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ABSTRACT

TheDiaoyu Islands are a group of uninhabited islets located in the East China Sea between Japan, China, and

Taiwan. Here, four mainstream gauge-adjusted multisatellite precipitation estimates [TRMM Multisatellite

Precipitation Analysis, version 7 (TMPA-V7); CPC morphing technique–bias-corrected product (CMORPH-

CRT); Precipitation Estimation from Remotely Sensed Information Using Artificial Neural Networks–Climate

Data Record (PERSIANN-CDR); and Global Satellite Mapping of Precipitation–gauge adjusted (GSMaP_

Gauge)] are adopted to detect the rainfall characteristics of the Diaoyu Islands area with a particular focus on

typhoon contribution. Out of the four products, CMORPH-CRT andGSMaP_Gauge showmuchmore similarity

both in terms of the spatial patterns and error structures because of their use of the same morphing technique.

Overall, GSMaP_Gauge performs better than the other three products, likely because of denser in situ obser-

vations integrated in its retrieval algorithms overEastAsia.All rainfall products indicate that an apparent rain belt

exists along the northeastern 458 direction of Taiwan extending to Kyushu of Japan, which is physically associated

with the Kuroshio. TheDiaoyu Islands are located on the central axis of this rain belt. During the period 2001–09,

typhoon-induced rainfall accounted for 530mmyr21, and typhoons contributed on average approximately 30%of

the annual precipitation budget over the Diaoyu Islands. Higher typhoon contribution was found over the

southern warmer water of the Diaoyu Islands, while the northern cooler water presented less contribution ratio.

Supertyphoon Chaba, the largest typhoon of 2004, recorded 53 h of rainfall accumulation totaling 235mm on the

Diaoyu Islands, and this event caused severe property damage and human casualties for Japan.Hence, theDiaoyu

Islands play an important role in weather monitoring and forecasting for the neighboring countries and regions.

1. Introduction

The Diaoyu Islands, also called the Diaoyutai Islands

in Taiwan or the Senkaku Islands in Japan, are a clutch

of five small volcanic islets and three rocky outcroppings

in theEast China Sea. The largest of them,Diaoyu Island,

has an area of just 4.38km2 and is 383m above sea level

at its highest point (Fig. 1). This islet lies at 2584403000N
latitude and 12382803000E longitude, approximately 170km

northeast of Taiwan, 330km east of mainland China, and

410km west of Okinawa Island, Japan. It is the only islet

suitable for weather station mounting in this uninhabited

island chain. In practice, the western Pacific tropical cy-

clones frequently passed through this region and brought a

large amount of rainfall along the typhoon tracks, resulting

in severe property damage and human casualties, espe-

cially for Taiwan, Japan, and the eastern coastline of

mainland China. Diaoyu Island plays an important mete-

orological outpost role for the surrounding countries and

has great potential in regional weather monitoring and

forecasting, besides the military and economic values. Up

to now, however, there has not been any meteorological

equipment installed on Diaoyu Island.

As is well known, precipitation is one of the crucial

atmospheric variables for weather monitoring and

forecasting. Despite its importance, accurate rainfall mea-

surement remains challenging, especially over oceans
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and islands because of the sparse in situ observations

from islets or buoys. Over the past few years, we have

witnessed rapid developments in the field of satellite-

based precipitation estimation, which might be the only

practical way to detect and offer precipitation informa-

tion for ungauged remote regions such as the Diaoyu

Islands and their adjacent sea (Sorooshian et al. 2000;

Joyce et al. 2004; Kubota et al. 2007; Tapiador et al. 2012;

Yong et al. 2015). At present, highlighted advancements

in satellite precipitation estimates have crystallized into

the Global Precipitation Measurement (GPM) mission

that can unify and improve the precipitation measure-

ments by a constellation of research and operational

microwave sensors to set a new calibration standard for the

global precipitation estimation from space (Hou et al.

2014). TheGPMCoreObservatory, with a dual-frequency

precipitation radar (DPR) and a multichannel GPM Mi-

crowave Imager (GMI), was successfully launched by

NASA and JAXA on 28 February 2014. However, the

U.S.–Japan data producers are unable to provide GPM-

calibrated historic precipitation records for the pre-2014

period, when DPR and GMI observations were not yet

available. As the predecessor to GPM, the Tropical

Rainfall Measuring Mission (TRMM), launched in No-

vember 1997, has generated over 17 years of valuable

scientific data. TheTRMM-basedmultisatellite estimates

FIG. 1. (a) Location of the study domain and (b) topography of the Diaoyu Islands.
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are the current mainstream satellite precipitation mea-

surements at the global scale, and they improved our

comprehensive understanding ofEarth’s water and energy

cycle, tropical cyclone structure and evolution, convective

system properties, lightning–storm relationships, and hu-

man impacts on rainfall. Examples of these operational

quasi-global rainfall products are the TRMM Multi-

satellite Precipitation Analysis (TMPA; Huffman et al.

2007, 2009), the NOAA/Climate Prediction Center (CPC)

morphing technique (CMORPH; Joyce et al. 2004), Pre-

cipitation Estimation from Remotely Sensed Information

UsingArtificial Neural Networks (PERSIANN;Hsu et al.

1997; Sorooshian et al. 2000), and the JAXA’s Global

Satellite Mapping of Precipitation (GSMaP; Kubota et al.

2007). The concept behind most of these algorithms relies

upon the merged passive microwave (PMW) and infrared

(IR) estimates. Generally, the more accurate (but in-

frequent) PMWestimates were used to calibrate the more

frequent (but indirect physical relations with pre-

cipitation) IR estimates so that the retrieval system could

provide not only better estimates, but estimates at im-

proved temporal and spatial resolutions. After merging

PMW- and IR-based estimates, the rain gauge measure-

ment information would be integrated into the retrieval

systems to produce the research-quality, post-real-time

products. To date, these merged high-resolution satellite

precipitation products have beenwidely utilized in various

research and operational applications with positive per-

formance (e.g., Villarini and Krajewski 2007; Su et al.

2008; Habib et al. 2009; Tobin and Bennett 2010; Yong

et al. 2010; Romilly and Gebremichael 2011; Bitew et al.

2012;Khan et al. 2012;Wuet al. 2012). By providing global

and consistent spatial coverage, satellite precipitation es-

timates allow the opportunity to monitor the structure of

tropical cyclones and to quantify the associated rainfall

amount over the ungauged areas. However, most recent

literature mainly focused on the global and continental

scales (Rodgers et al. 2001; McCollum et al. 2002; Lonfat

et al. 2004; Yu et al. 2009; Nogueira and Kleim 2011; Dare

et al. 2012; Prat and Nelson 2013; Villarini et al. 2014;

Bowman and Fowler 2015). The regional studies with

small- and medium-sized scales that include different

satellite precipitation estimates over the ungauged regions

are seldom found.

The aim of this study is to investigate the rainfall

characteristics of the Diaoyu Islands and their adjacent

sea from space,with a particular focus on the contribution

of typhoon rainfall. For that purpose, four mainstream

multisatellite precipitation products are used. The eval-

uation is performed for a complete 9-yr period (2001–09).

This study is expected to offer a better understanding of

local weather and hydrology features over this ungauged

island chain for its neighboring countries and regions.

2. Data

a. Satellite datasets

Previous studies have shown that the gauge-adjusted

satellite precipitation products are more accurate than

their unadjusted counterparts, as the widely used month-

to-month gauge adjustments successfully remove system-

atic biases of purely satellite-derived estimates (Stisen and

Sandholt 2010; Yong et al. 2010; Bitew and Gebremichael

2011; Chen et al. 2013a,b). Furthermore, it was also found

that such a bias-adjustment scheme can yield substantial

improvements in capturing both spatial patterns and tem-

poral variations of precipitation (Shen et al. 2010; Behrangi

et al. 2011). Therefore, four gauge-adjusted satellite

estimates [TMPA, version 7 (TMPA-V7); CMORPH–

bias-corrected product (CMORPH-CRT); PERSIANN–

Climate Data Record (PERSIANN-CDR); and

GSMaP–gauge adjusted (GSMaP_Gauge)] are consid-

ered for the analyses.

During the past decade, the TMPA system has un-

dergone three major upgrades (corresponding to ver-

sions 5, 6, and 7) owing to the new sensors and upgraded

algorithms (Yong et al. 2013). The standard TMPA es-

timates are provided at relatively fine resolution

(0.258 3 0.258, 3-hourly) in both real (3B42RT) and

post–real time (3B42). TMPA-V7 is the latest version 7

research-grade 3B42 product of TMPA released on

28 January 2013 (Huffman and Bolvin 2015). Against

the original version 6, the new version 7 has substantial

upgrades: 1) employing the significantly improved Global

Precipitation Climatology Centre (GPCC), version 2.2,

dataset as its full gauge analysis and bias adjustments;

2) introducing somenewermicrowave and infrared sensors,

mainly the Special Sensor Microwave Imager/Sounder

(SSMIS) on the F16 and F17 satellites, the Microwave

Humidity Sounder (MHS) on NOAA-18 and NOAA-19,

Meteorological Operation (MetOp), and the 0.078
Gridded Satellite (GridSat-B1) IR brightness temperature

(TB) data; 3) uniformly processing the input data, most

notably for AMSU and MHS, but also including TRMM

Combined Instrument (TCI), TMI, AMSR-E, and SSM/I;

4) adopting a latitude-band calibration scheme for all sat-

ellites; and 5) adding new fields in the data files (sensor-

specific source and overpass time). Generally, TMPA-V7

is considered an improvement over TMPA-V6, and it ap-

parently outperforms all of its previous versions (e.g., Yong

et al. 2014; Chen et al. 2013a,b). TheTMPA-V7dataset can

be downloaded from the website of the Goddard Earth

Sciences Data and Information Services Center (http://

disc.sci.gsfc.nasa.gov/gesNews/trmm_v7_multisat_precip).

The CMORPH estimates adopt motion vectors derived

from half-hourly interval geostationary satellite IR imag-

ery to propagate the relatively high-quality precipitation
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estimates derived from passive microwave data (Joyce

et al. 2004). In the CMORPH algorithm, the shape and

intensity of the precipitation features are morphed during

the time betweenmicrowave sensor scans by performing a

time-weighted linear interpolation. Altogether, CMORPH

consists of two successive versions, namely, the original

version 0.x and the current version 1.0. Relative to the old

version, the latest CMORPH (version 1.0) uses a fixed

algorithm and inputs of fixed versions to ensure the best

possible homogeneity throughout the entire TRMM era.

Moreover, version 1.0 includes a bias-corrected product

(CMORPH-CRT) as well as the raw, purely satellite-

derived precipitation estimates (CMORPH-RAW), while

version 0.x only has the latter (Xie andXiong 2011). As for

CMORPH-CRT and CMORPH-RAW, three different

spatiotemporal resolutions (i.e., 8 km, 30min; 0.258,
3-hourly; and 0.258, daily) were made available starting

on 1 January 1998 (from http://ftp.cpc.ncep.noaa.gov/

precip/CMORPH_V1.0/). The 0.258 3-hourly bias-adjusted
CMORPH-CRT data were used in this study.

PERSIANN-CDR is a new retrospective satellite-

based precipitation dataset developed from the

PERSIANN algorithm that estimates rainfall distribution

from infrared geostationary satellite imagery by using

the artificial neural network (Ashouri et al. 2015).

First, the GridSat-B1 infrared data are applied in the

PERSIANNmodel to produce historical rainfall estimates.

These estimates are then bias adjusted with the Global

Precipitation Climatology Project (GPCP) 2.58monthly

data, which include the GPCC gauge information.

PERSIANN-CDR provides a 32-yr record (from 1 Jan-

uary 1983 to 31 December 2014) of near-global (608S–
608N) daily precipitation data at 0.258 spatial resolution
(available at ftp://data.ncdc.noaa.gov/cdr/persiann/files/).

This new product is aimed at addressing the need for a

consistent, high-resolution, and global climate data re-

cord for studying long-term hydrometeorology features

in daily precipitation, especially extreme precipitation

events at regional and global scales.

The GSMaP algorithm combines precipitation re-

trievals from TRMM and other polar satellites and in-

terpolates themwith cloud-moving vectors derived from

IR images of geostationary satellites to produce high-

resolution (0.18, 1-hourly) global precipitation estimates

for the latitude band 608N–608S (Kubota et al. 2007;

Okamoto et al. 2008; Aonashi et al. 2009). In addition to

the routine satellite input streams, two additional data

sources were employed in GSMaP’s PWM algorithms:

1) JapanMeteorological Agency (JMA)Global Analysis

(GANAL) data (1.258, 6-hourly) and 2) JMA Merged

Satellite and in situ Data Global Daily Sea Surface

Temperatures (MGDSST; 18, daily). First, Kubota et al.

(2007) developed a simplified, near-real-time version of

GSMaP (GSMaP_NRT), which uses fewer PMW input

streams and a forward-only cloud advection scheme. In

practice, GSMaP_NRT seems to be more similar to

CMORPH, as it inherits CMORPH’s morphing algo-

rithm to derive cloud motion vectors. To further reduce

the total retrieval errors, Ushio et al. (2009) employed a

new Kalman filter approach to assimilate and refine the

IR-based rain rates and thus generated an improved

version [GSMaP moving vector with Kalman filter

(GSMaP_MVK)] with almost all available satelliteborne

precipitation-related sensors. Another important differ-

ence between these twoGSMaP products is that GSMaP_

MVK contains a two-way (both forward and backward)

morphing technique to propagate the rainy area from

microwave radiometry. The GSMaP_Gauge dataset

(available at ftp://rainmap@hokusai.eorc.jaxa.jp/standard_

gauge/v5/hourly/) used in this study integrates theNOAA/

CPC gauge-based analysis of global daily precipitation

(Xie et al. 2007) into the GSMaP_MVK reanalysis ver-

sion for realizing the satellite–gauge combination. Some

literature highlights that the GSMaP products have been

attractive to a wide range of weather forecasting and hy-

drologic applications owing to its superiority in spatio-

temporal resolution (Tian et al. 2009; Ushio et al. 2009).

b. Gauge datasets

The ground gauge observations from four different

data sources were herein used qualitatively in evaluating

and validating the error of satellite precipitation esti-

mates over the surrounding area of the Diaoyu Islands.

These four reference datasets include the China Gauge-

Based Daily Precipitation Analysis (CGDPA), the

Asian Precipitation–Highly Resolved Observational

Data Integration Toward Evaluation of Water Re-

sources (APHRODITE) over land in Japan (APHRO_

JP), Taiwan Daily Precipitation Observations (TDPO),

and NOAA’s Integrated Surface Database (ISD).

Among them, CGDPA is the official daily gridded

precipitation product (0.258 3 0.258) released by Na-

tional Meteorological Information Center (NMIC) of

the China Meteorological Administration (CMA). This

product, based on about 2400 gauge stations in China

from 1955 to present, adopts an optimal interpolation

(OI) method proposed by Xie et al. (2007) to rebuild the

daily climatological precipitation field over mainland

China (Shen and Xiong 2016). APHRO_JP is a gridded

surface daily precipitation dataset starting from 1900

covering all of Japan with 0.058 3 0.058 grids except for
some small islands (Kamiguchi et al. 2010). This product

is derived from rain gauge data observed by JMA, and

its spatial interpolation method considering precipita-

tion climatology and topographical effect is developed

by the Meteorological Research Institute (MRI). The
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dataset is well quality controlled and thoroughly checked

for errors and inconsistencies (Yatagai et al. 2012).

Therefore, APHRO_JP can be expected to have rather

good quality for mainland Japan. TDPO is a daily point-

scale rainfall dataset collected from the standard weather

observation network in Taiwan (http://www.cwb.gov.tw/

V7e/climate/dailyPrecipitation/dP.htm). This rain gauge

network is maintained by the Central Weather Bureau

(CWB) of Taiwan. The available daily TDPO dataset

spans the period from 1 January 1981 to the present. Last,

ISD is a global surface observation dataset that merges

numerous hourly gauge data into a common format and

data model. It is the outcome of the Integrated Surface

Database project initiated by NOAA’s National Climatic

Data Center (now the National Centers for Environ-

mental Information), which contains the most common

meteorological parameters (e.g., precipitation amounts

for various time periods) from more than 20000 stations

worldwide (from 1900 to present). At present, there are

more than 11000 active stations that are updated daily in

the database (Smith et al. 2011). In our study, CGDPA,

APHRO_JP, and TDPO were used to evaluate the four

chosen satellite precipitation estimates over the eastern

coast of China, Japan, and Taiwan, respectively, and then

the daily in situ observations on 12 islands extracted from

ISDwere used to further validate the accuracy of satellite

retrievals over the surrounding seas adjacent to the Dia-

oyu Islands.

Table 1 shows the spatiotemporal resolutions and

time coverage of all the satellite-based and ground-

based rainfall datasets used in this paper. We can see

that these eight different precipitation datasets have no

standard data format and spatiotemporal resolution;

therefore, the first step in processing was to convert

them to a common resolution. Except for the pointed

TDPO and ISD, all other gridded precipitation products

were aggregated or resampled onto the daily, 0.258 3
0.258 resolution. In particular, to preciselymatch 3-hourly

TMPA-V7 datasets to the daily estimates, the rainfall

rates at 0000 and 2400 UTC were only aggregated 1.5 h

for the current day while rainfall rates at other times

(i.e., 0300, 0600, 0900, 1200, 1500, 1800, and 2100 UTC)

were aggregated 3 h. Considering the limitation of the

GSMaP_Gauge data availability (from 1March 2000 to

30 November 2010), we selected an overlapping time

span of the aforementioned precipitation datasets, a

complete 9 years (2001–09), as the study period.

3. Results and analysis

a. Rainfall characteristics of the Diaoyu Islands

Figure 2 displays the spatial distributions of mean

annual precipitation of four gauge-adjusted satellite

precipitation estimates on the 0.258 3 0.258 resolution
grid for the 9-yr study period. First, one can see that

there is an apparent strip rain belt along the northeast-

ern 458 direction of the island of Taiwan extending to the
Japanese island of Kyushu. Physically, this rain belt

should be associated with the Kuroshio from Taiwan to

Japan, which is the strong north-flowing ocean current

on the northwestern side of the North Pacific Ocean.

TheKuroshio transports a huge amount of heat from the

tropics to northern midlatitudes (Sawada and Handa

1998). The transported heat and moisture influence the

regional atmospheric circulation by energizing storms,

which anchors the major storm tracks along the Kur-

oshio path (O’Reilly and Czaja 2015). Figure 2 shows

that the rain belt agrees well with the Kuroshio path in

space. Interestingly, the Diaoyu Islands are almost lo-

cated on the central axis line of this rain belt. In addition,

we note that TMPA-V7, CMORPH-CRT, andGSMaP_

Gauge generally have a similar distribution pattern,

while the strip rain belt derived from PERSIANN-CDR

seems to be broken off. This arises because the first three

products all use the PMW observations with superior

quality as a major source of input data as well as the

IR data, but PERSIANN primarily relies on infrared

TABLE 1. Coverage and spatiotemporal resolutions of satellite-based precipitation products and ground-based observation data.

Product Temporal resolution Spatial resolution Period Coverage

Satellite precipitation

TMPA-V7 3 hourly 0.258 From 1 Jan 1998 to present 508N–508S
CMORPH-CRT Daily 0.258 From 1 Jan 1998 to 31 Dec 2013 608N–608S
PERSIANN-CDR Daily 0.258 From 1 Jan 1983 to present 608N–608S
GSMaP_Gauge 1 hourly 0.18 From 1 Mar 2000 to 30 Nov 2010 608N–608S

Ground observations

CGDPA Daily 0.258 From 1 Jan 1950 to present Mainland China

APHRO_JP Daily 0.058 From 1 Jan 1900 to 31 Dec 2011 Mainland Japan

TDPO Daily Point scale From 1 Jan 1981 to present Taiwan region

ISD Daily Point scale From 1 Jan 1900 to present Global but

incomplete
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information (Ashouri et al. 2015). Hence, it is quite

plausible that there exists a significant difference in

spatial pattern between PERSIANN-CDR and other

products. It is worth noting that a more similar pattern

was associated with CMORPH-CRT and GSMaP_

Gauge, as they adopted the same Lagrangian time-

interpolation scheme and morphing vector technique to

merge the PWM and IR estimates. Relative to the av-

erage of annual precipitation of these four satellite-

based products, the overestimation with TMPA-V7 was

especially remarkable over theDiaoyu Islands and their

adjacent sea, while PERSIANN-CDR had an evident

underestimation. Over this rain belt, CMORPH-CRT

and GSMaP_Gauge were closer to the average esti-

mation. With respect to the Diaoyu Islands, the values

of average annual rainfall are 2174mmyr21 for TMPA-

V7, 1925mmyr21 for CMORPH-CRT, 1493mmyr21

for PERSIANN-CDR, and 1663mmyr21 for GSMaP_

Gauge.

Figure 3 shows the intensity distribution of daily pre-

cipitation amount (Fig. 3a) and precipitation events

(Fig. 3b) of these four products over the Diaoyu Islands.

From Fig. 3a, we can see that the intensity distribution

patterns of CMORPH-CRT and GSMaP_Gauge are

quite similar, as are the spatial distribution patterns in

Fig. 2. In practice, both of these two satellite products

apply the motion vectors derived from half-hourly in-

terval geostationary IR images to propagate the relatively

high-quality precipitation estimates derived from PMW

observations.During this process, the pattern and intensity

of the precipitation features are modified by performing

the same time-weighted linear interpolation in both for-

ward and backward directions. Thus, the two morphing-

based retrieval systems generate spatiotemporally

FIG. 2. Spatial distributions of mean annual precipitation of four satellite precipitation estimates in the study

domain during the period of 2001–09.
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consecutive microwave-derived precipitation estimates

over the globe (Joyce et al. 2004; Kubota et al. 2007). The

intensity distribution presented in Fig. 3a further con-

firms that there is little difference between CMORPH-

CRT andGSMaP_Gauge in terms of the algorithm itself.

Additionally, we found that the relative overestimation

with TMPA-V7 primarily occurs at high rain rates

of.50mmday21 (Fig. 3a). When compared to the other

three algorithms, TMPA-V7 seems to be more prone to

overestimate extreme precipitation events, such as ty-

phoon storms. As for PERSIANN-CDR, it has an evi-

dent tendency to relatively underestimate higher rainfall

rates and overestimate lower ones. Among the four sat-

ellite precipitation estimation algorithms, PERSIANN-

CDR primarily relies on infrared information that the

surface rainfall can be inferred from analyzing the

cloud-top characteristics, that is, the cloud-top tem-

perature. The obvious underestimation of PERSIANN-

CDR at high rain rates is probably associated with the

weak linkage between the cloud-top temperature and

the convective storms during the summer months

(Tuttle et al. 2008; Hamada et al. 2015). In contrast, the

other three products (TMPA-V7, CMORPH-CRT, and

GSMaP_Gauge) incorporated more passive microwave

data, which have a more direct physical connection to

the hydrometeors in the atmosphere. Therefore, they

have a more similar distribution pattern of rainfall in-

tensity. On the other hand, Fig. 3b illustrated that

TMPA-V7, CMORPH-CRT, and GSMaP_Gauge have

better agreement at low rain rates, while PERSIANN-

CDR yields 20%–60%more rainy events than the other

three products across the range of 2–16mmday21. This

could be chiefly attributed to the higher false detection

in the IR retrievals. Relative to PMW, more no-raining

areas may be mistaken as raining ones during the screen-

ing process of IR. Besides, such an intensity distribution

feature of rainy events closely corresponds to PERSIANN-

CDR’s relative overestimation at low rain rates in Fig. 3a.

Since a whole year is involved in Fig. 3, we further in-

vestigate the seasonality of satellite precipitation esti-

mates for a more insightful understanding. The intensity

distribution of daily precipitation amount for each of the

four seasons is shown in Fig. 4. Generally speaking,

CMORPH-CRT and GSMaP_Gauge remain in good

agreement with each other throughout all the seasons. In

addition, one tends to see relatively larger differences

between different products in spring and summer than in

autumn and winter. Most notably, the severe underesti-

mation with PERSIANN-CDR at high rain rates mainly

occurs in the summer season. This result confirms the

assertion of Tuttle et al. (2008) that the IR-based retrieval

technique has an inherent deficiency that using IR

brightness temperatures to estimate precipitation will

yield a large error when the convective clouds, which

frequently occur in summer, have a higher brightness

temperature than the commonly used temperature thresh-

old. This further supports our aforementioned analysis

and explanation for the intensity distribution feature of

PERSIANN-CDR as shown in Fig. 3.

b. Comparison and validation of satellite
precipitation estimates

The purpose of the following section is to examine and

compare the data accuracy of these four satellite-based

estimates against the ground observations. The quantita-

tive accuracy of satellite precipitation estimates was

assessed using several representative statistical indices,

including correlation coefficient (CC), root-mean-square

error (RMSE), mean error (ME), mean absolute error

(MAE), relative bias (BIAS), and contingency-table-

based detection of rainy events [i.e., probability of

detection (POD), false alarm rate (FAR), and critical

FIG. 3. Intensity distribution of (a) daily precipitation amount (mmday21) and (b) precipitation events (count per

day) from the four satellite precipitation estimates at the Diaoyu Islands. The logarithmic scale was used to bin the

precipitation rates.
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success index (CSI)]. A detailed description of these

statistical indices is provided in Table 1 of Yong et al.

(2010). In our study, we first employed two grid-based

(i.e., CGDPA and APHRO_JP) and one gauge-based

(TDPO) ground observation datasets to benchmark the

four chosen satellite rainfall products over the eastern

China,mainland Japan, andTaiwan regions, respectively.

Figures 5 and 6 show the spatial distributions of CC and

ME between satellite retrievals and gauge observations

over eastern China and mainland Japan. It is clear that

GSMaP_Gauge has higher correlation and lower error

than others over both validation regions, while the

poorest performance occurs in the PERSIANN-CDR

with the lowest CC and largest ME values. As for

CMORPH-CRT and TMPA-V7, the former generally

looks better than the latter. Among the four studied

satellite precipitation products, GSMaP_Gauge has the

best performance, especially for its remarkable correla-

tion with ground observations.

The daily TDPO data used in this study were gathered

from the ground observation network in Taiwan, which

is composed of 33 standard weather stations evenly

distributed throughout all of Taiwan and its adjacent

islands (see Fig. 7). Therefore, these observed stations

are able to represent the rainfall characteristics over

Taiwan and its surrounding seas to a fair extent. Scat-

terplots of daily comparison of four satellite precipita-

tion estimates versus gauge observations are shown in

Fig. 8. Similar to the evaluation results in eastern China

and mainland Japan, statistics with GSMaP_Gauge are

still better than those values obtained from the other

three products. In contrast, PERSIANN-CDR with the

lowest CC and largest RMSE has the poorest perfor-

mance. Furthermore, the scatterplot of PERSIANN-CDR

demonstrates a nonlinear exponential distribution, espe-

cially for the evident downward deviation at middle and

higher rain rates (Fig. 8c). Such systematic negative

biases seem to bemuchmore serious than the other three

products. Additionally, one tends to see the relatively

slight differences that exist between CMORPH-CRT

and TMPA-V7.

The daily statistical results in three different regions

are summarized in Table 2. Almost all the statistical

indices further manifest that GSMaP_Gauge out-

performed the other three products with higher CC,

lower RMSE and MAE, and better detection for rainy

events (including POD, FAR, and CSI). Unusually,

CMORPH-CRT and PERSIANN-CDR have slightly

FIG. 4. As in Fig. 3a, but for the four seasons: (a) spring (March–May), (b) summer (June–August), (c) autumn

(September–November), and (d) winter (December–February).
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lower BIAS and ME than GSMaP_Gauge over eastern

China and mainland Japan, respectively, but their RMSE

and MAE values are greater than those of GSMaP_

Gauge. This phenomenon can be explained by the offset

of positive and negative errors in the statistics for

CMORPH-CRT and PERSIANN-CDR. Based on the

similar evaluation results derived from three different

validation regions, we can conclude that the GSMaP_

Gauge algorithm is superior to the other three algorithms

in estimating the land rainfall around the Diaoyu Is-

lands. This could be attributed to two major reasons:

1) GSMaP_Gauge adopts the daily CPC data for the bias

correction, which looks better than the monthly gauge

analyses used in TMPA-V7 and PERSIANN-CDR; and

2) compared toCMORPH-CRTwith the same dailyCPC

adjustments, GSMaP_Gauge employs two additional da-

tasets (i.e.,GANALandMGDSST) for calculating lookup

tables, which are referred by the GSMaP microwave im-

ager and sounder algorithms. Because of the denser in situ

data over East Asia involved, GSMaP_Gauge seems to

have a relatively better performance over the surrounding

counties and regions of the Diaoyu Islands.

To further validate the accuracy of the four satellite

precipitation estimates over the water bodies adjacent to

theDiaoyu Islands, the in situ observations distributed on

12 islands between Taiwan and Kyushu were extracted

from the ISD (Fig. 9). Among this insular observation

network, the gauge with number of 589740 belongs to

FIG. 5. Spatial distribution of statistical indices derived from the four satellite precipitation estimates vs gauge observations at daily,

0.258 3 0.258 resolution over eastern China: (a)–(d) CC and (e)–(h) ME.
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Taiwan and the other 11 gauges belong to Japan. The

density-colored scatterplots drawn in Fig. 10 give a clear

indication of how these four satellite-based precipitation

estimates perform at the daily scale. Similar to Fig. 8c,

PERSIANN-CDR significantly underestimates pre-

cipitation at higher rain rates. In contrast, TMPA-V7,

CMORPH-CRT, and GSMaP_Gauge have a similar

scatter distribution pattern and their points are clustered

more closely to the 1:1 line than those of PERSIANN-

CDR. By analyzing the statistical indices between these

four products, one can see that GSMaP_Gauge still has

the best performance with highest correlation and lowest

error and bias, which further supports our aforemen-

tioned evaluation results. However, we also note that all

the satellite precipitation estimates possess significantly

less skill when compared to those over land in Table 2.

Taking the best GSMaP_Gauge estimates, for example,

its CC value decreases from 0.85 over Japan to 0.48 over

selected islets and the RMSE increases from 5.34 to

16.80mm. This phenomenon is highly likely caused by

the problematic ‘‘coastal’’ identification and different

relationship between brightness temperatures and

surface rainfall over land and ocean (McCollum and

Ferraro 2005). Specifically, the satellite field of view

(FOV) varies from ;10 to ;100km, depending on dif-

ferent frequencies and sensors. Therefore, those small

islands cannot be fully resolved at such resolutions. That

is, it is difficult to exactly pinpoint the coastal line be-

cause of the varying FOV size. In addition, the mixed

land and ocean surface in one satellite FOV further

complicates the rainfall retrieval algorithms over those

islets because of the different brightness temperature–

precipitation relationship over land and ocean. Over

ocean, the primary information source is from the

emission signature at low-frequency channels (e.g., 10

and 19GHz), while the most prominent signature over

land is the brightness temperature decrease at high fre-

quencies (.85GHz) caused by the scattering effects

(Ferraro and Marks 1995; Kummerow et al. 2001;

Kummerow et al. 2011; You and Liu 2012; You et al.

2015). The mixed signature sources (emission over ocean

and scattering over land) lead to large uncertainties when

converting TBs to precipitation rate. Several prior studies

have documented that there are high measurement un-

certainties along coastlines or island chains (e.g., Tian and

Peters-Lidard 2010; Tang et al. 2014; Yong et al. 2015).

c. Spatiotemporal analysis of typhoon rainfall

Because of the quasi-global coverage with subdaily

temporal resolution, the satellite rainfall estimates have

proven useful in monitoring the evolution processes of

typhoon rainfall over the ungauged oceans and islands

(Rodgers et al. 2001; Lonfat et al. 2004; As-syakur et al.

2013; Prat and Nelson 2013). Thus, we particularly

FIG. 6. As in Fig. 5, but for mainland Japan.
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focused on quantifying the typhoon rainfall and its con-

tribution to local total rainfall over the Diaoyu Islands

area by using the four aforementioned gauge-adjusted

satellite products. Figure 11a displays the 67 typhoons

passing through the study domain during the period from

January 2001 to December 2009. The typhoon tracks

were taken from the CMATropical CycloneData Center

for the westernNorth Pacific basin (http://tcdata.typhoon.

gov.cn/en/index.html). Among the 67 typhoons, there are

24 supertyphoons with maximum average wind speed ex-

ceeding 51.0ms21. During the period 2001–09, theDiaoyu

Islands area experienced an average of 7.44 typhoons per

year, ranging from5 to 15yr21 (Fig. 11b). Themaximumof

15 typhoons occurred in 2004. For this year, the strongest

supertyphoonwasChaba, which caused a swath of damage

from the Mariana Islands to Japan. The most severe

damage occurred in Japan, where 18 people were killed

and damages reached JPY 105.4 billion (959 million U.S.

dollars). With respect to monthly statistics, typhoon ac-

tivities weremostly concentrated over the summermonths

(July–September), accounting for about 70% of the whole

year (Fig. 11c). Over the Diaoyu Islands area, almost no

typhoons occurred in January–March. Looking further

into the distributed characteristics of typhoon tracks, we

found that these tracking lines seem to be denser over

warmer waters in the south, while they became sparser

toward the north as they veer over cooler waters. In terms

of the largest typhoon event in each year, six out of nine

supertyphoons for 2001–09 exhibit parallel tracks to the

rainbelt direction and only three vertically passed through

the rainbelt zone (refer to the colored directional lines in

Fig. 11a). Thus, it is apparent that the northwestern Pacific

typhoons brought a large amount of rainfall to this domain

and constituted an important contribution to forming the

strip rain belt from Taiwan to Japan.

Based on the four satellite-based precipitation esti-

mates, we analyzed the time series variations of rainfall

for the nine largest supertyphoons over the Diaoyu Is-

lands (Fig. 12). Our analyses indicate that the subdaily

TMPA-V7, CMORPH-CRT, and GSMaP_Gauge esti-

mates generally demonstrated similar varying trends in

tracking typhoon rainfall at the 3-hourly scale while

demonstrating significant differences with PERSIANN-

CDR. The daily PERSIANN-CDR estimates homoge-

nize the highly variable rainstorm characteristics during

typhoon events. Except for Typhoon Haitang of 2015,

the rainfall duration of most typhoons over the Diaoyu

Islands is no more than 48h. So, we consider that the

daily PERSIANN-CDR is not suitable for tracking the

quick spatial and temporal evolution of typhoon rainfall,

although it can provide a sufficiently long time series

of precipitation that dates back to 1983. In terms of

the rainfall characteristics, the maximum rainy event

between 2001 and 2009 over the Diaoyu Islands came

FIG. 7. Map of the 33 selected rain gauges in Taiwan for validating the satellite precipitation

estimates.
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from Typhoon Chaba in 2004 and the minimum was

Typhoon Rammasun in 2002. Moreover, we found that

the typhoon rainfall of the Diaoyu Islands has a gradu-

ally increasing process in the early stages of each ty-

phoon passage, which will take up approximately 60%–

80% of the whole rainy duration. After the peak value

arrival, the rainfall amount will then rapidly diminish.

Normally, this disappearing process only lasts for sev-

eral hours. This characteristic is specifically favorable to

the early warning of typhoon storms.

Owing to the lack of accurate in situ observations on

the Diaoyu Islands, we have to admit that uncertainties

will inevitably exist in our following analysis of typhoon

rainfall. But we believe that the common features

derived from different satellite retrieval systems will be

helpful to understand the typhoon rainfall characteris-

tics of the ungauged Diaoyu Islands from a broader

perspective. Meanwhile, the GSMaP_Gauge estimates

with the best evaluation performance can also be regarded

as the approximate reference of the true, areal rainfall of

this area to a certain extent. Figures 13a–d show the spatial

distributions of annual typhoon rainfall and Figs. 13e–h

show its contribution to total rainfall computed from four

satellite precipitation estimates over the study domain.

With respect to the annual typhoon rainfall, all the satel-

lite products demonstrate the similar distribution pat-

tern (Figs. 13a–d). For this area, higher typhoon rainfall

accumulations greater than 500mmyr21 were found over

FIG. 8. Two-dimensional scatterplots of 9-yr average daily precipitation for (a) TMPA-V7, (b) CMORPH-CRT,

(c) PERSIANN-CDR, and (d) GSMaP_Gauge against in situ observations from the 33 selected gauges in Fig. 7.
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southern Japan, Taiwan, and the southeastern sea area of

the Diaoyu Islands. The rainfall accumulations between

300 and 500mmyr21 were found over the rainbelt zone

starting from the waters near the Diaoyu Islands along the

northeastern 458 direction extending to Kyushu. As for the

Diaoyu Islands, the typhoon rainfall was approximately

530mmyr21 (refer to the GSMaP_Gauge estimates in

Fig. 13d). Overall, the spatial distribution of typhoon rain-

fall is consistent with that of average annual precipitation in

Fig. 11a. This implies that the typhoon rainfall has an im-

portant contribution to the total annual precipitation

amounts, especially over the Kuroshio path. The spatial

distribution of typhoon contribution was presented in

Figs. 13e and 13f, which clearly shows that the relatively

larger values corresponded to locations with the higher ty-

phoon rainfall. Contribution ratio of about 30% was found

for the Diaoyu Islands. Generally, it can be concluded that

the northwestern Pacific typhoons brought higher rainfall

TABLE 2. Statistical summary of four satellite precipitation estimates (TMPA-V7, CMORPH-CRT, PERSIANN-CDR, and

GSMaP_Gauge) against ground observations over eastern China, mainland Japan, and Taiwan. Note that the boldface indicates the

best statistics among four satellite precipitation estimates.

Products CC RMSE (mm) ME (mm) BIAS (%) MAE (mm) POD FAR CSI

China

TMPA-V7 0.687 8.815 0.159 7.102 3.294 0.655 0.257 0.533

CMORPH-CRT 0.717 8.013 0.046 4.427 2.951 0.740 0.264 0.583

PERSIANN-CDR 0.554 9.287 0.595 19.631 4.229 0.765 0.495 0.434

GSMaP_Gauge 0.818 6.243 0.117 7.423 2.410 0.810 0.252 0.634

Japan

TMPA-V7 0.700 8.238 20.522 210.040 3.714 0.521 0.197 0.455

CMORPH-CRT 0.726 7.162 21.008 220.480 3.353 0.529 0.186 0.463

PERSIANN-CDR 0.422 9.109 20.080 2.141 4.966 0.711 0.425 0.463

GSMaP_Gauge 0.844 5.337 20.634 212.371 2.533 0.687 0.152 0.607

Taiwan

TMPA-V7 0.619 21.320 21.814 226.552 6.145 0.549 0.329 0.433

CMORPH-CRT 0.610 21.486 22.110 230.891 6.026 0.634 0.358 0.469

PERSIANN-CDR 0.520 23.116 21.787 226.172 6.998 0.610 0.475 0.393

GSMaP_Gauge 0.640 20.761 21.328 219.443 6.039 0.665 0.382 0.471

FIG. 9. Map of the 12 selected rain gauges on the islands for validating the satellite pre-

cipitation estimates over the adjacent sea to theDiaoyu Islands. CTRY represents Country, JA

represents Japan, and TW represents Taiwan. Numbers are station IDs.
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contribution over the southern warmer waters of the area,

while the northern coolerwater presented less contribution.

This feature is consistent with the analysis results of global

tropical cyclones in Mendelsohn et al. (2012).

Finally, Fig. 14 depicts the annual typhoon accumulation

(Fig. 14a) and typhoon rainfall ratio (Fig. 14b) on average

for the whole study domain around the Diaoyu Islands.

On a year-to-year basis, the typhoon rainfall derived from

the four satellite precipitation estimates presented the

better consistency and this domain experienced the aver-

age typhoon rain of 360mmyr21 during the 9-yr period,

ranging from 260mmyr21 in 2009 to 570mmyr21 in 2004.

Correspondingly, the minimum, mean, and maximum

annual typhoon contributions were approximately 18%,

23%, and 36%, respectively. The largest typhoon rainfall

and contribution ratio was in 2004, when together 15 large

typhoon events and more tropical storms and tropical

depressions crossed this domain. The most powerful su-

pertyphoon, Typhoon Chaba, produced destructive winds

and torrential rain. Heavy rain from Chaba severely im-

pacted all the islands within this domain for about 53h,

with the Diaoyu Islands receiving over 235mm of rain.

4. Conclusions and recommendations

In this study, four gauge-adjusted satellite precipita-

tion estimates (TMPA-V7,CMORPH-CRT, PERSIANN-

CDR, and GSMaP_Gauge) were systematically evaluated

FIG. 10. Two-dimensional scatterplots of 9-yr average daily precipitation for (a) TMPA-V7, (b) CMORPH-CRT,

(c) PERSIANN-CDR, and (d) GSMaP_Gauge against in situ observations from the 12 selected islets in Fig. 9.
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for detecting the rainfall characteristics of the Diaoyu

Islands area, with a particular focus on typhoon contri-

bution. The main findings of this study can be summa-

rized as follows.

1) When aggregated to annual scale, TMPA-V7,

CMORPH-CRT, and GSMaP_Gauge presented a

similar spatial distribution of rainfall amount over the

study domain, while relatively large underestimation

FIG. 11. (a) Typhoon tracks on background of average of annual accumulations of four

satellite precipitation estimates, (b) annual number of typhoons, and (c) accumulative monthly

number of typhoons during the period 2001–09 for our study domain.

FIG. 12. Time series variations of the largest typhoon rainfall in each year over the Diaoyu Islands during the period 2001–09: (a) Nari,

2001; (b)Rammasun, 2002; (c)Maemi, 2003; (d) Chaba, 2004; (e)Haitang, 2005; (f) Shanshan, 2006; (g)Wipha, 2007; (h) Jangmi, 2008; and

(i) Morakot, 2009. Note that the subdaily TMPA-V7, CMORPH-CRT, and GSMaP_Gauge datasets are displayed at 3-hourly scale, but

PERSIANN-CDR only offers the daily rainfall estimates.
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was found for PERSIANN-CDR.On daily time scales,

CMORPH-CRT and GSMaP_Gauge tend to have the

closest performance of intensity distribution because

the same Lagrangian time-interpolation scheme and

morphing vector technique were employed to merge

thePWMand IRestimates in their retrieval systems. In

contrast, PERSIANN-CDR exhibits significant over-

estimation at lower rain rates and underestimation at

FIG. 13. Spatial distribution of (a)–(d) typhoon rainfall (mm yr21) and (e)–(h) typhoon contribution (%) computed from the four satellite

precipitation estimates for 2001–09 over the study domain.

FIG. 14. (a) Yearly typhoon rainfall accumulation and (b) typhoon contribution for the an-

nual precipitation budget computed from the four satellite precipitation estimates for the study

domain. Note that typhoon rainfall amounts were normalized with respect to the study domain

impacted by all typhoon events for a given year.
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higher ones. Because of the subdaily temporal resolu-

tion, TMPA-V7, CMORPH-CRT, and GSMaP_

Gauge successfully capture the rapid evolution pro-

cesses of typhoon rainfall over this area, while the daily

PERSIANN-CDR seems unsuitable to track the ty-

phoon rainfall variability.

2) When compared to ground-based measurements

over eastern China, Japan, and 12 island in situ

observations, GSMaP_Gauge shows the best rainfall

estimates with the highest correlation and lowest

error and bias, while PERSIANN-CDR has rela-

tively worse performance. This is likely because the

incorporation of denser in situ data over East Asia in

GSMaP_Gauge effectively reduces the systematic

biases of satellite retrieval, while the input data

sources of PERSIANN-CDR primarily come from

the infrared information with sparse gauge adjust-

ment. As for the other two products, CMORPH-

CRT correlates slightly better with observed rainfall

than TMPA-V7 and with relatively lower RMSE and

MAE. Based on the above analyses, we recommend

using the hourly GSMaP_Gauge estimates to detect

and quantify the typhoon rainfall characteristics over

the East Asia area.

3) Satellite-based estimates indicate an apparent strip

of rain belt along the northeastern 458 direction of

the island of Taiwan extending to the Japanese island

of Kyushu. This rain belt is physically associated with

the Kuroshio, which influences the tracks of the

northwestern Pacific tropical cyclones. The typhoon

storms carrying abundant rainfall frequently passed

the Kuroshio path (about 7–8 typhoon events per

year) and constitute an important contribution to

forming this rain belt. Themost typhoons occurred in

summer (July–September), accounting for about

70% of the whole year. It is also noteworthy that

higher contribution ratio of typhoon rainfall was

found over the southern part of the Diaoyu Islands,

while the northern area presented less typhoon

contribution. In practice, the northwestern Pacific

tropical cyclones are most intense over warm waters

near the equator, and they will gradually lose their

intensity toward the poles as the typhoon storms veer

over cooler northern waters.

4) In terms of the Diaoyu Islands, the average values of

annual typhoon rainfall and typhoon contribution for

2001–09 are approximately 530mmyr21 and 30%,

respectively. The highest values were found for 2004.

In this typhoon-intense year (with 15 typhoons

crossing this area), the most powerful supertyphoon,

Typhoon Chaba, brought total rainfall accumulation

of 235mm within 53h on the Diaoyu Islands and led

to severe property damages and human casualties for

Japan. Because of the specific geographic location,

the Diaoyu Islands play an important role for mon-

itoring and forecasting the hydrometeorological haz-

ards over this region.

In summary, this study demonstrated that there is a

great potential in the use of satellite precipitation esti-

mates in areas where ground observations are sparse or

completely missing. Although the ground-based valida-

tion in this paper is limited to the surrounding counties

and regions of the Diaoyu Islands, we considered that the

assessment presented here can offer a valuable reference

for understanding the local rainfall characteristics. Look-

ing into the future, we believe that the ongoing GPM will

substantially improve the capacity for monitoring and

predicting the tropical cyclone structure and evolution

through more accurate and more frequent precipitation

measurements from space, aiming for a 0.5-h interval for

the merging multisatellite observations (Huffman et al.

2015). This should help meteorologists and hydrolo-

gists to better understand how the hydrological cycle

works over the ungauged regions of the globe.
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