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Abstract. Satellite precipitation estimates (SPE) product with high spatiotemporal resolution is a potential
alternative to traditional ground-based gauge precipitation. However, SPE is frequently biased due to its
indirect measurement, and thus bias correction is necessary before applying to a specific region. An improved
distribution mapping method, i.e., Extended Mixture Distribution (EMD) of censored Gamma and generalized
Pareto distributions, was established. The advantage of EMD method is that it describes both moderate and
extreme values well and carries on the traditional censored, shifted Gamma distribution to combine the
precipitation occurrence/non-occurrence events together. Then the EMD method was applied to the Integrated
Multi-satellitE Retrievals for GPM product (IMERG) as statistical post-processing over Yangtze River basin.
The Version-2 Gridded dataset of daily Surface Precipitation from China Meteorological Administration
(GSP-CMA) was taken as reference. The adequacy of bias corrected IMERG precipitation was assessed and
the results showed that (1) the Root Mean Squared Error and Relative Bias between bias-corrected IMERG
precipitation and reference are significantly reduced relative to the raw IMERG estimates; (2) the performance
of extreme values of IMERG in Yangtze River basin is enhanced since both the under- and over-estimation of
the raw IMERG are compromised, due to the generalized Pareto distribution introduced in EMD which is
enable to describe the extreme value distribution. This highlights the improved distribution mapping method,
EMD is flexible and robust to bias correct the IMERG precipitation to obtain higher accuracy of SPE despite
the coarse resolution of reference.

1 Introduction

Satellite precipitation estimates (SPE) are important
alternatives to the traditional precipitation measurements
and have been increasingly applied to many scientific and
social-economic fields, such as, hydro-meteorological and
ecological system modeling, flood forecast, water
resources development and conservation, point- and
nonpoint-source pollutant management [1, 2]. Global
Precipitation Measurement (GPM) mission Integrated
Multisatellite Retrievals (IMERG) is first GPM-era global
precipitation product derived from the newly released
space-borne  observatory instrument [3].  Other
mainstream SPE products include TRMM Multisatellite
Precipitation Analysis product (TMPA), Precipitation
Estimation from Remote Sensed Information Using
Artificial Neural Networks-Cloud Classification System
(PERSIANN-CCS), Global Satellite Mapping of
Precipitation product (GSMap), and Climate Prediction
Center (CPC) morphing technique product (CMORPH).
Although IMERG shows better performance than its
predecessors since the first release of IMERG data in April
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2014 according to extensive studies on evaluating work,
some bias or errors inherent in IMERG still cannot be
ignored and are frequently more significant than the gauge
rainfall observations [4]. To enhance the performance of
SPE in various applications, some bias correction methods
can serve as statistical post-processing techniques to
reduce the systematic and/or random errors of SPE [5, 6].

Several bias correction methods have been applied to
SPE products, and they are proved to improve the raw SPE.
Habib et al. [7] employed the linear scaling method to
reduce the CMORPH product bias and thus improved the
precision of CMORPH-driven runoff simulation. Worqlul
et al. [8] used a similar method investigating and
correcting the bias of Multi-Sensor Precipitation
Estimate—Geostationary (MPEQG) data. This method can
significantly reduce the bias while the simulated flow
using bias corrected MPEG data is comparable to that
using the gauge rainfall. Vernimmen et al. [9] reduced the
Root Mean Square Error (RMSE) for estimates of dry
season rainfall of TMPA 3B42RT estimates by applying a
single empirical bias correction equation. These methods,
among others, range from simple scaling approaches of
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average, standard deviation and intensity to complicated
ones employing distribution mapping or probabilistic
weather generators. They were originally designed to
adjust GCM data, but can also be used to correct SPE.
Distribution mapping (DM) is a relatively comprehensive
approach making the simulated or test precipitation values
approximating to the quantiles of reference values [10]. A
Censored, Shifted Gamma distribution (CSGD) was
proposed to describe and map the RCM data [11], and later
used to correct TMPA data [12]. CSGD offers more
flexibility by considering precipitation occurrence
(zero/non-zero precipitation) and precipitation mass
together compared to the two-stage approach. However,
Gamma distribution, although flexible enough, cannot
capture the extreme values of precipitation. It is not quite
adequate to model the tail of the distribution since it
underestimates large values.

Therefore, an improved DM method, i.e., an Extended
Mixture Distribution (EMD) coupling censored, shifted
Gamma and generalized Pareto (GP) distribution, was
established to better capture both the moderate and
extreme values in this study. It couples a Gamma
distribution with a GP distribution and shifts the mixture
cumulative distribution function (CDF) somewhat to the
left. This EMD method is used to bias correct the IMERG
Early product during April of 2014 and March of 2017
over the Yangtze River basin in China.

This paper is organized as follows. In section 2, the
data used was presented. In section 3, the detailed
mathematical descriptions of traditional CSGD and the
improved EMD were described. The results were
discussed in section 4. Finally, the conclusions were
presented in section 5.

2 Data and study area

2.1 IMERG product dataset

As Level 3 product of GPM, the IMERG system merges
and interpolates “all” available satellite microwave
precipitation estimates, together with microwave-
calibrated infrared satellite estimates, ground gauge
analyses of the Global Precipitation Climatology Centre
(GPCCQ), and potentially other estimators for the TRMM
and GPM eras over quasi-global range. IMERG version 5
(V05) products, used in this study, includes gridded
rainfall and snowfall data with 0.1°x0.1° spatial resolution
and 30 min temporal resolution. IMERG provides the
near-real-time Early and Late run about 4 h and 12 h
respectively after observation, and post-real-time Final
run about 2 months after the observation month. The Final
run incorporates gauge data from GPCC and is
characterized by high accuracy but large latency. We used
the daily IMERG Early run product (referred as IMERG-
DE for simplicity) to avoid the problem of gauge
dependence.

2.2 Rain gauge dataset

The Version-2 Gridded dataset daily Surface Precipitation

data interpolated by China Metrological Administration
(GSP-CMA) Dbased on observations of national
meteorological station was selected as benchmark and
used to correct the IMERG data. The IMERG-DE data was
aggregated to 0.5°x0.5° cells at space when comparing
with the GSP-CMA data.

2.3 Study area

Yangtze River basin, located between 24°28'-35°58';
90°32'-122°2', was focused on in this study, because of its
representation of various climatologic and topographic
conditions. As the largest river basin in China, Yangtze
River basin covers a drainage area of 1.8 million km?. It
originates from the Tibetan Plateau and flows eastward for
more than 6300 km before draining into the East China
Sea, comprising nearly one-fifth of mainland China and
with diverse landforms and complicated hydro-climatic
conditions affected by both East and South Asian
monsoon activities. Previous studies have indicated that
most satellite precipitation products show significant
differences between the western and eastern parts of China
and application of satellite precipitation products over the
western China is difficult [1, 13]. Therefore, Yangtze
River basin, relatively lager and complex in space, was
selected.

3 Method

The distribution mapping adjusts the probability
distribution of SPE or RCM data to that of observed
precipitation data by matching the CDF values of two

distributions. This process can be expressed
mathematically as

-1
R, =F [F(Byp | Ogpp) | gref] > €]
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where F and £ are CDF of precipitation (P) and its

inverse function, respectively, with parameter set 9; cor,
SPE and ref in subscript represent the corrected
precipitation, satellite precipitation (i.e., IMERG-DE) and
reference data (i.e., GSP-CMA), respectively. This can be
realized by a transfer function to shift the occurrence
distributions of precipitation. Because the Pcor is derived
with quantile of statistical distribution, the DM method
was also called ‘probability mapping’, ‘quantile—quantile
mapping’ (Q-Q mapping) or quantile mapping method.

3.1 Traditional Censored, Shifted Gamma
Distribution (CSGD) mapping method

Normally, precipitation is characterized by right-skewed
distribution in temporal process. To some extent, it can be
assumed that Gamma distribution family is suitable for
fitting precipitation events depending on a shape
parameter k and a scale parameter & . On the other hand,
precipitation occurrence/nonoccurrence obeys binormial
distribution parameterized by probability of precipitation
(POP). The CSGD was proposed to jointly modeling
precipitation occurrence/nonoccurrence and amount using
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a continuous distribution that permits negative values, and
left-censoring it at zero [11, 14]. The CDF of CSGD
abovementioned can be written as left-shifted Gamma
CDF:

F, (x+0) forx=0
F(x)= ()
forx<0
where x is the depth of precipitation P. The
corresponding probability density function (PDF) of
CSGD when x greater or equal to zero is written

(x+9)
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where T'(k) represents Gamma function.

3.2 Improvement
distribution

using extended mixture

Although the Gamma distribution model is frequently
used to fit precipitation events, the extremely high part
probably fails to capture by Gamma model because of its
statistical property. For this reason, some extreme value
distributions (e.g. generalized Pareto distribution used in
this study) were recommended to be merged into the initial
Gamma distribution to adequately consider both low and
moderate and high precipitation intensities. The Gamma
distribution, F(x) in Equ. (2) was then replaced by a two-
component mixture distribution, i.e., Gamma and
generalized Pareto distributions, with an auxiliary

weighting parameter, A

f() ==X fil(x+ )| k.g1+ AX f,[(x+6) &, 0];
k¢,&,0,0>0, and 0<A<1
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where fz() is the PDF of generalized Pareto:
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3.3 Performance metrics

To evaluate the performance of raw and corrected IMERG
precipitation  vs. reference GSP-CMA  data
comprehensively, seven widely used statistical metrics
were selected, including Pearson correlation coefficient (),
Root Mean Squared Error (RMSE) and Relative Bias (RB),
for quantifying differences in performance between the
raw and corrected IMERG runs. Their definitions are as
follows:

cov(Py, P,,)
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where cov() and var() denote the covariance

between Fore and 'Y | and variance of Fore or

P"ef .
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where “SPE and "¢ are the respective precipitation
intensity from IMERG (including raw and corrected data)
and reference precipitation at ith time step with » pairs of
data.

RMSE =
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4 Results and discussion

4.1 Statistical evaluations on the raw IMERG data

The daily average precipitation of raw IMERG and GSP-
CMA data over Yangtze River basin was showed in Fig.
1(a) and (b). The spatial pattern of raw IMERG is similar
with that of reference with increasing precipitation from
west to east roughly, which was demonstrated earlier [1,
2]. Overall, the range of areal average IMERG was 2.76
mm/d, slightly less than that of reference (3.09 mm/d). The
difference between the raw IMERG vs. reference was
described in Fig. 1(c) and (d) using quantitative indices
defined in Section 3.3. The mean and median values of
RMSE are 0.78 and 0.66 mm/d respectively. There was
some difference between these two datasets, and the bias
varies depending on the spatial location. In general, the
RMSE shows larger values in the west of Yangtze River
basin, compared to the middle and east parts, while the RB
shows more positive values in the west than in the middle
and east. There was a significant tendency that IMERG
data estimates more low-intensity rain events (drizzle) in
the west and middle parts of Yangtze River basin, while
generally overestimates the precipitation intensity over the
east region (Fig. 1(d)). This result can be partly attributed
to greater uncertainty resulting from the spare intensities
of national meteorological stations across the upstream
area of Yangtze River due to high altitude. Another region
that the bias shows larger values is around the boundary of
study area. This is associated with techniques of analyzing
data which results in not all the IMERG grids around
boundary can match to a GSP-CMA grid.
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Fig. 1 The daily precipitation of the raw IMERG (a) vs.
reference (GSP-CMA) data (b); RMSE and RB indices between
the raw IMERG and reference data for (c) and (d) respectively.
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4.2 Statistical evaluations on bias corrected
IMERG data

Fig. 2 shows the spatial pattern of corrected IMERG and
indices between corrected IMERG vs. reference. The
range of areal average for the corrected IMERG was 2.81
mm/d, slightly high than that of the raw (2.76 mm/d) and
reaching closely to the reference. The biases were found
similar to those of the raw. The mean and median values
of RMSE are 0.71 and 0.53 mm/d respectively, which are
significantly reduced compared to the corresponding
indices of raw IMERG (0.78 and 0.66 mm/d respectively).
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Fig. 2 The daily precipitation of the corrected IMERG (a) vs.
reference (GSP-CMA) data (b); RMSE and RB indices between
the corrected IMERG and reference data for (c) and (d)
respectively.

In addition, a comparison of corrected IMERG data to
the raw data was conducted. The variability of indices of
two products against reference in space average was
presented by boxplot in Fig. 3. The interquartile ranges of
RMSE and RB are both reduced after the bias correction
process. For the RMSE index, the interquartile range
related to the corrected data is 0.24—0.91 mm/d, narrower
than that of the raw (0.29—1.01 mm/d). While for the RB
index, the interquartile range related to the corrected data
is -0.086—0.316 mm/d, also narrower than that of the raw

(-0.090—0.398 mmy/d). It’s obvious from Fig. 1(d) and Fig.

2(d) that the overestimates in the raw IMERG data across
the west part of study area are compromised by the bias
correction. From the view of 7 index, there is no significant
difference between corrected and raw IMERG vs.
reference (both near to 0.6 of r values). From the basic
statistics of IMERG estimates and reference data
summarized in Fig. 3, the improved bias correction
method, EMD performs well for enhancing the
performance of SPE data.
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Fig. 3 The spatially aggregated spread of RMSE and RB
indices for the raw (a) and corrected IMERG (b) cases.

5 Conclusions

An improved distribution mapping method of bias
correction, i.e., an Extended Mixture Distribution method
(EMD) combining censored, shifted Gamma with
generalized Pareto distributions, was proposed and
applied to adjust the IMERG satellite precipitation
estimates over Yangtze River basin. The performance
metrics exhibit different spatial patterns. Overall the
IMERG data underestimates precipitation in the west
region of study area compared to the reference data, while
overestimates the precipitation in the east part. The under-
and over-estimation of IMERG are compromised after
using EMD to bias correct. In addition, the mean, median
and interquartile range of performance metrics between
the corrected IMERG vs. reference are all smaller than
those between the raw IMERG vs. reference.

The EMD bias correction method is proved to reduce
the bias of IMERG data, especially for adjusting the
extreme value bias. The advancement of EMD method
was seen in this study, which can operate on both moderate
and extreme precipitation bias correction by introducing
Gamma and generalized Pareto distributions in the
mixture distribution. This method can also be used to bias
correct other satellite precipitation products and reproduce
spatiotemporal precipitation information with high
precision. Further work is need to evaluate the
hydrological utility of a bias corrected product of IMERG
Early runs and other version dataset in the Yangtze River
basin.
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