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Abstract Calibration error is one of the primary sources
of bias in echo intensity measurements by ground-based
radar systems. Calibration errors cause data discontinuity
between adjacent radars and reduce the effectiveness of the
radar system. The Global Precipitation Measurement Ku-
band Precipitation Radar (GPM KuPR) has been shown to
provide stable long-term observations. In this study, GPM
KuPR observations were converted to S-band approxima-
tions, which were then matched spatially and temporally
with ground-based radar observations. The measurements
of stratiform precipitation below the melting layer
collected by the KuPR during Typhoon Ampil were
compared with those of multiple radar systems in the
Yangtze River Delta to determine the deviations in the
echo intensity between the KuPR and the ground-based
radar systems. The echo intensity data collected by the
ground-based radar systems was corrected using the KuPR
observations as reference, and the correction results were
verified by comparing them with rain gauge observations.
It was found that after the correction, the consistency of the
echo intensity measurements of the multiple radar systems
improved significantly, and the precipitation estimates
based on the revised ground-based radar observations were
closer to the rain gauge measurements.
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1 Introduction

Typhoons are the strongest rainfall-generating weather
systems in nature. All record-breaking torrential rains in
China have been caused by typhoons (Tao, 1980). The
most extensive damage during tropical cyclones is often
the result of secondary disasters, such as heavy rainstorms
and the consequent flash floods and landslides (Chen and
Ding, 1979; Yu and Chen, 2019). Zhang et al. (2010) have
analyzed the impact of all typhoons that made landfall in
Chinese mainland from 2001 to 2007, and found that the
damage caused by heavy rainstorms was often more
serious than that due to excessive winds. This indicates that
the impact of heavy rainfall is more significant than that of
the wind power when typhoons make landfall. With the
continuous urbanization, many urban areas in China face
an increasingly serious problem of waterlogging due to
typhoon-induced precipitation (Duan et al., 2016; Shi,
2016; Xu et al.,, 2016). As a result, research on the
monitoring and impact assessment of typhoon-induced
precipitation has gained widespread attention (Chen et al.,
2004; Li et al., 2005; Dong et al., 2009; Nasrollahi et al.,
2012; Wang et al.,, 2015a). Reliable spatial-temporal
distribution data of precipitation are critical when analyz-
ing the type, intensity, and trends of precipitation (Cheng
et al., 2005). Therefore, better observation and research
methods of typhoon precipitation are essential for
improving the understanding of the distribution and its
impact of typhoon-induced precipitation.

The new generation weather radar systems can generate
precipitation estimation products at an extremely high
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spatial-temporal resolution, making them a superior tool
for mesoscale meteorological studies. The observations of
single ground-based weather radar are affected by the
Earth’s curvature, which implies that the radar cannot
detect targets at a long range or when solid obstacles
present within its range. Consequently, single-radar
systems are unsuitable for detecting large-scale weather
systems and have a very limited application in the early-
warning systems for disaster weather, such as those that
monitor and predict the development and movement of
typhoons. In contrast, multiple radar systems cannot only
provide a greater detection range, allowing for more
intuitive and convenient analysis of large-scale systems but
also compensate, to a certain extent, for the disadvantages
of single-radar systems, such as the existence of the cone of
silence or the decreasing angular resolution as the slant
range increases.

Because the estimation of precipitation from weather
radar observations involves making assumptions regarding
the size distribution and the evolution of hydrometeor
particles from the observation height to the ground, the
precipitation forecast has some uncertainties associated
with it. However, the most fundamental uncertainty is
related to the reliability of radar observations (Warren
et al., 2018). The reliability of weather radar data is
affected not only by common external factors, such as
super-refraction and ground clutter, but also by the
accuracy of the reflectivity data itself. The equivalent
reflectivity factor Z can be obtained from the average echo
power P, at a distance r from the radar (Zhang et al., 2000):

Z = Crzﬁr, (1)

where C is the radar constant related to the transmitting
power, transmitting wavelength, beam width, pulse width,
and the antenna gain of the radar. Taking the common
logarithm of Eq. (1) and multiplying both sides by 10 gives
the reflectivity factor value in dBZ:

7=C+2r 4P, ()

where Z = 10log;¢Z, and C, 7, and 15, can be obtained in

the same way. It is evident from Eq. (2) that any error in C
will cause an equivalent error in the reflectivity factor.
Therefore, when using the Z-/ relationship to estimate
precipitation, inaccuracies in the radar calibration constant
C might result in significant estimation errors. The
empirical quantitative precipitation estimation model can
be expressed in logarithmic form Z=10 x log;o(a) + 10 x

b x logio(R). If the error caused by the model is ignored,
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the formula can be differentiated to AZ = o R The

relative error of quantitativeprecipitation estimation
<?> is linear with AZ. If the value of b is between 1.4

to 1.6, when AZ is 3 dB, the relative error of quantitative

precipitation estimation will reach 40% to 60%.

There are many calibration methods to maintain accurate
radar measurement of single radar. CINRAD systems use
internally generated test signals to calibrate reflectivity for
every volume scan (Zhang et al., 2000), but it’s difficult to
obtain full-path errors including receiver, transmitter,
antenna and wave guides. The standard floating metal
ball method is neither easy to operate nor to be frequently
used (Atlas, 2002). The method of reference rain gauge or
rain gauge is feasible for qualitative assessment, but it is
not acceptable for quantitative calibration due to the
spatiotemporal variability and different observation results
(Vaccarono et al., 2016).

The precipitation estimation range is limited when using
a single radar system due to beam broadening, with the
effective radius usually measuring<<100 km. Conse-
quently, quantitative precipitation estimation using multi-
ple ground-radars is widely used for large-scale
precipitation products. In applications of networked radars,
the calibration error can cause the echo intensity data
discontinuous, and lead to inconsistencies of quantitative
precipitation estimation results (Zhang et al., 2011). Smith
et al. (1996) analyzed the precipitation estimates from the
weather radars at Tulsa and Twin Lakes, Oklahoma, United
States, and found that the precipitation estimates varied in
the overlap areas due to the different calibration errors,
with the mean precipitation of the Tulsa radar being 30%
higher than that at the Twin Lakes radar. Xiao et al. (2006)
compared two adjacent S-band operational radars in south
China and found that the reflectivity deviation in the
overlapping area reached 3 dB; they also analyzed echo
intensity data of five radars from the middle and lower
reaches of the Yangtze River, and found that Wuhan
radar’s echo intensities are 2.4 dB weaker than that of
Hefei radar, 4.6 dB lower than Yichang, and 2.4 dB lower
than Changsha (Xiao and Liu, 2007). Han et al. (2018)
compared three S-band radars in southern Jiangsu and
found that Nanjing radar was about 3.5 dB weaker than
that of Changzhou radar which is about 0.9 dB weaker than
reflectivity of Nantong radar. Although the inter-calibra-
tion between adjacent ground radars is reliable, it is
difficult to determine which radar is more accurate. The
Precipitation Radar (PR) on board of the Tropical Rainfall
Measuring Mission (TRMM), launched in 1997, provided
three-dimensional precipitation data with a wide coverage;
and the PR covered the areas of China below the latitude of
38°N (Iguchi et al., 2000; Kozu et al., 2001; Liao et al.,
2001). The coverage of the TRMM’s successor-the Global
Precipitation Measurement (GPM) mission extends to the
North and South Arctic Circles (Hou et al., 2014). The
GPM satellite radar has been accurately calibrated using
the US GPM Ground Validation System to an error of less
than 1dB (Iguchi et al., 2016). It has been operating
steadily for many years, generating consistent and highly
reliable data (Warren et al., 2018). A few researchers have
compared the reflectivity data of the GPM Dual-Frequency
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Precipitation Radar (DPR) against the observations of
dual-polarization ground-based radars (GRs) in the
southeastern United States and found that the overall
performance of the GPM DPR was satisfactory (Iguchi et
al., 2016; Biswas and Chandrasekar, 2018). Chu et al.
(2018) reduced the calibration errors by referring the Ku-
Band Precipitation Radar (KuPR) carried by the Global
Precipitation Measurement (GPM) Core Observatory as a
standard reference, and the spatial continuity of reflectivity
factor and precipitation estimation fields of three radar
covering the lower reaches of the Yangtze in China Yangzi
was significantly improved after bias correction. Warren et
al. (2018) compared observations from multiple radars in
Sydney, Australia collected in 2009-2015 with satellite
radar data (TRMM PR and GPM Ku-band PR) to quantify
the calibration errors of the ground radars and verify the
attenuation correction algorithm, indicating that the GPM
Ku-band PR has been providing well-calibrated and stable
observations. The GPM KuPR observations form a
homogenous, continuous, and stable data set. In recent
years, the wide coverage and good calibration data of
space-borne radar has been widely used by researchers,
and is used as a reference to estimate the calibration error
of ground-based radars (Liao et al., 2001; Liao and
Meneghini, 2009; Han et al., 2018).

Reducing calibration errors and mitigating spatial
discontinuity are equally important for multiple radar
systems’ QPEs (Quantitative Precipitation Estimation).
The objective of this study is to improve QPEs of
networked radars by discontinuity correction. This paper
is organized as follows: Section 2 introduces the data and
approaches used in this research, Section 3 analyze the
consistency and correct the observations of a multiple radar
systems consisting of three radars (Nantong (NT),
Shanghai Qingpu (QP), and Zhoushan (ZS)) located in
the Yangtze River Delta region, by comparing the
networked radars’ observations with the GPM KuPR
data collected during typhoon Ampil, which landed in
Shanghai in 2018. In section 4, the quantitative precipita-
tion estimation results of the networked radars before and
after applying the correction were analyzed using ground
precipitation gauge measurements to verify the correction.

2 Data and methods
2.1 Echo intensity data of the space-borne radar

The GPM KuPR and the TRMM/PR parameters are
essentially the same (Awaka et al., 2016). In this study, the
GPM KuPR was selected as the reference standard for the
correction of the ground-based radars’ observation because
it has a longer wavelength than the Ka-band PR, making it
more compatible with the GR system. Although the Ka-
band PR is not directly used in this study, some of its
observations have been utilized in the attenuation

correction, bright band detection, and echo classification
algorithms for the GPM KuPR (Ma et al., 2020). The GPM
KuPR data are contained in the V05 version of the L2
product, and they include the attenuation-corrected 3D
reflectivity, precipitation type, and bright band parameters.
The data can be downloaded through the Precipitation
Processing System of the Goddard Space Flight Center
(available at NASA website). Similar to TRMM, the GMP
L2 products undergo quality control, beam-filling correc-
tion, near-surface clutter suppression, and attenuation
correction. Because it is based on a dual-frequency
algorithm, the attenuation correction method for the L2
products (Meneghini et al., 2015; Seto and Iguchi, 2015) is
better than that used for the TRMM PR products.

2.2 Ground-based weather radar (GR) data

In this study, we selected three S-band weather radars
(China New Generation Weather Radar (CINRAD))
located in the following three areas of the Yangtze River
Delta: Nantong (NT), Shanghai Qingpu (QP), and
Zhoushan (ZS). The effect of attenuation on the S-band
radar data can be ignored. The temporal resolution of the
echo intensity data is 6 min, horizontal resolution is 1° X
1° km, and data are recorded in polar coordinates. This
study uses the reflectivity factor data acquired by the
multiple radar systems during typhoon Ampil in 2018.
Clear air echo filtering and Severe Weather Now-casting
System quality control was used to eliminate non-
precipitation echo from the data (Wu et al., 2013). Areas
where the radar beam was blocked were identified
manually.

2.3 Precipitation measurement data

In this study, hourly rain gauge data was used as reference
data. Although rain gauge data are affected by sampling
errors due to different factors, such as calibration, wind,
and evaporation (Ma et al., 2015), and they can still be
considered as representative data of precipitation (Fran-
cisco et al., 2012). To verify the corrected reflectivity factor
data, we selected rain gauge data within 100 km of the
three netted-system radars during the duration of typhoon
Ampil. There are two OTT disdrometers deployed in
Pudong, Shanghai. The disdrometers could measure rain
DSD and fall velocities for particle size from 0.3 to 20 mm
(Chu et al., 2018), they are used here to derive Z
(reflectivity factor)-R (rain rate) relationship for typhoon
precipitations.

2.4 Spatial and temporal matchup

The GPM mission is an international satellite mission to
provide accurate precipitation measurements around the
globe every 2 to 4 h (available online at NASA website)
(Chandrasekar et al., 2008). A complete volume scan of the
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GR is approximately 6 min; therefore, the time window for
matching the KuPR data and the GR data are also -6 min.
There may be more than one obtained volume scans during
any given 6-min interval, to minimize the time difference,
we select the KuPR data based on the observation area and
then select the GR scan data that most closely matches the
KuPR detection time.

The geometric intersection method was used to match
the KuPR and the GR data spatially (Wang et al., 2015b).
To limit the effect of beam broadening, the matching range
was limited to a distance of 100 km from the ground-based
radar (Zhu et al., 2016). Because the minimum detectable
signal strength of the KuPR is about 18 dBZ (Seto and
Iguchi, 2015), whereas the GR can detect signals with
much lower reflectivity, a detection threshold of 15 dBZ
was selected to minimize the differences between the PR
and GR observations (Morris and Schwaller, 2011). In the
geometric intersection method, the two types of radar data
are matched spatially by calculating the mean reflectivity
factor and the GR reflectivity factor at the geometric
intersection of the Ku-band scan and each GR sweep
surface (as shown in Fig. 1). Therefore, the horizontal
resolution of the matched data is consistent with that of the
KuPR data, and the vertical resolution is consistent with
that of the GR reflectivity factor data (Kim et al., 2014).

Fig. 1 Schematic illustration of the geometry-matching method
(Solid lines represent the KuPR scanning beam; dashed lines
represent the GR sweeps; shading represents the overlap area)
(Goddard Space Flight Center, 2014).

3 Analysis of echo intensity differences
between networked radars

The severe tropical storm Ampil was formed on the north-
western Pacific Ocean about 680 km east of Luzon Island
in the Philippines on the morning of July 18. In the early
morning of July 21, it crossed Okinawa Island and entered
the East China Sea, gradually approaching the east China
coast. It made landfall along the coast of Chongming

Island in Shanghai at July 22 (Fig. 2), with the maximum
wind speed of 28 m/s (tenth level) near the center and the
lowest pressure of 982 hPa in the center. After what, it
rapidly weakened into a tropical storm.
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Fig. 2 The best track of typhoon Ampil (from 23:00, July 21 to
05:00, July 23, 2018 (UTC + 8)), effective precipitation observa-
tion range (150 km) of the three radars and rain gauge stations.

The movement of Typhoon Ampil in the offshore region
was monitored by the three radars (Fig. 3). As indicated by
the mosaic of the three radars, the structural integrity of
Typhoon Ampil had already been compromised as it
approached landfall. The primary and secondary rain belts
merged and evolved into a large rain belt, and the strong
echo area was distributed along the rain belt near the center
of the typhoon, whereas the overall structure maintained
the spiral pattern. The three-radar 1-km mosaic showed
that NT radar and QP radar received similar echo
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Fig. 3 The three-radar mosaic of the echo intensity at 1-km
height before correction (NT, QP, and ZS radar) at 02:30, July 22,
2018 (UTC), the black triangles represent the locations of the
radars, and the black ellipse highlights the discontinuity area.
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intensities; however, there was a clear discontinuity
between the echo intensities of ZS radar and QP radar
(the black ellipse in Fig. 3). Compared with QP radar, the
echo intensity received by ZS radar was obviously weaker.

The echo intensity data of two adjacent radars can be
compared to quantify the observation deviations between
them (Liu et al., 2002). The impact of ground clutters and
radar data interpolation at high elevation angles on the
observation deviations should be minimized so that the
deviations can essentially affected by systematic differ-
ences only. To this end, a spatial region resembling a
“floating cylinder” (Fig. 4) is selected for radar observation
comparison. The cylinder axis overlaps with the mid-
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deviations in the mean are presented in Fig. 5. It shows
that the three radars basically have the same trend in time
series of echo intensity. The echo intensity deviations
between radars fluctuate with time, which may be related
to the random changes in radar constants and the errors in
spatiotemporal matching. The radar reflectivity factor
(referred to as Z and expressed in dBZ) of ZS radar is
significantly smaller than that of NT radar, whereas the
latter is very close to that of QP radar (refer to Table 1 for
the biases and standard deviations).

Table 1 Statistics of the deviations of echo intensity between NT and
QP radar, NT and ZS radar

perpendicular line of the horizontal line segment connect- ~ NT-QP Bias/dB -0.436
ing the two GRs, and the base radius is 10 km, with the top pu 0.258
and bottom bases at 1.5 and 10 km above the mean sea {775 Biav/dB T3
level (MSL), respectively. 5379
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Fig. 4 Sketch of the “floating cylinder” for data comparison between two adjacent ground-based radars.
40 T 6 40 T 18
—+=NT —+=-NT
3571 - == QP 13 35r —«=7S 116
At ——NT-QP| , ——NT-ZS PR
30r * "ﬁ:; v’ 14 1 S P {14
E N C[\D] ’._'_‘,.-4—'"’"""'"‘-‘-:
< 25 P8 B[t 128
: R g
£ 20 22  E20f 110 g
E - :
o 15t 18 215t 18 &
Q Q
M m
1oy W 10 101 w I
5t 1-1 5t 14
0 L L L L L wt 0 L 1 L L 1 2
4:30 5:00 6:42 8:30 8:48 2:30 3:00 3:30 4:00 4:42
Time Time

@

(b)

Fig. 5 Time series of the reflectivity factors of the three radars and deviations between QP, ZS, and NT radar. (a) NT radar vs. QP radar;

(b) NT radar vs. ZS radar. The black lines represent the deviations.
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4 GPM KuPR-based correction and
verification

4.1 Data selection for comparison

To reduce the above-mentioned deviations, the bias was
corrected by using the KuPR data as reference. Consider-
ing that the KuPR and GRs differ from each other in
several aspects such as working frequency, scanning
method, viewing angle, sampling volume, and resolution,
the radar data should be first corrected for such differences
before being subjected to statistical analysis.

The main procedures are as follows:

1) Handling of ground obstacles of GRs

Among the three GRs, the ground obstacles of Nantong
radar are at azimuth angles of 167°-172° and 211°-218°
when the elevation angle is 0.5°, and 211°-218° when the
elevation angle is 1.5°.

2) Selection of GR radial distance

Analysis shows that GR and KuPR observations are
affected by ground objects in the radial distance of 0-25
km, whereas GR beams undergo severe broadening when
more than 100 km away in the radial direction. Therefore,
data matching is only performed in the radial distance
range of 25—-100 km (Warren et al., 2018).

3) Ku-band adjustment

The KuPR operates in the Ku band whereas GRs operate
in the S band. Different wavelengths have different Mie
scattering effects, which may make it impossible to directly
compare Z between the two types of radars. To overcome
this problem, Ku-band adjustment is performed following
Liao and Meneghini (2009), which converts echo
intensities detected by radars of different beam wave-
lengths into echo intensities of the same wavelength, while
selecting as many matching points as possible with a high
degree of filling, to minimize the influence of non-uniform
beam filling (NUBF) (Zhang et al., 2019).

4) Selection of height

According to Zhang et al. (2019), the KuPR and an S-
band GR have a relatively stable deviation in the
observations of stratiform precipitation, and the observa-
tion correlation between the two radars is higher below the
melting layer than that above the melting layer. Therefore,
the reflectivity factors of stratiform precipitation below the
melting layer are selected to analyze the observation
deviations between the two types of radar.

4.2 Bias correction

Three statistics of the echo intensity data between the three
GRs and KuPR were calculated after the above procedures,
namely the mean bias (Bias), standard deviation (o), and
correlation coefficient (CC). True Z relates to its measured
value Z,, as follows:

Z,=Z+AZ. 3)

Using the KuPR data as reference, the bias of the three
GRs in Z value can be calculated using Eq. (2):

AZ = Zxupr —Zcr; 4)

where AZ are expressed in dB. The results (Table 2) show
that Z was negatively biased by approximately 1.97 dB,
1.42 dB, and 7.27 dB for Nantong radar, Qingpu radar, and
Zhoushan radar, respectively. N is the number of matching
points in the scan regions of the KuPR and the GR, o is the
standard deviation, and CC is the correlation coefficient in
Table 2. It can also be seen from Table 2 that the deviation
between NT radar and ZS radar is about 5.3 dB, and the
deviation between NT radar and QP radar is about
—0.5 dB. The results are very close to the values in
Table 1 which obtained by comparing reflectivity factors
between adjacent radars. So, the accuracy of the results in
Table 2 can be considered reliable.

The GR echo intensities were corrected using the Z
biases with respect to the KuPR. As shown in Fig. 6, the
observation consistency between the three GRs is
significantly improved after correction as opposed to
before correction (Fig. 3). The mean echo intensity
deviations between NT and QP, Nantong and ZS were
reduced to 0.16 and 0.15 dB, respectively.

Table 2 Statistics of the reflectivity factor deviations between the three
GRs and the KuPR on July 22, 2018, during typhoon Ampil

NT Bias/dB (GR-PR) ~1.967
o 2.252
cC 0.864
N 10389
QP Bias/dB (GR-PR) —1.421
o 2.286
cC 0.868
N 3202
ZS Bias/dB (GR-PR) —7.265
o 2.620
cC 0.81
N 1149

4.3  Verification of the correction

4.3.1 Applicability verification in typhoons
Tropical storm Jongdari reached typhoon level at 20:00 on
July 26, and made landfall in Jinshan District, Shanghai at
about 10:30 on August 3, was about 10 days from the last
typhoon Ampil that landed in Chongming District,
Shanghai. As indicated by Fig. 7, the echo intensity of
ZS radar was obviously weaker than that of the other two
radars, which is similar to Fig. 3.

Figure 8 shows the deviations between the three radars.
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Fig. 6 The three-radar mosaic of the echo intensity at 1-km
height after the correction (NT, QP, and ZS radar) at 02:30, July 22,
2018 (UTC), the black triangles represent the locations of the
radars.

The mean deviation of echo intensity between QP radar
and ZS radar is 5.8 dB, and that between NT radar and ZS
radar is 6.0 dB.The deviation is stable within 1dB
compared with that during Typhoon Ampil. It can be
considered that the above three radars were basically stable
in the interval time between the two typhoons. The GRs’
echo intensities were corrected using the biases with
respect to the observations of KuPR in Table 2. The
deviations between NT and ZS radar, QP and ZS radar
were reduced to 0.71 and 0.04 dB respectively after
correction, and the observation consistency between the
three GRs was significantly improved (Fig. 9).
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Fig. 7 The three-radar mosaic of the echo intensity at 1-km
height before correction (NT, QP, and ZS radar) at 19:30, August
02, 2018 (UTC), the black triangles represent the locations of the
radars, and the black ellipse highlights the discontinuity area.

4.3.2 Correction accuracy verification

The gauge data was used for further analysis, the
reflectivity factor data for positions corresponding to rain
gauge stations was determined using the natural neighbor
interpolation method. The echo intensities are converted to
rainfall intensities using the empirical Z—/ relationship Z =
aR’, and then the 1 h cumulative precipitation was
estimated. Previous researches showed that the typhoon
precipitations contain higher raindrop concentration and
have lower raindrop diameter than that of maritime
convection (Tokay et al., 2008; Wen et al., 2018; Bao
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Fig. 8 Time series of the reflectivity factors of QP, ZS, and NT radars and time series of reflectivity factor differences between the radars.
(a) NT radar vs. QP radar; (b) QP radar vs. ZS radar. The black lines represent the deviations.
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Fig. 9 The three-radar mosaic of the echo intensity at 1-km
height after correction (NT, QP, and ZS radar) at 19:30, August 02,
2018 (UTC), the black triangles represent the locations of the
radars.
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Fig. 10 The Z (reflectivity factor)-R (rain rate) relationship Z =
112.29R"** derived from disdrometers deployed in Nanhui and
Expo stations during Typhoon Ampil, and two commonly used
relations.

et al., 2020). Raindrop size distributions (DSDs) are the
fundamental microphysical property of precipitation. A Z
(reflectivity factor)-R (rain rate) relationship Z =
112.29R"** derived from disdrometers deployed in Nanhui
and Expo stations during typhoon Ampil, as shown in
Fig. 10. The quantitative precipitation estimations using Z
was compared with the rain gauge data within 100 km of
the three GRs. The statistics of the deviations between the
rain gauge data and the radar-estimated precipitation
before and after the correction are presented in Table 3,
where Bias denotes the mean bias, ¢ is the standard
deviation, and CC represents the correlation coefficient.
The statistics shows that the radar-estimated precipitation

Table 3  Statistics of the deviations between rain gauge data and QPEs
derived from the GRs’ observation (NT, QP, and ZS) during Typhoon
Ampil

Before correction Bias/(mm-h ') (Gauge-QPE) 1.35
o/(mm-h) 2.94

cc 0.89

After correction Bias/(mm-h ') (Gauge-QPE) 0.61
of/(mm-h") 2.49

cc 0.90

after correction is closer to the rain gauge data than that
before correction.

5 Discussion and conclusions

It’s found that there are obvious discontinuities in the
mosaic of the three S-band GRs in the Yangtze River Delta
region (NT, QP in Shanghai, and ZS radar) during the
impact period of Ampil in 2018. The echo intensities of the
three GRs are subjected to consistency analysis and
correction using the GPM KuPR data. The correction
reliability was verified using the gauge data. The results
show that:

1) NT and QP radars receive similar echo intensities.
The reflectivity factor of ZS radar is obviously smaller than
that of NT radar by more than 5 dB, which is the reason of
the discontinuity in the 1-km mosaic.

2) After correction, the Z differences between the radars
are significantly decreased, thereby significantly improv-
ing the echo intensity mosaic of the three GRs,
demonstrating an improved consistency in echo intensity
of multiple radar systems.

3) After correction, the rainfall estimated using the three
radars’ echo intensities are closer to the rain gauge data,
indicating that the GPM KuPR-based correction of echo
intensity consistency improves the accuracy of rainfall
prediction by multiple radar systems.

Restricted by the observation mode of the GPM satellite,
the space-borne radar only samples at limited times in the
scan regions of GRs, which means that there will be few
matching events in general and even fewer matching
events of non-precipitation echoes and precipitation echoes
in particular, thereby making it impossible to achieve a
real-time comparison of observation data between the
satellite-borne radar and the GRs. A hybrid method is used
to correct for attenuation of the KuPR beam (Meneghini
et al., 2015), which can be significant in heavy rainfall. It
means that there may be errors in the KuPR data when
heavy rainfall occurs.

For the rain gauges, the collection of rain suffers from
the wind-induced under-catch caused by trajectory deflec-
tion due to flow distortions. The observation values by the
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gauges may be smaller than the true values, and further
long-term experiments are needed to obtain the gauge
catch ration under typhoon conditions. The typhoon
precipitations contain higher raindrop concentration and
lower raindrop diameter than that of maritime convections,
and have complex structure. Limited by the number of
raindrop spectrometers, the data used in this study
is limited in the interpretation of the precipitation
structure.
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