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Over the years, blendedmethods that usemulti-satellites andmulti-sensors have been developed
for estimating global precipitation and resulting products are widely used in applications. An
example is the 3-hourly TRMM(Tropical Rainfall MeasuringMission)Multi-Satellite Precipitation
Analysis (TMPA) that consists of two products: near-real-time (3B42RT) and research-grade
(3B42). The former provides quick, less accurate estimates suitable for monitoring activities; the
latter provides more accurate estimates more suitable for research. Both products have been
widely used in research and applications. Nonetheless, to improve near-real-time applications, it
is important to understand their difference. In this study, seasonal mean difference (MD), mean
absolute difference (MAD), rootmean square difference (RMSD), and their inter-annual variations
in boreal (June, July and August or JJA) and austral (December, January and February or DJF)
summers and in different rain regimes over two surface types are investigated on a large scale
(50°N–50°S) from 2000 and 2012. Over land, positive MD values (3B42RT N 3B42) dominate,
especially inwestern China, western United States, northwest Asia and over some oceanic regions
of light rain in both JJA and DJF. Over ocean, negative MD values (3B42RT b 3B42) prevail, except
over regions of light rain. In general, relative (to 3B42)MDvalues increasewith rain rate. Variation
of the individual differences between the two products is small (large) over regions of heavy
(light) rain. There is no significant inter-annual variation in the seasonal mean statistics. The
difference between the two products is likely due to the algorithms and further investigations are
needed.
© 2014TheAuthor. Published by Elsevier B.V.This is an open access article under theCCBY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Flood anddrought events occur around theworld each year,
often causing heavy property damages and human casualties
(i.e., Houze et al., 2011; Tripoli et al., 2005; Hoerling et al.,
2013). Accurate measurements of precipitation are important
for hydrologicmodeling, disastermonitoring and preparedness
activities. However, it is difficult to obtain observational
precipitation data, especially in remote regions, continents
his is an open access article und
and vast oceans where gauge and radar networks are sparse
(Schneider et al., 2011, 2013; Becker et al., 2013). Satellite
remote sensing techniques take an important role in filling data
gaps. An example is the U.S.–Japan Tropical Rainfall Measuring
Mission (TRMM), launched in November 1997, which has been
providing rainfall measurements over vast under-sampled
oceans and data sparse continents in the Tropics and sub-
Tropics (40°N–40°S) (Garstang and Kummerow, 2000; Liu et al.,
2012).

In the past three decades, satellite-derived products provide
a cost-effective way to measure precipitation from space
and fill in data gaps in data sparse regions. Over the years,
er the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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algorithms that utilize multi-satellites and multi-sensors
(i.e.,microwave andgeostationary infrared sensors), or blended
methods, have been developed to overcome a very limited
spatial and temporal coverage from any single satellite (Adler
et al., 2003; Huffman et al., 2007, 2009, 2010; Huffman and
Bolvin, 2012, 2013; Joyce et al., 2004; Mahrooghy et al., 2012;
Hong et al., 2007; Sorooshian et al., 2000; Behrangi et al., 2009;
Aonashi et al., 2009) and products are widely used in
hydrometeorological research and applications. For example,
the TRMM Multi-Satellite Precipitation Analysis (TMPA)
products (Huffman et al., 2007, 2010; Huffman and Bolvin,
2012, 2013) developed by the Mesoscale Atmospheric Pro-
cesses Laboratory atNASAGoddard Space Flight Center provide
precipitation estimates at 3-hourly and monthly temporal
resolutions on a 0.25-degree × 0.25-degree grid available from
January 1998 to present. The 3-hourly TMPA consists of two
products: near-real-time (3B42RT, spatial coverage: 60°N–60°S)
and research-grade (3B42, spatial coverage: 50°N–50°S). The
former is less accurate, but provides quick precipitation
estimates suitable for near-real-time monitoring and modeling
activities (i.e., Wu et al., 2012). The latter, available approxi-
mately two months after observation, is calibrated with gauge
data, different sensor calibration and additional post-processing
in the algorithm. The resulting product is more accurate and
suitable for research (Huffman et al., 2007, 2010). Over the years,
the TMPA products have been widely used in various research
and applications (i.e., Wu et al., 2012; Bitew et al., 2012; Gourley
et al., 2011; Su et al., 2011; Gianotti et al., 2012).

However, issues exist in multi-satellite and multi-sensor
products, as indicated bymany previous studies (i.e., Tian et al.,
2010; Tian and Peters-Lidard, 2010; Habib et al., 2012; Yilmaz
et al., 2010; Rozante et al., 2010). For users of the near-real-
time TMPA product, data quality is equally as important as the
research-grade product, but limited by the availability of high
quality sensor calibration and ground reference data, such as
gauge data. Nonetheless, knowing their statistical differences
(i.e., mean difference, mean absolute difference and root mean
square difference) may help users applying the knowledge to
applications by making adjustments to the near-real-time
TMPA product or conducting further investigations in their
areas of interest. For multi-sensor products, issues such as the
entry and drop out of observing systems and post-processing
procedures can create a temporal homogeneity issue affecting
the quality of products as well (Huffman et al., 2007; Huffman
and Bolvin, 2012, 2013). How these factors affect the statistical
difference between the two TMPA products is not very clear.
Huffman et al. (2007) presented a comparison result between
the two daily products for a period between 1 and 4 June 2005,
which is too short to understand the statistical difference. In
this study, statistics derived from the two products in different
rain regimes and surface types and their inter-annual variations
are investigated. This article is organized as follows: Section 2
describes the data products and methods, Section 3 the results
and Section 4 the conclusion and discussion.
Table 1
Rain regime classification based on rain rate (R) in two different units.

Group A B

mm/day R ≤ 75 75 b R ≤ 100
mm/h R ≤ 3.13 3.13 b R ≤ 4.17
2. Data and methods

Two TMPA products, the 3-hourly near-real-time (3B42RT)
and the research-grade (3B42), are used in this study. Both
products share the same 0.25-degree by 0.25-degree grid.
However, the beginning dates of the two products are different.
3B42RT is available since 1 March 2000 onward and 3B42 1
January 1998; therefore the comparison in this study begins
from the year of 2000 onward.

The purpose of algorithm3B42 is to produce TRMMmerged
high quality (HQ) microwave/infrared (IR) precipitation
and root-mean-square (RMS) precipitation-error estimates
(Huffman et al., 2007, 2010; Huffman and Bolvin, 2012,
2013). 3B42 precipitation estimates are produced in four stages
according to Huffman et al. (2007, 2010) and Huffman and
Bolvin (2013): (1) the microwave precipitation estimates are
calibrated and combined, (2) the infrared precipitation esti-
mates are created using the calibratedmicrowave precipitation,
(3) the microwave (HQ) and IR estimates are combined, and
(4) rescaling to monthly data is applied. In addition to rescaling
to monthly data, other main differences (Huffman et al., 2007,
2010) from 3B42RT (Huffman and Bolvin, 2012) are: (1) the IR
calibration period in 3B42 is the calendar month in which the
observation time falls, rather than a trailing 30-day accumula-
tion in 3B42RT, and (2) the TRMM Combined Instrument (TCI)
product (2B31) is used as the calibrating standard in 3B42,
which should give better estimates than the TRMMMicrowave
Imager (TMI) by itself. Several important changes (Huffman
et al., 2007, 2010; Huffman and Bolvin, 2013) have been
incorporated in Version 7 3B42 and they are summarized
as: (1) additional microwave products (NOAA Microwave
Humidity Sounder (MHS), Special Sensor Microwave Imager-
Sounder (SSMIS)), (2) a new IR dataset, the National Climatic
Data Center (NCDC) GridSat-B1, has been added, (3) uniform
processing of input data (AMSU, MHS, TMI, Advanced Micro-
wave Scanning Radiometer for Earth Observing System (AMSR-
E), Special Sensor Microwave/Imager (SSMI), etc.), (4) use of a
single and uniformly processed gauge analysis, (5) a latitude-
band calibration scheme for all satellites, and (6) additional
fields in the data files (sensor-specific source and overpass
time). Samples of comparison against Version 6 can be found in
Huffman and Bolvin (2013).

Both Version 7 3B42RT and 3B42 are used in this study.
They are archived and distributed at the NASA Goddard
Earth Sciences Data and Information Services Center (GES
DISC) (Liu et al., 2012). Version 7 3B42 data were downloaded
from the GES DISC data search and ordering system, Mirador
(http://mirador.gsfc.nasa.gov/) and the near-real-time 3B42RT
from an anonymous ftp (ftp://disc2.nascom.nasa.gov/data/
TRMM/Gridded/3B42RT/) at the GES DISC. There have been
fewprocessing issues before (Huffman andBolvin, 2012, 2013),
but all the products used in this study are the latest.

To facilitate product intercomparison, the GES DISC has
developed prototypes in the TRMM Online Visualization and
C D E

100 b R ≤ 150 150 b R ≤ 200 R N 200
4.17 b R ≤ 6.25 6.25 b R ≤ 8.33 R N 8.33
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Analysis System (TOVAS) (Liu et al., 2007, 2009, 2014). TOVAS
(http://disc.sci.gsfc.nasa.gov/precipitation/tovas) is a member
of the Geospatial Interactive Online Visualization ANd aNalysis
Infrastructure (Giovanni, http://giovanni.gsfc.nasa.gov) (Liu
et al., 2007; Acker and Leptoukh, 2007; Berrick et al., 2009).
Giovanni is a web-based application that provides a simple and
intuitive way to visualize, analyze, and access vast amounts of
Earth science remote sensing data without having to download
the data (Acker and Leptoukh, 2007; Berrick et al., 2009). Basic
and customized comparison (i.e., scatter plot, correlation and
time series) between the TMPA near-real-time and research
products as well as their preceding versions can be done
via either TOVAS (Liu et al., 2014) or offline analysis using
customized data from TOVAS. Due to high demand for
computation time and memory, all comparisons in this study
were done offline.

In this study, two seasons, the boreal summer (June, July
and August, JJA hereafter) and the austral summer (December,
January and February, DJF hereafter), are considered since
precipitation reaches the maximum amount in these two
Fig. 1.Mean seasonal 3B42 precipitation estimates averaged during (a) Borea
seasons in the Northern and Southern Hemispheres, respec-
tively. Furthermore, statistics are computed separately for land
and ocean in order to better observe product difference
components over different surface types.

Mean difference (MD), mean absolute difference (MAD) and
root mean square difference (RMSD) (Ebert, 2007) are used to
measure differences between two products. If observational
data are used for evaluation, MD is also equivalent to bias (Ebert,
2007). For MAD, an equal weight is given to each error. By
contrast, a relatively high weight is given to RMSD because a
difference is squared before averaging. In general, RMSD is
greater than MAD and both of them can be used together to
examine the variance in differences: the larger the difference
between MAD and RMSE, the larger the variance in the
individual differences in the two data sets. When MAD is equal
to RMSD, there is no variation in differences. In this study, the
research-grade 3B42 is treated as the “truth” due to its higher
quality calibrated with gauge data over regions with good gauge
coverage (Huffman et al., 2007, 2010; Huffman and Bolvin, 2012,
2013). In general, the smaller MD, MAD, and RMSD are, the
l summers (JJA) and (b) Austral summers (DJF), from 2000 and 2012.

http://disc.sci.gsfc.nasa.gov/precipitation/tovas
http://giovanni.gsfc.nasa.gov
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smaller the difference is between 3B42RT and 3B42. The
equations of MD, MAD and RMSD (Ebert, 2007) are written as:

MD ¼ 1
N

XN
i¼1

Yi−Oið Þ ð1Þ

MAD ¼ 1
N

XN
i¼1

Yi−Oij j ð2Þ

RMSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

Yi−Oið Þ2
r

ð3Þ

where Yi is the estimated value of 3B42RT andOi 3B42 at grid box
i, and N is the total of samples.

The data processing is done as follows. First, MD, MAD, and
RMSD for the two products are computed for each season and
averaged from 2000 and 2012 at each grid point for the entire
data domain (50°N–50°S). The result is presented in a map. For
time series, an areal average is computed for each season and a
time series plot is generated with these averages.
Fig. 2. Similar to Fig. 1, except for 3B42 st
There is an issue for direct comparison of MD, MAD and
RMSD because rain rate can vary from one grid point to
another. Relative (to themean 3B42 rain rate) MD and MAD in
percentage are used, instead. In addition, the ratio between
MAD and RMSD (M/R ratio hereafter) is used. As mentioned
earlier, when the ratio is equal to 1, there is no variation in the
individual differences. On the other hand, the smaller the ratio,
the larger the variation in the individual differences.

To investigate the inter-annual variations of MD, MAD and
RMSD under different rain regimes, five groups, ranging from
light rain to heavy rain, are defined in Table 1. In addition, land
and ocean are separated to understand the difference associ-
ated with surface types.

3. Results

3.1. General description

Figs. 1 and 2 are the mean seasonal 3B42 precipitation
estimates and standard deviations for JJA and DJF, averaged
from 2000 and 2012, respectively. In JJA and DJF, it is seen that
andard deviations: (a) JJA; (b) DJF.

image of Fig.�2
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most of the seasonal mean rainfall is concentrated in the
Tropics. Regions of heavy rain (Fig. 1a) in JJA are found in
the Northern Hemisphere, near coastal mountainous regions
Fig. 3. Scatter plots between 3B42RT and 3B42 from 2000 and 2012: (a) Northern H
(i.e. the southwestern coast of India, Myanmar) where the
orographic effect enhances rainfall, and in the Inter-Tropical
Convergence Zone (ITCZ). In DJF (Fig. 1b), regions of heavy rain
emisphere (JJA); (b) Southern Hemisphere (DJF). The redline is the 1:1 line.

image of Fig.�3
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are mainly found over ocean in the Southern Hemisphere.
Overall, rainfall in DJF is not as heavy as in JJA. Large standard
deviations are found in the regions of heavy rainfall (Fig. 2),
especially in the western Pacific warm pool where the largest
region of standard deviations in both JJA and DJF is found
(Fig. 2b), indicating a strong inter-annual variation in rainfall
amount. This variation is contributed by many factors such as
the El Niño Southern Oscillation (ENSO), the Pacific Decadal
Oscillation (PDO), the tropical cyclones and theMadden–Julian
oscillation (MJO). Detailed discussion of such factors is beyond
the scope of this study. It is also seen that several large standard
deviations are found in some areas where rainfall is not heavy,
such as the ocean in northeast Madagascar in JJA (Fig. 2a) and
the east coast of Sri Lanka in DJF (Fig. 2b). Small standard
deviations are found in light and some moderate rain regions,
suggesting that the inter-annual variation there is likely to be
small.

Fig. 3 contains two scatterplots of precipitation estimates
for JJA in the Northern Hemisphere (Fig. 3a) and DJF in the
Southern Hemisphere (Fig. 3b) from 2000 and 2012. As shown
later, the difference between 3B42RT and 3B42 can change
with the seasons; therefore, only the boreal and austral
summers are considered and more specifically, the Northern
Fig. 4.Maps of mean (2000–2012) seasonal Pearson correlation c
Hemisphere is included in JJA and the Southern Hemisphere in
DJF. Fig. 3 shows that both JJA and DJF are similar, but there are
more heavy rain points in JJA than in DJF, which is consistent
with findings in Fig. 1. There are some false alarm samples
(Fig. 3), mainly in the light to moderate rain ranges, where no
rain is found in 3B42RT and rain is found in 3B42, or vice versa.
In a study by Huffman et al. (2007), it is concluded that the
TMPA has lower skill in detecting light tomoderate rain events.
In Fig. 3, points are more scattered in JJA over the Northern
Hemisphere than in DJF over the Southern Hemisphere,
perhaps due to a large portion of land and associated gauge
adjustment in the Northern Hemisphere. By contrast, a large
portion of the Southern Hemisphere is dominated by ocean
where gauge adjustment is not available. It is also seen that
more points are found above the 1:1 line than those below in
both JJA and DJF, suggesting a systematic difference in which
3B42RT has higher rainfall estimates than those of 3B42.
Further analyses based on rain regimes and surface types
(i.e. land vs. ocean only) are presented in Section 3.3.

Fig. 4 shows themaps of mean seasonal Pearson correlation
coefficients between 3B42RT and 3B42 for JJA and DJF,
respectively. Most correlation coefficients in the two maps are
positive. Less than 0.7% (0.14%) of the total points in JJA (DJF) is
oefficients between 3B42RT and 3B42 for a) JJA and b) DJF.

image of Fig.�4
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negative. In JJA, these negative points are scattered in western
China, southern Australia whereas in DJF, the negative
points are mainly located in central and western China, Iran,
Turkmenistan and Uzbekistan. High coefficients (N0.95) are
found in most regions, especially in areas with a high rain rate.
However, smaller correlation coefficients (b0.8) are found in
various places in both JJA and DJF. In JJA, the most noticeable
region is the Tibetan Plateau where the coefficients (~0.5) are
significantly lower than the surrounding regions (Fig. 4a). Low
coefficients in JJA are found along coastlines as well, such as
NewZealand, northern Japan, the Andes and southArgentina. In
DJF, themost noticeable regions that have lowcoefficients are in
the Northern Hemisphere such as western and northeastern
United States, southern Europe and central Asia. It is seen that
there is a discontinuity issue with correlation coefficients at
40°N and 40°S at which it is more noticeable in both JJA and DJF
(Fig. 4). In short, high correlation coefficients are found in most
rainy regions and low coefficients are found in mountainous
regions, along coastlines, during winter and in the extratropics.
Fig. 5.Mean (2000–2012) seasonal relative (with respect to 3B
3.2. Mean seasonal relative mean difference (MD), relative mean
absolute difference (MAD) and M/R ratio

Fig. 5 contains the maps of mean seasonal relative (with
respect to 3B42)MD between 3B42RT and 3B42 for JJA and DJF,
respectively. Small (b10%) negative values (3B42RT b 3B42)
dominate the regions of heavy rain such as the ITCZ in both JJA
and DJF, and the southwestern coast of India in JJA. Overall, in
both JJA andDJF, positiveMD values (3B42RT N 3B42) dominate
over land, especially in western China, western United States,
northwest Asia, etc. and over some oceanic regions of light rain
as well. Over ocean, negative MD values (3B42RT b 3B42)
prevail, except in some regions of light rain. The discontinuity
issue previously found is here as well. In short, relative MD
values over land are much larger than their means compared to
those over ocean.

Fig. 6 shows the maps of mean seasonal relative MAD
between 3B42RT and 3B42 for JJA and DJF. Overall, the patterns
in Fig. 6 resemble those in Fig. 5: 1) smaller relativeMADvalues
42) MD between 3B42RT and 3B42 for: a) JJA and b) DJF.

image of Fig.�5


Fig. 6.Mean (2000–2012) seasonal relative MAD between 3B42RT and 3B42 for: a) JJA and b) DJF.
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are found over ocean, especially over regions of heavy rain,
such as the ITCZ and the southwestern coast of India and
Myanmar, and 2) larger relative MAD values are found over
land.

Fig. 7 shows the mean seasonal M/R ratio between 3B42RT
and 3B42 for JJA andDJF, respectively. Asmentioned earlier, the
ratio between MAD and RMSD indicates the variance in the
individual differences, namely, the smaller the ratio, the larger
the variation in the individual differences. When the ratio is
equal to 1, there is no variation in the individual differences. In
Fig. 7, large ratios (small variation in differences) in general are
found in regions of heavy rain whereas small ratios (large
variation) are found in regions of light rain, such as over ocean,
in northern Africa, in Australia in JJA and central Brazil in JJA.
The data discontinuity issue is also found here.

3.3. Large-scale inter-annual variation of seasonal relative
MD, relative MAD and M/R ratio for different rain regimes and
surface types

Understanding inter-annual variations of relative MD,
relative MAD and M/R ratio is important. If their variations
vary randomly fromyear to year andhave no clear patterns, it is
difficult to apply adjustments to the near-real-time product
(3B42RT)within applications. To help understand the difference
better, only summer season is considered and in other words,
only the Northern Hemisphere is included in the time series
analysis in JJA and so is the Southern Hemisphere in DJF. To
better understand product characteristics, land and ocean are
separated in the computation as well.

Figs. 8, 9 and 10 show the time series of seasonal (JJA and
DJF) averages of relative MD, relative MAD and M/R ratio over
land and ocean for five different rain regimes listed in Table 1.
Table 2 is the summary of the figures. In Fig. 8, it is seen that
there is very little inter-annual variation in all four time series
of relative MD in each group. All time series of relative MD
arewell defined except in GroupA inwhich only relativeMD for
JJA Land is positive and all the rest remain slightly negative.
Overall, relative MD for JJA Land and DJF Land (except a weak
negative inGroupA) is positive, suggesting a positive systematic
difference (3B42RT N 3B42) over land in both seasons, which
has been seen earlier. On the other hand, relative MD for JJA
Ocean and DJF Ocean is negative in all groups, suggesting
a negative systematic difference (3B42RT b 3B42) over ocean

image of Fig.�6


Fig. 7.Mean (2000–2012) seasonal M/R ratio between 3B42RT and 3B42 for: a) JJA and b) DJF.
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between the two products. Both of these have been shown in
Fig. 5 already. Relative MD values in Group A are the smallest
among all of the groups. The largest relative MD values for JJA
Ocean andDJFOcean are found inGroup E. Fig. 8 also shows that
the systematic differences become large from Groups A to E or
as rain rate increases. FromTable 2, it is seen that relativeMD for
JJA Land ismuch larger thanDJF Land; however, over ocean both
JJA and DJF are quite similar.

Fig. 9 shows the time series for seasonal relative MAD
in percentage. Like relative MD, the inter-annual variation is
small. It is seen that the differences among the four time series
become smaller from Group A to Group E, or as rain rate
increases. For example, the range of relative MAD in Group A
is approximately 25% or so, but in Group E (the last group),
the range becomes around 10%. Relative MAD for JJA Land
dominates from Group A to Group D. The order (JJA Land N DJF
Land N DJF Ocean N JJA Ocean) exists in all groups except the
last group. Relative MAD for JJA Ocean and DJF Ocean is lower
than the other two over land in the first three groups. Likewise,
in Table 2, relativeMAD for JJA Land is larger than DJF Land, but
over ocean relative MAD for DJF Ocean is larger than JJA Ocean.
Fig. 10 is the inter-annual variation of seasonal M/R ratio.
Inter-annual variation is again not significant. Large variation in
the individual differences is found in Group A, the smallest rain
rate group, indicated by the smallest average M/R ratio (~0.21)
in Table 2. This finding suggests that the variation in the
individual differences for light rain is much larger than the
other rain regimes. For the other groups, the average M/R ratio
is greater than 0.9 and varies between 0.9 and 0.93 (Table 2) or
so, suggesting small variation in the individual differences
between the two products. The time series ofM/R ratio are very
similar in Groups C and D. M/R ratio behaves differently in each
group, for example, JJA Ocean in Group A is the largest, but the
smallest in Groups B to D. From Table 2, there is no significant
difference among seasons and surface types.

4. Conclusion and discussion

In this study, large-scale relative MD, relative MAD, M/R
ratio and their inter-annual variations in boreal and austral
summers from 2000 and 2012 are investigated. Five rain
regimes and two surface types are also considered.

image of Fig.�7


Fig. 8. Time series of seasonal relative MD.
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Pearson correlation coefficients remain high in both JJA and
DJF over most rainy regions, including major rain regions, such
as the ITCZ and the southwestern coast of India. However, low
coefficients are found in various places in both JJA and DJF. In
JJA, themost noticeable region is the Tibetan Plateauwhere the
coefficients are significantly lower than the surrounding
regions. Low coefficients in JJA are found along coastlines as
well, such asNew Zealand, northern Japan and southern Andes.
By contrast, the most noticeable regions of low coefficients in
DJF (boreal winter) are in the Northern Hemisphere such as

image of Fig.�8


Fig. 9. Time series of seasonal relative MAD.
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western and northeastern United States, southern Europe and
central Asia. Based on their locations and the season, the low
coefficients are perhaps related to winter precipitation type.

Relative MD changes with rain regimes and surface types.
For the rain regimes in Groups B to E, well-defined positive
(3B42RT N 3B42) relative MD values are found over land and
negative (3B42RT b 3B42) over ocean. In general, relative MD
increases with rain rate. Overall, no apparent trends are found
in most relative MD time series, suggesting that adjustments
to the systematic difference can be made in applications;

image of Fig.�9


Fig. 10. Time series of seasonal M/R ratio.
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however, as shown earlier, relative MD can vary in different
locations due to rain regimes, surface type, terrain, season, etc.
and for a specific location, a further investigation is suggested
to quantify MD. Likewise, relative MAD behaves similarly to
relative MD. Large M/R ratios (small variation in the individual
differences) are found in regions of heavy rain and small ratio
(large variation) in regions of light rain over ocean, in northern
Africa, in Australia for JJA, central Brazil in JJA, etc. No apparent

image of Fig.�10


Table 2
Summary of Figs. 8–10. For JJA, only the Northern Hemisphere (50°N–0°) is included and likewise, the Southern Hemisphere (0°–50°S) is included for DJF.

Mean seasonal JJA Land JJA Ocean DJF Land DJF Ocean Avg.

Group A 3B42 (mm/day) 1.53 2.04 2.42 1.60 1.9
MD (%) 5.2 −4.6 −1.8 −2.2 −0.9
MAD (%) 44.7 24.6 34.8 29.2 33.3
M/R 0.201 0.216 0.211 0.195 0.206

Group B 3B42 (mm/day) 86.39 86.11 86.36 86.10 86.2
MD (%) 12.7 −8.7 2.8 −14.6 −2.0
MAD (%) 39.0 24.5 33.2 31.4 32.0
M/R 0.919 0.875 0.898 0.908 0.900

Group C 3B42 (mm/day) 121.34 120.89 121.08 121.14 121.1
MD (%) 16.1 −10.9 5.8 −11.7 −0.2
MAD (%) 38.3 27.8 32.6 30.3 32.2
M/R 0.919 0.874 0.898 0.898 0.897

Group D 3B42 (mm/day) 172.15 171.53 172.10 171.41 171.8
MD (%) 18.1 −14.0 9.2 −13.0 0.1
MAD (%) 36.8 31.4 31.2 31.9 32.8
M/R 0.944 0.915 0.931 0.928 0.930

Group E 3B42 (mm/day) 292.54 262.61 291.13 257.70 276.0
MD (%) 19.6 −22.3 11.5 −23.3 −3.6
MAD (%) 37.6 37.2 33.3 38.4 36.6
M/R 0.910 0.901 0.897 0.917 0.907
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trend in inter-annual variation is observed as well. Gauge,
different sensor calibration and other post-processing adjust-
ments in the 3B42 algorithm (Huffman et al., 2007, 2010;
Huffman and Bolvin, 2012, 2013) may be the contributing
factors for the large differences in relative MD and MAD listed
in Table 2. Over ocean, there is no gauge adjustment in both
3B42 and 3B42RT; however, relative MAD values are only
slightly lower than those over land. In 3B42, the non-trailing IR
calibration and the TCI product are used (Huffman et al., 2007,
2010; Huffman and Bolvin, 2012, 2013). In 3B42RT, a 30-day
trailing IR calibration and the TMI product are used. The
observed differences in this studymay be associatedwith those
adjustments.

This study has presented a statistical comparison between
two popular multi-sensor and multi-satellite products. The
results are complicated and vary in different locations perhaps
by a combination of factors, i.e., the entry and drop-out of
observing systems, sensor coverage, gauge, different sensor
calibration and post-processing adjustments. It is a challenge to
identify and quantify the contribution from each source and
further investigations are needed. Additional fields in the data
files (sensor-specific source and overpass time) may help the
investigation. From Version 7, both 3B42RT and 3B42 provide
such information such as IR and microwave only products,
which allows the comparison of the difference between the
trailing and non-trailing methods, gauge and non-gauge, and
more. For example, the data discontinuity issue in Section 3.2
is likely associated with the TMI spatial coverage (40°N–40°S).
In Fig. 11, the time-averaged rain rate maps show the data
discontinuity issue in the microwave-based 3B41RT (Fig. 11a),
themerged 3B42RT (Fig. 11b) and 3B42 (Fig. 11c). In Fig. 11a, it
is seen that the discontinuity originated from3B41RT and there
is no such issue in the IR-based 3B40RT (not shown) since its
coverage is between 60°N and60°S; therefore, the discontinuity
was likely carried over to the final merged product, 3B42RT
(Fig. 11b). This issue seems to be fixed somehow in the final
processing product 3B42 (Fig. 11c).When comparison between
3B42RT and3B42was conducted in this study, the discontinuity
issue appeared based on this analysis. Nonetheless, further
studies are needed.

This overview study is conducted on a near-global scale.
By no means can the results be directly applied to error
adjustments because relative MD, relative MAD and M/R ratio
can vary geographically, as shown earlier. In-depth case
studies in different rain regimes are needed for developing
local and regional adjustments. Giovanni TOVAS (Liu et al.,
2014) can provide a fast and simple way to subset data from
both products for additional investigation.

Other parameters for verification, such as probability density
function (PDF), probability of detection and false alarm ratio
(Ebert, 2007) are also important for revealing product charac-
teristics. More detailed information, especially on a regional or
watershed scale, can be useful for hydrological modeling efforts
(i.e.,Wu et al., 2012) and other applications aswell. Online tools
(Liu et al., 2014) at the NASA GES DISC are being developed to
facilitate investigations on these issues. Further categorization
into coastal land and ocean can provide additional information
on the characteristics of a precipitation product due to strong
variation of surface emissivity, complex terrain, and other
factors in coastal grid points.
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Fig. 11. Time averaged rain rate (in mm/h) maps to show the discontinuity issue in microwave-based 3B40RT (a), merged 3B42RT (b) and research-grade 3B42 (c).
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