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ABSTRACT: The quantification of precipitation on a global scale is critical for applications ranging from climate
monitoring to water resource management. Conventional observations through surface gauge networks provide the most
direct measure of precipitation, although these are very much limited to land areas, with very few in situ measurements
over the oceans. Weather radars, although providing a spatial measure of precipitation, are limited in extent and number.
Satellite observations offer an unrivalled vantage point to observe precipitation on a global basis. Since precipitation is
spatially and temporally highly variable, satellites are able to provide temporal and spatial samples commensurate with
many precipitation characteristics. This paper provides an overall review of global precipitation estimation, providing an
outline of conventional measurements, the basis of the satellite systems used in the observation of precipitation, and the
generation, availability and validation of the derived precipitation products. Finally, future satellite precipitation missions
are presented. Copyright © 2011 Royal Meteorological Society
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1. Introduction

Precipitation is a fundamental component of the climate
system and of the global water cycle. Within the water
cycle, water vapour condenses into clouds from which
precipitation may fall, returning water from the atmo-
sphere to the surface, providing a primary source of fresh
water vital to life on Earth. The monitoring and mea-
surement of precipitation is crucial to our well-being; too
much rainfall endangers life and property, while too lit-
tle causes droughts that impact agriculture and can cause
starvation. Precipitation also has an economic value,
playing a key role in water resource management and
agribusinesses (Kidd et al., 2009; Thornes et al., 2010).
It is a driver in the evolution of the landscape around us,
both through sustaining the natural vegetation, and also
through erosional processes; it is also a factor in dispo-
sition of atmospheric pollution and in the transport of
nutrients and pollution (Michaelides et al., 2009).

The mean annual global rainfall is calculated to
be about 1000 mm; Michaelides et al. (2009) quote
1050 mm, while Legates and Willmott (1990) calculate
a mean total of 1123 mm. However, the mean rain-
fall masks substantial regional and temporal differences.
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Some places receive on average no measurable rainfall
each year, while others receive in excess of 10000 mm
each year. Local year-on-year variations can be a factor
of two or more. The distribution of global precipitation is
governed by large-scale controls such that regional pre-
cipitation is strongly correlated to the climatology. How-
ever, the variability of precipitation increases with finer
temporal and spatial resolution. As a result, quantitative
precipitation measurements are particularly challenging
with conventional observing systems. Gauges close to
one another can be expected to provide similar mea-
surements, but this similarity quickly diminishes with
increasing distance, particularly in regions dominated by
convective rainfall.

Within the climate system it is acknowledged that
the atmosphere is the most unstable of the five major
components of that system (IPCC, 2007). The most
variable component within the atmosphere is water,
which as water vapour is the strongest greenhouse gas.
Water in the atmosphere can manifest itself in gas,
liquid and ice phases, each change of phase absorbing
or releasing energy. Movement of water vapour within
the atmosphere transports energy both laterally and
vertically, redistributing energy across the globe through
the evaporation of water and release of precipitation.
The net atmospheric moisture transfer from ocean to
land is estimated to be 404 1 x 103 km? year™! (Dai
and Trenberth, 2002; Trenberth et al., 2007) or 3.2 + 0.1
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Figure 1. Number of gauges per 2.5° x 2.5° grid box used in the GPCC full data product (version 5) for June 2007.

PW of latent energy (equivalent to 80 W m~2 globally;
Trenberth et al., 2009).

Changes in our climate will impact the distribution
and amounts of precipitation across the globe. The most
recent report of the Intergovernmental Panel on Cli-
mate Change (IPCC, 2007) notes that land-surface pre-
cipitation has shown a general increase of 5-10% per
decade over the Northern Hemisphere middle to high
latitudes. Over the tropical land regions increases of
2.4% century~! are quoted. These changes are reflected
in the annual stream flow. However, changes in precip-
itation over the oceans are less clear, primarily due to
lack of long-term oceanic measurements. Changes in pre-
cipitation are more pronounced for extreme precipitation
events, both for intense precipitation events and occur-
rence of drought. New et al. (2001) note that precipitation
over the global land surfaces (excluding Antarctica) has
increased by 0.89 mm decade™! over the twentieth cen-
tury, although they note that this change is small in com-
parison to the interannual and multi-decadal variability.
Although most land areas have seen an increase in precip-
itation, notable exceptions include Tropical North Africa,
southern Africa, Amazonia and western South America.

Gauges provide the most common and most direct
measurement of point precipitation at the surface (New
et al., 2001). These gauges can range from simple col-
lecting vessels, such as ‘standard’ accumulation gauges to
more complex tipping bucket gauges, weighing gauges,
optical gauges and distrometers: all have their own char-
acteristics with relative advantages and disadvantages.
However, despite the fact that quantification of precip-
itation in all its forms over the globe is critical to a range
of scientific and societal applications, the distribution of
available gauges is quite varied. Much of the land masses
(representing 25-30% of the Earth’s surface) have mea-
surement networks, although those networks with good
gauge densities are limited, while measurements over
the oceans are very sparse (see Figure 1). New et al.
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(2001) estimates the number of gauges worldwide to be
about 250000, while Strangeways (2007) puts the figure
at 150000. However, the number of gauges available
globally varies with time and data requirements, with
relatively few gauges available with hourly or sub-daily
sampling. Furthermore, the lack of uniform data distribu-
tion results in only about 64 000 gauges being available
for precipitation analyses.

Historically, quantitative precipitation measurements
span a relatively short period in recent history. Although
precipitation data are available in some regions/stations
since the mid 1850s, early records vary in accessibility,
completeness and consistency, leading to discontinuities
and issues over quality control. Critically, the number of
long term gauges is very much less, while the availability
of data with shorter intervals (i.e daily or sub-daily)
is even smaller (New et al., 1999; Jones et al., 2002).
The physical characteristics of precipitation, particularly
at finer spatial and temporal resolutions, necessitate
frequent, systematic measurements. The current networks
of surface observations are therefore often inadequate
for the quantitative assessment of precipitation and its
characteristics.

Despite the fact that gauges provide a physically direct
measure of precipitation, they are prone to error. The
main source of error is under-catch, primarily caused
by wind effects around the gauge orifice (Peterson
et al., 1998). In particular, the measurement of snow
suffers from an under-catch of up to 50%. Legates and
Willmott (1990) estimated the global under-catch to be
about 11%, although this varies greatly from region to
region. Differences in gauge type also affect the error
characteristics and, although not common, changes in
gauge type affect long-term records. Other insidious
changes occur which are less easy to account for, such as
observer errors and slow, long-term changes in the area
surrounding the gauge.

On the global scale, the most useful products are the
gridded data sets. These take the point source gauge data
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Figure 2. GPCC full data product of gauge-derived annual precipitation analysis at 2.5° x 2.5° resolution for 2007 (units in mm month~!).

and map the information to a predefined temporal/spatial
resolution grid. Notable surface gauge data sets include
the Global Precipitation Climatology Centre (GPCC)
gauge analyses that makes use of data from the Global
Telecommunication System (GTS) network to generate
monthly and daily global (land) products, augmented with
other national network data when available, resulting in
a database of approximately 64000 gauges (Schneider
et al., 2010). The Global Historical Climatology Network
(GHCN) provides a dataset with 31000 stations (New
et al., 2001), although the number of gauges varies from
year to year, with just 5500 in 1900. The main issue
relates to how the gauge data are mapped onto the grid.
One approach is to average the gauge records within
each grid box; if no gauge information exists, the grid
box is left empty (e.g. Hulme, 1994). Other schemes
(e.g. Dai et al., 1997) use a distance-weighted scheme
to fill grid boxes up to an empirically-derived distance.
The GPCC global precipitation product (Rudolf et al.,
1994; Schneider et al., 2010) uses a spherical mapping
procedure to ensure continuous spatial and temporal
land surface precipitation maps, an example of which
is shown in Figure 2. The outcome of these different
mapping techniques is that the end products inevitably
differ, particularly in regions where the gauge density is
low. Xie et al. (1996) found mean absolute differences
between their extended precipitation gauge product and
the GPCC product to be greater than 40% in regions with
a single gauge per grid box. Furthermore, they note that
interpolation tends to lead to an overestimation of heavy
precipitation and an underestimation of low precipitation.

The use of weather radar addresses some of the
issues of rain gauge coverage, at least where radar
exists. In particular it provides a spatial measurement of
precipitation rather than the point measurements provided
by gauges. Standard weather radars generally operate at
low frequencies, usually C-band (4—8 GHz) and S-band
(2-4 GHz) but X-band (8—12 GHz) may also be used.
The radar system emits a beam of microwave energy
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that is backscattered from particles in the atmosphere,
which can then be converted into a measure of rainfall
intensity. Unfortunately, the backscattered radiation is
dependent upon the drop size distribution, which can vary
considerably across the range of precipitation regimes
(see Anagnostou et al., 1999a, 1999b; Krajewski et al.,
2006). Problems also arise from range effects due to
‘lifting’ of the beam with range so that precipitation
may be undetected (e.g. Kitchen and Jackson, 1993),
while close to the radar false returns from ground objects
may result. The introduction of dual-polarization on
many new radar systems is designed to address these
problems (Bringi et al., 2004). Unfortunately, weather
radar networks tend to replicate the regional coverage
of good gauge networks. Ultimately, the spatial coverage
of gauge or radar networks is inadequate to monitor and
quantify precipitation on a global basis.

In contrast, satellite observations of precipitation
provide synoptic scale information that can be used to
provide estimates on a global basis at scales that are
commensurate with the needs of the user community,
albeit with issues about accuracy. This paper therefore
provides an overview of global precipitation measure-
ments that can be derived from satellite observations.
Section 2 provides a summary of the meteorological
satellites and sensors used in the retrieval of precipi-
tation. Section 3 examines the different methodologies
and techniques to derive precipitation estimates from the
satellite observations. The range of precipitation products
currently available will be explored in Section 4, while
the final section provides an overview of future satellite
systems with precipitation capabilities.

2. Background

The first Television InfraRed Observing Satellite (TTROS-
1) initiated meteorological observations of the Earth
from space in April 1960 (Fritz and Wexler, 1960).

Meteorol. Appl. 18: 334-353 (2011)
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Table I. Summary of commonly-used satellite instrumentation for precipitation estimation.

Instrument Satellite Channels Bands Resolution (km) Sampling
AVHRR NOAA/MetOp 5 VIS-IR 1 Twice daily
SEVIRI MSG 11 VIS-IR 1-3 15 min
GOES imager GOES 5 VIS-IR 1-4 30 min
MODIS Aqua/Terra 36 VIS-IR 0.25- Twice daily
SSM/T DMSP 7 19-85 GHz 12.5-25 Twice daily
SSMIS DMSP 11 19-183 GHz 13-45 Twice daily
T™I TRMM 9 10-85 GHz 5-25 Twice 2-days
AMSU NOAA/MetOp 5 23.8-183 GHz 20-50 Twice daily
MHS NOAA/MetOp 5 89-190 GHz 17-50 Twice daily
AMSR Aqua 12 6-85 GHz 5-25 Twice daily
PR TRMM 1 13.6 GHz 5 Twice 3-days
CPR CloudSat 1 94 GHz 1.4 Once 16-days

The World Meteorological Organisation (WMO) estab-
lished the World Weather Watch programme in 1963 to
co-ordinate the observational capability of surface and
satellite observations, including the network of opera-
tional geostationary (GEO) and polar-orbiting meteoro-
logical satellites. The Global Observing System (GOS;
WMO, 2005) was charged with providing long-term sta-
ble data sets required by international organizations and
the user community. Meteorological satellites have been
at the forefront of Earth observation with improvements
in satellite and sensor technology to provide the cur-
rent range of operational meteorological observations and
quantitative information on precipitation from the satellite
observations. Meteorological satellites can be divided in
to two broad categories: GEO satellites and Low Earth
Orbiting (LEO) satellites, which include polar-orbiting
satellites. Table I summarizes the main instrumentation
used for the estimation of precipitation, covering both
visible (VIS) and infrared (IR) sensors and those in the
microwave (MW) region of the spectrum.

2.1. GEO observation systems

GEO satellites orbit the Earth about 35 800 km above
the Equator such that they orbit at the same rate
as the Earth turns, appearing stationary relative to a
location on the Earth’s surface. Each GEO satellite
is able to view about one third of the Earth’s sur-
face, but due to increasing scan angle towards the
extremities of the imagery degrading the usability of
the data, five operational GEO satellites are required
to ensure full West—East (and ~70°N to 70°S) cov-
erage. From their position they are able to provide
imagery on a frequent and regular basis. Current primary
GEO satellites include the Meteosat Second Generation
satellites (MSG; Schmetz et al., 2002) operated by the
European Organisation for the Exploitation of Meteoro-
logical Satellites (EUMETSAT), two U.S. operated Geo-
stationary Operational Environmental Satellite (GOES;
Menzel and Purdom, 1994), the Feng-Yun-2 satellites
from China (http://www.fas.org/spp/guide/china/earth/fy-
2.htm#ref625), and the Japanese Multifunctional Trans-
port Satellite (MTSAT) series (Yoshiro, 2002).
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Although the sensor technologies vary among GEO
systems, they share a number of common capabilities.
They provide VIS and IR sensors with nominal resolu-
tions of 1 km x 1 km and 4 km x 4 km, respectively,
acquiring images every 30 min although some GEO satel-
lites, such as MSG, provide images every 15 min. Newer
sensors also provide rapid scanning capabilities that allow
limited-area sub-minute sampling. Imagery from GEO
sensors provide baseline observations across the Vis/IR
region of the spectrum, although newer sensors provide
greater detail. The SEVIRI sensor on the Meteosat Sec-
ond Generation (MSG) satellite provides multispectral
observations in 11 channels and allows greater poten-
tial for rainfall retrievals and microphysical analysis of
cloud-top characteristics (such as cloud drop radii and
phase) to be retrieved (Levizzani et al., 2001).

2.2. LEO observing systems

Observations from LEO orbiting satellites complement
the observations from GEO-based instrumentation. LEO
satellites can be subdivided into Sun-synchronous and
non-Sun-synchronous missions. Operational meteorolog-
ical satellites fall into the former category, with orbital
characteristics such that they cross the Equator at the
same local time on each orbit, providing up to two
overpasses daily. Sensors typically include both multi-
channel VIS and IR sensors and passive microwave
(PMW) sounders and imagers, the latter being capable
of more direct measurements of precipitation. Current
operational polar-orbiting satellites include the National
Oceanic and Atmospheric Administration (NOAA) satel-
lites (Goodrum et al., 2000) and EUMETSAT’s MetOp
series (Klaes er al., 2007). These satellites orbit the
Earth once every 98 min at an altitude of about 850 km,
carrying a wide range of instrumentation including
the third-generation Advanced Very High Resolution
Radiometer (AVHRR; Kidwell efal., 1991) and the
Microwave Humidity Sounder (MHS).

One of the longest data sets of meteorological satel-
lite observations has come from the operational AVHRR.
This instrument provides observations at five wave-
lengths from the visible through to the thermal infrared
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at a resolution of about 1 km. The sensor provides
cross-track measurements with a swath width of about
3000 km, allowing the Earth to be covered twice-daily.
More recently the Moderate-Resolution Imaging Sensor
(MODIS), carried onboard the Terra and Aqua satel-
lites, has gathered more detailed measurements across
the VIS/IR in 36 spectral bands enabling greater spectral
detail and greater spatial resolution down to 250 m.

The first PMW sensor, the Electrically Scanning
Microwave Radiometer (ESMR), flew on Nimbus-5
and Nimbus-6 and paved the way for the Scan-
ning Multichannel Microwave Radiometer (SMMR) on
Nimbus-7. SMMR, launched in 1978, provided dual
polarized observations across a range of frequencies
from 6 to 37 GHz. In 1987 the first fully calibrated
multichannel microwave radiometer, the Special Sen-
sor Microwave/Imager (SSM/I) was launched on the
Defense Meteorological Satellite Program (DMSP) series
of satellites. These sensors provide observations from
18 to 85 GHz, the latter being particularly useful for
rainfall estimation over land (Barrett et al., 1988). The
SSM/I series of sensors have been the mainstay of infor-
mation from microwave imagers since 1987, but the
follow-on Special Sensor Microwave Imager-Sounder
(SSMIS; Kunkee et al., 2008) sensor has remained under-
used due to absolute calibration issues. The Advanced
Microwave Scanning Radiometer-Earth Observing Sys-
tem (EOS) (AMSR-E; Kawanishi et al., 2003) instru-
ment on the Aqua satellite provides measurements across
the microwave spectrum from 6 to 85 GHz at resolu-
tions up to 5 km at the highest frequency. Operational
PMW observations useful for precipitation estimation
have relied upon the cross-track Advanced Microwave
Sounding Unit (AMSU) and MHS instruments that pro-
vide information at higher frequencies, between 23.8 and
190 GHz.

In late 1997 the Tropical Rainfall Measuring Mis-
sion (TRMM) was launched, the first dedicated precip-
itation mission (Kummerow et al., 1998). The TRMM
Precipitation Radar (PR; Iguchi et al., 2000) was the first
spaceborne precipitation radar and is capable of sampling
precipitation both vertically and horizontally to provide
3D images of weather systems. The PR operates at a
frequency of 13.6 GHz, optimal for the retrieval of pre-
cipitation in the tropics. Although the swath width of the
radar is limited to 215 km, the radar is able to retrieve
vertical profiles of precipitation from the surface to
20 km every 250 m with a horizontal resolution of 5 km.
Meanwhile the SSM/I-like TRMM Microwave Imager
(TMI) has provided coincident microwave observations
over the Tropics, with the addition of a 10 GHz channel
to the SSM/I-like channels for retrieval of heavy pre-
cipitation over the oceans. Other instruments on TRMM
include the Visible and InfraRed Scanner (VIRS) and the
Lightning Imaging Sensor (LIS). The array of instruments
on this satellite allows direct comparisons between VIS,
IR, passive and active microwave observations. Further-
more, the non-Sun-synchronous nature of TRMM allows
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samples across the full diurnal cycle to be made as it
precesses through the diurnal cycle over a 46 day period.

The exploitation of active microwave observations of
precipitation from space has been relatively recent with
the TRMM PR being the mainstay of the observations.
Despite the fact that the minimal detectable rain rate
of the PR is about 0.7 mm h™!, it has proved capable
of generating maps of Tropical precipitation (Nesbitt
and Anders, 2009). More recently the CloudSat mission
launched in 2006 (Stephens et al., 2008) has added
the Cloud Profiling Radar (CPR) to spaceborne radar
observations. This system operates at a frequency of
94 GHz with a resolution along-track of 1.4 km and
480 m vertical range resolution. While it is optimized for
observing clouds, the sensor has also proven capable of
identifying and retrieving both rainfall and snowfall, and
in particular light or very light precipitation (Mitrescu
et al., 2010).

Improved observations of vertical cloud height, amount
and structure are possible due to the Cloud-Aerosol Lidar
with Orthogonal Polarization (CALIOP) on the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vation (CALIPSO) mission (Winker et al., 2007; Hunt
et al., 2009) together with the Atmospheric InfraRed
Sounder (AIRS; Gautier et al., 2003). These observations
enable better global cloud characterization important for
better retrieval of cloud structure and precipitation forma-
tion mechanisms (Stubenrauch et al., 2007; Kahn et al.,
2008; Marchand et al., 2008; Mace et al., 2009).

3. Precipitation retrievals
3.1.  VIS/IR methods

Observations made in the VIS and IR parts of the spec-
trum remain the mainstay of operational meteorological
Earth observations. In VIS imagery clouds appear rela-
tively bright against the surface of the Earth due to their
high albedo. However, the relationship between cloud
brightness and surface precipitation is relatively poor and
the imagery is only available during daylight. However,
early studies showed that daily rainfall estimates could
be derived from available VIS imagery (Follansbee and
Oliver, 1975). Despite its limitations, VIS imagery can be
used for the delineation of cloud area (and hence regions
of no rain) and for identifying types of clouds. Thick
clouds, such as cumulonimbus, will reflect more light
than thin cirrus clouds, while texture can be used to high-
light differences between smooth stratiform clouds and
the uneven texture of convective cloud.

Thermal IR imagery depicts the naturally emitted radi-
ation from the Earth’s surface and the atmosphere and
is therefore available both night and day. In the ther-
mal IR the temperature of clouds, and therefore their
heights, can be determined. Through a simple premise
that cold clouds rain more than warm clouds, infrared
imagery may provide a first-guess rainfall estimate. The
relationship between the cloud-top temperatures and rain-
fall can be established through a statistical relationship
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or through dynamic calibration. Early studies included
three-hourly estimates from IR (Lethbridge, 1967) and
monthly rainfall from nephanalysis (Barrett, 1970). How-
ever, the relationship between the cloud top tempera-
ture and rainfall is indirect, with significant variations
in the relationship occurring during the lifetime of rain-
fall events, between rain systems and between different
climatological regimes. Cold-cloud duration (CCD) tech-
niques have been developed that relate the occurrence of
cold clouds to the surface rainfall, such as the Global Pre-
cipitation Index (GPI; Arkin, 1979; Arkin and Meisner,
1987). The GPI assigns a constant rain-rate (3 mm h=')
to the fraction of clouds below a set threshold (235 K).
Refinements of the GPI include the use of gauge data
to adjust the GPI locally (Todd et al., 1995, 1999), or
through PMW adjustment (e.g. Adler ef al., 1994; Hsu
et al., 1999) while the scheme of Todd and Washing-
ton (1999) provides adjusted GPI-based precipitation data
since 1986 at sub-daily, sub-2.5° resolution. Other IR-
based techniques, such as the power-law regression of the
Autoestimator (Vicente et al., 1998) use an IR :rainfall
relationship derived through comparison of collocated
satellite radiances with surface radar data. Similar tech-
niques include the revised Autoestimator (Vicente et al.,
2002) and the Hydroestimator (Kuligowski, 2002). Wu
(1991) noted that there was a strong negative correla-
tion between the outgoing long wave radiation (OLR)
with precipitation: Xie and Arkin (1998) used this to
formulate the OLR Precipitation Index (OPI) to esti-
mate monthly precipitation from polar orbiting satellites.
Other examples of IR techniques include Adler and Negri
(1988); Anagnostou et al. (1999a, 1999b); Grimes et al.
(1999) and Todd et al. (1999), providing useful bench-
marks against which to compare other techniques.
Extending the observations into the near InfraRed
(nIR), properties of cloud-top particles, such as size
and phase, can be obtained from multi-channel data.
The use of reflected/emitted radiances around 1.6, 2.1
and 3.9 um have proved very useful in retrieving the
microphysical properties of clouds (Rosenfeld and Gut-
man, 1994; Rosenfeld and Lensky, 1998). These tech-
niques can be extended to night time through the use
of IR temperature differences between the thermal IR
10.8 um and the 3.7 um channels (Lensky and Rosen-
feld, 2003a, 2003b). The Clouds-Aerosols-Precipitation
Satellite Analysis Tool (CAPSAT; Lensky and Rosen-
feld, 2008) uses all available VIS/IR channels to clas-
sify the imagery using lookup tables tailored to selected
microphysical conditions. Thies et al. (2008) introduced
a method for rain area delineation and rainfall inten-
sity retrieval based on MSG, based upon the assumption
that areas with a higher cloud water path and more ice
particles in the upper parts are characterized by higher
rainfall intensities. Other techniques developed to exploit
the multichannel observations of MSG have included
Roebeling and Holleman (2009) that uses information
on cloud condensed water path (CWP), particle effec-
tive radius, and cloud thermodynamic phase to detect
precipitating clouds, while CWP and cloud-top height
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are used to estimate rain rates. Kiihnlein et al. (2010)
also used MSG observations and based their precipita-
tion technique around retrievals of optical thickness and
effective particle radius.

Multi-channel techniques initially used dual-channel
from VIS and IR imagery (e.g. Lovejoy and Austin,
1979). More recently the GOES Multi-Spectral Rainfall
Algorithm (Ba and Gruber, 2001) use the VIS, near IR,
water vapour and two thermal IR channels from the
GOES satellite to derive rainfall estimates over the U.S.
Behrangi et al. (2009) have devised a neural network
method for improving rain/no rain delineation based on
the early work of Hsu et al. (1999). Results show that
during daytime the VIS 0.65 pum channel improves the
rain : no-rain detection when combined with any of the
other four GOES-12 channels. At night time two IR
channels 6.5 and 10.7 um improves performance over
any single IR channel although the use of more than two
channels does not improve the results significantly.

Although the IR techniques have achieved some suc-
cess in the tropics where convective precipitation systems
dominate, in the extra-tropics such techniques are less
successful. One notable exception is that based upon the
TIROS Operational Vertical Sounder (TOVS) developed
by Susskind et al. (1997) which uses multiple channels to
estimate statistical profiles of temperature and humidity,
and fractional cloud cover. These are then processed to
generate an estimate of precipitation using an empirical
regression that includes latitude, season and surface type.

3.2. Passive microwave methods

Early studies by Savage and Weinman (1975), Weinman
and Guetter (1977) and Wilheit et al. (1977) investigated
measurements from the EMSR-5 and EMSR-6 instru-
ments, relating the observations to calculations of radia-
tive transfer of clouds and rainfall retrieval. This showed
that PMW observations were more directly related to
precipitation-sized particles than similar observations in
the VIS/IR. In the MW part of the spectrum the Earth
naturally emits low levels of MW radiation which inter-
acts with precipitation-sized particles in the atmosphere,
affecting the received radiation at the sensor. Two distinct
processes may be used to identify precipitation. First,
emission from rain droplets which leads to an increase in
MW radiation and, second, scattering caused by precipi-
tating ice particles which leads to a decrease in received
MW radiation. The magnitude of these effects depends
upon size and concentration of the particles. However,
these processes cannot be observed over all surfaces;
over water where the background emissivity (¢) is low
(¢ ~ 0.4-0.5), the emission from rain drops can be used
to quantify the rainfall. Over land surfaces the emissions
from rain droplets are masked by the higher and more
variable background emissivity (g ~ 0.8—0.9). Conse-
quently, over land the scattering of the radiation at higher
frequencies, caused primarily by ice particles, must be
used. Therefore, care is needed in interpreting retrievals
over land/ocean regions since different techniques are
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used for each region; the emission-based techniques pro-
vide a measure of rainfall through the total atmospheric
column, whereas scattering-based techniques relate to ice
particles in the upper parts of the cloud.

Since the observed PMW brightness temperatures (Tb)
generally have a non-unique response to rainfall inten-
sity, multi-channel approaches are the norm. Techniques
have been developed to exploit these physical relation-
ships and can be divided in two broad groups: empir-
ically derived and physically derived techniques (see
Kidd et al., 1998). Empirical techniques are relatively
simple to implement and inherently incorporate cor-
rections for artefacts associated with PMW observa-
tions (such as beam-filling/inhomogeneous field-of-view,
absolute calibration issues, and resolution differences).
However, regional calibration is often necessary due to
variations in the nature of the different precipitation sys-
tems. Dual-channel approaches have proved reasonably
successful, relying upon differences between low- and
high-frequency observations (Barrett ef al., 1991) or
dual-polarization approaches with the Polarization-Cor-
rected Temperatures (Kidd et al., 1988; Spencer et al.,
1989) to subdue the surface variations and to accen-
tuate the precipitation-related scattering signal. Physical
techniques rely upon radiative transfer modelling to inter-
pret the observed radiation, either through the inverse
modelling of the observed radiation to retrieve informa-
tion about the precipitation particles (Smith et al., 1992;
Mugnai et al., 1993), or through the use of a priori
databases of model-generated atmospheric profiles which
are compared with the satellite observations (e.g., Bauer,
2001; Bauer et al., 2001). An example of the latter is
the Goddard Profiling technique (GPROF; Kummerow
et al., 2001) which has evolved to ensure consistency
between the physical retrievals from the TRMM PR and
TMI PMW Tbs through the use of cloud resolving models
(Masunaga and Kummerow, 2005). The main advantage
of physical techniques is that they provide more informa-
tion about the precipitation system than just the surface
rainfall.

The retrieval of precipitation using PMW observations
has always represented a problem over coastal areas;
often techniques omit retrievals over the coastline, or use
a less optimum technique. Kidd (1998) describes a tech-
nique for the delineation and retrieval of rainfall from
PMW data using the polarization-corrected temperature
(PCT) algorithm, developed from the earlier ‘polarization
algorithm’ concept of Grody (1984). The PCT is able to
subdue the effect of background surface emissivities mak-
ing it possible to delineate areas of rainfall over varying
surface types, especially over coastal areas with mixed
emissivity signatures from sea, land and combinations of
these two. McCollum and Ferraro (2005) implemented
the PCT when improving the GPROF V6 algorithm over
coastal areas. The availability of high-frequency PMW
observations, such as those available from the AMSU-B
instrument (Saunders et al., 1995), has provided addi-
tional PMW frequencies. The higher window (89 and
150 GHz), opaque oxygen (53.6 GHz) and water vapour
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absorption (183 1, £3 and +7 GHz) channels of the
AMSU-B are impacted less by surface emissivity vari-
ations and hence problematic surface backgrounds such
as snow/ice and have been used with some success over
coastal areas by Kongoli et al. (2007).

AMSU-B observations alone can be used to retrieve
a number of precipitation-related products including the
total precipitable water (Wang and Wilheit, 1989), hydro-
logical parameter (Grody et al., 2000); total precipitable
water (TPW) and cloud liquid water (CLW) and precip-
itation over all surfaces (Grody et al., 2001; Bennartz
et al., 2002) and precipitating ice particles (Bennartz
and Bauer, 2003). Surussavadee and Staelin (2007) com-
pared histograms of AMSU Tbs with the National Cen-
ter for Atmospheric Research (NCAR) Mesoscale Model
(MMS): this study resulted in a neural network-based
technique to retrieve hydrometeor water paths, peak verti-
cal wind, and 15 min average surface precipitation rates
for rain and snow, this being critical to extending pre-
cipitation retrievals to higher latitudes (Surussavadee and
Staelin, 2008a, 2008b).

Laviola and Levizzani (2009) proposed a simple
thresholding technique based upon AMSU-B observa-
tions. The Water vapour Strong Lines at 183 GHz (183-
WSL) algorithm first discriminates between rain and
no-rain areas and then retrieves precipitation based upon
convective and stratiform regimes. A similar technique
by Di Tomaso et al. (2009) exploits the 89, 150 and
183 GHz channels where the observed Tbs are anal-
ysed though a radiative transfer model for over land and
over ocean rainfall retrieval; the probability of detec-
tion (POD) of precipitation is 75 and 90% for rain rates
greater than 1 and 5 mm h™!, respectively. The inclusion
of the AMSU-B data sets, along with the DMSP SSMIS
observations, now provides important information in the
generation of many precipitation products, in particular
those which combine multi-sensor and multi-frequency
information.

The main drawback of these PMW based techniques is
that observations are currently only available from LEO
satellites, typically resulting in two observations per day
per satellite. In addition, the resolution of the observations
is not ideal: the spatial resolution of the low frequency
channels that are used over the ocean is of the order of
50 km x 50 km, while for the higher-frequency channels
used over the land resolutions are typically no better than
10 km x 10 km. Thus, although the PMW techniques are
more direct at detecting and estimating the precipitation,
sampling often negates this advantage beyond that of
instantaneous retrievals.

3.3. Active microwave methods

Active MW (AMW) techniques offer the most direct of
all satellite quantitative estimation methods. Despite this,
radar technology for spaceborne precipitation estimation
has been limited primarily to the TRMM PR. As with
all radar systems, the PR relies upon the interpretation
of the backscatter of radiation from the precipitation,
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the amount being broadly proportional to the number
of precipitation-sized particles. This relationship is not
constant, and in heavy precipitation attenuation effects
can be significant at the 13.8 GHz frequency of the PR
(Iguchi et al., 2000). Recently the nadir-only CloudSat
CPR (Stephens et al., 2008), has provided some signifi-
cant insights in to precipitation processes and retrieval
capabilities. The CPR, operating at 94 GHz, is much
more sensitive to cloud hydrometeors but tends to sat-
urate in regions of dense cloud or rainfall. However,
through the use of attenuation-correction algorithms and
surface reflectivity modelling it can be used in the iden-
tification of light rainfall and snowfall. Haynes et al.
(2009) have demonstrated a notable potential at mid-
latitudes over the ocean; the greater sensitivity of the
CPR over the TRMM PR has shown a greater occurrence
of precipitation over the tropics allowing a more repre-
sentative distribution function of precipitation intensity to
be generated. Improved retrieval techniques highlight the
significance of light precipitation, particularly at higher
latitudes (Mitrescu et al., 2010).

3.4. Multi-sensor techniques

Single-sensor retrievals have the relative advantage of
processing simplicity, but the VIS/IR lack the directness
of the PMW and the PMW lack the frequency sampling
of the VIS/IR. Therefore, to overcome the deficiencies of
individual satellite systems a number of techniques have
been developed to exploit the combination of different
satellite observations. Techniques developed to exploit
VIS/IR and PMW observations essentially fall into those
that use the PMW to calibrate the IR observations, and
those that derive cloud motion from the IR data to move
PMW precipitation estimates.

Techniques that generate calibration curves to map
IR radiances to other data sets (such as the PMW) are
generally termed ‘blended’ algorithms (e.g. Turk et al.,
2000; Kidd et al., 2003). Most IR-derived estimates can
be attributed to this category since even the relatively
simple GPI technique was originally determined through
the comparison of cold cloud duration to surface data.
More advanced techniques include the TRMM Multi-
Satellite Precipitation Analysis (TMPA; Huffman et al.,
2007) which generates a precipitation product at 3-h,
0.25° resolution. This technique ingests data from PMW
imagers and sounders, GEO IR data and precipitation
gauge analyses for combination into the single precip-
itation product, as sketched in the next section. Other
techniques include the Passive Microwave InfraRed
technique (PMIR; Kidd ef al., 2003), the Microwave-
adjusted IR Algorithm (MIRA; Todd et al., 2001), the
Naval Research Laboratory (NRL) blended technique
(Turk et al., 2000), the Microwave-Infrared Combined
Rainfall Algorithm (MICRA; Marzano et al., 2004),
the Self-Calibrating Multivariate Precipitation retrieval
(SCaMPR; Kuligowski, 2002) and the Microwave/Infra-
red Rain Rate Algorithm (MIRRA; Miller et al., 2001).
The use of artificial neural networks (ANNs) have also
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been investigated. Tapiador ef al. (2004) describe an
ANN technique to generate high temporal and spatial res-
olution rainfall estimates from both IR and PMW data,
while Grimes et al. (2003) used an ANN to improve an
IR-based cold cloud duration technique with information
from a NWP model over Zambia. Hong et al. (2005)
have routinely adjusted the model parameters of the Pre-
cipitation Estimation from Remotely Sensed Information
using Artificial Neural Networks (PERSIANN) technique
using coincident rainfall derived from the TMI to better
represent the diurnal cycle.

Despite some success with the calibrated-IR tech-
niques, they are ultimately limited by the indirectness
of the IR to sense the precipitation. However, IR data
can be usefully employed to measure cloud movement,
which can be used to advect, or morph, the more
direct PMW-retrieved precipitation between the succes-
sive LEO PMW satellite overpasses. Increasing com-
puter power has enabled the implementation of these real
time motion-based (or advection) techniques. Examples
of current state-of-the-art methodologies are the Climate
Prediction Center Morphing technique (CMORPH,; Joyce
et al., 2004) and the Global Satellite Mapping of Precipi-
tation (GSMaP; Kubota et al., 2007). The main drawback
of this methodology is that the retrieved cloud motion
might not necessarily represent the true motion of the
precipitation at the surface, particularly if changes in the
surface precipitation pattern occur between the infrequent
PMW overpasses. This shortcoming has been addressed
to a degree through the Lagrangian Model (LMODEL),
proposed by Bellerby et al. (2009a, 2009b). This tech-
nique is based on a conceptual cloud-development model
driven by GEO satellite imagery and is locally updated
using PMW-based rainfall measurements from LEO plat-
forms. Single-band thermal IR GEO satellite imagery is
used to characterize cloud motion, growth and disper-
sal at high spatial resolution (4 km) to drive a simple,
linear, semi-Lagrangian, conceptual cloud mass balance
model, incorporating separate representations of convec-
tive and stratiform processes. PMW satellite data updates
the model locally using a two-stage process that scales
precipitable water fluxes into the model and then updates
the model using a Kalman filter.

For many applications the combination of all avail-
able data sets is ideal, incorporating products derived
from the various satellite observations, gauge data sets
and, where available, surface radar data. Various com-
bination schemes have been developed taking account
of the expected errors inherent in each of the prod-
ucts: recently, Kalman filters have been used to blend
products derived from observations taken from differ-
ent sources at different times to better account for the
errors in the component estimates (Joyce et al., 2009;
Ushio and Okamoto, 2009; Ushio ef al., 2009). One
multi-source product that is widely used is the Global
Precipitation and Climatology Project (GPCP) precipita-
tion product (Huffman et al., 1997, Adler et al., 2003,
Huffman et al., 2009), which generates a largely homo-
geneous global precipitation product. Another dataset
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widely used for NWP model verification, climate studies
and hydrological applications is the Climate Prediction
Center Merged Analysis of Precipitation (CMAP; Xie
and Arkin, 1997), which merges satellite IR along with
gauge and re-analyses data from the National Centers for
Environmental Prediction (NCEP) and NCAR. These are
described in detail later.

Other ancillary data may also be used to improve the
retrieval of rainfall. Lightning data either from ground
based detection networks or from space sensors such
as the TRMM LIS or the DMSP Optical Transient
Detector (OTD) have been used to pinpoint locations
of strong convection. Grecu et al. (2000) generated an
empirical technique using PMW, IR rainfall estimates
and the number of lightning strikes. Results showed a
reduction of about 15% in the root-mean-square error
of the estimates of rain volumes defined by convective
areas associated with lightning. Cecil et al. (2005) using
TRMM PR, TMI and LIS data over the Tropics and the
sub-tropics showed that, even for storms with similar
characteristics, storms over water were considerably less
likely to produce lightning than comparable storms over
land.

One on-going problem for precipitation estimation
from space is the estimation of snowfall: snow data are of
utmost importance for the closure of the water cycle since
on average ~5% of global annual precipitation falls as
snow (ESA, 2004; Levizzani et al., 2011). However, the
occurrence and accumulation of snow is more significant
at higher latitudes: north of 60—70° snowfall dominates
the precipitation regimes. Detecting and estimating snow-
fall over cold, often snow-covered, surfaces is difficult
using PMW frequencies below ~100 GHz. However, at
frequencies above 100 GHz water vapour screens the
surface emission while the sensitivity to frozen hydrome-
teors remains significant. Early studies demonstrating the
feasibility of snowfall estimation from space using high
frequency channels include Liu and Curry (1997), Ferraro
et al. (2000), Katsumata et al. (2000), Staelin and Chen
(2000), Weng and Grody (2000), Bennartz and Petty
(2001), Wang et al. (2001) and Bennartz et al. (2002).

The retrieval of snowfall is not straightforward because
the radiative properties of snowflakes and ice crystals
are much more complex than those of liquid droplets,
and because many different types of frozen hydromete-
ors may co-exist with the precipitating clouds. A number
of studies have investigated the radiative properties of
frozen hydrometeors. Bennartz and Petty (2001) showed
that the variability in the scattering index at 85 GHz was
affected by the size of the precipitating ice particles.
Evans and Stephens (1995) showed that the particle shape
had a significant effect and that at higher frequencies the
scattering was essentially independent of the cloud tem-
perature. Liu and Curry (1997) used observations from
the SSM/I and Special Sensor Microwave/Temperature-2
(SSM/T?2) to identify liquid and frozen precipitation. The
main problem is separating the falling from the fallen
snow. Bennartz and Bauer (2003) showed that 150 GHz

Copyright © 2011 Royal Meteorological Society

C. Kidd and G. Huffman

observations were optimal for identifying ice hydromete-
ors. Below this frequency, the 85 GHz observations were
affected too much by the variations in surface emissiv-
ity, while the water vapour channels around 183 GHz
were affected by environmental conditions. However, the
joint exploitation of the 85, 150 and 183 GHz channels is
deemed to be an appropriate avenue to investigate further.
The combination of the window and water vapour chan-
nels provides the means for separating the surface and
atmospheric components in the observations. Techniques
based upon the 183 GHz channels have shown some suc-
cess: Laviola and Levizzani (2011) and Surussavadee and
Staelin (2010) demonstrated that not only precipitation
type and intensity could be retrieved, but that it could
be successfully be discriminated from a range of surface
backgrounds.

More recently, the availability of CPR data from the
CloudSat mission (Stephens et al., 2002) has shown great
promise in the detection of light precipitation including
snowfall. Furthermore, Cloudsat’s near polar orbit cov-
ers regions that experience snowfall, much more than
the TRMM satellite. Development of AMW snowfall
retrieval algorithms is still in its infancy, although Liu
(2008) showed that a combination of modelled sur-
face temperature and suitable reflectivity-snowfall rela-
tionships proved successful. Combined radar-radiometer
techniques are also being investigated: Grecu and Olson
(2008) outlined a technique for retrieving snowfall over
the oceans using Cloudsat and AMSR data. Key to these
retrievals however is the ability to represent accurately
the habits of the frozen hydrometeors within the physical
retrieval schemes.

4. Precipitation products

A good number of precipitation products is available with
different spatial and temporal characteristics (Table II).
These may be divided into two broad categories, high-
resolution precipitation products aimed at the ‘opera-
tional” user community requiring daily or sub-daily good
spatial resolution products, and the long-term climato-
logical data sets that necessitate greater stability, but at
the expense of temporal and spatial resolution. There is
a number of high resolution precipitation products that
generate estimates quasi-globally (60°N to 60°S) at a
nominal resolution of 0.25° x 0.25° every 3 h. Key ones
are described below.

The TRMM Merged Precipitation Analysis (TMPA;
Huffman et al., 2007) has three components: the merged
microwave product, the microwave-calibrated IR product
and the combined microwave-infrared product (3B42),
providing routinely generated and distributed precipita-
tion products at 0.25° x 0.25°, 3 h resolution. Data from
the TMI, SSM/I and AMSR-E are processed by the Pre-
cipitation Processing System (PPS) using the GPROF
algorithm (Kummerow et al., 1996; Olson et al., 1999),
while data from the AMSU-B and MHS sensors are pro-
cessed by National Environmental Satellite, Data, and
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Table II. Archive locations for commonly-used precipitation products (see also http://www.isac.cnr.it/~ipwg/algorithms/
algorithms-invent.html).

CPC MORPHing technique (CMORPH)

ftp://ftp.cpc.ncep.noaa.gov/precip/global CMORPH/30 min_8 km

ftp://ftp.cpc.ncep.noaa.gov/precip/global CMORPH/3-hourly_025deg

ftp://ftp.cpc.ncep.noaa.gov/precip/global CMORPH/daily_025deg

Global Satellite Mapping of Precipitation (GSMaP)
ftp://hokusai.eorc.jaxa.jp/pub/gsmap_crest/MVK+/hourly
ftp://hokusai.eorc.jaxa.jp/pub/gsmap_crest/ MVK+/daily
ftp://hokusai.eorc.jaxa.jp/pub/gsmap_crest/MVK+/monthly
GOES Multispectral Rainfall Algorithm (GMSRA)
http://orbit-net.nesdis.noaa.gov/arad/ht/ff/gmsra.html
GPCP One-Degree Daily (1DD)
http://www1.ncdc.noaa.gov/pub/data/gpcp/1dd/data/
GPCP Satellite-Gauge Combination (SG)
http://lwf.ncdc.noaa.gov/oa/wmo/wdcamet-ncdc.html
NRL Blended Technique
ftp://ftp.nrlmry.navy.mil/pub/receive/turk/global rain

Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks (PERSIANN)

http://chrs.web.uci.edu/persiann/
TMPA (3B42)

http://disc.sci.gsfc.nasa.gov/precipitation/documentation/TRMM _README/TRMM _3B42 _readme.shtml

Real-Time TMPA (3B42RT)
ftp://trmmopen.gsfc.nasa.gov/pub/merged/mergeIRMicro/

Information System (NESDIS) using the ice-water path
technique described by Zhao and Weng (2002) and Weng
et al. (2003). Where PMW precipitation estimates are not
available GEO IR data are used, having been converted to
precipitation estimates using a local probability matching
between IR Tb and PMW estimates over a month. The
3B42 product is bias-corrected against monthly gauge
estimates where available, although an uncorrected ver-
sion is also available in near-real time. The 3B42 version
is available for 1998-present over the latitude band 50°N
to 50°S. As well, a near-real-time version is computed
(3B42RT), which substitutes a climatological calibration
to 3B42 for the final step.

The Climate Prediction Center (CPC) MORPHing
(CMORPH) technique exploits the directness of the
PMW observations with the cloud motion derived from
the IR data (Joyce et al., 2004). PMW observations from
the AMSU-B, MHS, SSM/I, TMI and AMSR, are used
to derive precipitation estimates. The GPROF product
(Kummerow et al., 1996) is used for the TMI, while
the NOAA/NESDIS SSM/I rainfall algorithm (Ferraro,
1997) is used for the SSM/I (see McCollum et al., 2002).
The ice water path from the AMSU-B is converted to
a rain rate using the techniques described by Ferraro
et al. (2000). The TMI is used as the baseline estimates
with AMSU-B estimates scaled to fit. The microwave-
only component of the CMORPH technique is termed
the CPC Merged Microwave product. IR-derived cloud
motion vectors are based upon the correlations between
two temporally adjacent images (Purdom and Dills, 1994)
with correction factors employed to correct a tendency for
the motion to be over-stated Joyce et al. (2004). These
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motion vectors are then used to propagate the PMW-
derived rainfall field forwards and backwards in time
between the PMW overpasses. The CMORPH product is
available at a number of different resolutions to suit end
user requirements. An example of the CMORPH product
is shown in Figure 3. The data set covers 60°N to 60°S
and was recently reprocessed back to 1998 (Xie, personal
communication, 2011).

Early studies showed promising results using ANNs:
these were able to cope with a range of observations,
often with non-linear relationships to the resulting precip-
itation (Murao et al., 1993). The Precipitation Estimation
from Remotely Sensed Information using Artificial Neu-
ral Networks (PERSIANN) technique was designed to
extract and combine information from various sources,
such as IR and PMW satellite observations, surface
gauges and radar, along with ancillary information such
as topography (Hsu et al., 1997; Sorooshian et al., 2000).
Input variables include local IR Tbs (means and stan-
dard deviations) and surface type, with calibration against
surface data over Japan and Florida. The PERSIANN
technique showed that the ANN is capable of deriving
good results even with sparse updates, which is ideal for
combining the PMW estimates with more frequent and
regular IR observations. Estimates are available on the
latitude band 60°N to 60°S for 2001-present.

The Passive Microwave-InfraRed (PMIR) technique
was devised to combine the information from the PMW
and IR data sets through local calibration of the IR
Tbs (Kidd et al., 2003; Kidd and Muller, 2009). The
technique uses data from the SSM/I instrument to derive
rain rates from a frequency difference algorithm tuned
to surface data sets and the TRMM PR. Co-located and
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Figure 3. Example of the CMORPH high resolution precipitation product accumulated to show the annual precipitation for 2009, expressed in

mm day~ .

co-temporal IR Tbs and PMW observations are entered
into a data base for each 1° x 1° gridbox globally, from
which cumulative distribution histograms are generated
which map the IR Tbs onto the PMW rain rates. The
histograms are updated through a temporal/spatial inverse
weighting function in one of two ways: a ‘climatological’
mode where data up to 5 days either side of the current
day are used, and a ‘real time’ mode where only the
previous 5 days data are used. Precipitation products are
generated at a nominal 12 km, 30 min resolution.

The Naval Research Laboratory (NRL) blended tech-
nique is based upon an adaptive analysis of temporally
and spatially matched pixels from all available GEO
VIS/IR and PMW observations, and TRMM PR (2A25)
data (Turk er al., 2009) The NRL technique has three
stages: collocation of GEO VIS/IR and LEO PMW data
to build 2° x 2° lookup tables of IR Tb to PMW rain
rates; conversion of IR data into instantaneous rain rates
via lookup table and; update of accumulations for each
3-h period. Additional corrections are applied based upon
model-generated wind vectors for upslope and downslope
orographic effects and growth/decay of the clouds based
upon the changes in the IR-Tb, are used to intensify or
lighten the rain rates (Vicente et al., 2002). The base-
line product is a global (60°N to 60°S latitude) map of
3-h accumulated precipitation, starting in mid-2000 and
updated every 3 h.

The Global Satellite Mapping of Precipitation
(GSMaP) product combines precipitation estimates from
the TMI, AMSR and SSM/I together with those derived
from geostationary IR data (Kubota et al., 2007). The
technique provides a number of different combination
procedures; the MVR version generates cloud motion
vectors from the GEO IR data and morphs the PMW
rainfall where PMW overpasses are not present; the MVK
version uses a Kalman filter approach to generate precipi-
tation estimates in PMW voids. Comparison of the results
against surface radar shows correlations of ~0.8 and low
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RMSEs. Product generation is at a nominal 0.1° resolu-
tion every 30 min. The latitude band covered is 60°N to
60°S for recent time periods that vary by product.

Fully global precipitation products are also available
at somewhat coarser time/space resolutions, implicitly
aimed at more climate applications.

The suite of GPCP products includes a monthly prod-
uct (1979—present), a pentad (5 day) analysis (1979—
present) and a daily product available for a shorter period
(1997 —present). Although these three products have been
developed separately and using different input data sets
and analysis techniques, the higher time resolution prod-
ucts are adjusted to the core monthly analysis, thus giving
a consistent set of analyses. The monthly Satellite-Gauge
(SG) precipitation analysis is designed to provide a glob-
ally complete estimate of surface precipitation at 2.5° x
2.5° latitude—longitude resolution for the period 1979 to
the present (Adler et al., 2003; Huffman et al., 2009),
with a temporal consistency that reflects Climate Data
Record standards. Prior to mid-1987 the multi-satellite
analysis is based on the OPI (Xie and Arkin, 1998). From
mid-1987, the technique uses precipitation estimates from
the SSM/I and SSMIS to calibrate GEO IR data in the
latitude band 40°N to 40°S. At higher latitudes PMW
estimates are combined with estimates based on TOVS
and AIRS to provide globally complete satellite-only pre-
cipitation estimates. These multi-satellite estimates are
then combined with the GPCC rain-gauge analyses to
correct for large-scale biases. A climatological GPCP
product is shown in Figure 4.

The GPCP pentad precipitation analysis provides a
nearly globally complete 2.5° x 2.5° set of pentad preci-
pitation fields from 1979—present that is consistent with
the GPCP SG monthly. It adjusts the pentad CMAP
analysis by the monthly GPCP product so that the
overall magnitude of the pentad GPCP matches that of
the monthly GPCP while the sub-monthly variability
in the pentad CMAP is retained (Xie et al., 2003).
The 1-Degree Daily (1DD) precipitation analysis pro-
vides a global 1° x 1° time series of daily precipitation
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Figure 4. The GPCP satellite-gauge product mean annual precipitation expressed in mm day~ .

fields for October 1996-present that is consistent with
the GPCP SG monthly. It uses a Threshold-Matched
Precipitation Index (TMPI) in the latitude band 40°N
to 40°S to produce instantaneous precipitation from
the GEO IR using SSM/I- and SSMIS-derived GPROF
estimates of fractional coverage by precipitation to set
the Ty, threshold. Polewards of 40°S TOVS and AIRS
precipitation estimates are adjusted in terms of frequency
of precipitation using GPROF at the 40° latitude.

The Climate Prediction Center (CPC) Merged Analysis
of Precipitation (CMAP: Xie and Arkin, 1997) provides a
precipitation product with full global coverage based on
satellite observations (IR, OLR, MSU and PMW), gauge
data and model output. The satellite and model estimates
are first combined to reduce random errors in the individ-
ual data sets. Remaining bias is reduced through compari-
son with gauge data over land and through a combination
of atoll-based gauge data and subjective analysis over
the ocean. Xie and Arkin note that the resulting product
showed little discontinuity in time-series analysis despite
the range of different sensors used. Comparison with the
existing Jaeger (1976) and Legates and Willmott (1990)
climatologies were good except over the oceans, particu-
larly in the eastern Pacific. Comparisons with the GPCP
product, although agreeing well over land, over the tropi-
cal oceans greater differences were apparent while signif-
icant differences were found in the extra-tropical regions;
this was attributed to the input data sets and the handling
of biases and errors of the input data. The CMAP prod-
uct was extended further to a 23 year record (Xie et al.,
2003) with the adjustment of the CMAP observation-only
pentad product to the GPCP merged-analysis to ensure
consistency on a monthly scale. A comparison by Yin
et al. (2004) found that the GPCP produced greater pre-
cipitation in the high latitudes compared to the CMAP
technique, and that the GPCP also produced more rea-
sonable results over the oceans: differences between the
results were attributed to the input data sets and the dif-
ferent merging methodologies. They did however caution
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against the use of the data sets for long-term trend anal-
ysis since some of the identified trends were related to
availability of data sets used in the analysis.

One notable ocean-only product is that produced by the
Hamburg Ocean Atmosphere Parameters and fluxes from
Satellite data (HOAPS; Anderson et al., 2011). The data
set is based upon observations from the SSM/I instrument
with inter-sensor calibration between the different SSM/I
sensors to ensure continuity for subsequent time series
analysis. The precipitation product is based upon a neu-
ral network using European Centre for Medium-Range
Weather Forecasts (ECMWF) modelled precipitation to
train the network: only SSM/I observations are used,
although SSMIS are now being incorporated. Compar-
ison of the HOAPS with GPCP shows that the HOAPS
precipitation product produces generally more precipita-
tion in the eastern Pacific and south of Japan, although the
overall global values are similar. Both the HOAPS and
GPCP product suggest less precipitation than that gen-
erated by the ERA-Interim reanalysis product (Anderson
etal., 2011).

5. Precipitation product performance

A number of inter-comparison projects have been under-
taken to evaluate the performance of precipitation esti-
mates derived from satellite observations and models.
The NASA WetNet project (Dodge and Goodman, 1994)
organized a series of Precipitation Inter-comparison
Projects (PIP) concentrating on global monthly estimates
(PIP-1 and PIP-3; Barrett et al., 1994a, 1994b; Kniveton
et al., 1994; Adler et al., 2001) and regional-scale per-
formance (PIP-2; Smith et al., 1998). Alongside these
studies the Global Energy and Water Cycle Experi-
ment (GEWEX)/GPCP Algorithm Inter-comparison Pro-
gramme (AIP) studied product performance over targeted
regions (Arkin and Xie, 1994; Ebert et al., 1996; Ebert
and Manton, 1998). The main conclusion from the PIP
and AIP studies was that PMW techniques were clearly
better than IR techniques for instantaneous estimates,
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primarily due to more direct observation of rainfall. This
advantage deteriorated over longer time scales due to
poorer sampling inherent in the PMW observations com-
pared with the IR-based techniques. The combined IR-
PMW techniques, which were very much in the infancy at
this time, did not show a clear advantage at this stage over
the IR-alone techniques. Some of the limited success of
the combined techniques could be attributed to shortcom-
ings in the component data sets whose errors propagate
through to the final product. Overall, it was noted that
no single technique or methodology could be deemed
superior to any other since all algorithms were affected
to differing degrees on common underlying factors, such
as surface background conditions, seasons/latitude and
meteorological conditions.

Currently, the International Precipitation Working
Group (IPWG) provides a focus for operational and
research satellite-based quantitative precipitation mea-
surement issues and challenges, addressing a number of
key objectives and recommendation (Turk and Bauer,
2006; Kidd et al., 2010). It provides a forum for the
exchange of information on methods for measuring pre-
cipitation and their impact on numerical weather predic-
tion, hydrometeorology and climate studies. The IPWG
currently provides on-going near real time validation of
quasi-operational and operational satellite estimates, as
well as NWP model outputs (see Ebert et al., 2007). Inter-
comparison regions have been established to provide
quantitative information on the performance of satellite
rainfall products in near real-time to algorithm develop-
ers, and the wider user community. The current regional
sites include US, Europe, Australia, Japan and South
America, using radar and/or gauge data as their surface
ground truth. Other validation efforts over South Korea,
China, South Africa and Ethiopia provide supporting lim-
ited studies. These results show that the NWP models and
motion-based techniques outperform the standard satellite
estimates of precipitation in cold-season environments
(e.g. during mid-latitude winters). However, warm-season
performance studies tend to favour the satellite techniques
since these can capture the convective nature of the pre-
cipitation better than existing NWP models (e.g., Ebert
et al., 2007).

An offshoot of the IPWG activities has been the estab-
lishment of the Program for the Evaluation of High-
Resolution Precipitation Products (PEHRPP) to help
characterize the errors in high-resolution precipitation
products (HRPPs), with 0.25° x 0.25°, three hourly res-
olution or less, over different spatial, temporal, regional
and climate scales (see Turk et al., 2008). Sapiano and
Arkin (2009) compared the CMORPH, TMPA, NRL and
PERSIANN HRPPs over the US Southern Great Plains
site (in Oklahoma/Kansas) and over the Pacific Ocean
from 2003 to 2006. Over land, product:gauge corre-
lations were generally better during warm season, with
CMORPH producing the highest correlations. All prod-
ucts had a small positive bias during winter, whereas in
summer CMORPH, NRL and PERSIANN had ~100%
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positive bias, attributed to the over-estimation of convec-
tive events. Over the ocean techniques generally under-
estimated the precipitation, particularly over the eastern
Pacific region (east of 150°W). In another study, Sohn
et al. (2010) compared HRPPs over the Korean Penin-
sula (33-39°N, 125-130°E) using a dense network of
520 gauges. The TMPA, CMORPH, PERSIANN and
NRL, together with the 2A12 product from the TMI
were selected over summer (rainy) season (JJA) from
2003 to 2006. The TMPA performed best since it incor-
porates gauge information into the final product. It was
noted however that the TMI product, used as the input
into the selected HRPP techniques, significantly underes-
timated the precipitation. These results were echoed by
Kidd et al. (in press) in a study over NW Europe. Com-
parison with surface radar and gauge networks showed
that above 35°N the satellite-only precipitation products
underestimated the precipitation primarily because they
are tuned to the TMI product that underestimated the
precipitation. Seasonally, the satellite products performed
best during the summer months, producing correlations
up to about 0.8. The ECMWF operational forecast model
was deemed best overall, although it was out-performed
by the satellite techniques during the summer.

A common theme in many of the inter-comparison and
validation studies is that of error characterization, not
least because it is recognized that no single technique or
surface data set is error-free. The relative contributions
of error from different satellite sensors were studied by
Huffman et al. (1997) as part of the GPCP combined pre-
cipitation product. Krajewski et al. (2000) investigated
reference sites to quantify the error variance at monthly
time scales, while other studies have concentrated on the
assessment of error in daily products (Gebremichael and
Krajewski, 2005; McPhee and Margulis, 2005). Bowman
(2005) studied the spatial and temporal averaging errors
of the TRMM precipitation retrievals and ocean gauge
data over the tropical Pacific Ocean, while other valida-
tion studies clustered around the TRMM products, either
using the TRMM ground validation sites or independent
datasets, including Nicholson et al. (2003a, 2003b), Nes-
bitt etr al. (2004), Wolff et al. (2005) and Marks et al.
(2009).

Bellerby and Sun (2005) developed a methodology to
assess the uncertainties in IR/PMW satellite precipita-
tion products, deriving conditional probability distribu-
tion functions of rainfall on a pixel-by-pixel basis. A
simple model of the spatial-temporal covariance structure
of the uncertainty in the precipitation field was then used
to stochastically generate an ensemble precipitation prod-
uct. Similar studies by Hossain and Anagnostou (2006a,
2006b) investigated the ensemble generation of satellite
rainfall products by a multidimensional satellite rainfall
error model with the aim of characterizing the multidi-
mensional stochastic error structure of satellite rainfall
estimates as a function of scale. An example application
of error characterization is in the assimilation of precipita-
tion estimates into hydrological models, and in particular,
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studying the propagation of such errors in such models
(Hossain and Anagnostou, 2004; Hossain et al., 2004).

Long-term precipitation estimates are now available
that permit the study of regional-scale precipitation
systems on an inter-annual basis, including studies into
monsoon regimes over regions such as North America
(Gebremichael et al., 2007) and Taiwan and the Far
East (Wang and Chen, 2008). Regional climatological
studies have included tropical South America (De Angelis
et al., 2004) and the tropical East Pacific (Cifelli et al.,
2008). The availability of multi-year sub-daily rainfall
data derived from satellite observations have enabled the
study of diurnal cycles across the globe, and in particular
over the Tropics (Nesbitt and Zipser, 2003, Yang and
Smith, 2006).

6. Conclusions and future directions

Precipitation products derived from satellite observations
have now reached a good level of maturity with ongoing
research and development to improve the accuracy and
the resolution (temporal and spatial) of these products. In
part, this level of maturity is due to the relatively data-rich
environment for satellite rainfall estimates; VIS and IR
data derived from GEO satellites is available nominally
every 30 min, while a good number of PMW instruments
(imagers and sounders) are currently available, providing
an average sampling interval <3 h. However, further
work is needed to continue to develop error estimates that
are vital to hydrological modelling and water resource
assessment.

The future development of quantitative precipita-
tion estimates from satellite observations involves both
the continuation of operational missions for hydro-
meteorological applications and utilization/exploitation
of long term data sets critical for climate monitoring
(Asrar et al., 2001). Operational missions envisage the
continuation of the European MetOp LEO satellite with
improved capabilities, while plans are currently under-
way for a transition of the U.S. NOAA and DMSP LEO
satellite series to Joint Polar Satellite Series (JPSS) and
Defense Weather Satellite Series, launch of the Korean
Communication, Ocean, and Meteorological Satellite
(COMS; http://web.kma.go.kr/eng/about/abo_03_04.jsp),
continuation of the Japanese MT-Sat series, and a transi-
tion to EUMETSAT’s Meteosat Third Generation (MTG)
satellites (Stuhlmann et al., 2005) and the U.S. GOES-
R series (Schmit et al., 2005). Research and develop-
ment missions such as the U.S. NPOESS Preparatory
Project satellite, the Japanese Global Change Observa-
tion Mission (GCOM) with an AMSR-like instrument,
the French-Indian Megha-Topiques mission and the Euro-
pean Space Agency’s (ESA) Clouds, Aerosol and Radi-
ation Explorer (EarthCARE) will provide additional data
sets that will enhance the current observational capabili-
ties for precipitation retrieval.

The most important upcoming mission for global pre-
cipitation mapping is centred on the Global Precip-
itation Measurement (GPM) mission lead by NASA
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and the Japan Aerospace Exploration Agency (JAXA),
the core satellite of which is due for launch in 2013
(Hou et al., 2008). This mission has been identi-
fied by the Committee on Earth Observation Satellites
(CEOS) as a prototype of the Global Earth Observa-
tion System of Systems (GEOSS). GPM consists of a
core satellite with the GPM Microwave Imager (GMI;
http://gpm.gsfc.nasa.gov/gmi.html) covering a frequency
range between 10 and 183 GHz and the dual-wavelength
precipitation radar (DPR, Nakamura et al., 2005) consist-
ing of a Ku-band precipitation radar (KuPR, 13.6 GHz)
and a Ka-band precipitation radar (KaPR, 35.5 GHz).
Additional satellites will be provided by international
partners, and together with operational satellites, will
help ensure temporal sampling of 3 h or less. Coupled
with the satellite effort, new techniques are being devel-
oped to combine satellite observations into standard and
comparable measurements to ensure consistency across
the different constellation sensors. Alongside the satel-
lite missions substantial surface validation efforts using
ground-based and airborne radars are being organized to
ensure maximum use of the satellite observations (Grecu
and Anagnostou, 2004; Nakamura and Iguchi, 2007).

Future missions with new technologies are being
planned with the potential to improve precipitation
retrievals. In particular, the identification and retrieval
or frozen precipitation is crucial to improved precipi-
tation retrievals for truly global precipitation estimates.
Concepts for missions capable of improved snowfall mea-
surements are being devised using multi-frequency radar,
such as 35 and 94 GHz, alongside high-frequency passive
microwave radiometers. Other studies have looked at new
orbital concepts such as the deploying mini-satellites into
elliptical orbits (FLORAD; Marzano et al., 2009, 2010)
using mm-wave scanning radiometers. The possibilities
of geostationary PMW observations have been also stud-
ied through the use of synthetic aperture antennas to
overcome the diffraction limits of existing systems (e.g.
Lambrigtsen et al., 2007), although the initial designs
of such systems rely upon very high frequencies that
respond to precipitation less directly.

Critical to the ongoing use and exploitation of future
observations is the availability of high quality satellite
data sets in near real time, including the merged global
IR composite (Janowiak et al., 2001) which is a funda-
mental input into many quasi-global techniques. As well,
permanent archives and episodic reprocessing are also
needed to ensure long-term usability of the data sets and
improvements to precipitation products. Indeed, not just
satellite data, but also data from models and data from
non-precipitation missions that can provide additional
information for retrieval methodologies and techniques.
Improved radiative transfer modelling and the combined
use of both active and passive observations (e.g. CPR,
AMSR-E and AMSU-B) will help, although the sensi-
tivity to shallow precipitation remains an issue, particu-
larly over highly variable surface backgrounds (Huffman
et al., 2011). The precipitation products, data and soft-
ware require wider dissemination to ensure that they are
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fully used. As part of this effort, it is important for user
training to be increased, and for the precipitation products
to be integrated into end-to-end applications that non-
expert users can apply more easily.

Acronyms

AIP Algorithm Intercomparison Project
AIRS Atmospheric InfraRed Sounder
AMSR-E Advanced Microwave Scanning Radiometer-
Earth Observing System (EOS)
AMSU-B Advanced Microwave Sounding Unit-B
ANN Artificial Neural Network
AVHRR Advanced Very High Resolution Radiometer
CALIOP Cloud-Aerosol Lidar with Orthogonal Polar-
ization
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation
CAPSAT Clouds-Aerosols-Precipitation Satellite Anal-
ysis Tool
CCD Cold Cloud Duration
CLW Cloud Liquid Water
CMAP Climate Prediction Center Merged Analysis of
Precipitation
CMORPH Climate Prediction Center Morphing algo-
rithm
COMS Communication, Ocean, and Meteorological
Satellite
CPR Cloud Profiling Radar
CWP Condensed Cloud Water Path
DMSP Defense Meteorological Satellite Program
DPR Dual-wavelength precipitation radar
DWSS Defense Weather Satellite System
EarthCARE Earth Clouds, Aerosol and Radiation
Explorer
ECMWEF European Center for Medium Range Weather
Forecasting
ESA European Space Agency
ESMR Electrically Scanning Microwave Radiometer
EUMETSAT European Organisation for the Exploita-
tion of Meteorological Satellites
GCOM Global Change Observation Mission
GEO Geostationary
GEWEX Global Energy and Water Cycle Experiment
GHCN Global Historical Climatology Network
GMI GPM Microwave Imager
GOES Geostationary Operational Environmental Satel-
lite
GOS Global Observing System
GPCC Global Precipitation Climatology Centre
GPCP Global Precipitation Climatology Project
GPI GOES Precipitation Index
GPM Global Precipitation Measurement
GPROF Goddard Profiling algorithm
GSMaP Global Satellite Mapping of Precipitation
GTS Global Telecommunication System
HOAPS Hamburg Ocean Atmosphere Parameters and
fluxes from Satellite data
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HRPP High-resolution precipitation product
IPCC Intergovernmental Panel on Climate Change
IPWG International Precipitation Working Group
IR InfraRed (Thermal)
JAXA Japan Aerospace Exploration Agency
JPSS Joint Polar Satellite System
LEO Low Earth Orbiting
LIS Lightning Imaging Sensor
LMODEL Lagrangian Model
MetOp Operational Meteorological satellite
MHS Microwave Humidity Sounder
MICRA Microwave-Infrared Combined Rainfall Algo-
rithm
MIRA Microwave-adjusted IR Algorithm
MIRRA Microwave/Infrared Rain Rate Algorithm
MMS5 Mesoscale Model 5
MODIS Moderate-Resolution Imaging Sensor
MSG Meteosat Second Generation
MSU Microwave Sounding Unit
MTG Meteosat Third Generation
MTSAT Multifunctional Transport Satellite
MW Microwave
NASA National Aeronautics and Space Administration
NESDIS National Environmental Satellite and Data
Information Service
NCAR National Center for Atmospheric Research
NOAA National Oceanic and Atmospheric Adminis-
tration
NWP Numerical Weather Prediction
nIR Near InfraRed
NRL Naval Research Laboratory
OLR Outgoing Long wave Radiation
OPI OLR Precipitation Index
OTD Optical Transient Detector
PCT Polarization Corrected Temperature
PEHRPP Program for the Evaluation of High-Resolu-
tion Precipitation Products
PERSIANN Precipitation Estimation from
Remotely Sensed Information using
Artificial Neural Networks
PIP Precipitation Intercomparison Project
PMIR Passive Microwave InfraRed
PMW Passive microwave
PPS Precipitation Processing System
PR Precipitation Radar
PW PetaWatts (10'> W)
SEVIRI Spinning Enhanced Visible and Infrared
Imager
SMMR Scanning Multichannel Microwave Radiome-
ter
SSMIS Special Sensor Microwave Imager-Sounder
SSM/T Special Sensor Microwave/Imager
SSM/T2 Special Sensor Microwave/Temperature-2
Tb Brightness temperature
TIROS Television InfraRed Observing Satellite
TMI TRMM Microwave Imager
TMPA TRMM Multi-satellite Precipitation Analysis
TMPI Threshold-Matched Precipitation Index
TOVS TIROS Operational Vertical Sounder
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TPW Total Precipitable Water

TRMM Tropical Rainfall Measuring Mission
VIRS Visible and InfraRed Scanner

VIS Visible

WMO World Meteorological Organisation
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