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Abstract: Based on high-density gauge precipitation observations, high-resolution weather radar
quantitative precipitation estimation (QPE) and seamless satellite-based precipitation estimates,
a 1-km experimental gauge-radar-satellite merged precipitation dataset has been developed using the
proposed local gauge correction (LGC) and optimal interpolation (OI) merging strategies. First, hourly
precipitation analyses from approximately 40,000 automatic weather stations at 0.01° resolution were
used to correct bias in the radar QPE Group System (QPEGS), developed by the China Meteorological
Administration (CMA) and the Climate Prediction Center Morphing (CMORPH) precipitation
products. As precipitation events tend to have a more localized distribution at the hourly and 0.01°
resolutions, three core parameters were improved using the Ol method. (a) The spatial dependence
of the error variance for radar QPE was accounted for over six sub-regions in China and is shown as a
non-linear function of the gauge precipitation analysis. (b) The spatial dependence of error correlation
for the radar QPE decreased exponentially with distance. (c) The error of the hourly gauge-based
precipitation analysis was quantified as a function of the precipitation amount and the gauge network
density, using the Monte Carlo method to randomly sample the gauge observations over the dense
gauge network. The performance of the 1-km experimental gauge-radar-satellite merged precipitation
dataset (named as China Merged Precipitation Analysis: CMPA_1lkm) was assessed at 6 h-temporal
resolutions and 0.03° x 0.03° spatial resolution using precipitation observations from 208 independent
hydrological stations as a reference. Compared with radar QPE and CMORPH, the CMPA-1km
showed obviously better accuracy in all sub-regions and during all seasons. In contrast, gauge
analysis and CMPA-1km shared similar accuracy, but the latter could estimate heavy precipitation
more accurately than the former, as well as the latter has the advantage of seamless spatial coverage.
However, the CMPA-1km exhibits larger uncertainty during the cold season compared to the warm
season, which will need further improvement in future work. The downscaled bias-corrected 0.01°
resolution CMORPH was employed to fill the gaps in regions, mainly in Western China and the
Tibetan Plateau, where gauge and radar measurements are limited.

Keywords: merged precipitation; LGC; OL 1 km

1. Introduction

Urban floods, flash floods and landslides due to heavy rainfall are a few of the world’s most severe
natural disasters. In China, these disasters can result in thousands of deaths and injuries and huge
economic losses. According to a report from the State Flood Control and Drought Relief Headquarters
office, 20 rounds of severe rainstorms across 26 provinces in China resulted in 32 million injuries
and 186 deaths during the months of June and July in 2016 [1]. Therefore, with the development of
the regional, high spatiotemporal, numerical weather prediction (NWP) model and the distributed
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hydrological model, a high-resolution (such as 1 km) precipitation product is urgently needed to verify
the performance of the NWP model and to force the hydrological model. However, precipitation
measurements at small spatial and short temporal scales are still a great challenge because of the high
spatiotemporal variation and nonlinear nature of precipitation [2].

Currently, surface precipitation is predominantly measured using rain gauges, weather radars and
satellites. Rain gauges provide the direct measurement of surface precipitation. However, the uneven
spatial distribution of gauges, especially over the Tibetan Plateau and vast ocean areas, limits their use.
While weather radar is widely used in China for quantitative precipitation estimation (QPE) due to
its unique advantages of high spatial (1 km) and temporal (5-6-min) resolution, radar precipitation
products may contain large error due to the mixed calibration standard for different weather radar
types, uncertainties in the Z-R relationships [3], as well as complicated types of precipitation in China.
In addition, the coverage of the weather radar is spatially limited, rendering its application nearly
useless over the complex terrain of Northwestern China, especially in the Tibetan Plateau, where
satellite-based precipitation products are the only reliable way to increase precipitation coverage.
Satellite-based precipitation products are generated by merging satellite infrared (IR) and passive
microwave (PMW) measurements. Their spatial resolution can reach up to 10 km. For example,
the National Oceanic and Atmospheric Administration (NOAA) Climate Precipitation Center (CPC)
Morphing Technique (CMORPH) has been producing global precipitation analyses on an 8-km grid
and 30-min interval since 1998 [4,5].

However, weather radar and satellite are indirect ways of measuring precipitation in nature and,
therefore, result in regional and seasonal systematic bias and random error that must be corrected [6,7].
Currently, the most common way to reduce these errors is to merge weather radar and satellite
products with the ground-based precipitation measurements, under the assumption that the gauge
measurement is unbiased. Extensive research has been carried out to correct the bias contained in the
radar QPE [8-10] and satellite-based precipitation estimate [11-15]. The mean-field bias correction and
the local bias correction are the most practical approaches to correct the bias. It is generally assumed that
the mean-field bias correction is sometimes limited owing to the high spatial and temporal variability
and the nonlinear nature of errors for precipitation. The local bias correction is more effective, especially
for large-scale stratiform precipitation in the cool season over the regions with dense rain gauges,
despite the fact that its result is dependent on gauge network density [9]. Therefore, research has
been increasingly focused on the local bias correction method, such as the Multi-Radar/Multi-Sensor
(MRMS) system developed by NOAA's National Severe Storms Laboratory (NSSL) [16]. In the MRMS
system, the local gauge correction (LGC) method is adapted to adjust for error inherent in the radar
QPE. Compared with the radar QPE, the LGC radar QPE increased the correlation coefficient from
0.88-0.95 and reduced the root-mean-square error (RMSE) from 0.75 inch/d-0.49 inch/d [17]. Once
bias has been corrected, the random error inherent in the radar QPE and satellite precipitation product
needs to be reduced further. Therefore, the two-step error correction method has been developed
to merge gauge precipitation observations with satellite estimates. A leading example is a two-step
conceptual model proposed to correct the bias of CMORPH [4] using the probability density function
(PDF)-matching technique against the rain gauge analysis at the daily and 0.25° resolutions [18,19].
Then, it combines the bias-corrected CMORPH with the gauge analysis using the optimal interpolation
(OI) method. The reasonable number of matching data pairs in PDF and error estimates for the
measured and first-guess field (one of the input datasets of OI) in OI have been improved and applied
to the development of the hourly gauge-satellite merged precipitation product at the 0.1° x 0.1°
resolution [15], which is publicly accessible online (http://data.cma.cn/data/online.html?t=6).

The strong regional dependence of precipitation error characteristics and gauge network densities
in China favors the local bias correction method for the radar QPE and satellite estimates [20]. Moreover,
complex terrain limits gauge and radar spatial coverage in regions of Western China, northwestern
Inner Mongolia and especially in the Tibetan Plateau. Therefore, the seamless satellite precipitation
estimate is a good alternative to fill the gaps. Therefore, this paper aims to make full use of the
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multi-source precipitation measurements and to develop an integrated algorithm to merge the hourly
gauge, radar and satellite precipitation estimates at the 0.01° x 0.01° resolution over China. The key
step of this algorithm is to correct the bias of the weather radar QPE and satellite precipitation estimates
and to then reduce the random error in the bias-corrected radar QPE using gauge analysis. Emphasis
will be placed on tuning regional parameters in OI at the hourly and 0.01° resolutions. At a fine
resolution like 1 km, the error parameters of the observed and first-guess precipitation fields are
strongly dependent on the resolutions of the product and rainfall. The error relationship for the
observed and first-guess precipitation fields is nonlinear with the precipitation at the 1-km resolution,
which is dramatically different from those at the 0.1° resolution. Besides, the parameters under the different
gauge density and complicated topography also need to be validated for the applicability of this algorithm.

This paper mainly describes the LGC-OI combined merging algorithm, which is organized as
follows: Section 2 describes the data used in this research. Section 3 outlines the merging methodology
and describes how to improve the regional merging parameters. Section 4 present the independent
validation results at 6-h temporal resolutions and 0.03° x 0.03° spatial resolution. This is followed by
conclusions and future research recommendations in Section 5.

2. Data

2.1. Merging Data

In this study, we used the hourly Automatic Weather Station (AWS) precipitation observations,
weather radar- and satellite-based precipitation products in this study to obtain the three-source
merged precipitation analysis at the 0.01° x 0.01° resolution.

2.1.1. AWS Hourly Precipitation Observations

The AWS network has been set up gradually since 2006 by the China Meteorological
Administration (CMA), and stations numbered more than 40,000 in 2015. The AWS measures the
hourly precipitation from May-September and ceases measurements from October to the following
April over Northern and Western China due to low temperatures. However, the spatial distribution of
the gauges is still highly inhomogeneous, as shown in Figure 1a. In Southeastern China, the gauge
density is high with the mean distance between a gauge and its nearest gauge 9.6 km, compared to
more than 500 km over Northwestern China, especially over the Tibetan Plateau. The quality-controlled
procedure in the real-time basis has been developed and applied for hourly precipitation observations
since 2010 [21,22]. In this process, climatologically extreme value check, regional limit value check
and spatiotemporal consistent check are conducted sequentially. The quality-controlled result is
classified as correct, dubious or wrong data. The number of quality-controlled AWS changes over time,
and Figure 1c shows the gauge number in July 2015 (a total of 744 h). A maximum gauge number of
38,721 occurred at 09 UTC on 31 July 2015.

Figure 1. Cont.
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Figure 1. (a) Spatial distribution of about 40,000 Automatic Weather Station (AWS) (red point) and
three sub-regions, (b) AWS observed hourly precipitation at 02 UTC 8 June 2015 and (c) time series of
correct and dubious AWS numbers from 00 UTC 1 July to 23Z 31 July 2015.

2.1.2. Radar-Based QPE

A radar QPE Group System (QPEGS) has been developed by the CMA and can provide a 10-min
precipitation field at the 0.01° x 0.01° resolution [23]. The distribution of weather radar stations
is spatially heterogeneous, as shown in Figure 1b, with each grey circle representing one radar’s
coverage. There are S-band and C-band weather radar in China with the maximum range 460 km
and 300 km, but the optimal ranges of 230 km and 150 km are used to estimate the precipitation.
The typical scanning strategy is VCP 21 (Volume Coverage Pattern), which has nine elevation angles
and completes 11 azimuthal scans in six minutes. In the QPEGS system, the radar base data are
first collected and pre-processed to remove the noise and echoes arising from non-meteorological
objects and false weather signals [23]. Up to 10 different predefined “a” and “b” coefficients of the
Z = a x R relationship, in which Z is the radar reflectivity and R is the precipitation estimate, are used
by local historical or real-time precipitation data [23], with the most common ones a = 200 and 300
and the corresponding b = 1.6 and 1.4. These coefficients area applied to estimate the regional and
seasonal precipitation from the radar reflectivity precipitation type. The validation results indicate
that the relative error of the hourly radar QPE during the year 2003 was about 40% with more than
90% coefficient values of “a” and “b” being 200-1.6 and 300-1.4 [23]. The hourly radar QPE from 00Z 1
January 1 to 23Z 31 December 2015 is used in this paper.

2.1.3. Satellite-Based Precipitation Product

The Global CMORPH precipitation estimate developed by NOAA’s CPC is used in this paper [4].
By morphing relatively accurate PMW retrieved precipitation with high-spatiotemporal cloud
information from IR, CMORPH can cover the area between 60°S and 60°N in a 30-min temporal
resolution and on an 8 km x 8 km grid. It has been reprocessed and bias-corrected from January 1998 [5].
The validation, based on the gauge-based precipitation analysis, shows that the CMORPH product can
capture the precipitation pattern relatively well compared to six satellite-based precipitation products
over China [6]. Among the individual scale conversion methods, inverse distance weight (IDW) is
simple, but very efficient. In this research, CMORPH was accumulated from 30-min-1-h temporal
intervals and then interpolated using the inverse distance weight (IDW) [24] method to a spatial
resolution of 0.01° x 0.01°. In this process, the surrounding 3 x 3 8-km grid boxes at the target 0.01°
x 0.01° grid box are selected to interpolate the precipitation at each 1-km grid box. The weight for
the IDW is inversely proportional to the distance between the target grid box and the surrounding
one [24]. The reprocessed CMORPH data are for the one-year period of 00 UTC 1 January to 23Z 31
December 2015.
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2.2. Independent Ground Observations and Evaluation Criteria

Observed precipitation, collected from 208 hydrological stations, is shared between the MWR
(Ministry of Water Resources of the People’s Republic of China) and CMA and serves as a valuable
independent precipitation source, which is used to evaluate the precipitation estimates in this
study. These stations can observe 6-h and daily accumulated precipitation. The times for the 6-h
accumulated precipitation begin with 00Z, 06Z, 12Z and 18Z, respectively. The spatial distribution of
the 208 hydrological stations, concentrated primarily in the middle and lower reaches of the Yangtze
River and the middle reaches of the Yellow, Huaihe and Songhuajiang Rivers, is shown in Figure 2.
Using the 32°N and 40°N latitude lines as boundaries, approximately corresponding to the annual
800-mm and 400-mm precipitation contours, China can be divided into three sub-regions: Region I,
Region II and Region III, in which precipitation decreases gradually from south to north. The number
of hydrological stations in Regions I, Il and IIl is 15, 73 and 120, respectively. The data used in this
research are from January-December 2015.
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Figure 2. Spatial distribution of the 208 hydrological stations (red points). The two blue lines correspond
to the annual 800-mm and 400-mm precipitation contours, which are used to divide China into three

sub-regions: Reg. I, Reg. IT and Reg. III.

Within the CMA, more than 2400 national automatic stations are considered benchmark stations,
owing to the high reporting rate and accuracy of precipitation observations [21]. The MWR observed
daily precipitation is checked against that of the benchmark stations. Statistical metrics, defined in
Section 2.2, were used to compare data from each hydrological station to its nearest benchmark station
for the year 2015, as shown in Table 1. The MWR observed precipitation is highly consistent with
the benchmark station observations. The correlation coefficient (CC) was 0.857 for the annual time
scale and was slightly higher during the cold season (0.895) than during the warm season (0.839),
the difference arising primarily from the individual scales of precipitation dominant during different
seasons. Large-scale (localized) precipitation events tend to dominate in the cold (warm) season,
leading to a relatively higher (lower) CC. The RMSE and bias also exhibited seasonal dependence.
RMSE was higher during the warm season (7.803 mm/d) than during the cold season (3.412 mm/d).
The MWR precipitation observations underestimated precipitation at both annual and seasonal time
scales. For example, the mean bias at the annual time scale was —0.362 mm/d. Furthermore, CC,
bias and RMSE were plotted with respect to the distance between each hydrological station and its
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nearest benchmark station, as shown in Figure 3. The CC (RMSE) gradually decreased (increased) as
the distance increased. However, bias did not vary significantly with distance, and bias for 188 among
the 208 hydrological stations was within +1.0 mm/day. Generally speaking, the MWR of observed
precipitation agrees well with that of the benchmark stations and can be considered sufficiently reliable
to validate the gauge-observed precipitation analysis, radar QPE, satellite precipitation estimates and
the gauge-radar-satellite merged precipitation product at a resolution of 0.01°.

Table 1. Statistical metrics for daily precipitation between the hydrological station (MWR Precip.) and

its nearest benchmark station (Benchmark Precip.) at three time scales.

MWR Precip. Benchmark Precip. RMSE Bias Sample

(mm/d) (mm/d) (mm/d) (mm/d) Number
Annual mean 3.365 3.728 0.857 5.686 ~0.362 74,390
(MV:;?S“e lif;s;’;‘e 9 5.092 5.469 7.803 ~0376 31,249
Cold Season 2114 2.467 3412 —0.352 43,141
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Figure 3. Scatter plots between the (a) correlation coefficient, (b) bias and (c) root mean square error
(RMSE) and the distance from the hydrological station to its nearest benchmark station.

Some commonly-used evaluation metrics, such as bias, RMSE and CC, were selected to evaluate
the accuracy of the precipitation datasets against the hydrological observed precipitation. Bias ranges
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from negative infinity to infinity, with zero representing the best result. RMSE ranges from zero to
infinity, with a value of zero representing the best result. CC ranges from —1-1, with one representing
the best result. The formulas are as follows:

Bias = % Z(Pi —8i) 1

) (pi 2)

i=1

RMSE = 1
n

m

ie1(pi — -3 3)

) \/):?:1(171‘ \/Zz 1(8i —

where p; is the precipitation value from the gauge, radar or the satellite precipitation estimates and p
is the average value of the related estimates; g; is the hydrological observed precipitation; and g is the

average for g;. N is the number of observed points or the number of time steps.

Additionally, some categorical verification statistics were used to reveal the skill of precipitation
products, including the equitable threat score (ETS), probability of detection (POD) and False alarm
rate (FAR) [11]. These statistics can be calculated using the following equations:

POD = — f i 4

FAR = HLH G)

TS = B AT ©)

ETS = H—i—Z\IjI:LZe—He’ where He = (ﬁiﬁﬁgi? @

The terms of the equations are defined in a contingency table (Table 2). The POD measures the
fraction of observed events that were correctly diagnosed. The FAR gives the fraction of diagnosed
events that did not actually happen. All of these scores range from 0-1; zero is the worst score, and one
is the best score for POD, TS and ETS, while zero is the best score and one is the worst score for FAR.

Table 2. Contingency table for comparing individual precipitation products (p) with the hydrological
precipitation observations (g). The rainfall thresholds in this paper are 0.1, 1.0, 5.0, 10.0, 20.0, 30.0, 40.0

and 50.0 mm/6 h.
p > Threshold p < Threshold
g > Threshold Hits (H) Misses (M)
g < Threshold False alarms (F) Correct negatives (C)
3. Method

A four-step flowchart displays the steps used to merge gauge, radar and satellite precipitation,
as shown in Figure 4. The first step is to pre-process the gauge observations from points to the
0.01° x 0.01° horizontal resolution using the climatology-adjusted OI [25,26]. The second step is to
correct the bias of the hourly radar and satellite precipitation estimates at 0.01° x 0.01° resolution using
the LGC method developed by [17]. The radar precipitation estimate shows the region-dependent
error distribution, which is defined as a function of the gauge-based precipitation analysis at the hourly
and 0.01° resolutions.
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Figure 4. Flowchart of the hourly gauge-radar-satellite precipitation merging algorithm at the
0.01 degree lat./lon. grid box. In this figure, the term Gauge Obs, ‘CMP’ and ‘QPE’ mean the gauge
precipitation observations, CMORPH satellite precipitation dataset and the quantitative precipitation
estimation derived from weather radar.

Then, the performances of the radar QPE and CMORPH products at the hourly and 0.01°
resolution are evaluated and compared to provide quantitative information for selecting the first-gauss
field of the OI algorithm. The precipitation estimates at the nearest grid box both from the radar QPE
and CMORPH products were matched with the point observed precipitation at the hydrological station.
Using the independent six-hour precipitation data observed by hydrological stations from June-August
2015 as a reference, the correlation coefficient and RMSE for radar and satellite precipitation estimates
were calculated and presented in Figure 5a,b. The correlation coefficient/RMSE between radar
precipitation and the hydrological observed precipitation was consistently higher/lower than that
between CMORPH and the hydrological observed precipitation, as shown in Figure 5a,b. Therefore, at
the 0.01° x 0.01° grid box, the radar precipitation estimate is more reliable than the CMORPH estimate
and can be considered a more accurate first-guess precipitation field. Therefore, the bias-corrected radar
precipitation estimate and gauge analysis are taken as the first-guess and measured field, respectively,
which are combined using the OI method and used to improve the parameters in Section 3.3.
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Figure 5. Time series of (a) correlation coefficient and (b) RMSE (mm/6 h) of radar (Rrain, red line) and
satellite (Srain, black line) precipitation products at the 6-h temporal interval from June-August 2015.
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Finally, the satellite-based precipitation product is used to fill the gaps that result from the limited
coverage of gauge and radar observations, especially in Northwestern China and the Tibetan Plateau,
to obtain the seamless precipitation analysis.

3.1. Gauge-Based Precipitation Analysis

Interpolating gauge-observed point precipitation to the grid-box precipitation analysis is an
efficient way to reduce spatial sampling error. Our precipitation interpolation strategy, known as the
three-step Ol algorithm of [27], was first proposed by [28] and developed by [25,26]. This algorithm
was developed at the daily time scale based on the daily climatological precipitation field (1981-2010),
which was first converted to the hourly time scale by dividing by 24. Next, the ratio of hourly gauge
precipitation observations and the corresponding hourly precipitation climatology were computed at
each gauge location. This ratio was then interpolated to the 0.01° x 0.01° grid. Finally, the gridded
ratio field was multiplied by the related precipitation climatology, resulting in the gauge-based hourly
precipitation analysis on a 0.01° x 0.01° lat./lon. grid. The daily climatological precipitation field
was introduced and corrected for the topography effect by the Precipitation-elevation Regressions on
Independent Slopes Model (PRISM) [29], a particularly important step for areas, such as Northwestern
China, that are dominated by complex terrain.

The searching radius and the number of gauges within the radius were considered together in the
OI method to interpolate the point precipitation observations to the grid-box precipitation analysis.
According to the regional gauge network density and different topography, China can be divided
into three sub-regions by the 40°N latitude and 100°E longitude lines, as shown in Figure 1a. Region
I includes most of the areas of Inner Mongolia and Northwestern China. Region II (III) is the area
with the highest (lowest) network density. A cross-validation experiment was conducted to judge
the reasonable searching radius and the number of influence gauges in the three regions of China.
In this experiment, RMSE and the average searching distance were calculated, with the number of
influenced gauges ranging from 1-15, as shown in Figure 6. The RMSE initially decreased with an
increase in gauge number. However, when the gauges number is four or larger, the RMSE became
relatively stable. Therefore, we concluded that when using the OI method for the hourly precipitation,
the number of influence gauges at a specific grid box should be at least four, with a number between
five and seven being the most highly preferred. In addition, the maximum searching radii for the three
regions were set to approximately 25 km, 12 km and 50 km, respectively, which are smaller than the
radii used by OI at the daily scale, because the hourly and 0.01° resolutions tend to represent more
localized precipitation events.

1.2 50 1.4 25
(a) — (b) - —
m 4 E 4 [ 2
—10 | & [ Sl 12 - £
= a 40 % = u 20 &
s & m® 2| 10 *eon 3 N 2
€ L 4 a 35 35 g 1 XS 3
£ 08 *o0008000000 | B| E 'Eeeeereee B
o - L w| = 0.8 a w0
2 0.6 ] 25 £ 2 [ ] i
2 = 5| Zos [ 5
o 20 2 e U 10 &
0.4 L © ] ©
] = 15 & 04 | @ 3
02 1 ™ * RMSE 10 & o2 #RMSE 5 &
B Mean Searching Radius 5 = . B Mean Searching Radius s

0.0 0 0.0 -0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Number of Influenced Gauges Number of Influenced Gauges

Figure 6. Cont.
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Figure 6. Curves for RMSE and the number of influence gauges with the increasing number of gauges
over Reg. I (a), II (b) and III (c), respectively, in China.

3.2. Local Bias Correction

In China, due to the mixed S-band and C-band radar types and complex topography, the radar
precipitation dataset contained notable bias and random errors [30]. The work of Zhang et al. [17]
proposed the LGC method, which uses rain gauge observations to correct the bias of the radar QPE
product. The approach can be summarized in the following steps:

(1) Calculate the radar QPE bias corresponding to gauge observed precipitation at each gauge
point i according to Equation (8):

bias = Ri — Gi 8)

where Ri and Gi are the precipitation measured by radar QPE and gauge, respectively.

(2) Interpolate the point bias to the radar QPE coverage with 0.01° x 0.01° resolution based on a
modified IDW [24]. The key in this step is to calculate the interpolation weight coefficient. However,
in regions with sparse rain gauge distribution, sometimes only one gauge is available for interpolation
within a certain radius, resulting in a constant error within the searching radius. This is especially
obvious in the Tibetan Plateau. In order to decrease error with increasing distance between the target
pixel and gauges, a normally distributed error estimate is used to calculate the following value (alpha)

for each radar pixel:
—42
e(0/2? ©)

o

-

I
—

1

where D is the influence radius, n is the number of gauges within D and d; is the distance between
the target pixel and the i-th gauge. If & > 1, there are enough interpolated rainfall observations in the
specified searching radius. If @ < 1, the weighting factor w; is multiplied by the formula below:

1

aX = d; <D

w; = dpr (10)
0; di>D

In order to improve the operational efficiency, the values for D are regionally dependent and are
the same as those used in Section 3, with values of 25 km, 12 km and 50 km for the three sub-regions
of China, respectively, in this research. For comparison, Zhang et al. [17] used values of D ranging
from 10 km-500 km at an interval of 10 km. The value for b is the same as that used in [17] and ranges
from 0.5-3.0 at an interval of 0.5. The value for b is determined when the mean squared error (MSE) is
lowest in the cross-validation (CV). The CV is performed by extracting 10% of the samples as the test
dataset to validate the interpolated results using the other 90% samples. This process repeats 10 times,
and each sample is only extracted once. CV is performed at each time step, meaning that the value of
b varies.
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3.3. Parameters in OI-Based Merging Method

After the LGC, the radar QPEs are merged with the gauge analysis using the Ol algorithm. The OI
framework can be demonstrated as the formula below:

n
A =F+ ) Wu(O; — F) (11)
i=1

where F; is the first-guess field, which is the LGC-corrected hourly radar QPE from Section 3.2. O;. is
the observed field at the grid box I where observations are available. The essence of Ol method is to

properly define the weight Wy;, which is a function of the error variance, of

: (07), and error correlation,

y{; (y?j), for the first-guess (observed) precipitation fields as below:

n
| 1(y{]. UGNV = il (=1, 2, ,m) (12)
]:
where A; = U—i and A; = U—’)}, which is the ratio of the error variance between the observed and
a; (%

first-guess field.

However, the spatial resolution of the LGC-corrected hourly radar QPE used in this study (0.01°)
is much higher than that used by [15] (0.1°). In order to obtain the analysis at the target grid box, an
influence range is first set at a given grid box and the deviation between the observed and first-guess
precipitation field then corrected according to weight. If there is no observation in the given range,
the analysis value at the target grid retains the value from the first-guess field. When each grid box
in the research domain has been analyzed once, the resulting analysis is a blend of the first-guess
and the observed precipitation. The essence of OI method is to properly define the weight, which
is determined from the error variance, Ulf (¢7), and error correlation, ‘u{]. (yfj), for the first-guess
(observed) precipitation fields. However, the Ol skill has been shown to be sensitive to error and error
covariance, which are dependent on the spatiotemporal scale of the product and the precipitation value
considered [15,31]. Therefore, at the hourly and 0.01° resolutions, errors for the gauge precipitation
analysis and the local-gauge-corrected radar QPE need to be tuned regionally because they tend to be
more localized.

3.3.1. Error Variance Estimate for the Radar QPE: O'Z-f

In the development of the hourly gauge-satellite merged precipitation analysis at the 0.1° x 0.1°
grid box, the error is defined by limited samples at a specific region [15]. However, at the 0.01° x 0.01°
grid box, the characteristics of precipitation and precipitation error are more regionally dependent,
so the spatial dependence of the error for radar QPE needs to be accounted for first. Considering the
hourly gauge-based precipitation analysis at the grid box with gauges as the “truth”, the regional
error variances for the radar QPE were fitted at six sub-regions according to the climate division
research of [32], as shown in Figure 7. In all six sub-regions, the error curves increased non-linearly
with increasing precipitation and tended to be a multiplicative model [7,33]. However, the coefficients
of the error fitting curves were different due to the different precipitation values in the six sub-regions.
The error values for North, South, Southwest China and Jianghuai area were larger than those of
Northeast and Northwest China.



Remote Sens. 2018, 10, 264 12 of 27

400 4000
(a) Northeast (b) North
350 - 3500 -
o 300 - o 3000 -
< <
£ - £ i
£ 250 52500
v [
§ 200 - é 2000 -
8 150 - 8 1500 -
£ 100 - £ 1000 -
w w
50 4 500
0 ‘” T T 1 O “ T T T 1
0 10 20 30 0 20 40 60 80
Precipitation(mm/h) Precipitation(mm/h)
3500 - 2500 A
(c) Jianghuai (d) South
3000
o 2000
gzsoo %
£2000 £1500
g 8
§ 1500 5
& 5 1000
> >
§ 1000 §
I} & 500 -
500
0 T T T 1 O T 1
0 20 40 60 80 0 20 40 60 80
Precipitation(mm/h) Precipitation(mm/h)
3000 12 -
(e) Southwest (f) East of Northwest
2500 - 10 -
o o
S 2000 T 8-
£ £
21500 g 6 -
=4 E
= 1000 > 4 -
2 2
I} i
500 2 -
0 T T T 1 0 T T T 1
0 20 40 60 80 0 2 4 6 8
Precipitation(mm/h) Precipitation(mm/h)

Figure 7. Error variance curves for the hourly radar QPE with precipitation at the 0.01° x 0.01°
resolution in the six sub-regions in China. (a) Northeast (east of 110°E, north of 42.5°N), (b) north (east
of 110°E, 35°N~42.5°N), (c) Jianghuai (east of 107.5°E, 27.5°N~35°N), (d) south (east of 107.5°E, south
of 27.5°N), (e) southwest (97.5°E~107.5°E, south of 35°N) and (f) east of northwest (97.5°E~110°E,
north of 35°N) (Shi and Xu, 2006).

3.3.2. Error Correlation Estimate for the Radar QPE: yf;

The error correlation for the first-guess field is defined as the correlation coefficient of the difference
between the bias-corrected radar QPE and the gauge-based precipitation analysis at the grid box
with gauges as the true value. We conducted the error correlation estimates for each of the six
sub-regions, selecting a 0.7° x 0.7° window at the center grid to explore the relationship between the
error correlation coefficient and the department distance between any two grids. The window was
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enlarged at an interval of 0.2° x 0.2° in order to guarantee that a sufficient number (more than 20 pairs)
of no-zero rainfall samples was obtained. Error correlation coefficients decreased exponentially with
distance, as shown in Figure 8. The correlation coefficient dropped to 1/e (about 0.37), representing
the e-folding distance. The hourly e-folding distance for the satellite precipitation estimate was about
20 km at a sample region of 107°E-117°E and 25°N-35°N at the 0.1° resolution. At the 0.01° resolution,
the error correlation coefficient for the radar QPE decreased exponentially with regional distance,
and the e-folding distance was less than 10 km. A smaller e-folding distance value is indicative of a
more localized precipitation event.
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Figure 8. Same as Figure 7, but for the error correlation coefficient of the radar QPE with the distance
between any two points.

3.3.3. Error Estimate for the Observed Field: o7

In the process of interpolating from uneven point precipitation observations to the gridded
analysis, the bias is supposed to be zero. However, random error arises from the spatial differences
between the point and the grid box, known as the sampling error. The error can be quantified
by comparing the difference between the gauge precipitation analysis and the “true” value in a
high-density gauge network. Assuming that the error of the gauge-based precipitation analysis
was regionally independent, they simulated the error at this target grid box to represent the error
in the entire study area. However, due to the individual precipitation characteristics and gauge
network densities over China, the assumption of regional independence for error of the gauge-based
precipitation analysis is often inaccurate. The construction of the high-density AWS network in China
provides an unprecedented opportunity to have multiple precipitation observations within a specific
grid box because their average can be treated as the “true” value according to the research of [15].
In the existing gauge network, there are 13 grid boxes with more than three and up to six gauges in
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each when the grid resolution is 0.05°. Up to 14 and 43 gauges can be found at grid resolutions of 0.10°
and 0.25°, respectively. The region covered by 28.5°-31.5°N and 116.5°-119.5°E was selected where
four among the 13 grid boxes are located. The error of the hourly gauge-based precipitation analysis
was quantified as a function of precipitation amount and gauge network density in this research area.

The gauge network density, N,g, is introduced to represent the target grid box with its surrounding
ones and is defined the same as in the research of [14]:

where Ngo Ng1 and Ny represent the number of gauges inside the target grid box, the number
of gauges surrounding the target grid box and the number of gauges one layer away, respectively.
The values of N1 and Ng; can be considered the contribution of the surrounding gauges to the target
grid box in the gridding process.

There are a total of 986 gauges in the research area with an average distance between a gauge
and its most proximate neighbor being 9.5 km. The minimum threshold values for the number of
gauges are 5, 10 and 28 at resolutions of 0.05°, 0.10° and 0.25°, respectively, when the arithmetic mean
of gauge observations is assumed to be the “truth” within the grid box. The Monte Carlo method was
used to randomly sample the gauge observations by generating a number of normally-distributed,
randomly-assigned numbers ranging from 1-986, corresponding to the 986 gauges. Reordering the
random numbers changes the related gauges accordingly. The number of gauges was randomly
selected for 100, 200, 300, 400, 500, 600, 700, 800 and 900, respectively, and spatial interpolation was
conducted 100 times for each case. The data for the period of June-August 2009-2011 were selected
with a total of 6624 h. The gauge precipitation observations for each time step were gridded 900 times
to ensure that there were sufficient samples to define the error of the gauge precipitation analysis as a
function of gauge network density and precipitation amount. The gridded method is the same as that
outlined in Section 3.

At a specific time, the error variance of gauge-based precipitation analysis at a grid box is
calculated as the deviation square between the analysis from the randomly-sampled observations and
the corresponding “truth” from the arithmetic mean of gauge observations. The parameter for the
number of equivalent gauges can be defined as 1/ (Ngg + 1). According to the value of the equivalent
gauge number and the “truth” precipitation, several intervals were divided separately. The average of
the error variance was plotted against each interval of the “truth” precipitation (Figure 8a) and the
number of equivalent gauges (Figure 8b), respectively. Figure 9 shows that at a specific resolution,
the error variance for the hourly gauge-based precipitation analysis increased with precipitation. When
precipitation was >10.0 mm/h, the error increased non-linearly. Comparing the three resolutions,
Figure 9 shows that error variance decreased with increasing precipitation when the grid resolution
was changed from 0.05° to 0.25°. When the grid resolution was varied from 0.10°-0.25°, the error
was significantly decreased. Moreover, at any given resolution, the error variance increased with
gauge network density, 1/ (N, + 1), meaning that error decreases as the number of gauges increases.
For example, when N, was increased from one to two, the error variance of the gauge precipitation
analysis was reduced by about 50% from 1.6 (mm/h)? to 0.8 (mm/h)? at the 0.05° and 0.10° resolutions
and from about 1.0 (mm/h)? to 0.5 (mm/h)? at the 0.25° resolution.

The results displayed in Figure 9 show that the error variance of the hourly gauge precipitation
analysis varies non-linearly and is proportional (inversely proportional) to precipitation (the number
of equivalent gauges (Neg)). The assumed error variance of the gauge-based precipitation analysis,
written as a multiplicative model, is as follows:

E2=a% RV« [1/(Neg +1)]° (14)

where E? represents the error variance of the hourly gauge precipitation analysis, R is the precipitation
and 1/ (Ngg + 1) indicates the gauge network density. The coefficients, 4, b and ¢, are obtained using
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the least squares method (minimizing the sum of square of error between the simulated and observed
data) by fitting the samples at the given grid resolution, as shown in Table 3.
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Figure 9. Error variances for the hourly gauge-based precipitation analysis under the different (a) gauge
“truth” precipitation and (b) gauge network density at the 0.05° (blue line), 0.10° (red line) and 0.25°
(green line) resolution. In this figure, N, means the number of equivalent gauges.

Table 3. Fitting coefficients, a, b and c, at grid resolutions of 0.05°, 0.10° and 0.25°, respectively.

a b c

0.05° 2.73 1.13 0.28
0.10° 2.43 1.08 0.17
0.25° 1.74 1.19 0.31

Using the fitting coefficients in Table 3, three plots were created to simulate the effects of
precipitation, grid resolution and gauge network density on error variance of the gauge-based
precipitation analysis, as shown in Figure 10. Here, N, is selected to be 0, 1, 2 and 5, respectively.
Consistent with the expected results, the simulation results showed that error variance of the hourly

gauge precipitation analysis increased with precipitation. At the same level of precipitation, a larger
N,¢ value corresponded to a smaller error variance.
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Figure 10. Cont.
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Figure 10. Simulated error variances changing with the precipitation and the gauge network density at
the three grid resolutions of (a) 0.05°, (b) 0.10° and (c) 0.25°.

3.3.4. Error Correlation for the Observed Field: y‘l?j

Assuming there is no correlation between gauge data errors at two different grid boxes,
the observation error correlation can be defined as:

o _ 1(i:j)
i = { 0(i # ) =

Actually, the error of the gauge-based analysis at grid i is correlated with grid j in the interpolation
of the gauge observations. However, due to the high density of the gauge network over Eastern China,
resulting in a searching radius less than 25 km, the error correlation of gauge data approximately met
this formula.

4. Result

4.1. The Result of LGC

The greatest rainfall in China occurs in July. Based on the hourly gauge-based precipitation
analysis developed in Section 3.2 for the period of July 2015 (a total of 744 h), the LGC scheme is applied
to cross-validate the hourly radar- and satellite-based precipitation estimates at the 0.01° x 0.01°
horizontal resolution. Figures 11-13 show the spatial distribution of bias, RMSE and the correlation
coefficient for the radar and satellite estimates with and without the LGC method. As can be seen
in Figure 11, the bias of the radar and satellite estimates was region dependent and underestimated
the precipitation without the LGC. The application of the LGC corrected the bias in the radar and
satellite estimates, making them closer to the gauge precipitation analysis. Additionally, the RMSE
of radar and satellite products was significantly reduced after the correction. As shown in Figure 12,
the RMSE of the radar estimates was predominantly red, indicative of values greater than 3.0 mm/h.
With the correction, the RMSE was predominantly green and yellow, indicative of values between
1.0 and 2.5 mm/h. A decrease in RMSE with the correction was similarly observed for the CMORPH,
as shown in Figure 12. Prior to the application of the LGC, the correlation coefficient between the radar
estimate and the gauge precipitation analysis showed dramatic regional variation, with values ranging
from 0.3-0.6. Following the correction, the correlation coefficient reached as high as 0.9 (0.6) for the
radar (satellite), as shown in Figure 13.
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Figure 11. Spatial distribution of bias with and without local bias correction for radar (a,b) and satellite
(c,d) at 0.01 degree lat./lon. grid.
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Figure 12. The same as Figure 11, but for RMSE.
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Figure 13. The same as Figure 11, but for correlation coefficient.

Table 4 shows the CV results for the whole month of July 2015, totaling 744 h with and without
the LGC for the radar and CMORPH estimates. Prior to the correction, the bias of the CMORPH was
less than that of the radar estimate. The relative bias of the CMORPH satellite precipitation product
was —5.4%, while that of the radar QPE was —18.3%. The bias of the radar precipitation estimate
was reduced from —18.3% without the LGC to 5.1% with the LGC. In addition, RMSE decreased
and the correlation coefficient increased for both radar and satellite precipitation estimates following
the application of the LGC. Actually, we also calculated the CV results for 04Z 1 July 2015 owing to
the heavy rainfall occurred; the relatively bias (correlation coefficient) is —49.8% (0.182) before LGC,
although it is improved to —15.8% (0.799) after LGC. Therefore, we think that the algorithm of the
CMORPH product needs to be urgently updated in order to meet the weather application need.

Table 4. Cross-validation results for the radar and satellite estimates with and without the LGC.

Radar QPE CMORPH
Without LGC With LGC Without LGC With LGC
Bias (mm/h) —0.340 0.095 —0.108 0.208
Relative Bias (%) —18.3 5.100 —5.400 10.400
RMSE (mm /h) 4.447 2.219 4931 2.798
CC 0.424 0.879 0.324 0.828

4.2. Evaluation of the CMPA_1km

4.2.1. Selection of Matching Data Pairs

Several factors (such as wind) may cause gauge-observed precipitation to shift spatially, especially
for high-resolution precipitation products, up to 0.01°. Therefore, the strategy of matching data pairs
should consider this spatial displacement in the statistical analysis. In order to verify this idea, we
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designed three spatial windows using the hydrological station’s position as the target grid box: (1) at
this target grid box (single grid box, wd0), (2) in the 3 x 3 window at the center of the target box
(9nine grid boxes, wd1) and (3) in the 5 x 5 window at the center of the target box (25 grid boxes,
wd?2), to match the gauge-based precipitation analysis and radar QPE with the hydrological observed
daily precipitation. In the three windows, the values closest to the hydrological observations were
selected from the gauge analysis and radar QPE to calculate statistical metrics, including CC, RMSE
and bias, between gauge analysis, radar QPE and hydrological observations. Figures 14-16 show the
time series of CC, RMSE and bias in the three windows, respectively. It can be seen from Figure 14
that there are obvious differences in the CC between the 3 x 3 and 5 x 5 windows and the single
grid box. The CC for the 3 x 3 and 5 x 5 windows was larger than that for the single grid box.
A trend was similarly observed with RMSE for both the gauge analysis (Figure 15a) and radar QPE
(Figure 15b), where RMSE for the 3 x 3 and 5 x 5 windows was consistently lower than that at the
single grid box. For the time series of bias, the gauge analysis was more affected by the sampling
window (Figure 16a) than radar QPE (Figure 16b). These results indicate that the statistical metrics
of gauge precipitation analysis and radar QPE, especially CC and RMSE, at the 0.01° resolution are
influenced by the sampling windows. The effect of the sampling window and localized precipitation
on the accuracy of the product can be considered together in the statistical evaluation. Therefore,
in this study, the 3 x 3 window was designed to match the gauge, radar and satellite precipitation
estimates with the hydrological observations.
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Figure 14. (a) Time series of correlation coefficients between the hydrological precipitation observations
and gauge precipitation analysis (Grain); (b) time series of correlation coefficients between the
hydrological precipitation observations and radar QPE (Rrain) and at the three sampling windows,
wd0, wdl and wd2, respectively, from June-August 2015.
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Figure 16. Same as Figure 14, but for bias.

4.2.2. Evaluations in Heavy Rainfall Events

Using the LGC-OI methods and the newly-defined regional error parameters in Section 3, we first
corrected the bias for the radar QPE and CMORPH products using the LGC method. Then, we merged
the bias-corrected radar QPE with the gauge-based analysis to generate an hourly merged precipitation



Remote Sens. 2018, 10, 264 21 of 27

product with a horizontal resolution of 0.01° from January-December 2015. Finally, the bias-corrected
CMOPRH product was used to fill gaps not covered by either gauge or radar QPE.

Influenced by a high-altitude trough and a low-level shear, a heavy rainstorm occurred in
the region of north-central Guangxi province, south-central Hunan province, north-central Jiangxi
province and most of Zhejiang province in China from 8-9 June 2015. Figure 17 exhibits the 0.01°
spatial distribution of the precipitation event at 11Z on 8 June 2015 as depicted by the gauge-based
precipitation analysis (Figure 17a), radar QPE (Figure 17b), CMORPH product (Figure 17c) and
the gauge-radar-satellite merged precipitation product (Figure 17d). Each precipitation product
effectively captured the rainfall belt in Southeast China very well. However, the CMORPH product
underestimated precipitation. Radar QPE provided a better precipitation distribution compared to the
gauge-based precipitation analysis, but still experienced incomplete spatial coverage, especially in the
large majority of Western China (west of 100°E), north of Inner Mongolia and Heilongjiang province.
The gauge-radar-satellite merged 0.01° precipitation product depicts a more detailed rain belt and
full spatial coverage, reflecting the characteristics of the high-resolution precipitation product and
achieving the goal of the multi-source measured precipitation combination.

(a) Gauge Analysis (b) Radar QPE
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Figure 17. Spatial distribution of the precipitation event occurred at 11Z 8 June 2015 with the resolution
of 0.01°depicted by (a) gauge-based precipitation analysis (gauge analysis), (b) radar QPE, (c) Original
CMORPH product (Orig_ CMPH) and (d) the gauge-radar-satellite merged precipitation product
(merged) (unit: mm/h).

Using the hydrological station precipitation observations as an independent data source,
the evaluation metrics for individual precipitation products at the 1-km, 6-h resolution were calculated
during the heavy rainfall event from 8-9 June 2015, as shown in Table 5. The CC of CMPA-1km was
0.8821, which was the highest among the gauge, radar and satellite precipitation products. The RMSE of
CMPA-1km was 2.1580 mm/6 h, which was the lowest of all ground, radar and satellite precipitation
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measurements. CMORPH had the smallest mean bias (0.0583 mm/6 h) and relative bias (5.15%)
compared to gauge, radar QPE and CMPA-1km products. The results indicate that the CMORPH
precipitation product has a tendency to either overestimate or underestimate precipitation, depending
on the region and season [6]. This over- and under-estimation offsets the bias, which then tends to
have a value close to zero. The CC (RMSE) of the radar QPE was higher (lower) than that of the
CMORPH product, indicating that radar QPE may be superior for monitoring heavy rainfall. Using
the independent precipitation observations, Wu et al. [34] examined the performance of the MRMS
product developed by NSSL at a 6-h and 1-km resolution over the CONUS (CONtinental United
States). The CC was 0.855, and the RMSE was 2.1 mm/6 h, which indicates that the MRMS product
has the same level of accuracy as the CMPA-1km product over China.

Table 5. Evaluation metrics of individual precipitation observations during the heavy rainfall event that
occurred on 8-9 June 2015. NSSL, National Severe Storms Laboratory; MRMS, Multi-Radar/Multi-Sensor.

CC RMSE (mm/6 h) Bias (mm/6 h) Relative Bias (%)
Gauge Analysis 0.843 2.643 0.506 44.61
Radar QPE 0.512 3.687 —0.374 —32.95
CMORPH 0.474 3.904 0.058 5.15
CMPA-1km 0.882 2.158 0.263 23.19
NSSL MRMS (1 km) 0.855 2.1 — —

4.2.3. Evaluations in Summer and Winter Seasons

The statistical indexes of gauge analysis, radar QPE, CMORPH and CMPA-1km in the summer
and winter seasons were calculated at a 6-h temporal resolution, as shown in Table 6. Generally,
the result in the summer was better than that in the winter. For example, the CC of CMPA-1km
was 0.80 (0.93), and the relative bias was 18.36% (—4.71%) in the winter (summer). ETS and TS for
CMPA-1km were almost at the same level, but the POD and FAR were seasonally dependent. POD
(FAR) for CMPA-1km was 0.8 was (0.15) in the winter and 0.83 (0.18) in the summer. In addition,
comparison with individual precipitation measurements showed that the gauge-based precipitation
analysis was the closest to the hydrological station observations. The RMSE and bias of the gauge-based
precipitation analysis were the smallest among those of CMPA-1km, radar QPE and CMORPH products
for both the summer and winter. For example, in the summer, the RMSE was 1.7984 mm/6h, and the
bias was —0.0146 mm/6 h. The CC of the gauge-based precipitation analysis in the summer was 0.9418,
which is higher than that of the CMPA-1km (0.9257), radar QPE (0.7416) and CMORPH products
(0.5324). Therefore, in view of the RMSE, bias and CC values, the accuracy of the gauge precipitation
analysis is higher than that of the CMPA-1km, radar QPE and CMORPH products. This can be partially
explained by the fact that the MWR stations used in this study are mainly distributed in Southeast
China (Figure 2), where the automatic weather stations have the highest density [15]. However,
the gauge-based precipitation analysis is not able to accurately capture the precipitation structure
over Northwest and Northeast China, especially in the Tibetan Plateau, because of the uneven and
limited distribution of gauges. Although RMSE, bias and CC for CMPA-1km are less accurate than
those for the gauge analysis, CMPA-1km has advantages in depicting precipitation structures owing to
its relatively complete spatial coverage for the precipitation field. Therefore, it is essential to develop
some parameters that can be used to characterize the high-resolution precipitation structure, which
will enhance the assessment of precipitation structures. In addition, the radar QPE products showed
an overestimation of 4.48% for the winter precipitation and an underestimation of up to —35.11% for
summer precipitation. Further examination of the spatial distribution of the radar QPE showed that
the overestimation in the winter is mainly related to local precipitation in South China. For example,
the gauge-observed precipitation was 6 mm/h on 4 December 2015, while the precipitation from the
radar QPE was up to 20-25 mm/h. It is also noted that although CC and RMSE for CMORPH are not
as good as radar QPE, bias for the CMORPH product is only 0.1300 mm/6 h in the summer. The RMSE
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and bias for CMORPH are relatively large in the winter due to its limited capability to detect light and
solid precipitation [35].

Table 6. Evaluation metrics of individual precipitation observations in summer and winter seasons at a
6-h temporal resolution. The threshold value is 1.0 mm. ETS, equitable threat score; POD, probability
of detection.

Winter (December-February) Summer (June-August)
cC RMSE Bias Relative cC RMSE Bias Relative
(mm/6h) (mm/6h) Bias (%) (mm/6h) (mm/6h) Bias (%)
Gauge Analysis 0.8705 1.1189 0.0660 12.04 0.9418 1.7984 —0.0146 -1.37
Radar QPE 0.6789 1.7950 0.0246 4.48 0.7416 3.8509 —0.3727 —35.11
CMORPH 0.4473 1.9252 —0.3461 —63.15 0.5324 5.1322 0.1300 12.24
CMPA-1km 0.7998 1.4468 0.1006 18.36 0.9257 2.0446 —0.0500 —4.71
Winter (December-February) Summer (June-August)
ETS TS POD FAR ETS TS POD FAR
Gauge Analysis 0.72 0.74 0.83 0.13 0.70 0.74 0.84 0.15
Radar QPE 0.46 0.51 0.63 0.28 0.49 0.55 0.70 0.29
CMORPH 0.27 0.30 0.33 0.20 0.35 0.41 0.61 0.44
CMPA-1km 0.67 0.70 0.80 0.15 0.67 0.71 0.83 0.18

In terms of the indexes that can be used to express the accuracy of the precipitation location,
the values of ETS, TS and POD for gauge analysis, radar QPE, CMORPH and CMPA-1km products
are equal to 1.0, and FAR is equal to 0.0 when the precipitation threshold is selected to be 0.0 mm,
indicating that these products are able to capture the precipitation area very well (results not shown).
Table 6 only shows the results when the threshold value was 1.0 mm. The values of TS and POD
for the individual precipitation product were relatively higher in summer than those in winter. For
example, the TS value for CMORPH increased from 0.30 in winter to 0.41 in summer, and the POD
value for CMPA-1km increased from 0.80 in winter to 0.83 in summer. However, the FAR value for
all precipitation products was higher in summer than that in winter. For instance, FAR values for
CMPA-1km were 0.15 in winter and 0.18 in summer, which were dramatically lower than the related
values for radar QPE (0.28 in winter and 0.29 in summer) and CMORPH (0.20 in winter and 0.44 in
summer) and similar to the values for gauge analysis (0.13 in winter and 0.15 in summer).

4.2 4. Evaluations over Different Regions

Evaluations for individual precipitation products were conducted over the three sub-regions, as
defined in Figure 2, during summer and winter (Table 7). The performance of the four precipitation
products indicated seasonal and regional dependence. Over Region I, the CC and relative bias for the
four products were invalid in winter because observed precipitation at the hydrological stations and
the CMORPH precipitation were both 0.0 mm, resulting in RMSE and bias values of zero. During the
summer, the radar QPE performed better in Region II than in Regions I and III, where the CC was
0.7771 and relative bias was —12.0%. However, the CC (relative bias) for the CMORPH product was
0.4551 (26.13%) in Region II, which was lower than that in Region I (0.5746 (—11.77%)) and Region III
(0.5540 (8.70%)). The performance of CMPA-1km in Region III had a higher CC (0.9388 in summer
and 0.8771 in winter) and lower RMSE (2.1545 mm/6 h in summer and 1.3662 mm/6 h in winter)
and bias (—0.0476 mm/6 h in summer and 0.1266 mm/6 h in winter) than radar QPE and CMORPH.
The accuracy of CMPA-1km is almost the same as that of gauge analysis, but CMPA-1km has the
advantage of seamless spatial coverage.
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Table 7. Evaluation metrics of individual precipitation observations in summer and winter seasons
over three sub-regions at a 6-h temporal resolution.

Winter (December—February) Summer (June-August)
Region I cc RMSE  Bias  polativeBias%) cc  NMSE Bl poiative Bias (%)
(mm/6 h) (mm/6 h) (mm/6 h) (mm/6 h)

Gauge analysis - 0.163 0.015 - 0926  1.268 —0.052 —7.37
Radar QPE - 1.076 0.093 - 0715 2311 —0.147 —20.86
CMORPH - 0.000 0.000 - 0575  2.736 —0.083 -11.77
CMPA-1km - 1.077 0.098 - 0.898  1.449 0.008 1.19

Winter (December—February) Summer (June-August)
Region II CC RMSE Bias Relative Bias (%) CC RMSE Bias Relative Bias (%)
(mm/6 h) (mm/6 h) (mm/6 h) (mm/6 h)

Gauge analysis 0725  0.165 0.013 58.94 0.896  1.741 —0.060 —7.98
Radar QPE 0.612  0.213 0.025 111.80 0.777  2.544 —0.091 —12.00
CMORPH 0.033  0.318 —0.002 —7.64 0455  4.368 0.198 26.13
CMPA-1km 0704  0.178 0.017 75.53 0.872  1.934 —0.061 —8.07

Winter (December—February) Summer (June-August)
Region Il CcC RMSE Bias Relative Bias (%) CC RMSE Bias Relative Bias (%)
(mm/6h)  (mm/6 h) (mm/6h) (mm/6 h)

Gauge analysis 0916  1.090 0.093 11.01 0953  1.872 0.017 1.32
Radar QPE 0.746  1.904 0.003 0.36 0.743  4.550 —0.560 —43.89
CMORPH 0474 2313 —0.529 —62.41 0.554  5.698 0.111 8.70
CMPA-1km 0.877  1.366 0.127 14.93 0939 2155 —0.048 -3.73

4.2.5. Evaluations of Precipitation Area

ETS, TS, POD and FAR with different precipitation threshold values (0.1, 5.0, 10.0, 20.0, 30.0, 40.0
and 50.0 mm/6 h) were calculated for the gauge analysis, radar QPE, CMORPH and CMPA-1km in
2015 at a 6-h temporal resolution, as shown in Figure 18. The results indicate that these indices for the
four products are dependent on the precipitation threshold values. With an increase in threshold values,
ETS, TS and POD tended to decrease, while FAR increased slightly. The values of the gauge analysis
and CMPA-1km were much closer and significantly better than those of radar QPE and CMORPH.
In addition, when the precipitation threshold value was selected to be 5.0 mm/6 h, the radar QPE had
higher ETS and TS values than CMORPH. When the precipitation threshold value was 10.0 mm/6 h,
the ETS and TS values of radar QPE and CMORPH were very close. When the precipitation threshold
value was greater than 10.0 mm/6 h, CMORPH performed better than radar QPE. However, POD and
FAR values of CMORPH were larger than those of radar QPE regardless of the precipitation threshold
value, which indicates that CMORPH tends to have a greater precipitation spatial coverage.

080 - B Gauge m Radar - ® Gauge ® Radar
- CMORPH 5 CMPA-1km 0.80 CMORPH B CMPA-1km
0.70 0.70 A
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Figure 18. Cont.
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Figure 18. Values of ETS, TS, POD and FAR for gauge analysis, radar QPE, CMORPH and CMPA-1km
products at a 6-h temporal resolution in 2015 with different precipitation threshold values.

5. Conclusions and Future Research Recommendations

The merging algorithm for the high-resolution, multi-source precipitation analysis is needed to
correct the drawbacks and enhance the advantages of individual precipitation measurements. In this
study, we propose an hourly merging strategy at the 0.01° x 0.01° horizontal resolution to combine
the gauge-based precipitation analysis, radar QPE and downscaled CMORPH product.

A simplified optimal interpolation (OI) scheme was employed to interpolate the hourly gauge
observations to a gauge-based precipitation analysis at the 0.01° lat./lon. grid. We improved the
regional searching radius and the number of influence gauges at three sub-regions in China and
concluded that there should be at least four gauges, preferably between five and seven, to obtain a
gauge analysis at a given grid box and maximum search radii of about 25 km, 12 km and 50 km in the
three sub-regions, respectively.

The merging step was then applied to correct the bias inherent in the radar QPE and satellite
precipitation estimate using the local gauge correction (LGC) method developed by [17]. After the LGC
processing, the bias of radar QPE and satellite CMORPH was significantly reduced. The bias-corrected
radar QPE, as the first-guess field, was then combined with the gauge analysis, as the observed
field, through the OI scheme [14,15]. An improved treatment of the parameters in OI was conducted
regionally in three steps.

Supported by ground observations measured at 208 hydrological stations over mainland China,
the experimental CMPA-1km dataset from 1 January-31 December 2015 was evaluated at 6-h temporal
resolutions and 0.03° x 0.03° spatial resolution and compared with CMORPH, radar QPE and gauge
analysis. The results indicate that: (1) the accuracy of this new dataset is obviously better than
CMORPH and radar QPE; and (2) although the CMPA-1km did not show superior performance
compared to gauge analysis, the former is more capable of estimating heavy precipitation and monitor
precipitation over remote and mountainous regions with a sparse and unevenly-distributed rain
gauge network.

The hourly, 0.01° merging technique proposed in the paper is still highly uncertain in regions
with sparse data, mainly in Western China and the Tibetan Plateau. In terms of future high-resolution
merging algorithm development, there are two competing strands. The first concentrates on improving
the radar QPE through the development of quality-control for the radar base data over China in the
real-time application and in retrospective processing from 2008 onwards for the climatic application.
The Multi-Radar/Multi-Sensor (MRMS) system [16] has provided a good prototype from which to
learn. The second aims to comprehensively use multiple-source measurements related to precipitation
and the numerical weather or hydrological models to improve the analyzed or assimilated techniques
in regions with sparse data [36]. The parameters of OI will be adjusted when new datasets are
introduced to minimize the potential uncertainty brought by them. Besides, more attention will be
paid to how to generate a more accurate first-gauss field of OI under the support of numerical weather
or hydrological models.
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