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Abstract

Satellites offer an unrivalled vantage point to observe and measure Earth system pro-
cesses and parameters. Precipitation (rain and snow) in particular, benefit from such
observations since precipitation is spatially and temporally highly variable and over-
comes some of the deficiencies of conventional gauge and radar measurements. This
paper provides an overall review of quantitative precipitation estimation, covering the
basis of the satellite systems used in the observation of precipitation and the dissemi-
nation of this data, the processing of these measurements to generate the rainfall esti-
mates and the availability, verification and validation of these precipitation estimates.

1 Introduction

Precipitation is a major component of the global water and energy cycle, helping to
regulate the climate system. Moreover, the availability of fresh water is vital to life on
Earth. Measurement of global precipitation through conventional instrumentation uses
networks of rain (or snow) gauges and, where available, weather radar systems. How-
ever, the global distribution of these is uneven: over the land masses the distribution
and density of gauges is highly variable with some regions having “adequate” coverage
while others have few or no gauges. Over the oceans few gauges exist, and those lo-
cated on islands might be subject to local influences and therefore not representative of
the surrounding ocean. The availability of historical precipitation data sets can also be
problematic, varying in availability, completeness and consistency as well availability
for near real-time analysis.

In 1963 the World Meteorological Organisation (WMO) established the World
Weather Watch programme to coordinate a network of operational geostationary and
polar-orbiting meteorological satellites called the Global Observing System (GOS;
WMO, 2005). This system was charged with providing long-term stable data sets
required by international organizations and the user community, consequently many
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of the early observations are compatible with current observing systems. Earth ob-
servation satellite sensors for meteorology are characterised by the need to provide
frequent large-scale measurements resulting in large swath widths, resolutions greater
than ~1km and systems capable of regular/frequent observations.

Geostationary (GEO) satellites are in an orbit such that they rotate at the same speed
as the Earth thus appearing stationary relative to a location on the Earth. This enables
each geostationary satellite to view about one third of the Earth’s surface on a frequent
and regular basis. A total five geostationary satellites are required to provide oper-
ational imagery: these currently include the Meteosat Second Generation satellites
(MSG) from the European Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT), two Geostationary Operational Environmental Satellite (GOES) and the
Japanese Multifunctional Transport Satellites (MTSAT) series. They share a number of
common attributes: they typically carry visible (VIS) and infrared (IR) sensors with nadir
resolutions of about 1x1km and 4 x4 km, respectively, acquiring images nominally ev-
ery 30 min. These satellites provide an unrivalled platform for continual observation but
are limited by the paucity of coverage in the Polar Regions.

Low-Earth orbiting (LEO) satellites generally cross the Equator at the same local time
on each orbit, providing about two overpasses per day. These satellites carry a range of
instruments capable of precipitation retrievals, including multi-channel VIS/IR sensors,
passive microwave (PMW) sounders and imagers. Current operational polar-orbiting
satellites include the National Oceanic and Atmospheric Administration (NOAA) series
of satellites with NOAA-19 and EUMETSAT’s MetOp series.

A number of “research and development” satellite missions are also used for pre-
cipitation estimation. The Defense Meteorological Satellite Program (DMSP) satellites
series of Special Sensor Microwave/Imager (SSM/I) and Special Sensor Microwave
Imager-Sounder (SSMIS) provide measurements of naturally emitted microwave (MW)
radiation from the Earth and its atmosphere. The AQUA satellite includes the PMW
Advanced Microwave Scanning Radiometer-Earth Observing System (EOS) (AMSR-
E) and the VIS/IR MODerate-resolution Imaging Spectro-radiometer (MODIS), the lat-

8159

HESSD
7, 8157-8177, 2010

Status of satellite
precipitation
retrievals

C. Kidd and V. Levizzani

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/8157/2010/hessd-7-8157-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/8157/2010/hessd-7-8157-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

ter also carried onboard the TERRA satellite. The MODIS instrument, with 36 VIS/IR
spectral bands enables information on cloud properties (such as cloud drop radii and
phase) to be retrieved.

The Tropical Rainfall Measuring Mission (TRMM), launched in 1997, was the first
dedicated precipitation satellite and has been key in the development and improvement
of satellite rainfall estimation techniques. It carries a range of instruments which allow
direct comparisons to be made between VIS, IR, PMW and active MW observations.
The Precipitation Radar (PR) was the first spaceborne precipitation radar, capable of
sampling precipitation both vertically and horizontally. Other instruments include the
TRMM Microwave Imager (TMI), the Visible and InfraRed Scanner (VIRS), and the
Lightning Imaging Sensor (LIS). The non sun-synchronous nature of its orbit allows
samples across the full diurnal cycle to be made. Other current active MW sensors
include the Cloud Profiling Radar (CPR) on the CloudSat mission.

2 Precipitation retrieval methods

Satellite estimates of precipitation can be derived from a range of observations from
many different sensors. The retrieval methodologies fall primarily into three main cate-
gories based upon type of observation, primarily VIS/IR techniques, PMW techniques
and multi-sensor techniques.

2.1 VIS/IR methods

In the VIS part of the spectrum clouds appear relatively bright against the surface of
the Earth due to their high albedo. Rainfall can be inferred from VIS images since
bright clouds tend to be thick, and thick clouds are more likely to be associated with
rainfall. However, the relationship between brightness and rainfall is poor and con-
sequently VIS imagery is usually only used in conjunction with other observations.
Cloud-top texture derived from VIS imagery can provide useful information: stratus
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is typically smooth, while convective clouds tend to be more “lumpy”. Properties of
cloud-top particles, (size, phase) can be obtained from multi-channel near-IR (nIR)
data. The use of reflected/emitted radiances around 1.6, 2.1 and 3.9 um have proved
very useful in studying the microphysical properties of clouds, despite being restricted
to full daylight operations. The Clouds-Aerosols-Precipitation Satellite Analysis Tool
(CAPSAT; Lenksy and Rosenfeld, 2008) classifies imagery using lookup tables specifi-
cally tailored to “day microphysical” and “night microphysical” conditions, allowing cloud
microphysics-based scene classification useful for rain area delineation.

IR imagery that measures the thermal emissions from objects is potentially more
useful, and is available night and day. Heavier rainfall tends to be associated with
larger, taller clouds with colder cloud tops. By observing cloud top temperatures (CTT)
a simple rainfall estimate can be derived. However, the CTT to rainfall relationship
is indirect, with significant variations in the relationship during the lifetime of a rainfall
event, between rain systems, and between climatological regimes. Nevertheless, IR-
based techniques benefit from a degree of simplicity coupled with the availability of the
data. Barrett and Martin (1981) provide a comprehensive overview of the early algo-
rithms and methods. An example of these techniques includes the Global Precipitation
Index (GPI; Arkin and Meisner, 1987).

Multi-channel techniques use combinations of available VIS/IR observations: these
include the GOES Multi-Spectral Rainfall Algorithm (GMSRA; Ba and Gruber, 2001)
that utilises 5 channels from the GOES satellite to extract information on the cloud
and rain extent, derive rainfall and apply corrections depending upon the type of
cloud/precipitation regime, while Roebeling and Holleman (2009) developed the pre-
cipitation properties (PP) algorithm to utilise cloud physical properties from MSG.

Artificial neural networks (ANN) have also been usefully employed: Behrangi
et al. (2009) devised a method for improved rain/no rain detection. These results show
that during daytime significant improvements in rain/no rain detection can be made.
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2.2 Passive microwave methods

The Earth naturally emits (hence “passive”) low levels of MW radiation which is at-
tenuated in the presence of precipitation-sized particles. Two processes are used to
identify precipitation: emission from rain droplets which lead to an increase in MW ra-
diation and scattering caused by precipitating ice particles which leads to a decrease
in MW radiation. The background radiometric signal over water is low (¢~0.4-0.5) and
constant, therefore additional emissions from precipitation can be used to identify and
quantify the rainfall using low-frequency channels (<20 GHz). Over land, the surface
has a much higher background emissivity (¢~0.9) and consequently emissions from hy-
drometeors cannot be measured. Here, scattering caused by ice particles, resulting in
a decrease in received radiation at high-frequencies (>35 GHz), must be utilised. Over
land stringent schemes must be employed to ensure the surface background does not
contaminate any precipitation retrieval: Ferraro et al. (1998) present a discussion on
methods that identify areas of rain, snow cover, deserts, and semiarid conditions over
land, and rain, sea ice, strong surface winds, and clear, calm conditions over ocean.
PMW precipitation retrieval algorithms can therefore be generally classified into
1) “emission” type algorithms (e.g., Wilheit et al., 1991); 2) “scattering” type algorithms
(e.g., Spencer et al., 1989), and; 3) “multichannel inversion” algorithms (e.g., Bauer,
2001). These can in turn be attributed to empirical techniques which are calibrated
against surface data sets (and incorporate beam-filling/inhomogeneous field-of-view,
absolute calibration issues, resolution differences), and physical techniques that min-
imise the difference between modelled and the observed radiation. More successful
physical techniques use a priori data bases of model-generated atmospheric profiles
which are compared with the satellite observations. The main advantage of physical
techniques is that they provide more information about the precipitation system than
just the surface rainfall. Capacci and Porcu (2009) used an ANN with 5 rain classes
training with ground radar network to improve the AMSR-E rain area detection.
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The availability of high-frequency PMW observations, from e.g. Advanced Microwave
Sounding Unit-B (AMSU-B) instrument, provide additional observations and the abil-
ity to retrieve precipitation over problematic surface backgrounds, including coastlines.
Reference Chen and Staelin (2003) constructed one of the first global techniques to ex-
ploit these sounding channels to derive precipitation rates at 15- and 50-km resolution
from AIRS, AMSU and the Humidity Sounder for Brazil (HSB) using an ANN. Lavi-
ola and Levizzani (2008) and Laviola and Levizzani (2009) proposed a thresholding
technique, the Water vapour Strong Lines at 183 GHz (183-WSL) algorithm, which first
discriminates between rain and no-rain areas and then retrieves precipitation divided
in convective and stratiform.

The main drawback of PMW-based techniques is that observations are currently only
available from low-Earth orbiting satellites, typically resulting in two observations per
day per satellite. In addition, the spatial resolution of the low frequency channels that
are used over the ocean is of the order of 50x50 km, while for the higher-frequency
channels used over the land resolutions are typically no better than 10x10 km.

2.3 Active microwave methods

Active MW techniques are perhaps the most direct method of precipitation estimation.
However, the use of spaceborne precipitation estimation has been very limited with only
the TRMM PR being specifically designed for retrieving precipitation characteristics. As
all radar systems, the PR relies upon the interpretation of the backscatter of radiation
from precipitation, which is broadly proportional to the number of precipitation-sized
particles and therefore the intensity. However, the precipitation intensity to backscatter
relationship is not constant. Nevertheless, the PR has been extensively used as a pri-
mary source of high-quality rainfall estimates for evaluating the differences of rainfall
regimes over land and over the ocean, for example, Ikai and Nakamura (2003) found
systematic differences between TMI and PR rainfall estimates, (see also Furuzawa
and Nakamura, 2005). The future GPM mission (Hou et al., 2008) will include a dual-
wavelength precipitation radar (DPR) at 13.6 and 35.5 GHz, which will have a high
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sensitivity to detect light rain and snow.

Combined radar-radiometer algorithms have been developed to exploit their intrinsic
ambiguities. Grecu et al. (2004) investigated vertical profiles of precipitation from multi-
frequency, multi-resolution active and passive MW observations. Viltard et al. (2006)
proposed a rainfall retrieval technique for the TMI using a database of about 35000
brightness temperature Tb vectors collocated with the corresponding PR rain rate pro-
files.

Recently the CloudSat Cloud Profiling Radar (CPR; Stephens et al., 2008) has
shown a precipitation retrieval capability. The CPR operates at 94 GHz and is much
more sensitive to cloud hydrometeors, tending to saturate in regions of dense cloud
or rainfall. However, through the use of attenuation-correction algorithms and surface
reflectivity modelling, it has proved to be very useful in the identification of light rainfall
and snowfall. Hayes et al. (2009) demonstrated a notable rainfall retrieval potential at
mid-latitudes over the ocean. For rain rates <0.8mmh~' the CPR produces nearly
three times the rainfall occurrence than the TRMM PR, resulting in the production of
a more representative precipitation intensity distribution function.

2.4 Multi-sensor techniques

A growing number of techniques are being developed to exploit the synergy between
the polar-orbiting PMW retrievals (infrequent, more direct) with the geostationary ob-
servations (frequent, less direct). Blended techniques adjust the IR, or generate cali-
bration curves to map IR radiances using the other data sets, such as radar, gauge or
other satellite data set. The TRMM Multi-Satellite Precipitation Algorithm (TMPA; Huff-
man et al., 2007) ingests data from PMW imaging and sounding sensors and geosta-
tionary IR data with adjustments made for the different satellite retrievals before com-
bination into the single precipitation product. The Climate Prediction Center Merged
Analysis of Precipitation (CMAP; Xie and Arkin, 1998) incorporates satellite IR along
with gauge and re-analysis data from the National Centers for Environmental Predic-
tion (NCEP) and NCAR. Other techniques include the Passive Microwave InfraRed
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technique (PMIR; Kidd et al., 2003), the Naval Research Laboratory (NRL) technique
(Turk et al., 2000), and the Global Satellite Mapping of Precipitation (GSMaP; Kubota
et al., 2007). Other techniques have used ANNs to derived precipitation estimates
through combining information from multi-channel and multi-sensor observations like
the Precipitation Estimation from Remotely Sensed Information using Artificial Neural
Network (PERSIANN; Hsu et al., 1997).

These techniques are ultimately limited by the indirectness of the IR to sense rainfall
itself. However, the IR data can provide a reasonable measure of cloud movement,
which can then be used to advect (or morph) the more direct PMW data between
the successive satellite overpasses. Examples include the Climate Prediction Center
Morphing technique (CMORPH; Joyce et al., 2004). More complex techniques use
a combination of satellite observations and modelling to provide rainfall estimates: the
Lagrangian Model (LMODEL) proposed by Bellerby et al. (2009) is based on a concep-
tual cloud-development model driven by GEO satellite imagery, locally updated using
MW-based rainfall measurements from LEO platforms.

Lightning data, from ground based detection networks or from space sensors, has
proved useful in improving precipitation retrievals: Grecu et al. (2000) developed
a technique combining cloud-to-ground lightning and satellite IR data for convective
rainfall estimation while TRMM PR, TMI and LIS data have been combined over the
Tropics and the sub-Tropics to examine the precipitation features.

The longevity of some data sets is starting to allow long-term data sets to be es-
tablished: the GPCP products start in 1979 due to the availability of well-calibrated
satellite IR data sets, with PMW data being incorporated from 1987. The Cooperative
Institute for Climate Studies (CICS) has developed the CICS High-Resolution Opti-
mally Interpolated Microwave Precipitation from Satellites (CHOMPS; Joeseph et al.,
2009) to provide a tool for studying longer modes of climate variability. The availability
of these data sets has also led to “operational” precipitation products to be routinely
produced through concerted programmes, such as the EUMETSAT Satellite Applica-
tions Facility on Support to Operational Hydrology and Water Management (H-SAF;
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Bizzari et al., 2008).

3 Applications

Many applications have been able to directly use precipitation products generated from
satellite observations. New satellite systems, such as the geostationary data from
MSG SEVIRI, have greatly enhanced frequency of observation and the multi-spectral
potential of rainfall retrievals (Levizzani et al., 2001). Many data sets are now readily
available in near real time (Turk et al., 2008) and have raised the potential for improved
and new applications.

3.1 Hydrology and the water cycle

The usability of satellite-derived products relies upon the data being available in real
time (or very near real time). Precipitation products, such as the GPCP monthly pre-
cipitation analysis, have been used for a range of applications including flood and land-
slide prediction and drought monitoring. The use of satellite precipitation estimates for
hydrological and water resource applications (Sorooshian et al., 2009) is very much de-
pendent upon the type of application and the accuracy, spatial resolution, temporal res-
olution and latency of the estimates: different applications have different data require-
ments. Hydrological requirements for precipitation estimates can be divided into two
main categories: high resolution/short-duration estimates and lower-resolution/longer-
term estimates. Flash flood events, with rapid catchment response necessitate fine
spatial and temporal scales together with timely delivery of the estimates. The avail-
ability of observations at 4x4 km every 15 min is available from GEO observations (with
the potential for 1x1km, 1 min rapid scan imagery). However, due to the indirect na-
ture of the cloud-top to surface rainfall relationship such estimates would be subject
to a degree of error. Nevertheless, techniques such as the Hydro-Estimator based
upon the GOES IR observations (Scofield and Kuligowski, 2003) have proved useful for
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operational use over the United States. Fluvial flooding and water resources are char-
acterised by relatively long lead times, therefore satellite derived precipitation products
can be of great benefit. Static surface parameters (e.g., geology, soil type, relief), dy-
namic surface parameters (e.g., soil moisture, vegetation, groundwater) as well as the
precipitation (satellite and surface) and meteorological/climatological conditions can be
brought together on a global scale to provide a comprehensive hydro-meteorological
data base.

3.2 Process studies

The availability of finer resolution observations has also provided new insights into
precipitation events and process. The capability of the TRMM PR to provide long-
term (available since 1997), high spatial resolution precipitation measurements has
been demonstrated by Kidd and McGregor (2007). Zipser et al. (2006) looked at the
characteristics of precipitation from TRMM observations, highlighting the distribution of
intense precipitation regimes. Although use of satellite estimates for flash flood events
is challenging, observations, such as those from TRMM, can provide information on
the occurrence of rainfall extremes and characteristics of the local meteorology that
can help improve short-term forecasting of such events. In addition, such climatological
products also provide useful information for geomorphological processes that are often
rainfall-dependent.

Studies of anthropogenic influences of precipitation have also been studied: Shep-
herd et al. (2002) investigated the distribution of rainfall around US cities while Givati
and Rosenfeld (2004) investigated the suppression of rainfall and snow by air pollution.

3.3 Snowfall estimation

Several studies have demonstrated the feasibility of estimating snow from space
using high frequency channels (e.g., Liu and Curry, 1997). At high frequencies
(>100 GHz) water vapor screens the surface background while the sensitivity to frozen
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hydrometeors is significant. Combined cloud radar and PMW radiometer data were
used by Grecu and Olsen (2008) for snowfall detection over ocean. The algorithm,
based on physical models, simulates cloud radar and millimeter-wave radiometer ob-
servations from basic atmospheric variables such as hydrometeor content, tempera-
ture, and relative humidity profiles and works with an optimal estimation technique to
retrieve these variables from actual observations.

3.4 Climate studies

The use of long-term satellite precipitation data sets for climate studies is now emerg-
ing. However, data set continuity is an issue with known errors both from and between
individual sensors (such as scan-angle dependencies and orbital drift). Initial compar-
isons between model re-analyses and satellite precipitation data sets show significant
long-term differences in the trends of global precipitation as well as year-on-year bi-
ases with the GPCP analysis producing an average of 2.6 mm d-’ globally compared
with the NCEP reanalysis of ~3.2mm da . Importantly, most satellite-based long-term
precipitation studies, incorporating corrections for multi-satellite/sensor data sets, show
little or no trend in global precipitation (Gruber and Levizzani, 2008). Positive (negative)
correlations were found (Adler et al., 2008) between temperature and precipitation over
tropical oceans (lands) with ENSO being the dominant factor in these interannual trop-
ical relations. Away from the tropics, particularly in the Northern Hemisphere mid-high
latitudes, this relationship becomes much more complicated.

4 Precipitation product validation

In the late 1980’s the WetNet project encouraged the interaction of scientists working
on the then new SSM/I PMW data sets, including the validation of the rainfall retrievals.
As a result a series of Precipitation Inter-comparison Projects (PIP) were organised:
the first and third projects concentrated upon estimates derived at monthly, 0.25x0.25°
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resolutions (Adler et al., 2001) whilst the second investigated individual instantaneous
case studies over a variety of different meteorological situations and geographically
diverse regions. Parallel to these projects was the Algorithm Inter-comparison Pro-
gramme (AIP; Ebert and Manton, 1998) which encompassed a range of precipitation
estimates from various satellite observation sources as well as model output for spe-
cific co-ordinated observation periods.

The main conclusion from the PIP and AIP inter-comparisons was that PMW tech-
niques were clearly better than IR techniques for instantaneous estimates due to their
more direct observation of the rainfall. However, this advantage deteriorated over
longer time scales due to the poorer sampling of PMW observations compared to the
IR-based techniques. The combined IR-PMW techniques, which were expected to do
well, did not show a clear advantage at this stage over the IR-alone techniques. It
was also noted however, that all algorithms were very much dependent upon common
underlying factors, such as surface background conditions, seasons/latitude and me-
teorological conditions, and therefore no single algorithm, technique or methodology
could be deemed superior to any other.

Validation data sets, or perhaps more correctly, surface reference data sets, gen-
erally rely upon gauge data or radar depending upon the temporal and spatial scales
over which the estimates were being evaluated. In all cases, the surface data sets are
not necessarily the “truth” since many factors affect the true value. However, through
the careful selection of data, inconsistencies or shortcomings can be reduced. Spe-
cific ground validation campaigns (e.g., Wolff et al., 2005) identify specific locations for
the collection of (primarily) radar and gauge data sets: these campaigns are generally
designed for improving the physical retrievals of the satellite estimates. However, more
recent and on-going validation rely upon mainly statistical inter-comparisons with sur-
face data sourced from routinely available data sets, such as the US NEXRAD radar
product, or the European Nimrod radar product.

The International Precipitation Working Group (IPWG) provides a focus for opera-
tional and research satellite-based quantitative precipitation measurement issues and

8169

HESSD
7, 8157-8177, 2010

Status of satellite
precipitation
retrievals

C. Kidd and V. Levizzani

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/8157/2010/hessd-7-8157-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/8157/2010/hessd-7-8157-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

challenges, addressing a number of key objectives described by Turk and Bauer
(2006). 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). The current IPWG inter-comparison regional sites provide valida-
tion statistics for daily, 0.25° resolution estimates over the US, Europe, Australia, Japan
and South America, using radar and/or gauge data as their surface ground truth. Other
validation efforts, which operate “off-line” include South Korea, China, South Africa,
Ethiopia. Results show that the NWP models and motion-based techniques outperform
the standard satellite estimates of precipitation in cold-season environments (e.g., dur-
ing mid-latitude winters). However, warm-season performance studies tend to favour
the satellite techniques since these can capture the convective nature of the precipita-
tion better than existing NWP models. More recently, the Program for the Evaluation
of High-Resolution Precipitation Products (PEHRPP) has been established to charac-
terise the errors in high-resolution precipitation products (<0.25x0.25° and 3-hourly or
less) over different spatial, temporal, regional and climate scales.

Investigations into the errors associated with rainfall effects have started to be ad-
dressed. Bowman (2005) studied the spatial and temporal averaging errors of the
TRMM precipitation retrievals and ocean gauge data over the tropical Pacific Ocean,
while Gebremichael and Krajewski (2005) investigated the sampling effects of rainfall
from surface data sets.

The propagation of such errors hydrological models was addressed by Hossain
and Anagnostou (2004) who examined TRMM PMW and |IR-based satellite rainfall re-
trievals for flood prediction using a probabilistic error model, while Hossain et al. (2004)
performed a sensitivity analysis of satellite rainfall retrieval and sampling error on flood
prediction uncertainty. Hossain and Huffman (2008) examined the set of error metrics
for satellite rainfall data that can advance the hydrologic application of new-generation,
high-resolution rainfall products over land.
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5 Conclusions

Precipitation products derived from satellite observations have reached a good level
of maturity over the last decade. Ongoing research and development continues to
address the accuracy and the resolution (temporal and spatial) of these products, along
with the generation of error estimates vital to hydrological modelling and water resource
assessment. This involves both the continuation of operational missions, critical to the
routine observation of the weather, and provision of long term data sets critical for
climate monitoring and impact assessment (Asrar et al., 2001; NRC, 2008).

A number of recommendations for future research and development of precipitation
estimation from satellite observations can be identified. First, the availability of high
quality satellite data sets in near real time is of critical importance, with the contin-
uation of merged global composites, such as the Global-IR data set (Janowiak et al.,
2001). However, existing data (including model data) also requires permanent archives
and reprocessing where necessary to ensure long-term usability of the data sets. Sec-
ond, the generation of precipitation products for the user community is necessary for
operational use. The distribution of precipitation products through existing networks
should be encouraged, while data and software should be made freely available. Fur-
ther exploitation of satellite observations and products for data assimilation is needed
since relatively little data is currently exploited.

Future activities should also build upon the existing strong intercomparison/validation
record of the IPWG, with precipitation products from models encouraged. The useful-
ness of different validation tools should be assessed, while data sets should be as-
signed a quality index. Validation should also be extended to the use of hydrological
impact studies and should be also be used as a means of validating the precipitation
products. Of particular importance for improving precipitation retrievals is the identifica-
tion and retrieval of frozen precipitation, through improved radiative transfer modelling
and the combined use of both active and passive observations (e.g., CloudSat, AMSR-
E and AMSU-B).
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New satellites systems and sensors are planned with the potential to improve pre-
cipitation retrievals. The present radar systems (TRMM PR and CloudSat CPR) will be
augmented by the upcoming radars on the European Space Agency’s (ESA) Clouds,
Aerosol and Radiation Explorer (EarthCare) and the GPM-core satellites. In addition,
exploitation of new lightning sensors to be carried on new geostationary satellites:
the US GOES-R, the European Meteosat Third Generation (MTG) and the Chinese
FY-4. In particular, the Committee on Earth Observation Satellites (CEOS), declared
precipitation to be an important measurement and identified the NASA and the Japan
Aerospace Exploration Agency (JAXA) GPM mission as a prototype of the Global Earth
Observation System of Systems (GEOSS): this mission will extend our capabilities both
in coverage and instrumentation to advance precipitation research.
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