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Abstract: Probable Maximum Precipitation (PMP) is an essential prerequisite in designing dams,
spillways, and reservoirs in order to minimize the risk of overtopping infrastructure collapse,
especially under today’s changing climate. This study investigates conventional PMP estimation
approach by using both scarce in-situ observations and mainstream satellite precipitation products
in the Dadu River basin, where plenty of reservoirs and dams are being built. The satellite
data include Climate Prediction Center (CPC) MORPHing algorithm (CMORPH), Precipitation
Estimation from Remotely Sensed Information using Artificial Neural Networks-Climate Data Record
(PERSIANN-CDR), and Tropic Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation
Analysis (TMPA) 3B42V7. The evaluation of satellite products shows that CMORPH and 3B42V7
agree well with gauge-based dataset for the period of 1998-2013 at both the grid and basin scales, also
capturing the extreme precipitation events, with high Correlation Coefficients (CC) in terms of 0.68
and 0.71, respectively. Also, CMORPH and 3B42V7 show better performance for the magnitude and
spatial distribution of 24-h PMP in such complex terrains. PERSIANN-CDR shows an overestimation
in the upstream and an underestimation in the downstream. As among the first studies of satellite
precipitation-based PMP estimation, this work sheds lights on the suitability of satellite precipitation
in PMP estimation and could provide a reference for future extended spatially-distributed PMP
estimation in vast ungauged regions.

Keywords: probable maximum precipitation (PMP); satellite precipitation; statistical method;
the Dadu River basin

1. Introduction

Dams, reservoirs, and other water infrastructures play a significant role in human society [1-3].
These hydraulic infrastructures guarantee water availability [4] and help to regulate disasters
(e.g., floods and droughts) [5]. However, it should also be noted that dams and reservoirs can lead
to even more severe disasters once they collapse, which will cause huge calamities downstream [6].
Over the world, about one-third of all dam failures are induced by insufficient spillway capacities [7].
Therefore, attention should be paid to the design of dams, particularly the capability of spillways
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to accommodate large floods. Probable Maximum Flood (PMF) is regarded as the design criteria of
spillways [8,9], which is calculated from Probable Maximum Precipitation (PMP) in many countries,
such as the United States, Canada, China, India, and Australia [10]. Thus, accurate estimations of PMP
are very helpful to minimize the risk of overtopping dam collapse.

PMP is defined as the theoretical maximum precipitation for a given duration under modern
meteorological conditions [11], and it is mainly calculated by the meteorological method and statistical
method. The statistical method only needs precipitation data, and thus it is especially useful when there
is insufficient meteorological data to conduct the meteorological method [12]. The statistical method
that was developed by Hershfield [13,14] is widely used in different countries, such as India [15,16],
Spain [17,18], Iran [19,20], Japan [21], and Malaysia [22,23]. Many studies show that the Hershfield
method can provide comparable PMP estimates to those obtained by the elaborate meteorological
method [24]. Therefore, the World Meteorological Organization (WMO) [11] has suggested this method
for estimating PMP at stations with long periods of daily rainfall data.

Almost all statistical PMP estimation are traditionally based on gauge records, which has several
not negligible limitations. A major shortcoming of the gauge-based approach is that PMP values can
only be generated at specific points where rain gauges are located. Interpolation or area-reduction
curves are necessary for adjusting the point values to areas of various sizes [11]. However, for
interpolation, method choices and rain gauge locations would affect the spatial distribution of PMP
a lot. For area-reduction curves, more meteorological data are needed to establish the relationship.
Unfortunately, few meteorological observations are available in sparsely gauged or ungauged areas.

Recently, satellite provides unprecedented precipitation information with various temporal and
spatial resolutions, which would bring new opportunities for PMP estimation, especially over regions
with few rain gauges or weather radars. Satellite precipitation is continuous in time and space and will
not suffer from the uncertainty brought by interpolation or area-reduction curves. However, to our
knowledge, there are few studies using satellite precipitation to estimate PMP. Therefore, the objectives
of this study are (1) to evaluate three mainstream satellite precipitation products against a gauged-based
precipitation dataset in the Dadu River basin of China, where plenty of reservoirs and dams are being
built; and, (2) to estimate PMP using satellite precipitation products based on the statistical method.
Three methods are used to check the rationality of PMP, including the comparison with other study
results, worldwide storm records, and the frequency analysis based Gumble distribution. This work is
expected to promote the application of satellite precipitation in PMP estimation.

The remaining part of this paper is organized as follows. Sections 2—4 introduce the study area,
data, and methodology. Subsequently, the evaluation and comparison of satellite precipitation data and
of the detailed PMP results are shown in Section 5. Constructive discussion is presented in Section 6.
The concluding remarks are summarized in Section 7.

2. Study Area

The Dadu River is located between 99°42'E-103°48'E and 28°15'N-33°33'N, with a drainage
area of 7.74 x 10* km? in Sichuan province of China (Figure 1). It is a tributary of the Min River and
a sub-tributary of the Yangtze River. The Dadu River basin is surrounded by mountains, with an
elevation higher than 3000 m. A bealock sited in the midstream with an elevation of around 2000 m,
which provides the transportation channel of water vapor. The average annual precipitation ranges
from 800 to 1000 mm, among which 80% precipitation occurs from May to October. Large rainstorms
are often observed in the downstream, where floods frequently occur due to heavy precipitation and
complex topography [25].

The full length of the Dadu River is 1062 km, and its elevation drop is 4175 m. Therefore, the
basin has rich hydropower resources, which rank fifth in the 13 large hydropower bases in China.
Hydropower resources in the Dadu River are theoretically about 33,680 MW, which accounts for 72.9%
of the Min River and 23.6% of Sichuan Province [26]. According to the government’s plan, 29 cascade



Remote Sens. 2018, 10, 41 30f 19

hydropower stations will be constructed along the mainstream. Therefore, it is meaningful to perform
a study on PMP estimation in this basin.
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Figure 1. (a) Sketch map of the Dadu River basin and corresponding rain gauges; and, (b) Sketch map
of sub-basins in the Dadu River basin.

3. Datasets

3.1. Rain Gauge Precipitation Dataset

The China Gauge-Based Daily Precipitation Analysis (CGDPA), with a 0.25° and daily scale, was
used as gauge dataset in this study. It is produced from more than 2400 gauge observations based on
climatology-based optimal interpolation (OI) with topographic correction algorithm by the National
Meteorological Information Center [27,28]. The data can be obtain from http://data.cma.cn/. CGDPA
is a reliable precipitation dataset in Mainland China, particularly over the eastern and southern areas
with higher density of stations. It has been systematically validated by Shen and Xiong [27] and
found that the daily analysis has very good agreements with the observations over different regions
of China. It has been shown that this dataset can accurately capture precipitation processes and
has a definitive advantage in quantitative precipitation monitoring. It also has been successfully
used in flood monitoring and climatological studies, even in the sparsely gauged regions, like the
Tibetan Plateau and Xinjiang [29-38]. At present, CGDPA has been formally released as the official
daily gridded precipitation product that is normally recommended as a readily available input to
hydrological and meteorological applications over Mainland China [39]. The location of seven national
rain gauges involved in CGDPA production in this basin is shown in Figure 1. It should be noted that
the sparse gauge network could degrade the quality of CGDPA over the complex Dadu River basin
and this potential effect is discussed in the following sections.

3.2. Satellite Precipitation Dataset

Three Level-3 satellite-based precipitation datasets were used in this study (Table 1), which
included Climate Prediction Center (CPC) MORPHing technique (CMORPH) [40], Precipitation
Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN)-Climate
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Data Record (PERSIANN-CDR) [41], and Tropical Rainfall Measuring Mission (TRMM) Multisatellite
Precipitation Analysis (TMPA) research product 3B42V7 [42].

There are only 194 International Exchange Stations across the Mainland China [43] that are
used to adjust TMPA and PERSIANN-CDR. The seven gauges that are used in this study are not
included in the 194 gauge stations. Therefore, the evaluation and comparison do not suffer from the
independence problem.

As among the early studies of PMP estimation based on satellite precipitation data, a spatial
resolution of 0.25° is fairly coarse and it might induce some uncertainties to capture extreme rainfall
amounts, especially in mountainous regions. However, we primarily aimed at the feasibility of satellite
precipitation in PMP estimation.

Table 1. General information of three satellite precipitation products in this study.

. Temporal Spatial Input Retrieval
Short Name Full Name and Details Resolution  Resolution Data Algorithm References
Climate Prediction Center . Morphing )
CMORPH (CPC) MORPHing technique Daily 0.25 1998-2013 technique [40]
Precipitation Estimation from
Remotely Sensed Information Adantive artificial
PERSIANN-CDR using Artificial Neural Daily 0.25 1983-2013 nefral network [41]
Networks (PERSTANN)
Climate Data Record (CDR)
Tropical Rainfall Measuring GPCC monthly
Mission (TRMM) Multi-satellite . - gauge observation /
3Ba2v7 Precipitation Analysis (TMPA) Daily 025 1998-2013 to correct this bias (421
3B42 Version 7 of 3B42RT

4. Methodology

4.1. Hershfield Technique

The essence of the Hershfield statistical method is storm transposition, but instead of transposing
the specific rainfall amount of one storm, an abstract statistic K, is transposed. The procedure is based
on the general frequency equation [44]:

Xpmp = Xu + KinSn, 1)
X — X,—
Ky = msinl' )
n—1

where Xpysp is the PMP value for a station; X, S, and X,;;, are the mean value, standard deviation,
and the highest value of a series of n annual maxima, respectively. X,,_1, and S, are the mean and
standard deviation for this series excluding the highest value from the series. K, is the frequency
factor at each grid, which can be calculated by Equation (2). In this study, the largest K, of all grids-
Ky was chosen to be the K, of the whole basin.

During the estimation of PMP, we firstly employed the criteria proposed by Lin and Vogel [38]
to check whether the survey period from 1998 to 2013 was enough for PMP estimation in the Dadu
River basin. The minimum data size, Ny, is calculated by N, = T,%l + 2, (where Ty, is the maximum
deviation from the mean and computed by T, = (X, — Xi)/ Si). All of the datasets, both satellite and
gauge precipitation, satisfied the length check. However, this N;;, cannot necessarily guarantee a true
estimate of PMP [45]. In this study, 3B42V7 and CMORPH data from 1998 (the year the two products
are released) to 2013 were employed. In addition, we took full advantage of the long records of CGDPA
(1961-2013) and PERSIANN-CDR (1983-2013) to explore the influence of data length on PMP estimation.
Second, the sample mean X;, should be adjusted, because the frequency distribution of rainfall extremes
is skewed to the right and the mean tends to increase with length of record. The adjusted mean can
be computed by XTJ = (1 + 3% Cyn/ \/ﬁ) * X,, (Where XT/ is the adjusted mean, Cy;, is the coefficient
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of variation) [38]. Third, precipitation data are usually recorded for fixed time intervals so that such
data rarely yield the true maximum rainfall amounts for the indicated durations. Therefore, the annual
maximum daily rainfall amounts for a single fixed time interval should be multiplied by 1.13 in order
to yield values closely approximating those based on true maxima [11].

4.2. Extreme-Value Type I (Gumbel) Distribution

The extreme-value type I (Gumbel) distribution is a particular case of the generalized extreme
value distribution [46], which is used to model the distribution of the maximum (or the minimum)
of a number of samples of various distributions. It is useful in predicting the chance that an extreme
earthquake, flood, or other natural disaster will occur [47,48]. A comprehensive study of various
distributions was made by Hershfield and Kohlar [49], who found that Gumbel distribution is the
most suitable one for annual maximum precipitation series. Therefore, the Gumbel distribution was
chosen to fit to annual maximum precipitation series and various return period values were estimated.
The detailed equation can be found in Leese [50].

4.3. Statistical Metrics

Several statistical metrics were used in this study, including the Correlation Coefficient (CC),
Root-Mean-Square Error (RMSE), Mean Error (ME), Mean Absolute Error (MAE), Relative Bias (BIAS),
Probability of Detection (POD), False Alarm Ratio (FAR), and Critical Success Index (CSI).

CC reflects the agreement between satellite precipitation and gauge-based observations. RMSE,
ME, MAE, and BIAS are used to describe the error and bias of satellite precipitation. POD, FAR, and
CSl are calculated to measure the consistency between satellite and gauge data [51,52]. The threshold
of rain or no-rain events is defined as 0.1 mm/d according to the rain gauges detection sensitivity.
POD, FAR, and CSI range from 0 to 1. The above metrics are calculated as:

VY1l = f)(n = )

_ N
cc= SD¢SD, ' )
1 Y )
RMSE = N Y (ra—fu)", 4)
n=1
1 N
ME:anl(fn_rn)/ (5)
1 N
MAE = + ¥ [ra = ful, ®)
n=1
N _
BIAS = M % 100%, @)
Zn =1 n
H
POD = 7—=—7 ®
F
FAR=m+F ©)
H
Sl=grm+w (10)

where N is the number of samples; f, and f’ stand for individual and averaged satellite rainfall
estimates; and, r, and 7’ indicate individual and averaged gauge-based measurements. SD ¢ and SD,
represent standard deviations of satellite and gauge data. H represents the observed rain by gauge,
which is detected by satellite correctly, while M is the observed rain not detected, and F is not the
observed rain, but detected falsely.
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5. Results

5.1. Evaluation and Comparison of Precipitation

To understand the impact of precipitation inputs on PMP estimation, the accuracy of the satellite
precipitation was firstly evaluated against gauge observations. Figure 2 shows the spatial distribution
of mean annual precipitation of CGDPA, CMORPH, PERSIANN-CDR, and 3B42V?7, from 1998 to 2013
in the Dadu River basin. The precipitation amount of CGDPA, CMORPH, PERSIANN-CDR, and
3B42V7 ranged between 578~1646 mm, 408~1326 mm, 722~1180 mm, and 567~1351 mm, respectively.
All of the products performed an upstream-to-downstream increasing trend. Low precipitation
occurred in the northwest due to the combined effect of topography and distant location from the
water vapor source. In contrast, higher precipitation was distributed in the southeast, which is located
on the verge of mountains and the plain of Sichuan basin [26].
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Figure 2. Spatial distribution of mean annual precipitation in the Dadu River basin from 1998 to 2013:
(a) China Gauge-Based Daily Precipitation Analysis (CGDPA); (b) MORPHing algorithm (CMORPH);
(c) Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks—Climate
Data Record (PERSIANN-CDR); and (d) Tropic Rainfall Measuring Mission (TRMM) Multi-satellite
Precipitation Analysis (TMPA) 3B42V7.
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Statistics were computed at the seven pixels with rain gauges over the Dadu River basin, which
we believe could be better to reveal the actual performance of satellite precipitation (Table 2). In general,
the three satellite products showed acceptable capability in estimating daily precipitation in the Dadu
River basin, with CCs of 0.66, 0.55, and 0.70, respectively (Table 2, Figure 3a—c). PERSIANN-CDR
showed the largest RMSE (6.06 mm) and MAE (2.70 mm), the smallest ME (0.13 mm) and BIAS (4.63%).

Table 2. Summary of statistical metrics for the three satellite precipitation products. The metrics were
calculated based on grids with gauges.

Products CC RMSE (mm) ME (mm) MAE (mm) BIAS (%) POD FAR CSI
CMORPH 0.66 ** 5.13 —0.38 227 —14.08 0.78 047 0.46
PERSIANN-CDR 0.55 ** 6.06 0.13 2.70 4.63 0.81 0.45 0.49
3B42V7 0.70 ** 5.25 —0.18 2.18 —6.76 0.77 0.37 0.53

** Significant at p < 0.01.
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Figure 3. Scatterplots of grid-based precipitation comparison at seven selected grid boxes (first column)
and basin-averaged precipitation comparison (second column) in the Dadu River basin: (a,d) for
CMORPH, (b,e) for PERSIANN-CDR, (c,f) for 3B42V7. The diagonal dash line is black, and the best fit
line (using the least square method) is red.
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Spatially, The CCs of CMORPH and 3B42V7 performed better skills than that of PERSTANN-CDR
(Figure 4a—). In addition, CMORPH and 3B42V7 showed a similar spatial pattern of CC, with
higher values in the downstream and lower values in the upstream. PERSIANN-CDR showed better
correlations in the middle area. 3B42V7 had a smaller bias than CMORPH and PERSIANN-CDR across
the whole basin. PERSIANN-CDR had relatively larger RMSE over the basin. As for CSI, 3B42V7
performed the best among the three satellite products (Figure 4j-1).

The three satellite precipitation products were also compared over the whole basin, with the
metrics calculated using basin-averaged precipitation from satellite products and CGDPA. The metrics
for whole basin were improved greatly when compared with the grid-scale comparison for all of
the products (Figure 3, Table 3), similar with studies in other basins [30]. The CCs of CMORPH and
3B42V7 were 0.78 and 0.83, respectively, better than that of PERSIANN-CDR with a value of 0.68
(Table 3). The RMSEs were reduced to 2.37 mm for CMORPH, 3.45 mm for PERSIANN-CDR and
2.15 mm for 3B42V7, compared with 5.13 mm, 6.06 mm and 5.25 mm in the grid-scale comparison.
PERSIANN-CDR showed overestimation with positive ME (0.21 mm) and BIAS (8.05%), which was
contrary to the underestimation of CMORPH and 3B42V7.

Table 3. Summary of statistical metrics for the three satellite precipitation products. The metrics were
calculated based on basin-averaged precipitation.

Products CC RMSE (mm) ME (mm) MAE (mm) BIAS (%) POD FAR CSI
CMORPH 0.78 ** 2.37 —-0.27 2.30 —10.67 0.93 0.29 0.67
PERSIANN-CDR 0.68 ** 3.45 0.21 2.79 8.05 0.94 0.21 0.76
3B42V7 0.83 ** 2.15 -0.19 2.39 —7.24 0.95 0.23 0.74

** Significant at p < 0.01.

Annual maximum daily precipitation has great impact on PMP estimation [11]. Figure 5 shows
the spatial distribution of the highest and mean values of annual maximum daily precipitation during
the 16 years. For both the highest and the mean values of 16-year annual maximum daily precipitation,
CMORPH and 3B42V7 performed better than PERSIANN-CDR (Table 4). But, all of the satellite
products showed higher values than CGDPA in the upstream (grid number 1-120). We supposed
that CGDPA might underestimate the annual maximum daily precipitation since few gauges were
installed in the upstream. But, at the same time, CGDPA considered the topographic corrections in the
interpolation, and the underestimation should be small.

CMORPH and 3B42V7 showed similar PDFs to that of CGDPA, while PERSIANN-CDR was more
centralized around the moderate rainfall than the other three datasets (Figure 6). This was consistent
to results in Miao et al. [53]. Moreover, CMORPH and 3B42V7 captured most peaks, especially in the
downstream (Figures 5 and 6). PERSIANN-CDR showed a flatter curve with an overestimation in the
upstream and an underestimation in the downstream. Because PMP estimation was calculated from
the annual maximum daily precipitation, the poor performance of PERSIANN-CDR would influence
the PMP estimation.

According to the comprehensive evaluation of the three satellite precipitation estimates at different
scales, CMORPH and 3B42V7 performed better in the Dadu River basin, especially in capturing extreme
rainfall. All of the satellite products showed an overestimation in the upstream (Figures 4d—f and 5).
This might be attributed to the performance of satellite rainfall estimation algorithm and sparse gauge
networks, as well as complex terrains [27,54,55]. Rigid climate in this basin posed a challenge for
accurate satellite precipitation estimation [56]. Because satellite precipitation algorithms did well in
detecting strong, convective precipitation events, but tend to miss shallow precipitation events [46,57].
In addition, seasonal snow-ice cover over the upstream of the Dadu River basin may be responsible for
precipitation overestimation because ice and snow cover can be easily misclassified as rain clouds by
Passive Microwave (PMW) [58]. As for the poor performance of PERSIANN-CDR in the Dadu River
basin, it was explained by the low quality of IR-based precipitation estimates [59] and the limited
gauge information to train the parameters of PERSINN-CDR algorithm [60].
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5.2. PMP Estimation and Evaluation

5.2.1. 24-h PMP Evaluation

A plot of K;; versus the mean 24-h maximum rainfall is given in Figure 7. It is noted that an upper
envelope of the statistic, K;;, had a tendency to decrease with increasing rainfall magnitude. Due to
the large uncertainties of drawing the enveloped curve of K;;, — X,,', we took the largest value of K,
over all the grids as the Kj, that has been used for the whole basin used to estimate PMP. The Kj of
the four datasets were 6.63, 5.87, 9.20, and 8.52, respectively (Figure 7).
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Figure 7. Plot of frequency factor against mean 24-h maximum rainfall (the red dots represent the
largest values of Kj, for the whole basin).

PMP estimates from the three satellite datasets were compared against those of gauge data at the
seven grid boxes (Figure 8). CMORPH and 3B42V7 showed larger PMP values than CGDPA, which
could be attributed to their higher rain intensity in the Dadu River basin (Figure 6). 3B42V7 showed
more significant overestimation than CMORPH, since 3B42V7 presented much larger peaks in annual
maximum precipitation series (Figure 6). The spatial trend of CMORPH and 3B42V7 was similar with
that of CGDPA. In the upstream, the PMP values were generally smaller. In the downstream, the PMP
values were larger and the E Meisan station, which is near the outlet of the Dadu River basin, showed
the largest PMP. However, PERSIANN-CDR showed a different spatial pattern when compared to
CGDPA, CMORPH, and 3B42V7, with higher PMP in the upstream and lower PMP in the downstream.
It might derive from the inverse spatial distribution of PERSIANN-CDR in annual maximum daily
precipitation (see Section 5.1).

For the whole basin, the spatial distributions of PMP of 3B42V7 and CMORPH were relatively
similar to that of CGDPA (Figure 9). All of the three products showed the largest PMP near the
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outlet of this basin, where rainstorms frequently occur. However, PERSIANN-CDR showed the
largest PMP in the middle of upstream. Therefore, CMORPH and 3B42V7 presented good correlations
(0.63, 0.70, respectively) with CGDPA, while PERSIANN-CDR showed a big mismatch with CGDPA
(Table 4). The PMP values ranged between 51.88-519.11 mm, 90.16—417.61 mm, 122.41-391.79 mm, and
128.37-740.45 mm for CGDPA, CMORPH, PERSIANN-CDR, and 3B42V7, respectively. PERSIANN-CDR
had the smallest PMP range because of its centralization in the middle precipitation intensities.

700
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—v— CGDPA 1983-2013
600 . —¢— CGDPA 1998-2013
PERSIANN-CDR 1983-2013
- %-— CMORPH 1998-2013
500 |- @ PERISIANN-CDR 1998-2013
—-A—-3B42V7 1998-2013

€
\E, 400
N
= 300 | L .
- =
5 o
200 | A\.\. ‘/./. \.\.\..:.'
Skl :
*= 7 RN -
100 @7@
0 1 1 1 I I I I

BanMa Se Da Ma Erkang Xiao Jin Kang Ding E Meisan  Yue Xi
Station

Figure 8. Comparison of 24-h PMP values derived from satellite precipitation and gauge-based precipitation.

Table 4. Summary of spatial Correlation Coefficient (CC) values for the three satellite precipitation
products in the Dadu River basin during 1998-2013. The CCs were calculated based on the 160 grids
across the basin.

CMORPH PERSIANN-CDR 3B42V7

The highest value of annual maximum daily precipitation 0.68 ** 0.08 0.71 **
The mean of annual maximum daily precipitation 0.76 ** 0.62 ** 0.83 **
24-h PMP 0.63 ** —0.08 0.70 **

** Significant at p < 0.01.

The length of datasets has an important impact on the reliability and robustness of PMP
estimation [11]. Thus, CGDPA of 1961-2013, and PERSIANN-CDR of 1983-2013, were used for
the further assessment. Similar trends were addressed for the longer dataset from Figures 8 and 9.
The PMP estimates based on 53-year, 31-year, and 16-year CGDPA were close to each other, especially
in the upstream of the Dadu River basin. Moreover, the PMP estimates based on 31-year and 16-year
PERSIANN-CDR exhibited similar spatial pattern, with an overestimation in the upstream and an
underestimation in the downstream. The spatial correlations between Figure 9a—g were 0.99, 0.24,
0.95, 0.59, —0.08, and 0.68, respectively. The performance of CMORPH and 3B42V7 was much better
than PERSIANN-CDR, even though PERSIANNN-CDR had a longer data record. When considering
the poor performance of PERSIANN-CDR when compared with CGDPA, data quality was critical
to PMP estimation. If the quality of satellite precipitation products was improved, the reliability of
PMP estimated based on them would also be improved. Due to the rapid development of remote
sensing, the future satellite precipitation era will certainly provide more robust and longer datasets for
applications, which would make PMP estimation based satellite precipitation become more promising.
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Figure 9. Spatial distribution of 24-h PMP estimation: (a) CGDPA of 1961-2013; (b) CGDPA of
1983-2013; (c) PERSIANN-CDR of 1983-2013; (d) CGDPA of 1998-2013; (e) CMORPH of 1998-2013;
(f) PERSIANN-CDR of 1983-2013; and (g) 3B42V7 of 1998-2013.
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5.2.2. Analysis of the Rationality of PMP Estimates

The probability and maximality of estimated PMP should be checked before it can be used for
engineering design [61]. According to the discussion above, PERSIANN-CDR was not suitable for
PMP estimation in the Dadu River basin. Therefore, PERSIANN-CDR was not checked in this section.
Here, three methods were used to check the rationality of PMP.

First, the reliability of the PMP estimates can be verified by comparison with results obtained
in other PMP-related studies for the same region. The results in this study were compared with the
24-h PMP contour maps in the WMO [11], Wang [61], and Wang [62]. These maps synthesized results
obtained from the meteorological method, statistical method and frequency analysis. In the Dadu
River basin, the PMP was about 150 mm in the eastern upstream, 150-200 mm in the central area, and
600-750 mm in the eastern downstream, which is the highest in the whole basin (Figure 10). Basically,
the spatial distribution in this study agreed well with that in previous literature, showing an increasing
trend from upstream to downstream. With regard to the magnitude of PMP values, results of CGDPA,
CMORPH, and 3B42V7 in eastern upstream and midstream were comparable to those in the references.
However, in the eastern downstream, PMP values based on CGDPA and CMORPH were lower, while
values that were based on 3B42V7 were closer to those in published literature. The differences between
our results with previous studies could come from the different datasets. The data used in the reference
studies have longer time series and possibly include more extreme events. These extreme events
could affect variables in Equation (1) and then affect the final PMP values. However, these extreme
storms generally happened before the installment of rain gauges and of course, the advent of satellite
precipitation, thus can only be obtained through historic documents not from solid data records.

100°E 101°E 102°E 103° E 100° E 101°E 102° E 103°E 100° E 101°E 102° E 103° E
(®) 200

°N

31

30°N

29°N

28°

Q S
100° E 101°E 102° E 103°E 100° E 101°E 102° E 103°E 100° E 101°E 102°E 103°E

Figure 10. Comparison with historical studies: (a) comparison with WMO (2009); (b) comparison with
Wang (1987); and, (c) comparison with Wang (1999).

Secondly, the results were compared with worldwide storm records. The probability of extremely
heavy storms occurring in a specific region is small, but from the worldwide perspective, the probability
can be much larger. It is assumed that the envelope of maximum precipitation record of different
durations approximates the upper physical limit of precipitation. Thus, the estimated PMP values
are smaller than this envelope. The empirical equation of worldwide records is R = 422D%47> (D is
the storm duration (in h), R is total point rainfall accumulation (in mm)), which indicates that the
upper limit of PMP of 24-h duration is about 1900 mm [11]. PMP estimates in this study were much
smaller than the limit. It was reasonable because the geography, terrain, and climate condition should
be considered when making comparisons with worldwide storm records [63].

Frequency analysis also provided useful information for PMP values. Gumbel distribution was
used in this study for the computation of return periods corresponding to 10, 100 and 1000 years.
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Q-Q plots were used to double check how well theoretical probability distributions fit to the relative
frequency histograms. If all of the points in Q-Q plot lie on the line y = x, the two distributions
match with each other exactly. Gumbel distribution provided a good approximation to the maximum
precipitation data for CGDPA, CMORPH, and 3B42V7 (Figure 11). Generalized 24-h rainfall map for
100-year return period is shown in Figure 12. The spatial patterns of CMORPH and 3B42V7 were
similar to that of CGDPA, indicating that the two satellite-based products were comparable to the
gauge-based product in precipitation corresponding to long return periods. The rainfall values of 10,
100, and 1000-year return period ranged between 30-229 mm, 36-301 mm, and 43-373 mm, respectively.
All of them were smaller than the 24-h PMP values because theoretically PMP is so large that the
possibility of a rainstorm exceeding PMP is infinitesimally small.
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Figure 11. Quantile-Quantile plot for (a) CGDPA; (b) CMORPH; and (c) 3B42V7.
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Figure 12. Spatial distribution of 100-year return period precipitation estimation: (a) CGDPA;
(b) CMORPH; and (c) 3B42V?7.

6. Discussion

This study explored the applicability of satellite precipitation data in PMP estimation. However,
it should be noted that the quality of the CGDPA as the benchmark dataset could degrade in regions
with sparse gauges, especially in mountainous regions. Thus, uncertainties might still exist in the
upstream of this basin.

The Hershfield method has been used in many regions over the world [15-23], mostly using
gauge datasets. Given the advances of satellite remote sensing technologies, now recent availability
of quasi-global satellite precipitation products theoretically enable us to apply the widely used
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Hershfield PMP method solely based on such new dataset in other regions. However, previous
studies also revealed that climate and topography variability influence the accuracy of satellite
precipitation [28,34,39,64,65]. Therefore, it is useful to assess the statistical performance of satellite
products, especially for extreme precipitation, before they are applied to estimate PMP in a specific
region, which is exactly the goal of the current research. Accordingly, this study suggests that satellite
precipitation in other regions, with relative bias within £15%, CC greater 0.78, and comparable PDF
shape, could be used as alternative data source for PMP estimation.

In hydrology and hydraulic engineering, PMP is primarily used to calculate the PMF that is used
in the design of dams. To obtain engineering-design required PMF, higher spatiotemporal resolution
PMP is desired. On the other hand, the role of snow melting over the upstream needs to be considered
when calculating PMF, particularly over high latitude and high altitude regions. The new generation of
GPM (Global Precipitation Mission) could potentially satisfy the above requirements since it provides
higher resolution (0.1° and half-hour) and also precipitation type information (liquid rainfall or solid
snowfall) since April 2014. Therefore, in the foreseeable future, higher spatiotemporal resolution PMP
should be available and snow melting module could be included in the PMP-PMF model simulation.

7. Conclusions

This study initially explored the conventional statistical PMP estimation approach based on
satellite precipitation. Three satellite precipitation datasets were used, i.e., CMORPH, PERSIANN-CDR,
and 3B42V7. Their performances were firstly assessed against the gauge dataset, i.e., CGDPA, in the
Dadu River basin. Comparison and analysis of the PMP estimate from the above datasets were then
performed. The primary conclusions were summarized as follows.

1. CMORPH and 3B42V7 agreed well with gauge-based CGDPA for the period of 1998-2013 at
both grid and basin scales. PERSIANN-CDR showed an overestimation in the upstream and an
underestimation in the downstream. Moreover, CMORPH and 3B42V7 performed better scores
than PERSIANN-CDR in term of capturing the extreme precipitation events, with high CCs (0.68
and 0.71, respectively).

2. CMORPH and 3B42V7, the datasets that have better agreements with gauge observations, showed
the satisfying performance in PMP estimation and better skills than PERSIANN-CDR in capturing
the magnitude and spatial distribution of 24-h PMP. Further analysis of the rationality of PMP
estimates also verified the feasibility of PMP results that were derived from CMORPH and
3B42V7 were proper in the Dadu River basin.

In conclusion, CMORPH and 3B42V7 can capture precipitation and can be well applied in PMP
estimation. Satellite precipitation can provide valuable data in sparsely gauged or ungauged basins,
which is a big advantage over in-situ gauge-based PMP estimation. Therefore, satellite precipitation
products have great potential in PMP estimation and planning for hydraulic engineering design.
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