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Abstract: The Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis (TMPA) and National Oceanic and
Atmospheric Administration (NOAA) Climate Prediction Center (CPC) morphing technique (CMORPH) are two important
multi-satellite precipitation products in TRMM-era and perform important functions in GPM-era. Both TMPA and CMORPH systems
simultaneously upgraded their retrieval algorithms and released their latest version of precipitation data in 2013. In this study, the latest
TMPA and CMORPH products (i.e., Version-7 real-time TMPA (T-rt) and gauge-adjusted TMPA (T-adj), and Version-1.0 real-time CMORPH
(C-1t) and Version-1.0 gauge-adjusted CMORPH (C-adj)) are evaluated and intercompared by using independent rain gauge observations for a
12-year (2000-2011) period over two typical basins in China with different geographical and climate conditions. Results indicate that all
TMPA and CMORPH products tend to overestimate precipitation for the high-latitude semiarid Laoha River Basin and underestimate it for
the low-latitude humid Mishui Basin. Overall, the satellite precipitation products exhibit superior performance over Mishui Basin than that
over Laoha River Basin. The C-adj presents the best performance over the high-latitude Laoha River Basin, whereas T-adj showed the best
performance over the low-latitude Mishui Basin. The two gauge-adjusted products demonstrate potential in water resource management.
However, the accuracy of two real-time satellite precipitation products demonstrates large variability in the two validation basins. The C-rt
reaches a similar accuracy level with the gauge-adjusted satellite precipitation products in the high-latitude Laoha River Basin, and T-rt
performs well in the low-latitude Mishui Basin. The study also reveals that all satellite precipitation products obviously overestimate light
rain amounts and events over Laoha River Basin, whereas they underestimate the amount and events over Mishui Basin. The findings of
the precision characteristics associated with the latest TMPA and CMORPH precipitation products at different basins will offer satellite pre-
cipitation users an enhanced understanding of the applicability of the latest TMPA and CMORPH for water resource management, hydrologic
process simulation, and hydrometeorological disaster prediction in other similar regions in China. The findings will also be useful for IMERG
algorithm development and update in GPM-era.
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states significantly (Su et al., 2008; Kidd and Huffman,
2011; Kucera et al., 2013; Hou et al., 2014). Thus, ob-
taining accurate and reliable precipitation information is
crucial for regional and global water resource manage-
ment, climate change research, hydrologic process
simulation, and drought/flood disaster prediction (Hong
et al., 2007; Jiang et al., 2012; Wu et al., 2014). Pre-
cipitation data are traditionally acquired from
ground-based observations (using rain gauges and/or
ground-based weather radars). During recent years, the
growing availability of high-resolution satellite precipi-
tation products has provided an unprecedented opportu-
nity for hydrologists and meteorologists to use satel-
lite-retrieved precipitation data in hydrometeorological
applications over medium to large river watersheds, es-
pecially for data-scarce or ungauged basins (Jiang et al.,
2010; 2014). On February 27, 2014, the Global Precipi-
tation Measurement (GPM; http://pmm.nasa.gov/GPM)
core observatory was launched. The GPM mission will
provide users with accurate and higher spatial and tem-
poral resolution global precipitation products named
Integrated Multi-satellite Retrievals for GPM (IMERG;
0.1°, 0.5 h). Satellite precipitation retrieval will trans-
form from the Tropical Rainfall Measuring Mission
(TRMM)-era to GPM-era. Meanwhile, as the prelude of
GPM, current operational TRMM Multi-satellite Pre-
cipitation Analysis products (TMPA) and the National
Oceanic and Atmospheric Administration (NOAA) Cli-
mate Prediction Center (CPC) morphing technique
(CMORPH) still have an important function in multi-
satellite precipitation observations (Joyce et al., 2004;
Huffman et al., 2007). These two satellite precipitation
products have experienced significant success and have
been widely scrutinized by hydrologists and meteorolo-
gists in the past decade (Behrangi et al., 2011; Bitew
and Gebremichael, 2011). In addition, both TMPA and
CMORPH systems have upgraded their retrieval algo-
rithms and released their latest version precipitation
products almost simultaneously before the GPM mission
was implemented.

The TMPA, which combines low-Earth orbiting mi-
crowave (MW) data and geostationary infrared (IR) data
from all available precipitation-related satellite plat-
forms, aims to produce the best estimates of quasi-
global (50°N-50°S) precipitation at the TRMM-era
(Huffman et al., 2007; Yong et al., 2014). Since its de-
velopment, the TMPA algorithm has undergone several

upgrades because of the use of new sensors and the up-
grade of algorithms (Yong et al., 2012). The latest up-
grade occurred on January 28, 2013. On this date, Ver-
sion 7 of the TMPA satellite precipitation products was
released, and the related algorithm was adopted as the
initial algorithm for the GPM mission. Four main up-
grades of the TMPA Version 7 were conducted relative
to the original Version 6: 1) the Special Sensor Micro-
wave Imager Sounder (SSMIS) on Defense Meteoro-
logical Satellite Program (DSMP) F-16 satellites were
incorporated into TMPA real-time Version and were an-
ticipated to further improve the data accuracy of micro-
wave precipitation estimates; 2) the inhomogeneously
processed Advanced Microwave Sounding Unit
(AMSU) record in Version 6 is uniformly processed in
Version 7; 3) TMPA Version 7 uses the new Global Pre-
cipitation Climatology Centre (GPCC) full gauge analy-
sis whenever the GPCC monitoring gauge analysis is
available from 2010; 4) the TRMM Microwave Imager
(TMI) and Special Sensor Microwave Imager (SSM/I)
input data were upgraded to the Goddard Profiling Al-
gorithm (GPROF) 2010 algorithm (Huffman and
Bolvin, 2013). The CMORPH technique uses the di-
rectness of low-Earth orbiting MW observations with
cloud motion derived from geostationary IR data to es-
timate precipitation. Moreover, the technique is flexible
and allows precipitation estimates from any MW satel-
lite source to be incorporated (Joyce et al., 2004). At the
NOAA CPC, CMORPH was reprocessed with a fixed
algorithm by using inputs of the same versions as that in
2014. The reprocessed CMORPH is called Version 1.0,
and the original CMORPH is called Version 0.x. Two
main differences of the CMORPH Version 1.0 relative
to the original Version 0.x are as follows: 1) Version 1.0
covers the entire TRMM/GPM-era from Jan. 1998 to the
present, whereas Version 0.x started from Dec. 2002; 2)
Version 1.0 includes raw, satellite-only precipitation
estimates, as well as bias-corrected and gauge satel-
lite-blended precipitation products, whereas Version 0.x
presents only satellite-only products (Xie, 2013).
Previous studies focused on evaluating the perform-
ance of high-resolution multi-satellite precipitation
products over different climatic regions in China, and
TMPA and CMORPH are found to be the best perform-
ing satellite precipitation estimates in China at the
TRMM-era, with obvious variability dependence on
geography and climate conditions (Shen ef al., 2010; Li
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et al., 2013; Hu et al., 2014; Li et al., 2014; Liu et al.,
2014; Shen et al., 2014; Tong et al., 2014). Shen et al.
(2010) investigated the performance of six popular sat-
ellite precipitation products over mainland China and
found that gauge adjustment procedures applied in the
gauge-adjusted TMPA product (Version 6) removed the
large-scale regional and seasonal bias that existed in
real-time pure satellite observations. They also found
that CMORPH performed best in depicting the spatial
pattern and temporal variations of precipitation. More-
over, on the basis of the accuracy analysis of high-
resolution satellite precipitation products over mainland
China, Shen et al. (2014) developed a high spatiotem-
poral gauge-satellite merged precipitation analysis over
China by merging rain gauge data and CMORPH pre-
cipitation data. Hu et al. (2014) evaluated six high-
resolution satellite precipitation estimates at multi-scale
over a humid region in China. The group found that
TMPA and CMORPH exhibited superior performance.
With the latest updates of TMPA and CMORPH inver-
sion algorithms, the error characteristics of TMPA Ver-
sion 7 and CMORPH Version 1.0 reveal several changes
in China. For example, Chen ef al. (2013) analyzed the
similarity and difference of the TMPA Version 6 and
Version 7 precipitation products over China, and found
that the gauge-adjusted TMPA Version 7 product clearly
improves upon Version 6 over China. However, the per-
formance of CMORPH Version 1.0 products in com-
parison with TMAP version 7 over river basins in China
remains unknown. The characteristics of the latest
TMPA and CMORPH precipitation products over dif-
ferent watersheds in China should be investigated by
validation with in situ precipitation measurements. This
validation will be relevant and useful for the application
and update of IMERG in the GPM-era. Thus, this study
aims to intercompare TMPA Version 7 and CMORPH
Version 1.0 precipitation products (i.e., Version-7 real-
time TMPA (T-rt) and gauge-adjusted TMPA (T-adj),
and Version-1.0 real-time CMORPH (C-rt) and Ver-
sion-1.0 gauge-adjusted CMORPH (C-adj)) with dense
rain gauge observations over two typical high- and
low-latitude basins in China. We will focus on: 1) the
spatial-temporal error characteristics of the four latest
satellite precipitation products, including two real-time
versions of T-rt and C-rt and two gauge-adjusted ver-
sions of T-adj and C-adj, and whether the CMORPH
show good performance in a high-latitude river basin;

2) the differences and similarities of four satellite
precipitation products in high-latitude Laoha River
Basin and low-latitude Mishui Basin; and 3) methods of
achieving the best hydrometeorological application us-
ing the respective advantages of the four satellite pre-
cipitation products.

2 Materials and Methods

2.1 Study area

The two basins selected in this study are the high- lati-
tude Laoha River Basin, which is located beyond the
TRMM TMl/precipitation radar (PR) nominal coverage
(38°N-38°S) in northern China, and the low-latitude
Mishui Basin, which is situated within the TRMM
nominal coverage in southern China (Fig. 1). The Laoha
River Basin, which has a drainage area of 18 112 km’
and 52 rain gauges, lies upstream of the West Liaohe
River Basin (41°00'—42°45'N, 117°15'-120°00'E). Ele-
vation within the basin ranges from 427 m to 2054 m,
and topography descends significantly from southwest
to northeast. The area is dominated by a temperate
semiarid continental monsoon climate, and the average
annual temperature and precipitation are approximately
7.5°C and 424 mm, respectively. The spatial and tem-
poral distribution of precipitation within the Laoha
River Basin is uneven, and approximately 80% of the
annual precipitation occurs between May and Septem-
ber. The Mishui Basin (26°00—27°12'N, 112°51'-
114°12’E), located southeast of Hunan Province in
South China, is a tributary of the Xiangjiang River
which has a drainage area of 10 305 km” and 35 rain
gauges. The area presents a complex topography, with
elevations that range from 49 m to 2093 m, and features
a humid subtropical monsoon climate with an average
temperature of approximately 18.0°C and a mean an-
nual precipitation of approximately 1561 mm. The tem-
poral and spatial distribution of precipitation within
Mishui Basin is also uneven because of the atmospheric
circulation and the annual precipitation that occurs
mostly between April and September. During these
months, particularly in June, basin-wide heavy rains
occur continuously, thereby resulting in floods.

2.2 Data and processing
2.2.1 Satellite precipitation data
Satellite precipitation products used in this study are the
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Fig. 1 Location of two study basins and distribution of rain gauge stations: (a) Laoha River Basin; (b) Mishui Basin. Also shown are

the sampling strategies used in this study. Black squares indicate 16 selected 0.25° x 0.25° grid boxes in Laoha River Basin and 11 se-
lected 0.25° x 0.25° grid boxes in Mishui Basin for verification of TMPA and CMORPH satellite precipitation products. Numbers are
grid IDs, e.g., 0301 represents the first grid box that contains three rain gauge stations. TMPA means the Tropical Rainfall Measuring
Mission (TRMM) Multi-satellite Precipitation Analysis, and CMORPH stands for Climate Prediction Center (CPC) morphing technique

product

latest TMPA Version 7 and CMORPH Version 1.0
real-time and gauge-adjusted satellite precipitation prod-
ucts, i.e. T-rt, C-rt, T-adj and C-adj. The TMPA method
T-rt three
1) polar-orbiting MW precipitation estimates are cali-
brated by TRMM MW estimates and then combined; 2)
geostationary IR precipitation estimates are calibrated
using the merged MW precipitation to fill in gaps of the
MW coverage, and 3) MW and IR data are combined to
form the real-time pure satellite precipitation product. In
addition, the T-adj estimate adjusts the bias based on
monthly rain gauge observations (Huffman et al., 2007).
The CMORPH technique uses the directness of MW
observations with cloud motion derived from IR data to

retrieves through consecutive  stages:

estimate precipitation (Joyce et al., 2004). Currently,
CMORPH products offer the following two high-
resolution versions: one version shows temporal and
spatial resolutions of 3 h and 0.25°, respectively, and the
other version offers higher temporal and spatial resolu-
tions of 30 min and 8 km, respectively, with both data
covering the area from 60°S to 60°N globally. In the
present research, we used the former CMORPH data,
which is released as an official version. The resolu-
tion of the satellite precipitation products used in this
study is 0.25° and 3 h. Three-hourly satellite precipi-
tation products were aggregated to produce the ac-
cumulated daily and monthly precipitation for preci-
sion evaluation.

2.2.2 Gauged precipitation data

The observed daily precipitation data from 2000 to 2011
were derived from 52 rain gauge stations in Laoha River
Basin and 35 rain gauge stations in Mishui Basin, that
is, roughly two rain gauges within one 0.25° grid. In-
verse Distance Weighting (IDW) was used to obtain the
spatially distributed precipitation database of Laoha
River Basin and Mishui Basin (Bartier and Keller,
1996). Basin topography data sets were obtained from
the U.S. Geological Survey 30 arc-second global digital
elevation model data.

2.3 Methods

2.3.1 Evaluation statistics

The validation statistical indices of Correlation Coeffi-
cient (CC), Mean Error (ME), Root Mean Square Error
(RMSE), Relative Bias (BIAS), and Relative Absolute
Bias (ABIAS) were employed to qualitatively evaluate
the latest TMPA and CMORPH satellite precipitation
data with rain gauge observations. CC shows the
agreement between satellite precipitation and rain gauge
observations. ME demonstrates the average difference
between satellite precipitation and rain gauge observa-
tions. RMSE measures the absolute average error mag-
nitude, and it assigns a greater weight to the larger er-
rors. BIAS describes the systematic bias of satellite pre-
cipitation, whereas ABIAS represents the absolute bias
of satellite precipitation. The formulas for CC, ME,
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RMSE, BIAS, and ABIAS are given by:
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where n is the total amount of rain gauge or satellite
precipitation data; S; and G; are the ith values of the
satellite precipitation data and rain gauge observations,

respectively; and S and G are the mean values of
the satellite precipitation data and rain gauge observa-
tions, respectively.

In addition, three categorical statistical indices,
namely, Probability of Detection (POD), False-alarm
Rate (FAR), and Critical Success Index (CSI), were
adopted to measure the correspondence between satellite
precipitation products and rain gauge observations.
POD, which is also known as the hit rate, represents
how often rain occurrences are detected correctly by the
satellite. FAR denotes the fraction of cases in which the
satellite records precipitation when rain gauges do not.
CSI shows the overall fraction of precipitation events
that are diagnosed correctly by the satellite. Rain or
no-rain events are defined by the value of the threshold,
and a precipitation threshold of 1.0 mm was used in this
study. The perfect values of POD, FAR, and CSI were 1,
0, and 1, respectively. The formulas are given by:

pop =11 6)
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FAR = —'F @)
tH + ZF
t
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where H, M and F are different cases: H is observed rain
that is correctly detected; M is observed rain that is not
detected; F' is detected but not observed rain; and tg, 1,
and zr are the times of occurrence of the corresponding
case. The details of these parameters refer to Ebert et al.
(2007).

2.3.2 Evaluation methods

For comprehensive evaluation of the precision of four
satellite precipitation products, we compared satellite
estimates with rain gauge observations at different tem-
poral (daily, monthly and yearly) and spatial (grid and
basin) scales. Grid-based and basin-wide comparisons
are two different spatial evaluation schemes. For
grid-based evaluation, we selected grid boxes that con-
tained a minimum of two gauges to reduce the scale
errors caused by the direct comparison between gridded
satellite estimates and the point-scale gauge data. Then,
we used the mean value of all gauges inside each grid
box as the ground truth for evaluation. This approach
was adopted by numerous previous studies (Adler ef al.,
2003; Xue et al., 2013; Yong et al., 2014). Following
this sampling strategy, 16 grid boxes of 0.25° x 0.25°
that correspond to TMPA and CMORPH pixel resolu-
tion were selected for Laoha River Basin, while 11 grid
boxes were adopted for Mishui Basin (Fig. 1). For ba-
sin-wide evaluation, we used the mean value of all grid
boxes located in the basin for comparison. The bench-
mark precipitation data of the grid-based evaluation are
supposed to be considerably more exact than that of the
basin-wide evaluation. Meanwhile, basin-wide evalua-
tion can better reflect the performance of the entire ba-
sin. In addition, the two spatial evaluation results can
verify each other. Therefore, in this study, data from
four satellite precipitation products of almost 12 years
were roundly compared at multi-temporal and spatial
scales in the high-latitude, semiarid Laoha River Basin
and low-latitude, humid Mishui Basin.

3 Results and Discussion

3.1 Grid-based evaluation
Plots of daily and monthly estimates of T-rt, C-rt, T-adj,
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and C-adj versus gauge observations for the 16 selected
grid boxes in Laoha River Basin and 11 grid boxes in
Mishui Basin are shown in Figs. 2 and 3, respectively.
Figure 4 shows the temporal variations of average
monthly precipitation for the selected grid boxes over
the two selected basins. Table 1 provides the statistics of
the daily and monthly performances at the selected grid
boxes over these two basins. As shown in the figures
and the statistical indices in the table, all the latest
TMPA and CMORPH precipitation products evidently
overestimate precipitation in the high-latitude Laoha
River Basin and underestimate precipitation in the
low-latitude Mishui Basin. For Laoha River Basin, both
gauge-adjusted satellite precipitation products (i.e.,
T-adj and C-adj) are comprehensively better than the
corresponding real-time satellite precipitation products
(i.e., T-rt and C-rt). In particular, T-rt shows a serious
overestimation (with a BIAS of 73.26%) of precipitation
relative to the other three satellite precipitation products
(Table 1, Figs. 2a—2d). In the comparison of the two
real-time satellite precipitation estimates, C-rt offers an
overall advantage over T-rt. For example, the daily CC,
ME, BIAS, FAR, and CSI values are 0.60, 0.14 mm,
18.07%, 0.40, and 0.47 for C-rt and 0.55, 0.76 mm,
73.26%, 0.55, and 0.37 for T-rt, respectively (Table 1,
Figs. 2a and 2b). Then, in the comparison of the two
gauge-adjusted satellite precipitation estimates, C-adj
also presents a slight advantage over T-adj; for example,
the daily CC, ME, BIAS, FAR, and CSI values are 0.63,
0.03 mm, 8.10%, 0.39, and 0.47 for C-adj and 0.59,
0.07 mm, 11.72%, 0.46, and 0.41 for T-adj, respectively
(Table 1, Figs. 2c and 2d).

By comparing values with those in the Laoha River
Basin, these four sets TMPA and CMORPH estimates
exhibit better CC values and lower BIAS (except C-rt)
in the low-latitude Mishui basin. The precision of T-rt is
considerably better than that in Laoha River Basin and
is comparable with T-adj in the low-latitude Mishui Ba-
sin. A comparison between the two real-time satellite
precipitation estimates indicates that T-rt exhibits an
overall advantage over C-rt; for example, the daily ME,
BIAS, POD, and CSI values are —0.29 mm, —6.60%,
0.63, and 0.52 for T-rt and —2.15 mm, —48.62%, 0.54,
and 0.49 for C-rt, respectively (Table 1, Figs. 2e and 2f).
Evidently, the performance of T-rt and C-rt in Mishui
Basin is contrast with that in Laoha River Basin. In the
comparison between the two gauge-adjusted satellite

precipitation estimates, the T-adj offers a slight advan-
tage over the C-adj for the large BIAS (-14.38%) of
C-adj (Table 1, Figs. 2g and 2h).

Similar to the daily results, the monthly C-rt demon-
strates an overall advantage over T-rt in Laoha River
Basin but exhibits poorer performance than T-rt in
Mishui Basin (Table 1, Figs. 3a, 3b, 3e and 3f). The
monthly C-adj demonstrates comparable performance
with T-adj in Laoha River Basin but poorer performance
than T-adj in Mishui Basin (Table 1, Figs. 3¢, 3d, 3g and
3h). In general, the gauge-adjusted products of TMPA
and CMORPH largely outperformed real-time estimates
at both daily and monthly time scales, thereby suggest-
ing that the month-to-month gauge adjustments applied
to the TMPA and CMORPH system improved the data
accuracy of retrievals substantially (Table 1, Fig. 4). A
comparison among the daily ME, RMSE, BIAS, and
ABIAS values of gauge-adjusted products indicates that
the month-to-month gauge adjustments render ME and
BIAS close to 0, while the RMSE and ABIAS remain
large. Therefore, the distribution of gauge-adjusted
products at daily or sub-daily time scale still needs to be
improved, and the robust near-real-time bias adjustment
method needs to be investigated.

3.2 Basin-wide evaluation

In this section, to further determine the basin-wide pre-
cision of the satellite precipitation products, we first
compared the satellite precipitation estimates with ob-
servations over the entire basin. The statistics of daily
and monthly performances at the basin average scale are
summarized in Table 2. Overall, as we expected, statis-
tics with the basin-averaged data (except the ME and
BIAS values) are better than the results obtained from
grid-based comparisons in the previous section. Similar
to the former grid scale research, the basin scale evalua-
tion also demonstrates that the real-time CMORPH
product in the high-latitude Laoha River Basin shows
comparable precision with the two gauge-adjusted satel-
lite precipitation estimations. By contrast, in the low-
latitude Mishui Basin, the real-time TMPA product of-
fers comparable precision with the two gauge-adjusted
satellite precipitation products.

To further investigate the spatial error characteristics
of four satellite precipitation products, we employed two
spatial interpolation techniques to generate continuous
precipitation surfaces over both validation basins. First,
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the 0.25° x 0.25° gridded TMPA and CMORPH esti-
mates were interpolated to 0.0625° x 0.0625° datasets
using a simple cropping approach (Hossain and Huff-
man, 2008). Then, gauge observations were interpolated
into the same resolution by IDW interpolation method.
Subsequently, we computed three representative indices,
CC, BIAS, and POD, to evaluate spatial rainfall patterns
over the study basins. Figures 5 and 6 show the spatial
distributions of CC, BIAS, and POD, which were com-
puted from the interpolated daily precipitation datasets
of the latest TMPA and CMORPH products against
gauge observations at the 0.0625° x 0.0625° resolution
grid. For Laoha River Basin, all four satellite precipita-
tion products demonstrate similar distribution in their
relative spatial performance. The poorest CC, BIAS, and
POD values appear in the northwest (high elevation and
latitude) and improve toward the southeast (low eleva-
tion and latitude) (Fig. 5). Except for POD, the CC and
BIAS values of C-rt, T-adj, and C-adj are significantly
better than that of T-rt, thereby indicating that the T-rt
exhibits the poorest performance over the Laoha River
Basin. The T-rt presents an apparent overestimation
problem over the entire basin (Fig. 5e), and gauge-based
adjustment in the researched product T-adj effectively
minimized the systematic bias (Fig. 5g). Interestingly,
the C-rt shows a small BIAS over the entire Laoha River
Basin area, and the values of CC and POD are also
comparable with the two gauge-adjusted satellite pre-
cipitation products. Thus, we can confidently use the
C-rt in hydrologic process simulation and drought/flood
disaster prediction over the high-latitude Laoha River
Basin.

In Mishui Basin, the four satellite precipitation prod-
ucts show higher CC values and smaller BIAS (except
the C-rt estimate) values than those of the Laoha River
Basin, whereas the POD values are worse than those of
Laoha River Basin (Figs. 5 and 6). In general, the satel-
lite precipitation products (except the C-rt estimate)
present better precisions in Mishui Basin than in Laoha
River Basin. Moreover, T-rt shows a small BIAS value
and high CC and POD values over the entire Mishui
Basin, and the precision performance is comparable
with the two gauge-adjusted satellite precipitation
products. By contrast, C-rt, which exhibits good per-
formance in the high-latitude Laoha River Basin, con-
siderably underestimates precipitation over the low-
latitude Mishui Basin and demonstrates poor precipita-

tion retrieval performance. The error characteristics in
the low-latitude Mishui Basin have a uniform spatial
distribution. Moreover, spatial distribution does not dis-
play an apparent geo-topographic dependence, such as
the case in the high-latitude Laoha River Basin.

3.3 Seasonal and inter-annual variability
To further confirm the stability of four satellite precipi-
tation estimates at seasonal and inter-annual time scales,
we investigated the seasonal and inter-annual variation
of T-rt, C-rt, T-adj, and C-adj over both selected basins.
Figure 7 shows the seasonal comparisons (CC, BIAS,
and POD), including spring (March-May), summer
(June—August), autumn (September—November), and
winter (December—February) by computing at a daily
time scale. In general, the gauge-adjusted products of
TMPA and CMORPH obviously exhibit better per-
formance than real-time products of TMPA and
CMORPH over both basins and four seasons (Fig. 7).
For the two real-time satellite precipitation products,
T-rt seriously overestimated the gauge precipitation
during all seasons, especially for winter, over the
high-latitude Laoha River Basin, and C-rt fitted gauge
precipitation well except with a slight underestimation
in winter (Fig. 7c). Meanwhile, over the low-latitude
Mishui Basin, C-rt seriously underestimated gauge pre-
cipitation during all seasons, and T-rt fitted gauge pre-
cipitation well except for a slight underestimation in
winter (Fig. 7d). In addition, four satellite products
show almost the worst CC and POD values in winter
than those of the other three seasons over both basins
(Figs. 7a, 7b, 7e and 7f). Accurate detection and estima-
tion of precipitation during the winter months, espe-
cially for the high-latitude Laoha River Basin, remain a
challenge for current satellite precipitation retrievals.
Figure 8 shows the yearly time series of precipitation,
ME and BIAS of all selected grids for the latest TMPA
and CMORPH satellite precipitation products against
rain gauge observations during the period of Mar. 2000
to Dec. 2011. Over both selected basins, the gauge- ad-
justed products of TMAP and CMORPH present better
agreement with gauge observations than real-time
products of TMAP and CMORPH (Fig. 8). Results of
the two real-time satellite precipitations are similar to
those of the former analysis. Over the high-latitude
Laoha River Basin, T-rt seriously overestimated gauge
precipitation in all years, and C-rt fitted the gauge
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Table 1 Statistical measures of grid-based comparison of latest TMPA and CMORPH precipitation estimates at daily and monthly time
scales in high-latitude Laoha River Basin and low-latitude Mishui Basin, respectively

. L Laoha River Basin Mishui Basin
Time scale Statistical index - - - -
T-rt C-rt T-adj C-adj T-rt C-rt T-adj C-adj
CC 0.55 0.60 0.59 0.63 0.69 0.72 0.68 0.74
ME (mm) 0.76 0.14 0.07 0.03 -0.29 -2.15 -0.26 -0.65
RMSE (mm) 5.43 4.14 4.02 3.86 8.70 8.04 8.84 7.83
Daily BIAS (%) 73.26 18.07 11.72 8.10 —6.60 -48.62 -5.64 —14.38
ABIAS (%) 153.78 108.72 109.00 100.35 79.80 71.60 82.11 71.90
POD 0.71 0.68 0.63 0.67 0.63 0.54 0.61 0.62
FAR 0.55 0.40 0.46 0.39 0.25 0.17 0.23 0.19
CSI 0.37 0.47 0.41 0.47 0.52 0.49 0.52 0.54
CcC 0.85 0.87 0.93 0.90 0.84 0.85 0.89 0.88
ME (mm) 23.14 4.11 2.09 0.82 -8.92 —65.30 -8.04 —19.87
Monthly RMSE (mm) 43.68 29.68 20.10 24.20 59.13 85.69 47.40 53.02
BIAS (%) 73.26 18.07 11.72 8.10 —6.60 -48.62 —-5.64 —14.38
ABIAS (%) 87.78 50.98 33.62 39.92 32.52 50.95 23.97 28.84

Notes: TMPA means the Tropical Rainfall Measuring Mission (TRMM) Multi-satellite Precipitation Analysis, and CMORPH stands for Climate Prediction Center
(CPC) morphing technique product. T-rt is Version-7 real-time TMPA, C-rt means Version-1.0 real-time CMORPH, T-adj stands for Version-7 gauge-adjusted TMPA,
and C-adj is Version-1.0 gauge-adjusted CMORPH. CC is Correlation Coefficient, ME stands for Mean Error, RMSE means Root Mean Square Error, BIAS is Relative
Bias, ABIAS means Relative Absolute Bias, POD is Probability of Detection, FAR means False-alarm Rate, and CSI stands for Critical Success Index
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Table 2 Statistical measures of basin-wide comparison of latest TMPA and CMORPH precipitation estimates at daily and monthly
time scales in high-latitude Laoha River Basin and low-latitude Mishui Basin, respectively

Laoha River Basin Mishui Basin
Time scale Statistical index
T-rt C-rt T-adj C-adj T-rt C-rt T-adj C-adj
CcC 0.71 0.72 0.77 0.77 0.78 0.79 0.78 0.81
ME (mm) 0.85 0.24 0.18 0.13 -0.30 -2.10 -0.21 -0.57
RMSE (mm) 3.49 2.79 2.30 2.44 6.21 6.41 6.29 5.73
BIAS (%) 79.64 22.82 16.62 12.14 -6.97 —48.60 —4.84 -13.30
Daily
ABIAS (%) 123.35 87.44 79.63 77.93 61.79 62.91 62.57 58.51
POD 0.86 0.80 0.80 0.78 0.73 0.58 0.73 0.68
FAR 0.48 0.29 0.34 0.27 0.16 0.07 0.15 0.12
CSI 0.48 0.60 0.56 0.60 0.65 0.55 0.65 0.62
CcC 091 0.92 0.98 0.95 0.89 0.88 0.94 0.92
ME (mm) 26.01 7.45 543 3.96 -9.15 —63.84 —6.36 -17.47
Monthly RMSE (mm) 37.18 22.53 10.70 13.92 45.65 79.94 33.06 3941
BIAS (%) 79.64 22.82 16.62 12.14 -6.97 —48.60 —4.84 -13.30
ABIAS (%) 84.22 43.57 21.82 26.67 26.31 49.38 16.60 22.29
Note: meanings of all the abbreviations see Table 1
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Fig. 5 Spatial distributions of statistical indices computed from T-rt (I1st column), C-rt (2nd column), T-adj (3rd column), and C-adj
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precipitation well except for underestimation in 2004
and overestimation in 2007 to 2009 (Figs. 8a, 8c and
8e). Meanwhile, over the low-latitude Mishui Basin,
C-rt seriously underestimated gauge precipitation in all
years, and T-rt fitted the gauge precipitation well with
comparable precision with two gauge-adjusted satellite
precipitation products (Figs. 8b, 8d and 8f). By com-
paring the BIAS over the two basins, we concluded that
the precisions of the four satellite precipitation products
present large variability the
high-latitude Laoha River Basin, whereas the yearly

inter-annual over
precisions are relatively stable over the low-latitude
Mishui Basin (Figs. 8e and 8f).

3.4 Error characteristic analysis and discussion

Numerous previous studies have pointed out that the
errors of satellite precipitation estimates show evident
dependency on the precipitation retrieval algorithm, the
nature of sensor that was used, surface condition (ocean
or land), and precipitation type among others (Pan et
al., 2010; Gebregiorgis and Hossain, 2015). Following
research on the dependence of error on seasonality in
the previous section, we will analyze rain rate depend-

ency and discuss the climate condition dependency of
the error characteristic for the four satellite precipitation
products over the two selected basins in this section.

Figure 9 shows the intensity distributions of daily pre-
cipitation amounts and daily number of precipitation
events for the selected grid boxes in Laoha River Basin
and Mishui Basin, respectively. The intensity distribu-
tions of daily precipitation amount are computed as a
ratio of the sum of precipitation rates in each bin to the
total sum of gauge precipitation rates. Similarly, the
intensity distributions of daily precipitation events are
computed as a ratio between the sum of precipitation
days in each bin and the total days. In this section, only
the grid precipitation that is equal to or greater than
I mm can be selected to compute intensity distribu-
tions. T-rt overestimated both the precipitation amount
and event in all bins over Laoha River Basin, whereas
the performance approached a similar level of quality
as research precipitation products over Mishui Basin.
By contrast, C-rt performs well over Laoha River Ba-
sin, whereas the product exhibits series underestimation
over Mishui Basin. Notably, all satellite precipitation
products obviously overestimate precipitation at light
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rain rates (< 8 mm/d) both at precipitation amounts and
events in Laoha River Basin but underestimate the
amount and events in Mishui Basin. In addition, the
results demonstrate that all satellite precipitation prod-
ucts underestimate precipitation amounts at high rain
rates (> 128 mm/d) in Mishui Basin (Fig. 9b).

For the climate condition, the high-latitude Laoha
River Basin is a temperate semiarid continental mon-
soon type location with a mean annual precipitation of
424 mm. By contrast, the low-latitude Mishui Basin is a
humid subtropical monsoon type location with a mean
annual precipitation of 1561 mm. Climate type is an-
other influential factor of satellite precipitation re-
trieval errors. All four satellite precipitation products
overestimated precipitation in the semiarid Laoha
River Basin but underestimated precipitation in the hu-
mid Mishui Basin. This underestimation is particularly

evident for the two real-time satellite precipitation
products. Except for C-rt, the precisions of the other
three satellite precipitation products in the humid
Mishui Basin comprehensively outperform those in
the semiarid Laoha River Basin. These findings are
consistent with the results of Shen er al. (2010) and
Qin et al. (2014), thereby demonstrating that the satel-
lite products vary for different regions and different
precipitation regimes, with better comparison statistics
observed over wet regions in China. In addition, the
C-rt underestimates precipitation and T-rt overesti-
mates precipitation in China. C-rt reaches similar ac-
curacy levels with gauge-adjusted satellite precipita-
tion products in the high-latitude semiarid Laoha
River Basin. This finding is important and significant
to obtain the best hydrometeorological applications of
multiple real-time satellite precipitation products in

Laoha River Basin Mishui Basin
1.0 1.0
O] (b)
08| 0.8 Ay
E-u_-:.;' P B e,
06} . //'3 06} Sl )
Q Avves T :/.': .... q,\ &)
|8} LR ) |&]
04 °° \ 04
02t '-';.\\l 02}
0.0 1 1 1 =] 0.0 1 1 L L
600 5 600
S © @
400 - 400 -
v 200 v 200
3 3
] Dt aeeeee a _—" A
ol ..,__._..__L...Ep_'_._. & 0 Besane st fra.. .=y
emo | A Bereeeca [T Y
_200 1 1 1 1 _200 L L 1 L
1.0 1.0
©
08 o 0.8 —"i ®
*'/./'l\.\ ‘0 :.;"/ \\
06 3 . a 06 \
§ L \ e .t N
041 04 N
. . 8
02 % 02+ ‘a
0.0 1 1 [l 1 0.0 1 1 1 1
Spring  Summer Autumn  Winter Spring  Summer Autumn  Winter
Season Season
cecedoce Tt cecedese (Cort e = T_adj —_— - C.adj

Fig. 7 Grid-based seasonal comparison of latest TMPA and CMORPH precipitation estimates at daily time scales in high-latitude
Laoha River Basin and low-latitude Mishui Basin, respectively: (a, b) CC, (c, d) BIAS, and (e, f) POD. CC is Correlation Coefficient,
BIAS means Relative Bias, and POD stands for Probability of Detection



452 Chinese Geographical Science 2016 Vol. 26 No. 4

Laoha River Basin Mishui Basin
1000 3000
= - )
,g 800 E 2500
< 600 =1 2000 - ¥
g 2 2 —e A .
£ R AW =2 S N0\
B 400 ‘8 b a \
B -5 1000 [ae T e e, A,
2 200 g 500 F “ar” o
0 . . , . . 0 L : : : .
500 1000
J,, B R O @
250_":1"'” -.‘ - .\3" n.“ . 500
ceea. Rl = Al | A o.
& oh—&\‘eﬁv!\/ ¢ L SRR L. SR S SIS
E et E '_._-"_‘ WA —A ~
250 =500 | R TN
ceen, . .A...A,'.A...R Car
-500 1 ' ' L L -1000 LI L s ) )
120 ¢ = 120
o S Pt O) ®
- 60 ° S Te st ] 60T
g . @ R S
TR . - <
m w m N R A,
LA E KRR L PRy Ao,
-60 [ —60 |-
-120 . . . . . -120 . . . L L
2000 2002 2004 2006 2008 2010 2000 2002 2004 2006 2008 2010
Year Year
—e— Gauge ceeemess Topt cevenese Cert — = - T-adj —&— C-adj

Fig. 8 Temporal series of average yearly precipitation of 16 selected grid boxes in Laoha River Basin and 11 selected grid boxes in
Mishui Basin, respectively: (a, b) yearly precipitation series, (¢, d) ME, and (e, f) BIAS. ME is Mean Error, BIAS means Relative Bias

Laoha River Basin Mishui Basin
osh . 14
< @) <) 12+
E 04 E ol
g 03 g 081
o | g 06
g 0.2 2
8 % 04r
E01f 8
g E 02f
0.0 — L . . ; ; 0.0
1 2 4 8 16 32 64 128 1 2 4 8 16 32 64 128
Precipitation rate (mm/d)
0.08
+ oo O o~
s 006 .- © Zo0.07r
g 005 ‘o, g 0.06 |
~§ 0.04 F g 0.05 [
g L
2 003} 8004
g g 0.03|
2 0.02F
.g 80021
g 001 Eoof
0.00 & 0.00
1 2 4 8 16 32 64 128 1 2 4 8 16 32 64 128
Precipitation rate (mm/d) Precipitation rate (mm/d)
—=s— Gauge ceedecs Tort ceeddees Cort —_ - T—ad_] —h— C-adj

Fig. 9 Daily precipitation amount (a, b) and daily precipitation events (c, d) as a function of precipitation rate for 16 selected grid
boxes in Laoha River Basin and 11 selected grid boxes in Mishui Basin, respectively



JIANG Shanhu et al. Evaluation of Latest TMPA and CMORPH Precipitation Products with Independent Rain Gauge... 453

different Chinese regions using the respective advan-
tages of each satellite precipitation data. In addition, for
the two selected basins, the high-latitude Laoha River
Basin is studied beyond the TRMM TMI/PR nominal
coverage (38°N-38°S), and the low-latitude Mishui Ba-
sin is studied in the TRMM TMI/PR nominal coverage.
This coverage may affect the precision performance of
TMPA and CMORPH satellite precipitation products in
the two basins (Yong et al., 2014).

4 Conclusions

This study focuses on comprehensive evaluation of the
latest TMPA Version 7 and CMORPH Version 1.0 satel-
lite precipitation products with dense rain gauge obser-
vations at medium watershed scale. The precision and
error characteristics of the latest real-time version T-rt
and C-rt, as well as those of the gauge-adjusted version
T-adj and C-adj, were evaluated at multiple temporal
and spatial scales for a period of almost 12 years (Mar.
2000 to Dec. 2011) over the high-latitude semiarid
Laoha River Basin and the low-latitude humid Mishui
Basin in China, respectively. Several main conclusions
are drawn as follows:

(1) TMPA and CMORPH products tend to overesti-
mate precipitation over the high-latitude semiarid Laoha
River Basin and underestimate the amount over the
low-latitude humid Mishui Basin. Overall, the satellite
precipitation products exhibit better performance over
Mishui Basin than over Laoha River Basin. In a com-
prehensive analysis of the daily and monthly statistical
indices, the gauge-adjusted product of C-adj exhibits the
best performance over Laoha River Basin, and the T-adj
shows the best performance over Mishui Basin. The two
gauge-adjusted products demonstrate high effectiveness
in water resource management.

(2) Accuracies of the two real-time satellite precipita-
tion products demonstrate large variability in the two
validation basins. C-rt reaches similar accuracy levels
with the two satellite precipitation products in the Laoha
River Basin, and T-rt performs well in the Mishui Basin.
This finding is important and significant for hydromete-
orological applications of the two real-time satellite pre-
cipitation products for other similar latitudes and cli-
mate conditions in Chinese regions.

(3) For the seasonal and inter-annual time scales, the
gauge-adjusted products show better agreement with

gauge observations than real-time products over both
basins. The four satellite precipitations exhibit poor
performance in winter than in the other three seasons.
We argue that accurate detection and estimation of pre-
cipitation during the winter months, especially for
high-latitude regions, remain a challenge for current
satellite precipitation retrievals. Four satellite precipita-
tion products present large inter-annual variabilities over
the Laoha River Basin, while annual precisions are rela-
tively stable over the Mishui Basin.

(4) The intensity distributions of daily precipitation
demonstrates that all satellite precipitation products ob-
viously overestimate light rain rate (< 8 mm/d) both at
precipitation amounts and events in Laoha River Basin
but underestimate in Mishui Basin. Moreover, all the
satellite precipitation products underestimate precipita-
tion amounts at high rain rate (> 128 mm/d) in Mishui
Basin.

This implemented analysis provides detailed infor-
mation on the error characteristics associated with the
latest TMPA and CMORPH precipitation products over
two different latitudes and climate conditions in basins
in China. The information will offer satellite precipita-
tion users an improved understanding of the applicabil-
ity of the latest TMPA and CMORPH products for water
resource management, hydrologic process simulation,
and hydrometeorological disaster prediction in similar
Chinese regions. Moreover, the results will useful for
IMERG algorithm development and update in the
GPM-era.
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