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Abstract. Because of density and distribution flaws inher- especially daily or large temporal scale. As for fine tempo-
ent with in situ rainfall measurements, satellite-based rainfallral scale applications, such as flood predictions based on a
products, especially the Tropical Rainfall Measuring Mis- 3 h scale dataset, it is necessary to conduct adjustments or
sion (TRMM), were expected to offer an alternative or com- to combine the 3B42V6 product with gauges to be more ac-
plement for modeling of hydrological processes and watercurate regarding the issues in the study area or in analogous
balance analysis. This study aims at evaluating the validityregions with complicated terrains.

of a standard product, the TRMM Multi-satellite Precipita-
tion Analysis (TMPA) 3B42V6, by comparing it with in situ
ground gauge datasets on a typical alpine and gorge region in

China, the Jinsha River basin. The validation study involvedl Introduction

the performance of the 3B42V6 product on 3 h, daily and

monthly temporal scales. Statistical analysis methods werdt@infall is the most important atmospheric input to land sur-
used for rainfall and rain event estimation. The results af-face hydrology models. Therefore, accurate rainfall inputs
firmed that the 3B42V6 product demonstrated increasing acwith fine spatio-temporal resolution are essential for reliable
curacy when the temporal scales were increased from 3h tpydrologic predictions (Sorooshian et al., 2005). However, it
daily to monthly. The mean correlation coefficient of rain- iS also one of the most difficult atmospheric inputs to mea-
fall time series between the 3B42V6 product and the gaugéUre. in part because there is a large inherent variation in
over the Jinsha River basin reached 0.34 on the 3h scaldg@infall. Additionally, ground-based rainfall measurements
0.59 on the daily scale, and 0.90 on the monthly scale. Thélfé either sparse or nonexistent in many remote parts of
mean probability of detection (POD) of the 3B42V6 prod- the world, particularly in developing countries. Finally, there
uct reached 0.34 on the 3 h scale and 0.63 on the daily scaléf® high costs associated with the establishment and mainte-
The 3B42V6 product of 80.4% of stations obtained an ac-nance of the necessary infrastructure. These limitations are
ceptable bias¥ 25 %) over the investigation area. A thresh- all true for the Jinsha River basin, which is connected to
old of nearly 5.0mmad? in daily rainfall intensity split the ~the upper reaches of the Yangtze River in China (Fig. 1).
3B42V6 product into overestimates 6.0 mmd-1) and un- Satellite-based rainfall estimates with high spatio-temporal
derestimates> 5.0mmd1). The terrain elements of alti- resolution and large aerial coverage provide a potential al-
tude, longitude, and latitude were the major influencing fac-ternative source of forcing data for hydrological models in
tors for 3B42V6 performance. In brief, the 3B42V6 dataset regions where conventional in situ rainfall measurements are

has great potential for research on hydrologic processed]ot readily available (Su et al., 2008). Nevertheless, a val-
idation study of satellite-based rainfall estimates, either as
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a complement or alternative for in situ gauge rainfall, is a differences, rain event detection, accuracy in different rain-

high priority for hydrology and ecology research. The Jinshafall intensities, and the influence of the terrain (Sect. 3). Sub-

River basin in western China is a typical alpine and gorge tersequently, imperative discussions for the consistencies or dis-

rain and provides a prime location for a case study regardingrepancies of the two datasets are given (Sect. 4). The conclu-

the adequacy of satellite-derived rainfall. sion summarizes the opinion as to whether the 3B42V6 can
There are now at least 12 distinct satellite rainfall prod- be applied in the research of hydrological processes (Sect. 5).

ucts available (Ebert et al., 2007). The primary trend in the

development of satellite rainfall products is the move toward

merged datasets that take advantage of the best available dada Investigation area, data, and methodology

(Tobin and Bennett, 2010). Thus far, satellite-based prod- o

ucts from National Aeronautics and Space Administration2-1 Investigation area

NASA), the Tropical Rainfall Measuring Mission (TRMM ) ) . . ) .
( ) P g ( ) The Jinsha River basin is a typical watershed with alpine and

Multi-satellite Precipitation Analysis (TMPA) (Huffman et )
al., 2007) have been widely applied in hydrological pro- gorge terrain connected to the upper reaches of the Yangtze
River in China (Fig. 1). Its area is about 132.0* km?,

cesses, meteorology, and ecology (Jia et al., 2011). For in=""~ ™" _ . .
stance, the TMPA 3B42 version 6 product, referred to in'anging in height from 263 m to 5910 m. Complicated cli-

this paper as the 3B42V6, was based on the combinatiofnate changes and frequent rainfall, occurring with high in-

of passive microwave (PMW) and infrared (IR) precipita- tﬁns'ty_bUt OLsf;]Of'; durlatlt()jn, arﬂe pg.maryf cr?arahcterlstlcs in
tion estimates from all available satellites. It utilized PMw- the region, which often leads to flooding of the Three Gorges

calibrated IR-based rainfall estimates to fill in the PMW coy- Dam reservoir (Shen and Yang, 2007). Therefore, a satellite-
erage gaps (Huffman et al., 2007). The 3B42V6 performedbased rainfall dataset with a higher spatio-temporal resolu-

well compared with other satellite-based rainfall products, 10N Would contribute to a more precise stream flow modeling

an apparent good match for the frequency of rainy events®" prediction, which would be significant for the operation

but a weaker match for the amount of precipitation overand management of the Three Gorges Dam reservoir.
four African river basins (Zambezi, Volta, Juba-Shabelle, and
Baro-Akobo) (Vera et al., 2012). These findings have also
been confirmed over Uganda (Asadullah et al., 2008).

As one of the standard TMPA mainstream products,
the 3B42V6 was compared with gauge data from differ- The dataset used for validation was comprised of 107 rain
ent Asian countries, including India (Brown, 2006), Thai- gauge stations distributed over the investigation area (Fig. 1).
land (Chokngamwong et al., 2008), Bangladesh (Islam andrne ground rainfall gauge dataset are derived from the Wa-
Uyeda, 2007), and Nepal (Islam et al., 2010). These studier Regime Database belonging to the Three Gorges Cas-
ies illustrated that discrepancies existed between the 3B42V@,ded Hydropower Scheduling Center. The time periods of
and the gauge data on the daily scale. However, the twQnhe gauge data selected in this study run from 1 January 2008
datasets showed a stronger correlation and rain event detegy 31 December 2010, expressed in Beijing time (4BM),
tion in a monthly comparison (Mansour, 2011). Similar work yhere UTC is the universal coordinated time. Data were ob-
had been done in several regions of China, such as the Tiajned every three hours during these days at 02:00, 05:00,

betan Plateau (Chen et al., 2012), the Yangtze River basipg:op, 11:00, 14:00, 17:00, 20:00 and 23:00 from the gauge
(Guetal., 2010), Poyang Lake (Lietal., 2012), eastern Chingyataset on Beijing time.

(Yuan et al., 2012), and China in its entirety (Zhou et al.,
2008; Liu et al., 2011; Luo et al., 2011). Reasonable spatiab.2.2 TMPA dataset
distribution and acceptable error magnitude of the 3B42V6
were also confirmed on the daily or greater temporal scales.Based on calibration by the TRMM Microwave Imager
However, these studies were fairly short in terms of hourly (TMI) rainfall products and the TRMM Combined Instru-
scale and few validated data from regions with complex ter-ment (TCI), TMPA has been computed for two products: real
rain. This is important for the employment of the 3B42V6 time (RT) (January 2002 to present) and post-processed (Jan-
in the research on hydrological processes, especially in floodiary 1998 to present) (Su et al., 2008). The post-processed
prediction. Additionally, discrepancies of the 3B42V6 and product was used to develop the version 6 algorithm, re-
gauged rainfall for different rainfall intensities would pro- ferred to as the 3B42V6. Huffman et al. (2007) presented that
vide useful information regarding the application of 3B42V6. the RT product uses TMI rainfall as the calibrator, while the
Overall, this research is aimed to validate the 3B42V6 and3B42V6 uses the TCI, which is considered superior but ex-
its use in the research on hydrologic processes in the Jinhibits a 10-15 day lag in real time. Research done by Yong et
sha River basin. Specifically, this work involved 3 h, daily, al. (2010) in China’s Laohahe Basin showed that the 3B42RT
and monthly scale validations of the 3B42V6, and mainly data have almost no hydrologic utility, even on a monthly
focused on rainfall amount estimates, errors in seasonascale. In contrast, the 3B42V6 data can produce superior

2.2 Data

2.2.1 Ground rainfall gauge dataset
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Fig. 1. The distribution of gauged rainfall stations (107 stations) and TMPA 3B42V6 grids (393 grids) in Jinsha River basin. The 90 m Digital
Elevation Model (DEM) dataset was downloaded frbttp://datamirror.csdb.cn

hydrologic predictions with reduced error propagation from 2.3 Methodology and indices

input to stream flow on both daily and monthly scales. Tak-

ing into account the complex terrain and the fact that data2-3.1 Methodology

needed to be collected every three hours in the investigation . )
area, the 3B42V6 product became the product selected fof ©F day and month periods, both datasets were summarized
this study. The 3B42V6 provides rainfall estimates on a 3hin & time series of daily and monthly scales from every
temporal scale, in 0.25¢ 0.25 latitude-longitude resolution 9round station (107 stations) and 3B42V6 grid (393 grids).
covering the globe between the latitude band 6™N¥S and The gauge data for each station was manually checked for
can be downloaded for free lattp://trmm.gsfc.nasa.gofhe ~ duality and represented the “truth” for the nearest 3B42V6
selected periods of the 3B42V6 are from 31 December 20079"1d (107 grids corresponding to ground stations).

18:00 to 31 December 2010, 15:00, expressed by UTC and A validation study of the 3B42V6 guidelines covered
covered by one tile of 0.25¢ 0.25. This correlates to an (1) sum rainfall consistency (Sect. 3.1), (2) temporal correla-

area of approximately 25km 25km in the Jinsha River tion (Sect_. 3.2), (3) spatial corr_elation (Sect. 3_.3), (4) rainfall
basin (Fig. 1). There are eight 3h steps over a day (00:00relat|ve bias (Sect. 3.4), (5) rain event detection (Sect. 3.5),
03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00) in this(G) accuracy at different gauged daily rainfall intensities
dataset by UTC. In order to be compared with the rainfall (Sect. 3.6), and (7) terrain influence (Sect. 3.7). The related

gauge dataset mentioned in Sect. 2.2.1, the 3B42V6 datasstatistical analysis and rain event estimation methods were
was converted to the Beijing time seriés using UT&h used. Spatial patterns of rainfall (393 grids vs. 107 stations)
corresponding to the rainfall gauge dataset collected fronf" related indices (107 grids vs. 107 stations) were gener-

1 January 2008 to 31 December 2010 at 02:00, 05:00, 08:00’5}ted by the inverse distance weighted (IDW) interpolation
11:00, 14:00, 17:00, 20:00 and 23:00 each day in Beijingmethod,selected for its simplicity and ease of execution. Sta-
time. . ’ ' tistical analysis methods were presented to validate the con-

sistencies and discrepancies between the 3B42V6 and gauges
rainfall in the investigation area.
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2.3.2 Validation statistical indices
O3IB4AG EGauge

Several validation statistical indices were used, and their E a2 4 2100 2740 2740
computational formulas are shown in Table 1. The standard = 2740 1

deviation (STDEV) depicted gen_eral disc_re_pancies ofthetwo £ ;: gg 1 2735 2735 2735
datasets. The Pearson correlation coefficient (CC) was used g 5734

to validate the time series (TCC) and spatial patterns (SCC) £ 2132 4

of the degree of agreement between the 3B42V6 and the = 373p : :

gauged rainfall. The Nash—Sutcliffe coefficient of efficiency T 90 - 76.12 75.97
(NSE) evaluated the comprehensive fitting degree of consis- £ 75 |

tency of the time series of the datasets. As to rainfallamount = 60 -

deviation, the relative bias (BIAS) was adequate to describe = 45 -

the systematic bias. For a convenient comparison to a related £ 30 -

study (Scheel et al., 2011), the selected mean error (ME) ex- § 15 1 031 0.3 2.50 230

plained the average difference between the 3B42V6 and the = 0 : :

gauged rainfall with the augmentation of gauged daily rain-  § 100 1 82.23 86.03
fall intensity. With regard to rain event detection, the fre- § 80

guency bias index (FBI) expresses the ratio of 3B42V6to 2 60 -

the gauged rain events. A value of FBI above 1.0 implies E 40 A

that the 3B42V6 overestimated the number of rain eventsin 20 - 191 2.05 7.45 1.85

the investigation period, while below 1.0 implies its under- £ 0 — -

estimation. The probability of detection (POD) quantifies the 3-Hour Daily Monthly
fraction of rain events that were correctly estimated by the Temporal scale

3B42V6 to the total number of the gauged rain events. The

critical success index (CSI) examined the correspondenc&id. 2. Two-dimensional histograms of statistics comparisons be-
between the 3B42V6 and gauged occurrence of rain eventiween ga_uge and 3842V§ on sum rainfall, mean rainfall, and stan-
(Ebert et al., 2007; Yong et al., 2010: Scheel et al., 2011:dard deviation on 3h, daily and monthly scales. These wo mean
Montero-Martinez et al., 2012). rainfalls were averaged gauged rainfall over 107 stations and corre-

The performance of the 3B42V6 by BIAS was charac- rsg)so;:ég\gl]g;he nearest 107 3B42V6 grids’ rainfall over 2008-2010,
terized into three basic categories (Brown, 2006): under-
estimates £ 10 %), overestimates<{—10 %) and approxi-
mately equal £10%) in different seasons, and expanded
acceptable accuracy-(25 %). In addition, two threshold val- temporal scales for the same source datasets derived from
ues of 1.0mmad? for the daily scale and 0.3mm 3 for the 3 h scale. The MR and STDEV values for the 3B42V6
the 3 h scale were used in computing the following indices:and the gauged rainfall were almost the same for the three
FBI, POD, and CSI. The classification of daily rainfall inten- temporal scales. These results indicate an attractive consis-
sity of the two datasets also adopted a 1.0 mrhitireshold  tency in sum rainfall amount of the 3B42V6 and the gauged
value. Itis generally acknowledged that less than 1.0 mind dataset in the investigation area.
(0.3mm3Hht) is regarded as invalid rainfall in a day (3h  The consistency of the two datasets regarding mean rain-
period) (Dai et al., 2007; Yong et al., 2010; Mansour, 2011;fall time series on different temporal scales was examined.
Scheel et al., 2011). For the 3 h and daily scales, time periods from May to Octo-
ber (averaging three years) were selected. For the monthly
scale, the whole period from 2008 to 2010 was selected.
3 Results and analysis The mean rainfall time series fitting curves are shown in
Fig. 3. It was clear that the degree of mean rainfall agree-
3.1 Sum rainfall consistency of the 3B42V6 against the ment gradually improved as the temporal scales increased
gauged dataset by TCC from 0.53 (3 h) to 0.81 (daily) to 0.99 (monthly).
These were acquired through the test of 99 % significance
Mean rainfall time series of the gauged dataset and theest level with the critical correlation coefficient (Ccc) of
3B42V6 from 2008 to 2010 on 3 h, daily, and monthly scales0.07 (3 h, derived from 8768 sample numbers), 0.19 (daily,
were collected from 107 stations and the nearest correspondierived from 1096 sample numbers), and 0.41 (monthly, de-
ing grids of 3B42V6. The statistical indices of total rainfall rived from 36 sample numbers). The synchronous changing
(TR), mean rainfall (MR) and STDEV were then computed of NSE values was from 0.03 (3h) to 0.56 (daily) to 0.98
and are shown in Fig. 2. There was approximately 0.2 % rel{monthly). However, when compared to the TCC value, the
ative bias for the TR between the two datasets in the thredow NSE value on the 3h scale indicated that significant
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Table 1. The validation statistical indices used to compare the TMPA 3B42V6 and the rainfall gaugje data

Statistical index Unit Equation Value range Perfect value
" (R—R)?
Standard deviation (STDEV) mm  STDEY % [0, +00) 0
> (Gi-G)T-T)
Correlation coefficient (CC) NA  CE& — i=1 - [-1.1] 1
\/Z (Gi—G)Z'\/Z (Ti=T)?
i=1 i=1
S (1—Gi)?
Nash—Suitcliffe coefficient efficiency (NSE) NA  NSE1-=L — (—00,1] 1
> (Gi—G)?
i=1

2 (Gi=T)

Relative bias (BIAS) % BIAS= =L x100% (oo,+00) O
> Gi
n i=1

Mean error (ME) mm ME nl S (T; — Gy) (—o00,400) O

i=
Frequency bias index (FBI) NA  FB(H + F)/(H + M) [0, +00) 1
Probability of detection (POD) NA POB H/(H+ M) [0,1] 1
Critical success index (CSl) NA CSIH/(H+M+F) [0,1] 1

* Notation:n, number of samplesg;, rainfall time seriesR, mean rainfall7;, satellite-based precipitation (TMPA 3B42V&j;, gauged rainfall#,

gauged rain correctly detected;, gauged rain not detectefl; rain detected but not gaugesl; no rain detected and no rain gauged (for the above indices,
CC, NSE, BIAS and ME, refer to Yong et al. (2010); for FBI, POD and CSlI, refer to Ebert et al. (2007), Scheel et al. (2011) and Montero-Martinez et
al. (2012), for a detailed explanation).
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Fig. 3. Comparison curves of mean rainfall time series between the 3B42V6 (107 grids) and the gauges (107 stations). These two mean

rainfall time series were calculated the same as in Fig. 2 on the monthly scale, but selected periods — May to October (wet season) from 2008
2009 and 2010, and then the rainfall series of those three years — were averaged on the 3 h and daily scales.
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Station No.

. . . L . Fig. 5. Compared curves of the temporal correlation coefficient
mean rainfall amount differences existed in its mean rain-1cc) versus the Nash-Sutcliffe coefficient of efficiency (NSE) be-
fall time series. The daily scale, however, demonstrates acnyeen the 3842V6 (107 grids) and the gauges (107 stations) for the
ceptable mean rainfall amount discrepancies. These phenonree temporal scales over 2008-02010.
ena did not appear on the monthly scale because of approxi-
mately equal values of the TCC and NSE.

of hydrologic processes, especially in hydrological model-
ing and prediction. It was proposed by Buarque et al. (2011)
and Clarke et al. (2011) that unless the spatial correlations

For further examination of the consistency in single station,N@d been considered, uncertainty in rainfall characteristics
rainfall time series of gauges from 107 stations and of thewould exist in differences between values obtained from al-

3B42V6 from the nearest corresponding grids over 2008_ternative datasets. Therefore, it is still necessary to validate
2010 were validated by TCC and NSE at the three tempoin€ 3B42V6 against gauges in spatial consistency.

ral scales (Figs. 4 and 5). Figure 4 shows 107 points of TCC__Figure 6 displays spatial pattern comparisons of the
spatial patterns from the two datasets using the IDW interpo3B42V6 against gauged rainfall in typical time intervals

lation method. The main variation ranges of TCC were 0.3-0f the three temporal scales using the IDW interpolation
0.5 (76 % points, 3h), 0.5-0.7 (82 % points, daily) and 0.g_Method. All comparisons were made through the 95 % signif-

1.0 (92 % points, monthly), with exception of local regions. icance test level using a Ccc of 0.19, which was derived from
The mean values of TCC over the region were 0.34 (3h) 107 sample numbers. The exception is the 3 h scale in 2008,
0.59 (daily), and 0.90 (monthly). Overall, the TCC values which was tested through the 90 % significance test level

displayed similar patterns among the three temporal scalefc¢c=0.16). On the whole, the spatial distribution charac-

but demonstrated successive growth with augmentation oferistics of the two datasets agreed with each other, and there
the temporal scales. There were no notable distribution char¥as no significant SCC superiority among the three temporal
acteristics in any of the TCC spatial patterns. scales. For example, the maximum value of the SCC in 2008

Figure 5 shows the variations of TCC and the correspond\Vas on the daily scale (SC£0.53); however, in 2009 it was

ing NSE values belonging to the 107 points between the twd®" the 3h scale (SCE€0.71). Conversely, in 2010 the max-
datasets. There were synchronized variation trends of the tw§nuUm value of SCC was on the monthly scale (S€G.40).
index values among the three temporal scales, with exceptiof’f COUrse, these typical time intervals were selected by sub-
of local differences between TCC and NSE. The mean value€Ctive experience with heavy rainfall amounts in 3h, daily
of NSE in Fig. 5 indicate a good fitting degree of consistency@nd monthly periods.

on the monthly scale (mean NSED.74), but not on the daily The SCC of the three temporal scales from the sample
(mean NSE=0.15) and the 3h (mean NSE—0.3) scales. numbers of 107 stations and corresponding 107 grids in the

This illustrates notable discrepancies of rainfall amounts oftWO datasets was computed and averaged for each month
single stations on the daily and the 3 h temporal scales.  (Fig: 7). Figure 7 indicates that valid SCC values of the three
temporal scales, which were through the 95 % significance
3.3 Spatial correlation between 3B42V6 and gauged testlevel, were mainly concentrated in heavy rainfall months
rainfall from May to September (shown in blue). Invalid SCC val-
ues of the three temporal scales, which were not through the
The spatial correlation of rainfall amounts plays an important95 % significance test level, were mainly gathered in light
role on average surface rainfall calculations in the researchainfall months (shown in red). It is noteworthy that the valid

3.2 Temporal correlation between 3B42V6 and gauged
rainfall
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rainfall at all of the 107 stations from either the gauges or the

200 e . o _ . , 3B42V6 during that time interval. There was no significant

OMonthly scale

agreement amongst the SCC values on the 3 h or daily scale
over the three years, due to the high spatio-temporal variabil-
ity of rainfall. In general, the mean SCC values successively
increased as the temporal scales were augmented. However,
. . . _ . the high SCC values of heavy rainfall time intervals on 3h
Fig. 7. The two-dimensional histograms of the spatial correla- .

and daily scales were not less or even greater than many SCC

tion coefficient discrepancies with monthly variations between the | f thi le. Of th
3B42V6 (107 grids) and gauges (107 stations) for the three tempoya ues o monthly scale. COUrSE, nere are more near zero

ral scales; each value is the average of all time interval values of itO" €ven negative SCC values on 3h and daily scales than on

month. The red numbers indicated the SCC were not through théhe monthly scale.

95 % significance test and the blue numbers demonstrated the SCC )
were through the 95 % significance test. 3.4 Seasonal differences between 3B42V6 and gauged

rainfall shown by relative bias

3
8
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°
b

° o
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°
=

The relative bias of the 3B42V6 against the gauged rainfall
SCC values of monthly scale were emerged almost wholdime series during 2008 to 2010 was calculated. The spa-
year except individual months, such as January and Februartial pattern and seasonal differences of BIAS were given in
The jump in SCC values from December to January on theFigs. 8 and 9. It should be mentioned that the bias compu-
monthly scale was partly attributed to uncertainty, which wastational formula (Table 1) represents the relative bias of the
partly derived from 3B42V6 detectability in slight rainfall, sum rainfall amount; thus there was an identical same bias
and partly attributed to monthly rainfall that was summed upvalue for each station among the 3 h, daily, or monthly scales
from daily or 3 h rainfall and averaged, and partly ascribedover all of the time periods. They are not distinguished and
to sample values as only three months, and partly ascribed talso not identified on the temporal scale in this study.
sample values as only three months. The spatial pattern of BIAS shown in Fig. 8 indicated

Furthermore, the variation trends over time of the SCCthat acceptable accuracyt @5 %) of the 3B42V6 domi-

were illustrated from June to August for three years on thenated, and there are no obvious regular spatial distributions of
3h and daily scales, but for the whole period from 2008 over-/underestimates in several local areas. The mean BIAS
to 2010 on the monthly scale (shown in Fig. 8). The miss-value of the entire area was presented as 3.94 %, which indi-
ing values of SCC existed on the 3 h scale because of zeroated a slight overestimation of the 3B42V6 against gauges
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Fig. 8. Variable curves of the spatial correlation coefficient between the 3B42V6 (107 grids) and the gauges (107 stations): June to August
of 2008-2010 on 3 &) and daily(b) scales, but the whole period over 2008—2010 on the monthly écale
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for the total rainfall amount. Moreover, the BIAS levels
shown in Fig. 9 displayed that the 3B42V6 estimates approx-
imately equal £ 10 %) to gauged rainfall reached 37.4 %, ac-
ceptable accuracyH25 %) achieved 80.4 %, overestimates
obtained 36.4%, and underestimates attained 26.2% over
2008-2010. As to different seasons, the 3B42V6 estimate
of acceptable accuracy in winter (DJF) was significantly
less than other seasons or the whole period. Conversely, the
3B42V6 estimates of overestimates 10 %) and underesti-
mates & 10 %) in winter (DJF) were greater than the other
seasons or the whole period. The 3B42V6 has a similar esti-
mated accuracy of BIAS levels amongst the wet seasons (JJA
and SON) and the whole period. Nevertheless, the 3B42V6
has greater overestimates but less approximately equal and
acceptable accuracy of BIAS in the dry seasons (DJF and
MAM) than in the whole period. Overall, the overestimates
of 3B42V6 were greater than the underestimates in different
seasons.

3.5 Rain event detection ability of the 3B42V6

The rain event detection ability of the 3B42V6 can be val-
idated by the FBI, POD and CSI indices, introduced in
Sect. 2.3.2. These indices were computed on both the 3 h and
daily scales with a threshold also mentioned in Sect. 2.3.2.

Fig. 9.BIAS spatial pattern calculated from the 3B42V6 (107 grids) Their spatial patterns were also interpolated using the IDW

against the gauged rainfall time series (107 stations) over 2008

2010, interpolated by the IDW interpolation method.

Nat. Hazards Earth Syst. Sci., 13, 3478492 2013

method (Fig. 10). The patterns of FBI, POD and CSI shown
in Fig. 10 indicated that there were no obvious regular spa-
tial distributions of them, especially in FBI and POD. The
mean values of them on the daily scale, as £8I05,
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10 - BApprox.equal(BIAS: 10%-10%) @ Acceptable(BIAS: 25%-25%) decreased from a small positive value to large negative value

7 DOveresimadon(GIAS: 0K gy, DUnderestimation(@IAS: <10%) yy 4 when augmented with gauged daily rainfall intensity. It was
S 0 s —. 654 easy to k.now that there was a thre;hold of daily rainfall in-
el tensity slightly below 5.0 mmdt, which split the 3B42V6
z 0 35.5 e CLENEED WWRLL O rainfall into overestimation of greater than 5.0 mmdand
R oas F[l% = d = underestimation of less than 5.0 mmid

10 456

T F Winten) | WAM (Spring) | 1A (Summen) | SON (wtummy | 200820108 3.7 Influence of terrain on 3B42V6 performance

Fig. 10. The two-dimensional histograms of station number per- The influence of terrain gives rise to the high spatio-temporal
centages divided by BIAS value ranges from 107 stations; wherevariability of rainfall. This is especially true in mountain-
BIAS was computed the same as in Fig. 8 but for different time oys regions, such as the Jinsha River basin which has alpine
periods. and gorge terrains. Therefore, the influence of terrain on the
3B42V6 performance in this investigation area should be
considered. Influence factors of the altitude, longitude, lat-
POD=0.63, and CS0.44, were greater than on the 3h itude, slope, and the aspect of each station were usually se-
scale, as FB+=0.86, POD=0.34, and CS&0.22. The mean lected to evaluate the geographical factors on the impact of
value of FBI demonstrated that the 3B42V6 slightly overes-rainfall, and so these were taken into account in this study.
timates rain events on the daily scale, but underestimates raiactually, it is an indirect method to validate the variation
events on the 3 h scale. Specifically, the value of FBI on 3 htrends of statistical indices between the two datasets with
scale displayed greater than 1.0 in the upper reaches but lesisese geographical factors, which is intended to reflect the
than 1.0 in the lower reaches of the Jinsha River basin. Howperformance of 3B42V6 affected by the degree of these fac-
ever, the values of FBI on daily scale were almost all greatettors. It is worth mentioning that the study area has complex
than 1.0 over the region. terrain and is located in the west of Sichuan Basin, which
For the sake of better understanding the variation trends ofnfluenced the systematic climate zone changes. That is why
the performance of 3B42V6 on rain event detection on differ-the altitude, longitude and latitude were selected. In addition,
ent temporal scales, the FBI, POD, and CSI curves are givealthough the slope and aspect are local, regime-dependent
in Fig. 11, corresponding to patterns shown in Fig. 10. Thefactors, they were also taken into account just for integrity
curves of these indices shown in Fig. 11 displayed signifi-of analysis. In order to determine the main influence fac-
cant synchronous variation of pair indices between 3 h andors on the performance of 3B42V6, the 3B42V6 mean rain-
daily scales, which have the similar results as Fig. 11 showrfall (MR), the gauged mean rainfall (MR), the NSE, FBI,
by SCC values of 0.94 (FBI), 0.95 (POD) and 0.91 (CSI) and POD on different temporal scales of the two datasets
between the two temporal scales. The rain event detectiofrom 107 stations and grids were computed firstly. Then the
ability of 3B42V6 on the daily scale was greater than on theTCCs between each index and altitude, longitude, latitude,
3hscale. slope and aspect of 107 stations were calculated, as shown
in Fig. 13. Compared to the Ccc (0.19 by 95 % significance
3.6 3B42V6 performance with augmentation of gauged test level), the factors of slope and aspect were mostly not
daily rainfall intensity through the significance test (in red); however, the other in-
fluence factors were almost all through the significance test
Primarily, the gauged daily rainfall intensity was divided into (in blue). Therefore, the terrain elements of altitude, longi-
10 classifications: 0, 0-0.5, 0.5-1, 1-2, 2-5, 5-10, 10-20tude and latitude were chosen as major influence factors; and
20-30, 30-50 and- 50 mmd1. The 3B42V6 rainfall time  the indices of NSE, FBI, and POD were used for validation.
series fell into the ten classifications of the gauged daily The fitting degree of the two datasets on comprehensive
rainfall intensity. The indices of TCC, ME and POD of the rainfall amount (by NSE) and the rain event detection ability
3B42V6 against the gauged rainfall time series in the ten(by FBI and POD) of the 3B42V6 against gauges augmented
classifications of gauged daily rainfall intensity were cal- with altitude, longitude, and latitude are presented in Fig. 14.
culated and averaged from data of 107 stations. The variThe gauge stations were sorted along.tk&xis by increas-
ation trends of these indices with the gauged daily rain-ing altitude in (a), (b), and (c); by increasing longitude in
fall intensity are shown in Fig. 12. Regarding rainfall time (d), (e), and (f); and by increasing latitude in (g), (h), and (i).
series agreement, the value of TCC between the 3B42V&radually increasing trends emerged in the fitting degree of
and the gauged rainfall represented a gradual increase withainfall amount by NSE shown in Fig. 15a and in the rain
the augmentation of gauged daily rainfall intensity, evenevent detection by FBI and POD shown in Fig. 15b and ¢
though fluctuation existed. The value of POD significantly of the 3B42V6 against gauges by a positive slope of trend
improved with the increase of gauged daily rainfall intensity lines with an augmentation of altitude. However, there were
from 0 to> 50 mmd-L. Inversely, the value of ME gradually gradually decreasing trends appearing in the rainfall amount
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Fig. 11. Spatial patterns of rain event estimation indices on the 3 h and daily scales by the IDW interpolation method; each index computed
by the 3B42V6 (107 grids) detection ability against gauged rain events from 107 stations over 2008—2010.
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Fig. 13.Curves of variation trends for the 3B42V6 performance in
rainfall mean error, temporal correlation coefficient, and probabil-

ity of detection for rain events with the increasing of daily rainfall
Fig. 12. Comparison of curves of 3B42V6 performance by rain jntensity.

event estimation indices on 3 h and daily scales over 2008—2010.

fitting degree by NSE shown in Fig. 15d and g and rain event4 Discussion

detection by FBI and POD shown in Fig. 15e-f and h-i of
the 3B42V6 against gauges by a negative slope of trend line
with a longitude or a latitude augmentation. It is worth not-
ing that the FBI values have a variation range from underesti
mation (FBI< 1.0) to overestimation (FB+ 1.0) as altitude
increases, while changing from overestimation (BBI.0)

to underestimation (FB& 1.0) as longitude or latitude in-
creases.

Validation of the 3B42V6 in the Jinsha River basin with
ﬁlpine and gorge terrains revealed a different degree of
consistencies and discrepancies on different spatio-temporal
'scales by gauges. Overall, there were satisfactory sum rain-
fall amounts and mean error estimates by the 3B42V6 on
3 h, daily, and monthly scales (Fig. 2). However, there were
discrepancies in the mean rainfall amounts between the
two datasets at fine temporal scales using NSE, e.g., a 3h
scale with a negative NSE value (Fig. 3). Therefore, further
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Fig. 14. The two-dimensional histograms of temporal correlation coefficient discrepancies of terrain factors between 3B42V6 (107 grids)
and gauges (107 stations) on three temporal scales; 3B42V6(MR) and Gauge(MR) indicate the mean rainfall time series of the two dataset:s
and had the same temporal correlation coefficient value for the three temporal scales. Those were not indicated on the temporal scale. The re
numbers indicate the index through the 95 % significance test level and the blue numbers indicate the index not through the 95 % significance
test level.

validation in single station of the 3B42V6 against gauges onseasons but disappointing deviations during the dry seasons
rainfall amounts, rain event detection, seasonal error differ{Fig. 9). The 3B42V6 was estimated by BIAS for approx-
ences, performances in different gauged daily rainfall inten-imately equal £ 10 %) at 37.4 % and for acceptable accu-
sity and even terrain influence were of vital importance for racy (& 25 %) at 80.4 % over 2008-2010 in the Jinsha River
using the 3B42V6 dataset in the research on the hydrologicabasin. These results differ from Bangladesh (Nepal), which
processes of the investigation area. are 38% (19%) and 72 % (57 %) fer 10 % and+25% in

The correlation (by TCC) and rainfall amount fitting (by the monthly scale data, respectively (Islam and Uyeda, 2007;
NSE) analyses of each station from the two datasets of rainislam et al., 2010).
fall time series stated in Sect. 3.2 proclaimed a better agree- The rain event detection ability of the 3B42V6 manifested
ment with an augmentation of the temporal scales, and sata slight overestimation (FBt 1.05) on the daily scale but
isfactory rainfall amounts only fitting on the monthly scale an underestimation (FB+ 0.86) on the 3 h scale as a whole
with TCC having reached 0.9 and NSE having achieved(Fig. 10), which is similar to Cusco, Peru, with an FBI at 0.97
0.74 (Figs. 4 and 5). These conclusions had been verified bpn the daily scale (Scheel et al., 2011). The POD reached
similar studies, such as those by Yong et al. (2010), Man-0.34 on the 3 h scale and 0.63 on the daily scale (Fig. 10),
sour (2011), Scheel et al. (2011) and Li et al. (2012), withwhich is analogous to Cusco, Peru, at 0.76 (Scheel et al.,
an approximately equal TCC on monthly scale as 0.9 in the2011) and the Laohahe Basin in China at 0.61 (Yong et
two datasets. There were acceptable TCC values, such ad., 2010) on the daily scale. The rainfall variation trend
0.59 (daily) and 0.34 (3 h), which were all through the 95 % estimates (by TCC) and rain event detection (by POD) of
significance test. However, a low NSE, such as 0.15 (daily)the 3B42V6 gradually increased with the augmentation of
and —0.3 (3 h), the value of which is less than 0.5, meansgauged daily rainfall intensity (Fig. 12). There was a daily
the accuracy was unsatisfactory (Moriasi et al., 2007) for therainfall threshold splitting overestimation of the 3B42V6
3B42V6 on the daily or 3 h scales. rainfall amounts of greater than 5.0 mmldand underesti-

The mean month SCCs of the 3B42V6 against the gaugesation of those of less than 5.0 mmY(Fig. 12). This con-
successively increased with the augmentation of the tempoelusion is similar to the research of Scheel et al. (2011) with
ral scales. In addition, the mean month SCCs that were ala different threshold of 2.0 mntd.
most all invalid emerged during the dry months of the three The terrain elements of altitude, longitude and latitude
temporal scales. However, valid SCCs emerged during thevere the major factors affecting the 3B42V6 performance
wet months of the three temporal scales. High SCC valuesn the whole investigation area. It is worth mentioning that
also emerged in heavy rainfall time intervals of 3 h and daily the slope and aspect did not show significance impacts be-
scales (Figs. 6 and 8). That is, the 3B42V6 has satisfactorgause they are local, regime-dependent factors. In addition,
spatial distribution estimates during heavy rainfall time peri- the large inherent variation of rainfall also leads to the phe-
ods, but has unsatisfactory spatial distribution estimates durnomenon, especially in alpine and gorge terrain. Overall, the
ing light rainfall time periods. Therefore, the spatial correla- comprehensive validation of terrain influence included rain-
tion should be allowed for the statistical significance of dif- fall amounts and rain event detection of the 3B42V6. The ac-
ferences between these two datasets (Buarque et al., 201&uracy of 3B42V6 displayed improving trends with increas-
Clarke et al., 2011). ing of altitudes, and inversely, its accuracy displayed declin-

The rainfall amount relative bias analysis (by BIAS) ing decreasing trends with increasing of longitudes or lati-
demonstrated no regular distribution with over- and under-tudes (Fig. 14).
estimates overall, and acceptable deviations during the wet
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Fig. 15.Curves trends of the 3B42V6 (107 grids) detection ability for rainfall (by NSE) and rain events with augments of altitude, longitude
and latitude. The gauge stations were sorted along-ves by increasing the altitude (a), (b), and(c); by increasing the longitude i),
(e), and(f); and by increasing the latitude (g), (h), and(i).

From what has been discussed above, there are acceptaliias slightly less than a 3 h lag against the gauged rainfall time
consistencies of the 3B42V6 against the gauges on the dailgeries. This occurred because valid TCC values appeared be-
and monthly scales. However, the 3B42V6 displayed disaptween the original 3B42V6 and the 3B42V6 with 3 h advance
pointing accuracies on both rainfall amount estimates andhgainst the gauges. Furthermore, these results confirmed that
rain event detection at the fine 3h scale. In a further surthe two rainfall time series asynchronism should be a very
vey of the 3h rainfall time series comparison between theimportant factor leading to disappointing performance of the
two datasets from Fig. 3, the 3B42V6 rainfall time series re-3B42V6 on the 3 h scale.
vealed rain events in advance or at a lag against the gauges. Of course, there are a variety of possible error sources for
This phenomenon may be a result of those discrepancies beéhe 3B42V6. On one hand, the errors can be identified at
tween the two datasets on the fine 3 h scale. Thus, for furthethe sensor and with the 3B42V6 product algorithm. The er-
inquiry the time asynchronism degree of the two datasetstror analysis is complicated and it is difficult to track errors
rainfall time series, the 3B42V6 rainfall time series of 3h back to the input data. On the other hand, the TMPA ver-
scale given 3h and 6 h in advance, and given 3h and 6 h asion 7 and the upcoming Global Precipitation Measurement
a lag against the gauges, respectively, were analyzed. Fig. 1mission would have been programmed to improve this defi-
displays the TCC discrepancies of the 3B42V6 with 3 h ad-ciency.
vance or 3h lag against the gauges. The results illustrated
that the 3B42V6 with 3 h advance still has an acceptable cor-
relation against gauges (shown in blue; the TCC mean valug conclusions
averaged by 107 stations). Correspondingly, approximately
half or more of the stations (66 in 2008, 44 in 2009, 60 in |n conclusion, this study has comprehensively validated the
2010) indicated higher TCC values than the original 3B42V63B42V6 product on rainfall amount estimates, errors of sea-
against the gauges. However, the 3B42V6 rainfall time seriegonal differences, rain event detection, performance in dif-
with the 3 h lag had no invalid correlation against the gaugesferent gauged daily rainfall intensities, and the terrain influ-
similar conclusions emerged which were abbreviated in th%nce covered on the 3h, da||y and month|y tempora| scales.
3B42V6 with 6h advance or 6h lag against the gauges. InThe validation study showed that the 3B42V6 delivered ac-
other words, the 3B42V6 of the 3 h scale rainfall time seriesceptable estimates in sum rainfall. However, discrepancies
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Uncertainty of errors from different sources is inherent in

mCC:3B42VEwG B CC: @BA2VE3hwe.G M CC: @BA2VE-3hjve.G the validation as shown by the ground station gauge data.

3 g;g ] 030> o3 0.340.34 A method to quantify the uncertainty in the TMPA valida-

% 030 { ~ tion results, which arises from uncertainties in the gauge,
g 035 1 is still a challenge for the scientific community. While the
e 1 '1? 13 aim of TMPA products would be widely used in the research
3010 | of regional hydrologic processes, the following activities are
E ggg 8 proposed or are already being planned by several agencies

and programs. These activities are likely to be programmed
to improve the noted deficiencies. They include: combining
the satellite dataset with the gauge data, especially for fine

66
60 : . .

60 spatio-temporal resolutions, version 7 products of the TMPA,

50 M and the Global Precipitation Measurement mission for which

40 the Core satellite is to be launched.
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