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ABSTRACT

An updated 15-yr Tropical Rainfall Measuring Mission (TRMM) composite climatology (TCC) is pre-

sented and evaluated. This climatology is based on a combination of individual rainfall estimates made with

data from the primary TRMM instruments: the TRMMMicrowave Imager (TMI) and the precipitation radar

(PR). This combination climatology of passive microwave retrievals, radar-based retrievals, and an algorithm

using both instruments simultaneously provides a consensus TRMM-based estimate of mean precipitation.

The dispersion of the three estimates, as indicated by the standard deviation s among the estimates, is pre-

sented as a measure of confidence in the final estimate and as an estimate of the uncertainty thereof. The

procedures utilized by the compositing technique, including adjustments and quality-control measures, are

described. The results give a mean value of the TCC of 4.3mmday21 for the deep tropical ocean belt-

between 108N and 108S, with lower values outside that band. In general, the TCC values confirm ocean

estimates from the Global Precipitation Climatology Project (GPCP) analysis, which is based on passive

microwave results adjusted for sampling by infrared-based estimates. The pattern of uncertainty estimates

shown by s is seen to be useful to indicate variations in confidence. Examples include differences between the

eastern and western portions of the Pacific Ocean and high values in coastal and mountainous areas. Com-

parison of the TCC values (and the input products) to gauge analyses over land indicates the value of the

radar-based estimates (small biases) and the limitations of the passive microwave algorithm (relatively large

biases). Comparison with surface gauge information from western Pacific Ocean atolls shows a negative bias

(;16%) for all the TRMM products, although the representativeness of the atoll gauges of open-ocean

rainfall is still in question.

1. Introduction

The first-time use of both active and passive microwave

instruments on board the Tropical Rainfall Measuring

Mission (TRMM, launched in late 1997) has made

TRMMthe foremost satellite for the study of precipitation

in the tropics. One of the key goals of TRMM has been to

define the spatial and seasonal climatological rainfall in

the tropics as accurately as possible in order to quantify

this key component of the hydrological cycle. TRMM’s

instrument complement, its precessing orbit sampling the

diurnal cycle, and its 15-yr lifetimemake it nearly ideal for

producing such a tropical rainfall climatology.

The TRMMsurface rainfall retrievals from themultiple

instruments and algorithms are converging to become the

standard for improving long-term climatologies and for

comparison with climate models. There is no doubt that

having multiple retrievals of precipitation from different

instruments using different types of observations has been

one of the biggest advantages of TRMM. TRMM precip-

itation estimates include those based on the passive mi-

crowave instrument [TRMM Microwave Imager (TMI)],

those based on the precipitation radar (PR), and an esti-

mate based on an algorithm that uses a direct combination
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of information from both sensors. There is also a heavily

used multisatellite estimate that uses TRMM data to

calibrate rain estimates from other satellites to produce

a TRMM Multisatellite Precipitation Analysis (TMPA;

Huffman et al. 2007). Differences among these estimates

found by scientists (e.g., Berg et al. 2006; Masunaga and

Kummerow 2005; Shige et al. 2008) have led to a better

understanding of the underlying physics and the validity

of assumptions in the various retrieval techniques. How-

ever, having multiple estimates for the rainfall, even for

climatological rainfall, has also led to confusion and, to

some degree, a lack of use of the mean values from the

multiple TRMM estimates.

To reach a consensus from TRMM and to have a sum-

mary of TRMM rainfall products as a ready comparison

with other non-TRMMestimates and for comparison with

simulated precipitation from general circulation models,

Adler et al. (2009) utilized themultiple estimates based on

TRMM data and the various TRMM standard products

(Kummerow et al. 2000) to generate a 10-yr (1998–2007)

TRMM, version 6 (V6), based composite climatology of

tropical rainfall, the TRMMcomposite climatology (TCC).

The TCC from the 2009 paper, hereafter referred to as

TCC (2009), used selected TRMM V6 products, included

quality control to eliminate artifacts, and accounted for the

effects of the orbit altitude boost in 2001 based on a statis-

tical technique (Wang et al. 2008). TCC (2009) also used

the variation among the estimates as a measure of error or

an indicator of degree of confidence in the mean value.

The purpose of this paper is to update the TCC with

version 7 (V7) of the TRMM data products that go into

the TCC, to change the list of input products to restrict it

to those that only use data from the TRMM satellite

itself, to improve the orbit boost adjustment for the PR

product, to improve the quality-control procedures, and,

of course, to extend the data record to 15 years. The

monthly and annual climatologies and associated error

estimates are then available for further analysis by users.

This paper will include two major areas of focus:

(i) describing the construction of the updated 15-yr (1998–

2012) TCC tropical rainfall climatology using the meth-

odology similar to that described byAdler et al. (2009), but

with somemodifications; and (ii) validating and evaluating

the new TCC, including comparisons with the Global

Precipitation Climatology Project (GPCP) monthly rain-

fall product (Adler et al. 2003).Various rain gauge datasets

and analyses will be used for comparison and validation,

including the Global Precipitation Climatology Centre

(GPCC) full data reanalysis (version 6) (Schneider et al.

2011), with additional attention paid to the southeastern

United States and southeastern China, where dense and

reliable rain gauge networks exist, and with the com-

prehensive Pacific Rainfall Database (PACRAIN) atoll

rain gauge data over the central and western Pacific.

The comparison against the ground-based GPCC and

PACRAIN will be done for the 13-yr (1998–2010) period

as a result of the availability of those datasets. We will also

examine the utility of using the dispersion of the input

products as a guide ormeasure of uncertainty or confidence.

2. Data and methodology to construct composite
climatology

TRMM rainfall estimates include the standard prod-

ucts from single instruments: a combined instrument

retrieval and a multisatellite analysis over the TRMM

domain. For this new version of the TCC using data from

TRMM V7, there have been some changes in the input

datasets and in the methods. For the previous TCC V6

product (Adler et al. 2009), over the ocean, the TCC

inputs include the passive microwave retrieval using data

from the TMI product 2A12 (Kummerow et al. 2001),

the active microwave retrieval using data from the PR

product 2A25 (Iguchi and Meneghini 1994), and the

TMI–PR combined product, a separate retrieval using

different assumptions (2B31; Haddad et al. 1997). Over

land, the TMI V6 estimates were known to overestimate

surface rainfall (e.g., Masunaga et al. 2002), especially in

the warm season. Therefore, the TMI product 2A12 was

not used over land inTCC (2009). To include information

from passive microwave retrievals while excluding

known significant biases, the TRMM Multisatellite Pre-

cipitation Analysis product 3B43 (Huffman et al. 2007),

which uses passive microwave retrievals from many sat-

ellites, adjusted by the TM–PR combined product 2B31

and with a final adjustment and merger using rain gauge

information over land, was used as a replacement.

In the TRMM V7 products, the TMI land rainfall al-

gorithm has two major improvements (Gopalan et al.

2010). The relations between rain rates and TMI 85-GHz

brightness temperatures Tb for convective and strati-

form rain are generated using collocated TMI and

PR data. In addition, estimation of the convective-to-

total ratio of rainfall is modified to significantly lower

the overestimation by TMI in warm season. From our

recent analysis of the TRMM V7 products, it is con-

firmed that TMI rainfall estimates over land have lower

values and somewhat better agreement with the PR and

the combined TMI–PR products in most regions, al-

though artifacts exist in mountainous and other regions

because of the problematic rainfall screening processes

in the algorithm.Unfortunately, there are still significant

biases in the TMI-based retrievals as will be shown later

in this paper. However, we decided to include the TMI

V7 estimates over land instead of the TMPA as one of

the components in the TCC V7 over land using some
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quality-control techniques. Consequently, when using

TMI, PR, and TMI—PR combined products as the in-

puts of TCC over both ocean and land, the new version

of the TCC becomes a TRMM-satellite-only rainfall

climatology for the TRMMera and includes no rain gauge

information.

Rain-rate estimates from the PR product 2A25 re-

trievals are available at various heights, including the

estimated surface (ES), the near surface (NS), and at

various altitudes. For the previous TCC (2009) and this

new climatology the NS estimates are chosen because

this estimate is the lowest level where the radar return

itself is the dominant input. In general, the NS estimates

are slightly larger than the ES retrievals because of the

shape of the assumed reflectivity profiles used. In addi-

tion, the PR retrievals were impacted by the satellite

orbit boost from 350 to 402 km in August 2001. A

thorough evaluation of boost effects on PR rainfall es-

timates by Shimizu et al. (2009) concluded that the orbit

boost caused a 5.4% rainfall decrease at the near-surface-

level mean rain rates, which should be adjusted for in the

postboost period. We have used that adjustment factor

over both ocean and land for the new TCC, in place of the

6.0% factor used in the TCC (2009).

The TCC is calculated at a spatial resolution of 0.58,
covering the latitude band from 368S to 368N. We first

calculate themonth-of-the-year climatologies for all four

TRMM products including TMI, PR, TMI–PR com-

bined, and TMPA based on 15 yr (1998–2012) of TRMM

data. Although the TMPA product is not used directly in

the TCC, it plays a role in the data quality–control pro-

cess as a reference.

The TMI-based retrievals are known to have signi-

ficant problems with regard to rain/no rain screening

(Wang et al. 2009) that may lead to misidentification of

surface snow, wet/cold ground, and certain desert areas

as rainfall, creating obvious rainfall artifacts in some

mountainous and semiarid regions. Even if these mis-

identifications happen only relatively occasionally, they

result in artificial rainmaximawhen totaled over amonth

or climatology. To screen out those unreasonablemonth-

of-the-year TMI values over land due to the problems

discussed before, an automated quality-control scheme

was implemented. The TMI month-of-the-year data are

excluded from the construction of themonth-of-the-year

TCC if one of the criteria below is met:

1) TMI rainfall is 50% more than the average of PR,

PR–TMI combined, and TMPA rainfall; and TMI

rainfall is more than 1mmday21.

2) TMI rainfall is 50% less than the average of PR, PR–

TMI combined, and TMPA rainfall; and the average

rainfall of other threeproducts ismore than1mmday21.

The application of this quality-control procedure elim-

inates about 16% of TMI results over land. Monthly PR

and TMI–PR combined data are also carefully examined

to remove some apparent artifacts using the techniques

described by Adler et al. (2009). The extreme numbers in

the PR and TMI–PR combined datasets are removed as

artifacts when they meet the following two criteria:

1) In one year, the value of the monthly rainfall at

a certain point is at least 5 times higher than the 10-yr

average. The eliminated points are usually at least 10

times higher than the average of the remaining nine

years.

2) The value of the monthly rainfall at that point is also

at least 5 times larger than the values from TMI.

Next, the quality-controlled 15-yr rainfall estimates

from TMI, PR, and TMI–PR combined products are av-

eraged to construct the month-of-the-year TCC rainfall

estimate at each grid location. Where the TMI-based

estimates have been eliminated (16% of grids over land),

the remaining two products are averaged. The mean of

the month-of-the-year TCC precipitation becomes the

TCC annual rainfall climatology.

3. Results

The new 15-yr TCC map and the map of the standard

deviation among the three products are shown in Fig. 1.

Themajor tropical precipitation patterns and features are

clearly demonstrated. Over the ocean, the narrow and

intense intertropical convergence zone (ITCZ) across the

Pacific Ocean around 58–108N, and the broader but

weaker Atlantic ITCZ are both clearly present. The

South Pacific convergence zone (SPCZ) extends south-

eastward from the Maritime Continent toward mid-

latitudes. Over the land, the maxima in rainfall over the

Maritime Continent, tropical Africa, and South America

are evident. In addition, localized rainfall maxima associ-

ated with orographic effects (e.g., along the southern flank

of the Himalaya, the windward side of the Ghats Moun-

tains, and the west coast of the Andes) are also apparent.

The rainiest point over the ocean is in the extreme eastern

PacificOcean along the ITCZ, just off the SouthAmerican

coast (19.2mmday21). Farther to the west, a relative

maximum of 10.1mmday21 occurs in the central Pacific

Ocean (part of the ITCZat 7.758N, 139.08W)while another

relative maximum of 10.4mmday21 occurs in the western

Pacific Ocean (part of the ITCZ at 4.758N, 158.58E). Other

ocean peaks are 11.9mmday21 over the SPCZ and

a smaller maximum value of 8.8mmday21 in the Atlantic

ITCZ.Over land, the peak values are 13.3mmday21 in the

Maritime Continent and 12.4mmday21 in the coastal re-

gion of Andes.
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Giving a measure of dispersion among the three prod-

ucts of the TCC at each point, the standard deviation s of

the three estimates can then be used as a measure of

confidence or an estimate of error.A similar approach has

been used to estimate the uncertainty in the GPCP cli-

matology (Adler et al. 2012), although that study was able

to use a larger number of input estimates (up to eight) in

most regions of the globe. The relationship betweens and

mean values of TCC in the tropics (258S–258N), excluding

higher latitudes in the TRMM area to avoid the problems

related to the TMI product 2A12 screening issues, is

presented in Fig. 2. Although the comparisons have sig-

nificant scatter, s generally increases with mean rainfall,

as expected, with larger scatter and slightly highers values

over land than over ocean for the same mean rainfall.

Coastal areas (Fig. 2c) have the highest s values in gen-

eral, as do mountainous areas (see Fig. 1). Differences in

s relations are also found between the western (2.58–
12.58N, 1308–1608E) and eastern Pacific (5.08–158N, 1208–
1508W) (Figs. 2d,e), with the eastern Pacific having

significantly higher s values, especially at high mean

rain rates. This suggests that when ground validation is not

always available for TCC, the standard deviation among

TCC products is valuable for error estimation, at least in

a relative sense and perhaps in terms of absolute values.

Over the ocean, the most pronounced feature is the s

maximum (up to 1.5mmday21) in the eastern Pacific

Ocean rainfallmaximum.Using a radiative transfermodel,

Shige et al. (2008) suggested that drop-size distributions

(DSDs) in the eastern Pacific have stronger oceanic char-

acteristics (i.e., more small-to-medium raindrops) than the

initial DSD model of the PR algorithm, representative of

the ‘‘data rich’’ western Pacific, leading to underestimation

of rain by the PR. On the other hand, the TMI algorithm

may overestimate the surface rainfall in the region due to

the misrepresentation by the a priori database (C. Kum-

merow 2012, personal communication) used in the re-

trieval. The other noticeable areas of large dispersion

values are found in regions along the northeast side of the

SPCZ, which could also be a result of the differences in

vertical structure and DSDs. Compared to TCC V6, the

standard deviation in the subtropics, especially to the east

FIG. 1. (a) Climatology (mmday21) and (b) std dev (mmday21) among the TCC inputs for

TRMM composite rainfall over 15 years (1998–2012).
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of China and Japan, is reduced significantly thanks to the

improvement of TMI algorithms in the subtropical region.

Over land, the standard deviations have finer spatial-

scale variations, usually due to orography, coastlines, or

both. Themountainous regions (e.g., theHimalayan and

Andes chains as well as west coast of India with the

Ghats Mountains) are areas with larger s values. This is

not surprising because those areas are known to be

problematic for passive microwave retrievals and even,

to some extent, for the radar retrievals. It should be

FIG. 2. The std dev among the TCC inputs against TCC

rainfall for (a)ocean, (b) land,and(c)coast in the tropics for

258S–258N; and the (d) western and (e) eastern Pacific.
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noted that some of the largest dispersion values among

TMI, PR, and the PR–TMI combined estimates are al-

ready excluded from the data presented in Fig. 3, based

on the quality-control procedures. Coastal areas may

exhibit large s values as the result of the algorithm

transition from ocean to land. The passive microwave

retrievals have a transition from pure ocean (multi-

channel physical retrieval) to scattering-based coastal

ocean (TMI product 2A12 land algorithms applied to

coastal waters). These uncertainty estimates for the

TCC (standard deviation among input products) are

generally lower in magnitude (over the ocean) than

those from the similar approach used by Adler et al.

(2012) for GPCP. This difference in error magnitude is

mainly related to using three products (all from the same

satellite and not completely independent) for the TCC

in this paper and using eight products for the similar

exercise for GPCP (over tropical oceans), including the

three TRMM products. This emphasizes that the utility

of this form of error estimate may be more in examining

relative variation rates than absolute values. Over land

the differences in error estimates are also due to gauges

being used in GPCP, and not in this version of TCC.

4. Evaluation and validation

To evaluate and validate the TCC rainfall analysis and

place this climatology into the context of other highly used

datasets, we will perform a series of TCC comparisons

with other satellite- and ground-based rainfall estimates.

a. Comparison of the TCC with GPCP

TheGlobal Precipitation Climatology Project monthly

rainfall product (Adler et al. 2003; Huffman et al. 2009)

is an analysis on a 2.58 global grid based on preci-

pitation estimates from low-orbit microwave data over

land and oceanwith sampling enhancedwith geostationary

infrared data and utilizing a high-quality gauge-based

analysis (Schneider et al. 2011). The GPCP monthly

analysis is a widely used, community-based analysis

and can be considered a standard to which new esti-

mates can be compared. For comparison with the newly

released GPCP, version 2.2, the TCC with a 0.58 reso-
lution is averaged to match the resolution of GPCP

at 2.58.
Table 1 presents total, ocean, and land tropical rainfall

estimates of the TCC over selected latitude bands, along

with values for the input products and the GPCP values.

Figure 3 presents a map of TCC2GPCP differences. It

should be kept in mind that the GPCP contains gauge

information over land, while the new TCC presented

here is purely from the TRMM satellite retrievals. In the

deep tropics (108S–108N), the annual total, ocean, and

land rain of TCC values are 4.4, 4.3, and 4.8mmday21,

respectively. The corresponding GPCP values are 4.5,

4.3, and 5.2mmday21, respectively. The comparison

indicates that, over the ocean, the GPCP and TCC esti-

mates (both satellite-only estimates) are nearly identical

(both 4.3mmday21). Over land the TCC is lower than

GPCP in the deep tropics by about 9%, reflecting the

effect of inclusion of the gauges in GPCP. Comparisons

with gauge climatological values will be discussed in the

next section. The values from the three components of

the TCC have moderate dispersion numbers over ocean

(s/mean5 ;5.4%) and smaller dispersion numbers over

land (s/mean5 ;4.2%) in this zone.

Outside the deep tropics, in the latitude band of 108–
22.58N and S (N/S), over ocean the difference between

TCC and GPCP is still essentially zero, but the differ-

ence over land increases somewhat, with the TCC be-

ing less thanGPCP. Farther poleward, in the subtropics

(22.58–358N/S) TCC is less than GPCP over water by

about 10%. The small dispersion (s/mean 5 ;3.7%)

FIG. 3. Difference between TCC and GPCP rainfall (mmday21)

during 1998–2010.

TABLE 1. Mean rainfall over 15 years (1998–2012; mmday21) from

TRMM products, TCC, and GPCP.

Total Ocean Land

228–358N/S

TMI product 2A12 1.98 2.22 1.42

PR product 2A25-NS 1.91 2.10 1.48

TM–PR combined product 2B31 1.87 2.03 1.51

TCC 1.90 2.12 1.42

GPCP 2.11 2.36 1.61

108–22.58N/S

TMI product 2A12 2.28 2.33 2.14

PR product 2A25-NS 2.36 2.39 2.26

TM–PR combined product 2B31 2.44 2.49 2.30

TCC 2.36 2.40 2.24

GPCP 2.44 2.40 2.55

108S–108N
TMI product 2A12 4.11 3.98 4.52

PR product 2A25-NS 4.46 4.30 4.96

TM–PR combined product 2B31 4.63 4.54 4.93

TCC 4.40 4.28 4.79

GPCP 4.52 4.27 5.25
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here over the ocean should increase our confidence in

the TRMM composite estimate, so that it is possible

that the GPCP estimate is high. However, the current

TMI retrieval (Kummerow et al. 2001) is based on

vertical profiles of hydrometeors provided by a cloud

model in the deep tropics and the TRMM PR, which

somewhat lacks sensitivity to light rain. This could re-

sult in a larger underestimation of precipitation in middle

latitudes, with more light rain occurring there than in

the deep tropics. This underestimation could affect both

the passive and active microwave retrievals. The pattern

of differences over ocean in Fig. 3 indicates that the

TCC 2 GPCP difference is variable, with the main neg-

ative values at higher latitudes in the precipitation max-

ima and in the eastern Pacific along the northern edge of

the ITCZ. Again, these are areas where light rain is more

prevalent. The upcomingGlobal PrecipitationMeasuring

(GPM) mission will help to investigate these areas, es-

pecially using the two-frequency radar, which will help

with lighter rain and for possible drop-size retrievals.

The comparison made here among the different input

products and between TCC and GPCP does not imply

that one product or estimate ismore correct than another.

The TCC hopefully takes advantage of the various

FIG. 4. Rainfall climatology over 13 years (1998–2010; mmday21) in (left) the southeastern United States and (right)

eastern China: (a) TCC, (b) GPCC gauge analysis, and (c) TCC 2 GPCC.
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FIG. 5. Scatterplots of rainfall climatology over 13 years (1998–2010; mmday21) in (left) the southeastern United

States and (right) eastern China: GPCC gauge analysis and (a) TCC, (b) TMI product 2A12, (c) quality-controlled

TMI product 2A12QC, (d) PR product 2A25, and (e) TM–PR combined product 2B31.
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TRMM-based estimates to provide an improved clima-

tological product for surface rainfall, and the comparison

with GPCP provides a link to a long-term standard used

by many investigators. A key point, however, is that the

TRMM estimates as a composite confirm the GPCP

mean value in the core of the tropics over ocean (;258N–

258S). In a separate, recent analysis, Behrangi et al. (2012)
used TRMMPRresults (not adjusted for orbit boost) and

CloudSat radar data to estimate tropical rainfall from

358N to 358S and arrived at a value for a 3-yr period very

close to the TCC and GPCP values.

b. Comparison of the TCC with gauge-based analysis
over land

The Global Precipitation Climatology Centre provides

analyses of the global land surface precipitation based on

the rain gauge data from the national meteorological ser-

vices worldwide. The GPCC gauge-based analysis is con-

structed by interpolating the quality-controlled data from

over 8000 stations using the SPHEREMAP method

(Willmott et al. 1985). Currently, the GPCC full data

reanalysis (version 5) monthly gridded rainfall analysis

over global land is available at 0.58 resolution from 1901

to 2010. The same analysis is used in the GPCP monthly

analysis and in the TMPA multisatellite product.

To evaluate the new TCC analysis over land, we have

compared the 13-yr (1998–2010) TCC surface rainfall

with theGPCC gauge-based analysis in the southeastern

United States (318–368N, 828–1008W) and eastern China

(268–368N, 1068–1188E) (Fig. 4). The regions are chosen

for comparison because they have dense rain gauge

networks and provide good quality-controlled rainfall

data in the TRMM domain. The gauge analysis used

here is not adjusted for wind loss, which means that if

such an adjustment were applied, the gauge-based

analysis would have larger mean values. Overall, the

rainfall pattern and the magnitude of the TCC estimates

have a good agreement with the GPCC analysis. The

FIG. 5. (Continued)
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comparison based on scatterplots (Fig. 5) found that

the TCC has a very small bias relative to the GPCC in

the southeastern United States, but an underestimation

of about 22% in eastern China (Fig. 5a). To further

examine the TCC rainfall estimates, all four TRMM

products used in this study are comparedwith theGPCC

analysis as well (Figs. 5b–e). The TMI product 2A12,

which is not fully used in the TCC land analysis, exhibits

the most scatter and the lowest correlation coefficient

(0.62 and 0.79) with the GPCC analysis. Unfortunately,

this seems to be an issue with the TMI passive micro-

wave (PMW) algorithm over land (in TRMM V7) un-

derestimating in general. This analysis confirms that

further improvements of TMI land algorithms are re-

quired to reduce the uncertainties in these retrievals.

For the annual climatology in the figure, once grid lo-

cations/months where TMI product 2A12 is deemed an

outlier are removed through the quality-control (QC)

process, the quality-controlled TMI product 2A12QC

rainfall data have much higher correlation coefficients

(0.83 and 0.91) when compared with the GPCC analysis.

However, this is at the expense of eliminating the use of

this rainfall estimate at 16% of the grids over land. Also,

because the removal of TMI product 2A12 data in China

occurs mostly during the winter months with less rainfall,

the mean of the matched remaining month-of-the-year

rainfall increases in the comparison between TMI

product 2A12QC and GPCC (Fig. 5c). The PR product

2A25 gives very close estimates to the GPCC analysis

in the southeastern United States, but shows un-

derestimation (16%) in eastern China. The correlation

coefficient of PR in these two regions is high at 0.86 and

0.93, respectively. The TMI–PR combined product 2B31

also features high correlation coefficients of 0.83 and

0.92, although with the same pattern of bias as the ra-

dar-only algorithm over the United States and China.

Although the comparisons between TCC and GPCC

gauges shownhere are for two regions only, they are similar

to a broader comparison with GPCC data over the global

tropics (not shown). The results confirm that the differ-

ences between satellite-based precipitation estimates in-

cluding TRMM to gauges may have substantial spatial

variations (Tian et al. 2009). In addition, our comparison

reveals that the differences between TRMM products

and gauges also have significant seasonal variations (not

shown). For instance, TMI rainfall estimates produce

more artifacts in winter at elevated regions due to TMI’s

problematic rain/no rain screening. And both TMI and

PRhavemore underestimation inwinter partially because

of the more-frequent shallow and/or light rain.

There still may be bias and other issues with the gauge

networks. For example, it is not clear why there is a

difference between the United States and China for

similar climatic zones; perhaps the gauge measurements

themselves have different biases regionally. However, it

is clear that the radar-based algorithms are superior to the

passive microwave retrievals over land, in terms of bias

and correlation and in terms of artifacts (TMI product

2A12 results improve significantly when suspicious grids

are eliminated). Passive microwave algorithms must im-

prove over land to be continuously used in assessingmean

values of precipitation and even variations.

c. Comparison of the TCC with atoll data

TheComprehensive PacificRainfallDatabase, with data

collected from hundreds of Pacific island and atoll stations

(458S–288N, 908W–1208E), is the most extensive Pacific

rain gauge database (Greene et al. 2008). In this study, only

atoll rainfall data from PACRAIN, hopefully representing

open-ocean rainfall, are used for comparison with TCC.

Throughout the TRMM era and within the TRMM do-

main, there are total of 36 atoll stations with at least 1 year

of data recorded. The comparison is done on a climato-

logical basis; that is, the mean values of the monthly atoll

rainfall amount from 1998 to 2010 are compared with the

rainfall estimates in the corresponding 0.58 grid by TCC in

the months when atoll data are available.

The scatterplots of TCC and its component rainfall

estimates are shown in Fig. 6 in comparison with atoll

gauge data. Overall, the TCC estimates are lower than

the atoll data by about 16%, with high correlation values.

This suggests reasonable estimates from TCC, comparable

to the mean values from GPCP, which are also lower than

the atoll data by about 16% (e.g., Adler et al. 2003). It is

possible that the satellite technique is underestimating the

precipitation, but there is also the possibility that the atoll

gauges are not completely representative of the open-ocean

precipitation. Recently, two studies using TRMM PR

data to try to understand the effects of small islands/

atolls on precipitation have mixed results. Sobel et al.

(2011) indicate that the influence is negligibly small, while

M. Hirose (2013, personal communication) concluded

that even for flat, small islands, the rainfall enhancement

by the island or atoll is evident, especially when the scale

of the precipitating system is small. This issue requires

further attention in our attempts to derive an accurate

ocean rainfall absolute magnitude. It is also noticed

that, percentagewise, the differences between TCC and

the atoll data are similar from low to high rain-rate

regions. Similar to the comparison over land discussed

before, the results of this comparison are for the central

and western Pacific Ocean, the only region where the atoll

stations are located. In addition, all three TCC compo-

nents over ocean have similar and high correlation co-

efficients with the atoll data, which also result in much

smaller dispersion values among them than over land.
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This result indicates that the passive microwave products

over ocean may be as useful as the radar-based estimates

for climatologies of surface rainfall, at least in this one

part of the tropical ocean.

5. Summary and future work

Anupdated, 15-yr tropical surface rain climatology based

on a selection of TRMM products, with the impact of the

satellite boost taken into account, is presented. The data of

the TCC and standard deviation of its inputs of annual and

month-of-the-year values are available through the Na-

tional Aeronautics and Space Administration (NASA)

Goddard Data and Information Service Center (DISC)

online (at mirador.gsfc.nasa.gov).

Themain purpose of the calculated TCC rainfall dataset

is to provide a summary of the rainfall measurements by

the TRMM satellite and estimates of the mean values or

climatology from this satellite program. For the pur-

pose of evaluation and validation, the TCC estimates

are compared with other satellite-based and ground-

based rainfall estimates including GPCP, GPCC gauge

analysis, and PACRAIN atoll data. In general, the

comparisons indicate that the TCC provides reason-

able estimates within the margin of bias error for both

the satellite estimates and the surface gauge data. The

TCC provides an alternate climatology to the often-used

GPCP over the tropics. TRMM data, perhaps in a form

close to the TCC, will be included at some point into

GPCP. For now the TCC and its accompanying error

estimates can be used for general assessment of global

models and for water budget studies.

In the tropics, TCC rainfall is essentially the same as

GPCP over ocean, but about 9%–12% lower than GPCP

over land, reflecting the effect of inclusion of the gauges in

GPCP. In the subtropics, the difference between TCC and

FIG. 6. Scatterplots of 13-yr (1998–2010) rainfall climatology (mmday21) from PACRAIN atoll data and (a) TCC, (b)

2A12, (c) 2A25, and (d) 2B31.
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GPCP is quite similar over both ocean and land with

a magnitude from;10% to;12%. Over the southeastern

United States and southeastern China, the TCC estimates

exhibit very good agreement with GPCC gauge analysis

in regard to the rainfall pattern. However, the detailed

comparison indicates that the TCC has a very small bias

relative to the GPCC in the southeastern United States,

but a considerable underestimation in eastern China.

Further analysis reveals that the radar-based algorithms

are superior to the passive microwave retrievals over

land, in terms of bias and correlation. Over the open

ocean in the central-to-western Pacific, the TCC is about

16% lower than the PACRAIN atoll data, similar to the

bias of the GPCP estimates compared to the same data-

set. All three TCC components have similar mean values

and high correlation coefficients with the atoll data,

suggesting that the passive microwave products over

ocean may be as useful as the radar-based estimates over

tropical oceans. Additional work is required to under-

stand the relationships between the atoll rain gauge

values and the satellite estimates and whether the dif-

ference in magnitude is a bias error in the satellite esti-

mates or a representative issue with the atoll gauges.

It is concluded that the calculated TCC dataset is

valuable as a summary of TRMM mean value results

and may have broad applications. The TCC should be

useful as a convenient, high-quality TRMM estimate to

the user community interested in climate monitoring,

climate variability studies, water budget analysis, and

model initialization and validation, as well as compar-

ison with other non-TRMM rainfall analysis.
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