-shots and do not consider

the time for GPR to complete the full disk scan.

2.2. Precipitation reflectivity

This subsection describes how to calculate reflectivity measured by GPR (Z). First, we convert
model hydrometeors (cloud water, cloud ice, rain, snow, and graupel) to total backscattering (d;) and
extinction coefficients (k,y;) at every model grid point using an existing software called Joint
Simulator for Satellite Sensors (Joint-Simulator; Hashino et al., 2013). The Joint-Simulator is a suite
of software that simulates satellite observations based on atmospheric states simulated by cloud-
resolving models. The total backscattering and extinction coefficients are obtained respectively by
summing single-particle backscattering (o}, ) and extinction coefficients (kg,;) for the i th hydrometeor

specie following its drop size (D) distribution (N (D)) as follows:

Nspec

o) = ; fo Doalf,i(D)N(D)dD, )
Foxe = Z f Ko (DIN(D)D, @)

where ngy.. is the number of the hydrometeor species. In this study, up to five hydrometeor species,
1.e., cloud water, cloud ice, rain, snow, and graupel, were considered. The Mie approximation is used

to calculate o03,; and kg, ; forall the species (Masunaga and Kummerow, 2005).  After calculating

op and Koy at every model grid point, the grid point values are integrated over the scattering volume
following the antenna pattern. The radar-received power from precipitation (P,) of the beam pointing
range r, and scan angle 0, and ¢, is given by

Py

P, To+cT/4 0o+ Po+T/2 3
= 3 f f f 40, $)a,(r,0,9)Ap(r,0,¢) r~% cosd d¢ do dr,
(47T) ro—ct/4 YOp—T 0—Tt/2
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where P, is the transmitted power, c the speed of light, T the pulse duration, and f* the two-way
effective beam weighting function. We assumed the uniform antenna pattern, whose sidelobe level is

-13.26 dB:

P = (S @

where = /(8 — 80)2 + (§ — po)?/¥. W is obtained by solving the equation f? (£ /¥) = 0.5,

and Oy is the half-power beam width (-3 dB). Ap(7, 0, ¢) is the attenuation factor from the radar to

range r in the direction of (6, ¢) and calculated by

Ap(1,6,9) = exp [—0.2 In(10) frkext(r’, 0, q,'))dr’l. ®)
0

The radar reflectivity measured by GPR is calculated as follows:

o+ 6 bo+y —
2 f_ por o [1(6,9)3,(r,60,8)Ap(r, 6, ¢) cos6 dep d6 dr
z . (6)

= 51K|2 cT
T | | fT'0+4 90+T[ f¢0+2 f4-(6, (I))r—z COSQ dd) dg dT

_ct Jog,—-m _r
To—7 0 do >

Y
073

Z

0

where A is the wavelength, K the function of a complex refractivity index of scattering particles.
Following Masunaga and Kummerow (2005), |K|? is assumed to be a constant (0.925) in this study.
We do not consider the impact of attenuation (Ap = 1.0 everywhere) as it can be corrected with proper

methods (e.g. Iguchi et al., 2000) for Sects. 3, 4, and 5.

2.3. Surface clutter
Surface clutter echoes contaminate the precipitation signals. In this study, we assumed that the
surface is completely covered by the ocean for simplicity. Radar-received power from the sea surface

(Ps) was calculated by

(7)

_ P A? f*(6,$)a0Ap(r,6,9)
Py = s ffs > as

where o is the normalized radar cross section (NRCS) of the ocean surface, and S the scattering

area. We obtained o, using a model proposed by Wentz et al. (1984) based on observations from a
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microwave scatterometer onboard the Seasat satellite. The model expresses o as,

0o = bo(U10)™ 8
where U, isthe 10-m wind speed, and b, and b,are fitted parameters. The NRCS for various wind
speed is shown in Fig. 2. When raindrops hit the ocean surface, they change the properties of the
surface and the scattering signals (Bliven et al., 1997). The impact of impinging rain is negligible at
high wind speed (e.g. Braun et al., 1999; Contreras et al., 2003). Since this study focuses on a typhoon
case accompanying strong winds, we do not consider the impact of impinging rain. Also, we do not
consider the impact of sidelobe clutter as it can be filtered with proper methods (e.g. Kubota et al.,

2016) for Sects. 3, 4, and 5.

3. Homogeneous case

To understand the characteristics of the radar observation, we first show the results from an idealized
case, in which we assume the atmosphere below 2 km is uniformly filled with a certain amount of
hydrometeor. We tested five cases: 20, 30, 40, 50, and 60 dBZ. The corresponding precipitation
intensity is roughly 1, 2, 5, 20, and 60 mm h™! if the hydrometeor consists of only rain. The 10-m wind
speed was fixed at 10 m s™! uniformly for all cases. The horizontal resolution of the radar was assumed
to be 20 km at the nadir point.

Figure 3a shows P, for the case of 60 dBZ. Two features are apparent in the figure. The first is that
the precipitation signal is beyond the precipitation area and becomes taller along with the distance
from the nadir, and the second is that P, decreases monotonically with height. Here and hereafter, the
distance was measured along the earth surface.

Before discussing the reason for these, first we explain the scattering volume of the GPR. Here, the

scattering volume of the beam pointing range r, and scan angle 6, and ¢, is defined as the area
where 1, 6, and ¢ satisfy both 1y — % S<r<r+ % and Y less than the first null point (Fig. 1).

Note that sidelobe area is not included in the scattering volume in this section. Figure 4 shows a
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schematic of the scattering volume. At the nadir, the incidence angle is zero, and the scattering volume
is nearly parallel to the earth surface (Fig. 4a). As the incidence angle increases, the scattering volume
becomes tilted against the earth surface (Fig. 4b). As a result, the upper edge of the scattering volume
reaches as high as 16 km when the beam center of the GPR is at a point 4000 km away from the nadir
even in the lowest range bin (range bin number 1 in Fig. 5b). In the same angle but the highest range
bin, the scattering volume ranges from 4 km to 38 km in height (range bin number 60 in Fig. 5b). The
range of the scattering volume is even larger with sidelobe area.

When the beam center is at the level higher than the precipitating area, there is no precipitation
around the beam center. On the other hand, the tip of the scattering volume may touch the precipitating
area with the tilted scattering volume at off-nadir. In such a case, the scattering volume is not fully
filled with precipitation. Such nonuniform beam filling (NUBF) results in the reduction of P, with
0, = 0 in the upper part of the volume compared with the fully filled case. Although the value is small,
still GPR catches the signal of precipitation, and thus P, has a value even when the beam center is at
the point higher than the precipitating area. As the scattering volume becomes more tilted against the
earth surface along with the distance from the nadir (Fig. 5a), the maximum height at which the beam
gets a signal from precipitation becomes higher along with the distance from the nadir. Hence, we have
the signal beyond the precipitation area and the area becomes taller along with the distance from the
nadir.

The P. magnitude dependence on the height is also explained by the NUBF. Due to the
experimental setting where precipitation exists only in the atmosphere below 2 km, the beam with the
scattering volume touching the level higher than 2 km is not fully filled with precipitation. The higher
the GPR observes, the less the scattering volume is filled with precipitation. Accordingly, P.
decreases with height.

The pattern of P is similar to that of P., showing dependence on the distance from the nadir (Fig.

3b) because o is a function of the incidence angle (Fig. 2).
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Figure 6 shows signal-to-clutter ratio (SCR) defined as P./P; (dB). The larger SCR, the less
contaminated by the clutter. In the figure, areas where the reflectivity from precipitation exceeds 0
dBZ are shaded. For all the cases, SCR is the largest at nadir and high altitudes. The minimum SCR is
found at the surface level around 500 km away from the nadir reflecting the peak of the echo from the
surface clutter. As expected, SCR becomes large when precipitation is strong since the received power
from the precipitation becomes larger while Ps is the same for all the cases. The GPR can perceive
precipitation only at the nadir point and high altitudes in the case of 20 dBZ (Fig. 6a), but SCR is larger
than zero over the whole precipitating area in the case of 60 dBZ (Fig. 6¢) except for the surface level
in 0 to 1000 km away from the nadir. The comparison of the two cases also suggests that the surface
clutter contaminates the precipitation signal from high altitudes for weak precipitation. On the other
hand, if the precipitation is strong enough, the clutter interference is limited, and we should get the
signal even at the surface level.

The simulated results are consistent with Takahashi (2017) and Li et al. (2017), suggesting that both

results be plausible.

4. Typhoon case

Section 3 presented the characteristics of reflectivity of GPR. However, what we can observe will
depend on the size and structure of the target precipitation system. To investigate the capability of GPR
in detail, we ran an atmospheric model and applied the radar simulator to produce synthetic
observations of reflectivity. As an example, we chose Typhoon Soudelor in 2015, which was the
strongest typhoon in that year. Soudelor, generated on 1 August 2015 around the Marshall Islands,
rapidly intensified to Super Typhoon equivalent to Category 5 Hurricane within 24 hours from
generation and dissipated on 11 August 2015. In this study, we focused on the mature stage of Soudelor
at 0000 UTC 5 August 2015.

In this section, we focus on the sensitivity to two radar parameters: beam width and beam sampling

10
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span. Three cases were examined: the first adopts the beam width and sampling span of 20 km, the
experiment named “bw20bs20”. The second uses 20-km resolution of beam width, but the beam span
is chosen to be 5 km (bw20bs05), representing an over-sampling case. The third uses the 5-km beam
width and span (bw05bs05). Although it is unrealistic to assume a radar with the 5-km beam width at
this moment, exploring what kind of observations we can get with the 5-km beam width would be

beneficial for the antenna design in the future. The radar settings are summarized in Table 2.

4.1. SCALE-RM simulation

We used a regional cloud-resolving model, SCALE-RM version 5.0.0 (Nishizawa et al., 2015; Sato
etal., 2015) to simulate Soudelor. SCALE-RM is based on the SCALE library for weather and climate
simulations. The source code and documents of the SCALE library including SCALE-RM are publicly

available at http://r-ccs-climate.riken.jp/scale/. The moist physical process is parameterized by a 6-

class single-moment bulk microphysics scheme (Tomita et al., 2008), and the five species of
hydrometeors (rain, cloud water, cloud ice, snow, and graupel) were used to calculate the radar
reflectivity. We use the level-2.5 closure of the Mellor—Yamada—Nakanishi—Niino turbulence scheme
to represent subgrid-scale turbulences (Nakanishi and Niino 2004). For shortwave and longwave
radiation processes, the Model Simulation Radiation Transfer code (MSTRN) X (Sekiguchi and

Nakajima, 2008) is used. See http://r-ccs-climate.riken.jp/scale/ for more detail.

We performed an offline nesting simulation. The horizontal grid spacings and the number of vertical
levels for the outer (inner) domain were 15 km (3 km) and 36 levels (56 levels), respectively. Hereafter,
the simulation for the outer (inner) domain is referred to as D1 (D2) (Fig. 7a). The initial and lateral
boundary conditions for D1 were taken from the National Centers for Environmental Prediction
(NCEP) Global Forecasting System (GFS) operational analyses at 0.5° resolution every 6 hour. The
initial and lateral boundary conditions for D2 were taken from D1. The simulation covers the period

from 0000 UTC 28 July 2015 (0000 UTC 28 July 2015) to 0000 UTC 9 August 2015 (0000 UTC 7

11
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August 2015) for D1 (D2).

Figure 7 shows the Soudelor’s track and minimum sea level pressure (MSLP) at the typhoon center
from the best track of the Japan Meteorological Agency (JMA) and the D1 and D2 simulations. The
JMA best track shows a rapid decrease of MSLP during the three days from 1 August. D1 captures the
rapid intensification while D2 shows a slightly slower intensification than the best track. As for the
track, both D1 and D2 closely follow the best track albeit slightly shifted northward. We used D2 as a

reference to simulate radar observations.

4.2. Results

Figures 8 and 9 show radar reflectivity near the surface level and its vertical cross section in a mature
stage of the simulated Soudelor (0000 UTC 5 August 2015). The results are shown in the longitude-
latitude coordinate for Fig. 8 (a) and in the scan-angle coordinate of the GPR for Fig. 8 (b-d) covering
the same domain as Fig. 8 (a). As in the homogeneous case, areas where the reflectivity from
precipitation exceeds 0 dBZ are shaded by grey.

Figure 8 (a) and 9 (a) show the reflectivity of the full-resolution nature run for reference. The figures
show the typical structure of a tropical cyclone characterized by no rainfall within the eye, heavy
rainfall in the eye wall, and the spiral outer-rainband structure.

The bw20bs20 captures the spatial distribution well but without fine structures. The difference is
noticeable in the outer rainband (gray-colored area) in which the shape of the bands is different from
the reference. With the tilted and relatively large scattering volume, the radar catches the signal of
precipitation that is in the level higher than the level shown in the figure. The bw20bs20 also misses
the local maxima of precipitation. For instance, the strongest precipitation south of the eye (red area
in Fig. 8a) was not well captured by bw20bs20. This is because the echo from sharp and strong
precipitation was averaged out due to NUBF within the relatively large scattering volume. For the

vertical cross-section, the observation roughly captures the structure albeit in a jaggy and discretized
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manner because of the tilted and relatively large scattering volume (Fig. 9b). The tilted scattering
volume also results in the precipitation echo taller than the reference as discussed in Sect. 3.

On the other hand, the satellite observes precipitation accurately for both spatial and vertical cross-
sections in bw05bs05 (Fig. 8d and Fig. 9d).

In the case of bw20bs05 (i.e. oversampling case), the radar inherited the shortcomings in bw20bs20
due to the wide beam width: the larger precipitated area in the outer rainband (Fig. 8c) and taller
precipitation pattern (Fig. 9c) compared with the reference. On the other hand, the results were
arguably improved thanks to the fine sampling span compared with bw20bs20. For instance, the strong
precipitation south of the eye was well captured compared with bw20bs20 (Fig. 9c). Furthermore,
individual convective cells south of the typhoon were observed as individual cells although they were
blurred due to NUBF within the large scattering volume. This is because the finer sampling span
increased the probability for the beam center to hit the area of heavy rainfall.

To compare the skills quantitatively, we computed the threat scores with a threshold of 20, 30, 40,
and 50 dBZ for all the experiments. Figure 10 shows that bw05bs05 is the best and also shows the
benefit of oversampling. Namely, the score of bw20bs05 increased by more than 20 % on average for
all the thresholds compared with that of bw20bs20.

Figures 9 and 10 also shows the impact of the surface clutter. The hatched area in Fig. 9 shows the
area where SCR is less than or equal to zero. Assuming that the SCR of zero is the minimum threshold
to indicate whether the clutter interference will be serious (Li et al., 2017), the hatched area is
considered as unobservable. The unobservable area was confined up to 3-km in bw05bs05, while they
reached as high as 7 km in bw20bs20 and bw20bs05. Thus, to reduce the impact of the surface clutter,

the beam width needs to be narrow enough.

5. Dependence on the position of typhoon

At other than the nadir point, the radar observes precipitation obliquely and consequently the

13
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precipitation echo is easy to be contaminated by the surface clutter. As mentioned in Sect. 3, how
severely surface clutter contaminates the precipitation echo depends on the incidence angle of the beam,
which corresponds to the distance from the nadir. Therefore, the location of the target precipitation
system should have an impact on the quality of the observations. This section investigates the
sensitivity to the location of the typhoon.

We used the simulated Typhoon Soudelor as the reference as in Sect. 4. We picked out the mature
stage of the typhoon whose center is in 18° N, 136° E as an example and moved it north and south to
represent typhoons whose center is in 10° N, 20° N, and 30° N. We assumed the longitudinal position
of the typhoon centers were the same as the sub-satellite point for all the cases to compare the
difference originating from the latitudinal position of the typhoon center. The radar used in this section
was the same as the one in the bw20bs05.

Figure 11 shows the precipitation echo at the near surface level for the three cases together with the
reference. Among them, the precipitation pattern in 10° N was the most similar to the reference, and
the threat score was the highest (Fig. 13). As the typhoon position is away from the sub-satellite point,
the precipitation is observed weaker with the outer-rainband area more expanded, and the threat score
becomes lower (Fig. 13). As discussed in the previous sections, those are due to the widely tilted
scattering volume with which the beam captures the signal of precipitation in high altitude whose
intensity is weaker than that in the level shown (cf. Fig. 12). The tilted scattering volume also resulted
in vertically extended precipitation echo (Fig. 12). The further away from the nadir, the more vertically
extended the precipitation echo. This is also true for the clutter height (SCR < 0): the further away
from the nadir, the higher the clutter height. However, this is only the case for the area with weak
precipitation. In the area with heavy precipitation at a higher latitude, the impact of the surface clutter
is limited to the near surface level. For instance, the strongest precipitation in the south of the eye is
not affected by the surface clutter at all in the case of 30° N (Fig. 12d), while those are masked by the

clutter in the cases of 10° N and 20° N (Fig. 12b and 12c). Those results are also evident in the threat
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score (dashed line in Fig. 13). The surface clutter is determined by cross section o, integrated over
the scattering area A, and both o, and A decrease along with the incidence angle in this area.
Therefore, the echo from the sea surface clutter becomes smaller and SCR becomes larger along with
the latitude.

We obtained the similar results as shown in Sect. 3 with the typhoon case. When the observation
target is in low latitude (i.e. close to the nadir), the clutter height is low, and the radar can observe weak
precipitation free from clutter at high altitudes. It should be difficult to observe precipitation at the near
surface level, even if the precipitation is strong. In case the radar observes precipitation in mid-latitudes
(i.e. away from the nadir), the radar cannot observe weak precipitation at most of the altitude while it

is easier to observe strong precipitation at any altitude.

6. Impact of attenuation and sidelobe clutter

In the previous sections, we did not consider the impact of attenuation and sidelobe clutter, assuming
that they can be corrected (e.g. Iguchi et al., 2000) or filtered (e.g. Kubota et al., 2016). In this section,
we investigate the impact of attenuation and sidelobe clutter. To consider attenuation, the attenuation
coefficient is included in the calculation of P., Py, and Z (Egs. 3, 6, and 7). The attenuation
coefficients are calculated with Eq. (5), and the extinction coefficients are calculated by Joint-
Simulator (Hashino et al., 2013). To investigate the impact of sidelobe clutter, the observation volume
is expanded to include the sidelobe area up to the fifth null point (Fig. 1).

Figure 14 shows the cross-section of the typhoon with various radar parameters; bw20bs20,
bw20bs05, and bw05bs05. Due to the attenuation, reflectivity from heavy rain is weakened for all the
cases (c.f. the reflectivity at south of the eye). This feature is also evident in the threat score for the
case with bw20bw05 (Fig. 15). Figure 15 compares three cases: The first case (“main”) does not
consider the impact of attenuation, and its observation volume does not include sidelobe area, i.e., the

same as the bw20bs05 in Fig. 10. The second case (“main+side”) does not consider the impact of
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attenuation, but its observation volume includes sidelobe area, i.e., considering the impact of sidelobe
clutter. The third case (“main+atten.”) considers the impact of attenuation, but its observation volume
does not include the sidelobe area. Figure 15 shows that the threat score of “main+atten.” is almost
identical to that of “main” and the impact of attenuation is negligible with the thresholds of 20, 30, and
40 dBZ. On the other hand, the threat score of “main+atten.” with the threshold of 50 dBZ is zero at
all heights. Therefore, the attenuation makes it difficult to obtain rain echoes from strong precipitation.

On the other hand, the sidelobe clutter contaminates the weak to moderate rain echoes. For example,
the top of convection at around 17°N is masked by the sidelobe clutter for the cases with low resolution
beam (Figs. 14a and 14b). Figure 15 also shows that threat scores of “main+side” are smaller than that
of “main” for the thresholds of 20, 30, and 40 dBZ while the impact is negligible with the threshold of

50 dBZ. Therefore, the sidelobe clutter contaminates weak to moderate rain.

7. Summary

We examined the feasibility of radar observation for precipitation from a geostationary satellite. The
results demonstrated that it would be possible to obtain three-dimensional precipitation data. However,
the quality of the observation was found to depend on the beam width, the beam sampling span, and
the position of targeting precipitation systems. With the wide beam width and coarse beam span, the
radar cannot observe weak precipitation at low altitudes. The limitations can be somewhat mitigated
by oversampling (i.e., a wide beam width but a fine sampling span). With the narrow beam width and
fine beam sampling span, the surface clutter interference was confined to the surface level. For the
position of the target precipitation system, the larger (smaller) the off-nadir angle, the easier (more
difficult) it is to obtain the precipitation signal if the precipitation is strong (weak).

This study also investigated the impact of attenuation and sidelobe clutter. The attenuation hinders
to obtain rain echoes from strong precipitation while the sidelobe clutter contaminates signals from

weak precipitation. An attenuation correction method like the surface-reference method (e.g. Iguchi et
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al., 2000; Meneghini et al., 2000) and a clutter filter (e.g. Kubota et al., 2016) must be devised to
mitigate the detrimental impacts. One possible idea for the filter may be to distinguish an echo from
precipitation and surface by using Doppler shift, but this remains to be a subject of future research.

If the wide beam width of 0.032° is used, the raw product may be prohibitively coarse for a specific
purpose. One possible way to effectively downscale such observations is to assimilate the data for
NWP. By doing this, the information can be treated properly, and we can get precipitation information
in the prediction model coordinate. However, it is not trivial whether assimilation of such data is useful
for NWP. In the future, an observing system simulation experiment (OSSE) will be conducted using
precipitation measurements simulated with the simulator developed in this study to evaluate the
potential impacts of the GPR on NWP. Given that wind field observation may be possible from a
geostationary satellite as shown in Lewis et al. (2011), the combined use of both observations would

be an attractive option.
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Tables

Table 1 Specifications of the precipitation radar aboard geostationary satellite

Parameter Value
Frequency 13.6GHz
Scan angle +6°

Range resolution <500m
Horizontal resolution 20km at nadir
Observation range 30km at nadir

Table 2 Radar settings. The figures show the resolution at the nadir point.

Experiment Beam width Beam span
bw05bs05 Skm Skm
bw20bs05 20km Skm
bw20bs20 20km 20km
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526  Figure 4 Schematic image of the scattering volume at (a) nadir, and (b) off-nadir.
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Figure 5 Incidence angle (a) and height of the radar scattering volume (b) as a function of the distance
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544  Figure 8 Radar reflectivity (dBZ) near the surface in the typhoon mature stage (0000 UTC, 5 August
545  2015) for (a) the truth, (b) bw20bs20, (c) bw20bs05, and (d) bw05bs05. 10-m wind speed is overlaid

546  in (a). The area where reflectivity from precipitation less than 0 dBZ are left blank.
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548  Figure 9 Precipitation reflectivity (dBZ) along 136.4°E longitude line passing through the typhoon
549  center in the mature stage (0000 UTC, 5 August 2015) for (a) the truth, (b) bw20bs20, (¢) bw20bs05,
550  and (d) bw05bs05. The area where reflectivity from precipitation less than 0 dBZ are left blank and

551  the area in which SCR < 0 is hatched in (b-d).

(a) 20 [dBZ] (b) 30 [dBZ] (c) 40 [dBZ] (d) 50 [dBZ]
15 15
—— bw20-bs20
12 - 124 —— bw20-bs05
— bw05-bs05
9- 94

Altitude [km]

1 I+ I+ t+—T—T——

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Threat Score

552

553  Figure 10 Threat score with a threshold of (a) 20, (b) 30, (¢) 40, and (d) 50 (dBZ) for bw20bs20 (red),
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554  bw20bs05 (green), and bw05bs05 (blue). The dotted and solid lines show the threat score with and

555  without considering the impact of surface clutter, respectively.
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557  Figure 11 Precipitation reflectivity (dBZ) measured with bw20bs05 for the typhoons whose center is
558  in(b) 10°N, (c) 20°N, and (d) 30°N. Contour in (b-d) corresponds to the area SCR > 0. Panel (a) shows

559  the truth. The area where reflectivity from precipitation less than 0 dBZ are left blank.
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561  Figure 12 Precipitation reflectivity (dBZ) along 136.4°E longitude line passing through the typhoon
562  center measured with bw20bs05 for the typhoons whose center is in (b) 10°N, (¢) 20°N, and (d) 30°N.
563  Panel (a) shows the truth. The area where reflectivity from precipitation less than 0 dBZ are left blank

564  and the area in which SCR < 0 is hatched in (b-d).
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566  Figure 13 Threat score with a threshold of (a) 20, (b) 30, (c) 40, and (d) 50 (dBZ) for the typhoons
567  whose centers are at 30°N (red), 20°N (green), and 10°N (blue). The dotted and solid lines show the

568  threat score with and without considering the impact of surface clutter, respectively.
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571  Figure 14 Precipitation reflectivity (dBZ) along 136.4°E longitude line passing through the typhoon
572  center in the mature stage (0000 UTC, 5 August 2015) for (a) the truth, (b) bw20bs20, (c) bw20bs05,
573  and (d) bw05bs05. The area where reflectivity from precipitation less than 0 dBZ are left blank and

574  the area affected (SCR<0) by main lobe (sidelobe) clutter is densely (sparsely) hatched in (b-d).
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Figure 15 Threat scores with thresholds of (a) 20, (b) 30, (c) 40, and (d) 50 (dBZ) for bw20bs05. Red

line overlaps blue line for (a), (b), and (c) and green line for (d). The dotted and solid lines show the

threat score with and without considering the impact of surface clutter, respectively.
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