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A B S T R A C T

The advent of global precipitation data sets with increasing temporal span has made it possible to use them for
validating climate models. In order to fulfill the requirement of global coverage, existing products integrate
satellite-derived retrievals from many sensors with direct ground observations (gauges, disdrometers, radars),
which are used as reference for the satellites. While the resulting product can be deemed as the best-available
source of quality validation data, awareness of the limitations of such data sets is important to avoid extracting
wrong or unsubstantiated conclusions when assessing climate model abilities. This paper provides guidance on
the use of precipitation data sets for climate research, including model validation and verification for improving
physical parameterizations. The strengths and limitations of the data sets for climate modeling applications are
presented, and a protocol for quality assurance of both observational databases and models is discussed. The
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paper helps elaborating the recent IPCC AR5 acknowledgment of large observational uncertainties in pre-
cipitation observations for climate model validation.

1. Introduction

Precipitation is a major element in the Earth's hydrological cycle
and at the same time is tied dynamically to the atmospheric circulation
by redistributing the latent heating through the troposphere.
Precipitation thus serves as a critical linkage between the global water
and energy cycles.

Among the key questions in this outstanding research topic is how
much global precipitation has been changing over time in association
with global warming. It is known that precipitable water has increased
with temperature nearly as rapidly as predicted from the Clausius-
Clapeyron eq. (6–7% K−1), while the rate of global precipitation
change is expected to be only a few % K−1 at best (e.g., Allen and
Ingram, 2002). The lower amplitude increase in precipitation may be
understood in terms of the energy budget constraint that latent heating
must be balanced primarily by the atmospheric radiative cooling
(Mitchell et al., 1987).

The fact that water vapor increases faster than precipitation on a
global scale suggests that as a whole the Earth's hydrological cycle
slows down in the warming climate. On the other hand, future climate
projections also imply that on a regional scale precipitation intensifies
where it is already moist in the present climate (IPCC, 2014). As such, a
full understanding of the nature of precipitation under delicate balance
(or short-term imbalance) in the global water and energy budget re-
mains a major challenge. We are therefore in urgent need of long term,
continuous and accurate measurements of global precipitation to better
document how the climate system behaves and better prepare for the
future climate change (cfr. Michaelides et al., 2009; Michaelides,
2013a, 2013b, 2014, 2016).

However, although precipitation measurements are often con-
sidered as the “truth” to validate models against, it is important to be
aware that measurements have their own uncertainties of different
kinds. Rain gauge analyses such as the Global Precipitation Climatology
Centre (GPCC) product (Becker et al., 2013; Schneider et al., 2014,
2017), for example, have spatial representativeness issues since the
ground stations are highly inhomogeneously distributed over land and
are totally absent over oceans (Kidd et al., 2017).

Satellite data products are superior to gauge products in spatial
coverage over the globe but are subject to retrieval errors and biases.
Merged data products such as Global Precipitation Climatology Project
(GPCP; Adler et al., 2016; Huffman et al., 2009) and Climate Prediction
Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin,
1997) have been among the most extensively used products for model
validation purposes. Their use in climatological studies is in constant
growth as the temporal coverage of the data sets increases (Kidd, 2001).
In those products, multiple satellite and gauge measurements are
combined so as to maximize the spatial and temporal sampling, but
retrieval errors are generally even more difficult to track down in the
merged products owing to the complexity of the algorithm.

The purpose of this paper is to discuss how currently available
precipitation data sets may be used to validate climate models, to il-
lustrate the uncertainties and limitations of the products and simula-
tions, and to propose a common set of standards for both reference data
sets and climate models in order to avoid pitfalls and issues arising from
different practices between the observational and modeling commu-
nities.

2. Data sets of global precipitation

For climate-scale comparisons of the precipitation component of the

hydrological cycle, complete, global precipitation data sets are required
and much effort is spent on providing climatologically-sound data sets,
with particular attention paid to avoid possible inconsistencies in such
products. However, note that at present no single-source of global
precipitation measurements exists (Michaelides et al., 2009). Many
single-source data sets exist that provide climate-scale precipitation
products, some of which are combined to provide multi-sourced global
precipitation products.

In terms of coverage, surface data per se essentially refers to land-
only measurements (including islands). Even over the land areas there
is great variation in the availability and density of the observations
(Kidd et al., 2017), which affects the representativeness of the mea-
surements. Over the oceans, the few islands that provide measurements
do not adequately represent the precipitation over the surrounding
oceans or even accurately represent the immediate oceanic surround-
ings. Some land areas are now covered by surface-based radar net-
works; these regions tend to have also adequate gauge measurements,
but gauges don't adequately capture the spatial variability of rainfall
that radar can provide. Satellite data sets, although touted as ‘global’
are usually nearly global, typically being limited to 60°S to 60°N due to
the extent of the available satellite observations, or to the limitations in
the retrieval schemes.

2.1. Surface-based data sets

2.1.1. Rain gauge-based products
A great number of instruments are designed to provide in situ

measurements of precipitation. The most common and longest-serving
is the rain gauge. Gauges designed for measuring precipitation (rainfall
and snowfall) represent the fundamental, de facto standard of pre-
cipitation measurements across the globe. Sevruk and Klemm (1989)
and New et al. (2001) put the number of gauges worldwide at more
than 150,000, while Groisman and Legates (1995) estimated the
number of ‘different’ gauges to be as many as 250,000. While it is
certain that many gauges exist, these numbers depend largely upon
their construction principles (i.e., what is considered as a valid gauge),
their density and or gauge record; in particular, not all gauges have
operated continuously or simultaneously. Indeed, the number of gauges
available at a particular temporal resolution, for a specific period, or
with a certain temporal latency depends greatly upon regional/national
data policies. The reader can find an up-to-date appraisal of gauge
coverage and distribution in Kidd et al. (2017).

Despite the impressive number of gauges, their availability and
therefore representativeness across the Earth's surface is highly variable
(see Kidd et al., 2017). The vast majority of gauges over the Earth's
surface are concentrated in populated regions. Over the oceans very few
gauges exist with most being ‘coastal’ and not necessarily re-
presentative of the open ocean. Furthermore, while the number of
gauges that report daily accumulations of precipitation might be con-
sidered adequate, gauges that report sub-daily precipitation (critical for
extreme pluvial events) are very limited in number (Kidd et al., 2017).

The basic rain gauge has a number of limitations. Sevruk and
Klemm (1989) noted more than 50 different types of gauge design
(whether aerodynamic or not) with different orifice size and heights
above ground. At the gauge-scale, the ‘capture’ of precipitation by a
rain gauge is affected by the wind flow around the orifice (Duchon and
Essenberg, 2001). Turbulence induced by the wind-gauge interaction
interrupts the flow across the gauge orifice affecting light precipitation
the most but to some extent also heavy rainfall (Duchon and Biddle,
2010), resulting in an under-catch at low intensities and higher wind
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