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In the present study, four high-resolution multi-sensor blended precipitation products, TRMM Multisat-
ellite Precipitation Analysis (TMPA) research product (3B42 V7) and near real-time product (3B42 RT),
Climate Prediction Center MORPHing technique (CMORPH) and Precipitation Estimation from Remotely
Sensed Information using Artificial Neural Networks (PERSIANN), are evaluated over the Yangtze River
basin from April 2008 to March 2012 using the gauge data. This regional evaluation is performed at tem-
poral scales ranging from annual to daily, based on a number of diagnostic statistics. Gauge adjustment
greatly reduces the bias in 3B42 V7, a post real-time research product. Additionally, it helps the product
maintain a stable skill level in winter. When additional indicators such as spatial correlation, Root Mean
Square Error (RMSE), and Probability of Detection (POD) are considered, 3B42 V7 is not always superior to
other products (especially CMORPH) at the daily scale. Among the near real-time datasets, 3B42 RT over-
estimates annual rainfall over the basin; CMORPH and PERSIANN underestimate it. In particular, the
upper Yangtze always suffers from positive bias (>1 mm day!) in the 3B42 RT dataset and negative bias
(0.2 to —1 mm day~!) in the CMORPH dataset. When seasonal scales are considered, CMORPH exhibits
negative bias, mainly introduced during cold periods. The correlation between CMORPH and gauge data is
the highest. On the contrary, the correlation between 3B42 RT and gauge data is more scattered; statis-
tically, this results in lower bias. Finally, investigation of the probability distribution functions (PDFs)
suggests that 3B42 V7 and 3B42 RT are consistently better at retrieving the PDFs in high-intensity events.
Overall, this study provides useful information about the error characteristics associated with the four
mainstream satellite precipitation products and their implications regarding hydrological applications
over the Yangtze River basin.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

regional or global scale with fine resolution remains challenging
due to its great heterogeneity across a variety of spatiotemporal

Precipitation is the key forcing factor that provides essential in-
put information for estimating land surface hydrological fluxes and
states (Nijssen and Lettenmaier, 2004), and the response of hydro-
logical system is always significantly affected by the intensity,
duration, area coverage and spatial pattern of precipitation (Heis-
termann and Kneis, 2011; Sorooshian et al., 2011), especially for
those natural hazards linked with precipitation extremes, such as
floods, droughts, and landslides (Hong et al., 2006; Aragdo et al.,
2007; Wu et al., 2012).

Despite its crucial importance in many hydrological and mete-
orological applications, accurate measurement of precipitation at
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scales. Traditionally, the most widely used rain gauges are distrib-
uted sparsely and unevenly, and they are always insufficient for
precipitation monitoring in remote regions, ungauged basins, or
areas with complex terrain (Huffman et al., 2001; Mishra and Cou-
libaly, 2009). Weather radar can monitor regional precipitation
with relatively high resolution; however, it suffers from the prob-
lem of reduced data quality in complex terrain as a result of dis-
torted electronic signals introduced by the surrounding
environment (Tian et al., 2010; Zhang et al., 2011).

An alternative method relying on satellite-based precipitation
retrieval algorithms to estimate large-scale precipitation dynamics
has recently been developed. A series of multi-sensor blended glo-
bal precipitation products are being released in a near real- time
manner. These products have high spatiotemporal resolution
(0.25° and 3 h or finer) and include PERSIANN (Sorooshian et al.,
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Fig. 1. Rain gauges distribution and sub-regions division of Yangtze River. (Region
I: the west part of the upper Yangtze River; Region II: the east part of the upper
Yangtze River; Region III: the north side of the lower Yangtze River; Region IV: the

south side of the lower Yangtze River).

2000), CMORPH (Joyce et al., 2004), PERSIANN-CCS (Hong et al.,
2004), NRL-Blend (Turk and Miller, 2005), TMPA (Huffman et al.,
2007), and GSMap (Kubota et al., 2007). In the near future, as a
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result of the Global Precipitation Measurement (GPM) mission,
the next generation of satellite-derived precipitation estimates will
achieve a resolution of 4 km and 30 min (Sorooshian et al., 2011).
Additionally, these GPM-era products will be able to get much
more reliable precipitation information from space-borne sensors.

Due to the significant improvement of global satellite-based
precipitation estimate techniques during the past decades, a great
number of hydrological studies applying satellite precipitation
products have made it into the literature. Recently the hydrological
prediction community has recognized the opportunity these prod-
ucts offer to improve flood monitoring over medium to large river
basins (Hossain and Lettenmaier, 2006). Other works have demon-
strated that the continuing evolution of retrieval algorithms pro-
vides increasing potential for the use of these products in
hydrological simulations (Su et al., 2008; Yong et al., 2012). Before
these products can be used in hydrological applications, the errors
associated with these products should be characterized so that the
data can be used as effectively as possible (Turk et al., 2008). The
performance of different satellite-based precipitation estimation
products can also change as retrieval algorithms and data sources
change (Ebert et al., 2007; Hirpa et al., 2010; Jiang et al., 2012). For
the same product, performance can vary remarkably between re-
gions, seasons and precipitation regimes (Ebert et al., 2007; Dinku
et al,, 2010). In addition, there is also a trade-off between the qual-
ity of the estimate and the spatiotemporal scale of the product
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Fig. 2. Bias (mm day~') for annual mean precipitation between the satellite precipitation products of (a) 3B42 V7 and gauge; (b) 3B42 RT and gauge; (c) CMORPH and gauge;

and (d) PERSIANN and gauge from Apr 2008 to Mar 2012.
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Table 1
Statistics of annual precipitation for each year during 2008-2012, averaged over the
whole Yangtze River.

2008-2009 2009-2010 2010-2011 2011-2012

Gauge Mean (mm) 1131 1073 1220 1050
3B42V7 Mean (mm) 1201 1123 1224 1071
RB (%) 6.24 472 0.27 1.99
RMSE (mm) 174.13 170.74 177.89 159.65
CORR 0.89 0.88 0.92 0.91
3B42 RT  Mean (mm) 1372 1190 1407 1247
RB (%) 21.39 10.97 15.30 18.88
RMSE (mm) 378.26 338.00 344.55 335.00
CORR 0.65 0.59 0.79 0.74
CMORPH Mean (mm) 817 680 873 683
RB (%) -27.81 —36.65 —28.44 —34.93
RMSE (mm) 406.24 491.27 452.00 454.59
CORR 0.65 0.46 0.77 0.69
PERSIANN Mean (mm) 510 598 703 555
RB (%) -54.92 —44.22 —42.36 —47.09
RMSE (mm) 704.46 629.61 639.47 609.17
CORR 0.19 -0.17 0.54 0.30

(Sorooshian et al., 2011). Thus, it is necessary to know the quality
of satellite-based precipitation estimates via a comprehensive
evaluation. The properties of the errors dictate how the data can
be used appropriately in hydrological applications. Additionally,
knowledge of the error properties is helpful in future development
of retrieval algorithms. Motivated by this twofold aim, there have
been many efforts to evaluate and intercompare available satel-
lite-based precipitation products at global, regional or basin scales
(Ebert et al., 2007; Tian et al., 2007; Turk et al., 2008; Gourley et al.,
2010; and many others).

In China, several validation studies of satellite precipitation
products have been conducted recently at national or regional
scales. Zhou et al. (2008) compared the diurnal cycle of precipita-
tion estimated by PERSIANN and TMPA 3B42 with gauge observa-
tions over China. Yin et al. (2008) compared satellite products with
gauge data, and found that TMPA 3B42 consistently overestimated
monthly rainfall over the Tibetan Plateau. Shen et al. (2010) ana-
lyzed the performance of six of the most popular high-resolution
products over the Chinese mainland based on hourly gauge obser-
vations for a 3-year period from 2005 to 2007. Yong et al. (2012)
and Jiang et al. (2012) mainly focused on basin scale evaluation
of satellite precipitation products, and, in so doing, demonstrated
the promises and problems in applying these datasets to wa-
tershed hydrological simulations. However, since all these datasets
are still undergoing updates, long-term systematic evaluation of
these datasets over different regions in China is difficult, especially
where complicated precipitation regimes exist. This is a problem
for medium to large river basins such as the Yangtze River.

The Yangtze River, the largest river in China, is known to be ex-
tremely susceptible to frequent floods due to heavy rainfall events
that usually occur between April and September (Heike et al.,
2012). The subtropical monsoon and the effects of complex ter-
rains generate complicated precipitation regimes over the whole
Yangtze, so near real-time monitoring of precipitation over this re-
gion is essential for developing a good hydrological prediction and
warning system (Sohn et al., 2012). In this paper we focus on an
evaluation and intercomparison of TMPA 3B42 V7 (hereinafter re-
ferred to as 3B42 V7), TMPA 3B42 RT V7 (hereinafter referred to as
3B42 RT), CMORPH and PERSIANN products with the same resolu-
tion (0.25° and 3 h) over the Yangtze, and try to quantify and doc-
ument the error characteristics associated with these different
satellite-based precipitation estimates. This will serve as an initial
step for the establishment of a distributed hydrological prediction

system over the Yangtze River. We extend previous evaluation
work related to this region (Shen et al.,, 2010; Gu et al,, 2010; Li
et al.,, 2012; Jiang et al., 2012) in three aspects. First, we chose a re-
cent four years study period (April, 2008 to March, 2012) to pro-
vide up-to-date insight into the skill of the latest satellite-based
products. The TMPA products will integrate new sensors and their
retrieval algorithms will undergo several updates during the
course of routine product development (Yong et al., 2012). Here
we adopt the latest released version 7 of TMPA products (3B42
V7 and 3B42 RT), and evaluate it over the Yangtze River. Second,
we intercompare a number of high-resolution precipitation prod-
ucts at different temporal scales using multiple statistical metrics.
We believe this kind of comprehensive evaluation work will deter-
mine the appropriate satellite-based precipitation product for use
over the Yangtze in hydrological applications. One thing to be
noted here is that the diurnal precipitation cycle has been dis-
cussed extensively in previous studies (Zhou et al., 2008; Shen
et al., 2010). Here, we leave this critical issue for a future study be-
cause our access to regional hourly gauge data is limited. Finally,
we determine the skill of each precipitation estimate over the en-
tire Yangtze, because this overview provides more complete infor-
mation about the regional variations in the error characteristics of
each product while further benefitting our understanding of rain-
fall-runoff simulations in the region.

The remaining parts of this paper are organized as follows: the
gauge and satellite precipitation datasets are addressed in Section
2, including how the datasets were post-processed to allow for
intercomparison. Section 3 discusses the multi-scale evaluation re-
sults according to a number of statistical metrics that emphasize
different aspects of validation and the implications of each to
hydrological prediction. Finally, Section 4 summarizes conclusions
from and discussion of these evaluation results.

2. Data and methodology
2.1. Satellite-based precipitation products

The satellite products to be evaluated here include four sets of
popular high-resolution multi-sensor blended precipitation prod-
ucts: 3B42 V7, 3B42 RT, CMORPH and PERSIANN. All these prod-
ucts are generated by combining information from both passive
microwave (PWM) observations and infrared (IR) observations.

3B42 RT and PERSIANN utilize PMW-calibrated IR techniques,
which assume the PMW estimates are accurate enough to repre-
sent the ground rainfall. PERSIANN offers precipitation estimates
every 3 h on a 0.25° latitude/longitude grid with quasi-global cov-
erage (60°S-60°N) since March 2000. 3B42 RT has been generated
since 1998 with the same temporal and spatial resolution as PER-
SIANN; its spatial coverage varies slightly (50°S-50°N). CMORPH
uses a different technique called the Lagrangian interpolation ap-
proach to combine PMW and IR measurements, where PMW esti-
mates are propagated by IR-derived advection vectors. CMORPH
products used in this study are also generated on 0.25° spatial grids
every 3 h with coverage from 60°S to 60°N.

All three products mentioned above are generated solely from
satellite observations, but 3B42 V7 further takes into account
ground gauge information to remove the bias of satellite retrievals.
The latest Version 7 products ingest PMW observations from the
Special Sensor Microwave Imager/Sounder (SSMIS) carried aboard
the Defense Meteorological Satellite Program (DMSP) and the new
Global Precipitation Climatology Centre (GPCC) “full” gauge analy-
sis, when available (Huffman et al., 2011). Certainly 3B42 V7 con-
tains information that is in some sense shared with 3B42 RT; we
compare them here to see the impacts of gauge observations on
the error characteristics of satellite precipitation products.
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Fig. 3. Relative bias of seasonal precipitation for the warm period: summer (left) and autumn (right), and from top to bottom are: 3B42 RT, CMORPH, and PERSIANN.

2.2. The gauge data

Gauge observations play a critical role in the quantitative
evaluation of satellite-based precipitation products. Here we
adopted the new Version 3.0 of China Daily Ground Climate
Dataset (CDGCD-V3) produced routinely by the National Meteoro-
logical Information Center (NMIC) of the China Meteorological
Administration (CMA). This latest released CDGCD-V3 consists of
824 gauges in China to generate nation-wide daily climate

observations, including air pressure, air temperature, relative
humidity, precipitation, evaporation, wind speed and wind direc-
tion, sunshine duration, and 0 cm ground temperature. In this pa-
per, we only adopt the daily precipitation records from each gauge
for our evaluation work.

The CDGCD-V3 is performed with a strict quality control proce-
dure, and it is claimed there’s a substantial improvement in the
accuracy and completeness of observation compared with previous
versions of CDGCD (China Meteorological Administration, 2012).
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Fig. 4. The same as Fig. 3 but for the cold period: winter (left) and spring (right).

This Version 3.0 data incorporates manual checking and correction
for error or uncertain observations, and it guarantee the accuracy
of data approximates as high as 100%.

2.3. Evaluation method

First, we selected daily precipitation records from 215 gauges
that located within the Yangtze River (Fig. 1). Although the spatial
resolution of the global satellite products (0.25°) is not perfectly
matched with the gauge data (point measurement), in order to

avoid additional error by interpolating the gauge data into a
0.25° gridded data, we directly carry out the pixel-point compari-
son. We first locate the corresponding pixel of satellite products
for each gauge, and then extract grid rainfall values from the pixel,
together with the gauge records, to generate the satellite-gauge
data pairs for final evaluation. The study period extends from April
2008 to March 2012, for which we could get the up-to-date insight
into the skill of the latest satellite-based products.

In order to investigate the region-dependent performance of
precipitation estimates, we divide the whole Yangtze into
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geographical sub-regions using two rules: (1) climatic zones
(National Meteorological Center, 1998) and (2) the upper, middle
and lower Yangtze used in hydrology. This results in four total
sub-regions (Fig. 1): (1) the western part of the upper Yangtze Riv-
er, including the Chin-Sha River, which is mainly located in the Ti-
betan Plateau; (2) the eastern part of the upper Yangtze River,
including the Min River, the Tuo River, the Wu River and the Three
Gorges Region; (3) the northern side of the lower Yangtze River,
including the Han River and the lower main stream; and (4) the
southern side of the lower Yangtze River, including the river sys-
tems of Dongting Lake and Poyang Lake.

To understand the seasonal pattern of satellite estimated errors,
we partition each year into four seasons. Contrary to typical sea-
sons used in climatology, we define the spring as January-March
(JEM), the summer as April-June (AM]), the autumn as July-Sep-
tember (JAS), and the winter as October-December (OND). Such
a classification method is consistent with the flood season (AM]
and JAS) at Yangtze and is thus useful for studying the hydrological
cycle in this region.

To assess the performance of high-resolution satellite-based
precipitation products on the daily scale, we integrate the original
three-hourly precipitation estimates into daily records for each sa-
tellite dataset. Then for longer temporal (annual and seasonal)
comparisons, the daily records both from satellites and gauges
are accumulated.

Yangtze River precipitation is strongly affected by the East
Asian monsoon, which is characterized by great inter-annual vari-
ability as well as precipitation amounts concentrated during the
flood season in the form of storms. Therefore we will discuss the
performance of satellite-based precipitation products in terms of
these features: inter-annual variability, seasonal variability, and
high-intensity precipitation events, which represent the annual,
seasonal and daily scale analyses, respectively.

3. Results and discussions

In this section of the study, we discuss the performance of the
four satellite products over different time scales, using several sta-
tistical metrics (Ebert et al., 2007; Tian et al., 2010) including bias,
Root Mean Square Error (RMSE), spatial and temporal correlation,
Probability of Detection (POD), probability distribution functions
(PDFs) and others.

3.1. Detection of annual precipitation pattern and inter-annual
variability

We start with the evaluation of 4-year averaged accumulated
annual precipitation (mm day~!) for each gauge over the Yangtze
River basin. Fig. 2 shows the spatial distribution of mean bias for



Z. Li et al./Journal of Hydrology 500 (2013) 157-169 163

3B42 V7 vs. Gauge Winter Total Rainfall

3B42 RT vs. Gauge Winter Total Rainfall

350+ RB:-6.29% RB : 20.88%
RMSE : 33.83mm 600l RMSE, : 79.96mm
CC:0.85 CC:0.40
300
5001
£ 250 . =
. & £
E $ . o £ 400
&~ 200 «sPre ° = o
> ° ' f ° E .,
glso il ¥ . 3000 .l
” - /38 “ 5 EEN - A
o e o 2000 * 3% °
100 > ‘. e :.-0. .
o L P 3 h d
L]
50 5 100 '. J?.{
. (a) . (b)
0 50 100 150 200 250 300 350 0 100 200 300 400 500 600
GAUGE ( mm ) GAUGE (mm )

CMORPH vs. Gauge Winter Total Rainfall

PERSIANN vs. Gauge Winter Total Rainfall

300[ RB : -60.55%

300, RB:-65.97%

RMSE : 104.62mm RMSE : 123.81mm
CC:0.57 CC:-0.29
250¢ 250,
= £
E 2007 £ 200
T z
& 150p < 150 <
o] [7] . °
s 14
o . E °
100 ® *® %% 100
g "o' “.-’.!“-’" °
° 3L NCE ® .
50} 3% Py o 50
il ATl
% .: ¢ . . (C) °
G0 50 100 150 200 250 300 0 50 100 150 200 250 300
GAUGE (mm) GAUGE (mm)
West part of the East part of the North side of the South side of the
upper Yangtze upper Yangtze lower Yangtze lower Yangtze

Fig. 6. The same as Fig. 5 but for 4-year averaged winter accumulated precipitation.

accumulated annual precipitation between the different satellite
products estimates and gauge records. It is clear that 3B42 V7 is
in the closest agreement with the CDGCD-V3; overall, the low bias
of 3B42 V7 is attributed to the critical role of ground gauges in the
bias removal process. Comparatively, the satellite estimates with-
out gauge adjustment, such as 3B42 RT, CMORPH, and PERSIANN
have evident local bias over the whole region.

Fig. 2 also shows that the PMW-calibrated IR techniques (3B42
RT and PERSIANN) overestimate (by >1 mmday ! and 0.5-
1 mm day~}, respectively) precipitation in the upper Yangtze over
the Tibetan Plateau. This bias is mostly caused by the PMW-based
estimates (Shen et al., 2010), so we suspect that this kind of error is
introduced by ice or snow cover, which tends to complicate PMW-
based retrievals over the land surface (Tian et al., 2007). Another
potential problem at the upper Yangtze is the density of gauge net-
work; sparse gauge observations cannot provide sufficient ground
reference values. Because it uses a different type of retrieval algo-
rithm, CMORPH seems to underestimate precipitation (by —0.2 to
—1 mm day~!) in this region, though it slightly overestimates pre-
cipitation in a few areas. This pattern is consistent with previously
reported results (Shen et al., 2010; Gao and Liu, 2012). When
focusing on the middle and lower Yangtze River, both CMORPH
and PERSIANN underestimate (<—1 mm day ') precipitation while
3B42 RT presents a mixed pattern containing both positive and
negative bias. This result indicates that for hydrological

applications of these satellite products in the upper Yangtze,
ground observations are a necessity; for the lower parts of the Yan-
gtze, 3B42 RT may be the best ‘uncalibrated’ dataset for annual
scale hydrological analysis in the context of bias. With no consid-
eration of timeliness, 3B42 V7 is the most appropriate candidate
for long-term regional water budget studies.

To investigate the inter-annual variability of annual precipita-
tion, we also analyze the performance of each product for each
individual year (Table 1). This analysis indicates that each of the
four products performs consistently during the four-year period,
in which 2010 is a wet year and 2009 is a dry year. 3B42 V7 stably
shows the lowest relative bias, and for the “uncalibrated” real-time
datasets, 3B42 RT always overestimates while both CMORPH and
PERSIANN tend to underestimate. The general conclusions of the
annual scale analyses discussed above still hold when looking at
individual years from 2008 to 2012.

3.2. Detection of seasonal precipitation and its variability

Seasonal variation in the error characteristics of the precipita-
tion estimates will provide insights into the potential factors that
impact estimate accuracy in a way that varies through time. The
Yangtze River is greatly impacted by frequent floods during sum-
mer and by frequent local droughts in winter, so we pay special
attention to how performance varies from season to season.
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Fig. 7. Time correlation of daily precipitation in summer at each gauge over the Yangtze River between (a) 3B42 V7 and gauge; (b) 3B42 RT and gauge; (c) CMORPH and

gauge; (d) PERSIANN and gauge.

Here we group the four seasons into two categories: the warm
period (summer and autumn, also called the flood season) and the
cold period (winter and spring). Figs. 3 and 4 show the spatial map
of seasonal relative bias for the warm period and the cold period,
respectively. Because gauge adjustment reduces the bias greatly,
the results of 3B42 V7 are ignored here. This allows us to focus
on the near real-time products, which are useful for operational
hydrological prediction.

In the warm period (Fig. 3), PERSIANN performs the worst of the
three estimates, with great underestimation (by —80% to —20%)
while CMOPRH shows slight underestimation (by —50% to 20%)
over the middle and lower Yangtze. 3B42 RT captures the summer
precipitation pattern for most region with small relative bias in
either direction (—20% to 50%). But in the cold period (Fig. 4), it
is clear that the performance declines for all three products: PER-
SIANN and CMORPH seriously underestimated precipitation (by
—50% or more) over most regions, and the spatial pattern of
3B42 RT also becomes more complicated (though the magnitude
of bias is smaller than that of the other products). As droughts have
often occurred in the Yangtze River during recent years, signifi-
cantly, this underestimated winter and spring precipitation makes
drought monitoring and prediction difficult.

Additionally, we separate out the contribution of each season to
the total bias in an annual scale analysis. For 3B42 RT, there is a
long-lasting and serious overestimation of precipitation at the
upper Yangtze River during all seasons (Figs. 3a and b and 4a

and b). CMORPH suffers from season-dependent biases at some
places in the upper Yangtze (such as the source area of the Yan-
gtze), with underestimation during the warm period (Fig. 3¢ and
d) and overestimation in the cold period (Fig. 4c and d). For the
lower parts of Yangtze, we found CMORPH underestimation on
the annual scale mainly results from the cold season (Fig. 4c and
d). As we inferred, this seasonal ‘shift’ in CMORPH performance
may be related to the PMW measurement method, which yields
better retrievals with strong convective precipitation in summer
(Tian et al., 2007). The pattern of PERSIANN is very complicated
and always the worst during all seasons; we suspect this can be ex-
plained by the lack of training of the artificial neural network
parameters over China since PERSIANN is only adequately trained
over the United States.

We also note that all three datasets do the worst during the
winter when compared to other seasons (OND; Fig. 4a, c and e)
and show strange ‘stratified’ bias patterns which extend in the
north-south direction. This conflicts strongly with the actual pre-
cipitation pattern during this season (figures not shown here),
which gradually increases from the west to the east. We speculate
that this is due to the issue of path overlapping between different
satellites in this region, but this is a question that should be an-
swered in future research.

Similarly, Figs. 5 and 6 show the results of different products
when estimating summer and winter precipitation. Generally, all
datasets perform better in summer with smaller relative bias
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Fig. 8. The same as Fig. 7 but of daily precipitation in winter.

(RB) and higher correlation coefficient (CC). With ground gauge
adjustment included, all statistics related to 3B42 V7 show signif-
icant superiority over the other products during both summer and
winter. Comparing those unadjusted datasets (i.e., not 3B42 V7),
we find that CMORPH exhibits the best correlation with gauge
observations. This result suggests that the accuracy of the CMORPH
estimates could be improved substantially if gauge information
was provided to remove the bias.

At the same time, these scatterplots also provide insights into
the relationship between the seasonal precipitation bias and rain
rate. For CMORPH, it is evident that the bias is strongly dependent
on rain rate during both summer (Fig. 5c¢) and winter (Fig. 6¢). As
the rain rate increases from the upper to the lower Yangtze, the
biases also increase, almost linearly. Other research has claimed
that the CMORPH bias shows strong dependence on the surface
rainfall rate (Habib et al., 2012). However, the results of the 3B42
RT and PERSIANN analyses show a much more scattered pattern
without this dependence on rain rate, especially in winter. Finally,
we separate the gauge-satellite data pairs from different sub-regions
and display them using different colors in Figs. 5 and 6. Taking this
into account, we find that the lower parts of the Yangtze always get
better-correlated estimates from the satellite estimates.

Thus, in flood season, all these products are expected to perform
better than during dry or drought seasons. CMORPH is of great po-
tential use during the summer. It is useful when coping with water
resources management problems, such as irrigation and water sup-
ply, but we should be careful when applying this data to lower

parts of the Yangtze where precipitation amounts are greater, since
the bias in the product is amplified for greater rainfall amounts.

3.3. Detection of daily dynamics and high-intensity rainfall

As the main input to operational hydrological simulations, daily
precipitation is of critical importance, and accurate daily precipita-
tion estimates help to capture watershed dynamic responses, espe-
cially for flooding processes.

First, we calculate time correlation of daily precipitation at each
gauge in the Yangtze region for both summer (Fig. 7) and winter
(Fig. 8). Correlation is greater than 0.4 over most gauges of the Yan-
gtze for all the datasets, but shows degradation from summer to
winter. There is a clear spatial pattern of gradual increase in corre-
lation from the west to the east, and the extent of low-correlation
region expands eastward during winter. CMORPH shows the larg-
est correlation values during both summer (most are larger than
0.5) and winter (most are larger than 0.4), and remarkably, gets
even better results than the gauge-adjusted 3B42 V7 product.

Fig. 9 shows the temporal variations of some basin-scale aver-
aged spatial statistics computed from pixel-gauge pairs of daily
precipitation. These statistics include bias, spatial correlation,
RMSE and POD. To filter out high-frequency noise, we use a 30-
day moving window to generate a smoothed time series. All the
time series present a sort of periodic oscillation related to the sea-
sonal variation mentioned above. The bias (Fig. 9a) results indicate
that CMORPH and PERSIANN always underestimate the regional
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Fig. 9. Daily time series of basin-scale averaged skill measures of satellite products: (a) bias (mm day~!); (b) spatial correlation; (c) RMSE; and (d) POD. A 30-day running

average was applied to each time series to filter out the high-frequency noise.

mean value while 3B42 RT always overestimates it. Also we can see
that 3B42 RT often shows some sharp peaks (up to 3.5 mm day™!)
during the warm period, and this pulse-like amplification of rain-
fall amount would likely introduce unrealistic flood peaks during
the summer. In the spatial correlation (Fig. 9b) and RMSE
(Fig. 9c) analyses, CMORPH still performs similarly to or slightly
better than 3B42 V7. This result, combined with the POD
(Fig. 9d) analysis, suggests that CMORPH performs better in the
context of detecting daily precipitation dynamics, at least during
the summer.

There are many other occurrence statistics of daily precipitation
estimates for different satellite precipitation products in Fig. 10.
The frequency bias (FBIAS) measures whether the rain was esti-
mated too often or too infrequently. The equitable threat score
(ETS) quantifies how well the occurrence of rain was detected,
while the POD and False Alarm Ratio (FAR) clarify the nature of
the occurrence errors (Ebert et al., 2007). During the summer, the
mean value of FBIAS (Fig. 10a) for TMPA series, CMORPH and PER-
SIANN is about 1.5, which indicates that all products estimate rain-
fall more frequently than gauge measurements do. In winter, this
value gets to be diverse while POD decreases significantly
(Fig. 10b) and FAR increases (Fig. 10c). This implies that satellites
do not currently capture winter precipitation correctly and induce
lots of false alarms. In general, the highest ETS score (Fig. 10d) is
only around 0.2, far below 1.0, which would be a perfect score,
for TMPA series and CMORPH during the summer time over the
Yangtze.

The results here indicate that CMORPH has the ability to
detect rainfall events and to capture large-scale rainfall spatial

distribution, both of which impact basin-scale flood generation
and propagation. We again suggest that there is a high potential
for using this data in watershed flood prediction.

Probability distribution functions (PDFs) can provide us with
detailed information on the frequency of rainfall with different
intensities; this is important since the same rainfall amount in
the form of long-lasting light rain or a short duration storm will
yield quite different flood patterns. As a consequence, the occur-
rence PDF (PDFc) and precipitation volume PDF (PDFv) estimated
from each satellite product and gauge data are compared. The PDFc
is computed as a ratio between the number of times precipitation
occurs inside each bin (as in a histogram) and the total number of
times precipitation occurs overall. The PDFv is computed as a ratio
between the sum of the precipitation rates inside each bin and the
total sum of precipitation rates (Kirstetter et al., 2012). Here, only
pixel-gauge pairs which both ground reference and satellite pre-
cipitation estimates are nonzero can be selected to compute the
PDFc and PDFv.

In summer (Fig. 11a), CMORPH and PERSIANN miss some pre-
cipitation events where the rain rate is greater than 16 mm day ',
and tend to detect more cases than are observed by gauges when
rain rates fall below 16 mm day'. In comparison, 3B42 RT under-
estimates the occurrence frequency when low rain rates
(<2mmday~') are occurring and evidently overestimates the
occurrence frequency when the 8 mm day ! threshold is exceeded.
In winter (Fig. 11b), the performance of all products declines but
the general pattern is similar to that seen in the summer analyses.

The volume PDF estimates shows the rain intensity distribution
of daily precipitation amount. This information has great



Z. Li et al./Journal of Hydrology 500 (2013) 157-169 167

4 1.0

(a) (b)

08| 4

0.6 HI . E
04}
.
L J .
0.2} E

F BIAS
N
T
POD

-

0 0.0

Summer Winter Summer Winter
1.0 1.0
(C) (d) [13B42
[ RT
0.8} i 0.8} [_JCMORPH
[ PERSIANN
0.6 g 0.6 B
4
< 2
w [m
0.4} 4 04} -
0.2} g 0.2} 4
0.0 0.0
Summer Winter Summer Winter

Fig. 10. The boxplots of daily values of (a) FBIAS, (b) POD, (c)FAR, and (d) ETS in summer and winter. These are evaluation metrics of the estimated occurrence for
precipitation exceeding the threshold of 1 mm day ! over the Yangtze River. (The dot represents the mean value. Each box ranges from the lower 25th q uartile to the upper
75th quartile.The median is presented by the middle line in the box. The whiskers extend out to largest and smallest values.)

Summer Winter
24 T T 24 - .
—Gauge —Gauge
(a) —3B42 (b) —3B42
20+ —RT 1 20 —RT 1
—CMORPH —CMORPH
—PERSIANN - —PERSIANN| |
S
L 12 1
[~}
o
8 <
4 4
0
05 1 2 4 8 16 32 64 128 256
Rain rate (mm/day) Rain rate (mm/day)
Summer Winter
6 . . —_— 8 . - —_————
—Gauge —
c d Gauge
( ) —3B42 71 ( ) —3B42 ]
5F —RT 1 —RT
—CMORPH 6 —CMORPH | 1
sl —PERSIANN| | —PERSIANN
—~ __ 5t |
e S
> <
3+ . 4t :
2
o 2.l |
2f |
2 4
1t |
1+ ]
0 1 1 1 1 : 5 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 I 1
05 1 2 4 8 16 32 64 128 256 05 1 2 4 8 16 32 64 128 256
Rain rate (mm/day) Rain rate (mm/day)

Fig. 11. The occurrence probability distribution functions (PDFc; left) and volume probability distribution functions (PDFv; right) of precipitation estimates in summer and
winter. (The PDFs are calculated based on pixel-gauge pairs in which both ground precipitation and satellite precipitation estimates are nonzero.)



168 Z. Li et al./Journal of Hydrology 500 (2013) 157-169

significance for hydrological simulation since most hydrological
processes, like surface runoff, are highly sensitive to rainfall inten-
sity distributions as well as the total amount of rainfall (Tian et al.,
2010). During summer time (Fig. 11c), CMORPH and PERSIANN
considerably overestimate precipitation volume when rain rates
lower than 32 mm day ! are occurring, but they slightly underes-
timate precipitation volume when rainfall are greater than that
threshold. TMPA products show better agreement with the PDFv
of gauge records, in both summer and winter.

According to this PDFs-based analysis, we see that for local
floods generated by high-intensity rainfall in the Yangtze, TMPA
series data perform the best. However, this inference should be
examined carefully in future work especially for hydrological
applications.

4. Conclusions

High-resolution multi-sensor blended global precipitation
products have significantly improved our ability to monitor
large-scale precipitation dynamics during the past decades. In this
study, we evaluated and compared four sets of the state-of-the-art
satellite-based precipitation products, 3B42 V7, 3B42 RT, CMORPH,
and PERSIANN, over the Yangtze region - the largest river basin in
China. Using the gauge data as the ground reference, we investi-
gated the quality of different precipitation products across multi-
ple time scales with a regional focus, including the spatial
pattern and temporal variation of error characteristics associated
with these satellite products. The main findings can be summa-
rized as follows:

(1) Compared over the entire Yangtze River basin at different
temporal scales, in general, 3B42 RT (CMORPH) overesti-
mates (underestimates) precipitation while 3B42V7 (PERSI-
ANN) shows least (most) bias. Spatially, the upper Yangtze
suffers more severe systematic errors for all datasets.

(2) There are apparent precipitation regime-dependent errors
that also relate to the seasons. All the products demonstrate
better performance in the warm period. In the upper Yan-
gtze River, there is a yearlong systematic overestimation
for 3B42 RT, while CMORPH suffers from underestimation
during the warm period and overestimation in the cold per-
iod. In the lower Yangtze, the results indicate the underesti-
mation of CMORPH mainly occurs during the cold season.

(3) Considering spatial and temporal correlations, RMSE, POD
and other occurrence statistics, CMORPH consistently shows
good skill among the near-real-time products during the
summer. However, the bias of CMORPH shows strong linear
dependence on the surface rain rate during both summer
and winter, and exhibits greater bias in high rainfall
intensity.

(4) Gauge adjustment in 3B42 V7 greatly reduces the bias from
daily to annual totals, and also helps to keep the skill levels
stable during the winter. However, 3B42 V7 does not always
show superiority over other products, in particular CMORPH,
when the spatial correlation, RMSE, and POD are considered
for daily comparison.

(5) Finally the PDFs-based investigation indicates that the PDFs
of TMPA series datasets (3B42 V7 and 3B42 RT) are much
closer to that observed by the gauges, especially when
high-intensity rain rates are being considered.

These results indicate each individual satellite rainfall product
has its own pros and cons in the context of various hydrological
applications. 3B42 V7 is probably the most appropriate dataset
for long-term regional water balance studies. For basin-wide

large-scale flood prediction, CMORPH seems to be able to provide
better detection and spatial variability, but caution is warranted
when applying CMORPH to the lower Yangtze where its bias will
be amplified due to high rainfall intensity there. Finally, for
small-scale floods or flash floods induced by localized high-inten-
sity rainfall events, the TMPA series dataset will likely perform
better.

Due to the complicated precipitation pattern itself over the Yan-
gtze River affected by both monsoon climate and complex terrains,
the results reported here just reveal preliminary answers to the
critical questions of characterizing the errors of various precipita-
tion estimates, understanding their causes, and improving accu-
racy of satellite precipitation estimates in this both
socioeconomically and ecologically important region. This kind of
evaluation should be continued and, more desirably, implemented
in an operational mode with a range of regional hydrological appli-
cations. Based on this study, we would like to further address some
other critical issues: (1) evaluation of diurnal variability using sa-
tellite precipitation products, a critical factor for flash floods during
storm season; (2) application of remote sensing precipitation to a
distributed Yangtze hydrological model to characterize the error
propagation mechanisms from forcing to hydrological response;
(3) synergistic development of multi-source merged precipitation
products from gauges, radars, and satellites to better infer the ‘true’
value of regional precipitation. All these goals work together, we
believe, to substantially improve the skill of hydrological predic-
tion and natural hazards monitoring in Yangtze River basin.
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